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Abstract

Objective: We propose a risk-tailored approach for management of lung cancer screening results. 

This approach incorporates individual risk factors and LDCT image features into calculations of 

immediate and next-screen (1-year) risks of lung cancer detection, which in turn can recommend 

short-interval imaging or 1-year or 2-year screening intervals.

Methods: We first extended the “LCRAT+CT” individualized risk calculator to predict lung 

cancer risk after either a negative or abnormal LDCT screen. To develop the abnormal screens 

portion, we analyzed 18,129 abnormal LDCTs in the National Lung Screening Trial (NLST), 

including lung cancers detected immediately (n=649) or at the next screen (n=235). We estimated 

the potential impact of this approach among NLST participants with any screen result (negative or 

abnormal).

Results: Applying the draft National Health Service (NHS) England protocol for lung screening 

to NLST participants referred 76% of participants to a 2-year interval, but delayed diagnosis for 

40% of detectable cancers. The LCRAT+CT risk model, with a threshold of <0.95% cumulative 

lung-cancer risk, would also refer 76% of participants to a 2-year interval, but would delay 

diagnosis for only 30% of cancers, a 25% reduction versus the NHS protocol. Alternatively, 

LCRAT+CT, with a threshold of <1.7% cumulative lung-cancer risk, would also delay diagnosis 

for 40% of cancers, but would refer 85% of participants for a 2-year interval, a 38% further 

reduction in the number of required 1-year screens beyond the NHS protocol.
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Conclusions: Using individualized risk models to determine management in lung cancer 

screening could substantially reduce the number of screens or increase early detection.

Keywords

lung-cancer screening; LDCT screening; false-positive LDCT; abnormal LDCT; precision 
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Introduction

Building on the success of two large randomized trials,1,2 screening by low-dose computed 

tomography (LDCT) is currently recommended in the USA for people aged 50–80 who 

have smoked at least 20 pack-years and who currently smoke or have quit within the last 

15 years.3 A targeted programme is planned by the National Health Service (NHS) of 

England4,5 that will employ risk prediction models to decide who is eligible for screening. 

Use of formal risk calculators is consistent with “Equal Management of Equal Risks”, a 

principle that ensures consistent, efficient, and fair guidelines.6

To date, most lung cancer screening studies and programs worldwide have offered annual 

screening to all participants. However, people with a negative LDCT screen have reduced 

lung cancer risk during future screening,7–10 and studies support implementing a tailored 

approach to extend the screening interval to 2 years for some of these individuals.10–13 

However, there is no risk-based approach for deciding between 1-year and 2-year intervals. 

One approach is to recommend annual screening only for the subset of screen-negative 

people who have the highest 1-year lung cancer risk calculated by the previously published 

“LCRAT+CTneg” risk model.13 LCRAT+CTneg combines pre-screening risk from the 

Lung Cancer Risk Assessment Tool (LCRAT) with information from a recent negative 

LDCT screen. If a 2-year return had been recommended for screen-negative people with 

LCRAT+CT 1-year risk under 0.3%, then 58% of screen-negatives would have qualified for 

a 2-year interval in the National Lung Screening Trial (NLST), with the trade-off of delayed 

diagnosis for 24% of lung cancers that were detectable in one year.

However, for individuals who do not have a negative screen but instead have an abnormal 

LDCT that does not lead to a lung cancer diagnosis (a “return-to-screening” abnormal 

LDCT), it is unclear whether biennial screening could be acceptable. Abnormal LDCTs, 

which are usually abnormal because of a nodule with longest diameter 4mm or greater, are 

common1,14 and increase future lung-cancer risk.15 Many individuals with abnormal results 

are recommended a surveillance CT, and the vast majority become “return-to-screening” 

abnormal LDCTs because they do not lead to immediate cancer diagnosis.1,16,17

For prediction of lung cancer risk during screening, it is useful to distinguish between 

‘immediate’ and ‘next-screen’ risk of lung cancer detection in relation to a screening result 

of interest. Immediate risk refers to lung cancer that is detected after diagnostic follow-up 

prompted by the result of interest. In contrast, next-screen risk refers to when an individual 

has a screening result of interest that is believed to be non-malignant, is returned to usual 

screening, and has another screen after a specified interval (e.g., 1 year) that leads to lung 
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cancer diagnosis. A person’s immediate risk could serve as the basis for recommending 

short-interval (3–6 month) surveillance scans or further diagnostic procedures. A person’s 

combination of immediate and next-screen risk could serve as the basis for longer-term 

action, in particular for choosing the length of the interval before the next screen.

