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Summary
Background The proper management of suspicious radiologic findings is crucial to optimize the effectiveness of low-
dose computed tomography (LDCT) lung cancer screening trials. In the BioMILD study, we evaluated the utility of
combining a plasma 24-microRNA signature classifier (MSC) and LDCT to define the individual risk and personalize
screening strategies. Here we aim to assess the utility of repeated MSC testing during annual screening rounds in
1024 participants with suspicious LDCT findings.

Methods The primary outcome was two-year lung cancer incidence in relation to MSC test results, reported as relative
risk (RR) with 95% confidence interval (CI). Lung cancer incidence and mortality were estimated using extended Cox
models for time-dependent covariates, yielding the respective hazard ratios (HR). Clinicaltrials.gov ID:
NCT02247453.

Findings With a median follow-up of 8.5 years, the full study set included 1403 indeterminate LDCT (CTind) and 584
positive LDCT (CT+) results. A lung cancer RR increase in MSC+ compared to MSC- participants was observed in
both the CTind (RR: 2.5; 95% CI: 1.4–4.32) and CT+ (RR: 2.6; 95% CI: 1.81–3.74) groups and was maintained
when considering stage I or resectable tumors only. A 98% negative predictive value in CTind/MSC− and a 30%
positive predictive value in CT+/MSC+ lesions were recorded. At seven years’ follow-up, MSC+ participants had a
cumulative HR of 4.4 (95% CI: 3.0–6.4) for lung cancer incidence and of 8.1 (95% CI: 2.7–24.5) for lung cancer
mortality.

Interpretation Our study shows that MSC can be reliably performed during LDCT screening rounds to increase the
accuracy of lung cancer risk and mortality prediction and supports its clinical utility in the management of LDCT
findings of uncertain malignancy.
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(NCI); Gensignia LifeScience.
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Introduction
The findings of randomized low-dose computed to-
mography (LDCT) lung cancer screening trials have
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provided clear evidence that mortality can be reduced
with improved results by extending the intervention
beyond five years.1–3 In all these trials a remarkable
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Research in context

Evidence before this study
As of May 2024, a PubMed search was conducted using the
query “lung cancer screening reduced mortality”, limited to
European randomized controlled trials from the last five years.
The two main studies, NELSON and MILD, have demonstrated
that low-dose computed tomography (LDCT) screening
significantly reduces lung cancer mortality, with even better
outcomes when the intervention is extended beyond five
years. However, LDCT is known to produce suspicious findings
in about 9%–15% of cases, but less than 10% of these turn
out to be cancer, leading to unnecessary repeat scans and
invasive procedures. Effective management of patients with
lung nodules and the adoption of proper screening intervals
are crucial to maximize the benefits of these programs.

Added value of this study
In 2013, we launched the BioMILD trial, combining a plasma
24-microRNA signature classifier (MSC) with LDCT to assess
individual risk and personalize screening. Baseline results

showed that participants with a double-negative result had a
low 4-year lung cancer incidence of 0.8%, allowing their
screening interval to be safely extended to 3 years. By
assessing high-risk BioMILD participants with suspicious lung
lesions over ten years, the present study reports the
performance of repeated MSC testing alongside LDCT for
accurate risk assessment. Overall, a positive MSC profile
significantly increased the lung cancer risk as the onset of
disease, including early-stage and resectable tumors, was
approaching, with a notable impact on mortality prediction.

Implications of all the available evidence
Serial blood testing might enhance the management of
suspicious LDCT findings, potentially leading to timely
interventions or preventive neo-adjuvant or adjuvant therapy.
Ultimately, its implementation in screening programs may
lead to earlier cancer diagnosis and improve screening
compliance while reducing costs and harm.
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increase (>50%) in stage I-II tumors was observed in the
screening arm as compared to the 25% detected in the
clinical setting in most western countries.4 Nevertheless,
although the United States Preventive Services Task
Force (USPSTF) recently lowered the risk criteria of
eligibility for screening, adherence to screening in the
US has only modesty increased to 5.0%.5

Despite the recent introduction of more precise
volumetric measurement for solid nodule size in the
Lung CT Screening Reporting & Data System (Lung-
RADS) guidelines, LDCT screening still yields a high
rate of false positives.6 These results lead to unnecessary
repeat scans and invasive procedures that often return
non-malignant results, causing avoidable morbidity and
mortality.6–8 The proper management of patients with
lung nodules is therefore crucial to optimize the effec-
tiveness of LDCT screening.9

