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predictive models applicable to routine clinical
practice: a systematic review

Marina Senent-Valero'", Julidn Librero®? and Marfa Pastor-Valero'*

Abstract

Background: Solitary pulmonary nodule (SPN) is a common finding in routine clinical practice when perform-

ing chest imaging tests. The vast majority of these nodules are benign, and only a small proportion are malignant.
The application of predictive models of nodule malignancy in routine clinical practice would help to achieve better
diagnostic management of SPN. The present systematic review was carried out with the purpose of critically assessing
studies aimed at developing predictive models of solitary pulmonary nodule (SPN) malignancy from SPN incidentally
detected in routine clinical practice.

Methods: We performed a search of available scientific literature until October 2020 in Pubmed, SCOPUS and
Cochrane Central databases. The inclusion criteria were observational studies carried out in low-risk population from
35 years old onwards aimed at constructing predictive models of malignancy of pulmonary solitary nodule detected
incidentally in routine clinical practice. Studies had to be published in peer-reviewed journals, either in Spanish, Por-
tuguese or English. Exclusion criteria were non-human studies, or predictive models based in high-risk populations, or
models based on computational approaches. Exclusion criteria were non-human studies, or predictive models based
in high-risk populations, or models based on computational approaches (such as radiomics). We used The Trans-
parent Reporting of a multivariable Prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement, to
describe the type of predictive model included in each study, and The Prediction model Risk Of Bias ASsessment Tool
(PROBAST) to evaluate the quality of the selected articles.

Results: A total of 186 references were retrieved, and after applying the exclusion/inclusion criteria, 15 articles
remained for the final review. All studies analysed clinical and radiological variables. The most frequent independent
predictors of SPN malignancy were, in order of frequency, age, diameter, spiculated edge, calcification and smoking
history. Variables such as race, SPN growth rate, emphysema, fibrosis, apical scarring and exposure to asbestos, ura-
nium and radon were not analysed by the majority of the studies. All studies were classified as high risk of bias due to
inadequate study designs, selection bias, insufficient population follow-up and lack of external validation, compromis-
ing their applicability for clinical practice.

Conclusions: The studies included have been shown to have methodological weaknesses compromising the clinical
applicability of the evaluated SPN malignancy predictive models and their potential influence on clinical decision-
making for the SPN diagnostic management.
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Background

Solitary pulmonary nodule (SPN), defined as pulmonary
opacity up to 30 mm in diameter, is a common finding in
routine clinical practice when performing chest imaging
tests such as radiographs or computed tomography for
any reason [1, 2]. The vast majority of these nodules are
benign, and only a small proportion (around 10-20%) are
malignant [3, 4]. In a recent cohort study in Spain, after
5 years of follow-up, a prevalence of malignancy of SPN,
incidentally detected by chest radiography or computed
tomography (CT), of 12.1% and 18.2% respectively, was
observed [5]. With the inclusion of CT as a diagnostic
test in routine clinical practice, the incidental finding of
SPN has increased significantly, leading to the genera-
tion of new clinical practice guidelines for its diagnostic
management [1, 6-8]. The Fleischner guidelines [6, 7] are
based on an exhaustive review of the literature and expert
opinion on the diagnostic management of SPN inciden-
tally found on lung CT in patients > 35 years, excluding
the high-risk population (screening), immunocompro-
mised or current cancer (of any type) patients.

This guide [7] uses the probability of pre-test malig-
nancy based on individual characteristics of the nodule
and the patient, to determine the duration of radiological
follow-up. Although nodule size and morphology (higher
risk of spiculate edge versus regular edge), remain the
dominant factors to predict the risk of SPN malignancy,
the Fleischner guidelines consider other additional risk
factors such as consistency of the nodule (higher risk
in subsolid nodules compared to solid), nodule growth
rate, nodule location, higher risk in upper lobes, smok-
ers of > 30 pack-years, exposure to carcinogens (asbes-
tos, uranium and radon), emphysema and/or pulmonary
fibrosis, and/or apical scar, family history of lung cancer,
over 40 years of age, race (individuals of African descent
and Hawaiians being more at risk) and sex (with a higher
risk in women with subsolid nodules). Its main recom-
mendations are follow-up with CT at 3 months, positron
emission tomography-computed tomography (PET-CT)
or biopsy in solid nodules > 8 mm and high-risk patients,
for subsolid nodules of > 6 mm follow-up with CT at 3-6
months for part-solid nodules or 6—12 months follow-
up for SPN in ground glass. Routine follow-up is recom-
mended in low-risk patients and SPN < 6 mm.

