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Integrating current evidence with fundamental concepts from
decision analysis suggests that management of patients with pul-
monary nodules should begin with estimating the pretest probabil-
ity of cancer from the patient’s clinical risk factors and computed
tomography characteristics. Then, the consequences of treatment
should be considered, by comparing the benefits of surgery if the
patient has lung cancer with the potential harm if the patient does
nothavecancer.Thisanalysisdetermines the“treatmentthreshold,”
which is the point around which the decision centers. This varies
widely among patients depending on their cardiopulmonary re-
serve, comorbidities, and individual preferences. For patients with
a very low probability of cancer, careful observationwith serial com-
puted tomography iswarranted. For thosewith a high probability of
cancer, surgical diagnosis is warranted. For patients in the interme-
diate range of probabilities, either computed tomography–guided
fine-needleaspirationbiopsyorpositronemission tomography,pos-
sibly followed by computed tomography–guided fine-needle aspi-
ration biopsy, is best. Patient preferences should be considered
because the absolute difference in outcome between strategies
may be small. The optimal approach to themanagement of patients
with pulmonary nodules is evolving as technologies develop. Areas
of uncertainty include quantifying the hazard of delayed diagnosis;
determining the optimal duration of follow-up for ground-glass
and semisolid opacities; establishing the roles of volumetric im-
aging, advanced bronchoscopic technologies, and limited surgi-
cal resections; and calculating the cost-effectiveness of different
strategies.
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Lung nodules are a common problem in pulmonary practice. Esti-
mates of their frequency range from 0.2% in older studies with
chest radiographs to approximately 40–60% in lung cancer screen-
ing trials using low-dose computed tomography (CT) (1–7). The
widespread use of CT has increased the incidental detection of
pulmonary nodules that would not have been identified previ-
ously. If lung cancer screening with low-dose CT becomes com-
monplace in clinical practice, as seems likely given the findings
from the National Lung Screening Trial (8–10), the frequency of
detection of lung nodules will probably increase dramatically.

Possible causes of pulmonary nodules include many benign dis-
eases, but the primary concern is bronchogenic carcinoma. Be-
cause large tumor size and advanced stage are associated with
worse prognosis, the goal is to rapidly identify and resect malig-
nant lesions while avoiding unnecessary surgery in patients with
benign disease, and to do so in a cost-effective manner.

This concise clinical review (1) updates the definition of pul-
monary nodules; (2) reviews methods for estimating the proba-
bility of cancer; (3) compares benefits and harms of available
management strategies; and (4) integrates definitions, risk strat-
ification, and management alternatives into a practical clinical
algorithm.

UPDATING THE DEFINITION OF
PULMONARY NODULES

The definition of a classical solitary pulmonary nodule is a single,
spherical, well-circumscribed, radiographic opacity less than or
equal to 30 mm in diameter that is completely surrounded by
aerated lung and is not associated with atelectasis, hilar enlarge-
ment, or pleural effusion (1, 11). The differential diagnosis
includes malignancies, such as bronchogenic carcinoma, carci-
noid tumors, lymphoma, and solitary pulmonary metastasis, and
a variety of benign causes, including nonspecific granulomas,
granulomatous infections, and hamartomas.

The term “solitary pulmonary nodule” was coined when
most nodules were detected incidentally by chest radiography
and were solitary. Today, most nodules are detected by CT,
which greatly enhances nodule detection and characterization.
Thus, the classical definition of pulmonary nodules now needs
to be updated to integrate data from CT studies.

Pulmonary nodules should be characterized on the basis of
number, size, and density. The modifying term “solitary” should
not be used for nodules accompanied by additional nodules or
associated findings, or for nodules not completely surrounded by
aerated lung. An increasingly important subset of nodules are
subcentimeter nodules, which we define as those less than or
equal to 8 mm in diameter. Subcentimeter nodules may be spher-
ical or nonspherical, and malignant nodules may have either
shape (12). Lesions greater than 30 mm in diameter should be
called masses rather than nodules and are presumed to be ma-
lignant until proved otherwise (13). For masses, a tissue diagnosis
should be made by the least invasive means (14). Finally, CT has
also led to a more precise and nuanced classification of nodules
according to whether ground-glass opacification is present. Nod-
ules may have a pure ground-glass appearance; a pure solid ap-
pearance; or a mixed ground-glass and solid appearance (also
called semisolid) (Figure 1). These characteristics can be used
to help estimate the probability of cancer in the nodule.

