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ARTICLE INFORMATION AIM: This study aims to quantify the performance of the Brock model through a systematic
review and meta-analysis and to clarify its overall accuracy in predicting malignant pulmonary
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Received 3 September 2024 MATERIALS AND METHODS: A systematic search was conducted in databases including the

Received in revised form Cochrane Library, Excerpta Medica database (EMBASE), MEDLINE, Web of Science, Chinese

13 November 2024 Biological Medicine Database (CBM), China National Knowledge Infrastructure (CNKI), VIP, and

Accepted 17 December 2024 Wanfang from their inception until May 1, 2024, to collect observational cohort studies

involving the Brock model. The primary outcome was the pooled area under the receiver
operating characteristic curve (ROC) the area under curve (AUC) for the Brock model. Sec-
ondary outcomes included sensitivity and specificity. The metaprotocol was registered in the
International Prospective Register of Systematic Reviews (CRD42024538163).

RESULTS: A total of 52 studies involving 85,558 patients were included. The pooled AUC was
0.796 (95% confidence interval [CI]: 0.771-0.820), with a pooled sensitivity of 0.82 (95% CI:
0.76-0.87) and specificity of 0.80 (95% CI: 0.72-0.86). Subgroup analysis showed that the
performance of the full model was significantly better than that of the simplified model (0.822,
95% CI: 0.794-0.849 versus 0.687, 95% CI: 0.611-0.763). The model performed excellently for
pulmonary nodules with diameters of 1- to 8 mm (AUC: 0.927, 95% CI: 0.900-0.954). However,
its performance was lower in Asian populations (AUC = 0.741, 95% CI: 0.703-0.780), solitary
pulmonary nodules (AUC = 0.767, 95% CI: 0.693-0.842), and subsolid pulmonary nodules
(AUC = 0.747, 95% CI: 0.661-0.832).

CONCLUSION: This meta-analysis confirms the Brock model’'s overall strong performance.
However, the results indicate certain application limitations of the Brock model, with reduced
accuracy for larger nodules (>15 mm), solitary pulmonary nodules, subsolid nodules, and in
Asian populations.
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Introduction

Pulmonary nodule is one of the common radiological
manifestations, which is defined as round shadows with a
diameter of less than 30 mm in chest computed tomography
(CT) images."” The global detection rate of pulmonary nod-
ules has been steadily increasing annually. A study con-
ducted in Western Europe indicated that the detection rate
of pulmonary nodules in the general population is 41.8%, and
even among never-smokers, it is as high as 38.8%. In China,
the detection rate of pulmonary nodules is lower but still
reaches 20.1%.* Among the detected pulmonary nodules,
those with a size of 4- to 10 mm account for more than 80% of
the total, and the probability of malignancy for these nodules
is less than 2%.” However, due to the large population base in
the world, lung cancer remains the second most commonly
diagnosed cancer and the leading cause of cancer-related
deaths worldwide.® Worse in China, lung cancer ranks first
in both incidence and mortality.”

Due to the slow growth behaviour of pulmonary nodules,
the current management strategy for pulmonary nodules
primarily involves observation and follow-up, especially
when the diameter of the nodule is less than eight milli-
metres. The observation and follow-up period can even
extend up to five years.® During the follow-up waiting
period, patients with pulmonary nodules often experience
significant psychological distress, with 24% to 57% of pa-
tients developing negative emotions.” This period is
described by patients as a ‘near-cancer’ experience.'’ With
the widespread adoption of lung cancer screening, pulmo-
nary nodules have become ‘easy to detect but difficult to
treat’, making the early and accurate differentiation of
benign and malignant nodules critically important.

The malignancy prediction models for pulmonary nod-
ules provide a basis for the diagnosis and treatment of
pulmonary nodules and effectively guide clinical decision-
making. Currently, there are several relatively well-recog-
nised prediction models, among which the Brock model is
the most highly regarded. It is recommended by the British
Thoracic Society guidelines'' and acknowledged by the
Fleischner Society.”” The Brock model, also known as the
Pan-Canadian Early Detection of Lung Cancer Study (Pan-
Can) model or Vancouver model, was developed by
McWilliams et al, in 2013 using patient data from the
multicenter PanCan."” The model is divided into parsimo-
nious and full models, each with versions that include or
exclude spiculation, resulting in a total of four formulae for
Brock. The full model includes nine predictors: age, sex,
family history of lung cancer, emphysema, nodule diameter,
nodule density, nodule location, the number of nodules, and
spiculation. The specific details of the Brock model formula
can be found in the supplementary file titled ‘Brock Model
Formula’.

