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BACKGROUND: The annual incidence of pulmonary nodules is estimated at 1.57 million.
Guidelines recommend using an initial assessment of nodule probability of malignancy
(pCA). A previous study found that despite this recommendation, physicians did not follow
guidelines.

METHODS: Physician assessments (N ¼ 337) and two previously validated risk model
assessments of pretest probability of cancer were evaluated for performance in 337 patients
with pulmonary nodules based on final diagnosis and compared. Physician-assessed pCA was
categorized into low, intermediate, and high risk, and the next test ordered was evaluated.

RESULTS: The prevalence of malignancy was 47% (n¼ 158) at 1 year. Physician-assessed pCA
performed better than nodule prediction calculators (area under the curve, 0.85 vs 0.75;
P< .001 and .78; P¼ .0001). Physicians did not follow indicated guidelines when selecting the
next test in 61% of cases (n ¼ 205). Despite recommendations for serial CT imaging in those
with low pCA, 52% (n ¼ 13) were managed more aggressively with PET imaging or biopsy;
12% (n ¼ 3) underwent biopsy procedures for benign disease. Alternatively, in the high-risk
category, the majority (n ¼ 103 [75%]) were managed more conservatively. Stratified by
diagnosis, 92% (n ¼ 22) with benign disease underwent more conservative management with
CT imaging (20%), PET scanning (15%), or biopsy (8%), although three had surgery (8%).

CONCLUSIONS: Physician assessment as a means for predicting malignancy in pulmonary
nodules is more accurate than previously validated nodule prediction calculators. Despite the
accuracy of clinical intuition, physicians did not follow guideline-based recommendations
when selecting the next diagnostic test. To provide optimal patient care, focus in the areas of
guideline refinement, implementation, and dissemination is needed.
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The estimated annual incidence of pulmonary nodules
detected on chest CT imaging in the United States is 1.6
million cases.1 This is in large part due to scans being
increasingly ordered for a variety of clinical
presentations. In one large integrated health system, the
number of scans performed over a 7-year period
increased by 53%.1 This calculation, which was done
before the advent of lung cancer screening, is likely to
increase further as screening is implemented in the
United States.1

The management of pulmonary nodules is driven by the
importance of distinguishing those that are malignant
from those that are not by balancing the desire to
intervene quickly for malignant nodules while avoiding
and limiting procedures for ones that are benign.
Guidelines for pulmonary nodule management
encourage physicians to use estimates of pretest
probability for malignancy as determined by clinical
intuition or validated prediction models.2,3 Based on this
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risk assessment, guidelines recommend surveillance in
nodules with low risk, PET imaging � biopsy in those
with intermediate risk, and surgery in those at high risk.

Despite guideline recommendations, however, a
previous study of nodules managed by community
pulmonologists found that biopsy and surgery rates were
no different between patients at low, intermediate, and
high risks of malignancy.4 This study was limited by the
inability to obtain clinician-assessed pretest probability
at the time of the management decision. Therefore, no
direct link between physician-documented knowledge of
pretest probability of cancer and downstream decision-
making could be established. We undertook this study to
prospectively compare intuitive estimates of pretest
probability to validated nodule malignancy prediction
calculators. In addition, we sought to determine how
often appropriate guideline-recommended diagnostic
testing was used based on clinician assessment of
malignancy.
Methods
These data were collected as part of a prospective multicenter
observational trial evaluating a plasma proteomics test for
pulmonary nodules. It was approved by the Institutional Review
Board of the Medical University of South Carolina (Pro00020287).

Site Selection

Thirty-three North American (31 US, two Canadian) sites qualified
and agreed to participate. Three hundred thirty-seven physicians
participated in the trial: 278 pulmonologists, 47 surgeons, and 12
oncologists.

Patient Selection

Eligibility included patients $ 40 years of age referred to a
pulmonologist or a thoracic surgeon, or both, for evaluation of a
lung nodule $ 8 mm and # 30 mm identified on a baseline CT
scan and first detected within 60 days of enrollment. Those with CT
scans identifying the same nodule > 60 days prior to enrollment and
those with a current or prior diagnosis of any cancer within the
previous 2 years, with the exception of nonmelanomatous skin
cancer, were excluded. Consecutive patients meeting criteria and
agreeing to participate were enrolled.

