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Abstract

Rationale:When stereotactic ablative radiotherapy is an option for patients
with non–small cell lung cancer (NSCLC), distinguishing between N0, N1,
and N2 or N3 (N2j3) disease is important.

Objectives:Todevelop a predictionmodel for estimating the probability of
N0, N1, and N2j3 disease.
Methods: Consecutive patients with clinical-radiographic stage T1 to T3,
N0 toN3, andM0NSCLCwhounderwent endobronchial ultrasound–guided
staging from a single center were included. Multivariate ordinal logistic
regression analysis was used to predict the presence of N0, N1, or N2j3
disease. Temporal validation used consecutive patients from 3 years later at
the same center. External validation used three other hospitals.

Measurements andMain Results: In the model development cohort
(n= 633), younger age, central location, adenocarcinoma, and higher
positron emission tomography–computed tomography nodal stage were

associated with a higher probability of having advanced nodal disease. Areas
under the receiver operating characteristic curve (AUCs)were 0.84 and 0.86 for
predicting N1 or higher (vs. N0) disease and N2j3 (vs. N0 or N1) disease,
respectively. Model fit was acceptable (Hosmer-Lemeshow, P= 0.960; Brier
score, 0.36). In the temporal validation cohort (n=473), AUCs were 0.86 and
0.88. Model fit was acceptable (Hosmer-Lemeshow, P= 0.172; Brier score,
0.30). In the external validation cohort (n= 722), AUCs were 0.86 and 0.88 but
required calibration (Hosmer-Lemeshow, P, 0.001; Brier score, 0.38).
Calibration using the general calibration method resulted in acceptable model
fit (Hosmer-Lemeshow, P= 0.094; Brier score, 0.34).

Conclusions: This prediction model can estimate the probability of N0,
N1, andN2j3 disease in patients with NSCLC. Themodel has the potential to
facilitate decision-making in patients with NSCLCwhen stereotactic ablative
radiotherapy is an option.

Keywords: lung cancer; lung cancer staging; endobronchial
ultrasound; mediastinal adenopathy

In patients with non–small cell lung cancer
(NSCLC), correct staging is necessary to
offer appropriate treatment. Treatment
options and prognosis vary significantly by

stage (1). After ruling out metastatic
disease, knowing the N stage is necessary to
determine the best treatment strategy.
Patients with stage I or a subset of stage II

(T1–2, N1) NSCLC are generally candidates
for surgical resection and mediastinal
lymph node dissection. For patients with
early-stage NSCLC who are medically
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inoperable, or in patients who refuse
surgery, stereotactic ablative radiotherapy
(SABR) is recommended (2). For higher
cancer stages, multimodality therapy with
chemoradiation, chemotherapy, or targeted
therapy is preferred (2, 3).

Previously, O’Connell and colleagues
published a prediction model called Help
with the Assessment of Adenopathy in
Lung Cancer (HAL) (4). This model
predicts the probability (pr) of having N2
or N3 (prN2j3) disease as determined by
endobronchial ultrasound (EBUS)-guided
transbronchial needle aspiration (EBUS-
TBNA) in patients with NSCLC. In this
model, younger age, central tumor location,
adenocarcinoma, and higher N stage by

positron emission tomography
(PET)–computed tomography (CT) (PET-
CT) were all associated with increased
prN2j3 disease versus N0 or N1 (N0j1)
disease.

However, for patients being considered
for SABR, it is important to distinguish
between N0 and N1 disease because
ablative radiation is directed only to the
primary tumor without covering N1
nodes (5, 6). If N1 disease is present,
SABR may not suffice (5, 6). Predicting the
prN0, N1, and N2j3 nodal disease in
patients with NSCLC requires a different
model because HAL cannot distinguish
between N0 and N1 disease. Accurate
estimates of the prN0, N1, and N2j3
disease are central to the decision-making
process and help to drive staging and
treatment decision in patients with
NSCLC in whom SABR is being considered
(7, 8).

In this study, our objective was to create
a prediction model for estimating the prN0,
N1, and N2j3 lymph node involvement in
patients with NSCLC. The secondary
objective was to temporally and externally
validate the model.

Some of the results of this study have
been presented in abstract form during the
American Thoracic Society 2019
International Conference (9).

Methods

The development, temporal validation, and
external validation cohorts shared the same
inclusion and exclusion criteria. All
consecutive untreated patients with NSCLC,
clinical-radiographic stage T1 to T3, N0 to
N3, and M0 who underwent EBUS-TBNA
for staging were included. Patients with
distant metastasis, mediastinal invasion by
CT, suspected or confirmed synchronous
primaries, recurrent lung cancer, and small
cell cancer were excluded. Patients without
PET imaging before treatment were
excluded.

For the development cohort, we
performed a retrospective analysis of
consecutive patients with NSCLC who
underwent staging EBUS-TBNA from
September 2009 to January 2013. The study
was approved by the Institutional Review
Board Committee 5, Protocol PA16–0107,
at The University of Texas MD Anderson
Cancer Center. Data were collected
prospectively as part of the American

College of Chest Physicians Quality
Improvement Registry, Evaluation, and
Education, as previously reported (4,
10–13). We used standardized definitions,
quality control checks, and entered data
into a Web-based interface (REDCap). This
data set was the same one used to develop
the HAL model (4).

