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Abstract

Background

COPD and asthma exacerbations result in many emergency department admissions. Not
all treatments are successful, often leading to hospital readmissions.

Aims
We sought to develop predictive models for exacerbation treatment outcome in a cohort of
exacerbating asthma and COPD patients presenting to the emergency department.

Methods

Treatment failure was defined as the need for additional systemic corticosteroids (SCS)
and/or antibiotics, hospital readmissison or death within 30 days of initial emergency depart-
ment visit. We performed univariate analysis comparing characteristics of patients either
given or not given SCS at exacerbation and of patients who succeeded versus failed treat-
ment. Patient demographics, medications and exacerbation symptoms, physiology and biol-
ogy were available. We developed multivariate random forest models to identify predictors
of SCS prescription and for predicting treatment failure.

Results

Data were available for 81 patients, 43 (53%) of whom failed treatment. 64 (79%) of patients
were given SCS. A random forest model using presence of wheeze at exacerbation and
blood eosinophil percentage predicted SCS prescription with area under receiver operating
characteristic curve (AUC) 0.69. An 11 variable random forest model (which included medi-
cation, previous exacerbations, symptoms and quality of life scores) could predict treatment
failure with AUC 0.81. A random forest model using just the two best predictors of treatment
failure, namely, visual analogue scale for breathlessness and sputum purulence, predicted
treatment failure with AUC 0.68.
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Conclusion

Prediction of exacerbation treatment outcome can be achieved via supervised machine
learning combining different predictors at exacerbation. Validation of our predictive models
in separate, larger patient cohorts is required.

Introduction

Exacerbations of COPD and asthma are disruptive to patients’ lives, are associated with
increased risk of future exacerbations, increased mortality risk and are a large economic bur-
den; furthermore, each event may require hospital admission [1-3]. Not all patients improve
following standard initial treatment (as per NICE guidelines with SCS and/or antibiotics [2,
4]) and thus may require additional treatment with systemic corticosteroids (SCS) and/or anti-
biotics or even hospital readmission [1, 2]. Although part of guidance, studies demonstrate
inconsistent benefits for SCS and/or antibiotics for treating exacerbations of COPD and
asthma in which treatment is received in hospital [5-8], with increasing concern that SCS
causes harm [9]. Single centre [10] and multi-centre studies [11] have examined the use of the
peripheral blood eosinophil at the time of an exacerbation to direct SCS use in patients with
COPD exacerbation, but little is known about why some patients admitted to hospital succeed
whereas others fail treatment. There is thus an urgent need to develop predictive tools to iden-
tify which patients at exacerbation will respond successfully to treatment and which patients
will not. Such a tool could help identify patients at high risk of treatment failure who require
closer monitoring following their presentation to the emergency department (ED), as well as
developing biomarker-driven treatment algorithms to optimise patient response to treatment.
Since ED presentations are not treated by pulmonologists, a tool to help guide treatment of
response in a personalised medicine way is needed for specialists and non-specialists.

In this study, we investigate factors, in patients that attend ED with an exacerbation of
asthma or COPD, which may be associated with treatment failure and physician treatment
prescription decision. We then use a data-driven approach to develop a multivariate super-
vised learning algorithm to predict treatment failure of asthma and COPD patients admitted
with an exacerbation, as well as to predict the physician decision to prescribe SCS at
exacerbation.

Methods
Participants

Participants were recruited if they had a patient-reported primary or secondary care diagnosis
of asthma or COPD and presented to the ED of the John Radcliffe Hospital, a large teaching
hospital in Oxfordshire, with an exacerbation of COPD or asthma. Exacerbations of COPD
and asthma were defined and treated as per GOLD [12] and BTS respectively [13]. Participants
with a current history of active pulmonary tuberculosis or current primary malignancy or with
any other clinically relevant lung disease judged to be the primary diagnosis were excluded.
Any alternative causes for non-exacerbation related increase in symptoms were also excluded,
including but not limited to pneumonia, pulmonary embolism, pneumothorax or primary
ischemic event. All participants provided informed written consent and the study was
approved by the North West London Research Ethics Committee (REC: 15/L0/2119).
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Study design

Observational and routinely collected clinical data were prospectively collected for a study
duration of 12 months. Study measurements were made on the day of exacerbation termed DO
and on the 1%, 5™ day (or day of discharge) and 30™ day after exacerbation termed D1, D5 and
D30.

Measurements

Data collection included demographics and medication history as well as medical history data
such as past asthma or COPD diagnosis. Participant symptoms, health status and quality of life
were assessed using participant reported outcome measures including Visual Analogue Scale
(VAS) [14], Medical Research Council dyspnoea scale [15], Hospital Anxiety and Depression
scale [16] and EuroQol 5D [17]. Physiological measurements taken were the resting oxygen
saturations, heart rate and respiratory rate. Venous blood samples were collected and analysed
to characterise participants’ inflammatory phenotype; these measurements included peripheral
blood eosinophils, C-reactive protein (CRP), biochemistry and glucose.