Data Collection

Patient data, including demographics, imaging, and procedures
performed, were collected until a definitive diagnosis, nodule
resolution, or at least 1 year of radiographic stability. At the time of
enrollment, the treating physician was asked to indicate his/her
assessment of nodule pretest probability of malignancy (pCA)
(eg, 0%-5%, 6%-10%, 11%-20%, 21%-30%). Physician assessment of
malignancy was individually determined, taking into account patient
and nodule characteristics. Nodule characteristics, including size,
contour, and location as determined by the interpreting radiologist,
were documented on baseline and subsequent scans. Data were
collected in patients who underwent subsequent evaluation with PET
scanning. These scans were further categorized as those performed
within 30 days of surgery and those not associated with surgery.
Data on procedure use, including bronchoscopy, transthoracic needle
biopsy, and surgery, were collected.

Pretest pCA

Two previously developed and validated models were used to estimate
the pCA in each patient.5,6 Model accuracy and clinician-estimated
pretest probabilities were determined by comparing the pCA with
the final diagnosis. Receiver operating characteristic curves and the
area under the curve (AUC) were generated for both models and
physician pCA with 95% CIs. Differences between the AUCs were
calculated using standard error incorporating covariance and large
sample Wald approximation. Physician-provided pCA for each
patient was categorized into three groups based on the 2007
American College of Chest Physician (ACCP) guidelines for
pulmonary nodule management (< 5%, 5%-60% and > 60%).
Procedure use by categories of risk was examined for the next test
ordered after the baseline CT scan identifying the nodule and the
most invasive test ordered over the entire course of nodule
management.

Data Analysis
c2 or analysis of variance tests were used to compare subgroups, and
P values of .05 were considered significant. A nodule was classified
as benign based on confirmed benign pathologic features,
radiographic resolution, or the absence of growth seen on
radiographs as determined by the managing physician during
surveillance of at least 1 year and up to 2 years. Statistical analyses
were performed using MATLAB, version 8.3.0.532 (MathWorks) and
MedCalc, version 16.4 (MedCalc Software).
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Results
A total of 685 patients were enrolled in this multicenter
prospective observational study. Figure 1 shows the
reasons patients were excluded from the final analysis.
Results are reported for the final cohort of 337 patients.

The prevalence of cancer in this cohortwas 47% (n¼ 158).
The demographics of participants stratified by diagnosis
are presented in Table 1. The average age of all
participants was 66 years (� 1.1 year) with a relatively
even distribution of men and women. Themajority (82%)
were ever smokers with an average pack-year smoking
history of 45.4 (� 3.8). Fifty-four (16%) had a previous
history of cancer. There was no difference in the average
pack-years between subjects with malignant nodules and
those with benign nodules, although those with benign
causes were twice as likely to be never smokers as opposed
to those with malignancy. Twenty-one percent of
nodules# 11mm in size were malignant, whereas 68% of
nodules between 15 and 30mmweremalignant (P< .001)
(e-Fig 1). The majority of diagnosed malignant nodules
were primary lung cancers, with only one metastatic
melanoma.

To better compare clinician baseline pCA assessment to
prediction models, we calculated pretest probability for
each individual in the study using two previously
validated models (e-Appendix 1). Physician assessment
of pCA was concordant with Veterans Administration
(VA)- and Mayo-model-calculated pCA in 64% and
65% of cases, respectively (e-Table 1).
Patients Enrolled
n = 685

Evaluated
n = 337

Failed
Inclusion

n = 59

No Blood Sample
n = 11

No Baseline CT Scan
n = 7

Ineligible/Failed
Inclusion Criteria

n = 41

Excluded
from Analysis

n = 289

Insufficient Data
n = 179

Adenopathy,
possible metastasis

n = 110

Figure 1 – Consort diagram.
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Physicians were significantly better at predicting
malignancy than either model (AUC, 0.85 vs 0.75 [VA
model]; 95% CI, 0.70- 0.79 and AUC, 0.78 [Mayo model],
95% CI, 0.73- 0.82) (Fig 2). Physician-indicated pretest
probability (pCA) at baselineCT scanningwas categorized
based on the 2007 version of the American College of
Chest Physicians guidelines for nodule management,
including low pCA < 5%, intermediate pCA 5% to 60%,
and high pCA> 60%. Despite more accurately predicting
malignancy, physician management differed from
guideline recommendations on the next step in nodule
evaluation in 61% of cases (n ¼ 205). More than half
of nodules (n ¼ 177 [53%]) were managed more
conservatively, whereas 8% (n¼ 28) were managed more
aggressively compared with guideline recommendations.