Although the Brock model is the most highly regarded, its
performance in external validation has been inconsistent.'*'
Moreover, due to the inclusion of four formulae in the Brock
model, its application has been somewhat confusing. There-
fore, the aim of this study is to quantify the overall perfor-
mance of the Brock model by conducting a systematic review
and meta-analysis to validate the accuracy of the model in
predicting malignant lung nodules, as well as to assess its
effectiveness across different types, sizes, numbers of lung
nodules, formulae, and populations.

Materials and methods

This systematic review and meta-analysis was reported
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses extension for diag-
nostic test accuracy (DTA) studies.'® We had registered the
protocol for this review on the International Prospective
Register of Systematic Reviews website (CRD42024538163),
and it is available online.

Eligibility criteria

Observational cohort studies that reported on the diag-
nostic accuracy of the Brock model in predicting the prob-
ability of malignancy of pulmonary nodules were
considered. Peer-reviewed papers and grey literature were
included, whereas reports on predicting models that did not
include the Brock model were excluded. Furthermore, re-
views, systematic reviews, meta-analyses, case reports,
comments, guidelines, the literature with only abstracts and
articles written in languages other than English or Chinese
were excluded. The literature that does not provide data on
true positives (TPs), false positives (FPs), false negatives
(FNs), true negatives (TNs), or the number of individuals
applying the Brock model, as well as at least three of the
following metrics: sensitivity (Sens), specificity (Spec), ac-
curacy (Acc), positive predictive value (PPV), and negative
predictive value (NPV), will also be excluded. For the diag-
nosis of malignant nature of pulmonary nodules, patho-
logical confirmation is required. For benign pulmonary
nodules, if diagnosed through follow-up, the follow-up
period should be no less than one year. Those who do not
meet the aforementioned criteria will be excluded.

Search strategy

We searched eight databases, including the Cochrane
Library, Excerpta Medica database (EMBASE), MEDLINE,
Web of Science, the Chinese Biological Medicine Database
(CBM), the China National Knowledge Infrastructure (CNKI),
VIP Database for Chinese Technical Periodicals (VIP), and
Wanfang Data (Wanfang). All relevant literature in English
or Chinese was retrieved from inception until 1 May 2024.
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The key phrase used was (‘pulmonary nodule* OR ‘lung
nodule*’) AND (probability OR malignancy OR diagnosis OR
differential OR predictive) AND (Brock OR Vancouver OR
PanCan). Reference lists of all included studies were
examined to identify further potentially relevant studies.
Two authors conducted the literature search independently
and uploaded their findings into NoteExpress for double-
check.

Data extraction and quality assessment

Two authors (Shun C and Weilan L) independently
extracted data and cross-checked its accuracy post extrac-
tion. We used a standardised data acquisition form (Sup-
plementary files) for data collection, which specifically
includes the authors, publication year, region, number of
patients, gender, age (mean =+ standard deviation [SD]),
range of included nodule diameters, nodule diameter
(mean + SD), number of nodules (solitary or multiple),
nodule density, area under the receiver operating charac-
teristic curve (AUC), 95% confidence intervals (CIs) of AUC,
TP, FP, FN, TN, Sens, Spec, Acc, PPV, and NPV. For literature
lacking the aforementioned data, reasonable data conver-
sion were used for supplementation, with calculations
verified using MedCalc 20.022.

The quality of the included literature was assessed using
the Quality Assessment of Diagnostic Accuracy Studies
version 2 (QUADAS-2) tool,'” with evaluations performed
using the 'Risk of bias' module in Diagnosis test accuracy
review by RevMan 5.4 software. Similarly, two individuals
(Shun C and Weilan L) independently conducted the evalu-
ations and cross-checked the results. Inconsistent items were
resolved through consultation, and if consensus could not be
reached, a third author (Weiting L) was consulted for dis-
cussion and the final decision. The final tabular and graphical
presentations of the QUADAS-2 results are shown in elec-
tronic supplementary material Figure S 1 and Figure S 2.

Outcome of the meta-analysis

The primary outcome measure was the diagnostic ac-
curacy of the Brock model, presented as the AUC along with
the 95% CI. Secondary outcome measures included sensi-
tivity and specificity. Additionally, a preplanned subgroup
analysis was conducted to explore the optimal conditions
for the model’s applicability, with comparisons based on
model formulae, region, diameter, and the number and
density of pulmonary nodules.

