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Background: Despite the promising results of the National Lung Screening Trial in reducing lung cancer
mortality among high risk smokers, several challenges remain to be addressed. These include the high
false positive rates and the large number of smokers screened in order to prevent one lung cancer death.
In addition, host genetic susceptibility has not been integrated into selection of who should be screened.
These challenges highlight the need to develop robust ways to identify susceptible smokers for appropriate
screening.
Methods: We used the cytokinesis block micronucleus (CBMN) assay to assess smoking induced genetic
instability among NLST participants. Blood cultures were prepared at time of entry into the screening study
and DNA damage was recorded as the frequency of binucleated nucleoplasmic bridges and micronuclei. Low
dose CT (LDCT) and chest X-ray (CXR) image findings were available upon unblinding of the NLST study
and imaging data were merged with blood marker data for statistical analysis.
Results: A total of 641 participants were included in this study. The frequency of the CBMN endpoints
at time of entry into the study was significantly higher among study participants who had a positive finding
during the 3-year screening or reported lung cancer at the end of the follow-up period as compared to
participants who were negative. Growth curve models were used to compare trajectories of change in CBMN
endpoints between entry into the study and end-of-screening period. A statistically significant increase was
predicted for CBMN endpoints among the study participants who were positive versus those who remained
negative at the end-of-screening period (P<0.001).
Conclusions: Genetic instability biomarkers have the potential of facilitating the identification of
genetically susceptible high-risk smokers who would benefit from targeted lung screening programs.
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Introduction
In 2002, the National Lung Screening Trial (NLST) was
established to determine whether screening participants at
high risk for lung cancer with low dose CT (LDCT) versus
chest X-ray (CXR) would reduce lung cancer mortality rates
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among high risk smokers. In 2010, the study was terminated
due to the compelling observation of 20.3% reduction in
lung cancer mortality within the LDCT group compared
to the CXR group (1,2). Considering that approximately
222,500 new cases of lung cancer and 155,870 deaths were
expected in the US in 2017 (3), representing 25% of all
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cancer mortality potential benefits from screening trials
such as the NLST in terms of total lives saved are immense.
However, despite the dramatic results of the NLST, there
are major concerns regarding screening with LDCT that
include: possible harmful effects of cumulative radiation
exposure from multiple CT scans; surgical complications
in patients who prove not to have lung cancer and; the high
false positive and negative rates.
Data from the NLST identified ~25% of the participants
as having a positive finding for lung cancer of which 96%
of the participants, after further diagnostic evaluation, were
not lung cancer (1). Results from other screening trials
reported similar findings to the NLST which underscores
the need for better methods to accurately identify true
positive lesions (4,5).
Despite this high false positive rate, the results from the
NLST demonstrated that LDCT screening is effective
in high risk individuals. NLST definition of high risk was
limited to age (55–75 years) and pack years (smoked ≥30
pack-years and quit <15 years). With such criteria, over
9 million smokers meet NLST eligibility criteria, while
an estimated 20.3 million smokers aged 55–74 years are
considered NLST-ineligible. Kovalchik et al. (6) reported
that in order to prevent one lung cancer death, 302 subjects
have to be screened, however, by focusing on the individuals
with highest pre-screening risk this number is reduced to
208 and the false positives per CT-prevented lung-cancer
death were decreased from 108 to 78 in the three highest
risk groups (6). This data reinforces the role for riskbased screening, and using individualized risk assessment