PET-CT scan was used to define
location of the tumor (central vs. peripheral)
and N stage. Definitions of all variables were
developed before data abstraction and
provided to all sites. For CT scans, abnormal
lymph nodes were defined as being >1 cm
in their short axis. Lymph node N stage was
determined by review of the radiology
report and further review by an
interventional pulmonologist or an
interventional pulmonary fellow under
supervision to assign an N stage to the
patient. If both contrast and noncontrast
CT were available, the contrast-enhanced
images were used to determine CT N stage.

PET N stage was based on the
radiologist’s interpretation of mediastinal
lymph node fluorodeoxyglucose F 18
avidity. In some cases standardized uptake
value (SUV) measurements were recorded.
In those cases that SUV measures on lymph
nodes were available, an SUV value greater
than or equal to 2.5 was considered
positive. Based on the radiologist’s reading
and further review by an interventional
pulmonologist or a supervised
interventional pulmonary fellow, the PET
N stage of the lesion was determined.
Radiographic N stage by PET-CT was
defined as the highest abnormal nodal
station using The Eighth Edition Lung
Cancer Stage Classification (14).

Tumors in the inner one-third of the
hemithorax were defined as central (Figure
E1 in the online supplement) (15, 16). All
EBUS-TBNA procedures sampled N3
followed by N2 and then N1 nodes. All
lymph nodes measuring 0.5 cm or larger by
EBUS were sampled, independent of PET-
CT status.

Statistical Analysis

Prediction model development. The primary
outcome was the highest N stage (N0 vs. N1
vs. N2j3) lymph node with malignancy as
determined by EBUS-TBNA. N0, N1, and
N2j3 disease groups were compared using
the Fisher exact test for categorical variables
and ANOVA for continuous normally
distributed variables. Because PET-CT

At a Glance Commentary

Scientific Knowledge on the
Subject: A model previously created
by O’Connell and colleagues, Help
with Assessment of Adenopathy in
Lung Cancer (HAL), uses histology,
patient age, positron emission
tomography–computed tomography
N stage, and location of the tumor to
estimate the probability of N2 or N3
malignant disease as determined by
endobronchial ultrasound–guided
transbronchial needle aspiration in
patients with non–small cell lung
cancer. However, for nonsurgical
candidates in whom stereotactic
ablative radiotherapy is a treatment
option, it is important to distinguish
between N0 and N1 disease because
stereotactic ablative radiotherapy is
not effective for N1 disease.

What This Study Adds to the Field:
A model using histology, patient age,
positron emission tomography–
computed tomography N stage, and
location of the tumor was able to
accurately predict the probability of
N0, N1, and N2 or N3 malignant
nodal disease as determined by
endobronchial ultrasound–guided
transbronchial needle aspiration in
patients with non–small cell lung
cancer. The model was temporally and
externally validated, demonstrating
good discrimination. Calibration of
the model was required for some
external sites.
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images do not use contrast, and some
patients only had noncontrast CT available,
we used N0j1 disease as a single variable
for CT but they were kept separate for PET,

as previously reported (see online
supplement) (4).

We used univariate ordinal logistic
regression to identify variables associated

with the outcome variable, highest N stage
by EBUS, classified in the following order:
N0,N1,N2j3. With three ordinal
outcomes, two sets of probabilities are

Table 1. Descriptive Statistics by N Stage in the Development Cohort (N=633)

n Missing N0 (n= 412) N1 (n= 61) N2j3* (n= 160) P Value†

Age, yr, mean6SD 0 68.9969.3 66.576 10.01 65.23610.49 0.001‡

Sex, n (%) 0
F 194 (63.6) 28 (9.2) 83 (51.9%) 0.549
M 218 (66.5) 33 (10.1) 77 (23.5)

Race, n (%) 4
Asian 13 (76.5) 2 (11.8) 2 (11.7) 0.922
Black 31 (64.6) 4 (8.3) 13 (27.1)
Hispanic 20 (66.7) 3 (10.0) 7 (23.3)
White 347 (65.0) 50 (9.4) 137 (25.7)

ASA score, n (%) 0
1 3 (50.0) 0 (0.0) 3 (50.0) 0.814
2 31 (63.3) 4 (8.2) 14 (28.6)
3 372 (65.1) 57 (10.0) 142 (24.9)
4 6 (85.7) 0 (0.0) 1 (14.3)

Smoking status, n (%) 0
Current smoker 89 (66.4) 11 (8.2) 34 (25.4) 0.748
Never smoker 39 (66.1) 8 (13.6) 12 (20.3)
Prior smoker 284 (64.5) 42 (9.5) 114 (25.9)

ECOG, n (%) 0
0 112 (64.3) 23 (13.2) 39 (22.4) 0.181
1 210 (62.9) 28 (8.4) 96 (27.7)
2 76 (70.4) 9 (60.8) 23 (21.3)
3 14 (82.4) 1 (5.9) 2 (11.8)