ESTIMATING THE PROBABILITY OF CANCER

Risk stratification entails estimating the probability of cancer in
the nodule. This pretest probability of cancermust first be estimated
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using the available information, including the patient’s clinical risk
factors and CT characteristics.

Clinical Risk Factors

The clinical assessment includes the patient’s history and phys-
ical examination. Clinical risk factors associated with a higher
probability of malignancy are shown in Table 1 (1, 11, 13, 15).
The physician should estimate the pretest probability of cancer
by evaluating these risk factors and using clinical judgment.

Alternatively, models using logistic regression (16–18) can be
used to estimate this probability. The logistic model of Swensen
and coworkers (16) was developed using data from patients with
newly discovered solitary pulmonary nodules that were 4–30 mm
in diameter and radiologically indeterminate. The model uses
age, smoking history, history of cancer greater than or equal to 5
years before the nodule was discovered, diameter, spiculation,
and upper lobe location to estimate the probability of malig-
nancy. No significant difference was found between results from
the logistic model and the predictions of physicians (17). Free

Internet-based and mobile device applications are now avail-
able that facilitate such calculations. A similar model was de-
veloped and subsequently validated in a population with
a higher prevalence of malignancy (18, 19).

CT Characteristics

The variables to assess with CT are the nodule’s size, border
characteristics, and density.

The probability of malignancy varies with size. For subcentim-
eter pulmonary nodules, the overall prevalence of malignancy is
relatively low. In seven studies of nodules detected in lung cancer
screening trials, the prevalence of malignancy was 0–1% in
patients with nodules less than 5 mm in diameter, 6–28% for
5- to 10-mm nodules, 33–64% for 11- to 20-mm nodules, and
64–82% for nodules measuring greater than 20 mm (20).

Border characteristics can also be used to help estimate the
probability of malignancy. Nodules with irregular, lobulated, or
spiculated borders are associatedwith a progressively higher prob-
ability of malignancy than those with a smooth border. Similarly,
nodules with a pure ground-glass or semisolid appearance have
a higher probability of malignancy than pure solid lesions (20).

The density of nodules is also useful to discriminate between
benign and malignant nodules. Benign calcification patterns (dif-
fuse, central, laminated, or popcorn patterns) and intranodular
fat density (i.e., hamartoma) are associated with an extremely
low probability of malignancy, and nodules with these character-
istics warrant careful (or even no) observation rather than addi-
tional diagnostic testing (Figure 2) (21). Stippled and eccentric
calcification patterns do not exclude malignancy, and further
work-up is required.

Ground Glass Opacities (subsolid nodules)

Over the last 20 years, studies of screening-detected and inciden-
tally detected peripheral adenocarcinomas have clarified associa-
tions betweenCT characteristics, histopathology, growth rates, and
clinical outcomes (22–25). In general, the prevalence of malig-
nancy is especially high in nodules with pure ground-glass atten-
uation (Figure 1A). Small, ground-glass lesions typically represent
adenocarcinoma in situ, previously referred to as bronchioloalveo-
lar cell carcinoma (BAC), or its putative precursor lesion, atypical
adenomatous hyperplasia. These lesions tend to grow slowly and
are associated with a very favorable prognosis, even when resec-
tion is delayed by a period of observation (26, 27). Accelerated
growth or development of a solid component (Figure 1B) is
strongly associated with transition to invasive adenocarcinoma,
so either of these findings should prompt surgical consultation.

Pre-test Probability and Post-test Probability

The pretest probability of cancer can be estimated from the clin-
ical risk factors and theCT characteristics, as described previously.
The posttest probability of cancer can be determined by combin-
ing the pretest probability with test results, provided that the test
characteristics (sensitivity and specificity) are known, by using
Bayes’ theorem (see online supplement). However, even if one
can determine the posttest probability of cancer, one then has to
ask the following questions: Is this probability high enough to
warrant surgery? Is it low enough to warrant careful observation?