Statistical analysis

The meta-analysis of AUC was performed using a
random-effect model in MedCalc (version 20.022). Hetero-
geneity was assessed using the F° statistic and the P value of
the Q statistic; if the F statistic were greater than 50% and
the P value was less than 0.05, high heterogeneity was
assumed, and a sensitivity analysis was subsequently per-
formed. Since the software requires the values of AUC and
Standard Error (SE) for computation, SE values can be
converted from 95% CI. Therefore, studies that did not

provide AUC and SE or 95% CI were excluded from the
analysis.

To avoid the shortcomings of traditional Summary the
receiver operating characteristic curve (SROC) meta-analysis,
the meta-analysis of sensitivity and specificity was con-
ducted using a bivariate model, specifically implemented
through the ‘midas’ command in STATA 17.0 and Meta-DiSc
2.0 (https://ciberisciii.shinyapps.io/MetaDiSc2/)."® Since the
use of STATA software requires the provision of TP, FP, FN,
and TN values for calculations, any literature that does not
provide the aforementioned data or provides data that
cannot be converted to calculate the aforementioned values
will be excluded from the analysis.

Result

Based on the search strategy, we retrieved a total of 834
articles from eight databases. According to the eligibility
criteria, we excluded some articles and ultimately retained
52 articles for further analysis, as shown in Fig 1. The
included articles cover the Americas (12),'>° Asia
(29),>'°9 Europe (10),2°°758 and Oceania (1).°® Due to
incomplete general information provided in some articles,
we only collected data for 85,558 patients, including
41,558 males and 34,445 females. The average age range of
the patients was 50.8- to 69 years, and the average diam-
eter of lung nodules ranged from 3.98 to 22 mm. Detailed
information can be found in the electronic supplementary
material, Table S1. Two independent researchers evaluated
the quality of the included studies using pre-established
assessment criteria and the QUADAS-2 tool. They reached
complete agreement throughout the evaluation process,
with no discrepancies observed. The results showed a
higher risk of bias in the domain of index test (approxi-
mately 75%) and flow and timing (approximately 50%). The
higher risk of bias in the domain of the index test was due
to the lack of preset thresholds and the retrospective na-
ture of most studies, whereas the higher risk in the domain
of flow and timing was because some benign lung nodules
were ultimately determined by follow-up with no change
or disappearance, rather than being confirmed by patho-
logical results. Detailed information can be found in
Figures S1 and S2.

AUC

Due to some studies providing model validation results
for more than one population, a total of 52 papers yielded 86
sets of AUC data. These included 41 for the full
model 2022.24,25.27-29,31-33,39434446,5153,5456,60-67 15 ot
specified,??424>47:48,50,55,57-59.68.70 14 for the parsimonious
model,28-30.34.36-38,40,41,49.52,56 5 £41 the full model without
spiculation,”**% and 11 for the improved or modified
model 926323965 (Table S2). The aggregated AUC from these
86 sets, calculated using a random-effect model, was 0.796
(95% CI: 0.771-0.820, P<0.001, Fig 2). However, the results
exhibited high heterogeneity (Q-test significance level
P<0.0001, I’ = 98.94%). Consequently, five sets of data with
AUC or AUC 95% (I less than 0.5 (Wu-2021, Huang-2024,
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[ Identification of studies via databases and registers ]
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Figure 1 Study flow diagram.

» | Records excluded throught eligibility

——»| Reports not retrieved (n = 0)

Records removed before screening:
The duplicate records were
removed (n=272)

criteria (n = 126)

Reports excluded:
Does not involve Brock model (n = 361)
The provided data meet the exclusion
criteria (n = 17)
Data redundancy (n = 6)

CBM, Chinese Biological Medicine Database; CNKI, China National Knowledge Infrastructure. VIP, VIP Database for Chinese Technical Periodicals;

WOS, Web of Science.

Yang-2018-1, Wen-2023, and Liu Q-2023) were excluded,
yielding a pooled AUC 0f 0.813 (95% CI: 0.791-0.834, P<0.001,
Fig S 3). High heterogeneity persisted (Q-test significance
level P<0.0001, P = 98.96%). The high heterogeneity might
be related to the use of different classification models or
specific applicability conditions; thus, subgroup analyses
were performed based on predefined classification criteria.