Of the 25 nodules in which physician pCA was< 5%, the
vast majority (n¼ 22) were ultimately found to be benign
(Table 2). In this risk category, for which CT surveillance
is recommended, management strategies were more
aggressive in 52% of cases (n ¼ 13), with three patients
(12%) undergoing biopsy for benign disease. The three
patients diagnosed with malignancy underwent PET
scanning as the first test. Physician-assessed pCA placed
138 nodules in the high-risk (> 0.60) category; 114 (83%)
were ultimately diagnosed as malignant. Although
guidelines recommend surgery as the next step for most
patients in this category, the majority (n ¼ 103 [75%])
were managed more conservatively (Table 2). Among
those with benign disease, 92% (n¼ 22) underwent more
conservative management with serial CT scanning (20%),
PET scanning (63%), or biopsy (8%), and ultimately only
two patients (8%) went on to have surgery for benign
disease. Of those withmalignancy, 33 (29%) went straight
to guideline-recommended surgery, whereas 81 (71%)
were managed by serial CT imaging (4%), PET scanning
(55%), or biopsy (11%). VA- and Mayo-model risk
assessment and guideline concordance are presented in
e-Tables 2 and 3, respectively.

The next diagnostic procedure ordered following clinician
assessment, as well as the most invasive procedures
used over the course of nodule management, are
presented in Table 3. There was no difference in the
immediate use of surgery between the intermediate- and
high-risk pCA groups; however, those with a low pCA did
not go on to surgery initially. Biopsy as the first diagnostic
procedure was used similarly among all categories of
clinician-assessed pCA. As the pretest probability for
malignancy increased, so did the use of PET scans
(P < .001). As the pCA decreased, the use of CT
surveillance as the initial management step increased
265
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TABLE 1 ] Demographics and Procedure Use Stratified by Diagnosis

Variable All Patients Cancer Benign P Value

No. of patients 337 158 179

Age, y 66.3 (� 1.1) 67.5 (� 1.4) 65.3 (� 1.5) .042

Sex, No. (%)

Male 176 (52.2) 74 (46.8) 102 (57.0) .063

Female 161 (47.8) 84 (53.2) 77 (43.0)

Smoking history status, No. (%)

Never 61 (18.1) 19 (12.0) 42 (23.5) .004

Former 178 (52.8) 82 (51.9) 96 (53.6)

Current 98 (29.1) 57 (36.1) 41 (22.9)

Pack-year, mean 45.4 (� 3.8) 46.6 (� 4.4) 44.3 (� 6.3) .560

Lung nodule size (millimeters) 15.8 (� 0.6) 18.4 (� 0.9) 13.6 (� .7) < .001

Next procedure after initial CT scan,
No. (%)

Surgery 8 (2.37) 5 (3.16) 3 (1.68) .376

Biopsy 30 (8.90) 14 (8.86) 16 (8.94) .981

CT scan 96 (28.49) 12 (7.59) 84 (46.93) < .001

PET # 30 d before surgery 43 (12.76) 37 (23.42) 6 (3.35) < .001

PETa 160 (47.48) 90 (56.96) 70 (39.11) .018

Procedure use, No. (%)

Surgery 84 (24.9) 68 (43.0) 16 (8.9) < .001

Biopsy 66 (19.6) 37 (23.4) 29 (16.2) .135

Biopsy and surgery 58 (17.2) 50 (31.6) 8 (4.5) < .001

CT imaging only 129 (38.3) 3 (1.9) 126 (7.4) < .001

PET use, No. (%)

Overall PET 227 (67.4) 142 (89.9) 85 (47.5) < .001

# 30 d before surgery 44 (13.1) 38 (24.1) 6 (3.4) < .001

# 30 d after biopsy 7 (2.1) 7 (4.4) 0 (0.0) .005

# 30 d after biopsy and # 30 d
before surgery

3 (0.9) 3 (1.9) 0 (0.0) .065

No relation to biopsy/surgery 173 (51.3) 94 (59.5) 79 (44.1) .050

aPET not performed within 30 d of biopsy or surgery
(P < .001); however, 7% of subjects (n ¼ 10) in the high-
pCA category had CT imaging performed as the next step,
contrary to guideline recommendations.