CONCEPTUAL FRAMEWORK FOR DECISION MAKING

To answer these questions and evaluate management strategies,
a conceptual framework is needed that facilitates comparison of
options. When selecting and interpreting tests for pulmonary
nodule evaluation, it is important to consider not only the likelihood

Figure 1. (A) Ground-glass
opacity. (B) Mixed ground-

glass and solid nodule, also

called a semisolid nodule.
(C) Solid lung nodule.
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of false-positive and false-negative test results, but also the conse-
quences of these findings.

Decision Thresholds

For patients with pulmonary nodules, threemanagement strategies
exist: (1) careful observation with serial CT; (2) additional diag-
nostic testing (imaging, biopsy, or combinations); and (3) surgical
resection. Clearly, if the probability of cancer is close to 0, careful
observation is best. Conversely, if the probability of cancer is very
close to 1, proceeding directly to surgery (after an appropriate
staging work-up) is best. For patients with an intermediate prob-
ability of cancer, additional diagnostic testing is best.

Note that theremust be some probability of cancer at which the
optimal strategy changes from one option to the next, from careful
observation to diagnostic testing and fromdiagnostic testing to sur-
gery; these are decision thresholds (Figure 3). We will call the
lower decision threshold the “observation threshold”; a probabil-
ity of cancer below this warrants careful observation with serial
CT. We will call the upper decision threshold the “surgical thresh-
old”; a probability of cancer above this warrants surgery with
frozen section, usually followed by lobectomy if malignancy is
identified. What factors affect the decision thresholds, and where
do those thresholds lie for a particular patient? To answer these
questions, the consequences of treatment need to be considered.

Integrating Probability and Consequences

Decision thresholds depend on treatment consequences—the
relative potential for benefit and harm (28). The benefit of
a treatment is defined as the difference in outcome between
patients with the disease who receive the treatment and similar
patients who do not receive the treatment. The harm of a treat-
ment is defined as the difference in outcome between patients
without the disease who receive no treatment and similar
patients who receive the treatment. The treatment threshold
probability is defined as the probability of disease at which
the expected outcome of treatment and no treatment are ex-
actly equal, so that neither option is clearly better. As applied to
pulmonary nodules, treatment usually means surgery. However,
if surgery was not a viable alternative but radiation therapy was
possible, the same logic would apply, although a different treat-
ment threshold probability would result. Given the benefit and
the harm, the treatment threshold probability is as follows (28):

Treatment threshold probability ¼ harm

harm1 benefit
¼ 1

11 ðbenefit=harmÞ

For a more detailed discussion, formulas, and proofs, see the
online supplement.

If no diagnostic tests were available and the pretest probabil-
ity of disease was greater than the treatment threshold, empiric

treatment would be warranted. A low treatment threshold is war-
ranted when the benefit of treatment for diseased individuals is
high and the harm of accidentally treating nondiseased individ-
uals is low. An example is the use of antibiotics in suspectedmen-
ingitis. In other situations, a higher treatment threshold is
appropriate; an example is chemotherapy for possible cancer.
Treatment threshold varies not only among diseases but also
among patients with the same disease, because benefit and harm
vary depending on comorbidities, clinical context, and patient
preferences.

TABLE 1. RISK FACTORS FOR LUNG CANCER IN PATIENTS WITH SOLITARY PULMONARY NODULES

Cancer Risk

Variable Low Intermediate High

Nodule size, diameter in mm ,8 8–20 .20

Age, yr ,45 45–60 .60

Prior cancer history No prior cancer Prior cancer history

Tobacco use Never smoked Current smoker ,1 pack per day Current smoker > 1 pack per day

Smoking cessation Quit > 7 yr ago Quit ,7 yr ago Never quit

Chronic obstructive lung disease No COPD COPD

Asbestos exposure No exposure Exposed

Nodule characteristics Smooth Lobulated Spiculated

Definition of abbreviation: COPD ¼ chronic obstructive pulmonary disease.