Statistical analyses

Only participants with complete D30 follow-up data were considered for statistical analysis per-
formed using the programming language ‘R’ [18]. Numerical data were first assessed for nor-
mality using the shapiro-wilk test. Normally-distributed data are shown as mean (range)
whereas non-normally distributed data are shown as median (interquartile range (IQR)). Treat-
ment failure was defined as a new hospital readmission and/or new and additional treatment
(antibiotics and/or SCS) or death between the day of discharge and D30. For numerical vari-
ables, the t-test or wilcox test were used for comparing two groups depending on whether the
data were normally or non-normally distributed respectively. Data transformations to non-nor-
mally distributed variables was not performed. When comparing more than two groups, either
the one-way anova test (and Tukey post hoc test) or the kruskal-wallis test (and post-hoc Krus-
kal Dunn test) was used, depending on whether the normality assumption was met. The chi-
squared test was used for binary or categorical data. The relationship between exacerbation
VAS symptoms and peripheral blood biomarkers was calculated using Spearman’s rho ().
Exploratory univariate analysis of variables at the time of exacerbation was performed to iden-
tify differences in characteristics of participants based on exacerbation treatment and identifica-
tion of variables at D0 variables which differ between treatment failure versus treatment
success. Multivariate random forest models were drawn up to predict treatment failure (defined
as above) and SCS clinical prescription (see S1 Appendix for more details).

The random forests were then trained on subsets of the variables as part of a feature elimi-
nation procedure with leave-one-out cross validation which allows validation of the model
performance (see S1 Appendix for full statistical methods) [19, 20].

Results

Out of 104 participants who entered the study, there were 83 with D30 follow-up data. Com-
plete data were available for analysis in 81 participants. A diagnosis of asthma and COPD was
found in 59 (73%) and 22 (27%) participants respectively. Treatment allocation showed that at
the time of an exacerbation 31 participants (38%) received both SCS and antibiotics; 33 partici-
pants (41%) received SCS alone; 6 participants (7%) received antibiotics alone; and 11 partici-
pants (14%) received neither. The demographics and at exacerbation characteristics of the
asthma and COPD participants are shown in Table 1. The participants with COPD were older
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Table 1. Characteristics of the asthma and COPD participants at exacerbation.

Characteristic Primary Respiratory Diagnosis P-value
Asthma (n =59) COPD (n=22)
Male, n (%) 20 (34) 14 (64) 0.02
Current smokers, n (%) 15 (25) 6 (27) <0.001
Ex-smokers, n (%) 18 (31) 16 (73)
Never smoker, n (%) 26 (44) 0 (0)
Number taking ICS, n (%) 33 (56) 7 (32) 0.05
Increased wheeze at exacerbation, n (%) 51 (86) 19 (86) 0.99
Age (years) 41 (28-55) 67 (60-72) <0.001
Pack year history 0.3 (0.0-12.4) 33.9 (16.0-52.5) <0.001
Number of hospital admissions in previous 12 months 0(0-1) 0(0-1) 0.68
Oxygen saturation (%) 95 (94-97) 93 (91-95) <0.001
VAS cough (mm) 55 (26-72) 42 (25-53) 0.22
VAS breathlessness (mm) 70 (29-84) 76 (44-97) 0.20
VAS sputum production (mm) 19 (2-48) 21 (1-41) 0.96
VAS sputum purulence (mm) 5(0-48) 23 (0-53) 0.29
Leucocytes, (x10%cells/L) 10.8 (8.9-12.2) 10.7 (9.1-15.5) 0.25
Neutrophils (xlOgcells/L) 7.9 (5.4-9.5) 7.9 (5.9-12.2) 0.19
Eosinophils (x109cells/L) 0.2 (0.0-0.4) 0.1 (0.0-0.3) 0.65
CRP (mg/L) 7.2 (1.7-23.6) 17.3 (1.8-58.1) 0.14

Definition of abbreviations: ICS = inhaled corticosteroids; CRP = C-reactive protein.
Measures of central tendency and spread: all variables are presented as median (IQR) or as number (%) of instances.
Comparisons between asthma and COPD are made using chi-squared or wilcox test as appropriate. P-values are

reported to 2dp unless the p-value is less than 0.001, in which case it is reported as <0.001.

https://doi.org/10.1371/journal.pone.0254425.t001

(median (IQR) age 67 (60-72) years compared to participants with asthma 41 (28-55) years,
p<0.01) and at exacerbation had a lower % oxygen saturation (median oxygen saturation in
COPD 93% versus median in asthma 95%, p<0.01). At exacerbation, there was no difference
in VAS symptoms of cough, breathlessness, sputum production or purulence between asthma
or COPD at the time of exacerbation nor peripheral blood counts. VAS symptoms and periph-
eral blood inflammatory mediators at exacerbation did not demonstrate a correlation.

Characteristics according to DO treatment

Levels of symptoms and peripheral blood inflammatory mediators compared between partici-
pants prescribed both SCS and antibiotic, SCS alone, antibiotics alone, or neither treatment
for the exacerbation at DO are summarised in Table 2. Participants who received both SCS and
antibiotics, in addition to those who received no treatment had a higher peripheral blood neu-
trophil count compared to participants who received SCS alone (post-hoc Kruskal Dunn test
p<0.01 and p = 0.01 respectively). Eosinophilic inflammation was highest in those prescribed
SCS alone as indicated by a higher peripheral blood eosinophil count and percentage (post-
hoc Kruskal Dunn test p < 0.01). Participants who received antibiotics had higher DO VAS
sputum symptoms (see Table 2).