Size of the tumor, n (%) 0
<3 cm 186 (68.4) 23 (8.5) 63 (23.2) 0.298
.3 cm but <5 cm 132 (62.9) 18 (8.6) 60 (28.6)
.5 cm 94 (62.3) 20 (13.2) 37 (24.2)

Lobar location of the tumor, n (%) 0
Left upper lobe or lingula 123 (68.0) 18 (9.9) 40 (22.1) 0.386
Left lower lobe 66 (70.2) 8 (8.5) 20 (23.8)
Right upper lobe 140 (65.7) 18 (8.5) 55 (25.8)
Right lower or middle lobe 83 (57.2) 17 (11.7) 45 (31.0)

Location, n (%) 0
Outer two-thirds of lung 323 (78.4) 42 (68.9) 111 (69.4) 0.039
Central one-third of lung 89 (21.6) 19 (31.1) 49 (30.6)

Histology, n (%) 0
Adenocarcinoma 203 (61.3) 31 (9.4) 97 (29.3) 0.054
Squamous cell carcinoma 158 (72.8) 19 (8.8) 40 (18.4)
Non–small cell carcinoma 32 (55.2) 8 (13.2) 18 (31.0)
Other primary lung cancer 19 (70.4) 3 (11.1) 5 (18.5)

CT characteristics, n (%) 0
Cavitary 15 (68.2) 3 (13.6) 4 (18.2) 0.016
Ground glass/semisolid/infiltrate 32 (88.9) 0 (0.0) 4 (11.1)
Solid 365 (63.5) 58 (10.1) 152 (26.4)

Satellite lesion in same lobe, n (%) 0
No 392 (95.1) 60 (98.4) 157 (98.1) 0.160
Yes 20 (4.9) 1 (1.6) 3 (1.9)

N stage by PET-CT, n (%) 0
CT=N0j1; PET=N0 171 (95.0) 2 (1.1) 7 (3.8) ,0.001
CT=N2j3; PET=N0 79 (86.8) 4 (4.4) 8 (8.8)
CT=N0j1; PET=N1 38 (48.1) 28 (35.4) 13 (16.5)
CT=N2j3; PET=N1 19 (48.7) 16 (41.0) 4 (10.3)
CT=N0j1; PET=N2j3 44 (68.8) 2 (3.1) 18 (28.1)
CT=N2j3; PET=N2j3 61 (33.9) 9 (5.0) 110 (61.1)

Definition of abbreviations: ASA=American Society of Anesthesiologists; ECOG=Eastern Cooperative Oncology Group; CT=computed tomography;
N0j1=N0 or N1; N2j3=N2 or N3; PET=positron emission tomography.
N stage as assessed by endobronchial ultrasound–guided transbronchial needle aspiration.
*N2 and N3 are combined (N2j3).
†P values are for chi-square test except where otherwise noted.
‡ANOVA.
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calculated. The first is the prN stage
being greater than or equal to 1 (prN1j2j3)
versus the prN0 disease. The second is
the prN stage being N2j3 versus N0j1.
We specified a priori that variables with
an overall P value less than 0.2 on
univariate analysis would be candidate
variables for the multivariable ordinal
logistic regression model. We checked the
proportional odds assumption using the
Score test. Different slope parameters were
allowed for variables that violated this
assumption (see online supplement). We
specified a priori that we would use
stepwise backward selection with an overall
P value less than 0.05 for variables to
remain in the model.

Temporal and External Validation
For temporal validation, data from a
completely different cohort of MD
Anderson Cancer Center patients who
underwent EBUS-TBNA from September
2016 to January 2019 were used. These data
were prospectively collected and constituted
the temporal validation cohort (17, 18).

For external validation, data from three
centers (Johns Hopkins, Henry Ford
Hospital, and Cleveland Clinic Foundation)
were used (17, 18). Consecutive patients

were entered using identical definitions,
forms, and quality control checks as in the
development cohort. These patients
constitute the external validation cohort
and correspond to the external validation
cohort in the HAL model (4).

Model Performance Assessment
We assessed model performance in the
development, temporal validation, and
external validation cohorts. We used the
receiver operating characteristic (ROC) area
under the curve (AUC) to assess
discrimination. We used the Hosmer-
Lemeshow goodness-of-fit test and Brier
score, and observed versus predicted graphs,
to assess calibration (see online supplement).

We created a calibrated model for the
combined data from all three outside
institutions and a separate calibrated model
for each institution using the general
calibration method presented by Steyerberg
and colleagues (see online supplement)
as previously reported in the HAL model
(see online supplement for additional
details) (4, 19).

For the temporal validation cohort, we
hypothesized that the model would not
require further calibration because the
location was the same as the development

cohort and we wanted to test model stability
over time. Therefore, we prespecified that
we would not calibrate the temporal
validation cohort whatsoever, and measured
discrimination and calibration using the
baseline model.

All statistical analyses used SAS version
9.4 (SAS Institute) or STATA 15.1
(StataCorp LLC).

Results

The development cohort consisted of 633
patients. Descriptive statistics for the cohort
stratified by final EBUS N stage are in Table 1.