Current calculators for immediate risk of lung cancer do not incorporate pre-screening 

risk, and some apply only to the baseline screen.18–21 Further, no method is available to 

calculate next-screen or future risk following a return-to-screening abnormal LDCT. Here, 

we propose a unified risk-based approach for identifying appropriate, individualized lung 

screening management and intervals. We first developed a prediction model for immediate 

risk of lung cancer after an abnormal LDCT, which incorporates individual pre-screening 

risk and LDCT image features. Unlike other models for immediate risk, it is formally 

valid for both prevalence (T0) and incidence (T1+) screens. Second, we selected among 

nodule and non-nodule features to develop a model for risk at the screen 1 year following a 

return-to-screening abnormal LDCT. Together, these two models comprise a new portion of 

LCRAT+CT that predicts risk for abnormal LDCTs, called “LCRAT+CTpos”.

Finally, we combined the results from LCRAT+CTneg and LCRAT+CTpos, denoted the 

LCRAT+CT model, and analyzed NLST participants with any screening result (negative 

or abnormal). We examined outcomes of the LCRAT+CT model including the fraction of 

participants referred for a 1-year vs 2-year interval and the fraction of lung cancers with 

delayed diagnosis. We compared our risk-based proposal to the NHS England Targeted 

Lung Health Checks Programme, where 2-yearly screening is recommended except for 

individuals with baseline nodules with volume>80mm3 (or diameter>5mm when volumetry 

is unreliable) or new nodules with volume>30mm3 (or diameter>4mm), who receive annual 

screening.5 The Lung-RADS protocol is widely used in the USA, but a meaningful 

comparison was not possible since Lung-RADS does not recommend 2-yearly screening 

for anyone.

Methods

Data source and analysis cohort for development of the LCRAT+CTpos model

The NLST randomized 53,452 current and former smokers to 3 annual screens (denoted 

T0, T1, and T2) with either LDCT or radiography.1 Eligibility required age 55–74 years, 

≥30 pack-years of smoking, and ≤15 quit-years. A positive (“abnormal”) CT required 

a non-calcified nodule with longest diameter ≥4mm, or rarely, non-nodule suspicious 

abnormalities.1,22 The NLST recorded the presence, size, location, attenuation, and margins 

of nodules; nodule changes in comparison with the prior year’s screening LDCT; and 

non-nodule features such as emphysema. We used nodule data to identify new or growing 

nodules at the T1 and T2 screens (see Supplement).

To develop LCRAT+CTpos, we restricted to LDCT-arm participants who completed the 

baseline questionnaire and had at least one abnormal LDCT, and then analyzed immediate 
risk of lung cancer detection. We use ‘immediate’ to refer to screen-detected lung cancers 

diagnosed after follow-up from an abnormal result and before the next screen. Among the 

abnormal LDCTs not classified as lung cancer (i.e., return-to-screening abnormal LDCTs, 
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labelled “false-positives” in the NLST), we also calculated risk of cancer detection at the 
next screen. We defined “next-screen” cancers as those detected due to a positive result 

at the next annual screen after the return-to-screening abnormal LDCT. A “linked-year 

method” identified next-screen cancers as those occurring within 1 year of a diagnostic 

follow-up initiated within 1 year after a positive screen.23 We did not consider interval 

cancers, which by NLST definition occurred after negative screens.