Predicting physician SCS prescription decision

SCS were prescribed in 64 (79%) participants. Table 3 summarises characteristics of partici-
pants given SCS or not (for which p < 0.1). The remaining characteristics are summarised in

PLOS ONE | https://doi.org/10.1371/journal.pone.0254425  August 20, 2021 4/12


https://doi.org/10.1371/journal.pone.0254425.t001
https://doi.org/10.1371/journal.pone.0254425

PLOS ONE

Predicting exacerbation treatment outcomes

Table 2. Comparison of characteristics of participants given SCS only versus participants given antibiotics only versus participants given both SCS and antibiotics

versus participants given neither SCS nor antibiotics.

Characteristic

Male n (%)

Current smokers, n (%)
Ex-smokers, n (%)

Never smoker, n (%)

Asthma, n (%)

COPD, n (%)

Number taking ICS, n (%)
Increased wheeze at exacerbation, n (%)
Age (years)*

Pack year history*

Number of hospital admissions in previous 12 months*
Oxygen saturation (%)~

VAS cough (mm)*

VAS breathlessness (mm)*

VAS sputum production (mm)*
VAS sputum purulence (mm)*
Leucocytes (x10%cells/L)*
Neutrophils (x10%cells/L)*
Neutrophil percentage*
Eosinophils (x10°cells/L)*
Eosinophil percentage*

CRP (mg/L)*

Definition of abbreviations: ICS = inhaled corticosteroids; CRP = C-reactive protein.

Both

(n=31)
11 (35)
8 (26)
18 (58)
5(16)
20 (65)
11 (35)
13 (42)
29 (94)
55 (39-69)
14 (2-25)
0(0-2)
94 (90-98)
55 (30-72)
76 (50-87)
28 (8-53)
32 (5-61)
11.0 (9.2-14.1)
8.9 (6.0-11.0)
78.1 (68.6-87.8)
0.1 (0.0-0.3)
1.2 (0.2-3.1)
19.3 (4.6-42.8)

DO Antibiotics and SCS Treatment
Antibiotics Only

SCS Only

(n=33)
15 (45)
8 (24)
12 (36)
13 (39)
26 (79)
7 (21)
18 (55)
29 (88)
45 (28-67)
3(0-18)
0(0-1)
95 (86-100)
36 (16-70)
65 (26-84)
13 (0-25)
2(0-21)
9.7 (8.1-12.0)
6.0 (4.5-8.2)
65.4 (55.4-75.1)
0.3 (0.2-0.5)
3.0 (1.6-5.5)
5.4 (1.0-16.6)

(n=6)

54 (46-76)
0(0-2)

0(0-1)

96 (91-100)

62 (50-78)

70 (61-89)

31 (24-75)

17 (0-45)

11.9 (10.6-14.0)
8.1 (6.6-9.0)
73.6 (62.6-77.7)
0.0 (0.0-0.1)
0.4 (0.1-1.1)
13.4 (1.7-19.8)

Neither
(n=11)
5 (45)
4(36)
2(18)
5 (45)
8 (73)
3(27)
5 (45)
8 (73)
49 (34-58)
1(0-22)
0 (0-5)
96 (93-100)
30 (53-67)
70 (0-88)
2 (0-23)
1 (0-20)
11.9 (10.7-13.9)
8.1 (7.7-11.1)
75.0 (66.5-83.6)
0.1 (0.1-0.1)
0.9 (0.4-1.1)
3.4(1.3-17.9)

P-value

0.82
0.87
0.29
0.24
0.91
0.69
0.61
0.16
0.23
0.22
0.90
0.36
0.29
0.78
0.01
0.04
0.16
0.03
0.01
0.01
0.00
0.06

Measures of central tendency and spread: variables marked with the * symbol are presented as median (IQR); variables marked with the = symbol are presented as mean

(range). Comparisons between treatment groups are made using chi-squared, kruskal-wallis or one-way anova test as appropriate. P-values are reported to 2dp unless

the p-value is less than 0.001, in which case it is reported as <0.001.

https://doi.org/10.1371/journal.pone.0254425.t1002

S1 Table in S1 Appendix. Participants given SCS had a higher peripheral blood eosinophil
percentage compared to participants not given SCS (p < 0.01). Indicators of respiratory dis-
ease severity (blood pCO2 and oxygen saturation) were worse in participants given SCS and

participants were more likely to report wheeze. Random forest models were developed to

determine which combination of biological and symptom variables are the best predictors of
the physician decision to prescribe SCS (see S2 Table in S1 Appendix). The variables from the
random forest multivariate model showed that the presence of increased wheeze at exacerba-
tion together with blood eosinophil percentage were the best. A random forest model using
just these two variables achieved an area under receiver operating characteristic curve (AUC)
of 0.69 for predicting SCS prescription (see S3 Table in S1 Appendix for AUCs of the different

models).

Predicting a treatment failure

In total, there were 43 (53%) treatment failures. Participants who failed treatment were likely
to have had a history of exacerbations, a higher symptom burden of dyspnoea, sputum produc-
tion and purulence at exacerbation and were less likely to be taking inhaled COPD treatment.
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Table 3. Comparison of D0 exacerbation characteristics of patients given SCS versus patients not given SCS for
which p < 0.1 (see S1 Appendix for all other characteristics evaluated).