instead of NLST entry criteria to increase efficiency of
LDCT screening in early detection of lung cancer. With
an estimated 94 million current and former smokers in the
United States, there is an urgent need to improve screening
detection outcome by identifying and validating markers of
risk and early detection.
Although over 80% of lung cancers are attributed to
tobacco exposure, only 15% of smokers develop lung
cancer in their lifetimes which emphasize the role of genetic
susceptibility on modulating the risk of developing the
disease (7,8). This observation is a classic example of genetic
host susceptibility as a risk modifier for development
of cancer (9) and can explain the variation of individual
susceptibility among current and former smokers (10).
Therefore, the term “high-risk” as defined by the NLST
(based on age and pack-years) needs refinement through the
addition of robust and sensitive biomarkers that would allow
the accurate identification of the true high-risk smokers that
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should be targeted in the lung screening programs.
Chromosome aberrations in peripheral blood
lymphocytes have been shown to be a viable biomarker
to measure both DNA damage and cancer risks (11-14).
An increased frequency of aberrations has generally been
considered indicative of subsequent cancer risk in humans,
reflecting early biological effects of genotoxic carcinogens
and individual cancer susceptibility (12,15).
The cytokinesis blocked micronucleus assay (CBMN)
in human lymphocytes is one of the most commonly
used methods for measuring DNA damage in the form
of binucleated micronuclei (BN-MN) and nucleoplasmic
bridges (BN-NPBs). The BN-MN originate from
chromosome fragments or whole chromosomes that
fail to engage with the mitotic spindle and therefore lag
behind when the cell divides, and BN-NPBs originate
from asymmetrical chromosome rearrangements and/or
telomere end fusions (16,17). We have previously reported
that the CBMN biomarker endpoints are strong predictors
of lung cancer susceptibility (18-20). Furthermore, we have
externally validated our findings in an independent lung
cancer population and have extended the existing Spitz lung
cancer risk prediction model (21) by adding the CBMN
biomarker endpoints. Our results suggest a substantive
increase in the overall discriminatory power of the Spitz
model, with the greatest performance improvement
observed among never-smokers followed by former and
current smokers (22). These findings prompted the current
investigation testing the utility of the CBMN endpoints in
lung cancer screening participants. The goal of this study
is to identify high-risk subgroups based on their genetic
susceptibility to lung cancer rather than on the NLST
study eligibility criteria of age and smoking status. Such an
approach, using a robust and cost-effective assay, is highly
appropriate for use in large population screening programs
and would have immense public health impact.
Methods
Study participants
All study participants were recruited at The University of
Texas M. D. Anderson Cancer Center (MDACC) under
an approved institutional review board protocol entitled
“Repository and research supplementation on the national
lung screening trial in current and former smokers”. The
goal of the study was to compile a comprehensive database
of epidemiologic risk factors and clinical data on all study
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participants enrolled in the ACRIN arm of the NLST at the
MDACC site. Risk factors that are not part of the NLST
protocol were collected on all the study participants to serve
as a resource for future studies. In addition, after signing an
informed consent, all study participants donated a 10-mL
blood sample at time of entry into the study (baseline, T0)
for testing blood-based biomarkers of lung cancer. Since
the NLST was a randomized trial comparing LDCT with
CXR, eligible participants from both arms were included in
the current study and their randomization status remained
blinded until the termination of the NLST study.
PBL cultures for CBMN assay
The CBMN assay was performed using the cytochalasin
B technique described by Fenech and Morley (23) and
following recommendations from the International