Specifically, for the next-screen risk model, we analyzed risk at the T1-screen among 

participants who a) had a return-to-screening abnormal LDCT at T0-screen and b) 

attended the T1-screen and had a valid result. For the T2-screen, we analyzed analogous 

participants who had a return-to-screening abnormal LDCT at the T1-screen. We calculated 

LCRAT+CTpos cumulative risk of both immediate (denoted ri) and 1-year next-screen risk 

(rn) as cumulative risk=ri+(1-ri)rn. This expression denotes that each participant begins with 

immediate risk ri, and then for those without immediate lung cancer (1-ri), they contribute 

their 1-year next-screen risk (rn). We based decisions for 1-year vs. 2-year screening on 

cumulative risk because it accounts for potentially missed immediate cancers that would 

remain over the next year.

Statistical analysis

LCRAT+CT is a discrete-time Markov risk model24 for the binary indicator of lung-cancer 

status.13 The existing model for screen-negatives, LCRAT+CTneg, was developed in the 

NLST and successfully validated using data from the German LUSI trial.13,25 LCRAT+CT 

first calculates 1-year pre-screening risk using the Lung Cancer Risk Assessment Tool 

(LCRAT), a model for risk of incident lung cancer in the absence of screening.26 The 

LCRAT includes demographics, smoking, and other lung cancer risk factors and was 

successfully validated in 7 cohorts after development in the PLCO community care arm,26,27 

including 3 cohorts from the UK.28 Here, we developed LCRAT+CTpos, which includes 

two components. The immediate risk component calculates lung cancer risk based on the 

current LDCT, accounting for pre-screening LCRAT risk, nodules and other features on 

the LDCT, and whether the screen is a prevalence or incidence screen. The next-screen 

risk component predicts next-screen risk after a return-to-screening abnormal LDCT. 

LCRAT+CTpos accounts for features on an abnormal LDCT image by fitting log-binomial 

regression models.13,29 Therefore, risk equals LCRAT 1-year pre-screening risk raised to 

an exponent, where the exponent is calculated as the sum of the regression coefficients 

corresponding to features of the abnormal LDCT. We re-examined whether 4 properties 

of NLST screening, which hold for negative screens, also hold for abnormal screens 

(Supplement).

Among 29 features of abnormal LDCTs that were routinely collected in the NLST, we 

selected a reduced set of features for inclusion in LCRAT+CTpos. We separately applied 

a) least absolute shrinkage and selection operator or lasso30 and b) backwards-stepwise 

selection to minimize the Akaike Information Criterion. We fit a model including all features 

selected by either approach, and then excluded those that no longer contributed to the 

model or had low potential to be consistently identified in clinical practice. Using the 

final model, we assessed calibration using 10-fold cross-validation, and discrimination using 
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the optimism-corrected AUC statistic.31 We re-fit the model using generalized estimating 

equations to confirm that residual intra-individual correlation did not affect estimates (data 

not shown).

Following the development of LCRAT+CTpos, we then examined outcomes of the full 

LCRAT+CT model (LCRAT+CTneg and LCRAT+CTpos) by analyzing NLST participants 

regardless of screening result (negative or abnormal).13 We calculated the potential impact 

of using the full LCRAT+CT to choose management strategies between short-interval 

imaging (with potential clinical work-up), a 1-year interval, or a 2-year interval. These 

analyses used risks calculated during 10-fold cross-validation to avoid using the same data 

in both the prediction and evaluation. We focused on a 2-year interval as an alternative to 

annual screening because it was supported by the results of the NELSON trial, whereas a 

2.5-year interval led to a potentially higher proportion of late-stage cancers.11

Results

Table 1 shows characteristics of NLST participants with at least one abnormal LDCT result. 

Variation in baseline lung cancer risk factors led to wide variation in 1-year pre-screening 

risks calculated by LCRAT (median 0.35%).

Risk of immediate lung cancer diagnosis given a current abnormal LDCT – immediate risk 
portion of LCRAT+CT pos 

For risk at the current screen, 649 lung cancer cases were detected immediately following 

18,129 abnormal screens (3.6% risk) occurring among 10,149 individuals (Table 1).

