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What is already known about this topic? Misdiagnosis of asthma and chronic obstructive pulmonary disease (COPD)

can have many negative health consequences. Machine learning has an increasing role in diagnostic medicine and
potential use for health care professionals in the accurate diagnosis of chronic respiratory diseases.

What does this article add to our knowledge? The Asthma/COPD Differentiation Classification machine learning—
based diagnostic tool demonstrated superior diagnostic accuracy compared with primary care physicians and
pulmonologists in the diagnosis of asthma and COPD in patients aged 35 years and older.

How does this study impact current management guidelines? The Asthma/COPD Differentiation Classification tool
has the potential to aid in the differential diagnosis of patients with asthma or COPD and provides a valuable additional
resource to supplement the decision-making of practicing physicians.

BACKGROUND: The differential diagnosis of asthma and
chronic obstructive pulmonary disease (COPD) poses a
challenge in clinical practice and its misdiagnosis results in
inappropriate treatment, increased exacerbations, and
potentially death.

OBJECTIVE: To investigate the diagnostic accuracy of the
Asthma/COPD Differentiation Classification (AC/DC) tool
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compared with primary care physicians and pulmonologists in
asthma, COPD, and asthma-COPD overlap.

METHODS: The AC/DC machine learning-based diagnostic
tool was developed using 12 parameters from electronic health
records of more than 400,000 patients aged 35 years and older.
An expert panel of three pulmonologists and four general prac-
titioners from five countries evaluated 119 patient cases from a
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Abbreviations used
AC/DC- Asthma/COPD Differentiation Classification
ACO- Asthma/COPD overlap
ACQ- Asthma Control Questionnaire
CCQ- Clinical COPD Questionnaire
COPD- Chronic obstructive pulmonary disease
Crl- Posterior credible interval
PCP- Primary care physician

prospective observational study and provided a confirmed
diagnosis (n = 116) of asthma (n = 53), COPD (n = 43),
asthma-COPD overlap (n = 7), or other (n = 13). Cases
were then reviewed by 180 primary care physicians and 180
pulmonologists from nine countries and by the AC/DC tool,
and diagnostic accuracies were compared with reference to
the expert panel diagnoses.

RESULTS: Average diagnostic accuracy of the AC/DC tool was
superior to that of primary care physicians (median difference,
24%; 95% posterior credible interval: 17% to 29%; P < .0001)
and was noninferior and superior (median difference, 12%; 95%
posterior credible interval: 6% to 17%; P < .0001 for
noninferiority and P = .0006 for superiority) to that of
pulmonologists. Average diagnostic accuracies were 73%, 50%,
and 61% by AC/DC tool, primary care physicians, and
pulmonologists versus expert panel diagnosis, respectively.
CONCLUSION: The AC/DC tool demonstrated superior
diagnostic accuracy compared with primary care physicians and
pulmonologists in the diagnosis of asthma and COPD in
patients aged 35 years and greater and has the potential to
support physicians in the diagnosis of these conditions in clinical
practice. Crown Copyright © 2023 Published by Elsevier Inc.
on behalf of the American Academy of Allergy, Asthma &
Immunology. This is an open access article under the CC BY-
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INTRODUCTION

Asthma and chronic obstructive pulmonary disease (COPD)
are heterogeneous chronic respiratory diseases that have over-
lapping diagnostic criteria and sometimes similar clinical pre-
sentations. This poses a challenge in their differential diagnoses,
especially in smokers, ex-smokers, and older adults."™ Asthma/
COPD overlap (ACO) is composed of patients with character-
istics of both asthma (eg, variability of airway limitation, al-
lergies) and COPD (eg, age at onset of 40 years or greater, chest
x-ray with severe hyperinflation)."" Chronic respiratory diseases
are major causes of morbidity and mortality, and an incorrect
diagnosis may lead to negative consequences in disease man-
agement.” For example, underdiagnosis of asthma leads to
increased hospitalizations, emergency room visits, risk for death,
and health care resource costs.”” Misdiagnosis can result in
adverse events owing to incorrect treatment (particularly when
asthma is treated with long-acting bronchodilators alone) and
increased treatment costs.”'> The overlapping diagnosis of
asthma and COPD was reported to be 15% to 32%." Hence, an
accurate diagnosis is important for therapeutic decision-making.

Artificial intelligence, especially machine learning, has an
increasing role in diagnostic medicine and might be useful for
primary care physicians (PCPs) and other health care professionals
in the accurate and differential diagnosis of chronic respiratory
diseases.'”'® The Asthma/COPD Differentiation Classification
(AC/DC) tool employs a machine learning—based algorithm and
was developed to aid PCPs and other physicians in the fast and
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accurate diagnosis of asthma, COPD, or ACO, in conjunction
with spirometry, and to reduce delays in symptomatic patients
receiving appropriate therapy.'” This study investigated the diag-
nostic accuracy of the AC/DC tool compared with PCPs and
pulmonologists in the differential diagnosis of asthma, COPD,
ACO, and other respiratory diseases using patient cases from a
prospective observational study in general practice.'” Pulmonolo-
gists and PCPs were selected as the medical professions for eval-
uation because they were the professionals most likely to interact
inidally with patients with a respiratory disease, they manage pa-
tients with respiratory diseases, which is not be the case with other
groups such as allergists for COPD, and they are potential primary
users of the AC/DC tool.

METHODS
Study design

This was a noninterventional, multinational, multiple-rater,
multiple-case study that used deidentified patient cases from a
prospective observational study (FOCUS), which recorded data for
patients presenting with respiratory symptoms to general practices in
the Netherlands.'® Cases were included when patients were aged 35
years or older at the time of data collection and if the critical data
required for the AC/DC tool had been recorded. Further details
about methods are provided in the Supplemental Text (in this ar-
ticle’s Online Repository at www.jaci-inpractice.org).

The AC/DC tool was initially developed using the clinical char-
acteristics of more than 400,000 patients aged 35 years and older
with a diagnosis of asthma, COPD, or ACO by specialists (pul-
monologists/allergists), as identified from the Optum (Eden Prairie,
MN) deidentified electronic health records dataset between 2010
and 2017 (for index date definitions, see the Supplemental Text). In
an internal validation, the model achieved sensitivities of 0.98, 0.98,
and 0.78, precision of 0.97, 0.97, and 0.92, and F1 scores of 0.98,
0.98, and 0.84 in diagnosing asthma, COPD, and ACO, respec-
tively (Supplemental Text)."” From the data on more than 400,000
patients, 12 variables were identified as the most impactful, and
hence were used by the AC/DC tool (Table ).

