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ABSTRACT

BACKGROUND
Bronchoscopy is frequently nondiagnostic in patients with pulmonary lesions sus-
pected to be lung cancer. This often results in additional invasive testing, although
many lesions are benign. We sought to validate a bronchial-airway gene-expression
classifier that could improve the diagnostic performance of bronchoscopy.

METHODS

Current or former smokers undergoing bronchoscopy for suspected lung cancer
were enrolled at 28 centers in two multicenter prospective studies (AEGIS-1 and
AEGIS-2). A gene-expression classifier was measured in epithelial cells collected
from the normal-appearing mainstem bronchus to assess the probability of lung
cancer.

RESULTS

A total of 639 patients in AEGIS-1 (298 patients) and AEGIS-2 (341 patients) met
the criteria for inclusion. A total of 43% of bronchoscopic examinations were non-
diagnostic for lung cancer, and invasive procedures were performed after bron-
choscopy in 35% of patients with benign lesions. In AEGIS-1, the classifier had an
area under the receiver-operating-characteristic curve (AUC) of 0.78 (95% confi-
dence interval [CI], 0.73 to 0.83), a sensitivity of 88% (95% CI, 83 to 92), and a
specificity of 47% (95% CI, 37 to 58). In AEGIS-2, the classifier had an AUC of 0.74
(95% CI, 0.68 to 0.80), a sensitivity of 89% (95% CI, 84 to 92), and a specificity of
47% (95% CI, 36 to 59). The combination of the classifier plus bronchoscopy had
a sensitivity of 96% (95% CI, 93 to 98) in AEGIS-1 and 98% (95% CI, 96 to 99) in
AEGIS-2, independent of lesion size and location. In 101 patients with an interme-
diate pretest probability of cancer, the negative predictive value of the classifier
was 91% (95% CI, 75 to 98) among patients with a nondiagnostic bronchoscopic
examination.

CONCLUSIONS

The gene-expression classifier improved the diagnostic performance of bron-
choscopy for the detection of lung cancer. In intermediate-risk patients with a
nondiagnostic bronchoscopic examination, a negative classifier score provides
support for a more conservative diagnostic approach. (Funded by Allegro Diagnos-
tics and others; AEGIS-1 and AEGIS-2 ClinicalTrials.gov numbers, NCT01309087
and NCT00746759.)
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ESIONS THAT ARE SUSPICIOUS FOR LUNG

cancer are frequently identified on chest

imaging. The decision to pursue surveil-
lance imaging or an invasive evaluation requires
an assessment of the likelihood of cancer, the
ability to biopsy, the surgical risk, and the pa-
tient’s preferences.! When biopsy is required, the
approach can include bronchoscopy, transtho-
racic needle biopsy, or surgical lung biopsy. The
choice among these procedures is determined
on the basis of considerations such as lesion size
and location, the presence of adenopathy, the
risk associated with the procedure, and local
expertise. Bronchoscopy is relatively safe, with
less than 1% of procedures complicated by pneu-
mothorax.> Approximately 500,000 broncho-
scopic examinations are performed each year in
the United States.> Of these procedures, approxi-
mately half are for the diagnostic evaluation of
suspected lung cancer. However, bronchoscopy
is limited by its sensitivity, which ranges from
34 to 88%, depending on the location and size
of the lesion.* Even with newer bronchoscopic
guidance techniques, the sensitivity for the de-
tection of lung cancer is only approximately 70%
for peripheral lesions.?

Patients with a nondiagnostic bronchoscopic
examination often undergo further invasive test-
ing. Surgical lung biopsy is one approach, but it
has a complication rate of approximately of 5%
and a 30-day mortality of approximately 1%.°
Furthermore, 20 to 25% of surgical biopsies are
performed in patients who are ultimately found
to have benign lesions.”® Transthoracic needle
biopsy is also associated with substantial mor-
bidity, including a 15% rate of pneumothorax’
and a 6% rate of pneumothorax necessitating
chest tube drainage.!® Given the pitfalls of inva-
sive procedures, alternative approaches are need-
ed to identify patients with a reduced likelihood
of cancer who are appropriate candidates for
imaging surveillance.