Collaborative Project on Micronucleus Frequency in
Human Populations (HUMN Project) (24). Duplicate
lymphocyte cultures were prepared for each study subject.
Each culture contained 2.0×10 6 cells in 5 mL RPMI
1640 medium supplemented with 100 U/mL penicillin,
100 µg/mL streptomycin, 10% fetal bovine serum, and 2
mM L-glutamine (Gibco-Invitrogen, Carlsbad, CA, USA)
and 1% phytohemagglutinin (Remel, Lenexa, KS, USA). At
44 hours after initiation, cells were blocked in cytokinesis
by adding cytochalasin B (Sigma, St. Louis, MO, USA;
final concentration 4 μg/mL). The total incubation time
for all cultures was 72 hours. After incubation, the cells
were fixed in 3:1 methanol: glacial acetic acid, dropped
onto clean microscopic slides, air-dried and stained with
Giemsa stain. For each sample, 1,000 binucleated (BN)
cells were scored blindly using a Nikon E-400 light
optical microscope following the scoring criteria outlined
by HUMN Project (18-20). The endpoints scored were
number of: (I) binucleated micronuclei (BN-MN) (reflective
of chromosome fragments or whole chromosomes that lag
behind when the cell divides); (II) binucleated nucleoplasmic
bridges (BN-NPBs) (reflective of asymmetrical chromosome
rearrangements and/or telomere end fusions (23-25). The
CBMN assay was performed only one time which was at the
time of entry into the study (T0).
NLST-imaging information
The imaging findings among the study participants
were reported according to whether the participant was
randomized to the LDCT arm or the CXR arm. At entry
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to the study, the baseline imaging findings (T0) for the
LDCT arm were described as: negative, negative with
minor abnormalities, negative with significant abnormalities
not suspicious for lung cancer, positive 4–10 mm nodule
suspicious for lung cancer, positive >10 mm nodule suspicious
for lung cancer and inadequate study due to technical
limitations. For the CXR arm, the baseline findings were
described as: negative, negative with minor abnormalities,
negative with significant abnormalities not suspicious for
lung cancer, positive with nodule or mass suspicious for lung
cancer, inadequate study due to technical limitations. The
same classifications were used to define imaging results at
year 1 follow-up (T1) and year 2 follow-up (T2) with the
additional classification of positive, stable abnormalities
potentially related to lung cancer. For this evaluation,
participants with negative minor or negative significant
abnormality not suspicious for lung cancer imaging results
were combined with participants with negative imaging
results. Participants were further defined as having a false
positive at T0 or T1 if a participant was defined as positive,
but further follow-up resulted in a negative or negative minor
or negative significant abnormality conclusion.
Among those participants who had a negative imaging
result at T0, we further characterized their end-of-screening
study status (based on results of T1/T2 study) as: “negativenegative” if study result was negative/negative significant
abnormality; or “negative-positive” if study result was
positive (CXR arm) or positive 4–10 mm, positive >10 mm
(LDCT arm).
After completion of the low dose CT screening component
of the study (T0–T2); surveillance of participants continued
for a median duration of 6.5 years (maximum of 7.4 years)
and lung cancer diagnosis was captured during the long-term
follow-up phase. Participants who were negative at T0 and
negative at end of long-term follow-up phase were defined
as “long-term follow-up negative”; participants who were
negative at T0 and positive at end of long-term follow-up
phase were defined as “long-term follow-up positive”.
Statistical analysis
All analyses were performed using the Intercooled Stata 15.0
statistical software package (Stata Corp., College Station,
TX, USA). We used descriptive statistics to characterize the
study population at baseline (T0), overall and by study arm by
calculating mean and standard deviations (SD) of continuous
variables and frequency and percentage for categorical
variables. One-way analysis of variance (ANOVA) was used to
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Table 1 Demographic characteristics of the study participants
Variable