Subgroup analysis by model formulae showed the
following results: not-specified — group?>424347:48,50,
99,57-5968.70. 3 pooled AUC of 0.728 (95% CI: 0.683-0.774,
P<0.001, Q-test significance level P<0.0001, P= 84.98%). Full
model group?0-22242527-29,31-33,39,43,44,46,5153,5456,60-67, 5
pooled AUC of 0.822 (95% CI: 0.794-0.849, P<0.001, Q-test
significance level P<0.0001, ¥ = 99.34%). Full model without
spiculation group?**%°: a pooled AUC of 0.922 (95% CI:
0.898-0.946, P<0.001, Q-test significance level P=0.0002,
P = 81.86%). Parsimonious model
group?8:30:34.36-38,40.41,49.52,56. 3 pooled AUC of 0.687 (95% CI:
0.611-0.763, P<0.001, Q-test significance level P<0.0001,
P = 96.03%). Improved or modified model group'%-26->39:65;

a pooled AUC of 0.877 (95% CI: 0.845-0.910, P<0.001, Q-test
significance level P < 0.0001, I = 77.80%). Details are pro-
vided in Fig S 4.

Subgroup analysis by region revealed the following re-
sults: North America (USA) group'®>%: a pooled AUC of
0.831(95%CI: 0.790-0.872, P<0.001, Q-test significance level
P<0.0001, P = 98.70%). Asia group’' >%: a pooled AUC of
0.741 (95% CI: 0.703-0.780, P<0.001, Q-test significance level
P<0.0001, ? = 99.37%). Europe group®’°°~%%: a pooled AUC
of 0.857 (95% CI: 0.831-0.884, P<0.001, Q-test significance
level P<0.0001, I = 89.39%). Due to only one study from
Oceania (Australia), and considering that 99.2% of patients in
that study were of Caucasian ethnicity,%” it was included in
the European analysis. Details are provided in Fig S 5.

Subgroup analysis by lung nodule diameter included
only 38 sets of data due to the lack of average diameter
information in some studies. The Fleischner Society rec-
ommends giving greater attention to pulmonary nodules
larger than 8 mm,71 whereas the American College of
Radiology classifies solid pulmonary nodules larger than 15
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Figure 2 Summary results of 86 AUC data. AUC, Area Under the Curve.

mm as 'very suspicious’.”? Therefore, we categorised the
pulmonary nodules into three groups: 1-8 mm, 8.01-15
mm, and >15.01 mm; 1- to 8-mm group19'22’50'62'64'65: a
pooled AUC of 0.927 (95% CI: 0.900-0.954, P<0.001, Q-test
significance level P<0.0001, ¥ = 88.81%); 8.01- to 15-mm
group?328:31.35:3643,4454,55,58,63,64.66. 3 nooled AUC of 0.824
(95% CI: 0.796-0.853, P<0.001, Q-test significance
level P<0.0001, P = 83.79%); >15.01-mm group’*?>>%
33,39,50,51,58,67.68. 3 pooled AUC of 0.740 (95% CI: 0.710-0.770,
P<0.001, Q-test significance level P=0.0002, P = 68.00%).
Details are provided in Fig S 6.

Subgroup analysis by the number of lung nodules
included 42 sets of data as only one study separately
validated results for multiple lung nodules. Data from
studies that did not distinguish between solitary and
multiple nodules were combined. Mixed
group!9-2230-33.37.39475458-67.70. 3 pooled AUC of 0.836
(95% CI: 0.804-0.867, P<0.001, Q-test significance level
P<0.0001, P = 98.17%). Solitary group>*#348:52:56-58.68. 4
pooled AUC of 0.767 (95% CI: 0.693-0.842, P<0.001, Q-test
significance level P<0.0001, I = 90.53%). Details are pro-
vided in Fig S 7.

Subgroup analysis by lung nodule density, following the
latest European guidelines, categorised nodules into solid and
subsolid types.”? Mixed group 9 2230.33.35-3943,
5,60,61.63-66.68. 3 pooled AUC of 0.818 (95% CI: 0.776-0.859,
P<0.001, Q-test significance level P<0.0001, P= 98.13%). Solid
group??>29.98616770. 3 pooled AUC of 0.765 (95% Cl: 0.694-
0.837, P<0.001, Q-test significance level P<0.0001,
P = 94.55%). Subsolid group?!:?6:31:44:47:49.526169. 3 pooled
AUC of 0.747 (95% Cl: 0.661-0.832, P<0.001, Q-test signifi-
cance level P<0.0001, > = 99.81%). Details are provided in
Fig S 8.