Detailed results of model building are in the Supplement. The final model included terms 

for the longest diameter among all nodules, the number of nodules, presence of nodules with 

ground-glass opacity, presence of micronodules, nodule location, nodules with indeterminate 

margins, nodules showing growth between screens, new nodules, and nodules showing a 

suspicious change in attenuation (Supplementary Table 1). Among model predictors (Table 

2), the distinction between prevalence and incidence screens was accounted for by a strong 

interaction with spiculation (p<0.0001). Median risk at the prevalence (T0) screen, if any 

nodule was spiculated, was 11.1%. This reduced to 5.8% median risk at incidence (T1-T2) 

screens. Also, female gender (p=0.0075) and overweight/obesity (p=0.019) increased risk 

(beyond their effect on pre-screening LCRAT risk).

The model showed good cross-validated internal calibration (649 cases observed vs. 650 

predicted, p>0.99) and discrimination (optimism-corrected AUC=0.86).

Table 2 outlines calculations for immediate risk by LCRAT+CTpos. For example, consider a 

normal-BMI male at median pre-screening risk by LCRAT (0.35%) whose abnormal LDCT 

shows a single 7-mm solid nodule (initial exponent value of 0.82) in the left upper lobe 

(contribution of −0.08 to exponent) with only smooth margins (no contribution to exponent). 

The exponent for pre-screening risk is 0.82 (initial value) – 0.08 (upper lobe) = 0.74. The 

predicted immediate detection risk is 0.35%0.74 = 1.5% (n.b. risk increases with exponents 

less than 1, or coefficients less than zero).
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Risk of next-screen lung cancer after a return-to-screening abnormal LDCT – next-screen 
risk portion of LCRAT+CTpos

For risk at the next screen following a return-to-screening abnormal LDCT, 235 lung 

cancer cases were detected following 12,993 return-to-screening abnormal LDCTs, giving 

an average risk of 1.8% (Table 1). This is 4.7 times higher than the 0.4% average next-screen 

risk after a negative screen13,15 (p<0.001). These 12,993 LDCTs occurred among 8,299 

participants.

For the next-screen risk model, we confirmed our previous observations13 that (1) inclusion 

of pre-screening risk improved prediction, (2) prior screen results were not informative 

beyond the current one, and (3) the pre-screening risk exponent was similar at the T1 vs. 

T2 screen (Supplement). Non-Hispanic black race increased next-screen risk, but we did not 

include this effect in the model (see Discussion).

The final model accounted for the longest diameter among all nodules and the presence 

of any nodule(s) in the upper lobe(s), in the right middle lobe or lingula, with part-solid 

attenuation, with spiculated margins, with indeterminate margins, showing growth between 

screens, appearing as a new nodule, and showing a suspicious change in attenuation 

(Supplementary Table 2). The model showed good cross-validated internal calibration 

(235 cases observed vs. 238.7 predicted, p=0.79) and discrimination (optimism-corrected 

AUC=0.78).

Table 3 outlines calculations for next-screen risk by LCRAT+CTpos. In the previous 

example of a single 7mm left-upper-lobe solid-nodule with smooth margins with immediate 

risk=1.5%, now the exponent for pre-screening risk is 0.91 (7mm nodule) – 0.06 (upper 

lobe) + 0 (smooth margins) = 0.85. Therefore, the predicted next-screen detection risk is 

0.35%0.85 = 0.82%. One-year cumulative risk equals 1.5%+(1–1.5%)*0.82%=2.3%.

Potential impact of individualized risk calculators for management during lung cancer 
screening – evaluation of the full LCRAT+CT model

Compared with the NLST, the NHS England protocol would have referred 36% fewer 

people with abnormal screens for short-interval (e.g., 3-month) or fast-track surveillance 

imaging, while delaying diagnosis for only 4% of cancers. If the LCRAT+CTpos model for 

immediate risk had been used to identify people for short-interval or fast-track surveillance 

imaging, a ≥0.60% immediate risk-threshold would also delay diagnosis for 4% of cancers, 

yet would refer 42% fewer people with abnormal screens for short-interval/fast-track 

imaging compared with the NLST. This is a 9% additional reduction versus the NHS 

England protocol.