The performance (external validation) of the AC/DC tool (using
the 12 most impactful variables) was then compared with that of
pulmonologists and PCPs in the diagnosis of patients from the
FOCUS study; the findings are reported here.

Written informed consent obtained from each patient during the
observational study'® permitted secondary use of their data for this
study. An independent ethics committee or institutional review
board reviewed the study protocol. The study was conducted in
accordance with the International Conference on Harmonization
Guidelines for Good Clinical Practice and the Declaration of Hel-
sinki. The study was essentially composed of four steps (Figure 1).

Step 1 Expert panel diagnosis of each case
(reference standard). A panel of seven experts (composed of
three PCPs and four pulmonologists from five countries, who were
involved in developing the AC/DC tool) reviewed the clinical data of
119 deidentified (eligible; n = 116) patient cases from the obser-
vational study.'® Each expert determined a diagnosis of asthma,
COPD, ACO, or disease other than asthma, COPD, and ACO for
each patient and recorded the difficulty of diagnosis on a 6-point
Likert scale from 0 to 5, in which 0 to 1 was described as easy to
diagnose and 4 to 5 was hard to diagnose for each. The observational
study database included variables such as patients’ demographics and
baseline clinical characteristics; current inhaled medication (yes or
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TABLE I. Most impactful variables used by Asthma/Chronic
Obstructive Pulmonary Disease Differentiation Classification tool

Variable

FEV,

FEV,/FVC
Smoking pack-year

Age at onset of respiratory disease
Body mass index

Dyspnea

Wheeze

Cough

Diagnosis of allergic rhinitis
Current smoker

Never smoked

Diagnosis of chronic rhinitis

no); medical history questionnaire including Medical Research
Council dyspnea scale, Asthma Control Questionnaire (ACQ-7) (0-
6) and Clinical COPD Questionnaire (CCQ) (0-6), as well as
spirometry results. Two symptom definitions were used. Symptom
definition 1 included symptoms present during the previous 7 days if
the ACQ Q4 score (shortness of breath) was greater than 0, ACQ
Q5 (wheeze) greater than 0 or CCQ Q5 (cough) greater than 0.
Symptom definition 2 included an ACQ Q4 score greater than 1,
ACQ Q5 greater than 1, or CCQ Q5 greater than 1. Symptoms (yes
or no) were fed into the algorithm and shown to the physicians.
For a diagnosis to be considered an expert panel diagnosis, five of
seven experts had to provide the same diagnosis. The primary case set
included patients with a diagnosis of asthma, COPD, or ACO. The
exploratory case set included patients with a diagnosis of asthma,

COPD, ACO, and disease other than asthma, COPD, and ACO.

Step 2 Diagnosis of clinical cases by PCPs and
pulmonologists. Primary care physicians and pulmonologists
were recruited from nine countries (the United States, Canada, the
United Kingdom, France, Germany, Spain, Australia, China, and
India). Participating PCPs and pulmonologists were included if they
were licensed and practicing at the time of study with 3 years or
more in practice and had ever provided a diagnosis to or treated one
or more patients with a respiratory disease.

Each physician reviewed 30 expert panel diagnoses of combined
primary and exploratory clinical cases (24 cases and six rereviews to
assess intra-rater variability) and assigned a diagnosis of asthma,
COPD, ACO, or other, together with the level of confidence in the
diagnosis, from 1 (not at all confident) to 7 (very confident), using a
cross-sectional, 60-minute Web-based electronic case review system.

Step 3 Diagnosis of clinical cases by AC/DC tool. For
the AC/DC tool, a total of 100 algorithms were trained, each with
recall (true positive diagnosis) and precision (percentage of true
positive diagnoses) of 80% or greater for asthma, COPD, and ACO,
and overall accuracy of 95% or greater to characterize fully the
stability of the model training process and the model performance.

The AC/DC tool assessed each expert panel diagnosis case and
cither rejected the expert-assigned diagnosis or assigned a probability
to diagnoses of asthma, COPD, or ACO. The algorithm rejected
cases when clinical characteristics were beyond the range at which
the algorithm was trained. The diagnosis assigned by the AC/DC
tool was the one with the highest predicted probability. Figure El
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[ Participants included in FOCUS study (N = 149) ]

4

Excluded (N = 30)
(Age <35 years, n=22; Missing data (n=8)

[ Clinical cases eligible for inclusion, and screened by expert panel (N = 119) ]

[ At least 5 of 7 experts agreed on ]
same diagnosis (N = 100)

[ Less than 5 of 7 experts agreed on ]
same diagnosis (N = 19)

Yes (N = 16)

STEP 1

[ Expert panel discussion to see if an
agreement can be made on diagnosis

Expert panel (Reference Standard) diagnosis (N = 116)
* Primary case set: asthma, COPD & ACO (N =103)
* Exploratory case set: includes diagnoses other than asthma, COPD &

ACO (N = 116)

No

Excluded (N =3) ’

STEP 2

STEP 3

180 PCPs and 180 pulmonologists across 9 countries
were asked to assign a diagnosis (each physician
assessed 24 unique cases and 6 re-reviews) and rate
their level of confidence in their diagnosis

100 versions of trained
AC/DC algorithm (AC/DC
tool) provided diagnosis for

each clinical case

STEP 4

[ Comparing diagnostic accuracy of the AC/DC tool with PCPs and ]
pulmonologists against the Gold standard diagnosis for the clinical cases

FIGURE 1. Study design and patients flow for Asthma/Chronic Obstructive Pulmonary Disease (COPD) Differentiation Classification
(AC/DC) validation study. ACO, asthma/COPD overlap; PCP, primary care physician.

(in this article’s Online Repository at www.jaci-inpractice.org) shows
the confusion matrix of the panel diagnosis versus the diagnosis by
algorithms and physicians.

Step 4 Outcome. The primary objective was to compare the
average diagnostic accuracy of the AC/DC tool with those of PCPs
and pulmonologists when evaluating clinical cases of asthma,
COPD, or ACO in the primary case set. The diagnostic accuracy of
the AC/DC tool, PCPs, and pulmonologists was defined as the
correct diagnoses of clinical cases, expressed as a percentage,
compared with confirmed diagnoses assigned by the expert panel
(reference standard). Differences in average overall diagnostic accu-
racy were analyzed between the AC/DC tool and PCPs and between
the AC/DC tool and pulmonologists with reference to the expert
panel diagnoses.