Figure 2. (A) Diffuse calcified granuloma. (B) Granuloma with central

calcification. (C) Hamartoma with popcorn pattern of calcifications. (D)
Hamartoma with fat density areas (231.25 HU). (E) Laminated calcifi-

cation pattern indicative of benign disease.
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To decide whether further diagnostic testing is advisable for
a patient, one first needs to estimate the pretest probability and
determine whether test results could change the management
of that patient. For patients with an intermediate probability of
malignancy that lies above the treatment threshold, one possible
strategy is to select a test (or tests) that, if negative, would result in
a posttest probability of malignancy below the treatment thresh-
old, so that careful observation is warranted. Alternatively, one
could select a test that, if positive, results in a posttest probability
of malignancy above the treatment threshold, so that surgery is
warranted. Note that the difference between the pretest probabil-
ity and the posttest probability, the “distance moved,” is just
a function of the test characteristics (sensitivity and specificity)
as determined by Bayes’ theorem (see online supplement). The
better is the test, the more the probability changes.

Based on this, one can imagine that in some instances the pre-
test probability is so high that even if all tests were negative, the
resulting posttest probability would be greater than the treat-
ment threshold. As the pretest probability decreases, it must
reach some point at which a negative test results in a posttest
probability less than the treatment threshold. As applied to pul-
monary nodules, this is the surgical threshold. This probability is
also affected by the risk of the tests involved. The converse sce-
nario is when the pretest probability is extremely low, such that
even if test results were positive, the resulting posttest probabil-
ity would be less than the treatment threshold. As the pretest
probability increases, there must be some point at which a posi-
tive test will result in a posttest probability above the treatment
threshold. By definition the treatment threshold must lie be-
tween the observation and surgical thresholds. The distance be-
tween the decision thresholds (observation to treatment to
surgery) is merely a function of the quality of the available tests.
When tests have poor sensitivity and specificity or are very risky,
then the distance between thresholds is small. Conversely, if tests
carry no risk and are highly sensitive this range is wide. Addi-
tional details about the value of testing are provided in the online
supplement, but a useful rule of thumb is that the value of testing
is greatest when the pretest probability of malignancy is closest
to the treatment threshold probability.

Based on this formulation, it is apparent that both probabilities
and potential consequences of treatmentmust be consideredwhen
selecting an optimal management strategy. Thinking of treatment
outcomes before finalizing a management strategy may seem
counterintuitive, but this “thinking in reverse” is needed when
making decisions.

MANAGEMENT STRATEGIES

We will now apply this conceptual framework to evaluate the
three management alternatives: (1) careful observation, (2) di-
agnostic testing, and (3) surgery. For each it is suggested when
the strategy should be used, the evidence in support of the
strategy, its limitations, and areas of uncertainty.

Careful Observation

Most malignant lesions double in volume every 20 to 300 days
(29–33), leading to the clinical axiom that radiographic stability
for 2 years suggests benign etiology (1, 11). Careful observation
usually involves radiologic surveillance with serial CT and is
most appropriate when the pretest probability of malignancy
is relatively low (,5–10%) (1, 11). This is predicated on the
assumption that growth rates, measured radiographically, can
be used to distinguish benign from malignant nodules (7, 20,
31). For most nodules detected by CT during lung cancer
screening trials, this has proved to be a good strategy, because
the probability of malignancy is appropriately low (6, 7, 10).

The primary weakness of this strategy is the hazard of delay;
specifically, the probability that a previously curable lesion would
metastasize during the period of observation.Although the optimal
schedule for imaging is not known, the Fleischner Society has pro-
vided consensus recommendations on imaging small nodules (11,
34, 35). The recommended frequency of imaging depends on the
size of the nodule and the presence of risk factors for lung cancer.
These recommendations are summarized in Table 2 (11, 35).

This strategy has substantial limitations. First, few prospec-
tive studies in patients with lung nodules have compared out-
comes in patients managed by careful observation with those
who were more aggressively evaluated. Second, older studies

Figure 3. Decision thresholds

and the probability of cancer.
The observation threshold is

the probability of cancer be-

low which careful observation

with serial CT is warranted.
The surgical threshold is the

probability of cancer above

which surgery is warranted.

Diagnostic testing with CT-
FNA or PET is warranted for

probabilities of cancer be-

tween these two extremes.

Different factors that may alter
these decision thresholds are

shown. For example, increased

comorbidities and surgical risk
increase the surgical threshold.