All, N=641

LDCT-arm, N=330

CXR-arm, N=311

Gender, males, n (%)

406 (63.3)

205 (62.2)

201 (64.6)

Age, years (mean ± SD)

62.7±4.9

62.7±4.9

62.7±5

55–59, n (%)

195 (30.4)

102 (30.9)

93 (29.9)

60–64, n (%)

228 (35.6)

117 (35.5)

111 (35.7)

65–69, n (%)

144 (22.5)

69 (20.9)

75 (24.1)

70+, n (%)

74 (11.5)

42 (12.7)

32 (10.3)

571 (89.1)

287 (87.0)

284 (91.3)

African American

43 (6.7)

27 (8.2)

16 (5.1)

Hispanic

22 (3.4)

11 (3.3)

11 (3.5)

Other

5 (0.8)

5 (1.5)

0 (0.0)

300 (46.8)

167 (50.6)

133 (42.8)

22 (3.4)

8 (2.4)

14 (4.5)

319 (49.8)

155 (47.0)

164 (52.7)

Race, n (%)
Caucasians

Smoking status, n (%)
Former
Recent quitter
Current
LDCT, low dose CT; CXR, chest X-ray.

compare mean baseline time of entry BN-NPB and BN-MN
outcomes at baseline, separately, among T0 and T1 defined
negative, positive and false positive participant groups. At
T2, two-sample t-tests were used to compare mean baseline
time of entry BN-NPB and BN-MN outcomes between T2
defined negative and positive groups. Two-sample t-tests
were also used to compare mean BN-NPB and BN-MN
outcomes at each time-point between participants between
negative-negative and negative-positive groups. In addition,
growth curve models were used to compare trajectories of
change in BN-NPB and BN-MNs among the negativenegative and negative-positive participant groups. Twosample t-tests were also used to compare mean baseline
time of entry BN-NPB and BN-MN outcomes between
participants with positive imaging finding or diagnosed with
lung cancer during the long-term follow-up period and those
who remained negative and no lung cancer diagnosis in the
long-term follow-up period.
Results
Demographics and the study population
Seven-hundred and eighty-seven current and former smokers
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participated in the NLST MDACC study. A total of 642 study
participants agreed to be included in the current ancillary study
and consented to completing the risk factor questionnaire and
donated blood. The number of participants with complete
demographic, imaging and biomarker data at entry into the
study (T0) was 641, including 311 in the CXR arm and 330 in
the LDCT arm. Table 1 summarizes the patient population at
time of entry into the study. The study included 319 current
smokers, 300 former smokers and 22 recent quitters. The
cohort consisted of 63.3% males and 36.7% females, with
89.1% being Caucasians, 6.7% African Americans, 3.4%
Hispanic and 0.8% other. The average age of the cohort was
62.7 years old with 30.4% in the 55–59; 35.6% in the 60–64;
22.5% in 65–69 and 11.5% in 70–74 years old age groups.
Frequencies of the baseline CBMN endpoints with
imaging findings
Baseline BN-NPB endpoint and imaging findings
At T0, overall mean number of BN-NPBs among all the
study participants was 1.4. The mean number of BN-NPBs
was higher among the study participants (n=105) with T0
positive findings (regardless of imaging modality), mean ±
standard error of the mean (SEM) =1.49±0.13 compared
to those with T0 negative findings (n=535), mean ± SEM =
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Table 2 Overall frequency of baseline CBMN endpoints by imaging arm at the different screening time points
Time-points

All
N

Mean

SEM

LDCT-arm
P

N

Mean

SEM

CXR-arm
P

N

Mean

SEM

P

Entry (T0)
BN-NPB

0.1612

0.1925

0.6265

Negative

535

1.38

0.05

264

1.61

0.08

271

1.16

0.07

False positive

94

1.41

0.13

59

1.51

0.18

35

1.26

0.20

Positive

11

2.09

0.53

6

2.50

0.85

5

1.6

0.60

BN-MN

0.4917

0.6998

0.4599

Negative

535

2.00

0.04

264

2.13

0.06

271

1.88

0.05

False positive

94

2.07

0.10

59

2.24

0.12

35

1.8

0.16

Positive

11

1.73

0.30

6

2

0.52

5

1.4

0.24

Year 1 (T1)
BN-NPB

<0.0001

0.0003

<0.0001

Negative

566

1.29

0.05

279

1.5

0.07

287

1.09

0.06

False positive

29

2.41

0.30

29

2.41

0.30

0

–

–

Positive

17

2.71

0.32

6

2.33

0.62

11

2.5

0.41

BN-MN

0.0024

0.1968

0.0046

Negative

566

1.99

0.04

279

2.13

0.06

287

1.85

0.05

False positive

29

2.38

0.15

29

2.38

0.15

0

–

–

Positive

17

2.65

0.17

6

2.67

0.42

11

2.64

0.15

Year 2 (T2)
BN-NPB

0.5752

0.5747

0.1782

Negative

581

1.37

0.05

291

1.59

0.07

290

1.15

0.07

Positive

28

1.5

0.22

19

1.42

0.27

9

1.67

0.14

BN-MN

0.3516

0.989

0.232

Negative

581

2.01

0.04

291

2.15

0.06

290

1.86

0.05

Positive

28

2.18

0.21

19

2.16

0.24

9

2.22

0.43

CBMN, cytokinesis block micronucleus; BN-MN, binucleated micronuclei; BN-NPB, binucleated nucleoplasmic bridge.