Characteristic Exacerbation

n = 81 Events

SCS No SCS P-value

n =64 n=17
LAMA, n (%) 13 (20) 10 (59) 0.00
PPL n (%) 4(6) 5(29) 0.01
Eosinophils %* 1.9 (0.4-4.8) 0.8 (0.2-1.1) 0.01
Increased wheeze at exacerbation, n (%) 58 (91) 12 (71) 0.03
Blood pCO2 (kPa)* 5.7 (5.1-6.1) 4.8 (4.5-5.7) 0.05
Total number of ITU admissions in previous 12 months* 0 (0-0) 0(0-1) 0.05
SCS in week prior to exacerbation admission, n (%) 33 (52) 13 (76) 0.07
Leucocytes (x10%cells/L)* 10.2 (8.8-12.8) 11.9 (10.6-14.0) 0.08
Oxygen saturation (%)~ 95 (86-100) 96 (91-100) 0.09

Definition of abbreviations: LAMA = Long-acting muscarinic antagonist; PPI = proton pump inhibitor;

ITU = intensive therapy unit.

Measures of central tendency and spread: variables marked with the * symbol are presented as median (IQR);
variables marked with the ~ symbol are presented as mean (range). Comparisons between SCS and no SCS group are
made using chi-squared, wilcox test or t-test as appropriate. P-values are reported to 2dp unless the p-value is less
than 0.001, in which case it is reported as <0.001.

https://doi.org/10.1371/journal.pone.0254425.t1003

Participants prescribed SCS were also more likely to have a treatment failure. Table 4 summa-
rises the characteristics of participants who did and did not have a treatment failure for which
p < 0.1. The full comparison of characteristics of these participants is summarised in $4

Table in S1 Appendix. Table 5 shows the random forest variable importance scores for the
multivariate model containing all variables which passed the univariate p<0.1 filter. The best
model used 11 variables and achieved an AUC of 0.81 (see S5 Table in S1 Appendix for AUCs
of the different random forest models using different combinations and total numbers of vari-
ables) for predicting treatment failure. VAS breathlessness and VAS sputum purulence at
exacerbation contribute most to the predictive performance. A random forest model using just
these two variables predicted treatment failure with AUC 0.68.

Discussion

In this study, we have described the characteristics of patients with asthma and COPD who
present to the ED with an exacerbation. We have shown that treatment failure with SCS and/
or antibiotic therapy occurs in approximately 50% and that symptoms of breathlessness and
sputum purulence appear be good predictors of a treatment failure following an exacerbation
of airways disease. In addition to this, the clinician decision to prescribe SCS is related to sev-
eral factors. Increased wheeze at exacerbation and peripheral blood eosinophil percentage
together predict SCS prescription at the onset of an exacerbation of asthma and/or COPD,
although it is possible that increased wheeze at exacerbation is a confounder for the relation-
ship between peripheral blood eosinophil percentage and SCS prescription.

In this study we have used random forest analyses to identify factors associated with exacer-
bation treatment failure. We showed that patients who went on to fail treatment had more pro-
nounced breathlessness, sputum production and sputum purulence at exacerbation, indicative
of symptom burden. Exacerbations are symptom-defined events [1] and our findings illustrate
this. Additionally our results potentially allow for quantitative qualification of the symptoms
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Table 4. Comparison of D0 exacerbation characteristics of patients who failed treatment with those who succeeded treatment which p < 0.1 (see S1 Appendix for
all other characteristics evaluated).

Characteristic Exacerbation
n = 81 Events

Treatment Failure, n =43 | Treatment Success, n = 38 | P-value

VAS sputum production (mm)* 28 (10-56) 8 (0-25) 0.00
VAS dyspnoea (mm)* 78 (60-89) 55 (4-78) 0.00
Number of exacerbations associated with increased sputum production, n (%) 28 (65) 13 (34) 0.01
Number of unscheduled primary care and emergency department visits in previous 12 months* | 2 (1-5) 1(0-3) 0.01
Number taking ICS, n (%) 15 (35) 25 (66) 0.01
VAS sputum purulence (mm)* 40 (0-68) 3 (0-15) 0.01
Number of exacerbations associated with increased sputum purulence, n (%) 22 (51) 10 (26) 0.02
SCS at exacerbation, n (%) 38 (88) 26 (68) 0.03
Oxygen saturation, n (%)~ 94 (86-100) 96 (91-100) 0.03
SABA, n (%) 32 (74) 35(92) 0.04
LAMA, n (%) 8(19) 15 (39) 0.04
PPL n (%) 2 (5) 7 (18) 0.05
VAS cough (mm)~ 54 (0-99) 43 (0-100) 0.08

Definition of abbreviations: ICS = inhaled corticosteroids; SABA = short-acting beta agonist; LAMA = Long-acting muscarinic antagonist; PPI = proton pump inhibitor.
Measures of central tendency and spread: variables marked with the * symbol are presented as median (IQR); variables marked with the ~ symbol are presented as mean
(range). Comparisons between treatment failure and treatment success are made using chi-squared, wilcox test or t-test as appropriate. P-values are reported to 2dp

unless the p-value is less than 0.001, in which case it is reported as <0.001.

https://doi.org/10.1371/journal.pone.0254425.t1004

measured at the onset of the event that are associated with exacerbations that fail to respond to
management at the onset. Furthermore, patients who were on inhaled therapy (corticosteroids,
short-acting beta agonists and/or long-acting muscarinic antagonists) were less likely to have a
treatment failure following an exacerbation, reiterating that undertreated COPD is associated
with a higher chance of a patient requiring further healthcare utilisation [21]. We also showed
that the use of PPI appeared to be protective of a treatment failure. This was interesting as gas-
tro-oesphageal reflux disease has previously been shown to be an independent predictor of
exacerbations [22, 23].