Adherence to these guidelines is considered very
important to decrease both over evaluation (prolonged
surveillance, multiple biopsies, unnecessary radia-
tion and surgery, etc.) and under evaluation (diagnostic

delay). However, compliance with these in routine clini-
cal practice is far from optimal. Studies in the United
States reveal breaches ranging from 39 to 73% [4, 9, 10].
In Spain, a significant overvaluation of 72% of the SPN
detected by chest radiography was observed, and 61.5%
of those detected by CT [2].

Despite the existence of guidelines for the diagnostic
management of SPN, when an SPN appears incidentally
in routine clinical practice, clinicians tend to adopt a
proactive attitude. The key question here is knowing the
cancer risk of the SPN detected in the course of routine
clinical care—not in a screening setting. For this, it is
essential to know and determine the thresholds, condi-
tioned by the characteristics of the patient and the nod-
ule, as a basis to support the decision to continue with
additional diagnostic procedures or maintain active
surveillance.

Over the years, multivariate predictive models have
been designed that are mathematical equations that com-
bine and relate multiple predictors of a particular indi-
vidual to obtain a pre-test risk/probability of the future
presence or occurrence of a particular result [11]. Most
predictive models of malignancy of an SPN arise from
high-risk populations, with very strict inclusion crite-
ria that therefore render them difficult to extrapolate to
usual clinical populations. An exception is the model by
McWilliams et al. [12], the “Brock model’;, that despite
being built from a high-risk population (screening), has
been externally validated in a routine clinical practice
population and has been shown to be equally valid [13].

Facing clinical intuition/experience as a guide for deci-
sion-making in the management of SPN, the application
of predictive models of malignancy in routine clinical
practice would help to achieve better diagnostic man-
agement of SPN. For this, it is necessary to know and
evaluate the current state of knowledge in relation to
predictive models of malignancy of SPN in the general or
low-risk population. In the absence of systematic reviews,
the present review was carried out with the purpose of
critically analysing studies that have constructed predic-
tive models of malignancy of SPNs found incidentally in
routine clinic settings to be applicable in standard clinic
contexts.

Material and methods

Design

A systematic review of studies for the construction of
predictive models of malignancy of SPN applicable in
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routine clinic settings. The study protocol was registered
with the University of York Centre for Reviews and Dis-
semination International prospective register of system-
atic reviews (PROSPERO Record CRD42020161559,
http://www.crd.york.ac.uk/PROSPEROY/).

Source of data collection

We performed a search for scientific articles from the
first available date in the following databases until Octo-
ber 2020: PubMed, SCOPUS and Cochrane Central. The
final search equation was developed for use in MEDLINE,
adapting it to the rest of the databases consulted, leav-
ing the following: (“solitary pulmonary nodule” [MeSH
Terms] OR (“solitary” [All Fields] AND “pulmonary” [All
Fields ] AND “nodule” [All Fields]) OR “solitary pulmo-
nary nodule” [All Fields]) AND (prediction [All Fields]
AND model [All Fields]) AND ((“lung” [MeSH Terms]
OR “lung” [All Fields] OR “pulmonary” [All Fields]) AND
(“neoplasms” [MeSH Terms] OR “neoplasms” [All Fields]
OR “malignancy” [All Fields])). We also completed the
search with an assessment of the bibliographic list of the
articles selected, including in the analysis studies that had
been identified, but had not been detected in the digital.

Selection of articles

Inclusion criteria were observational studies carried out
in the general population, who are at least 35 years old,
in a hospital setting complying with the study objec-
tive: construction of predictive models of malignancy of
pulmonary solitary nodule detected incidentally in rou-
tine clinical practice, studies published in peer-reviewed
journals, in Spanish, Portuguese or English. Exclusion
criteria: non-human studies, screening for lung can-
cer, metastatic nodules, models based on computational
approaches (such as radiomics) and non-empirical analy-
sis tools were excluded. The selection of articles was car-
ried out independently by 2 authors (MSV and MPV).
We prioritized sensitivity over specificity in the selection
of the articles. Possible discordance was resolved by con-
sulting a third author (JL) and subsequently consensus
among all authors was reached. The inter-observer vari-
ability was calculated using Cohen’s kappa coefficient (K).
These two reviewers carried out an initial screening inde-
pendently based on the title and abstract of the eligible
publications. Duplicates identified through the electronic
bibliographic databases were removed. Finally, full arti-
cles were retrieved.