The use of gene expression in the classifica-
tion of biologic disease states in clinical speci-
mens is well established. Cancer-associated
gene-expression patterns are found in cytologi-
cally normal epithelium collected from the prox-
imal airways of current and former smokers with
lung cancer.’? Recently, we developed a gene-
expression classifier in bronchial epithelial cells
collected from the mainstem bronchus by means

of bronchoscopy that distinguishes patients with
lung cancer from those without lung cancer
among current and former smokers.’* We under-
took the present studies to prospectively validate
this classifier in patients undergoing bronchos-
copy for suspected lung cancer and to assess
how this classifier alters the diagnostic perfor-
mance of bronchoscopy.

METHODS

STUDY DESIGN, POPULATION, AND PROTOCOL
Current and former smokers who were undergo-
ing bronchoscopy for suspected lung cancer at
28 sites in the United States, Canada, and Ire-
land (Table S1 in the Supplementary Appendix,
available with the full text of this article at
NEJM.org) were enrolled in the Airway Epithelial
Gene Expression in the Diagnosis of Lung Can-
cer (AEGIS) trials (AEGIS-1 and AEGIS-2), two
independent, prospective, multicenter, observa-
tional studies. Cytology brushes were used to
collect epithelial cells from the normal-appear-
ing mainstem bronchus during bronchoscopy.
Results of the classifier analysis were not report-
ed to physicians or patients. Exclusion criteria
included an age less than 21 years, no history
of smoking (defined as having ever smoked
<100 cigarettes), and a concurrent cancer or his-
tory of lung cancer. Patients were followed until
a diagnosis was established or until 12 months
after bronchoscopy. A diagnosis of lung cancer
was established at the time of bronchoscopy or
subsequently by means of biopsy with the use of
a transthoracic needle, a surgical biopsy, a second
bronchoscopic examination, or another invasive
procedure. The specific bronchoscopic method
used (which is detailed in Table S2 in the Supple-
mentary Appendix) and any subsequent testing
were at the discretion of the treating physician.
Patients who were defined as cancer-free had
a specific diagnosis of a benign condition or
radiographic stability or resolution at 12 months.
Patients without a definitive diagnosis of cancer,
a specific diagnosis of a benign condition, or
stability or resolution at the 12-month follow-up
were not included in further analyses. The treat-
ing physician assessed each patient’s pretest prob-
ability of having cancer before bronchoscopy
with the use of a five-level scale (probabilities of
<10%, 10 to 39%, 40 to 60%, 61 to 85%, and
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>85%). The study protocols (available at NEJM.org)
were approved by the institutional review board
at each center, and all patients provided written
informed consent before enrollment. The study
population is described in more detail in the
Supplementary Appendix.

LABORATORY METHODS

All bronchial epithelial-cell specimens were pro-
cessed to isolate and analyze RNA for quality
and yield before gene-expression analysis; only
specimens with an RNA yield of at least 1 ug
and sufficient RNA integrity were run on Gene
1.0 ST microarrays. Further details are provided
in the Supplementary Appendix. All microarray
data have been deposited in the Gene Expression
Omnibus (GEO) database under accession num-
ber GSE66499.

GENE-EXPRESSION ANALYSIS

The normalization and preprocessing of micro-
array data are described in the Supplementary
Appendix. Patients enrolled in AEGIS-1 were
randomly assigned to independent training and
validation sets (Fig. S1 in the Supplementary Ap-
pendix). The classifier algorithm was derived
only within the AEGIS-1 training set and locked,
as described previously.”® Scores for each sample
in the AEGIS-1 validation set and for all AEGIS-2
samples were generated with the use of this
prespecified classifier, which was based on the
expression of 23 genes and patient age. These
scores were dichotomized as test-positive and
test-negative with the use of a prespecified
threshold value.

STATISTICAL ANALYSIS

The performance of the classifier was evaluated
with the use of receiver-operating-characteristic
curves, calculation of area under the curve
(AUC),** and estimates of sensitivity, specificity,
negative predictive value, positive predictive val-
ue, and the negative likelihood ratio, defined as
(1-sensitivity) +specificity. A Mann-Whitney
nonparametric test was used for the analysis of
continuous variables, and Fisher’s exact test was
used for categorical variables. All confidence
intervals are reported as two-sided binomial
95% confidence intervals. Statistical analysis
was performed with R software, version 3.01 (R
Project for Statistical Computing).