Improved detection of nodule

growth with volumetric CT,

thereby decreasing the hazard
of delay, increases the obser-

vation threshold. The observa-

tion and surgical thresholds

vary depending on individual patient comorbidities and surgical risk factors, patient preferences, and the availability of diagnostic tests and treat-
ments. CT ¼ computed tomography; CT-FNA ¼ CT-guided fine-needle aspiration; PET ¼ positron emission tomography.
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of tumor growth rates tended to enroll patients who had benign-
appearing nodules or nodules that had previously been missed,
potentially biasing the results in favor of longer doubling times
(36). In addition, older studies typically did not include patients
with ground-glass opacities or semisolid nodules. Third, some
malignant nodules, in particular those with nonsolid or partly
solid density, may be associated with very long doubling times,
so that the 2-year stability rule may prove insufficient (30, 33).
In one study, volume doubling times for BAC (now considered
adenocarcinoma in situ) were 42–1,486 days, whereas those for
invasive adenocarcinoma were 124–402 days. As mentioned
previously, adenocarcinoma in situ and other slow-growing
adenocarcinomas may first manifest as ground-glass opacities
that grow slowly, only later taking on a more aggressive pheno-
type. In a study of small tumors, the average doubling times
were 813 days for pure ground-glass opacities, 457 days for
semisolid lesions, and 149 days for solid lesions (32). Accord-
ingly, some argue that healthy patients with pure ground-glass
opacities should be followed radiographically for more than
2 years. However, no studies have prospectively evaluated
whether extended follow-up improves outcome.

The superior resolution of CT compared with chest radiogra-
phy enables more precise measurement and better growth detec-
tion, thereby limiting the hazard of delay. Volumetric CT may
allow the detection of growing lesions earlier than conventional
transverse CT. Preliminary studies demonstrated that three-
dimensional analysis enabled tumor growth to be detected in
5-mm diameter nodules 30 days after CT (37, 38). Subse-
quently, volumetric CT was successfully used to determine
volume doubling time and to guide evaluation of small lung
nodules in the NELSON trial (7, 39). In that trial, a CT volume
doubling time of less than 400 days or a new solid component
in a previously nonsolid nodule was defined as positive (7).
Follow-up imaging could detect growth only 6 weeks after
imaging of an indeterminate nodule. This represents a signif-
icant improvement because earlier growth detection is likely
to minimize the hazard of delay. However, further studies are
needed to validate those results, and interscan variability in
CT measurements of size and location remains an issue (7,
40, 41).

Given the abovementioned limitations, it is currently rea-
sonable to use 2-year radiographic stability as indicating a be-
nign etiology for most lesions, with the caveat that longer
follow-up should be considered in select patients with
ground-glass or semisolid lesions. Lesions that demonstrate
growth on serial imaging or that develop a new solid component
in a previously nonsolid nodule should have a tissue diagnosis
established, usually by CT-guided fine-needle aspiration (CT-
FNA) or surgery (11).

Diagnostic Testing

When the probability of malignancy is intermediate (z10–60%),
a diagnostic test is usually warranted. The main options are pos-
itron emission tomography (PET), CT-FNA, and bronchoscopy.

PET. The sensitivity and specificity of PET for identifying
malignancy are approximately 87% and 83%, respectively (11,
20). Accordingly, PET has a high negative predictive value
when the pretest probability of cancer is low, and such patients
can be subsequently managed with careful observation. PET
does have important limitations. First, PET is less sensitive
for nodules less than 8–10 mm in diameter (13, 15, 42–46). Also,
false-negative PET scans can be seen in patients with adenocar-
cinoma in situ, carcinoid tumors, and mucinous adenocarcino-
mas. False-positive PET scans can be seen in patients with
inflammatory conditions (sarcoidosis or rheumatoid nodules)
or infectious processes (endemic mycosis or mycobacterial in-
fection). However, occasionally PET demonstrates evidence of
lymph node involvement or extrapulmonary disease that might
not otherwise have been detected (47–49). In addition, even
false-positive PET results have some value because they alert
the clinician to the presence of an active infectious or inflam-
matory process that requires additional evaluation. Today inte-
grated PET-CT has largely replaced dedicated PET, although it
is not at all clear that integrated PET-CT improves character-
ization of lung nodules.