Data extraction

The studies in this review were described considering the
following data: first reference author and year of publi-
cation, where the study and follow-up were carried out,
type of study, characteristics of the population, number

Page 3 of 25

of participants, prevalence of malignancy, prevalence of
former smokers or active smokers, statistical analysis and
predictor variables (Table 1).

In Table 2, we present the clinical and radiological vari-
ables of the 15 predictive models evaluated. These were
described according to the recommendations of the
Fleischner guidelines 2017 [7]. The clinical characteristics
included: sex, race, emphysema, fibrosis, apical scarring,
multiplicity and perifissural nodules; the radiological
characteristics included: nodule size, growth rate, mor-
phology, consistency and location. For SPN growth rate,
the volume doubling time (1 VDT is equivalent to a 26%
increase in diameter) is recommended, being in the 100—
400-day range for the majority of solid cancers and on the
order of 3-5 years for subsolid cancerous nodules.

Additional files 1 and 2 show the external valida-
tions; those carried out by the authors themselves and
by other authors, respectively. In turn, Additional file 1
describes the results of applying models developed by
other authors to the same sample. Furthermore, in both
Appendices, we use the Transparent Reporting of a mul-
tivariable Prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) statement [14] to describe the type
of predictive model included in each study included in
our review, as well as the results of the discrimination
and the calibration of these.

Finally, in Additional file 3 we describe the predictive
mathematical models of each study evaluated.

Quality of research

The Prediction model Risk Of Bias ASsessment Tool
(PROBAST) was used to assess the quality of the selected
articles [11], with the aim of providing a structured judge-
ment of the risk of bias, thereby allowing the analysis of
the applicability and transferability of predictive mod-
els to clinical practice. It contains 20 items on potential
biases distributed in 4 domains/dimensions (participants,
predictors, results and analysis). Applicability is analysed
for participants, predictor and outcome domains. The
response templates for each model are reflected in Addi-
tional file 4.

In Table 3, as in Fig. 1 and Fig. 2, following the table
format suggested by PROBAST [11], we have presented
the quality results, representing the risk of bias, the appli-
cability and the final global assessment, respectively.

Results

Using the described search criteria, 186 references were
identified (56 Scopus, 130 PubMed), of which 51 dupli-
cates were removed. On evaluating the Abstract and title,
104 articles were eliminated and the inter-observer reli-
ability, Cohen’s kappa coefficient, was 0.75 (the authors
agreed over the inclusion of 26 articles, excluding 97 and
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Table 3 Quality of the models of the review according to PROBAST tool

Study, year ROB? Applicability® Overall®
Participants Predictors Outcome Analysis Participants Predictors Outcome ROB Applicability
Swensen et al,, 1997 [21] + ? - — + ? —_ _ _
Gould et al, 2007 [27] - — — — — ? — _ _
Yonemori et al., 2007 [20] — + — — — ? — —_ _
Lietal,2012[19] — ? — — — ? — _ _
Dongetal. 2013 [15] — ? - - - ? — — —
Zhang etal,, 2015 [25] — ? ? — ? _ _ _
Zhengetal, 2015 [18] - ? ? — — ? — _ _
Van Gomez Lépez et al, 2015 [16] — ? — — — ? — — —
Yang et al, 2017 [29] — ? ? - - ? — - -
She et al, 2017 [24] — ? ? _ _ 2 _ _ B
Wang et al, 2018 [28] — ? - - ? _ _ _
Chenetal, 2019[17] — ? — — — ? _ _ _
Wu Z et al. (2020) [23] — ? - — ? — — —
Chen W et al. (2020) [22] - ? — — — ? — _ _
M. Jacob et al. (2020) [26] - ? - — — ? — _ _

Notes: “+" indicates low ROB/low concern regarding applicability; “—" indicates high ROB/high concern regarding applicability; and “?" indicates unclear ROB/

unclear concern regarding applicability. # Obtaining each domain of risk of bias is established based on the responses of their respective items (Appendix D) as
follows: if all items are answered with "Yes", the domain is at low risk of bias. If in at least one item the answer is “Unclear” and the rest of the items are “Yes”, the risk

of bias is unclear. If the answer is “No” in at least one item, independently of the other answers, the domain is at high risk of bias. ® The applicability of each domain is
established by consensus among the authors.  The final overall assessment is expressed as follows: low risk of bias if all domains have low risk of bias; high risk of bias
in case at least one domain presents high risk of bias; if the risk is not clear in at least one domain and all the other domains are low risk of bias, the final assessment

remains unclear. Ditto for applicability

Abbreviations: PROBAST, Prediction model Risk Of Bias Assessment Tool; ROB, risk of bias