N ENGLJ MED 373;3

RESULTS

CHARACTERISTICS OF THE STUDY PARTICIPANTS

A total of 298 patients from AEGIS-1 were in-
cluded in the first validation set, and 341 patients
from AEGIS-2 were included in a second valida-
tion set (Table 1, and Fig. S1 in the Supplemen-
tary Appendix). The prevalence of lung cancer
was 74% and 78% in the AEGIS-1 and AEGIS-2
cohorts, respectively. Patients with lung cancer
were older and had higher cumulative tobacco
exposure than patients without cancer (P<0.001
for both comparisons) (Table S3 in the Supple-
mentary Appendix). A summary of cancer stages
and diagnosed benign conditions are shown in
Tables S4 and S5, respectively, in the Supplemen-
tary Appendix. Comparisons of the clinical char-
acteristics of the 639 patients who were included
in the combined studies with the characteristics
of those not included (either because of poor RNA
quality, loss to follow-up, or absence of a final
diagnosis at 12 months) are shown in Tables S6,
S7, and S8 in the Supplementary Appendix.

PERFORMANCE OF BRONCHOSCOPY

A total of 639 patients who were in the com-
bined study cohort underwent bronchoscopy for
suspected lung cancer. Of those bronchoscopic
examinations, 272 (43%; 95% confidence inter-
val [CI], 39 to 46) were nondiagnostic, including
in 120 of 487 patients (25%; 95% CI, 21 to 29)
in whom lung cancer was ultimately diagnosed.
The sensitivity of bronchoscopy for the detection
of lung cancer was 74% (95% CI, 68 to 79) in
AEGIS-1 and 76% (95% CI, 71 to 81) in AEGIS-2.
Data on follow-up procedures were available for
267 of 272 of the patients with a nondiagnostic
bronchoscopic examination (98%); 170 of these
patients (64%; 95% CI, 58 to 69) underwent an
invasive procedure, including 52 of 147 patients
(35%j; 95% CI, 28 to 44) with benign lesions and
118 of 120 patients (98%; 95% CI, 94 to 99) with
cancer. Surgical lung biopsy was performed in
76 patients, 27 of whom had benign lesions
(36%; 95% CI, 25 to 47).

PERFORMANCE OF GENE-EXPRESSION CLASSIFIER

In AEGIS-1, the classifier had an AUC of 0.78
(95% CI, 0.73 to 0.83) and accurately identified
194 of 220 patients with cancer (sensitivity, 88%;
95% CI, 83 to 92) and 37 of 78 patients without
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Table 1. Demographic and Clinical Characteristics of the Study Participants.*

AEGIS-1
Characteristic (N=298)
Sex —no.T
Female 125
Male 173
Median age (IQR) —yr7 62 (55-70)
Race —no.i:
White 226
Black 55
Other 15
Unknown 2
Smoking status — no.
Current 146
Former 152
Median cumulative tobacco use (IQR) 40 (24-60)
— pack-yr
Lesion size — no.
<2cm 48
2to3cm 41
>3 cm 155
Infiltratef 32
Unknown 22
Lesion location — no.
Central 98
Peripheral 86
Central and peripheral 90
Unknown 24
Lung-cancer histologic type — no.q| 220
Small-cell 38
Non-small-cell 175
Adenocarcinoma 69
Squamous 72
Large-cell 8
Non-small-cell not otherwise 26
specified
Unknown 7
Diagnosis of a benign condition — no. 78
Infection 18
Sarcoidosis 16
Resolution or stability 27
Other 17

AEGIS-2
(N=341)

106
235
64 (57-71)

267
66

169
172

45 (25-63)

83
39
188
28

127
108
102

267
42
222
100
81

33

74
14
15
24
21

* IQR denotes interquartile range.
The difference between the groups was significant (P<0.05).

nonwhite.

§ Infiltrates are pulmonary lesions with ill-defined margins and a diameter that

cannot be accurately quantified.