CT-guided FNA biopsy. CT-FNA has been shown to have rea-
sonable sensitivity for identifying malignant lung nodules. In 11
studies, counting nondiagnostic results as false-negatives, the
median sensitivity was 90% (20). As with other techniques,
the reported sensitivity varied widely among studies (range,
65–94%) (20). The risk of pneumothorax also varied, ranging
from 15–43% (median, 27%). However, not all of the pneumo-
thoraces required chest tubes. The risk of pneumothorax requir-
ing a chest tube ranged from 4–18% (median, 5%) (20). Risk
factors for pneumothorax include smaller lesions, deeper loca-
tions, emphysema, lateral puncture site, proximity to fissures,
and low entry angle to the pleura (50–52).

Conventional bronchoscopy. Although bronchoscopy is useful
for central lesions, it has proved less accurate for peripheral pul-
monary nodules. Studies using traditional techniques, such as
conventional fluoroscopic guidance, demonstrated diagnostic
yields of 10–50% overall and approximately 33% for peripheral
lesions less than 20 mm in diameter (53). The presence on CT of
an air bronchogram within the nodule is associated with a sub-
stantially higher diagnostic yield of approximately 70%, especially
if the CT reveals a bronchus leading to the lesion (13, 54, 55).

Radial endobronchial ultrasound. Recently, advanced diag-
nostic bronchoscopy techniques have been developed. A meta-
analysis of studies using bronchoscopy with radial endobronchial
ultrasound (EBUS) for peripheral lesions identified 16 studies
and found a pooled sensitivity and specificity of 73% and
100%, respectively (56). Of the 16 studies, 7 had sufficient data
to stratify the results on the basis of nodule size. In patients with
nodules less than 25 mm in diameter, the pooled sensitivity was
71% (56).

Electromagnetic navigation. Electromagnetic navigation com-
bines bronchoscopy with CT imaging by using an electromagnetic
field (57, 58). Uncontrolled studies in carefully selected patients
demonstrated a diagnostic yield of 63–74% (57, 59–63). Diagnostic

TABLE 2. FREQUENCY OF CT IMAGING FOR SURVEILLANCE OF SUBCENTIMETER NODULES (,8 MM)

Nodule Size No Lung Cancer Risk Factors Lung Cancer Risk Factors Present

< 4 mm Follow-up optional* Follow-up at 12 mo, no additional follow-up if stable

.4–6 mm Follow-up at 12 mo, no additional follow-up if stable Follow-up at 6–12 mo, if stable follow-up at 18–24 mo

.6–8 mm Follow-up at 6–12 mo, if stable follow-up at 18–24 mo Follow-up at 3–6 mo, 9–12 mo, and 24 mo if stable

Definition of abbreviation: CT ¼ computed tomography.

* The risk of malignancy in this category is substantially less than that in a baseline CT scan of asymptomatic smokers. If follow-

up is elected then it is reasonable to do so in 12 months.
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yield is higher when a CT bronchus sign is present (55, 63), when
divergence is low (60), and with middle lobe (61) or non–lower
lobe locations (62, 63). In one randomized trial, the combination
of EBUS and electromagnetic navigation was found to be superior
to either method alone (62). No randomized studies have com-
pared electromagnetic navigation with conventional bronchos-
copy.

From the limited data available, both radial EBUS and elec-
tromagnetic navigation seem to be useful techniques in centers
with the appropriate expertise. However, the diagnostic sensitiv-
ity even for the combination does not approach that of CT-FNA.
Except in patients with an air bronchus sign and a pathway to the
lesion, CT-FNA should be considered the method of choice
when the lesion is accessible (11).

Surgery

Video-assisted thoracic surgery, traditional thoracotomy, and
sometimes a combination may be warranted when the probabil-
ity of cancer is high (.60–70%), both to establish a diagnosis
and for definitive treatment. The risk of surgery depends on
whether the nodule resected is malignant. If the nodule is found
to be benign at frozen section, then only a wedge resection is
required, and operative mortality is typically low (z0.5%) (11,
64–67). Conversely, if the nodule is found to be malignant, then
a lobectomy with systematic lymph node dissection is preferred.
Lobectomy mortality has been reported to be 1–4% (64–67).

Currently, lobectomy with systematic mediastinal lymph
node dissection is the standard of care in patients who are good
surgical candidates (11). Video-assisted thoracic surgery lobec-
tomy is becoming more widely available and, in experienced
hands, offers the potential benefits of decreased perioperative
morbidity and a shorter hospital stay. Even with an experienced
surgeon, conversion to thoracotomy may be required in approx-
imately 12% of cases (11, 67–70).