disagreed over 12, of which they eventually accepted 5
and rejected 7 as a result of subsequent consensus among
the 3 authors). We retrieved and analysed a final sample
of 31 full-text articles. The inter-observer kappa coeffi-
cient was 0.87 (the authors agreed over the inclusion of
15 articles and the exclusion of 14, and disagreed over 2,
finally rejecting both as a result of subsequent consen-
sus among the 3 authors), leaving 15 articles in the final
review (Fig. 3). The quality evaluation of the studies was
carried out in pairs in the same way as the selection of
the articles with a kappa coefficient > 80%” The topical-
ity of the articles was calculated using the Burton—Kebler
semi-period, which showed that the references had a
median age of 5 years, and the Price Index, which showed
that 67% of documents were less than 5 years old.

The main characteristics of the studies are shown in
Table 1. All were retrospective studies, 2 were carried out
in the USA, 11 in China and Japan, 1 in Portugal and1 in
Spain. The largest sample size was that of Dong et al. [15],
with a cohort of 1679 subjects, and the smallest that of
van Gomez Lopez et al. [16] with 55. In all studies, the
study population were patients diagnosed with an SPN
for the first time in routine clinic settings, in 3 from an
imaging test (X-ray or CT/PET-CT of the chest), and in
12 from those sent to surgery/biopsy for histopathologi-
cal diagnosis. In most studies, the exclusion criteria were

previous history of cancer in the last 5 years or fewer,
diagnosis of lung cancer or metastasis, and incomplete
patient data. In 5 studies [17-21], participants with a pre-
vious history of cancer in the past 5 years were excluded,
one [15] excluded those in just the previous year, and two
excluded patients with a history of cancer but did not
specify the time period [22, 23].

All studies analysed clinical and radiological variables,
also including biomarkers in 6 studies [15, 17, 18, 20, 24,
25]. The prevalence of malignancy of the nodules ranged
from 23 to 77.45% and that of current or past smokers
ranged from 19 to 91% in benign nodules, and from 22.3
to 97% in malignant nodules.

Table 2 shows that all the models evaluated included
risk factors such as sex, age and the diameter of the SPN.
All studies included the morphology and location of the
SPN except one [16] and all studies included smoking
habits except two [24, 26]. Only one study [21] included
exposure to asbestos, none included exposure to radon
or uranium, and only one [22] included passive exposure
to tobacco smoke. Emphysema was collected in 2 studies
[17, 24], and family history of lung cancer was collected
in only one [17]. Only one study [22] described perifis-
sural nodules, and two studies [22, 26] included multiple
nodules. Race, growth rate of the nodule, fibrosis and api-
cal scarring were not reported in any of the studies.
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5. Risk of Bias

4. Analysis

3. Outcome

2. Predictors

1. Participants
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Fig. 1 Percentages of the risk of bias of the studies according to PROBAST
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4. Applicability
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40%
Fig. 2 Percentages of the Applicability of the studies according to PROBAST

Unclear
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In relation to nodule consistency, the majority of the
studies (n = 8) did not specify the nodule consistency
[15, 16, 19-21, 23, 25, 27] whereas the other 7 studies
included this information: 1 study reported subsolid nod-
ules [22], 2 studies collected patients with only solid nod-
ules [17, 24], and 4 [22, 26, 28, 29] included both (solid
and subsolid nodules). However, only 1 [22] of the 7 stud-
ies analysed the predictive risk of nodule consistency and
found that mixed ground-glass nodules showed a higher
risk of malignancy compared to solid nodules.

All studies in the review included individuals of both
sexes (1:1), except two [16, 27] in which the male sex

predominated and one [22] in which the female sex pre-
dominated. The mean age of patients with benign nod-
ules ranged from 48 to 62 years, and that of patients with
malignant nodules ranged from 50 to 68 years. Previous
cancer history was present in 11 articles [15, 17, 19-21,
24-29] and ranged from 1.7 to 13.9%.

Finally, the independent predictors of malignancy of
SPN that were identified most frequently in the models
were age (n = 13), SPN diameter (1 = 9), edge spiculation
(n = 8), nodule calcification (n = 7) and smoking history
(n = 6). Also found, among others, were defined edge
of the nodule (n = 4), lobulation of the nodule (# = 4),
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Duplicates removed (n= 51) ]

~

Excluded (n=104):

- Off topic, 51.

- Not original papers, 13.

- Models based in radiomics,
CAD algorithms, data mining

methods, neural network
systems or similar, 18.
- External validations, 22.