Our random forest analysis to predict treatment failure showed that a random forest model
using a combination of breathlessness and sputum purulence exacerbation symptom VAS
scores could effectively predict treatment failure for patients irrespective of the type of exacer-
bation treatment patients were given. Our finding that breathlessness at exacerbation is a use-
tul predictor of treatment failure compliments findings of other studies. Breathlessness is
already known to be a predictor of 5 year mortality for COPD patients [24] whilst the Medical
Research Council Dyspnoea Scale is a predictor of both hospital mortality and 28-day exacer-
bation readmission [25]. Similarly, dyspnoea has been shown to be associated with exacerba-
tion relapse risk in patients with acute exacerbations of COPD [26]. Our finding that sputum
purulence is a predictor of exacerbation treatment failure is interesting in the context of
GOLD and NICE guidance that antibiotics should be given at exacerbation in patients with
increased sputum purulence since this may reduce exacerbation relapse and treatment failure
[1, 27]. The relatively high prescription of antibiotics for asthma exacerbations in our study is
not an uncommon occurrence, as has previously been shown [28]. This is likely due to patients
not being seen by specialists in ED and reflects clinical practice, further emphasising the
importance of developing tools to assist non-specialists in ED. In our study it was observed
that patients receiving antibiotics at exacerbation did indeed have significantly greater sputum
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Table 5. Random forest importance scores of variables in multivariate treatment failure prediction models for all
participants.

Name of Successive Variable Importance Score of Successive
Variable
VAS breathlessness 11.2
VAS sputum purulence 8.3
LAMA 6.5
Number of unscheduled primary care and emergency department visits in 5.6
previous 12 months
ICS use 4.9
VAS sputum production 4.2
PPI use 4.2
EuroQol mobility 4.1
Oxygen saturation 3.8
SABA use 3.3
SCS at exacerbation 2.7
Exacerbation associated with increased sputum purulence 1.1
Exacerbation associated with increased sputum production 1.0
EuroQol self care 0.8
Gender 0.6
EuroQol usual activity -0.5
VAS cough -1.0

Definition of abbreviations: LAMA = Long-acting muscarinic antagonist; ICS = inhaled corticosteroids; PPI = proton
pump inhibitor; SABA = short-acting beta agonist.

Models shown range from those using just a single variable up to those with the full subset which passed the
univariate analysis filter of p < 0.1. Variable importance scores were calculated as outlined in S1 Appendix Statistical
Methods. To illustrate the interpretation of the variable importance scores, consider the example of VAS
breathlessness. The VAS breathlessness random forest importance score of 11.2 indicates that classification accuracy
would drop by 11.2% if VAS breathlessness is omitted from the classification model.

https://doi.org/10.1371/journal.pone.0254425.t1005

purulence compared to patients not receiving antibiotics. Therefore, it is unlikely that treat-
ment failures in our study resulted from inappropriate or non- prescription of antibiotics at
exacerbation. Rather, our finding that higher dyspnoea and sputum purulence are predictive
of treatment failure may simply reflect that patients with greater disease burden and more
severe exacerbations in terms of symptomatic presentation are more likely to fail treatment. It
may also be the case that the patients with the highest symptom load always have a high symp-
tom load, so the threshold to declare this is reached more frequently and treatment may not
lower their symptoms enough for them to drop below their threshold. Our conclusion that
treatment failure can be predicted based on exacerbation symptomatological presentation reaf-
firms the need for clinicians to pay close attention to patient symptom presentation at exacer-
bation. Furthermore, the ease of measuring patient symptoms through the VAS score would
make treatment failure prediction models like those in our study easy to implement in clinical
practice.

It is noteworthy that a high symptom burden for VAS sputum production and sputum
purulence in addition to CRP were characteristic of patients given antibiotics, although CRP
did not reach statistical significance. It has been shown that using CRP as a biomarker to direct
antibiotic treatment of severe COPD exacerbations is effective in achieving good clinical treat-
ment outcomes as well as reducing antibiotic prescription [29]. The latter is especially impor-
tant given the concerns associated with excessive antibiotic use for treating exacerbations
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promoting antibiotic resistance [30]. The only biological exacerbation characteristic which dif-
fered between patients given SCS and patients not given SCS was the degree of eosinophilic
inflammation. Blood results would not have been available for clinicians prior to treatment ini-
tiation. This is an interesting finding, as it suggests that there is something about eosinophilic
inflammation that drives a clinician to prescribe SCS. In investigating this further, our univari-
ate analysis, showed that prescription of a LAMA and PPI, was associated with reduced SCS
prescription, whilst an elevated pCO,, and the presence of wheeze was associated with SCS
prescription. Random forest models revealed that blood eosinophil percentage and increased
wheeze at exacerbation were predictors of SCS prescription. Eosinophilic inflammation is
related to increased luminal airway oedema [31] and in asthma post-mortem narrowed air-
ways [32], which could suggest that eosinophilic inflammation is related to wheeze and a
greater degree of clinical severity of the presentation. In the context of our study, this may
explain the greater predominance of wheeze at exacerbation as well as eosinophilic inflamma-
tion for those patients given SCS. Studies have shown that patients with a high peripheral
blood eosinophil count respond better to SCS than patients with a low blood eosinophil count
[10] and our finding suggests the importance of measuring eosinophils in all exacerbations of
airways disease.