Areas of uncertainty include the role of limited resections in
patients with small tumors. Previous studies have demonstrated
the superiority of lobectomy over limited resections for tumors
less than 30 mm in diameter (71–73). However, questions remain
about whether specific subgroups of patients might benefit from
limited resection. The original randomized trials of lobectomy
versus limited resection used both wedge resection and segmen-
tectomy (72). However, new data suggest that segmentectomy is
superior to wedge resection for tumors less than 20 mm in di-
ameter (74–77), probably because segmentectomy produces
better margins and wider resection of lymphatics and intralobar
lymph nodes (76, 78–80). The original trials may have been
flawed by combining wedge resection and segmentectomy into
one group. In addition, subsequent retrospective and case-
control studies have suggested that patients with small tumors
(,20 mm in diameter), especially those with BAC, have accept-
able survival times after segmentectomy (75, 79, 81). Current
work focuses on whether segmentectomy in patients with small
tumors can achieve comparable results to lobectomy; random-
ized trials are now under way.

CLINICAL ALGORITHM

Management algorithms need to incorporate the probability of
cancer, the potential benefits and harms of surgery, the accuracy
of the available diagnostic tests, and patient preferences. Given
the complexity of the problem, most decisions can be guided by
asking two questions: What is the pretest probability of cancer?
What is the patient’s surgical risk?

The decision-making process begins with a history and phys-
ical, focusing on estimating the pretest probability of cancer and
assessing surgical risk (Figure 4) (82). Assessing surgical risk is

critical because it affects the potential benefits and harms of
surgery, which in turn determine the treatment threshold and
hence the surgical threshold and the observation threshold (Fig-
ure 3). Patients with severe comorbidities (e.g., advanced
chronic obstructive pulmonary disease) may not be able to tol-
erate some treatments and other treatments may be of limited
benefit in those with poor performance status. If these comor-
bidities eliminate treatment options, then the optimal manage-
ment strategy must also change.

For patients with an intermediate probability of malignancy,
there are two main diagnostic strategies: CT-FNA alone or PET,
possibly followed by CT-FNA. If the pretest probability is just
above the observation threshold, then a strategy of CT-FNA is war-
ranted. If the CT-FNA result is nondiagnostic, then careful obser-
vation is warranted. The finding of a specific benign diagnosis (e.g.,
endemic mycosis) should be followed by appropriate treatment.
PET is not as useful as CT-FNA at this pretest probability because
the specificity of CT-FNA is close to 100%, resulting in a positive
likelihood ratio that approaches infinity (11, 20). In contrast, PET
has an estimated specificity of 83%, resulting in a positive likeli-
hood ratio of approximately 5 (20). Thus, a positive PET scan does
not necessarily change the management of a patient with a low
pretest probability that lies just above the observation threshold,
because the posttest probability of cancer is insufficient to make
a definitive treatment decision. A useful way to conceptualize this
is to use Figure 3 and plot the pretest probability. Imagine a test
result comes back positive. This moves the probability to the right.
How far it moves is determined by the likelihood ratio positive
(Bayes’ theorem). A positive CT-FNA moves the probability
across the surgical threshold and all the way to the right (posttest
probability approaches 1). A positive PET moves the probability
modestly to the right, and in this case the distance moved is not
sufficient to cross the surgical threshold.

However, if the pretest probability of malignancy is some-
what higher but still in the intermediate range, then a strategy
of PET possibly followed by CT-FNA is better. As the pretest
probability increases, it eventually reaches a point when even
amodest move to the right moves it across the surgical threshold.
A positive PET results in a posttest probability above the surgi-
cal threshold and is sufficient to change management.

One can use the same thought experiment to think about the
results of negative tests. Imagine that one gets a negative test.
This moves the probability to the left. How far it moves is deter-
mined by the likelihood ratio negative (Bayes’ theorem). If the
pretest probability is just below the surgical threshold, then
a strategy of PET, possibly followed by CT-FNA, is still best.
The likelihood ratio negative is approximately 0.16 for PET and
approximately 0.1 for CT-FNA (20). The pretest probability is
so high in this case that a single negative test results in a posttest
probability that is not below the observation threshold. Thus,
a second negative test is needed to lower the probability below
the observation threshold. The reason for doing PET first in
such instances is that it is less risky. If CT-FNA is done before
PET, all patients are exposed to some risk, albeit small, and
some patients avoid PET (when CT-FNA is positive). If PET
is done first, some fraction of patients (those with positive PET
scans) avoid the small, but real, risk associated with CT-FNA.