Identification of complementary non-imaging-based
tests is a priority in this respect, especially given the
new adjuvant and neo-adjuvant treatment options for
patients with early-stage and resectable lung cancer.10

However, neither diagnostic nor prognostic bio-
markers have yet been adopted in LDCT lung cancer
screening programs.11,12

Circulating microRNAs (miRNA) reflecting a protu-
morigenic status of the lung microenvironment or the
presence of early lesions could represent ideal candi-
dates as biomarkers for early lung cancer detection.13–16

In our previous research, we utilized a plasma miRNA
assay in LDCT screening series, resulting in the devel-
opment of a 24-miRNA signature classifier (MSC).17,18

The clinical utility of MSC was initially assessed in a
large retrospective trial.19 Based on our findings, an
independent research group reported on the
cost-effectiveness of the combined LDCT and MSC
screening strategy compared to LDCT alone.20

In 2013, we initiated the BioMILD prospective clin-
ical trial, a single-arm LDCT screening study that
enrolled 4119 participants (clinicaltrials.gov ID:
NCT02247453).21 The baseline results of the BioMILD
trial indicated that the combined use of LDCT and MSC
predicted individual lung cancer incidence and mortal-
ity. Specifically, we demonstrated the feasibility of
extending the screening interval to three years for
double-negative participants without a significant
decrease in stage I and curable tumors.21

According to the BioMILD study design, participants
with indeterminate (CTind) or positive (CT+) nodules
on LDCT returned for subsequent annual rounds until
lung cancer diagnosis or study completion. To gain
further insight into the utility of the MSC test in a
screening context, we here report the final results on the
performance of repeated blood MSC testing in BioMILD
participants with suspicious LDCT findings across all
screening rounds. Our ultimate goal is to assess
whether there is an improvement in the estimation of
lung cancer risk and lung cancer-specific mortality after
recurrent MSC testing.
Methods
Study design and selection of participants
The BioMILD trial combined the MSC test and LDCT to
improve the lung cancer screening efficacy by person-
alizing the risk profile and screening intervals. Details
on the general enrolment criteria and screening mo-
dalities have been described previously.21 Briefly, par-
ticipants were 50- to 75-year-old current or former heavy
www.thelancet.com Vol 46 November, 2024
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smokers who quit smoking less than 10 years before
recruitment (≥30 pack-years) or current or former
smokers (20 pack-years) with a family history of lung
cancer or a prior diagnosis of chronic obstructive pul-
monary disease (COPD) or pneumonia. The exclusion
criteria were any type of cancer occurring within the last
five years and suspicious lung nodules under
investigation.

Between January 2013 and March 2016, 4119 par-
ticipants provided written informed consent and were
enrolled at the Fondazione IRCCS Istituto Nazionale dei
Tumori. At baseline and at every subsequent screening
round, participants underwent LDCT and blood with-
drawal for the MSC test. They were then independently
classified according to the LDCT and MSC test result in
order to better personalize the screening strategies.
Participants with a LDCT/MSC double-negative profile
were invited to return after a 3 years interval period,
while other participants were invited to return after one-
year or shorter intervals according to nodule size and
independently of the MSC risk level.21

For the present analysis we selected only participants
with at least one CTind or CT+ result throughout the
screening program, while patients with prevalent lung
tumors or MSC test failure were excluded (Fig. 1). The
study was approved by the Institutional Review Board
and Ethics Committee and complied with the Declara-
tion of Helsinki.

LDCT imaging and nodule classification
LDCT scans were performed on a second-generation
dual-source CT scanner (Somatom Definition Flash,
Siemens Medical Solutions) as previously described.21

LDCT results were classified according to the MILD
screening trial algorithm and similarly to the Lung CT
Reporting & Data System guidelines (Lung-RADS
version 1.1).3,22 At baseline, LDCT scans with a domi-
nant solid nodule (SN) with a volume of 113–260 mm3;
a part-solid nodule (PSN) with a solid component
<5 mm in diameter or a nonsolid nodule (NSN) ≥5 mm
in diameter were classified as CTind, while LDCT scans
with a dominant SN >260 mm3 or a PSN with a solid
component ≥5 mm were classified as CT+. At follow-up,
LDCT scans with a dominant incident SN ≥60 mm3 or a
PSN with a solid component ≥5 mm were classified as
CT+, whereas those with a dominant incident
SN <60 mm3, a PSN with a solid component <5 mm or a
NSN regardless of size were classified as CTind. All
remaining scans were classified as LDCT negative (CT−)
at both baseline and follow-up.