Secondary objectives included (1) a comparison of diagnostic
accuracy (sensitivity [recall], precision [positive predictive value], the
F1 score [harmonic mean of sensitivity and precision], and the
negative predictive value and specificity of the AC/DC tool in
diagnosing asthma, COPD, and ACO cases compared with PCPs
and pulmonologists in the primary case set; and (2) a determination

of interrater and intra-rater agreement among PCPs and pulmo-
nologists in the primary case set using Fleiss’ kappa. The F1 score is
the harmonic mean of precision and recall; therefore, this score
considers both false positives and false negatives.

Key exploratory objectives included (1) an examination of the
diagnostic accuracy of the AC/DC tool compared with PCPs and
pulmonologists in diagnosing asthma, COPD, and ACO in the
primary case set subgroups based on the expert panel scores for the
difficulty of diagnosis (lower tertile [easy], middle tertile [moderately
hard], and upper tertile [hard]); and (2) an examination of the
diagnostic accuracy of PCPs and pulmonologists in diagnosing cases
in the exploratory case set.

Statistical analysis

Expert panel diagnosis cases were divided into the primary case set
(asthma, COPD, and ACO cases), and the exploratory case set
(including cases of diseases other than asthma, COPD, and ACO).
We analyzed the primary outcome using a Bayesian model that
jointly modeled each patient’s true disease status (ie, expert panel
diagnosis) as a categorical random variable and the diagnoses given
for each patient by each physician or algorithm (determined using
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multinomial logistic regression). The multinomial logistic regression
model included a separate intercept term for each combination of
disease (asthma, COPD, and ACO) and group (PCPs, pulmonolo-
gists, and the AC/DC tool), as well as a random case and random
rater effect. The primary analysis included the first diagnosis for each
case by the physicians. Repeated diagnoses by the same physician of
the same patient were excluded but were considered for an estima-
tion of intra-rater reliability.

The key objective of a superiority trial is to demonstrate that a new
treatment or device is better than an active control, a placebo, or a
conventional method, whereas a noninferiority trial is designed to
show that treatments are not unacceptably worse than (or noninferior
to) the comparator.'” A machine learning tool could be valuable to
PCPs if it is superior to PCPs without necessarily needing to be su-
perior to pulmonologists. Hence, the superiority of the AC/DC tool
was tested against PCPs. However, after testing its superiority to
PCPs, noninferiority to pulmonologists was tested followed by supe-
riority to pulmonologists. The null hypothesis was tested against the
alternative hypothesis for superiority of AC/DC tool versus PCPs and
pulmonologists for the primary outcome, and a 10% noninferiority
margin versus pulmonologists was used. A similar margin (10%) was
previously used in the literature.”” The main analysis used the first
primary symptom definition. A sensitivity analysis was also performed
using the second symptom definition for the primary outcome. Point
estimates and their 95% credible intervals for the primary analysis
were obtained as the medians, and the 2.5 and 97.5" percentiles of
the posterior distribution for the average diagnostic accuracy of the
AC/DC tool, PCPs, and pulmonologists, as well as for the differences
in average accuracy among them. The calculation of differences and
their 95% credible intervals allows a quantification of uncertainty
regarding the diagnostic performance of each group (AC/DC, PCPs,
and pulmonologists) and a judgment about whether between-group
differences are likely due to chance.

Power calculations were based on simulations in which it was
assumed that pulmonologists provide 60% correct diagnoses and the
AC/DC tool 82% or greater, with the assumption that pulmonolo-
gists would perform better than PCPs. With at least 30, 30, and 20
patient cases with a panel diagnosis of asthma, COPD, and ACO,
respectively, approximately 90% power was achieved for a comparison
of algorithms compared with 50 pulmonologists. Because all pulmo-
nologists could not review all clinical cases, the number of pulmo-
nologists was increased to achieve a similar total number of reviewed
cases. The number of PCPs chosen was the same as the number of
pulmonologists. We conducted statistical analyses in R software
(version 3.6.1, R Foundation for Statistical Computing, Vienna,
Austria) using the RStan R package for the primary analysis.”' >’
Details of missing data imputation are presented in the Supple-
mental Text.

RESULTS
Baseline Demographics and Clinical Characteristics
This analysis included 116 patient (asthma, n = 53; COPD,
n = 43; ACO, n = 7; and other, n = 13) assigned an expert
panel diagnosis (ie, n = 103 [53 + 43 + 7] in the primary case
set (the diagnosis of other was not included) and 116 in the
exploratory case set; consensus was not achieved for three cases)
(Figure 1). Table II lists baseline demographics and clinical
characteristics of patients.
Of the 116 patients with an expert panel diagnosis used to
evaluate the AC/DC tool, 95 (82%) had no missing data for the
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12 variables, whereas of the remaining 21 patients (18%), 12
were missing information on dyspnea (10%), 13 were missing
information on wheeze (11%), and eight were missing cough
symptom information (7%j; some of the 21 patients had missing
information on more than one symptom). Other variables such
as demographic information, spirometry results, smoking infor-
mation, and comorbidity information were completely available
for all 116 patients.

In total, 360 physicians (180 PCPs and 180 pulmonologists)
from nine countries (20 PCPs and 20 pulmonologists from each
country) were included with mean postresidency practice times
comparable between PCPs (8.4-27.3 years) and pulmonologists
(9.7-22.3 years).

Average diagnostic accuracy

Average diagnostic accuracy of the AC/DC tool was superior
to that of PCPs (median difference, 24%; 95% posterior credible
interval [Crl]: 17% to 29%; P < .0001) and was noninferior and
superior to that of pulmonologists (median difference, 12%;
95% Crl: 6% to 17%; P < .0001 for noninferiority and P =
.0006 for superiority) in the correct diagnosis of asthma, COPD,
and ACO (based on expert panel diagnosis). The average diag-
nostic accuracy of pulmonologists was superior to that of PCPs
(median difference, 12%, 95% Crl: 8% to 15%) (Figure 2).
Sensitivity analyses showed results similar to those of the main
analysis (AC/DC tool vs PCPs, median difference, 24%, 95%
Cil: 17% to 30%; AC/DC tool vs pulmonologists, median
difference, 11%, 95% Crtl: 5% to 17%; pulmonologists vs PCPs,
median difference, 12%, 95% Crl: 9% to 16%).