Discussion
The identification of incidentally detected pulmonary
nodules is rising exponentially due to widespread use
of CT scans. Although guidelines exist to aid in the
management of pulmonary nodules, these continue to
pose a diagnostic dilemma for clinicians. To our
knowledge, this is the first study to prospectively follow
the diagnostic odyssey of incidentally detected
pulmonary nodules in the context of clinician assessed
pretest pCA. It expands on a previously published
analysis on nodule management by community
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pulmonologists and has several important findings.
First, clinician-assessed pCA is better at predicting
malignancy than two previously validated nodule
calculators. Second, despite being more accurate at
predicting malignancy, the majority of clinicians did
not follow pCA-based guideline recommendations for
nodule management when ordering the next test.
Finally, clinicians were more aggressive than
recommended for subjects in the low-risk category, in
whom the vast majority of nodules were benign and
serial surveillance was indicated. However, they were
more conservative in their management decisions for
patients in the high-risk category and thereby avoided
recommending unnecessary surgery in a significant
proportion of subjects with benign disease.
[ 1 5 2 # 2 CHES T A UGU S T 2 0 1 7 ]
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Figure 2 – Physician and model receiver operator characteristic curve
accuracy.
Clinical practice guidelines have been available for more
than a decade to assist clinicians in the management of
pulmonary nodules.3,7,8 For patients with larger nodules
($ 8 mm), management decisions are based on an
assessment of the pretest probability of cancer, which
is determined by either the use of validated nodule
prediction models or physician assessment. The two
most widely used models include the Mayo Clinic model
and the VA model.5,6 These incorporate clinical and
radiographic factors, including size, border contour,
location, patient age, smoking history, and prior history
of cancer. They are partially dependent on the
prevalence of cancer in the cohort in which they were
TABLE 2 ] Physician Risk Assessment and Guideline Conco

Physician-Assessed Pretest Probability All n ¼ 25 (%)

Pretest probability # 5%

Guideline concordant CT surveillance 12 (48.0)

More aggressive 13 (52.0)

PET 9 (36.0)

PET # 30 d before surgery 1 (4.0)

Biopsy 3 (12.0)

All n ¼ 138 (%)

Pretest probability $ 60%

Guideline-concordant surgerya 35 (25.4)

More conservative 103 (74.6)

CT 10 (7.2)

PETa 78 (56.5)

Biopsy 15 (10.9)

aPET performed within 30 d of surgery was considered a staging PET scan and
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originally developed. For example, the Brock model,
developed from a screened population, had a prevalence
of malignancy of 5.5% and performs well in smaller
nodules (AUC, 0.91 in nodules < 10 mm).9 The
prevalence of malignancy in this cohort of patients was
47% and most closely mirrors the VA prediction model,
in which prevalence was 54%.6 Overall, these models
have been shown to be both accurate and useful in
predicting the probability of cancer in pulmonary
nodules. Although they have been compared with one
another,10 to our knowledge, this is the first study that
prospectively compares internally derived physician
assessment to validated models and finds that physicians
are highly accurate at predicting whether or not a nodule
is malignant. These findings differ from a previous study
in which physicians were presented with clinical
vignettes and accompanying radiographs of patients
with pulmonary nodules.11 That study showed that
although clinicians and validated models had similar
accuracy for characterizing pulmonary nodules, the
accuracy was only fair to good for both.11 Another study
compared predictions of the Mayo model with that of
four expert clinicians (chest radiologist, pulmonologist,
internist, and thoracic surgeon). Each clinician reviewed
clinical information and plain chest radiographs from
100 selected cases and made a prediction of malignancy
on a 10-point scale. In this study, there was no difference
between the two; however, the accuracy was good for
both.12

In a previous study, we compared model-assessed pCA
and guideline-directed management of pulmonary
nodules in a geographically diverse sample of
rdance