Model Development
Univariate ordinal logistic regression results
are in Table E1 and multivariate results
are in Table 2. The only candidate variable
that violated the proportional odds
assumption was N stage by PET-CT
(P, 0.001). For this variable, different
slope parameters were allowed. Younger
age, adenocarcinoma histology, central
location, and higher nodal stage by PET-CT
were associated with an increased prN1j2j3
(vs. prN0) disease and higher prN2j3 (vs.
prN0j1) disease (see Table 2). ROC AUC

Table 2. Multivariate Ordinal Logistic Regression Model for Prediction of N0 versus N1 versus N2jN3 Disease

N1j2j3 (vs. N0) Disease N2j3 (vs. N0j1) Disease
Coefficient Odds Ratio 95% CI P Value Coefficient Odds Ratio 95% CI P Value

Age, yr* 20.029 0.97 0.95–0.99 0.003 20.029 0.97 0.95–0.99 0.003
Tumor location*
Outer two-thirds of the lung 0 1.00 — — 0 1.00 — —
Central one-third of the lung 0.486 1.62 1.03–2.55 0.034 0.486 1.62 1.03–2.55 0.034

Tumor histology*
Adenocarcinoma 0 1.00 — — 0 1.00 — —
Squamous-cell carcinoma 20.821 0.44 0.28–0.68 ,0.001 20.821 0.44 0.28–0.68 ,0.001
Non–small cell lung carcinoma 0.063 1.06 0.55–2.03 0.847 0.063 1.06 0.55–2.03 0.847
Other primary 20.409 0.66 0.25–1.75 0.409 20.409 0.66 0.25–1.75 0.409

N stage by PET-CT†

CT=N0j1; PET=N0 0 1.00 — — 0 1.00 — —
CT=N2j3; PET= 0 1.173 3.23 1.29–8.08 0.012 0.979 0.97 0.92–7.67 0.069
CT=N0j1; PET=N1 3.083 21.82 9.62–49.48 ,0.001 1.593 1.59 1.85–13.03 0.001
CT=N2j3; PET=N1 2.990 19.89 7.76–50.93 ,0.001 0.932 0.93 0.69–9.24 0.157
CT=N0j1; PET=N2j3 2.259 9.57 4.00–22.88 ,0.001 2.359 2.35 4.10–27.32 ,0.001
CT=N2j3; PET=N2j3 3.711 40.90 19.25–86.90 ,0.001 3.748 3.74 18.58–97.06 ,0.001

Constant‡ 20.890 — — 0.233 21.1576 — — 0.131

Definition of abbreviations: CI = confidence interval; CT= computed tomography; N0j1=N0 or N1; N1j2j3=N stage greater than or equal to 1; N2j3=N2
or N3; PET=positron emission tomography.
*Variables did not violate the proportional odds assumption in the univariate analysis. Therefore, the coefficients for N1j2j3 (vs. N0) disease are the same
as the coefficients of N2j3 (vs. N0j1) disease.
†Variable violated the proportional odds assumption in the univariate analysis. Therefore, two slope parameters were obtained, one for N1j2j3 (vs. N0)
disease and one for N2j3 (vs. N0j1) disease. Both coefficients are shown.
‡Two constants were calculated: one for the formula used to predict N1j2j3 (vs. N0) disease and one for the formula used to predict N2j3 (vs. N0j1)
disease.
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was 0.84 (95% confidence interval [CI],
0.81–0.87) for predicting N1j2j3 (vs. N0)
disease and 0.85 (95% CI, 0.82–0.89) for
predicting N2j3 (vs. N0j1) disease (Figures
1A and 1B). Model fit was acceptable
(Hosmer-Lemeshow test, P= 0.960; Brier
score, 0.36; observed vs. predicted graphs)
(Figures 2A and 2B).

Temporal Validation
The temporal validation cohort included
473 patients (see Table E2). ROC AUC was
0.86 (95% CI, 0.85–0.90) for predicting
N1j2j3 (vs. N0) disease and 0.88 (95% CI,
0.84–0.92) for predicting N2j3 (vs. N0j1)
disease (see Figures 1C and 1D).

Model fit was acceptable (Hosmer-
Lemeshow test, P= 0.172; Brier score, 0.30;
observed vs. predicted graphs) (see Figures
2C and 2D). There was no need to calibrate
the model, suggesting that the model is

stable and accurate over time in this
location.

External Validation
The external validation cohort included 722
patients (see Table E3). Discrimination was
good for the combined external validation
cohort and for each outside institution
when assessed separately. For the combined
external validation cohort, AUC was 0.86
(95% CI, 0.84–0.89) for predicting N1j2j3
(vs. N0) disease and 0.88 (95% CI,
0.85–0.90) for predicting N2j3 (vs. N0j1)
disease (see Figure E2). The AUCs for each
outside institution ranged from 0.81 to 0.91
for predicting N1j2j3 (vs. N0) disease and
from 0.82 to 0.92 for predicting N2j3 (vs.
N0j1) disease (Table 3).