1.38±0.05. However, when the positive findings group were
further classified into positive and false positive, the level
of BN-NPBs was higher among the positive findings group
(n=11), mean ± SEM =2.09±0.53 compared to the false
positive group (n=94), mean + SE =1.41±0.13. Although a
positive trend was observed when comparing the extent of
the BN-NPBs in the negative, false positive and positive
groups, the results were not significant (P=0.1612; Table 2).
Similar findings were observed when comparing each

© Translational lung cancer research. All rights reserved.

imaging modality (LDCT or CXR arms) separately.
There was a significantly (P<0.0001) higher mean number
of BN-NPBs among the study participants with T1 positive
findings (n=17) (regardless of imaging modality), mean ±
SEM =2.71±0.32 as compared to those with T1 negative
findings (n=566), mean + SEM =1.29±0.05, but not those in
the T1 false positive findings (n=29), mean + SE =2.41±0.30
(Table 2). Similar findings were observed when comparing
each imaging modality separately. The overall mean number
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Table 3 Trajectories of change in CBMN endpoints overtime by growth curve model
Time-points

Negative-negative

Negative-positive

N

Mean

SEM

N

Mean

SEM

P

T0

413

1.23

0.06

49

2.06

0.16

<0.0001

T1

313

1.36

0.07

43

2.21

0.17

<0.0001

T2

132

2.11

0.10

19

3.26

0.23

<0.0001

T0

413

1.87

0.05

49

2.35

0.13

0.0004

T1

313

1.99

0.06

43

2.72

0.14

<0.0001

T2

132

2.54

0.10

19

3.63

0.21

<0.0001

BN-NPB

BN-MN

P-value for slope of growth-curve trajectory: <0.0001. CBMN, cytokinesis block micronucleus; BN-MN, binucleated micronuclei; BN-NPB,
binucleated nucleoplasmic bridge.

of BN-NPBs among the study participants with T2 positive
findings (n=28) were not significantly different from the
T2 negative findings (n=581) (Table 2). Similar results were
observed when comparing each imaging modality separately.
Baseline BN-MN endpoint and imaging findings
At T0, overall mean number of BN-MNs was 2. The
mean number of BN-MNs among the study participants
with T0 positive findings (n=105) (regardless of imaging
modality), mean ± SEM =2.03±0.10 as compared to those
with T0 negative findings (n=535), mean ± SEM =2.00±0.04
(P>0.05). When the positive findings group was further
classified into positive (n=11) and false positive (n=94), the
mean ± SEM in the positive group =1.73±0.30, compared
to the false positive 2.07±0.10 (P=0.4917; Table 2). Similar
findings were observed when comparing each imaging
modality separately.
There was a significantly (P=0.002) higher mean number
of BN-MNs among the study participants with T1 positive
findings (regardless of imaging modality), mean ± SEM =
2.65±0.17 as compared to those with T1 negative findings,
mean ± SEM =1.99±0.04, but not those in the T1 false
positive findings, mean ± SEM =2.38±0.15 (Table 2). Similar
findings were observed when comparing each imaging
modality separately. The overall mean number of BN-MNs
among the study participants with T2 positive findings
mean ± SEM =2.18±0.21 were higher compared to those
with T2 negative findings, mean ± SEM =2.01±0.04, but
not significantly so (P=0.3516) (Table 2). Similar results
were observed when comparing each imaging modality
separately.
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Change in CBMN endpoints across time among the
study participants
Growth curve models were used to compare expected
trajectories of change in CBMN endpoints (BN-NPB and
BN-MNs) among the study participants who were defined as
negative-negative or negative-positive at the T0 compared
to the end of screening study period. The models showed
that the negative-negative participants (negative at T0 and
remained negative at T2) had significantly lower mean
number of BN-NPBs across all time points (all P<0.0001;
Table 3) compared to negative-positive participants who
were negative at T0 but positive at T2. Mean number of
BN-NPBs showed an increase across time for both groups;
however the magnitude of increase was significantly higher
(P<0.0001) among the negative-positive participants
compared to the negative-negative participants (Figure 1A).
Similarly, the mean number of BN-MNs was significantly
lower across all time points (P=0.0004 at T0 and P<0.0001
at T1 and T2; Table 3) among negative-negative participants
compared to the negative-positive participants. The mean
number of BN-MNs increased across time for both groups;
however the magnitude of increase was significantly higher
(P<0.0001) among the negative-positive compared to the
negative-negative participants (Figure 1B).
Frequency of CBMN endpoints and end of long-term
follow-up
We investigated the association between the frequency
of the CBMN endpoints at T0 and end of long-term
follow-up phase results. Participants were classified into
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A