Nodule management
In accordance with the BioMILD study design, all
CTind outcomes were investigated by annual LDCT
screening rounds, while CT+ tests were further
investigated by LDCT after three months, indepen-
dently of the MSC test result. When a SN
www.thelancet.com Vol 46 November, 2024
volume-doubling time (VDT) <400 days was observed
at the three-month recall, participants underwent 18-
fluorodesoxyglucose positron emission tomography
(FDG-PET) and/or contrast-enhanced CT. Lesions
showing a positive FDG uptake underwent workup by
biopsy and/or lung surgery as jointly established by a
multidisciplinary team including radiologists and
thoracic surgeons.

Plasma microRNA profiling
The MSC test is a custom locked molecular assay with
predefined cut-offs based on quantitative real-time
polymerase chain reaction (qPCR); it was trained
and validated in two retrospectives lung cancer LDCT
screening cohorts.17,18 Details about the MSC algo-
rithm can be found in a published methodology pa-
per.19 Starting from 10 mL of whole blood collected in
a K2 Ethylenediaminetetraacetic acid (K2EDTA)
Vacutainer tube, plasma was separated by two
consecutive centrifugation steps at 1258×g and 4 ◦C
for 10 min. RNA was extracted from 200 μL of plasma
and eluted in 50 μL of buffer according to the Maxwell
RSC miRNA Tissue Kit (Promega) protocol. Starting
from 3 μL of eluted RNA, the reverse transcription
(RT) phase, 12-cycles pre-amplification process and
the qPCR were carried out according to the protocol
for running custom RT and preamplification pools on
custom TaqMan Array microRNA Cards (Thermo-
Fisher Scientific).

The 384-well microfluidic custom cards to analyze
eight samples in duplicates were spotted with probes
for the 24 miRNAs: hsa-miR-101-2253, hsa-miR-106a-
2169, hsa-miR-126-2228, hsa-miR-133a-2246, hsa-miR-
140-3p-2234, hsa-miR-140-5p-1187, hsa-miR-142-3p-464,
hsa-miR-145-2278, hsa-miR-148a-470, hsa-miR-15b-390,
hsa-miR-16-391, hsa-miR-17-2308, hsa-miR-197-497, hsa-
miR-19b-396, hsa-miR-21-397, hsa-miR-221-524, hsa-miR-
28-3p-2446, hsa-miR-30b-602, hsa-miR-30c-419, hsa-miR-3
20-2277, hsa-miR-451-1141, hsa-miR-486-5p-1278, hsa-
miR-660-1515 and hsa-miR-92a-431. RT-qPCR was
performed using the ViiA7 Real-Time PCR System
(ThermoFisher Scientific) with proper cycling parameters:
10 min at 94.5 ◦C and 40 cycles at 97 ◦C for 30 s and
59.7 ◦C for 60 s. The background signal was removed
setting automatic baseline cycles and a fixed threshold of
0.15 for all 24 assays. The mean cycle threshold (Ct) value
of the two duplicates was considered for the analysis. The
ratio between couples of miRNAs featuring the MSC sig-
natures (risk of disease—RD; risk of aggressive disease—
RAD; presence of disease—PD; presence of aggressive
disease—PAD) was calculated as the additive inverse ΔCts
value. The number of ratios exceeding the respective cut-
offs to be considered positive was nine out of 27 for RD
and PD (six out of 27 for samples with high levels of he-
molysis), and 14 out of 28 for RAD and PAD. Positivity for
at least one of the four signatures determined a positive
test outcome. The results of the MSC test were uploaded to
3
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Fig. 1: Flow chart of the study design. BioMILD screening participants were selected according to the low-dose computed tomography (LDCT)
result at the first and subsequent screening rounds (A). At each screening round the selected participants were stratified according to the
combined results of LDCT and the microRNA signature classifier (MSC) test (B). LDCT divided patients into CT negative (CT−), CT indeterminate
(CTind) and CT positive (CT+), while MSC divided patients into MSC positive (MSC+) and MSC negative (MSC−).
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the database, if possible within three weeks after blood
withdrawal.

Patient management
Clinical data on lung cancers detected as part of the
screening study were collected during hospitalization
and outpatient follow-up. lung cancers detected after a
negative LDCT within the expected interval period or
first detected after voluntary withdrawal from screening
were defined as interval lung cancers. Information on
interval lung cancer and cause of death was collected
through phone calls or email contact with the general
practitioner or referring hospital and through periodic
requests to cancer registries. Only patients with a veri-
fied lung cancer diagnosis obtained through one of the
mentioned channels were considered here. Vital status
was obtained through the National Institute of Statistics
(ISTAT platform, SIATEL 2.0), which provides the exact
date of death within three months of its occurrence.
Participants accumulated person-years from the base-
line date until death or the date of last follow-up (last
date update: June 2023).