9§ The P value for lung-cancer histologic type was calculated for non—-small-cell

lung cancer versus small-cell lung cancer.

i Race was self-reported. The P value for race was calculated for white versus
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cancer (specificity, 47%; 95% CI, 37 to 58) (Fig.
1). In AEGIS-2, the classifier had an AUC of 0.74
(95% CI, 0.68 to 0.80) and correctly identified
237 of 267 patients with cancer (sensitivity, 89%;
95% CI, 84 to 92) and 35 of 74 patients without
cancer (specificity, 47%; 95%, 36 to 59) (Fig. 1).
The combination of the classifier plus bronchos-
copy increased the sensitivity to 96% (95% CI, 93
to 98) and 98% (95% CI, 96 to 99) in AEGIS-1
and AEGIS-2, respectively, as compared with
74% and 76% for bronchoscopy alone (P<0.001
for both comparisons).

In patients with a nondiagnostic broncho-
scopic examination, the classifier accurately
identified cancer in 49 of 57 patients in AEGIS-1
(sensitivity, 86%; 95% CI, 74 to 94) and in 58 of
63 patients in AEGIS-2 (sensitivity, 92%; 95% CI,
82 to 97). Because there was no significant dif-
ference between the two cohorts with regard to
the classifier AUC either among all patients
(P=0.32) or among those with a nondiagnostic
bronchoscopic examination (P=0.61) (Fig. 1), we
combined the two cohorts for subsequent analy-
ses of subgroups. The sensitivity of bronchos-
copy was lower for lesions that were smaller
than 3 cm in diameter (P<0.001) or peripherally
located (P<0.001) (Table 2), as well as in patients
without hilar or mediastinal adenopathy
(P<0.001). In contrast, the sensitivity of the clas-
sifier and of the classifier combined with bron-
choscopy were consistently high and not signifi-
cantly associated with the size or location of the
lesion (Table 2), cancer stage (Table S9 in the
Supplementary Appendix), histologic type of the
cancer (Table S10 in the Supplementary Appen-
dix), or presence of adenopathy (Table S11 in the
Supplementary Appendix). The combination of
the classifier plus bronchoscopy had a sensitivity
of 96% among patients without hilar or medias-
tinal adenopathy (285 patients).

ACCURACY OF THE CLASSIFIER IN PATIENTS WITH

AN INTERMEDIATE PROBABILITY OF CANCER

We binned the physician-assessed probability of
cancer into categories of low (<10%), intermedi-
ate (10 to 60%), and high (>60%) probability
(Table 3, and Table S12 in the Supplementary
Appendix), to align with guideline recommenda-
tions for assessing lung-cancer risk.! Bronchos-
copy was nondiagnostic for cancer in 83% of
patients with an intermediate pretest probability
(101 patients), despite a cancer prevalence rate of
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Figure 1. Classifier Performance in the AEGIS-1 and AEGIS-2 Studies.
Shown are receiver-operating-characteristic curves for all patients (gray) and the subset of patients with a nondiag-
nostic bronchoscopic examination (black) in the AEGIS-1 and AEGIS-2 cohorts. In AEGIS-1, the area under the curve
(AUC) was 0.78 (95% Cl, 0.73 to 0.83) for all patients and 0.76 (95% Cl, 0.68 to 0.83) for patients with a nondiagnostic
examination (P=0.31). In AEGIS-2, the AUC was 0.74 (95% Cl, 0.68 to 0.80) and 0.75 (95% Cl, 0.68 to 0.82), respec-
tively (P=0.85). The AUC was also not significantly different for patients with a nondiagnostic examination in the
comparison between AEGIS-1 and AEGIS-2 (P=0.61).

41% (95% CI, 31 to 51). In this subgroup, the
classifier achieved a negative predictive value of
91% (95% CI, 75 to 98) and a positive predictive
value of 40% (95% CI, 27 to 55) (Table 3). In
patients with indeterminate nodules measuring
less than 3 cm and a low or intermediate prob-
ability of cancer (73 patients), the classifier had
a sensitivity of 88% and a negative predictive
value of 94% (Table S13 in the Supplementary
Appendix). In the subset of patients who had a
pulmonary nodule measuring less than 3 cm
without adenopathy (36 patients), the sensitivity
of the classifier was 92%, with a negative predic-
tive value of 92%.