When assessing calibration of the
combined external validation cohort, model
fit was not acceptable (Hosmer-Lemeshow,

P, 0.001; Brier score, 0.38; observed vs.
predicted graphs) (Figures 3A and 3B).
When we assessed model calibration in
each institution separately, model fit was
acceptable in one of the outside institutions
(Hosmer-Lemeshow, P= 0.286; Brier score,
0.34; observed vs. predicted graphs)
(Figures 4A and 4B; see Table 3) but was off
in two of the external validation sites
(Hosmer-Lemeshow, P, 0.001; Brier score
range 0.36–0.46; observed vs. predicted
graphs) (see Figures 4C and 4F; see
Table 3).

Calibration of the External Validation
Cohorts
When we calibrated the model to predict
outcomes for the combined external
validation cohort, two sets of slope and
intercept were calculated, one for predicting
N1j2j3 (vs. N0) disease and another for
N2j3 (vs. N0j1) disease. Both calibration
intercepts were the same (0.75), but the
slopes were off by 0.01 (1.13 vs. 1.14,
respectively). Both calibrations were
evaluated (intercept = 0.75; slopes = 1.13
and 1.14), and the one with lower Brier
score was selected (intercept = 0.75;
slope = 1.14). After calibration, the
Hosmer-Lemeshow test was nonsignificant
(P= 0.094), and both the Brier score (0.34)
and observed versus predicted graphs (see
Figures 3C and 3D) showed improved
model fit.

For model calibration of each outside
institution, the slope for all three centers was
set to unity (b= 1). The pair of intercepts
with minimum Brier score and maximum
Hosmer-Lemeshow P value was selected (see
Table E4). The institution-specific calibrated
models performed well. Hosmer-Lemeshow
tests became nonsignificant
(P=0.196–0.404) (see Table E4), Brier scores
improved (range, 0.29–0.39) (see Table E4),
and observed versus predicted graphs
showed improved model fit (Figure 5).

Discussion

In this study, we report on the Help with
Oncologic Mediastinal Evaluation for
Radiation (HOMER) model, which
estimates the prN0 versus N1 versus N2j3
metastatic nodal disease in patients with
NSCLC. We demonstrated that HOMER is
accurate in outside institutions after
calibration using the general calibration
method. We also demonstrated that the
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Figure 1. Receiver operating characteristic curves of the prediction model in the institution of model
development. The figure plots the area under the curve (AUC) for (A) N stage greater than or equal to
1 (vs. N0) disease (AUC=0.84) and (B) N2 or N3 (vs. N0 or N1) disease (AUC=0.85) in the
development cohort, and for (C) N stage greater than or equal to 1 (vs. N0) disease (AUC=0.86) and
(D) N2 or N3 (vs. N0 or N1) disease (AUC=0.88) in the temporal validation cohort.
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model maintained good discrimination and
calibration over an extended period of time
when applied to a single institution using
two different data sets.

The American College of Chest
Physicians and National Comprehensive
Cancer Network lung cancer guidelines
suggest using prediction models to estimate

the probability of malignancy in solitary
pulmonary nodules to help inform decision-
making in patients with solitary pulmonary
nodules (2, 20, 21). Similarly, investigators
have developed binary prediction models to
estimate prN2j3 (vs. prN0j1) to help inform
decision-making in patients with NSCLC
with regard to staging procedures when
surgical treatment is the main option (4,
22–26). However, those studies did not
distinguish between N0 and N1 disease,
which is critical when SABR is a treatment
option. One study did use separate binary
logistic regression models to identify risk
factors for N1 versus N0 disease and for N2
versus N0 disease in patients who had
surgery (27). However, that study did not
include nonsurgical patients, limiting the
generalizability of the findings. More
importantly, because the investigators used
multiple binary logistic regression models
rather than a single ordinal logistic
regression model, their model is not valid
for clinical prediction. That is because the
form of their models is 1) given that a
patient has N0j1 disease, then the odds are
X and 2) given that a patient has N0 or N2
disease, then the odds are Y. In real life,
physicians cannot know a priori that N1,
N2, or N3 disease is definitely absent.
Therefore, multiple binary models of this
form cannot work for clinical prediction.

This study adds to the existing body of
knowledge by using ordinal logistic
regression to develop a more generalizable
prediction rule to inform decision-making
in patients who are candidates for SABR. To
our knowledge, HOMER is the first
externally and temporally validated model
to predict prN0, prN1, and prN2j3 disease
developed from a broad population of
patients that included both surgical and
nonsurgical candidates. It incorporates PET
imaging, which is part of the current
standard of care but does not rely on
molecular markers. Because it includes both

0.0 0.2 0.4 0.6 0.8 1.0
Predicted

O
bs

er
ve

d

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
Predicted

O
bs

er
ve

d
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
Predicted

O
bs

er
ve

d

0.0

0.2

0.4

0.6

0.8

1.0

C

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Predicted

0.2

0.4

O
bs

er
ve

d 0.6

0.8

1.0

D

A B

Figure 2. Observed versus predicted frequencies of the prediction model in the institution of model
development. The figure plots the probability of (A) N stage greater than or equal to 1 (vs. N0) disease
and (B) N2 or N3 (vs. N0 or N1) disease by decile of expected risk in the group of the development
cohort, and the probability of (C) N stage greater than or equal to 1 (vs. N0) disease and (D) N2 or N3 (vs.
N0 or N1) disease by decile of expected risk in the group of the temporal validation cohort. The
observed probability for each decile is on the vertical axis, and the predicted probability is on the
horizontal axis. A perfect model, in which observed equals predicted, is shown by the line.