Secondary measures of diagnostic performance

For sensitivity (the percentage of true positive diagnoses
[based on the expert panel] made from all diagnoses with each
disease), the AC/DC tool correctly identified higher proportions
of asthma and COPD patients, whereas PCPs and pulmonolo-
gists correctly provided a diagnosis for more ACO patients. The
precision (percentage of true positive diagnoses from the total
positive diagnoses made) results for the diagnosis of asthma was
similar between the AC/DC tool and pulmonologists and only
slightly lower for PCPs, whereas precision results for COPD and
ACO were higher for PCPs and pulmonologists compared with
the AC/DC tool. The F1 score (a measure of accuracy that
combines sensitivity and precision) for the AC/DC tool was
higher than that for PCPs and pulmonologists for the diagnosis
of asthma, better than for PCPs and similar to pulmonologists for
diagnosing COPD, and less than PCPs and pulmonologists for
ACO. The negative predictive value (percentage of true negative
diagnoses given from the negative diagnoses made) was higher for
the AC/DC tool for asthma and COPD than those for PCPs and
pulmonologists, whereas the values for PCPs and pulmonologists
were slightly higher than the AC/DC tool for ACO. Specificity
(percentage of true negative diagnoses made from all diagnoses
for patients each of whom did not have a diagnosis) values were
similar for the AC/DC tool, PCPs, and pulmonologists for the
diagnosis of asthma, lower for the AC/DC tool versus PCPs and
pulmonologists for the diagnosis of COPD, and higher for the
AC/DC tool versus PCPs and pulmonologists for the diagnosis
of ACO (Table III).

Diagnostic accuracy by case difficulty
The proportion of cases that PCPs and pulmonologists
correctly diagnosed declined with increasing case difficulty, as
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TABLE Il. Baseline demographics and clinical characteristics of clinical cases of patients aged 35 years and older included in this analysis,
by diagnosis assigned by expert panel (primary and exploratory case sets)

Chronic obstructive

Asthma/chronic

Asthma pulmonary disease obstructive pulmonary Others* Total

Characteristic (n = 53) (n = 43) disease overlap (n = 7) (n = 13) (n = 116)
Age, y 58.0 £ 11.88 66.4 £+ 10.14 64.4 + 3.82 562 £996 613 +11.43
Age at onset of lung problems, y 28.1 £+ 22.44 55.0 £ 17.31 25.2 £ 26.71 45.1 +16.87 39.8 £+ 23.78
Female, n (%) 32 (60.4) 13 (30.2) 4 (57.1) 7 (53.8) 56 (48.3)
Body mass index, kg/m® 29.2 +£5.32 27.3 £ 5.07 279 + 6.46 25.0 £ 3.86 28.0 &£ 5.27
Smoking status, n (%)

Current smoker 2 (3.8) 20 (46.5) 3 (42.9) 2 (15.4) 27 (23.3)

Former smoker 19 (35.8) 23 (53.5) 4 (57.1) 7 (53.8) 53 (45.7)

Never smoked 32 (60.4) 0 (0.0) 0 (0.0) 4 (30.8) 36 (31.0)
Number of pack-yearst 13.9 £+ 16.09 353 £+ 16.82 293 £ 11.22 209 £ 17.35 27.5 £ 18.51
Family history of respiratory diseases/problems, n (%) 33 (62.3) 17 (39.5) 3(42.9) 6 (46.2) 59 (50.9)
Current respiratory medications, n (%)

None 14 (26.4) 7 (16.3) 1 (14.3) 10 (76.9) 32 (27.6)

Reliever therapy 7 (13.2) 6 (14.0) 0 2 (15.4) 15 (12.9)

Maintenance therapy 32 (60.4) 30 (69.8) 6 (85.7) 1(7.7) 69 (59.5)
Allergy, n (%) 24 (45.3) 5(11.6) — 1(7.7) 30 (25.9)
Prebronchodilator FEV, L 2.7+ 0.84 2.0 + 0.62 1.5 £ 0.54 3.0 £ 0.77 24 + 0.85
Reversibility (%) 7.7 £ 7.28 2.8 +7.79 21.8 £ 10.86 3.5 +£4.76 6.6 £+ 8.39

Data are presented as means + SDs, unless otherwise specified. Additional data provided to the expert panel to make the diagnosis were the Asthma Control Questionnaire
score, Clinical Chronic Obstructive Pulmonary Disease Questionnaire score, current symptoms, and disease history.

*Patient cases with a diagnosis of others were excluded from the primary case set.
FAnalysis included only current and former smokers.

assessed by the expert panel (Figure 3). The AC/DC tool showed
a notably higher percentage of accuracy for the hardest cases
across all three categories compared with PCPs and pulmonol-
ogists (Figure 3) (the study was not powered to determine sta-
tistical significance in the diagnostic accuracy of the tool, PCPs,
and pulmonologists by case difficulty).

Interrater and intra-rater agreement

Fleiss” kappa for inter-rater agreement for diagnostic consensus
was higher among pulmonologists than PCPs across all diagnoses
(0.29 [95% Crl: 0.25-0.33] and 0.19 [95% CrlI: 0.16-0.22],
respectively), as was intra-rater reliability (0.55 [95% Crl: 0.51-
0.59] and 0.48 [95% Crl: 0.44-0.52], respectively). Interrater
agreement was high for both definitions used in the AC/DC
algorithm (Figure 4).

Performance of AC/DC tool
exploratory case set

The diagnostic accuracy for both PCPs and pulmonologists in
the exploratory case set was the same as that in the primary set,
whereas the diagnostic accuracy of the AC/DC tool was lower in
the exploratory case set (Figure 5).

and physicians in

DISCUSSION

This multinational, noninterventional, observational study
used deidentified, real-life clinical practice case data to determine
the diagnostic accuracy of the AC/DC tool (developed by ma-
chine learning from data in an electronic medical record data-
base) versus PCPs and pulmonologists in the diagnosis of asthma,
COPD, and ACO in patients aged 35 years and older. The
primary objective of this study was met; the average diagnostic
accuracy of the AC/DC tool for these diagnoses was superior to
that of PCPs and noninferior and superior to that of

pulmonologists. Furthermore, the diagnostic accuracy of pul-
monologists was superior to that of PCPs, as might be expected
by virtue of their medical specialization.