Our study has some limitations. Firstly, combination of asthma and COPD may make
interpretation difficult. However, as is standard practice, often there is no access to lung func-
tion in ED from primary care. In addition, where monitoring is now impacted by the absence
of spirometry in the community setting due to COVID, it is prudent to make the assumption
that a clear-cut diagnosis of asthma or COPD is not always available. The combination of
asthma and COPD can thus be seen as an advantage rather than a limitation. A second poten-
tial limitation is that we did not perform SCS prescription and treatment failure analyses for
asthma compared to COPD patients. This is because out of the 81 patients, only 22 had a pri-
mary diagnosis of COPD, which would be too small a sample size for separate analysis. How-
ever, whether the primary diagnosis was asthma or COPD is a variable considered in our SCS
prescription and treatment failure prediction analysis and this variable is not selected in the
best random forest models. Hence, we conclude that whether the diagnosis is asthma versus
COPD is not related to SCS prescription and treatment failure in our study cohort. We note
that a third limitation of our study is the lack of external validation. However, our leave-one-
out cross-validation strategy already enabled validation of different models to be performed in
test subjects. In the context of our small sample size, this is superior compared to splitting the
dataset into one training and one testing portion which would waste data otherwise available
for training [20]. Furthermore, our choice of random forest as the supervised learning
approach was strategic to reduce the potential of over-fitting [19]. We envisage that in addi-
tional future clinical validation studies it will be more reliable to use the variables in their origi-
nal form rather than in a transformed form for input into the multivariate classifier being
assessed in a validation study. Therefore, in our univariate analysis we compared different
types of p-values including chi-squared, t-test and Wilcox test. The mixture of continuous, dis-
crete, binary and categorical variables in the study made comparing at least two different types
of p-values unavoidable. For our univariate analysis we did not correct for multiple compari-
sons since the univariate analysis was purely exploratory in nature. Nevertheless, we note that
the data-driven, assumption-free machine learning approach in our study is a key strength. It
should be noted that when narrowing down the size of variable subsets in final multivariate
models for treatment failure prediction, we deliberately used the random forest variable
importance score and feature elimination procedure rather than relying on potentially more
easily interpretable univariate p-values or AUCs of single variable models to indicate variable
importance. Ordering variables according to the corresponding p values from the initial
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univariate analysis would be mathematically inaccurate since: 1) the p-value would only indi-
cate univariate importance of a variable which may be very different from the importance of
the variable in a multivariate context [20]; 2) the p-values relate to the hypothesis test for a dif-
ference between the treatment failure and treatment success groups rather than being a direct
measure of the ability of the variable to classify [20] a patient as being in the treatment failure
versus treatment success group. In addition, it is mathematically best to use a variable ranking
system directly related to the particular classifier model being used since this provides more
information regarding the generalisability of the variable’s importance for classification using
the relevant model [20].

To the best of our knowledge, our study is the first to assess a combination of VAS-based
symptoms, biomarkers, clinical characteristics and demographics as predictors of treatment
failure in a mixed cohort of hospitalised asthma and COPD patients.

Conclusion

We have shown that over half of all asthma and COPD patients admitted to ED for their
exacerbation require additional major medication and/or readmission to the emergency
department within 30 days of their exacerbation. We have also shown that prescription of SCS
at exacerbation by physicians may be related to presentation of wheeze and may be driven by
eosinophilic inflammation. Furthermore, breathlessness and sputum purulence are useful for
predicting whether additional major medication and/or readmission to the emergency depart-
ment within 30 days of exacerbation will occur.

Supporting information
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(DOCX)

S1 Dataset.
(CSV)

Acknowledgments

The authors thank all the research volunteers who participated in the study.

Author Contributions

Conceptualization: Mona Bafadhel, Richard E. K. Russell.

Data curation: Sally Beer, Richard Pullinger.

Formal analysis: Andreas Halner.

Investigation: Mona Bafadhel, Richard E. K. Russell.

Methodology: Andreas Halner, Mona Bafadhel, Richard E. K. Russell.
Supervision: Mona Bafadhel, Richard E. K. Russell.

Validation: Andreas Halner.

Writing - original draft: Andreas Halner.

Writing - review & editing: Mona Bafadhel, Richard E. K. Russell.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254425  August 20, 2021 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254425.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254425.s002
https://doi.org/10.1371/journal.pone.0254425

PLOS ONE

Predicting exacerbation treatment outcomes

References

1.

10.

1.

12.

13.
14.

15.

16.

17.

18.

19.
20.
21.

22,

Vogelmeier CF, Criner GJ, Martinez FJ, et al. Global strategy for the diagnosis, management, and pre-
vention of chronic obstructive lung disease 2017 report. Am J Respir Crit Care Med. 2017; 195: 557—
582. https://doi.org/10.1164/rccm.201701-0218PP PMID: 28128970

Chronic obstructive pulmonary disease in over 16s: diagnosis and management | Guidance | NICE.
(2010).

Greening NJ, Williams JEA, Hussain SF, et al. An early rehabilitation intervention to enhance recovery
during hospital admission for an exacerbation of chronic respiratory disease: Randomised controlled
trial. BMJ. 2014; 349(7967): G4315. https://doi.org/10.1136/bmj.g4315 PMID: 25004917

Scenario: Acute exacerbation of asthma. 2020. Available from: https://cks.nice.org.uk/topics/asthma/
management/acute-exacerbation-of-asthma/.