N )

/Full texts excluded (n= 16) due to: \

Chinese written, 6.
Screening studies for lung

Articles identified through
PUBMED (n= 130), Scopus
IS (n=56) and Cochrane Library
© (n=0)
L
=
<
[}
k=)
! [
'
v
E’ Records screened by title and
S abstract (n= 135)
o
G
(2]
—/
'
v
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©
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Articles included in qualitative
synthesis (n= 15)
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Fig. 3 Flow chart outlining study selection

cancer, 5.
Not empirical model, 2.

Other reasons, 3.

\__ Y,

previous history of cancer (# = 4) and the carcinoembry-
onic antigen (CEA) biomarker (n = 3).

In Additional file 1, according to the TRIPOD clas-
sification [14], four studies were type la [16, 22, 26,
28], one study was type 1b [27], 5 were type 2a [15, 18,
21, 23, 24] and 5 were type 3 [17, 19, 20, 25, 29]. The
sample size of the validations ranged from 120 to 344
participants. The discrimination of the models ranged
from 0.599 [27] to 0.910 [25]. Only 1 of the 15 models
was calibrated [17], with a calibration of 0.928.

In Additional file 2, according to the TRIPOD clas-
sification [14], the 17 studies were type 4. Validations
were carried out in the USA [30-34], Asia (China, Japan,
Korea) [35—40], one in the UK [41], one in Brazil [42],
one in the Netherlands [43] and another in Italy [44],

and in 2, it was not specified [45, 46]. The prevalence of
malignancy ranged from 25 to 85.6%, with one study not
providing this information, and the prevalence of cur-
rent or past smokers ranged from 11.8 to 89%, although
this was not reported in 4 studies [39, 40, 42, 46]. The
size of the validations ranged from 86 to 702 partici-
pants. The area under the curve (AUC) of all the models
ranged from 0.53 to 0.89. Only 5 [31, 33, 34, 37, 43] of
the 17 studies estimated the calibration of the models, 2
of these models [19, 21] underestimated the probability
of malignancy; while another model [27] underestimated
in 2 studies [31, 37] and overestimated in one [34].

It should be noted that only 3 [19, 21, 27] of the 15
studies included were validated by other authors, with
Swensen et al. [21] being the most validated model.
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Assessment of methodological quality

The models risk of bias was assessed using the
PROBAST tool [11] (Table 3, Figures 1 and 2). Regard-
ing the Participants dimension, only 3 of the 15 studies
were rated as appropriate by PROBAST, as case—con-
trol studies nested in a cohort [21, 27, 28]. The rest were
non-nested case—control studies [15-17, 19, 20, 22, 24—
26]; in 3 [18, 23, 29], the type of study was not clear.
Only two studies [21, 28] included all patients in rou-
tine clinical practice; the other studies selected those
who underwent surgery/biopsy or who had suspected
malignancy. Regarding the Predictors dimension, the
possibility in any study of the result of malignancy
being known prior to evaluation as recommended by
PROBAST could not be ruled out; only one [20] speci-
fied that the results were unknown. Furthermore, in
one study [27] predictors were not evaluated similarly
because radiographs were studied by different radiolo-
gists. Regarding the Results dimension, the method of
determining malignancy (surgery, biopsy or follow-up)
was not adequate in 8 studies [15-17, 19, 20, 22, 23,
26] and was ambiguously estimated in 5 [18, 24, 25, 27,
29], only being correct in two [21, 28]. None reported
whether the measurement of the results was performed
without the predictors analysed being known. Further-
more, the time interval between the evaluation of the
variables and obtaining the result was not adequate in 3
studies [21, 27, 28], in the rest it is unknown. Regarding
the Analysis dimension, only 8 presented an adequate
number of participants providing relevant results [20,
29] or an adequate number of events per variable [15,
16, 22, 24, 27, 28], as 3 could not be specified due to
lack of data [18, 21, 23] or inadequate data in 3 [17, 19,
25]. In 5 studies [17, 18, 23, 26, 29], continuous vari-
ables were categorized/ dichotomized, and in only one
[17] were data imputation techniques used for missing
values.

Discrimination (AUC) and calibration (using the cali-
bration slope = Hosmer—Lemeshow test) were evalu-
ated in 5 studies [17, 21, 23, 24, 27] , while in 4 others
[15, 20, 22, 25], only the calibration (Hosmer—Leme-
show test) was evaluated; and in the rest [16, 18, 19,
26, 28, 29], only discrimination was evaluated. Only in
2 [17, 24] were bootstrapping techniques used to avoid
overestimation of the model. In 8 of the 15 models [15-
17, 19, 21, 23, 27], the predictor weights of the models
were assigned according to the results obtained from
the multivariate analysis; of the rest, in 3 it was not
clear due to lack of information [18, 28, 29] and it was
not correct in 4 others due to errors in the mathemati-
cal equation [18] and because the assigned weights did
not coincide with the multivariate analysis [22, 24, 26]
(see Additional file 3).
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All studies were classified with a high risk of bias com-
promising their applicability (Fig. 2).