Figure 1 estimates outcomes from using the full LCRAT+CT model, including both 

LCRAT+CTneg and LCRAT+CTpos, to choose between 1-year and 2-year screening 

intervals. The Figure analyses participants with both negative and abnormal screen results, 

and accompanying data is provided in Table 4. By the principle of “equal management 

of equal risks”,6 individuals at the same cumulative risk of cancer should be managed 

equally, regardless of whether their recent screen was deemed abnormal or negative. Figure 

1 therefore evaluates the full LCRAT+CT model by including individuals with either a 
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recent negative or recent return-to-screening abnormal LDCT result, and the analysis allows 

individuals to be recommended a 1-year or 2-year screening interval regardless of whether 

they had a recent negative or abnormal result. Predictions for those with recent negative 

LDCTs are calculated by LCRAT+CTneg as previously described, using an equation in 

which pre-screening risk is raised to an exponent calculated based on the presence or 

absence of emphysema and/or consolidation on the negative LDCT.13

LCRAT+CT can be used to determine a threshold to recommend a 1-year interval for a 

subset of higher-risk individuals. For example, the NHS England protocol was designed 

with this intention, and when applied to the NLST data (using diameter thresholds), it 

would recommend a 2-year interval for 76% of individuals and delay diagnosis by 1 year 

for 40% of next-screen lung cancers. In contrast, a risk-based approach using LCRAT+CT 

with a cumulative risk-threshold of <0.95% would also refer 76% of people for a 2-year 

interval but delay diagnosis for only 30% of cancers, a 25% reduction versus the NHS 

protocol (Figure 1, Table 4). Alternatively, a risk-based approach that matches the NHS 

protocol in delaying diagnosis for 40% of cancers (<1.7% cumulative risk threshold for a 

2-year interval) would reduce the number of screens by 85% vs. the NLST (Figure 1, Table 

4). This is an additional 38% reduction in the number of screens 1 year later compared 

with the NHS England protocol (which reduced by 76% compared with the NLST). At 

this <1.7% threshold, 98% of individuals with a recent negative result would be offered a 

2-year interval, along with 49% of individuals with a recent return-to-screening abnormal 

result (Table 4). To further reduce the percentage of delayed diagnosis, a lower threshold for 

annual screening could be applied, such as 0.20% which would refer 30.6% of participants 

for a 2-year interval while delaying diagnosis for only 5.6% of cancers.

Discussion

We developed a risk-based approach to lung cancer screening allowing continual, 

individualized risk assessment, starting from pre-screening risk to decide eligibility for 

screening, then updating risk with LCDT results to refer for short-interval imaging (with 

potential clinical work-up) and then to tailor screening intervals. Considering participants 

with any screening result, our approach could maintain the sensitivity of the protocol for 

the NHS England Targeted Lung Health Checks yet further reduce the number of CTs by 

38% (LCRAT+CT cumulative risk<1.7%). Alternatively, our approach could refer the same 

proportion of participants for a 2-year interval as the NHS England protocol, yet reduce 

by 25% the fraction of cancers delayed in diagnosis (LCRAT+CT cumulative risk<0.95%). 

Clearly, in some contexts, it would be desirable to further reduce the number of delayed 

diagnoses, which could be easily achieved by lowering the LCRAT+CT threshold required 

for annual screening. In practice, our approach could be automated, calculating LCRAT 

1-year pre-screening risk using an online risk calculator32 and then subsequently updating 

immediate and next-screen risk with LCRAT+CT using information routinely collected from 

LDCTs.

To maximize efficiency, our approach draws on detailed information from standard risk 

factors such as age and smoking, as well as LDCT image features. In contrast, protocols 

such as Lung-RADS and the NHS England protocol rely almost exclusively on information 
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about nodule diameter or volume, which is categorized for alignment with management 

strategies.5,17 This approach, although simple and practical for routine use, considers 

neither traditional risk factors (age, smoking) nor other LDCT image features. It can only 

recommend closer follow-up for individuals with nodules exceeding size thresholds on the 

recent LDCT, and cannot prioritize people who have high future risk for other reasons. 