Statistical analysis
In our previous analyses of retrospective series, we
observed that the predictive power of MSC was main-
tained in the two years preceding a lung cancer diag-
nosis.19,23 Therefore, the primary outcome for the present
analysis was the two-year lung cancer incidence after
annual CTind and CT+ findings in strata of MSC test
results. The percentage of lung cancers detected with
specific features (stage, resectability, interval cancer, and
adenocarcinoma histology) was calculated relative to the
total number of tests and the total number of lung can-
cers detected. The main comparisons were evaluated
calculating the relative risk (RR) between MSC+ and
MSC− results and 95% confidence interval (95% CI).

The sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV) of the MSC
test for lung cancer incidence at one year, two years and
overall were evaluated generally and stratified by CT re-
sults. For the subgroup analyses, we sequentially
excluded patients with lung cancer at stages higher than I
and former smokers. In lung cancer cases, the sensitivity
of the MSC test was calculated at the time of diagnosis
and in the previous samples; a swimmer plot of MSC
samples from baseline to the time of diagnosis was
drawn up. lung cancer incidence overall, one year and
two years after the last two annual MSC tests with a
maximum interval of two years was reported and selected
comparisons were made using the chi-square test.

The seven-year cumulative lung cancer incidence
and lung cancer-specific mortality was estimated by
extended Kaplan–Meier (KM) curves for time-varying
variables and Cox models with hazard ratios (HR) and
95% CIs for time-dependent covariates. Participants
were stratified by annual MSC test results, considering
www.thelancet.com Vol 46 November, 2024
the dynamically changing MSC status (positive or
negative) for each individual. For lung cancer incidence,
the time has been calculated from the baseline to the
date of lung cancer diagnosis or last contact. For lung
cancer-specific mortality, the time has been calculated
from the baseline to the date of death or last vital status
follow-up (June 2023). Time-dependent Cox models
were also constructed for lung cancer incidence and
mortality in strata of MSC test results, COPD and clin-
ical risk models such as the Brock model and the
modified Prostate, Lung, Colorectal and Ovarian cancer
risk prediction model (PLCOm2012).24,25

All analyses were two-sided and p values < 0.05 were
considered significant. Analyses were performed using
Statistical Analysis System (SAS) software (release 9.04;
SAS Institute, Cary, North Carolina, USA) and RStudio
(version 1.4.1106).

Role of the funding source
The funders had no role in the study’s design, data
collection, analysis, interpretation, writing, or the deci-
sion to submit the paper for publication.
Results
Study population
As shown in Fig. 1A, 4119 participants were recruited to
the BioMILD screening program. With a median follow-
up of 8.5 years, 1088 participants had at least one sus-
picious LDCT finding at any screening round. In this
cohort, 3545 annual MSC tests had been conducted by
the end of follow-up and 30 (0.8%) resulted in failures.
In 16 participants, the failed test was the only available
MSC test (eight at baseline and eight at subsequent
screening rounds) and these were therefore excluded
from the present analysis. Additionally, to better assess
lung cancer incidence and mortality according to the
time-varying MSC test results, we also excluded 48 pa-
tients with prevalent lung tumors detected at baseline.
Of the selected 1024 participants 599 had a suspicious
LDCT result already at the first screening round and 425
exclusively over the following years. At every screening
round, participants were classified both as CT+, CTind
or CT− and as MSC+ or MSC− (Fig. 1B).

The characteristics of the selected participants at the
time of enrollment are reported in Supplementary
Table S1: 192 (18.8%) were younger than 55 and 321
(31.4%) older than 65 years; 426 (41.6%) were women;
976 (95.3%) had >30 pack-years and 830 (81.1%) were
current smokers. Participants were followed until lung
cancer diagnosis or study completion for a total of 8594
person-years.