B

Adjusted BN-MN across time points by scan group
Linear prediction fixed portion

Linear prediction fixed portion

Adjusted BN-NPB across time points by scan group
3.5
3
2.5
2
1.5
1
T0

T1
Time point
Neg-Neg

T2

4
3.5
3
2.5
2
1.5
T0

Neg-Pos

T1
Time point
Neg-Neg

T2
Neg-Pos

Figure 1 Growth curve models to compare trajectory of CBMN endpoints across time points. (A) Growth curve model to compare trajectory
of BN-NPBs across time points (baseline = T0 to T2) between study participants. Neg-Neg are participants who are negative at baseline (T0)
scan and negative at end of study. Neg-Pos are participants who are negative at baseline (T0) scan and positive at end of study. Participants who
remain negative at end of the study have lower mean BN-NPBs at baseline (T0) compared to participants who are negative at baseline but have
a positive scan by end of study (P<0.001). For both groups, BN-NPBs increase across time, but the magnitude of increase is higher among the
Neg-Pos participants (P<0.0001); (B) growth curve model to compare trajectory of BN-MNs across time points (baseline = T0 to T2) between
study participants. Neg-Neg are participants who are negative at baseline (T0) scan and negative at end of study. Neg-Pos are participants who
are negative at baseline (T0) scan and positive at end of study. Participants who remain negative at end of the study have lower mean BN-MNs
at baseline (T0) compared to participants who are negative at baseline but have a positive scan by end of study (P<0.001). For both groups, BNMNs increase across time, but the magnitude of increase is higher among the Neg-Pos participants (P<0.0001)

Table 4 Frequency of baseline CBMN endpoints by end-of-study long-term follow-up
End-point

Negative*

Positive**

P

No. of subjects

Mean

SEM

No. of subjects

Mean

SEM

BN-NPB

486

1.31

0.05

154

1.68

0.11

0.0009

BN-MN

486

1.97

0.04

154

2.14

0.08

0.0443

*, negative is defined as remaining negative by end of study and no report of lung cancer diagnosis in long-term follow-up; **, positive is
defined as having a positive finding by end of study or report of lung cancer diagnosis in long-term follow-up. CBMN, cytokinesis block
micronucleus; BN-MN, binucleated micronuclei; BN-NPB, binucleated nucleoplasmic bridge.