Discussion

Our systematic review describes and evaluates published
predictive models of solitary pulmonary nodule (SPN)
malignancy built from SPN incidentally encountered
in routine clinical practice. The findings of this study
showed that, there is an increasing scientific interest in
developing new predictive models; 67% of the article
publication date was less than 5 years old; however, the
design of the predictive models assessed showed impor-
tant methodological deficiencies which compromises
their clinical applicability. To describe the models, we
followed The Fleischner Society recommendations [7]
for the management of incidentally found solitary pul-
monary nodules (solid or subsolid). To evaluate the appli-
cability and transferability of the predictive models to
clinical practice we used the PROBAST tool [11].

To our knowledge, this is the first systematic review
of studies that develop predictive models of SPN malig-
nancy in routine clinical practice, with 73% of them
(11/15) performed in Asian populations. A recent pro-
spective study of a multiethnic cohort corroborated that
Native Hawaiians and African Americans have twice the
excess risk of developing lung cancer, with a low number
of cigarettes consumed, compared to Japanese Ameri-
cans and Latinos [47]; however, in this review, we did not
find studies on predictive models based on Hawaiians or
African Americans. Moreover, the Fleischner guidelines
[7] consider race to be a risk factor for SPN malignancy;
but this risk factor was not included in any of the models
reviewed.

Age, followed by the size of the nodule (diameter) were
the most frequently identified independent predictors in
13 studies and 9 respectively. This is in line with the sci-
entific evidence [6, 7] showing that, with increased age
and SPN diameter, the risk of malignancy also increases.

Fleischner recommendations [7] on nodule size are
to use the average diameter as the average of long- and
short-axis diameters, both of which should be obtained
on the same transverse, coronal or sagittal reconstructed
image, which more accurately reflects three-dimensional
tumour volume. Of the 15 models, only 4 described how
the nodule diameter was measured. Thus, 3 studies [16,
22, 28] only reported that the images of the nodule were
acquired in 3-D dimensional mode, and 1 [22] that the
long and short axes of the nodules were measured, and
the ratio of the short to long axis was calculated. Nodule
diameter was not identified as an independent predictor
risk factor of SPN malignancy in any of these studies.

As regards sex, differences have been observed in the
clinical management of SPNs, with diagnostic delays
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identified, leading to a therapeutic delay, and greater radi-
ation in women [48]. In our review, all studies included a
female population, and in one [18], the predictive model
with the highest proportion of ground glass (> 50%)
identified being a woman as an independent predictor.

As regards morphology, SPN spiculation appears as a
frequent predictor in almost all studies [15, 17, 19-21, 24,
25, 29], with lobulation also being significant, as a final
predictor of SPN malignancy in 4 studies [15, 18, 28, 29].

Regarding  calcification, central/lamellar/diffuse/
popcorn calcifications suggest benignity, while dotted
patterns/eccentric localization suggest malignancy. Cal-
cification was predictive in 7 models [15, 18-20, 23, 24,
29]. However, as the calcification pattern was not taken
into account, nodules with calcification indicating benign
characteristics were treated in the same manner as if the
pattern suggested malignancy, possibly creating bias in
terms of the prediction of malignancy.

Although smoking is considered the highest risk crite-
rion, it was only identified as a predictor in 6 of the mod-
els [15, 21, 23, 25, 27, 29]. In the rest [16-20, 22, 24, 26,
28], it was perhaps not identified because the proportion
of smokers/ex-smokers was low and the malignant SPNs
showed a greater proportion of adenocarcinomas, a his-
tological pattern that is less related to this exposure.

The previous history of any type of cancer in family
members was collected in 6 studies [15, 18, 19, 24, 25, 28]
and was identified as a malignancy predictor in 2 [15, 19].
Furthermore, the previous personal history of cancer was
collected in 11 studies [15, 17, 19-21, 24-29], and in 4 of
the models [21, 24, 26, 29], it was found to be a predic-
tive factor of malignancy. Despite genetic susceptibility
has been described previously, concluding that there is an
association between a previous history of cancer in first-
degree relatives, and increased risk of lung cancer in both
sexes [49], only one study [17] evaluated the previous his-
tory of lung cancer in relatives and found that it was not a
predictor of malignancy.