Lung cancer risk prediction by MSC in CTind and
CT+ participants
The full study set included 1403 CTind and 584
CT+ results along with the corresponding 1190 MSC-
5
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tests and 797 MSC+ results evenly distributed between
the two CT groups (Table 1). The median time to lung
cancer diagnosis was 1.4 years (interquartile range
[IQR]: 1.1–1.6) and 0.4 years (IQR: 0.2–1.0), respectively,
in the two CT groups, without any meaningful differ-
ences between MSC+ and MSC− participants. lung
cancer was diagnosed within two years in 48 (3.4%)
CTind and 120 (20.5%) CT+ participants. A significant
lung cancer risk increases after CTind (RR: 2.46; 95%
CI: 1.40–4.32) or CT+ (RR: 2.60; 95% CI: 1.81–3.74) was
observed in the MSC+ group compared to the MSC-
group. Similar results were seen when only stage I or
resectable tumors were considered. Conversely, in both
CT groups, adenocarcinomas were less frequently
MSC+ than other histologies, while a non-significant
higher risk of interval cancers among MSC+ was
observed.

The performance of the MSC test was similar at
baseline and further screening rounds, although not
always reaching the significance threshold probably due
to the low number of events in exploratory subset ana-
lyses (Supplementary Tables S2 and S3).

MSC+ and MSC− test results did not significantly
differ (p = 0.5325) among participants without lung
TOTAL
exams

MSC−

CTind 1403 894

LC within 2 years 48 20

(% of CTind) (3.4%) (2.2%)

Stage I LC 35 15

(% of CTind; % of LC) (2.5%; 72.9%) (1.7%; 75%)

Resectable LC 40 16

(% of CTind; % of LC) (2.9%; 83.3%) (1.8%; 80%)

Interval cancer 5 2

(% of CTind; % of LC) (0.4%; 10.4%) (0.2%; 10%)

Adenocarcinoma 32 17

(% of CTind; % of LC) (2.3%; 66.7%) (1.9%; 85%)

Median time to diagnosis 1.4 y 1.4 y

(IQR) (1.1–1.6) (1.3–1.6)

CT+ 584 296

LC within 2 years 120 34

(% of CT+) (20.5%) (11.5%)

Stage I LC 87 29

(% of CT+; % of LC) (14.9%; 72.5%) (9.8%; 85.3%)

Resectable LC 106 29

(% of CT+; % of LC) (18.2%; 88.3%) (9.8%; 85.3%)

Interval cancer 1 0

(% of CT+; % of LC) (0.2%; 0.8%) (0%; 0%)

Adenocarcinoma 89 30

(% of CT+; % of LC) (15.2%; 74.2%) (10.1%; 88.2%)

Median time to diagnosis 0.4 y 0.5 y

(IQR) (0.2–1.0) (0.2–1.1)

CI, confidence interval; CTind, computed tomography indeterminate; CT+, computed t
signature classifier; RR, relative risk; y, year. aRelative risk on the total number of CTs.

Table 1: Lung cancer incidence in all screening rounds after CTind and CT+ e
cancer carrying solid or subsolid nodules
(Supplementary Table S4).

Operating characteristics of the MSC test
The MSC test’s operating characteristics, sensitivity,
specificity, NPV and PPV were analyzed using the one-
year, two-year and total lung cancer incidence following
a CTind or CT+ result. The findings are reported in
Table 2. In CTind the NPV reached 100% for lung
cancer diagnosed within one year and 98% for lung
cancer diagnosed within two years. In the CT+ group
the PPV was 23% for lung cancer detected within one
year and 30% for lung cancer detected within two years.
Similar results in terms of operating characteristics
were reported when considering only stage I tumors
(Supplementary Table S5) or current smokers
(Supplementary Table S6).

Time dependency analysis of MSC
To evaluate the diagnostic performance of MSC at
different intervals between blood sampling and lung
cancer onset, we focused on the 125 patients who had
developed lung cancer by the end of follow-up. Indeed,
124 of these (99%) were histologically proven. For the
MSC+ MSC+ versus
MSC− RRa (95% CI)

MSC+ versus
MSC− RRb (95% CI)

509

28 2.46 (1.40–4.32)

(5.5%) p = 0.0012

20 2.34 (1.21–4.53) 0.95 (0.67–1.34)

(3.9%; 71.4%) p = 0.0093 p = 0.7837

24 2.63 (1.41–4.91) 1.07 (0.82–1.40)

(4.7%; 85.7%) p = 0.0015 p = 0.7031

3 2.63 (0.44–15.7) 1.07 (0.20–5.83)

(0.6%; 10.7%) p = 0.3597 p = 1.0000

15 1.55 (0.78–3.08) 0.63 (0.43–0.93)

(2.9%; 53.6%) p = 0.2073 p = 0.0312

1.3 y

(1.0–1.5)

288

86 2.60 (1.81–3.74)

(29.9%) p < 0.0001

58 2.06 (1.36–3.11) 0.79 (0.65–0.97)