Cancer n ¼ 3 (%) Benign n ¼ 22 (%)

0 (0.0) 12 (54.5)

3 (100.0) 10 (45.5)

2 (66.7) 7 (31.8)

1 (33.3) 0 (0.0)

0 (0.0) 3 (13.6)

Cancer n ¼ 114 (%) Benign n ¼ 24 (%)

33 (28.9) 2 (8.3)

81 (71.1) 22 (91.7)

5 (4.4) 5 (20.8)

63 (55.3) 15 (62.5)

13 (11.4) 2 (8.3)

concordant with guidelines.
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TABLE 3 ] Physician Pretest Probability Assessment and Procedure Use Across Tertiles of Risk

Demographics and Characteristics < 0.05 (n ¼ 25) 0.05 to < 0.60 (n ¼ 174) $ 0.60 (n ¼ 138) P Value

Physician risk 2.5 (N/A) 26.0 (� 2.4) 78.9 (� 1.9)

VA risk for same group 34.1 (� 8.8) 36.5 (� 3.2) 59.8 (� 3.4)

Mayo risk for same group 24.8 (� 8.6) 29.8 (� 3.1) 53.1 (� 4.1)

Outcome, No. (%)

Benign 22 (88.0) 133 (76.4) 24 (17.4) < .001

Cancer 3 (12.0) 41 (23.6) 114 (82.6)

Age, y 67.5 (� 4.7) 65.3 (� 1.5) 67.4 (� 1.5) .144

Sex, No. (%)

Male 14 (56.0) 92 (52.9) 70 (5.7) .862

Female 11 (44.0) 82 (47.1) 68 (49.3)

Smoking history status, No. (%) .003

Never 7 (28.0) 41 (23.6) 13 (9.4)

Former 13 (52.0) 92 (52.9) 73 (52.9)

Current 5 (20.0) 41 (23.6) 52 (37.7)

Pack-year, mean 40.6 (� 15.9) 41.6 (� 5.0) 49.5 (� 5.0) .106

Abstinence, y 10.6 (� 6.3) 9.6 (� 2.2) 5.7 (� 1.7) .020

Lung nodule size 12.2 (� 1.2) 14.2 (� 0.8) 18.5 (� 1.0) < .001

Next procedure after initial CT
scan, No. (%)

Surgery 0 (0.0) 3 (1.7) 5 (3.6) .409

Biopsy 3 (12.0) 12 (6.9) 15 (1.9) .453

CT scan 12 (48.0) 74 (42.5) 10 (7.2) < .001

PET # 30 d before surgery 1 (4.0%) 12 (6.9) 30 (21.7) < .001

PETa 9 (36.0) 73 (42.0) 78 (56.5) < .001

Total procedure use, No. (%)

Surgery only 2 (8.0) 29 (16.7) 52 (37.7) < .001

Biopsy only 3 (12.0) 32 (18.4) 31 (22.5) .496

Biopsy and surgery 2 (8.0) 12 (6.9) 44 (31.9) < .001

Biopsy or surgery 5 (20.0) 61 (35.1) 83 (60.1) < .001

PET 10 (40.0) 95 (54.6) 122 (88.4) < .001

CT scan only 18 (72.0) 99 (56.9) 11 (8.0) < .001

Procedure use category, No. (%)

Most invasive ¼ surgery 4 (16.0) 41 (23.6) 96 (69.6) < .001

Most Invasive ¼ biopsy 3 (12.0) 32 (18.4) 31 (22.5) .496

Surveillance 19 (72.0) 99 (56.9) 11 (8.0) < .001

aPET not performed within 30 d of biopsy or surgery
community pulmonologists.4 That study demonstrated
that despite recommendations for management based
on risk, physicians did not follow guidelines. For
example, 44% of patients with low pCA underwent
invasive testing when surveillance with serial CT
imaging was indicated. Further, there was no difference
in the frequency of surgery among patients with a low,
intermediate, or high risk of cancer, and surgery was
performed in 35% of patients with benign disease.4 This
268 Original Research
finding was not seen in the current study, in which the
use of surgery appropriately increased as the probability
of cancer increased, and surveillance proportionally
decreased. An important limitation to the previous study
was the fact that there was no way of discerning if
clinicians used their clinical intuition, a model, both, or
neither to direct nodule management decisions. The
findings of both of these studies are consistent with the
literature published from the VA hospital system, in
[ 1 5 2 # 2 CHES T A UGU S T 2 0 1 7 ]



which half of patients with incidentally detected
nodules and a pCA < 65% received guideline-
concordant care.13 It may be that clinicians do not
find the guidelines valuable, given that many of the
recommendations for nodule management are grade 2C
(weak recommendation, low-quality evidence).3,14