Table 3. Model Performance at Outside Institutions: Predictions before Calibration

Institution Brier Score Hosmer-Lemeshow (P Value)

AUC (95% CI)

N1j2j3 (vs. N0) Disease N2j3 (vs. N0j1) Disease

CCF (N=310) 0.34 0.286 0.84 (0.79–0.88) 0.87 (0.83–0.91)
JH (N=186) 0.46 ,0.001 0.82 (0.74–0.89) 0.82 (0.76–0.89)
HFH (N=226) 0.36 ,0.001 0.91 (0.87–0.95) 0.92 (0.88–0.95)

Definition of abbreviations: AUC=area under the receiver operating characteristics curve; CI = confidence interval; CCF=Cleveland Clinic Foundation;
JH= Johns Hopkins; HFH=Henry Ford Hospital; N = nodal stage; N0j1=N0 or N1; N1j2=N1 or N2; N1j2j3=N stage greater than or equal to 1;
N2j3=N2 or N3.
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surgical and nonsurgical candidates, the
model is applicable to patients in whom
SABR is the only option and to patients in
whom SABR is being considered as an
alternative to surgery (e.g., borderline
surgical candidates with T1b, N0, and M0
disease by PET-CT) (2, 8).

Although there is currently an ongoing
prospective study of endosonographic
intrathoracic nodal staging of patients being
considered for therapy with SABR, there are
currently no definitive recommendations on
whether to perform EBUS for mediastinal
staging before SABR (28, 29). The role of
EBUS before SABR depends in large part
on the context. EBUS could be useful to
inform decisions when patients are
candidates for both surgery and SABR (e.g.,

PET-CT N0) (30). A finding of N1 disease
would lead to a clear recommendation in
such cases. Whether EBUS should be done
in this context is a function of the
probability of EBUS being positive and the
complication rate of EBUS (12). Given the
low rate of complications from EBUS, even
a relatively low prN1 disease in these
patients might warrant EBUS. Conversely,
in patients who are not surgical candidates,
the need for EBUS is different. Finding N1
disease in such patients would probably
lead to definitive radiation therapy, whereas
finding N2 disease would lead to
multimodal treatment with radiation and
chemotherapy instead of treatment with
SABR. Whether EBUS is warranted in this
context would be a function of the

probability of EBUS being positive, the
complication rate of EBUS, and the
marginal benefit and marginal harm
of treating with chemotherapy and
radiation for N2 disease; and definitive
radiation for N1 disease (as compared
with treating with SABR based solely
on imaging) (31–49). However, in
both cases, accurately predicting the
probability of EBUS being positive is vital.
HOMER can aid in this decision-making
process.

Consideration of specific cases may
help illustrate these concepts. Consider a 60-
year-old patient with adenocarcinoma in the
outer two-thirds of the lung, PET-CT N0,
who is a surgical candidate but prefers not to
have surgery if possible, and SABR is being
considered. HOMER predicts prN0 is 93%
by EBUS (see Table E5). When the
physician weighs the risk of complications
at approximately 1.15% versus a 7% chance
of having prN1j2j3 and changing treatment
from SABR to surgery, EBUS seems
warranted (12). However, in other
circumstances, HOMER might lead to a
decision not to do EBUS. Consider an
80-year-old patient with squamous cell
carcinoma in the outer two-thirds of the
lung, PET-CT N0, who is not a candidate
for surgery. HOMER predicts prN0 is 98%
by EBUS (see Table E5). Given the risks of
EBUS, the marginal benefit and marginal
harm of treating with chemotherapy and
radiation instead of SABR for occult N2
disease, and only a 2% chance of EBUS
being positive, proceeding directly to SABR
is reasonable (31–49). The absolute
difference in prN0 in these two patients is
only 5%, which at first glance seems small.
However, given the low risk of EBUS and
consideration of the benefits and harms of
treatment, the value of information in this
context is high (7, 8, 50).