(20.1%; 67.4%) p = 0.0004 p = 0.0484

77 2.73 (1.84–4.05) 1.05 (0.90–1.23)

(26.7%; 89.5%) p < 0.0001 p = 0.5143

1 – –

(0.3%; 1.2%) p = 0.4932 p = 1.0000

59 2.02 (1.34–3.04) 0.78 (0.64–0.94)

(20.5%; 68.6%) p = 0.0005 p = 0.0362

0.4 y

(0.2–0.9)

omography positive; IQR, interquartile range; LC, lung cancer; MSC, 24-microRNA
bRelative risk on the number of lung cancers detected within two years.

xams in strata of MSC test result.
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TOTAL exams MSC− MSC+ Sens Spec PPV NPV

N % of
total
exams

N % of
total
exams

N % of
total
exams

CTind 1403 894 509

LC within 1 year 9 0.6% 2 0.2% 7 1.4% 78% 64% 1% 100%

LC within 2
years

48 3.4% 20 2.2% 28 5.5% 58% 65% 6% 98%

Total LC 136 9.7% 78 8.7% 58 11.4% 43% 64% 11% 91%

CT+ 584 296 288

LC within 1 year 90 15.4% 24 8.1% 66 22.9% 73% 55% 23% 92%

LC within 2
years

120 20.5% 34 11.5% 86 29.9% 72% 56% 30% 88%

Total LC 156 26.7% 50 16.9% 106 36.8% 68% 57% 37% 83%

CTind, computed tomography indeterminate; CT+, computed tomography positive; LC, lung cancer; MSC, 24-
microRNA signature classifier; NPV, negative predictive value; PPV, positive predictive value; Sens, sensitivity;
Spec, specificity.

Table 2: Performance of the MSC test in the CTind and CT+ groups in terms of sensitivity,
specificity, positive predictive value and negative predictive value.

Articles
missing case, the adverse clinical conditions prevented
the histological diagnosis. Most lung cancers were stage
I adenocarcinomas treated with curative surgery and,
when considering the MSC test result closest to the lung
cancer diagnosis, none of the main clinicopathologic
characteristics had a significant impact on the molecular
stratification of these patients (Supplementary Table S7).

The changes in the MSC test output over time along
with the lung cancer diagnosis and mortality are re-
ported in Fig. 2. Time dependency analysis showed an
80% sensitivity of MSC at diagnosis, gradually
decreasing to 70% in samples collected within 12
months before diagnosis, 53% between 12 and 24
months, down to 44% between 24 and 36 months
(Supplementary Table S8).

Cumulative lung cancer incidence and mortality by
annual MSC test repetition
The utility of repeating the MSC test at every screening
round was initially assessed by considering the cumu-
lative lung cancer incidence according to the varying
MSC test results in annual screening rounds. As shown
in Fig. 3A, the lung cancer incidence in
MSC+ participants increased significantly and
constantly at every screening round compared to MSC−
participants, with a cumulative HR of 4.4 (95% CI:
3.0–6.4). Similarly, in Fig. 3B the cumulative lung
cancer-specific mortality curves of MSC+ and MSC−
participants showed an HR of 8.1 (95% CI: 2.7–24.5).

The MSC test result remained significant for both
incidence and mortality after adjusting for risk factors
such as COPD or clinical risk models such as the
PLCOm2012 and Brock models in multiparametric
time-dependent Cox models (Supplementary Table S9).

Multiple MSC tests to improve lung cancer risk
prediction
To assess the utility of considering the last two consec-
utive MSC test results in the presence of a suspicious
CT finding, we focused on a group of 810 participants
with multiple MSC tests available in the two years prior
to the suspicious CT finding. Overall, a delay in the
occurrence of lung cancer was observed in the 312
(38.5%) participants with two consecutives negative
MSC results (Table 3). Compared to this group, the lung
cancer incidence did not differ in the 221 (27.3%) par-
ticipants who went from MSC+ to MSC− (RR: 1.3; 95%
CI: 0.6–3.0), while it increased in the 122 (15.1%) par-
ticipants who went from MSC− to MSC+ (RR: 4.2; 95%
CI: 2.0–8.6) and in the 155 (19.1%) participants with
consistently positive MSC test results (RR: 6.6; 95% CI:
3.4–12.6). Despite the increasing trend, the difference
between these last two groups was not significant
(p = 0.0772). Similar results in terms of RR were
observed when considering lung cancer onset within
two years after the last MSC test or until the end of
follow-up.
www.thelancet.com Vol 46 November, 2024
Discussion
The ability of molecular testing to refine lung cancer
screening by identifying pre-symptomatic, early-stage
tumors can only be determined in prospective
studies that follow a cohort of high-risk individuals
screened with both molecular testing and LDCT
screening.