Although the classifier had a high negative
predictive value in patients with a nondiagnostic
bronchoscopic examination, 13 such patients
had lung cancer and a negative classifier score
(i.e., false negatives). The majority of these pa-
tients (10 of 13) had a high (>60%) probability of
cancer, and only 3 patients in the group had an
intermediate (10 to 60%) pretest probability of
cancer. The classifier performance, stratified ac-
cording to the number of patients in each pretest
probability category, is shown in Table S14 in
the Supplementary Appendix.

N ENGLJ MED 373;3

The negative likelihood ratio of the classifier
in combination with bronchoscopy was calcu-
lated to determine the range of pretest probabil-
ities of cancer in which the posttest probability
would be less than 10%. When bronchoscopy
was combined with the classifier, the negative
likelihood ratio improved from 0.24 (95% CI,
0.21 to 0.29) to 0.06 (95% CI, 0.03 to 0.10). As a
result, when both bronchoscopy and the classi-
fier were negative, the posttest probability of
cancer was reduced to less than 10% for patients
with a pretest probability of up to 66% (Fig. 2).

DISCUSSION

In this study, we describe the evaluation of a
bronchial genomic classifier for lung-cancer di-
agnosis among patients undergoing bronchos-
copy in two independent prospective cohorts.
We found that the gene-expression classifier had
high sensitivity across different lesion sizes, lo-
cations, stages, and cell types of lung cancer.
The combination of the classifier plus bronchos-
copy had a sensitivity of 96% and 98% in the
AEGIS-1 and AEGIS-2 validation cohorts, respec-
tively.
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Characteristics.

Table 2. Sensitivity of the Classifier, Bronchoscopy, and the Combined Approaches, According to Radiologic Imaging

Patients with
Group All Patients Cancer

no. of patients

All patients 639 487
Lesion size
<2cm 131 73
2to3cm 80 60
>3 cm 343 313
Infiltrate 60 25
Unknown 25 16
Lesion location
Central 225 174
Peripheral 194 133
Central and pe- 192 164
ripheral
Unknown 28 16

Bronchoscopy Classifier

Sensitivity*

Classifier plus
Bronchoscopy

percent (95% confidence interval)

75 (71-79) 89 (82-94) 97 (95-99)
55 (43-66) 91 (76-98) 96 (88-99)
58 (45-71) 92 (74-99) 97 (88-100)
82 (78-86) 85 (74-93) 97 (95-99)
84 (64-95) 100 (40-100) 100 (86-100)
80 (54-96) 100 (29-100) 100 (79-100)
84 (78-89) 81 (62-94) 97 (93-99)
55 (46-63) 90 (79-96) 95 (90-98)
82 (75-87) 97 (82-100) 99 (96-100)
81 (54-96) 67 (9-99) 94 (70-100)

%

* The sensitivity of bronchoscopy was determined for patients with lung cancer in each category. The sensitivity of the

classifier was determined for the patients with lung cancer whose cancer was not diagnosed during bronchoscopy. The
sensitivity of the classifier combined with bronchoscopy was calculated for all patients with lung cancer in each category.

We also report several additional findings
that support the clinical value of this type of
classifier. First, our studies confirm that nondi-
agnostic bronchoscopic examinations are com-
mon (particularly in patients with an intermedi-
ate pretest probability of cancer) and lead to
further invasive testing (including surgical bi-
opsy) in patients who are ultimately found to
have benign lesions. Second, in contrast to the
classifier, bronchoscopy had poor sensitivity for
the detection of lung cancer in patients with
small, peripheral, or early-stage lesions, as well
as in those without lymphadenopathy. Third, the
classifier had a high negative predictive value in
patients with an intermediate probability of can-
cer and a nondiagnostic bronchoscopic exami-
nation. These findings suggest that this classi-
fier has the potential to assist in clinical decision
making for patients with an intermediate prob-
ability of cancer, in whom the prevalence of lung
cancer is 41% but the sensitivity of bronchoscopy
is only 41%.