Another practical application of
HOMER is helping to inform decisions in
patients with clinical-radiographic N1
disease. Previous studies have pointed out
that EBUS in this population may
downstage them, making them potentially
suitable for SABR therapy (6). If EBUS is
performed and the patient is N0 by EBUS,
the decision on whether SABR is a
reasonable choice depends on knowledge of
the posttest probability of nodal disease, as
well as the benefits and harms of SABR
versus other treatment alternatives. The
probability of nodal disease after a negative
EBUS is of course a function of the
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Figure 3. Observed versus predicted frequencies for combined external validation cohort. The figure
plots the probability of (A) N stage greater than or equal to 1 (vs. N0) disease and (B) N2 or N3 (vs. N0
or N1) disease by decile of expected risk in that group before calibration, and the probability of (C) N
stage greater than or equal to 1 (vs. N0) disease and (D) N2 or N3 (vs. N0 or N1) disease by decile of
expected risk in that group after calibration. The observed probability for each decile is on the vertical
axis, and the predicted probability is on the horizontal axis. A perfect model, in which observed equals
predicted, is shown by the line.
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sensitivity of EBUS. The sensitivity of
EBUS varies with PET-CT stage (6, 51–64).
If EBUS sensitivity is 0.8 in the setting
of N1 disease by PET-CT, then we can
use HOMER to estimate the posttest
probability that a patient with a negative
EBUS actually has N0, N1, or N2j3
disease. In a 60-year-old patient with
adenocarcinoma in the outer two-thirds of
the lung, PET-CT N1 disease, assuming
EBUS sensitivity is 0.8, the probability of
true N0 disease given a negative EBUS is
only 61% (see online supplement for
calculations). If EBUS sensitivity is 0.9, the
probability of true N0 disease is 83%.
Conversely, if the patient is 80 years old
with a peripheral squamous cell in the outer
two-thirds of the lung, PET-CT N1, with a
negative EBUS, then the corresponding
probabilities for true N0 disease are 91%
and 96%. In scenarios in which EBUS is
negative but HOMER predicts a 17% to
39% (or a 4–9% in the second scenario)
probability of having nodal metastasis,
other factors related to the benefit and
harm of SABR alone versus alternative
strategies become relevant. These other
factors include the performance status of
the patient, tumor marker status, and the
multimodality options being considered. If
definitive radiotherapy covering the hilar
nodes is used, toxicity will be higher but
there will be the possibility of cure.
Conversely, if SABR is used and targeted
therapy is used to treat subsequent relapses,
toxicity will be lower but the treatment will
be palliative in nature. By providing the
predicted probability, HOMER can help
inform this decision, adding nuance to this
complex decision process.

By using an ordinal model, HOMER
also provides additional insights into the
relationship of the predictor variables to N
stage that are lacking in binary models and
that might fail to capture the entire
complexity of a clinical decision problem
owing to simplification and loss of
information. HOMER demonstrates that, for
older patients with N2j3 disease by PET, the
most likely stage by EBUS is not necessarily
N2j3 (and not N1), but rather it can be
either N2j3 or N0 disease, depending on
tumor location (see Figure E3C). For
younger patients with N2j3 disease by PET,
the most likely stage by EBUS is N2j3, with
N0 disease being a close second. Quantifying
these probabilities using HOMER (see Figure
E3C) shows us that N1 disease by EBUS is
actually a rare finding in PET-CT N2j3

B

F

0.2 0.4 0.6
Predicted

0.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

0.8 1.0

0.2 0.4 0.6 0.8
Predicted

1.00.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

0.2 0.4 0.6 0.8
Predicted

1.00.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

D

0.2 0.4 0.6 0.8
Predicted

1.00.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

A

0.2 0.4 0.6 0.8
Predicted

1.00.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

E

0.2 0.4 0.6 0.8
Predicted

1.00.0

0.0

0.2

0.4O
bs

er
ve

d 0.6

0.8

1.0

C

Figure 4. Observed versus predicted frequencies for each institution of the external validation cohort
before calibration. The figure plots the probability of (A) N stage greater than or equal to 1 (N1j2j3) (vs.
N0) disease and (B) N2 or N3 (N2j3) (vs. N0 or N1 [N0j1]) disease at the Cleveland Clinic Foundation,
the probability of (C) N1j2j3 (vs. N0) disease and (D) N2j3 (vs. N0j1) disease at Johns Hopkins, and
the probability of (E) N1j2j3 (vs. N0) disease and (F) N2j3 (vs. N0j1) disease at the Henry Ford
Hospital. The observed probability for each decile is on the vertical axis, the predicted probability on
the horizontal axis. A perfect model, in which observed equals predicted, is shown by the line.
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patients, with prN1 being much lower than
either prN0 or prN2j3. No binary model can
capture these subtleties (see online
supplement for further discussion).

As in the HAL model, our study failed
to demonstrate a relationship between
tumor size and higher N stage by EBUS-
TBNA after adjusting for age, tumor

location, tumor histology, and PET-CT N
stage (4). This contrasts with other studies
that have reported an association between
larger tumors and probability of nodal
metastatic disease (22–25). However, none
of the prior studies adjusted for PET-CT N
stage in their analysis. PET-CT N stage in
this dataset is associated with tumor size
(P= 0.036) (see online supplement).
Therefore, PET-CT N stage potentially
confounds the relationship between tumor
size and nodal metastatic disease. This
could explain the discordance in findings
between studies. To make sure tumor size
did not improve model performance, we
forced tumor size back into the model,
which did not improve discrimination
but worsened calibration (see online
supplement).

Effective prediction models should be
validated on external cohorts and should
demonstrate both good discrimination and
calibration (see online supplement) (17, 18).
HOMER demonstrates good discrimination
in both the combined external validation
cohort and for each institution when
assessed separately. However, observed
versus predicted graphs show that, although
prediction of prN1j2j3 (vs. prN0) disease is
decent, HOMER overestimates the prN2j3
(vs. prN0j1) disease for two out of the three
outside institutions (see Figures 3A, 3B, and
4). Application of the general calibration
method corrects this (see Figures 3C, 3D,
and 5).