Unlike other risk-based approaches, such as the Brock model20, LCRAT+CT accounts for 

all pre-screening risk-factors, accounts for the distinction between the initial (prevalence) 

screen and future (incidence) screens, and calculates cumulative risk using models optimized 

for immediate risk of cancer and 1-year risk of lung-cancer detection.

When an indeterminate nodule is detected on a screening LDCT, it is commonly followed 

up with a surveillance low-dose CT performed at 3 or 6 months to assess nodule growth.5,17 

The most important limitation of our analysis is that we could not account for data from 

these surveillance scans because they were not collected in the NLST. In practice, when 

deciding what action to take after a surveillance scan, the LCRAT+CT risk score could be 

considered together with information from the new LDCT. In the future, we hope to update 

our model to additionally account for information from surveillance scans. We also note 

that when we refer to suggested follow-up for people with immediate risk >0.60%, we have 

not distinguished between the majority who should receive short-interval imaging and the 

smaller, highest-risk group who might be referred directly to ‘fast-track’ clinical work-up. 

In principle, a higher immediate-risk threshold for fast-track work-up could be established, 

such as ≥10%, which would refer only 10% of screen-positives to ‘fast-track’ work-up yet 

immediately detect 59% of prevalent cancers.

We found that some pre-screening risk factors, although included in LCRAT, needed to be 

separately accounted for in LCRAT+CTpos. For immediate risk, risk increased with female 

sex, as also seen in the Brock model,20 and with overweight/obesity. Risk of next-screen 

detection was higher in non-Hispanic blacks after adjusting for nodule characteristics 

(Supplement). We did not include this effect in our model because we believe it is 

an artifact of lower rates of follow-up among non-Hispanic blacks after an abnormal 

LDCT.33 An adjustment for race remains in LCRAT, which increases lung cancer risk for 

non-Hispanic blacks. However, this finding warrants investigation in datasets with larger 

minority populations, because if a genuine effect, it could exacerbate existing racial/ethnic 

disparities in lung cancer.34–38

NLST data do not link nodules on LDCT images with subsequent cancer diagnoses. 

Therefore, when cancer was detected one year after an abnormal LDCT, we could not 

ascertain whether the cancer was “missed” at the prior abnormal LDCT or had arisen de 
novo in the interval. Though our model appears internally valid, it requires validation in 

external populations. We caution that our impact estimates could be optimistic since our 

model was both developed and applied in the NLST, albeit with appropriate adjustments. 

The NLST also did not record volumetric information for nodules, which might improve 

models for risk during screening, and may have affected our results pertaining to the 

NHS England protocol.2,39 Finally, additional research is needed to understand precisely 

how many of the diagnoses delayed by a 2-year screening interval would result in a lost 
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opportunity to prevent lung cancer death. It is possible that delayed diagnosis for small-

nodule cancers may have a relatively small impact on prognosis.40

One model conceptually similar to LCRAT+CT was previously proposed by Schreuder 

et al.41 The Schreuder model accounts for multiple pre-screening risk factors and LDCT 

findings, but was developed and is formally valid only for baseline LDCT findings and 

outcomes at the T1 screen. In contrast, our model is formally valid for use during continuous 

screening. A prior validation study in the German LUSI trial found similar performance of 

the Schreuder model and LCRAT+CTneg.25 Before LCRAT+CT can be implemented in a 

clinical setting, a key next step will be to independently validate the full LCRAT+CT model 

in lung screening studies, including those with large sample sizes.