Although the high negative predictive value of
the classifier could help avoid unnecessary inva-
sive procedures in patients with an intermediate

probability of cancer who are classifier-negative,
a small number of patients in this subgroup had
lung cancer. A negative classifier score may de-
lay further invasive testing in such patients.
However, patients with a nondiagnostic bron-
choscopic examination and a negative classifier
score would probably undergo active surveil-
lance with the use of imaging, which is the
standard practice when an immediate invasive
strategy is not used.® This would identify le-
sion growth and trigger additional invasive test-
ing to establish a definitive diagnosis. In con-
trast to the high negative predictive value of the
classifier that we observed for patients with an
intermediate probability of cancer, the positive
predictive value of 40% was modest for these
patients. Thus, a positive classifier result does
not warrant alteration of the decision between
an invasive strategy and an imaging-surveillance
strategy. Future registry studies will further de-
termine the effect of the classifier on the evalu-
ation of patients with suspected lung cancer af-
ter a nondiagnostic bronchoscopic examination.

This gene-expression classifier is measured
in proximal bronchial epithelial cells and not in
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Table 3. Performance of Bronchoscopy and the Classifier, Stratified According to the Pretest Probability of Cancer.*

Low Pretest

Probability
of Cancer
Variable (N=62)
Patients with lung cancer — no. (%) 3(5)
Patients with benign lesions — no. (%) 59 (95)
Bronchoscopy performance
Sensitivity — % (95% Cl) 33 (1-91)
Patients with nondiagnostic broncho- 61 (98)

scopic examination — no. (%)
Classifier performance

Sensitivity — % (95% Cl)z: 100 (16-100)

Specificity — % (95% CI)§ 56 (42-69)

Negative predictive value — % (95% CI)§ 100 (89-100)

Positive predictive value — % (95% CI)9 7 (1-24)
Combined classifier and bronchoscopy 100 (29-100)

sensitivity — % (95% Cl)

Intermediate High Pretest ~ Unknown Pretest
Pretest Probability Probability Probability
of Cancer of Cancer of Cancer
(N=101) (N=426) (N=50)
41 (41) 405 (95) 38 (76)
60 (59) 21 (5) 12 (24)
41 (26-58) 79 (74-82) 82 (66-92)
84 (83) 108 (25) 19 (38)
88 (68-97) 89 (80-94) 100 (59-100)
48 (35-62) 29 (11-52) 33 (10-65)
91 (75-98) 38 (15-65) 100 (40-100)
40 (27-55) 84 (75-91) 47 (21-73)
93 (80-98) 98 (96-99) 97 (91-100)

* Before the bronchoscopic examination, the treating physician assessed each patient’s pretest probability of having can-
cer; the results were divided into categories of low (<10%), intermediate (10 to 60%), and high (>60%) probability.
T The bronchoscopic examination was nondiagnostic for 272 of 639 patients (43%; 95% Cl, 39 to 46), including 120 of

487 patients (25%; 95% Cl, 21 to 29) who had lung cancer.
I The classifier accurately predicted the presence of cancer in

107 of 120 patients overall (89%; 95% Cl, 82 to 94).

Sensitivity is reported in each probability category for patients with nondiagnostic bronchoscopic examinations.

§ The classifier accurately predicted the absence of cancer in 72 of 152 patients overall (47%; 95% Cl, 40 to 55).
Specificity is reported in each probability category for patients with nondiagnostic bronchoscopic examinations.

9§ Negative and positive predictive values are reported for patients with nondiagnostic bronchoscopic examinations.

cells within the pulmonary lesion. The ability of
alterations in gene expression in the cytologi-
cally normal proximal airway to enable the de-
tection of lung cancer within the lung paren-
chyma stems directly from the “field of injury”
paradigm.'? We have previously shown that there
is a distinct pattern of alterations in gene ex-
pression in cytologically normal bronchial epi-
thelial cells among current and previous smok-
ers with lung cancer.>® In addition, oncogenic
signaling pathways are activated in the proxi-
mal-airway epithelium of smokers with lung
cancer and smokers with premalignant airway
lesions.” More recently, Kadara et al.®® showed
that many of the genes that have altered expres-
sion in lung-cancer lesions and in the adjacent
small-airway epithelium are also altered in the
proximal-airway epithelium, which suggests
that the changes in gene expression within the
proximal airway reflect, in part, the altered tran-
scriptome observed in lung tumors.