Note that the decision thresholds vary for different patients
because the surgical risk, and hence the potential benefit and
harm of surgery, vary. However, the order of the preferred strat-
egies is the same when going from lowest to highest pretest prob-
ability of cancer: careful observation, then CT-FNA, then PET
with possible CT-FNA, and then surgery.

Areas of uncertainty include optimizing the cost-effectiveness
of clinical algorithms (11, 82). PET seems to be most cost-
effective when the clinical probability of malignancy is discordant
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with what CT suggests, for instance when the CT suggests ma-
lignancy but the clinical probability of cancer is low, or if the CT
suggests a benign diagnosis but the clinical probability of cancer
is high. It is also important to recognize that the absolute dif-
ference in survival between alternative strategies may not be
great (83). Therefore, it is important to consider patient prefer-
ences. Patient values and risk-taking attitudes can affect cost-
effectiveness and should be taken into account (11, 84).

Another area of uncertainty is the impact that lung cancer
screening will have on the diagnostic approach to pulmonary
nodules. In the National Lung Screening Trial, the risk of death
from lung cancer was 20% lower among patients who had annual
low-dose CT screening than among those who had annual chest
radiography (10). How generalizable the results are to practice
remains to be seen. The cost-effectiveness of screening will in
part be determined by how effectively identified nodules are
evaluated. Economic evaluations of CT screening for lung can-
cer have also varied widely in cost-effectiveness ratios reported
(85–91). No doubt the National Lung Screening Trial results
will help clarify some of these issues.

SUMMARY

Providing effective, cost-effective, patient-centered care for
patients with pulmonary nodules can be challenging because
many factors must be considered simultaneously and technolo-
gies are constantly developing. One approach to decisionmaking
is to apply the fundamental principles of pretest probability,
treatment thresholds, and Bayes’ theorem and to take patient
preferences into account. These concepts provide a useful

conceptual framework. Although the specific algorithms may
change as technologies develop, the underlying concepts remain
the same. Mastery of these concepts makes rote memorization of
lengthy guidelines and complex algorithms unnecessary and facil-
itates effective integration of new technologies (15). Because no
set of guidelines can encompass all possible scenarios that occur
in day-to-day clinical practice, applying these first principles will
be useful for physicians, especially in challenging cases. Under-
standing the concepts of decision analysis allows physicians to
view the patient management process as a unified whole: a system
of principles rather than a multitude of isolated facts.

Integrating current evidence with these fundamental concepts
suggests that management of pulmonary nodules should begin
with estimating the pretest probability of cancer. Then, the con-
sequences of treatment should be considered by comparing the
benefits of surgery if the patient has cancer with the potential
harm if the patient does not have cancer. This analysis deter-
mines the treatment threshold, which is the point around which
the decision centers. These thresholds vary widely among
patients depending on their cardiopulmonary reserve, comorbid-
ities, and individual preferences. For patients with a very low
probability of cancer, careful observation with serial CT is war-
ranted. For those with a very high probability of cancer, surgery
is preferred. For patients with an intermediate probability of can-
cer, either CT-FNA or PET possibly followed by CT-FNA is
best. Patient preferences should be considered because the ab-
solute difference in outcomes between strategies may not be
large (84).

The optimal approach to the management of patients with pul-
monary nodules is evolving as technologies develop. Areas of

Figure 4. Clinical algorithm

for decision making in patients

with pulmonary nodules.
Probabilities are estimates, be-

cause true probability thresh-

olds vary depending on
patient comorbidities and

preferences. CT ¼ computed

tomography; CT-FNA ¼ CT-

guided fine-needle aspiration;
PET ¼ positron emission

tomography.
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uncertainty include quantifying the hazard of delayed diagnosis;
determining the optimal duration of follow-up for ground-glass
and semisolid opacities; establishing the roles of volumetric imag-
ing, advanced bronchoscopic technologies, and limited surgical
resections; and identifying the most cost-effective strategies.

Author disclosures are available with the text of this article at www.atsjournals.org.
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