Some models found that CEA [15, 20, 24] and CYFRA
21-1 [15, 25] biomarkers were final predictors of malig-
nancy; however, none of the studies performed exter-
nal validations, nor do the Fleischner guidelines include
them as risk factors for malignancy. Further studies are
required to assess their future importance in routine clin-
ical practice

Exposure to other carcinogens (asbestos, uranium,
radon) has been described as a risk factor for lung can-
cer [7, 50]. However, only one study collected exposure
to asbestos [21] but did not identify it as a predictor. Pas-
sive exposure to tobacco is one of the causes of lung can-
cer and it has been shown that 40% of children, 33% of
non-smoking men and 35% of non-smoking women are
exposed worldwide [51], only one study [22] analysed it
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and it was not found that passive exposure to tobacco
smoke was an independent predictor of malignancy.

According to Fleischner guidelines, lung cancers occur
more frequently in the upper lobes. However, although
all studies collected the nodule location, only one study
conducted in the USA [21] identified it as an independent
predictor. In China, there is a high prevalence of tubercu-
losis and other granulomatous diseases, typically located
in the upper lobes. Most of the studies in this review
involved the Asian population, without a relationship
between nodule location and malignancy being observed.

Finally, emphysema, considered a risk factor [7], was
identified in 2 articles [17, 24], although neither was pre-
dictive. Chronic obstructive pulmonary disease (COPD)
was evaluated in a single study [17] but was not identified
as a predictor. In another study [29], a final predictor was
the history of chronic lung disease, but the type of dis-
ease was not specified. A recent meta-analysis confirms
that this comorbidity is frequent in patients with lung
cancer and that both this and emphysema increase the
level of risk, especially in smokers with heavy tobacco use
[52].

Assessment of the prediction model risk of bias

We followed the PROBAST guidelines on potential biases
distributed in 4 domains (participants, predictors, results
and analysis) to set out several methodological deficien-
cies of the studies included [11].

There is clear disagreement between the prevalence
of SPN malignancy found in the models included in this
review (between 23 and 77.45%) and the prevalence in
daily clinical practice (between 12.1 and 18.2%) [5]. This
is probably due to the fact that most models are based
on the population referred for surgery/biopsy, with con-
sequent selection bias, since there is an important group
of the population attended to in routine clinic settings—
those considered to be at lower risk of malignancy and
less likely to be sent to surgery/biopsy—not included in
most of the models studied. This selection bias occurs
in all the studies except three [21, 27, 28], which used a
case—control design nested in a cohort study, also includ-
ing those that only required radiological follow-up. The
rest describe themselves as retrospective cohort studies
[15-17, 19, 20, 22, 24-26], and in three, the type of study
is not well established [18, 23, 29].

According to PROBAST [11], the prospective cohort
study is considered the optimal design [11] with low risk
of bias, since it allows all the information on the poten-
tial predictors (exposures) to be collected before the
potential outcome, thus reducing selection or interviewer
biases. Non-nested case—control studies in a cohort
select a population from a study designed for another
purpose, and therefore have a higher risk of bias. In line
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with the results obtained by Collins et al. [53], the models
are seldom prospective and usually use information from
populations intended for a completely different purpose.

Nodule consistency (solid, subsolid) is a determining
factor when predicting SPN malignancy. The stability of
solid nodules is estimated over a period of 2 years [6, 7],
whereas in subsolids, it is 5 years [7]. Thus, longer initial
follow-up intervals and longer total follow-up periods are
recommended for subsolid nodules than for solid nod-
ules. Bearing this in mind, this was insufficient in the 3
studies that followed up [21, 27, 28] with 2 years of fol-
low-up, respectively. The remaining studies [15, 16, 18—
25, 27, 29] did not specify whether they followed up.

In some models, there was categorization of continu-
ous variables: in one [17], the values of the biomarkers
were dichotomized; in others, it was the smoking history
(> 30 pack-years) [29], (> 400 pieces-year) [18]; and in
one, it was the age (> 70 years) [26]. This establishes an
arbitrary cut-off point, from which a different risk level
is established, causing loss of information, so that predic-
tive capacity is lost [11].

In most of the studies, the analysis does not mention
patients with missing data. These are interpreted as hav-
ing been omitted, meaning that the analysis performed is
an “available/complete case analysis” This is the most fre-
quent type of analysis in predictive models and is the one
which we suppose was in 14 of the 15 studies in which
this information was not reported. The exclusion of miss-
ing data leads to biases in the association of the predic-
tors with the result and skews the performance of the
model because after the exclusion of cases with incom-
plete information, the selected subpopulation may not
be representative of the population. Only one study [17]
took into account the missing data, and used the multiple
imputation technique as recommended by PROBAST,
with a lower risk of bias, and is considered the best
method described [11].