negative and positive groups. The negative group included
participants who remained negative throughout the 3-year
screening study and had no reported lung cancer at the end
of the follow-up phase. The positive group, on the other
hand, included those who had a positive finding during the
3-year screening study or had reported lung cancer at the
end of the follow-up phase. Table 4 shows a significantly
(P=0.0009) higher frequency in both CBMN endpoints at
T0 with the mean ± SEM =1.68±0.11 vs. 1.31±0.05 for the
BN-NPBs among the positive group (n=154) as compared
to the negative group (n=486), and a significantly (P=0.0443)
higher frequency for the BN-MNs with a mean ± SEM =
2.14±0.08 vs. 1.97±0.04 in the positive and negative groups
respectively.
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Discussion
In 2013, the US Preventive Services Task Force recommended
annual lung cancer screening with LDCT for high risk
smokers and former smokers based on age (55–80 years)
and smoking history (>30 pack-years in current smokers
and <15 years of quitting in former smokers) (26). However,
it has been suggested that lung cancer risk prediction
models based on an individual’s risk should be used as
a better targeted approach for selection of screening
candidates (27,28). A crucial early event in carcinogenesis
is the induction of DNA damage and genomic instability
phenotype, which enables an initiated cell to evolve into a
cancer cell by achieving a greater proliferative capacity (25).
Such instability is mediated through chromosomal
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changes, at a gross level, and is therefore cytogenetically
detected (29). We have previously extended an existing lung
cancer risk prediction model with the addition of genomic
instability endpoints and reported a substantive increase in
the overall discriminatory power of the Spitz model (22).
In the current study, we used the CBMN biomarker
assay to measure the extent of DNA damage among prediagnostic smokers participating in an ancillary study that
included NLST participants at the MD Anderson site.
Several reasons prompted the selection of the CBMN
endpoint for this study. First, cytogenetic assays are wellvalidated cancer risk biomarkers that reflect the exposure
of an individual to clastogenic agents and individual’s repair
capacity (11-15,30). Second, the CBMN assay in human
lymphocytes is one of the most commonly used methods
for measuring DNA damage and repair. Third, the CBMN
assay is cost effective and is highly appropriate for use in
large population screening studies. In this study, we tested
the use of the CBMN endpoints as robust biomarkers
to identify high-risk smokers that should be targeted
in the lung screening programs based on their genetic
susceptibility rather than on their age and smoking status.
We showed that overall, the frequency of BN-NPBs and
BN-MN endpoints (performed at time of entry into the
study, T0) are significantly lower among study participants
with negative imaging findings throughout the study period
as compared to participants with positive imaging findings
during the annual screenings and/or reported a lung cancer
diagnosis at the end-of study follow-up period.
Eleven cases of lung cancer were diagnosed at time of
entry into the study (T0). Although, we did not observe
significant differences in CBMN endpoints between
participants who were identified as having positive versus
negative findings (on either LDCT or CXR arms),
the frequency of the BN-NPBs was higher among the
participants with positive findings as compared to those with
false positive findings (Table 2). A similar frequency of BNNPBs among the false positive and the negative groups was
observed (Table 2) which highlights the sensitivity of BNNPBs in discriminating between the cancer and non-cancer
groups. The most striking results were observed between
the CBMN endpoints and imaging findings in year one
(T1), where seventeen incident lung cancers were diagnosed
through screening in both imaging arms. Both the BNNPB and the BN-MN endpoints were significantly higher
among the participants who were identified with positive
findings as compared to the false positive and negative
finding groups (Table 2). These findings are supported by
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our previous lung cancer case control studies showing the
high predictive values of the CBMN endpoints and lung
cancer risk (20,22) as well as by other studies reporting the
similar findings in other cancer sites (31-33). The results
of the CBMN endpoints and imaging findings at T2, were
higher among the positive findings group, however, the
differences were not significant. A plausible explanation for
the variation in level of significance over the screening time
points may be due to the small sample size in each group
as well as the relatively short period between evaluations.
This is supported by the observed end of long term followup study findings that the extent of genomic instability
among the participants who remained negative throughout
the 3-year screening study and had no reported lung cancer
at the end of the follow-up period was significantly lower
that the those who had a positive finding during the 3-year