Sensitivity and specificity

Due to the inability to collect TP, FP, TN, and FN data from
many literature sources, only 31 sets of relevant data
(including multiple sets of data from single studies) were
extracted from 22 papers.|%2!~23:2535,37-4043,44,4749,53,55,
62.63.65-6770 ysing the ‘midas’ command in STATA 17.0
software, it was determined that this set of data did not
exhibit heterogeneity caused by threshold effect (propor-
tion of heterogeneity likely due to threshold
effect = 0.13 > 0.05). However, it still showed high het-
erogeneity (significance level of Q-test: P=0.000, F = 100%,
Fig S 9). Therefore, directly combining sensitivity and
specificity indicators may underestimate the accuracy of
diagnosis but still has reference value. The forest plot
generated by Meta-DiSc 2.0 displaying sensitivity and
specificity is shown in Fig 3, with the combined sensitivity
being 0.82 (95% CI: 0.76-0.87) and specificity being 0.80
(95% CI: 0.72-0.86); the Youden index calculated using this
method was 0.62.

The ‘midas’ command in STATA 17.0 was used to
calculate and subsequently analyse the bivariate model,
and the SROC curve was plotted, as shown in Fig 4, with a
combined AUC of 0.88 (95% CI: 0.85-0.91). The publication
bias detection result was P=0.349 > 0.10, indicating no
obvious asymmetry in the funnel plot (Fig S 10), suggesting
a low possibility of publication bias. Finally, by setting the
pretest probability at 0.5 to display the relationship be-
tween pretest probability, likelihood ratio, and post-test
probability, the Fagan plot indicated that a pretest proba-
bility of 50% connected to the middle column with a pos-
itive likelihood ratio results in a post-test probability of
81% (Fig 5).
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Total
Study TP (TP+FN) Sensitivity 95% CI
Audrey-2018-1 178 222 - 0.80 [0.74;0.85]
Audrey-2018-2 163 198 = 0.82 [0.76;0.87]
Charles-2016-1 112 116 = 0.97 [0.91;0.99]
Charles-2016-2 108 116 - 0.93 [0.87;0.97]
Charles-2016-3 99 116 — 0.85 [0.78;0.91]
Charles-2018-1 102 110 = 0.93 [0.86;0.97]
Charles-2018-2 86 94 — 0.91 [0.84;0.96]
Charles-2018-3 16 16 —d 1.00 [0.79;1.00]
David-2019 228 234 0.97 [0.95;0.99]
Fabien-2021 62 66 — 0.94 [0.85;0.98]
Gao-2022-1 232 287 - 0.81 [0.76; 0.85]
Gao-2022-2 52 64 — 0.81 [0.70; 0.90]
Hammer-2017 44 59 —a 0.75 [0.62;0.85]
Huang-2021 518 649 = 0.80 [0.77;0.83]
Huang-2024 8 81 - 0.10 [0.04;0.19]
Hunter-2022 58 83 — 0.70 [0.59;0.79]
Kaman-2018-1 13 17 — 0.76  [0.50;0.93]
Kaman-2018-2 25 31 — = 0.81 [0.63;0.93]
Kim-2018 62 76 — 0.82 [0.71;0.90]
Le-2023 43 48 _._._ 0.90 [0.77;0.97]
Liu-2023 353 439 = 0.80 [0.76;0.84]
Liu-2021 31 53 — 0.58 [0.44;0.72]
Maldonado-2019-1 16 31 — 0.52 [0.33;0.70]
Maldonado-2019-2 27 38 — 0.71  [0.54;0.85]
Maldonado-2019-3 34 42 — 0.81 [0.66;0.91]
Michelin-2023 20 22 — 0.91 [0.71;0.99]
Susan-2022 167 222 . 0.75 [0.69;0.81]
Wu G-2020 40 51 — 0.78 [0.65;0.89]
Wu-2021 67 127 b d 0.53 [0.44;0.62]
Yang-2022 37 51 R 0.73 [0.58;0.84]
Yuan-2024 60 66 — 0.91 [0.81;0.97]
Random effects model e 0.82 [0.76;0.87]
T T T T
0 02 04 06 08 1
Sensitivity
(a)
Figure 3 The sensitivity and specificity Forest plot.
CI, confidence interval; FN, false negative; TP, true positive.
SROC w'gh Prediction & Confidence Contours
105 ) =
® &
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>
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Figure 4 SROC for the Brock model (bivariate approach).