The optimal sample size for binary prediction models is
considered to be a minimum of 100 events (preferably >
200) for external validations [53], with 10-15 events per var-
iable (EPV) (better > 20) [54] for development models [11].
This was the case in only 8 studies [15, 16, 20, 22, 24, 27-29].

The external validation of any development model in an
independent sample is essential to demonstrate its satis-
factory performance, i.e. applicability and transferability
in clinical practice. One of the most important limitations
of the models created so far is the lack of external valida-
tions. External authors have only validated 3 models [19,
21, 27] (Additional file 2), the most frequently evaluated
being that of Swensen et al. [21], which has presented
good discrimination in all of them, with values greater
than 0.75 [55]. Although there are studies that have cre-
ated models and have externally validated them with very
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promising results [17, 20, 25], there are no studies as yet
that corroborate the results obtained.

In some studies [15, 20, 22, 25], the Hosmer—Leme-
show Test was the only calibration method used. How-
ever, it is not without limitations: large sample sizes can
generate erroneous results and it does not reveal the
magnitude of the difference between the predicted values
and the observed values [55]. This does not happen with
the calibration slope (the method most recommended by
PROBAST), which was performed in only 5 articles [17,
21, 23, 24, 27].

The 15 models analysed showed low clinical applicabil-
ity due to the high probability of bias. In normal practice,
models that do not present selection biases are required,
ones that reflect all possible malignancy risk profiles (from
none to all) that may occur in a patient with an SPN found
incidentally. Some models are not explicit in the exclusion
of patients with a recent history of cancer (the last 5 years)
[16, 24, 25, 27, 29]; possibly, they are more likely to experi-
ence a tumour recurrence/metastasis, thus overestimating
the predictive values. In other cases, only solid nodules are
included [17, 24] and cannot be applied to patients with
subsolid nodules, and vice versa. Other recommendations
on predictors and their measurements are that they should
be standard and applicable to the clinical setting; specifi-
cally, biomarkers may not always be available.

Limitations and strengths of this review

The heterogeneity of the studies did not allow for a meta-
analysis. Only studies in English, Spanish or Portuguese
were included. These languages allow a wide coverage of
more than 90% of articles in the literature, however, we
discarded 6 articles written in other languages that could
have been relevant.

Additionally, when we used the search equation, there
were a large number of articles that were not ultimately rel-
evant to the study objective. This may have been due to the
lack of specific descriptors (MeSH), which meant that we
had to use Pubmed to search for Title and Abstract fields.

The final number was limited (# = 15) and most
involved high-risk populations, which limits the extrapo-
lation of the results from the models identified to routine
clinic practice.

Another limitation is that our literature search was car-
ried out only in three databases (Pubmed, Scopus and
Cochrane Central) not including for example important
databases such as Embase. However, Scopus is a good
alternative having the largest number of health articles
which constitutes approximately 90% of the articles pro-
cessed by PubMed, and more than 97% of the total titles
processed by Embase [56]. Therefore, we believe that if
there was a risk of publication bias from missing other
key databases this was minimal.
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The strengths of this review are the rigorous use of
standard tools of proven methodological quality to evalu-
ate the proposed models, and the independent selection
and review of the articles included their quality, with
high concordance among researchers in a relevant area of
knowledge, as reflected in the Burton—Kebler Index and
the Price Index. We attempted to minimize bias in the
review by adhering to a registered protocol and following
the PRISMA statement [57].

Conclusions

Our results indicate that most of the predictive models
were built mainly from retrospective studies with poor
levels of methodological quality, rendering their applica-
bility in routine clinical practice difficult.

Although there is scientific evidence on multiple fac-
tors which determine the risk of malignancy of a SPN,
important factors were not considered by most of the
studies, such as nodule consistency; growth rate; race;
emphysema; fibrosis; exposure to asbestos, uranium and
radon; or passive tobacco smoke; among others. Moreo-
ver, the evaluation of the studies included in this paper
leads us to underline the importance of identifying the
risk factors of malignancy of solitary pulmonary nodule
in different populations.

Efforts should be channelled towards epidemiological
studies with prospective designs, and roust methodol-
ogy representing the general population that uses clinical
services.

We believe that these results highlight key information
for clinicians when deciding how to use these models to
aid in the diagnostic and therapeutic management of sol-
itary pulmonary nodules.
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