In this study, the AC/DC tool displayed greater sensitivity for
diagnosing asthma and COPD cases compared with PCPs or
pulmonologists, and accuracy and precision values for the AC/DC
tool were similar to those reported elsewhere for other machine
learning models.'”** However, when diagnosing ACO, the
diagnostic performance of the AC/DC tool was considerably lower
than that of PCPs and pulmonologists. The small sample size (n =
7) might have contributed to this finding, but several other reasons
might explain these results. First, machine learning algorithms can
struggle when faced with class imbalance, and patients with ACO
were the least common class of patients in the training data.'”
Second, pulmonologists also had the lowest sensitivity for this
diagnosis, perhaps because of variations in definitions and per-
ceptions of this disease among physicians and countries.” Indeed,
some countries do not have a specific definition for ACO in their
guidelines, and neither the Global Initiative for Asthma nor the
Global Initiative for Chronic Obstructive Lung Disease considers
ACO to be a specific cliagnosis.j’4 Third, the features used to
develop the AC/DC tool may not be ideally suited for dis-
tinguishing ACO from COPD. One of the characteristics that the
clinicians noted this study was the age at onset of respiratory
symptoms. A younger age at onset of symptoms is one of the
features that, in a patient with persistent airflow limitation, drives
a clinical decision toward ACO. However, data for age at onset of
respiratory symptoms were not recorded in the Optum database,
and thus they were not included in the development of AC/DC.
Moreover, although ACO is an interesting construct, double-blind
randomized clinical studies are lacking on the treatment of ACO,
and current safety recommendations are based on observational
studies.' ' >%
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FIGURE 2. (A) Overall diagnostic accuracy and (B) difference in diagnostic accuracy of Asthma/Chronic Obstructive Pulmonary Disease
(COPD) Differentiation Classification (AC/DC) tool, primary care physician (PCPs), and pulmonologists in diagnosis of clinical cases of
asthma, COPD, and asthma/COPD overlap (primary case set). This analysis is based on primary symptom definition 1: a score greater
than O on Asthma Control Questionnaire (ACQ) Q4 (dyspnea)/ACQ Q5 (wheeze)/clinical COPD questionnaire Q5 (cough). Differences in
average overall diagnostic accuracy between the AC/DC tool and PCPs, and between the AC/DC tool and pulmonologists with reference
to the expert panel diagnoses were analyzed. Cr/, posterior credible interval.

The diagnostic consensus (interrater and intra-rater agree-
ment) was higher among the pulmonologists than PCPs, but
both were lower than the AC/DC tool. As expected, it was more
likely that two pulmonologists would agree on a diagnosis than
two PCPs because of their specialization. In contrast, the AC/DC
tool was extremely consistent because all of the algorithms always
produced a similar result from the same inputs. In addition, the
difference in diagnostic accuracy between the AC/DC tool and
both PCPs and pulmonologists increased with an increase in the
difficulty of diagnosis, as assessed by the expert panel. These
results suggest that the AC/DC tool has the potential to improve

accuracy and specificity in the differential diagnosis of asthma
and COPD, especially for cases that are more difficult to di-
agnose. These results are from estimates from a single point in
time rather than longitudinal data. The use of longitudinal data
in a primary care setting would allow PCPs to determine a
response to treatment that could support a clinical diagnosis.
This might partly explain the diagnostic accuracy of PCPs
compared with the AC/DC tool and pulmonologists.

When the AC/DC tool misdiagnosed cases, it categorized
patients with asthma as having a high probability of COPD and
tended to assign a COPD diagnosis to ACO. However, this was
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TABLE lll. Sensitivity, precision, F1 score, negative predictive value, and specificity of AC/DC tool, PCPs, and pulmonologists in diagnosis
of asthma, COPD, and ACO (primary case set)

Measures

Asthma* (n = 36)

COPD* (n = 36)

ACO* (n = 7)

Sensitivity (recall) (median [95% CrI])

AC/DC

PCPs
Pulmonologists
AC/DC vs PCPs

AC/DC vs. pulmonologists
Pulmonologists vs PCPs
Precision (positive predictive value) (median [95%

AC/DC

PCPs
Pulmonologists
AC/DC vs PCPs

AC/DC vs pulmonologists
Pulmonologists vs PCPs
F1 score (median [95% Crl])

AC/DC

PCPs
Pulmonologists
AC/DC vs PCPs

AC/DC vs pulmonologists
Pulmonologists vs PCPs
Negative predictive value (median [95% Crl])

AC/DC

PCPs
Pulmonologists
AC/DC vs PCPs

AC/DC vs pulmonologists
Pulmonologists vs PCPs
Specificity (median [95% Crl])

74% (65 to 81)
39% (31 to 48)
52% (44 to 60)
35% (30 to 39)
21% (17 to 26)
13% (9 to 18)
cr])
88% (81 to 93)
82% (73 to 89)
88% (80 to 93)
6% (1 to 12)
1% (=3 to 5)
5% (1 to 10)

80% (74 to 85)
53% (44 to 61)
65% (58 to 72)
27% (22 to 33)
15% (11 to 19)
13% (8 to 17)

81% (71 to 88)
65% (54 to 74)
70% (60 to 79)
16% (12 to 20)
10% (7 to 14)
6% (4 to 8)

87% (80 to 91)
62% (54 to 69)
73% (66 to 80)
25% (20 to 30)
13% (10 to 18)
11% (7 to 16)

66% (54 to 77)
74% (63 to 82)
81% (71 to 88)
—7% (—12 to —3)

—15% (—20 to —10)

7% (4 to 11)

75% (66 to 82)
67% (60 to 73)
77% (70 to 82)
8% (2 to 13)
—2% (7 t0 3)
10% (6 to 13)

85% (75 to 92)
72% (61 to 81)
79% (70 to 87)
13% (8 to 18)
5% (2 to 10)
7% (4 to 11)

1% (0 to 6)
41% (26 to 58)
47% (31 to 64)

—40% (—54 to —25)

—46% (—60 to —30)

6% (—1 to 14)

5% (1 to 24)
14% (6 to 27)
22% (10 to 39)
—8% (—17 to 4)

—15% (—28 to —3)

7% (3 to 13)

2% (1 to 10)
21% (10 to 35)
30% (15 to 46)

—18% (31 to —8)
—27% (—42 to —13)
8% (4 to 14)

91% (84 to 96)
93% (87 to 97)
94% (89 to 98)
—2% (=5 to 0)
—3% (6 to —1)
1% (0 to 3)

AC/DC 92% (88 to 95) 63% (53 to 72) 98% (96 to 99)
PCPs 93% (91 to 95) 82% (77 to 85) T7% (74 to 80)
Pulmonologists 94% (92 to 96) 86% (81 to 89) 84% (81 to 87)
AC/DC vs PCPs —1% (—4 to 2) —19% (—27 to —12) 21% (18 to 24)
AC/DC vs pulmonologists —2% (—5to 1) —23% (—30 to —16) 13% (11 to 16)
Pulmonologists vs PCPs 1% (—1 to 3) 4% (1 to 7) 7% (5 to 10)

AC/DC, Asthma/COPD Differentiation Classification; ACO, asthma/COPD overlap; Crl, posterior credible interval; COPD, chronic obstructive pulmonary disease; PCP,
primary care physician.