In the current study, clinician assessment of pCA was
collected prospectively and prior to nodule management
decisions. Despite accurate clinical intuition, physicians
did not follow guideline-based recommendations for
nodule management when selecting the next diagnostic
test. They “erred” in both directions. In the low-risk
category, they were more aggressive when serial imaging
would suffice. In this category of risk, all but three
patients had benign disease, yet 52% were managed
more aggressively than recommended with either PET
or biopsy. Thus, using physician intuition and following
the guidelines would have provided more optimal care.

Conversely, in patients in whom the pCA exceeded
60% and guidelines recommend surgery, clinicians opted
for more conservative management with biopsy, CT
imaging, or PET scanning 75% of the time. In doing so,
surgery was avoided in 22 of 24 patients with benign
nodules. However, there was a trade-off in that 11% of
those with cancer (n ¼ 13) underwent an unnecessary
biopsy procedure prior to surgery. The British Thoracic
Society guidelines differ from the third iteration of the
ACCP guidelines for nodule management in that the
threshold for high risk is set at > 70% vs $ 65%.2,3 One
study using Markov modeling to determine appropriate
thresholds for deciding management strategies for
patients unfit for surgery suggested that pCA $ 85% is
appropriate to proceed to treatment without biopsy-
proven cancer.15 Our findings support the higher
threshold for categorizing a nodule as high risk and
suggest that further adjustment to the current guidelines
may be indicated. For example, shifting the cutoff of pCA
that categorizes a nodule as high risk (direct to surgery
with no further testing) to 80% or greater would decrease
the number of operations performed for patients with
benign nodules if clinicians were to strictly follow the
guidelines. This would come at the expense of a few
additional biopsies in those with cancer.Models using this
and other data could optimize nodule management by
better defining low-, intermediate-, and high-risk
categories and should be an area of future research.
chestjournal.org
This study has a number of limitations. First, we were
unable to ascertain the degree to which patient
preference may have played a role in management
decisions regarding the nodule. Future studies should
capture patient preferences and willingness to follow
guidelines for nodule management. Second, the overall
study was designed to test a blood biomarker, and thus
the physicians at those study sites may have had more
expertise in nodule management, perhaps limiting the
generalizability of these findings. In addition, patient
comorbidities were not accounted for in the rationale
behind management decisions; it is possible that those
with a high-risk pretest probability for malignancy were
not surgical candidates and therefore underwent a
biopsy procedure prior to radiation treatment or were
managed more conservatively with imaging. Finally,
there are additional nodule prediction models that
incorporate PET information (Herder) and volumetric
measurements (Bayesian Inference Malignancy
Calculator) that may be more accurate than the
prediction models used here; however, we did not have
PET data on all patients, and volumetric measurements
were not provided.16-20 The strengths of the study
include the fact that it is a geographically diverse sample
with prospective data collected from patients with
pulmonary nodules. In addition, an important attribute
of this study was that physician assessment of pCA prior
to diagnostic testing was provided.

In conclusion, clinicians are adept at distinguishing
benign from malignant pulmonary nodules; however,
they do not apply that data to the guidelines for nodule
management consistently. In some instances, straying
from the guidelines subjected patients to unnecessary
testing, whereas in others, it appeared to prevent surgery
for benign nodules. These findings have implications for
patients presenting with pulmonary nodules, an
increasingly common problem facing clinicians and
patients. Enhancing existing prediction calculators by
including novel radiographic measurements and
exhaled, serum, and bronchoscopic biomarkers may aid
in distinguishing benign from malignant disease and is
an area of ongoing research.21-24 Until these
technologies become available or more widely used,
more focus is needed in the areas of guideline
refinement, implementation, and dissemination to
provide optimal patient care.
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