Discussion

Although the Brock model was developed over a decade
ago, this is the first meta-analysis of the Brock model to our
knowledge. Quantifying the model’s performance, we found
apooled AUC 0f 0.796 (95% CI: 0.771-0.820, 52 studies), with

Total
Study TN  (TN+FP) Specificity 95% Cl
Audrey-2018-1 6863 7657 0.90 [0.89;0.90]
Audrey-2018-2 6026 6810 0.88 [0.88;0.89]
Charles-2016-1 3313 4315 0.77 [0.75;0.78]
Charles-2016-2 3852 4315 0.89 [0.88;0.90]
Charles-2016-3 4053 4315 0.94 [0.93;0.95]
Charles-2018-1 3847 4298 0.90 [0.89;0.90]
Charles-2018-2 3602 3984 0.90 [0.89;0.91]
Charles-2018-3 245 314 - 0.78 [0.73;0.82]
David-2019 340 1163 0.29 [0.27;0.32]
Fabien-2021 14 31 — 0.45 [0.27;0.64]
Gao-2022-1 108 129 - 0.84 [0.76;0.90]
Gao-2022-2 35 40 — 0.88 [0.73;0.96]
Hammer-2017 17 27 — 0.63 [0.42;0.81]
Huang-2021 181 332 = 0.55 [0.49;0.60]
Huang-2024 278 306 = 0.91 [0.87;0.94]
Hunter-2022 19 34 —_— 0.56 [0.38;0.73]
Kaman-2018-1 735 855 0.86 [0.83;0.88]
Kaman-2018-2 792 943 0.84 [0.81;0.86]
Kim-2018 17 30 0.57 [0.37;0.75]
Le-2023 15 35 _— 0.43 [0.26;0.61]
Liu-2023 30 40 —a— 0.75 [0.59;0.87]
Liu-2021 25 26 . 0.96 [0.80; 1.00]
Maldonado-2019-1 3833 3872 0.99 [0.99;0.99]
Maldonado-2019-2 3749 3865 0.97 [0.96;0.98]
Maldonado-2019-3 3475 3861 0.90 [0.89;0.91]
Michelin-2023 44 68 —— 0.65 [0.52;0.76]
Susan-2022 43 83 — 0.52 [0.41;0.63]
Wu G-2020 12 17 _— 0.71  [0.44;0.90]
Wu-2021 10 20 — 0.50 [0.27;0.73]
Yang-2022 25 34 s 0.74 [0.56;0.87)
Yuan-2024 47 85 — 0.55 [0.44;0.66]
Random effects model | \ : <‘> 0.80 [0.72;0.86]
02 04 06 08
Specificity
(b)

sensitivity at 0.82 (95% CI: 0.76-0.87, 22 studies) and speci-
ficity at 0.80 (95% CI: 0.72-0.86, 22 studies). This analysis,
including data from over 85,000 individuals from multiple
continents (excluding Africa and South America), demon-
strates the Brock model’'s good and stable performance.
However, significant heterogeneity across studies suggests
complex, confounding factors that affect model validation.
Subgroup analyses indicated the greatest heterogeneity
reduction in groups by pulmonary nodule diameter, fol-
lowed by model formulae, implying that the model’s per-
formance varies significantly with different nodule sizes and
model formulae.

Model formulae

There is a significant performance difference between
the full and parsimonious models, with the full model (AUC:
0.822) outperforming the parsimonious model (AUC:
0.687), suggesting that using the full model improves pre-
diction accuracy. Notably, the full model without spicula-
tion performed even better (AUC: 0.922), possibly because
spiculation data were not collected in the British Columbia
Cancer Agency (BCCA) cohort wused for model
development,' reducing its predictive strength relative to
other factors. However, this finding is based on only three
studies and requires further validation. Additionally, some
studies proposed modifications to the full model, such as
using nodule volume,® the mean of the largest and
perpendicular diameters, removing predictors,'*?® or
adjusting coefficients,® which improved performance
(AUC: 0.822). However, these modifications lack external
validation, leaving their robustness across populations
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Figure 5 Fagan graph. LR, Likelihood Ratio.

uncertain. Future research should consider validating these
modified models, and if they consistently outperform the
original, revising the Brock model may enhance its predic-
tive accuracy. AUC, Area Under the Curve; LR, Likelihood
Ratio.