Walters JAE, Tan DJ, White CJ, Gibson PG, Wood-Baker R, Walters EH. Systemic corticosteroids for
acute exacerbations of chronic obstructive pulmonary disease. Cochrane Database Syst Rev. 2014;
(9):CD001288. https://doi.org/10.1002/14651858.CD001288.pub4 PMID: 25178099

Vollenweider DJ, Frei A, Steurer-Stey CA, Garcia-Aymerich J, Puhan MA. Antibiotics for exacerbations
of chronic obstructive pulmonary disease. Cochrane Database Syst Rev. 2018; 10(10):CD010257.
https://doi.org/10.1002/14651858.CD010257.pub2 PMID: 30371937

Phipatanakul W, Mauger DT, Sorkness RL, et al. Effects of Age and Disease Severity on Systemic Cor-
ticosteroid Responses in Asthma. Am J Respir Crit Care Med. 2017; 95(11):1439—1448. https://doi.org/
10.1164/rccm.201607-14530C PMID: 27967215

Normansell R, Sayer B, Waterson S, Dennett EJ, Del Forno M, Dunleavy A. Antibiotics for exacerba-
tions of asthma (Review). Cochrane Database Syst Rev. 2018; (6): CD002741. https://doi.org/10.1002/
14651858.CD002741.pub2 PMID: 29938789

Waljee A, Rogers M, Lin P, et al. Short term use of oral corticosteroids and related harms among adults
in the United States: population based cohort study. BMJ2017; 357:j1415. https://doi.org/10.1136/bmj.
j1415 PMID: 28404617

Bafadhel M, McKenna S, Terry S, et al. Blood eosinophils to direct corticosteroid treatment of exacerba-
tions of chronic obstructive pulmonary disease: A randomized placebo-controlled trial. Am. J. Respir.
Crit. Care Med. 2012; 186(1): 48-55. https://doi.org/10.1164/rccm.201108-15530C PMID: 22447964

Sivapalan P, Lapperre TS, Janner J, et al. Eosinophil-guided corticosteroid therapy in patients admitted
to hospital with COPD exacerbation (CORTICO-COP): a multicentre, randomised, controlled, open-
label, non-inferiority trial. Lancet Respir. Med. 2019; 7(8), 699—-709. https://doi.org/10.1016/S2213-
2600(19)30176-6 PMID: 31122894

Vestbo J, Hurd SS, Agusti AG, et al. Global strategy for the diagnosis, management, and prevention of
chronic obstructive pulmonary disease GOLD executive summary. Am J Respir Crit Care Med. 2013;
187:347-365. https://doi.org/10.1164/rccm.201204-0596PP PMID: 22878278

British guideline on the management of asthma. (2014).

Brightling CE, Monterio W, Green RH, et al. Induced sputum and other outcome measures in chronic
obstructive pulmonary disease: Safety and repeatability. Respir. Med. 2001; 95(12): 999—1002. hitps:/
doi.org/10.1053/rmed.2001.1195 PMID: 11778799

Fletcher CM, Clifton M, Fairbairn AS, et al. Standardised questionnaire on respiratory symptoms: a
statement prepared and approved by the MRC Committee on the Aetiology of Chronic Bronchitis (MRC
breathlessness score). BMJ. 1960; 2(5213): 1665. PMID: 13688719

Zigmond AS, Snaith RP. The Hospital Anxiety and Depression Scale. Acta Psychiatr. Scand. 1983; 67
(6): 361-370. https://doi.org/10.1111/j.1600-0447.1983.tb09716.x PMID: 6880820

Group EuroQol. EuroQol—a new facility for the measurement of health-related quality of life. Health
Policy. 1990; 16(3): 199-208. https://doi.org/10.1016/0168-8510(90)90421-9 PMID: 10109801

R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria. URL https://www.R-project.org/.

Breiman L. Random forests. Mach. Learn. 2001; 45(1): 5-32.
Kuhn M, Johnson K. Applied Predictive Modeling. New York: Springer; 2013.

Ding B, Small M, Bergstrdom G, Holmgren U. COPD Symptom Burden: Impact on Health Care Resource
Utilization, and Work and Activity Impairment. Int J Chron Obstruct Pulmon Dis. 2017; 12: 677-89.
https://doi.org/10.2147/COPD.S123896 PMID: 28260874

Hurst JR, Vestbo J, Anzueto A, et al. Susceptibility to Exacerbation in Chronic Obstructive Pulmonary
Disease. N Engl J Med. 2010; 363: 1128—138. https://doi.org/10.1056/NEJM0a0909883 PMID:
20843247