The results of the BioMILD prospective study
showed a strong effect on lung cancer risk prediction of
baseline LDCT alone, a multiplicative effect when
combined with MSC, but also a significant effect of
baseline MSC alone with a 2.02-fold higher lung cancer
risk at four years.21 However, a single baseline MSC test
alone seems not powerful enough to attract individuals
as an alternative to LDCT screening. Moreover, in the
present-day context, considering the advent of new ultra-
low-dose LDCT scanners and AI programs, with an NPV
greater than 98% there is little room for proposing a
diagnostic blood test for lung cancer as a valid alterna-
tive to LDCT.26

The current screening guidelines recommend addi-
tional examinations for individuals with suspicious
LDCT findings according to nodule volume size, but
only 10% are diagnosed with cancer.27,28 In the BioMILD
prospective study the MSC result was not used to
determine the screening follow-up of CTind and
CT+ participants. Nonetheless, the present findings
indicate the potential of integrating the biomarker risk
level to optimize the clinical management of suspicious
LDCT findings.

Here we provide evidence that repeated MSC testing
throughout the screening program in participants with
suspicious LDCT findings remarkably increased lung
cancer risk prediction. The cumulative hazard incidence
of around 5% at seven years of follow-up in MSC−
participants increased to more than 30% in
7
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Fig. 2: Swimmer plot reporting the MSC test results over time along with lung cancer diagnosis and mortality. For the 125 patients who
developed incident lung tumors during the BioMILD study, the MSC test results at annual recall and at cancer diagnosis were considered. Overall
mortality and lung cancer-specific mortality are indicated with black lines starting from the time of lung cancer diagnosis.
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MSC+ participants. Furthermore, the accuracy of MSC
was independent of the most widely used lung cancer
risk markers such as COPD or clinical prediction
models (Brock and PLCOm2012) and, as required for a
biomarker of early cancer diagnosis, it was also inde-
pendent of tumor stage and resectability. These results,
along with the observation that most of the lung cancer-
specific mortality was observed in MSC+ individuals,
highlight the need for greater clinical care in this group
of patients.

Over the years we have gathered evidence that most
of the 24 circulating miRNAs composing MSC were
expressed and released by hematopoietic and stromal
cells rather than tumor cells.15 The modulation of
circulating miRNA levels, which define the positivity of
the MSC test, is independent of the tumor mutational
burden and reflects the shift to a protumorigenic and
immunosuppressive phenotype of the lung
microenvironment.14–16,29–31 These findings could explain
why some participants had an MSC+ test result in the
absence of a visible tumor and why individuals consis-
tently testing MSC+ over time had a higher risk of
developing lung cancer.
In the present study we observed that adenocarci-
nomas were less frequently MSC positive. This
finding aligns with the TRACERx study results, where
the absence of preoperative circulating tumor DNA
detection identified biologically indolent lung adeno-
carcinomas with favorable clinical outcomes.32 Our
results support the concept that small, asymptomatic
adenocarcinomas identified in screening studies have
a distinct natural history. These tumors are charac-
terized by a lower mutational burden and potentially
fewer neoantigens, likely resulting in a different
interaction with the immune and stromal
microenvironment.31,32

Others circulating biomarkers for screening and
early lung cancer detection are currently under evalua-
tion, although most are being proposed as a “pre-test”
for minimizing the risks associated with CT screening.
One of these is cell-free plasma DNA evaluation of
fragments for early interception (DELFI) which was able
to detect lung cancer with an overall ROC AUC of
0.90.33,34 A limitation of this test is the comparatively low
sensitivity in stage I lung cancer (50% at 80% specificity)
and the inclusion of individuals with symptoms
www.thelancet.com Vol 46 November, 2024
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A

B

Fig. 3: Extended Kaplan–Meier curves stratified by yearly MSC test repetition. Lung cancer incidence (A) and mortality (B) in MSC+ and MSC− BioMILD
screening participants. Cox models with hazard ratio (HR) and 95% confidence interval (95% CI) for time-dependent covariates were adopted.
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MSC test shift # of
participants

Median time of
diagnosis from
the last MSC test

LC within
1 year (%)a

RR
(95% CI)

p-value LC within
2 years (%)b

RR
(95% CI)

p-value Total LC (%) RR
(95% CI)

p-value

MSC− ≥ MSC− 312 14.4 m 11 (3.5) Reference 0.5591 19 (6.1) Reference 0.583 24 (7.7) Reference 0.5485