Data are presented as posterior medians (95% Crl).

Combined posterior from 100 multiple imputations, each for patients accepted by one or more algorithm for that multiple imputation. This analysis is based on primary symptom
definition 1: score greater than 0 on Asthma Control Questionnaire (ACQ) Q4 (dyspnea), ACQ QS5 (wheeze), or Clinical COPD Questionnaire Q5 (cough). Sensitivity (recall) is
the percentage of true positive diagnoses from all diagnoses for patients who had the disease (expert panel diagnosis). Specificity refers to the percentage of true negative
diagnoses given from all diagnoses for patients who did not have a disease. The F1 score is a measure of accuracy that combines recall and precision using the harmonic mean.
Positive predictive value (precision) is the percentage of true positive diagnoses given from the positive diagnoses that were made. The negative predictive value is the
percentage of true negative diagnoses given from the negative diagnoses that were made.

*n includes only asthma, COPD, and ACO patients who were not rejected by at least one algorithm for at least one multiple imputation.

not observed with PCPs or pulmonologists, who more often
misclassified patients with asthma as having ACO, and patients
with COPD as having ACO or asthma. The Global Initiative for
Asthma® recommends that patients with asthma or ACO receive
an inhaled corticosteroid—based therapy because it reduces the
risk for hospitalization or death,'''>*” and many COPD pa-
tients may be safely treated with bronchodilators alone.” Thus,
for safety reasons, modifying the training of the algorithm is
essential to reflect the consequences of misdiagnosis.

Currently, some biomarkers are used as surrogates for the
diagnosis of airway diseases owing to limitations and the

availability of spirometry and to guide pharmacotherapy.” An
analysis of exhaled nitric oxide and sputum or blood eosinophil
count are sometimes used to determine corticosteroid respon-
siveness and adjust anti-inflammatory therapies in patients with
asthma. Similarly, club cell secretory protein-16, surfactant protein
D, and fibrinogen can predict the severity and risk for exacerba-
tions in patients with COPD.”® The blood eosinophil count was
evaluated during the development of the AC/DC tool, but it had
no impact on the outcomes, so it was not included in the tool. In
addition, the literature does not report the use of biomarkers in
machine learning models for the diagnosis of airway diseases.
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FIGURE 3. Diagnostic accuracy of Asthma/Chronic Obstructive Pulmonary Disease (COPD) Differentiation Classification (AC/DC) tool,
primary care physicians (PCPs), and pulmonologists by case difficulty (assigned by expert panel) in primary case set. Based on tertiles of
average of difficulty ratings of panel members: 1 = easy; 2 = moderately hard; 3 = hard to diagnose. The diagnosis was based on
symptom definition 1, which includes an Asthma Control Questionnaire (ACQ) Q4 score greater than O (dyspnea), ACQ Qb5 score greater
than O (wheeze) and Clinical COPD Questionnaire Q5 score greater than O (cough); and symptom definition 2, which includes ACQ Q4
score greater than 1, ACQ Q5 greater than 1, and Clinical COPD Questionnaire Q5 score greater than 1.
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FIGURE 4. Variations in performance within Asthma/Chronic Obstructive Pulmonary Disease Differentiation Classification tool
(algorithms), pulmonologists, and primary care physicians (PCPs) in primary case set.

The tool that is evaluated here was based on current specialist
practice rather than diagnostic guidelines, which could theoret-
ically lead to the reinforcement of common clinical errors in
diagnosis. However, this external validation study has allowed an
assessment of model performance based on the consensus diag-
nosis of a panel of experts who are highly familiar with existing
guidelines and highly experienced in the field, which should
avoid the routine application of diagnostic criteria and provide

the most reliable diagnosis possible given the available
information.

The AC/DC tool was designed to aid physicians in asthma
and COPD diagnosis with higher accuracy after other diseases
have been ruled out. Thus, this tool is not intended as a stand-
alone model to rule out all diseases and accept only asthma,
COPD, or ACO. This was particularly evident when the per-
formance of the AC/DC tool was compared between the two
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FIGURE 5. Comparison of performance of Asthma/Chronic Obstructive Pulmonary Disease Differentiation Classification (AC/DC) tool
and physicians in primary and exploratory case sets. Data are presented as medians; error bars represent posterior credible interval (Crl)
values. Combined posterior from 100 multiple imputations, each for patients accepted by one or more algorithm for that multiple
imputation. This analysis is based on primary symptom definition 1: score greater than O on Asthma Control Questionnaire Q4 (dyspnea),
Asthma Control Questionnaire Q5 (wheeze), and Clinical COPD Questionnaire Q5 (cough). PCP, primary care physician.

(primary and exploratory) case sets. The diagnostic accuracy of
the AC/DC tool declined from the primary to exploratory case
set because the tool does not have the option to distinguish a
patient as other, and so it either rejects the patient or mis-
diagnoses the case as asthma, COPD, or ACO. An advantage of
the AC/DC tool is that it provided a higher interrater agreement
for the diagnosis of a specific disease across all diagnoses, whereas
there was greater variability in decisions reported by both PCPs
and pulmonologists.

This analysis had several limitations that need to be considered
during clinical decision-making. (1) The study included only
patients aged 35 years and older, and the AC/DC tool cannot be
used in younger patients. (2) The AC/DC tool is not intended to
provide a diagnose for patients on its own, but rather should be
used in addition to spirometry to aid physicians in the differential
diagnosis of asthma, COPD, and ACO, so it might have been
worthwhile to include a group of physicians aided by the AC/DC
tool in this study. (3) Although an electronic review of a case file
may differ substantially from a face-to-face diagnosis in a phy-
sician’s practice, the performance of the two physician groups
aligned reasonably well with the published literature and the
expectation that pulmonologists would outperform PCPs.”*?’
(4) The assumption that the clinicians had already ruled out
all other potential causes of respiratory symptoms may not be
clinically relevant, given (for example) the high cost of cardiac
investigations for patients presenting with breathlessness. (5) The
distinction between a history of allergic rhinitis and a history of
chronic rhinitis, both of which were significant in developing the
AC/DC tool, may not be clear in clinical practice. (6) Limited
data on ACO were available in the database to train the AC/DC
tool; however, the provision of data such as age of onset and
reversibility to PCPs and pulmonologists did not improve their
diagnostic accuracy versus the AC/DC tool. (7) Physicians
included in this analysis were from the Ipsos (Paris, France)
database rather than from random sampling for PCPs and

pulmonologists. (8) Primary care physicians often also rely on
social determinants of health, rather than spirometry.