Regions

The Brock model performed poorest in Asia (AUC: 0.741),
with very high heterogeneity (F = 99.37%), suggesting
lower and less stable performance in Asian populations.’* A
similar model, the Mayo model, encountered comparable
validation challenges in Asia. This may be due to both
models’ inclusion of ‘upper lobe location’ as a predictor of
malignancy, whereas tuberculosis, which commonly affects
the upper lobes, is highly prevalent in Asia,”> potentially
increasing FPs. However, a Chinese study noted that despite
high tuberculosis rates, upper lobe nodules still present a
higher malignancy risk (OR: 1.750, P=0.005).”° Therefore,
accounting for the impact of tuberculosis and excluding it
when feasible may improve the accuracy of predicting
malignant nodules in Asian populations.

Diameters

The model’s predictive performance decreases as nodule
size increases. For nodules with an average diameter of
>15.01 mm, the AUC dropped to 0.740 (95% CI: 0.710-0.770)
with high homogeneity, indicating that the Brock model’s
performance is significantly impacted by nodule size. Data
from the Brock model development cohort indicate that the
model was trained on relatively small nodules,'> which may
explain its reduced performance for larger nodules during
external validation. For nodules larger than 15 mm, sup-
plementing the Brock model with additional predictive
models or methods is recommended to improve diagnostic
accuracy.

Count and density

The Brock model’s performance declined, particularly for
solitary and subsolid pulmonary nodules. In the develop-
ment cohort, solitary nodules accounted for only 4.75%
(571/12010) and subsolid nodules 15.99% (1920/12010)
cases,”® both representing relatively small proportions,
which may have reduced the accuracy of the derived co-
efficients. Additionally, since the model used solid nodules
as the reference without calculating specific coefficients for
these types, interference between nodules of different
densities may have occurred. Future models should calcu-
late separate coefficients for different nodule types using
logistic regression to improve performance for specific
nodule types.

Due to the lack of original data from many studies, the
meta-analysis of sensitivity and specificity is less compre-
hensive than that of AUC. However, since original data were
used, this meta-analysis avoided systematic errors from
differing software calculations, retaining substantial refer-
ence value. By integrating data from multiple studies using
STATA software, the Brock model’s AUC, sensitivity, and
specificity were found to be 0.88, 0.82, and 0.80, respec-
tively, indicating strong performance. Bayesian analysis
showed that with a prior probability of 50%, the model
could improve accuracy by 31%, which has significant clin-
ical implications. This suggests that clinicians can use the
model to aid decision-making on pulmonary nodule in-
terventions, potentially speeding malignant nodule diag-
nosis and reducing benign nodule overdiagnosis.

Limitations

First, due to limited data, the findings are not applicable
to Africa or South America. Second, only English- and
Chinese-language studies were included, leading to an
over-representation of studies from the United States, the
United Kingdom, and China, whereas studies in other lan-
guages were under-represented. Third, substantial hetero-
geneity was observed in data integration. Despite extensive
subgroup analyses, heterogeneity remained high, likely due
to the complex factors involved in model validation.
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Additionally, variations in data types required certain con-
versions during extraction, causing a minor loss of preci-
sion, which does not significantly impact the overall
findings.

Conclusion

In conclusion, this meta-analysis confirms the Brock
model’s overall strong performance. However, the results
indicate certain application limitations of the Brock model,
with reduced accuracy for larger nodules (>15 mm), soli-
tary pulmonary nodules, subsolid nodules, and in Asian
populations. Furthermore, the full model consistently out-
performs the parsimonious model, suggesting clinicians
should prioritise its use when possible and consider sup-
plementary diagnostic methods for these specific pop-
ulations to enhance predictive accuracy.

To improve the predictive accuracy of the Brock model, it
is possible to consider making appropriate modifications to
the existing model. Based on the findings of this study, the
following suggestions are proposed: 1. adjusting the model
parameters according to the characteristics of different
populations in various regions; 2. modifying the parameters
based on the number and density of pulmonary nodules;
and 3. incorporating new predictive factors such as serum
biomarkers, genomic data, other auxiliary diagnostic tools,
or artificial intelligence, in addition to the existing model.
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