Although the LCRAT+CT model has a relatively straightforward formulation, it would be 

most efficiently implemented using automated processes within electronic health records 

(EHRs). The first step would be to calculate individual pre-screening risk by the LCRAT 

model. This can be done using an online tool,32 but we are currently integrating it into an 

EHR system which will make it easier for clinicians to use. If this step is done at screening 

initiation, then the LCRAT risk score could be used to define the population eligible 

for screening using a previously proposed threshold, or to identify additional individuals 

who do not meet current criteria (e.g. USPSTF) but have high likelihood of screening 

benefit.26,42 The second step would be to classify a person’s screen as either negative or 

abnormal based on the modified Fleischner criteria used in the NLST, solely to decide 

whether to use LCRAT+CTneg or LCRAT+CTpos. The third step would be to implement 

risk calculations for immediate (if abnormal) and next screen risk, according to the risk 

models described herein (for abnormal screens, LCRAT+CTpos) or previously (for negative 

screens, LCRAT+CTneg).13 This step would use previously recorded information describing 

the features and nodules on the LDCT image. Finally, EHR systems could be programmed 

to return the suggested management based on pre-defined risk thresholds for short-term 

surveillance, a 1-year interval, or a 2-year interval. In the future, an important enhancement 

will be to modify our models to incorporate information from radiomics analysis of LDCT 

scans,43,44 and this approach could be automated in a similar fashion. We are currently 

incorporating LCRAT into an EHR system and intend to incorporate LCRAT+CT in the 

future.

In conclusion, using individualized risk models to decide who should be referred for 

short-interval imaging and to choose the length of lung cancer screening intervals could 

substantially increase the efficiency of lung cancer screening programs. It is likely that risk-

based approaches to patient management in screening would improve cost-effectiveness, 

though this remains to be observed. Programs recommending biennial screening for most 

participants could substantially improve sensitivity by using risk models to identify high-risk 

individuals to be referred for annual screening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The LCRAT+CT prediction model for lung cancer risk during screening 

offers a unified, risk-tailored approach to recommend short-interval imaging, 

a 1-year interval, or a 2-year interval.

• Immediate and future lung cancer risk after an abnormal LDCT screen 

depends on pre-screening traditional risk factors as well as features of lung 

nodules including size, location, margins, attenuation, new appearance, and 

interval change.

• Compared with the draft protocol for the NHS England Targeted Lung Health 

Checks, the LCRAT+CT model with a threshold of <0.95% cumulative risk 

could reduce the number of cancers missed at 1 year by 25%, while offering a 

2-year interval to the same proportion of participants (76%).
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Figure 1: Potential impact of using the full LCRAT+CT risk model to refer the lowest-risk 
participants for a 2-year screening interval in the National Lung Screening Trial, among 
participants with any screening result (negative or abnormal).
The figure includes both individuals with a recent abnormal screen, with risks calculated 

by LCRAT+CTpos as described in the manuscript, as well as individuals with a recent 

negative screen, whose risks were calculated by LCRAT+CTneg as previously described.13 

The triangle represents the performance of the NHS England protocol; because it is not on 

the line, a risk-based program should be superior. The risk used is cumulative risk of both 

immediate (denoted ri) and 1-year next-screen risk (rn); then cumulative risk = ri+(1-ri)rn. 

This cumulative risk expression denotes that each participant begins with immediate risk 

ri, then for those who do not have immediate cancer (1-ri), they contribute their 1-year 

next-screen risk (rn). 1-year LCRAT+CT risks were calculated by 10-fold cross-validation, 

so that no record contributes to its own prediction. The data in this figure are also presented, 

together with additional information, in Table 4.
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Table 1:

National Lung Screening Trial LDCT-arm participants with at least one abnormal screening result who were 

analyzed to develop the LCRAT+CTpos model, by characteristics included in the Lung Cancer Risk 

Assessment Tool (LCRAT)

Characteristic (at T0 screen)
Immediate-screen analysis Next-screen analysis

N (%) or median (IQR) N (%) or median (IQR)

Total number of unique individuals 10,149 8,299

Total number of LDCT screens 18,129 12,993

Total number of lung cancers 649 235

Included in analysis of immediate-screen cancer risk

 One screen 4,254 (41.9) N/A

 Two screens 3,810 (37.5) N/A

 Three screens 2,085 (20.5) N/A

Included in analysis of next-screen cancer risk

 Once (at either T1 or T2) N/A 3,605 (43.4)