MSC+ ≥ MSC− 221 6.8 m 10 (4.5) 1.3 (0.6–3.0) 11 (5.0) 0.8 (0.4–1.7) 14 (6.3) 0.8 (0.4–1.6)

MSC− ≥ MSC+ 122 3.0 m 18 (14.8) 4.2 (2.0–8.6) 0.0772 21 (17.2) 2.8 (1.6–5.1) 0.0866 24 (19.7) 2.5 (1.5–4.3) 0.0943

MSC+ ≥ MSC+ 155 3.0 m 36 (23.2) 6.6 (3.4–12.6) 40 (25.8) 4.2 (2.5–7.1) 44 (28.4) 3.7 (2.3–5.8)

Total 810 4.0 m 75 91 106

LC, lung cancer; MSC, 24-microRNA signature classifier; RR, relative risk. aLung cancer diagnosis within 1 year of last MSC test result. bLung cancer diagnosis within 2 years of last MSC test result.

Table 3: Lung cancer diagnosis in 810 screening participants with two consecutive MSC test results within two years.
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suggestive of lung cancer, rather than a symptom-free
screening cohort in the study population where DELFI
was tested. Further development of a DELFI classifier is
ongoing in screening populations of two registered
clinical studies, NCT04825834 and NCT05306288.

A methylation-based multicancer early detection
diagnostic test, Galleri (GRAIL), was validated in inde-
pendent population cohorts.35,36 Overall sensitivity for
lung cancer was low in detecting stage I disease, varying
from 22% to 8.7%, although with a high specificity
(>98%); sensitivity was higher in advanced stages. Given
the low sensitivity, a negative test is insufficient to rule
out further investigation. Large-scale efforts including
prospective trials in the target-use population are
underway.37

Recently, in large multicenter cohorts enrolled on the
basis of the National Lung Screening Trial eligibility
criteria (age 55–75 years; smoking history >30 pack-
years), an 18-small-RNA (sRNA) feature consensus
signature efficiently discriminate patients with non-lung
cancer versus lung cancer nodules, even at a low stage.38

The sRNA analysis was successfully deployed with small
dried blood spot collection, opening the possibility for
the test to be conducted through home sampling.38 This
study adds further evidence of the utility of circulating
sRNAs as biomarkers for early detection and screening
of lung cancer.39 This class of biomarkers seems indeed
more effective in a screening context, since it is based
on a host-response concept that integrates tumor- and
host-derived information facilitating the detection of
early signals.9

An important limiting factor to the implementation
of LDCT screening is the large proportion in the eligible
population of asymptomatic individuals who lack
compliance or cannot undergo LDCT for health rea-
sons.40 Although the availability of a blood-based test
may also contribute to overcoming the well-known
resistance of heavy smokers to LDCT screening, pre-
vious prospective studies with pre-test blood bio-
markers have demonstrated the risk of false guarantees
generated by a negative blood test with low sensitivity
as well as a negative baseline LDCT.41,42 On the other
hand, the ability to refine individual lung cancer risk
determination through non-invasive validated blood
tests could reduce the number of LDCT screening
rounds, increase compliance and ultimately reduce
costs and potential harm. Clinical studies are now
underway to evaluate the complementarity of MSC
with radiomics and immunologic markers to better
define the timing of intervention.43,44 We envision a
broader applicability of MSC for early lung cancer
detection in high-risk individuals with incidental
nodule findings at LDCT screening or unwilling to
undergo upfront radiologic examination.

To our knowledge, BioMILD is the largest pro-
spective lung cancer screening study of heavy smoker
asymptomatic individuals that combined radiologic
imaging and a blood biomarker with over eight years of
follow-up. The low-cost, easy-to-implement blood test
could be repeatedly performed during LDCT rounds to
increase the accuracy of lung cancer risk definition and
contribute to the better management of pulmonary
nodules of uncertain malignancy. The baseline data
showed that screening participants with a double-
negative result could safely be allocated to a three-
year LDCT repeat.21 In light of the present results, we
posit that with an NPV of 98%, a CTind/MSC− test
outcome would allow the screening interval to be
extended from one to two years. Conversely, a CT+/
MSC+ result might add urgency to the planning of
further, closer investigations, including PET, which
was successfully used in our previous screening tri-
als,28 or ultimately prompt preventive neo-adjuvant or
adjuvant therapy.10
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