There are several important limitations to
this study. First, specimens from 155 patients
(11%) yielded insufficient or poor-quality RNA,

N ENGLJ MED 373;3

precluding measurement of the classifier. How-
ever, similar rates of insufficient RNA quality or
quantity have been observed with other gene-
expression tests that have been integrated into
clinical practice,” and it may be possible to im-
prove sample quality by decreasing the time be-
tween sample collection and RNA isolation. Pa-
tients who were not included in the study for
this reason do not appear to differ in terms of
cancer prevalence or other clinical features in
comparison with the overall study population
(Table S6 in the Supplementary Appendix); how-
ever, it cannot be determined whether the clas-
sifier has similar performance in this group.
Second, 9% of patients were lost to follow-up,
and 5% did not have a definitive diagnosis es-
tablished at 12 months after bronchoscopic ex-
amination. This rate of loss to follow-up is not
unexpected in an observational trial in which
the subsequent evaluation after bronchoscopic
examination was not mandated to occur at the
study center. Although our follow-up period was
limited to 12 months, it is unlikely that we
missed a substantial number of cancers that
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Figure 2. Posttest Probability of Cancer based on the
Pretest Probability and the Negative Likelihood Ratio
of the Classifier and Bronchoscopy.

The posttest probability of lung cancer is shown in
relation to the pretest probability based on a non-
diagnostic bronchoscopic examination and a negative
classifier score (adjusted with the use of the negative
likelihood ratio). The curve shows that for patients
with a pretest probability of cancer of less than 66%
(short vertical line), the posttest probability is less
than 10% (broken line) when bronchoscopic findings
are negative and the classifier score is negative.

would have been found with an additional year
of follow-up. Although guidelines suggest 24
months of surveillance, these recommendations
are based on older studies regarding solitary
pulmonary nodules discovered on chest radiog-
raphy (not computed tomography [CT]).2*?! The
high sensitivity of CT makes it unlikely that
solid nodules that are stable in the first year will
have subsequent growth; this is supported by
studies of lung-cancer screening in which nod-
ules that were stable for 1 year had a conversion
rate to cancer of only 1 per 1000 during year 2.2

Third, the exclusion criteria in this study
limit the generalizability of these findings
among lifetime nonsmokers and smokers with a
history of lung cancer. It is unclear whether a
similar field of injury exists in people who have
never smoked or in very light smokers who have
lung cancer and whether the field of injury per-
sists after tumor resection; further studies are
needed to evaluate these questions.

Fourth, we considered bronchoscopy to be

“diagnostic” only when the procedure yielded a
lung-cancer diagnosis. There were 49 broncho-
scopic examinations in which a specific benign
cause was identified, but 31 of the patients re-
ceived further invasive testing, including 4 pa-
tients who ultimately had lung cancer diagnosed
on subsequent lung biopsy; this suggests that
the concern for cancer remained elevated despite
the initial benign finding on bronchoscopic ex-
amination.

Finally, we did not assess the accuracy of a
model incorporating the classifier in combination
with clinical variables. Although risk-prediction
models have been developed for solitary pulmo-
nary nodules,*? there are no validated models
for patients undergoing diagnostic broncho-
scopic examination, which includes patients
with a broad range of findings, including larger
lesions (i.e., >3 cm), infiltrates, or lymphadenopa-
thy. Thus, most patients are selected for bron-
choscopy on the basis of the physician’s qualita-
tive assessment of the probability of lung cancer.
We show that our classifier performs well in
patients with an intermediate probability of can-
cer as assessed by a physician in a process that
incorporates the available clinical risk factors.

The potential effect of these studies is bol-
stered by a number of key strengths. First, we
report on two independent prospective studies
in which the classifier was locked down before
validation and then measured under conditions
in which the test would be used clinically (i.e.,
before diagnosis). These are critical steps in
moving molecular biomarkers from discovery
studies to their ultimate clinical application.
Second, the large multicenter design enabled the
inclusion of patients undergoing bronchoscopic
examination from different practice settings and
geographic locations. Third, our data show that
there is a high prevalence of lung cancer among
patients with a nondiagnostic bronchoscopic
examination and an intermediate probability of
cancer, as well as a negative predictive value of
91% for the classifier in these patients, for
whom there is the greatest uncertainty about
cancer status. A negative classifier score in pa-
tients with a nondiagnostic bronchoscopic ex-
amination and an intermediate probability of
cancer may warrant a more conservative diag-
nostic strategy that involves active surveillance
with the use of imaging rather than immediate
invasive procedures.
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