 Twice (at both T1 and T2) N/A 4,694 (56.6)

1-year pre-screening risk at T0 0.35% (0.21%−0.59%) 0.35% (0.21%−0.58%)

Sex

 Male 5,925 (58.4) 4,858 (58.5)

 Female 4,244 (41.6) 3,441 (41.5)

Age

 55–59 3,892 (38.3) 3,205 (38.6)

 60–64 3,140 (30.9) 2,566 (30.9)

 65–69 2,041 (20.1) 1,660 (20.0)

 70–74 1,076 (10.6) 868 (10.5)

Race/ethnicity

 Non-Hispanic White 9,292 (91.6) 7,628 (91.9)

 Non-Hispanic Black 369 (3.6) 272 (3.3)

 Hispanic 147 (1.4) 127 (1.5)

 Asian/Other 341 (3.4) 272 (3.3)

Education

 No high school diploma 638 (6.3) 511 (6.2)

 High school graduate/GED 2,736 (27.0) 2,210 (26.6)

 Post-high school training other than college 1,422 (14.0) 1,171 (14.1)

 Associate degree or some college 2,323 (22.9) 1,896 (22.8)

 Bachelor’s degree 1,647 (16.2) 1,361 (16.4)

 Graduate school 1,383 (13.6) 1,150 (13.9)

Body mass index

 Underweight 101 (1.0) 84 (1.0)

 Normal weight 3,029 (29.8) 2,451 (29.5)

 Overweight 2,746 (27.1) 3,487 (42.0)

 Obese 4,273 (42.1) 2,277 (27.4)
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Characteristic (at T0 screen)
Immediate-screen analysis Next-screen analysis

N (%) or median (IQR) N (%) or median (IQR)

Family history of lung cancer

 No first-degree relatives 8,523 (84.0) 6,979 (84.1)

 1 first-degree relative 1,518 (15.0) 1,233 (14.9)

 2 or more first-degree relatives 108 (1.1) 87 (1.0)

Years since quitting smoking

 Current smoker 5,475 (53.9) 4,381 (52.8)

 1 to 5 1,751 (17.3) 1,465 (17.7)

 6 to 10 1,505 (14.8) 1,205 (14.5)

 11 or more 1,418 (14.0) 1,248 (15.0)

Total pack-years

 30–39 2,342 (23.1) 1,972 (23.8)

 40–49 2,740 (27.0) 2,241 (27.0)

 50 or more 5,069 (49.9) 4,086 (49.2)

Total years smoked

 <30 609 (6.0) 514 (6.2)

 30–39 3,686 (36.3) 3,090 (37.2)

 40–49 4,620 (45.5) 3,730 (44.9)

 50 or more 1,234 (12.2) 965 (11.6)

Cigarettes per day

 <20 511 (5.0) 416 (5.0)

 20–29 4,856 (47.8) 3,911 (48.1)

 30–39 2,386 (23.5) 1,956 (23.6)

 40 or more 2,396 (23.6) 1,936 (23.3)

Self-reported emphysema

 No 9,186 (90.5) 7,544 (90.9)

 Yes 963 (9.5) 755 (9.1)

To develop LCRAT+CTpos, we restricted to LDCT-arm participants who completed the baseline questionnaire and had at least one abnormal 

LDCT, and then analyzed immediate risk of lung cancer detection. We use ‘immediate’ to refer to screen-detected lung cancers diagnosed after 
follow-up from an abnormal result and before the next screen. Among the abnormal LDCTs not classified as lung cancer (i.e., return-to-screening 
abnormal LDCTs, labelled “false-positives” in the NLST), we also calculated risk of cancer detection at the next screen. We defined “next-screen” 
cancers as those detected due to a positive result at the next annual screen after the return-to-screening abnormal LDCT. Missing values were 

imputed as previously described.26
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