PLOS ONE | https://doi.org/10.1371/journal.pone.0254425  August 20, 2021 11/12


https://doi.org/10.1164/rccm.201701-0218PP
http://www.ncbi.nlm.nih.gov/pubmed/28128970
https://doi.org/10.1136/bmj.g4315
http://www.ncbi.nlm.nih.gov/pubmed/25004917
https://cks.nice.org.uk/topics/asthma/management/acute-exacerbation-of-asthma/
https://cks.nice.org.uk/topics/asthma/management/acute-exacerbation-of-asthma/
https://doi.org/10.1002/14651858.CD001288.pub4
http://www.ncbi.nlm.nih.gov/pubmed/25178099
https://doi.org/10.1002/14651858.CD010257.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30371937
https://doi.org/10.1164/rccm.201607-1453OC
https://doi.org/10.1164/rccm.201607-1453OC
http://www.ncbi.nlm.nih.gov/pubmed/27967215
https://doi.org/10.1002/14651858.CD002741.pub2
https://doi.org/10.1002/14651858.CD002741.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29938789
https://doi.org/10.1136/bmj.j1415
https://doi.org/10.1136/bmj.j1415
http://www.ncbi.nlm.nih.gov/pubmed/28404617
https://doi.org/10.1164/rccm.201108-1553OC
http://www.ncbi.nlm.nih.gov/pubmed/22447964
https://doi.org/10.1016/S2213-2600%2819%2930176-6
https://doi.org/10.1016/S2213-2600%2819%2930176-6
http://www.ncbi.nlm.nih.gov/pubmed/31122894
https://doi.org/10.1164/rccm.201204-0596PP
http://www.ncbi.nlm.nih.gov/pubmed/22878278
https://doi.org/10.1053/rmed.2001.1195
https://doi.org/10.1053/rmed.2001.1195
http://www.ncbi.nlm.nih.gov/pubmed/11778799
http://www.ncbi.nlm.nih.gov/pubmed/13688719
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
http://www.ncbi.nlm.nih.gov/pubmed/6880820
https://doi.org/10.1016/0168-8510%2890%2990421-9
http://www.ncbi.nlm.nih.gov/pubmed/10109801
https://www.R-project.org/
https://doi.org/10.2147/COPD.S123896
http://www.ncbi.nlm.nih.gov/pubmed/28260874
https://doi.org/10.1056/NEJMoa0909883
http://www.ncbi.nlm.nih.gov/pubmed/20843247
https://doi.org/10.1371/journal.pone.0254425

PLOS ONE

Predicting exacerbation treatment outcomes

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Sakae TM, Pizzichini MMM, Teixeira PJZ, Maurici Da Silva R, Trevisol DJ, Pizzichini E. Exacerbations
of COPD and Symptoms of Gastroesophageal Reflux: A Systematic Review and Meta-analysis. J Bras
Pneumol. 2013; 39(3): 259-71. https://doi.org/10.1590/S1806-37132013000300002 PMID: 23857694

Nishimura K, 1zumi T, Tsukino M, Oga T. Dyspnea is a better predictor of 5-year survival than airway
obstruction in patients with COPD. Chest. 2002; 121(5): 1434—1440. https://doi.org/10.1378/chest.121.
5.1434 PMID: 12006425

Steer J, Norman EM, Afolabi OA, Gibson GJ, Bourke SC. Dyspnoea severity and pneumonia as predic-
tors of in-hospital mortality and early readmission in acute exacerbations of COPD. Thorax. 2012; 67
(2): 117-21. https://doi.org/10.1136/thoraxjnl-2011-200332 PMID: 21896712

Mantero M, Rogliani P, Di Pasquale M, et al. Acute exacerbations of COPD: Risk factors for failure and
relapse. Int J Chron Obstruct Pulmon Dis. 2017; 12: 2687—2693. https://doi.org/10.2147/COPD.
S145253 PMID: 28932112

Chronic obstructive pulmonary disease (acute exacerbation): antimicrobial prescribing (NG114) (2018).

Bafadhel M, Clark T, Reid C, et al. Procalcitonin and C-reactive protein in hospitalized adult patients
with community-acquired pneumonia or exacerbation of asthma or COPD. Chest. 2010; 139(6):1410—
1418. https://doi.org/10.1378/chest.10-1747 PMID: 21030489

Prins HJ, Duijkers R, van der Valk P, et al. CRP-guided Antibiotic Treatment in acute exacerbations of
COPD admitted to Hospital. Eur Respir J. 2019; 53(5):180201.

Boersma WG. Antibiotics in acute exacerbations of COPD: The good, the bad and the ugly. Eur Respir
J.2012; 40(1): 1-3. https://doi.org/10.1183/09031936.00211911 PMID: 22753830

Trivedi SG, Lloyd CM. Eosinophils in the Pathogenesis of Allergic Airways Disease. Cell Mol Life Sci.
2007; 64(10): 1269-289. https://doi.org/10.1007/s00018-007-6527-y PMID: 17364144

Houston JC, De Navasquez S, Trounce JR. A Clinical and Pathological Study of Fatal Cases of Status
Asthmaticus. Thorax. 1953; 8:(3): 207—13. https://doi.org/10.1136/thx.8.3.207 PMID: 13102418

PLOS ONE | https://doi.org/10.1371/journal.pone.0254425  August 20, 2021 12/12


https://doi.org/10.1590/S1806-37132013000300002
http://www.ncbi.nlm.nih.gov/pubmed/23857694
https://doi.org/10.1378/chest.121.5.1434
https://doi.org/10.1378/chest.121.5.1434
http://www.ncbi.nlm.nih.gov/pubmed/12006425
https://doi.org/10.1136/thoraxjnl-2011-200332
http://www.ncbi.nlm.nih.gov/pubmed/21896712
https://doi.org/10.2147/COPD.S145253
https://doi.org/10.2147/COPD.S145253
http://www.ncbi.nlm.nih.gov/pubmed/28932112
https://doi.org/10.1378/chest.10-1747
http://www.ncbi.nlm.nih.gov/pubmed/21030489
https://doi.org/10.1183/09031936.00211911
http://www.ncbi.nlm.nih.gov/pubmed/22753830
https://doi.org/10.1007/s00018-007-6527-y
http://www.ncbi.nlm.nih.gov/pubmed/17364144
https://doi.org/10.1136/thx.8.3.207
http://www.ncbi.nlm.nih.gov/pubmed/13102418
https://doi.org/10.1371/journal.pone.0254425