screening study or had reported lung cancer at the end of
the follow-up period.
It is well known that DNA repair capacity decreases as a
function of age thus increasing the risk of cancer (34-36).
Approximately 70% of participants included in our study
were over the age of 60 at the time of entry into the
study and therefore we expected an increase in the level
of genomic instability through the course of the study
period. We used Growth curve models to estimate the rate
of increase in genomic instability over the course of the
study period. Our results showed an increase in genomic
instability among all study participants, however, the
projected increase (as measured by the slope of growth
curve trajectory) was significantly higher among those who
were negative at T0 and positive by the end of screening
study period as compared to those who remained negative.
These findings provide additional support to the use of
CBMN endpoints as predictors of genetically susceptible
smokers that should be targeted for lung screening
programs.
Although smoking is the main risk factor for developing
lung cancer, up to 25% of all lung cancers occur in neversmokers (37,38). In the US it is estimated there are 17,000–
26,000 annual deaths from lung cancer in never-smokers
many of whom have either been exposed to second hand
smoke or are genetically susceptible to development of lung
cancer (39). Thus lung cancer among never-smokers is a
significant public health need that needs to be addressed.
There has been ongoing debate regarding recommending
lung cancer screening among never-smokers at high risk
of lung cancer (27,40-43). We have previously reported
that the CBMN endpoints are predictive of lung cancer
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risk among never-smokers and that the extension of the
Spitz model allowed a substantial improvement in the
discriminatory power of the risk model in never-smokers (22).
The simplicity, rapidity, and sensitivity of the CBMN assay
make it a valuable tool for assessing genetic instability among
populations that are not eligible for LDCT screening such
as smokers younger than 50 years old and never-smokers and
therefore prioritizing potential cases for surveillance programs.
Prevention of even 10% of annual deaths from lung cancer
would save an estimated 17,000 lives, equivalent to all the
annual deaths in the United States from ovarian cancer
and almost all the annual deaths from brain cancers. The
association between genetic instability and lung cancer CT
screening outcomes could prove complementary for early
detection of lung cancer and dramatically improves the
performance of screening. Using the current lung cancer
screening guidelines of 55 years of age with a 30-pack year
smoking history, results in a very high false positive rate.
While successful despite this high false positive rate, there are
economical and psychological costs from high false positive
rates that must be reduced. A blood biomarker that identifies
individuals by their genetic susceptibility as true high risk of
lung cancer would be a major asset that would complement
CT lung cancer screening and would include those genetically
susceptible to development of the disease and those outside
of the current guidelines (susceptible young age smokers and
never-smokers). Identifying the true high-risk individuals
is expected to increase the number of lung cancer detected
early while reducing the numbers of persons screened.
Guidelines for appropriate follow-up of indeterminate lung
nodules are based on radiologist experience and there are
no scientific studies of which follow-up procedure results in
the best outcome. Therefore, a sensitive biomarker-such as
the CBMN-that improves the radiologist’s ability to predict
the risk of a nodule being a true lung cancer would greatly
improve the interpretation of screening studies. Subsequently,
this would reduce unnecessary treatment, overall costs and
emotional stress of false positive screens.
Our study has limitations, mainly the relatively small
sample size at the different study time points which may
have contributed to variation in our results; however, with
the overall larger sample size, the data are consistently
higher among the negative-positive versus the negativenegative participants. Compared to the overall NLST study
participants, the number of subjects enrolled at the MD
Anderson site was relatively small which prevented us from
further stratifications. However, the data presented in this
report warrant further investigation and validation in larger
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screening studies.
In order to identify the true high-risk individuals, it is
imperative to consider validated biomarkers of risk. To
our knowledge, our study is the first to assess genetic
susceptibility in a high-risk lung cancer screening population
using genetic instability markers. Such an approach could
have immense public health significance by complementing
CT screening in large populations as well as identifying highrisk subgroups that might benefit from increased screening
surveillance that is not appropriate for low-risk individuals.
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