In regard to the observed versus
predicted graphs for the temporal validation
cohort, HOMER slightly overestimates
prN1j2j3 (vs. prN0) disease when predicted
probability is greater than 50% (see Figures
2C and 2D). Nonetheless, the Brier score
and Hosmer-Lemeshow P values both show
that the model has acceptable fit and does
not require further calibration, suggesting
that the model has temporal stability.
Model stability over time is an important
consideration. If the model is temporally
stable, then calibration intercepts can be
determined for any outside institution and
from that point forward the model can
make accurate predictions for patients at
that institution.

To our knowledge, this is the first study
of EBUS-TBNA to externally and
temporally validate a prediction model for
N0, N1, and N2j3 disease. The HAL model
was the first study of EBUS-TBNA to
externally validate a prediction model for
N2j3 disease (4). In this study, we
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Figure 5. Observed versus predicted frequencies for each institution of the external validation cohort
after calibration. The figure plots the probability of (A) N stage greater than or equal to 1 (N1j2j3) (vs.
N0) disease and (B) N2 or N3 (N2j3) (vs. N0 or N1 [N0j1]) disease at the Cleveland Clinic Foundation,
the probability of (C) N1j2j3 (vs. N0) disease and (D) N2j3 (vs. N0j1) disease at Johns Hopkins, and
the probability of (E) N1j2j3 (vs. N0) disease and (F) N2j3 (vs. N0j1) disease at the Henry Ford
Hospital. The observed probability for each decile is on the vertical axis, the predicted probability on
the horizontal axis. A perfect model, in which observed equals predicted, is shown by the line.
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externally validate HOMER, but we also
temporally validate it, showing that it is
stable through time in the institution of
model development.

A limitation to the prediction power of
our model is the small number of patients
who fall in the least common of the three
possible outcomes (N1 disease). The
proportion of patients identified as having
N1 disease by EBUS-TBNA in our data
ranges from 7.2% to 10.11% for the
development, temporal validation, and
external validation cohorts. Our data are
consistent with the findings of other
investigators, in which the proportion of
patients with N1 disease ranges from 5.3% to
16% (53, 54, 65, 66). The least common
outcome determines the number of
covariates a model can support, so having
relatively little N1 disease limits the number
of covariates that can be included for model
development. Larger cohorts would be
required if more covariates were to be
introduced. It is possible that a larger
sample size would allow identification of
additional covariates, which might
significantly improve model performance.
Furthermore, the validity of the predictions
made by HOMER are limited to patients
who are between 60 to 80 years of age, the
range of data in which 68% percent of
patients from the development cohort are
found (see online supplement for details).
The model might not perform as well at the
extremes of age.

Another limitation is that our
predictions are for the observed cytology as
identified by EBUS-TBNA, which itself has a

varying sensitivity that ranges from 54.5% to
98%, with a recent meta-analysis suggesting
a pooled sensitivity of 90%; therefore, the
model might underestimate the presence of
true lymph node metastases (1, 52, 58,
66–69). Because HOMER does not predict
the probabilities of N0, N1, or N2j3 disease
as determined by thoracotomy, adjustment
for EBUS sensitivity may be required,
depending on how the model is used. A
study of surgical patients undergoing
thoracotomy would facilitate prediction of
the true pretest probability of nodal disease
and would help determine the sensitivity
and specificity of EBUS-TBNA, but such a
design would also have problems with
generalizability and possibly selection bias
because nonsurgical patients going for SABR
and those with significant comorbidities
could not be included. In addition, predicting
pretest probability would not be sufficient by
itself to determine whether EBUS-TBNA
should be done in a given patient. What we
need to know is the chance that EBUS-TBNA
will be positive in that same patient
(i.e., diagnostic yield). HOMER predicts the
diagnostic yield of EBUS-TBNA for N0, N1,
or N2j3 disease, which is fundamentally
different than predicting the pretest
probability of disease as determined by the
gold standard (see online supplement). An
additional limitation is that our prediction
rule is only valid in centers that perform
EBUS-TBNA in a similar systematic manner
(4). All three centers of the external validation
cohort are high-volume centers. Higher
procedural volume is associated with higher
diagnostic yield, so results may differ for

centers with lower procedural volume (13). A
final limitation is that the Brier score used to
assess calibration does not take into account
the ordinal nature of the outcomes (see online
supplement).

Conclusions
The HOMER model predicts the probability
of finding N0 versus N1 versus N2j3 disease
on EBUS, and had good performance as
assessed by tests of discrimination and
calibration in the development cohort. The
predictor variables identified were consistent
with the previously reported HAL model (4).
In regard to external validation, the model
has good discrimination but requires
calibration. After calibration, the model
demonstrates sufficient precision to be useful
clinically. Performance in the temporal
validation cohort suggests that the model is
stable through time in the institution where
it was developed. The HOMER model is
potentially useful for predicting N stage, and
informing decisions regarding staging and
treatment for patients with NSCLC in which
SABR is an option. Future studies will need
to assess whether calibrated models in
outside institutions are temporally stable. If
that is indeed the case, then HOMER could
potentially be integrated into electronic
health records as a decision-support tool. n
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