The results of this study should be considered within the
context of two assumptions: (1) the expert panel diagnoses of
asthma, COPD, ACO, and other diseases are accurate for each
patient, whereas the expert panel members were provided with
only brief clinical details for the purpose of assigning a diagnosis;
and (2) the AC/DC tool classified each case only to asthma,
COPD, or ACO and did not have the other diagnostic option,
unlike PCPs and pulmonologists for the primary analysis.

Further validation and assessment of the AC/DC tool is
required given the lower performance for diagnosing ACO and
the risk for hospitalization and death if patients with asthma or
ACO are given a diagnosis of COPD and treated with bron-
chodilators alone.'"'*** The AC/DC tool accurately separates
asthma from COPD, whereas the ACO diagnosis is not sensitive
or specific, so it should prompt a reconsideration by clinicians to
put patients in the asthma pathway to be safe.

The tool is currently under development and options for
meeting regulatory requirements to make it available to physi-
cians in the form of software as a medical device are currently
being evaluated. Current discussions suggest that once the
physician rules out other diagnoses and concludes that the pa-
tient has either asthma or COPD, the physician will ask the
patient a series of five questions about symptoms that are entered
into a smartphone, computer, or tablet, together with spirometry
data (using a portable or other spirometer) from which the
physician will then obtain the output of the AC/DC tool, which
may be considered in the diagnosis. It is anticipated that this will
take place at the physician’s office and require no longer than 3
to 5 minutes to complete (Figure 6).

Subject to these validation and safety considerations, the tool
has the potential to support a range of clinicians including nurse
practitioners, PCPs, pulmonologists, and respiratory experts
functioning across health care facilities such as mini-clinics,
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FIGURE 6. Potential clinical utility of Asthma/Chronic Obstructive Pulmonary Disease (COPD) Differentiation Classification (AC/DC)
digital diagnostic tool. ACO, Asthma/COPD overlap; HCP, health care provider.

outpatient or satellite care centers, and large hospitals, in dis-
tinguishing between asthma and COPD in patients aged 35 years
and older, in whom other causes of respiratory symptoms have
been excluded. The noninvasive tool takes about 3 to 5 minutes
to evaluate a patient, which benefits clinicians with busy
schedules, and FEV; values generated through any spirometer
can serve as input for the tool. It could be cost-effective and time-
saving because fewer patient visits could be required to arrive at
the diagnosis of asthma or COPD.

CONCLUSIONS

Overall, the AC/DC tool demonstrated superior diagnostic
accuracy compared with PCPs and pulmonologists for correctly
providing a diagnosis for patients with asthma and COPD, but
not patients with ACO, as long as other’ diagnoses can be ruled
out before applying the AC/DC tool. The AC/DC tool has the
potential to aid in the differential diagnosis for patients aged 35
years and older who have asthma and COPD and provide a
valuable additional source of information to supplement final
decision-making by practicing physicians.
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Development and validation of Asthma/Chronic
Obstructive Pulmonary Disease Differentiation
Classification tool

The Asthma/chronic  Obstructive Pulmonary Disease
(COPD) Differentiation Classification (AC/DC) tool employs a
machine learning—based algorithm using 12 variables (FEV;,
FEV,/FVC, smoking pack-years, age, body mass index [BMI],
dyspnea, wheeze, cough, diagnosis of allergic rhinitis, current
smoker, never smoked, and diagnosis of chronic rhinitis) and was
developed to aid primary care physicians and other physicians in
the faster and more accurate diagnosis of asthma, COPD, or
asthma/COPD overlap (ACO) and to reduce any delay in
symptomatic patients receiving appropriate therapy.

The AC/DC tool was developed using the clinical character-
istics of 400,000 or more patients aged 35 years or greater with
asthma, COPD, and ACO (the data source was a US electronic
health records database [Optumm]). The tool has two compo-
nents: an unsupervised model (it rejects a case not like trained
cases), and supervised model that provides a diagnostic proba-
bility for these three diseases. In an internal validation, the su-
pervised classification model provided considerable performance
and achieved sensitivities of 0.98, 0.98, and 0.78, precision of
0.97, 0.97, and 0.92, and F1 scores of 0.98, 0.98, and 0.84, in
diagnosing asthma, COPD, and ACO, respectively.u

The index date was the date of the first diagnosis of asthma,
COPD, or combined asthma and COPD (ACO) as given by the
pulmonologist or allergist or reported in a hospitalization admis-
sion, if it occurred in the identification period (January 2010 to
September 2017). Pre-index and post-index periods were 1 year
from the index date. All patients needed to have at least 1 year
before and after the index date to be included in the study.

Patients were split into three mutually exclusive cohorts:
asthma, COPD, and ACO. All patients were required to be aged
35 years or older at the index date.

Asthma

Criteria defining the asthma cohort were:

la. Had an inpatient or emergency room visit with a primary
diagnosis of asthma in the identification period

1b. Had two outpatient visits with a diagnosis of asthma in the
identification period

lc. Had either 1a or 1b

1d. Had no COPD diagnosis in the identification period

Chronic obstructive pulmonary disease

Criteria defining the COPD cohort were:

2a. Had an inpatient or emergency room visit with a primary
diagnosis of COPD in the identification period

2b. Had two outpatient visits with a diagnosis of COPD in
the identification period

2c. Had either 2a or 2c

2d. Had no asthma diagnosis in the identification period

Asthma/COPD overlap
Criteria defining the ACO cohort were:
3a. In both 1c and 2c¢
3b. Had a continuous diagnosis within 2 years after the index date
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Use of diagnosis codes
Diagnosis codes for COPD were:

International Classification of Diseases (ICD), Ninth Revi-
sion: 491.%, 492.* 493.2*% and 496*
ICD, 10th Revision: J41*, J42*, J43*, and J44*

Diagnosis codes for asthma were:

ICD, Ninth Revision: 493*
ICD, 10th Revision: J45* and J46*

Over 60 clinical features including spirometry and blood test
results, comorbidities, and symptoms were extracted from pa-
tients’ electronic health records (partly based on natural language
processing of source notes, only the outcomes of which were
provided by Optum):

e DPatient characteristics
e Cohort (asthma/COPD/ACO)
o Age at diagnosis
o Sex
e Race
e Ethnicity
e BMI
o Height
o Weight
e Smoking category (never smoked, current smoker, not
currently smoking, other smoking status, and unknown
status)
o Pack-years (smoking)
e Spirometry
e FEV; no distinction between pre- and postbronchodilator
values, so given values could be either)
e FVC; no distinction between pre- and postbronchodilator
values, so given values could be either)
e FEV, to FVC ratio (no distinction between pre- and post-
bronchodilator values, so given values could be either)
e Symptoms
o Wheeze symptoms
e Cough symptoms
e Dyspnea symptoms
o Tight chest symptoms
e Sputum symptoms
o Rhinitis symptoms
e Laboratory tests
o IgE
e Red blood cell count
e Hemoglobin
o Hematocrit
® Mean corpuscular volume
® Mean corpuscular hemoglobin
® Mean corpuscular hemoglobin concentration
o Dlatelet count
® Mean platelet volume
e Red blood cell distribution width
o Selected medications
e ICS
e ICS plus long-acting B-agonist combination medications
o Leukotriene receptor antagonists
e Methylxanthines
e Other bronchodilators
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Monoclonal antibodies
Phosphodiesterase-4 inhibitors
Mast cell stabilizer
Short-acting B-agonists
Short—acting muscarinic antagonists
Long-acting muscarinic antagonists
Short-acting [P-agonists plus short-acting muscarinic
antagonists
e Long-acting muscarinic antagonist combinations
o Oral systemic corticosteroids
o Comorbidity score
o Charlson comorbidity index
o Comorbidities (binary)
e Charlson comorbidities
e Chronic rhinitis
o Allergic rhinitis
o Hemoptysis
o Gastroesophageal reflux disease

Diagnosis of reference standard cases by AC/DC
tool

In total, 100 versions of the AC/DC algorithm (each with
recall and a precision of 80% or greater for asthma, COPD, and
ACO, and an overall accuracy of 95% or greater) were trained
with different pseudorandom number seeds using data from an
electronic health records database and 12 clinical features.
Multiple versions of the AC/DC algorithm were trained to assess
variations in its performance. The details of clinical cases were fed
into all 100 versions of the AC/DC algorithm. Each version
could either reject a case or diagnose the case as asthma, COPD,
or ACO.

A total of 12 variables required by the AC/DC tool were
extracted from each clinical case and prepared as the input for the
algorithm. The AC/DC tool provided a diagnostic probability for
asthma, COPD, and ACO. The disease with the highest pre-
diction probability was considered to be the diagnosis by the AC/
DC tool. Although in practice physicians will decide the final
diagnosis considering the output of the AC/DC tool, for the
purposes of this study the disease with the highest predicted
probability was considered to be the diagnosis of the AC/DC
tool. The confusion matrix of panel diagnosis versus diagnosis by
algorithms and physicians is presented in Figure EI.

Participants

This analysis included deidentified clinical cases from the
FOCUS study. These were real-life cases obtained from 15
general practitioners in the Netherlands, each of whom
contributed 10 consecutive clinical cases of patients visiting the
clinic with respiratory symptoms, who underwent systematic
assessment in the FOCUS study and were maintained in a
database.”” The database from the FOCUS study included more
than 50 variables, including patients’ demographics and baseline
clinical characteristics, current inhaled medication, a medical
history questionnaire including the Medical Research Council
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dyspnea scale, the Asthma Control Questionnaire (ACQ) (score
of 0-6), and the Clinical COPD Questionnaire (CCQ) (score of
0-6), and spirometry results; these formed the expert panel cases.
Cases were included in this evaluation study if (1) patients were
aged 35 years or greater at the time of data collection; and (2)
data were available for key variables (age, BMI, smoking status,
spirometry, and diagnosis of allergic or chronic rhinitis) to run
the AC/DC tool.

Secondary outcomes

Sensitivity (recall) is the percentage of true positive diagnoses
from all diagnoses for patients who had the disease. Specificity
refers to the percentage of true negative diagnoses given from all
diagnoses for patients who did not have a disease. The F1 score is
a measure of accuracy that combines recall and precision using
their harmonic mean. Precision (positive predictive value) is the
percentage of true positive diagnoses given of all positive di-
agnoses that were made. The negative predictive value is the
percentage of true negative diagnoses given from all negative
diagnoses that were made.

Statistical analysis

We analyzed the sensitivity, positive predictive value, F1 score,
specificity, and negative predictive value using the primary
analysis model. Interrater and intra-rater agreement were
analyzed using Fleiss’ kappa. The interrater analysis included data
from the first diagnosis whereas the intra-rater analysis included
data from a repeat diagnosis. All primary care physicians and
pulmonologists were given repeated cases to analyze the repro-
ducibility of the diagnosis and evaluate intra-rater variability. The
number and percentage of cases from the primary case set that
the AC/DC tool rejected for classification were summarized, and
a prediction interval for a new algorithm used in new patients
was given. For this and other analyses of binomial outcomes, a
separate analysis with a conjugate B (0.5, 0.5) Jeffreys prior was
conducted for each algorithm and the equally weighted mixture
distribution of the resulting posteriors was used as the predictive
distribution.

The diagnostic accuracy of the AC/DC tool and physicians
was also assessed in subgroups of cases by difficulty assigned by
the expert panel. Finally, the diagnostic performance of the AC/
DC tool and physicians was compared using the primary com-
bined with the exploratory case set. For this analysis, a diagnosis
of asthma, COPD, or ACO by the AC/DC tool for a case from
the other category was treated as a wrong diagnosis.

If variables necessary to run the AC/DC tool contained
missing data, multiple imputation with 100 imputations was
used under a missing at random assumption using the latent
multivariate normal model."* For each multiple imputation, only
patients not rejected by at least one algorithm were included in
the analysis. Demographic- and disease-related information
including FEV;, the FEV,/FVC ratio, and individual answers to
patient questionnaires were included in the imputation model.
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Confusion matrix excluding cases rejected by all models
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Diagnosis by algorithms or physicians

FIGURE E1. Confusion matrix of panel diagnosis versus diagnosis by algorithms and physicians. Sym. Def. 1: score greater than O on
Asthma Control Questionnaire (ACQ) Q4 (dyspnea), ACQ Q5 (wheeze), or Clinical COPD Questionnaire Q5 (cough). Sym. Def. 2: greater
than 1 on ACQ Q4, ACQ Q5, Clinical COPD Questionnaire Q5. Percentages are per row excluding rejected cases. Confusion matrices for
physicians exclude repeat diagnoses of the same case. ACO, asthma COPD overlap; COPD, chronic obstructive pulmonary disease; PCP,
primary care physician; Sym. Def., symptom definition.
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