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Abstract (237 words)
Low-dose computed tomography (LDCT) screening for lung cancer significantly reduces mortality from lung cancer, as demonstrated in randomized controlled trials and meta-analyses.  This review is based on the ninth CT screening symposium of the International Association for the Study of Lung Cancer (IASLC) which focuses on the major themes pertinent to the successful global implementation of LDCT screening and developed a strategy to further the implementation of lung cancer screening globally.
 	These recommendations provide a 5-year road map to advance the implementation  of LDCT screening globally including: (i) establishing universal screening program quality indicators; (ii) establishing evidence-based criteria to identify individuals who have never smoked but are at high risk of developing lung cancer; (iii) develop recommendations for incidentally detected lung nodule tracking and management protocols to complement programmatic lung cancer screening; (iv) Integrate artificial intelligence (AI) and biomarkers to increase the prediction of malignancy in suspicious CT screen-detected lesions;  and (v) standardize high-quality performance AI protocols that lead to substantial reductions in costs, resource utilization and radiologist reporting time; (vi) personalize CT screening intervals  based on an individual’s lung cancer risk; (vii) develop evidence to support clinical management and cost-effectiveness of other identified abnormalities on a lung cancer screening CT; (viii)  develop publicly accessible, easy-to-use, geospatial tools to plan and monitor equitable access to screening services; and (ix) establish a global shared education resource for lung cancer screening CT to ensure high quality reading and reporting.




Introduction
Lung cancer is the second most diagnosed cancer and the leading cause of cancer deaths globally with 1.8 million annual deaths[1]. Reduction in lung cancer mortality by screening with low dose computed tomography (LDCT) in high-risk individuals who have ever smoked has been firmly established by meta-analyses and randomized controlled trials[2-6]. The latter is summarized by the recent Cochrane review ‘Impact of low-dose computed tomography (LDCT) screening on lung cancer-related mortality’ that found a 21% lung cancer mortality reduction benefit (Table 1)[2]. Following publication of the favorable mortality outcomes from the National Lung Screening Trial (NLST)[6], the International Association for the Study of Lung Cancer (IASLC) convened six CT Screening Workshops which have discussed major opportunities to further improve CT lung cancer screening; building on the 2011 workshop which recommended six priorities to advance CT screening (Table  2).  Significant progress has been made to accomplish these goals. The achievements and representative publications are highlighted in Table 2 and in recent reviews [7, 8].  Lung cancer CT screening programs have been implemented at the country or regional level in in parts of North America, Europe, and Asia, with recent announcements by Australia and South Africa and a major implementation program in England[9, 10]. 
[bookmark: _Hlk135253091][bookmark: _Hlk135568081]Lung cancer screening is an evolving science.  This narrative review addresses the contemporary issues in lung cancer screening relevant to health professionals, and policy decision makers to advance global implementation of high-quality lung cancer screening (LCS) using LDCT.  A five-year roadmap is proposed based on expert consensus in the 2022 IASLC CT Screening Workshop in Vienna.
[bookmark: _Hlk135569264]Lung Screening Implementation Considerations	
A recent 10-country case study investigated how governments make decisions on the implementation of lung cancer screening programs[11]. The key decision factors associated with successful government approval of a population based LCS program found in this case study are summarized in Textbox 1. The items were modified based on input from participants in the 2022 CT Symposium who had successfully implemented LCS in their country or region. 
[bookmark: _Hlk135493720][bookmark: _Hlk135493743]While the clinical evidence to support the mortality reduction benefits of LSC in people who have smoked heavily in the past or are still smoking has been firmly established, financial implication of a LCS program is an important decision factor. To aid programs in securing resources and making the case for investment, the American Cancer Society (ACS) National Lung Cancer Roundtable (NLCRT) team of experts in medicine, navigation, health systems, and financial planning developed Projecting Lung Assessment Needs (LungPLAN)[12]. LungPlan is evidence-based, drawing on data from peer-reviewed publications and data from the American College of Radiology’s Lung Cancer Screening Registry. The management pathways in the models are based on the Lung CT Screening Reporting & Data System (Lung-RADS ® version1.0)[13]  for screening management pathway, and the Fleischner Society guidelines for incidentally detected lung nodules[14]. Based on the facility type, patient volume and growth rates, population smoking risk rates, the impact of patient navigators, and infrastructure costs, the financial value model will vary depending on the available clinical services such as diagnostic testing, surgery, other treatment, and ongoing screening. LungPlan has been field-tested by health systems in the US to provide a framework for predicting lung cancer screening and nodule management program costs, resources, staffing, and patient volume, enabling healthcare professionals to generate customized predictive reports. While LungPlan is based on the US healthcare payment model across Medicare, Medicaid, private payors, federally qualified health centers and not built for other countries, this model serves as an example of what could be re-built for healthcare systems in other countries using local costs, operating models, and clinical management pathways.
Screening Uptake
[bookmark: _Hlk120967843][bookmark: _Hlk135494032]In the United States, screening uptake has been slow and varied widely across the country [15, 16]. Lung cancer screening rates were found not to be aligned with lung cancer burden across the US [15]. Screening uptake was higher among individuals with insurance than among the uninsured (15.2% vs 4.0%, p<0.001)[17]. Uptake declined with age, higher education level, lack of primary care, lower provider knowledge of lung screening guideline and socioeconomic deprivation [18-20]. Social deprivation is an independent predictor of lung cancer incidence and mortality [21]. Using a social deprivation index constructed from community level education, income, unemployment, welfare assistance, and individual level covariates, the odds of lung cancer and death from lung cancer in the most deprived neighborhood were 1.27 and 1.32, respectively[21]. Increasing travel time and level of urbanization have been associated with lower screening rates in established screening programs such as breast mammography and colorectal cancer screening [22-24]. To facilitate planning for screening program growth and address disparity accessing screening services, the American Cancer Society National Lung Cancer Round Table (ACS-NLCRT) developed a geospatial mapping toolthat focuses on: (a) Disease Burden: What is the geographic distribution of risk (tobacco use), incidence, and mortality? (b) Access to Screening: What is the distribution of imaging facilities, and where does the eligible population have limited or no access to screening facilities? and (c) Equity: Are there geographic disparities by race/ethnicity, income, health insurance, and rural/urban location? The ACS-NLCRT Website (nlcrt.org) has a Lung Cancer Dashboard and Atlas with online tools (https://nlcrt.org/) that displays data for each county in the US on smoking prevalence, cancer surveillance, demographics and risk factors, expert cancer treatment centers, screening centers at state and county levels in relation to travel distance, and lung cancer mortality, which is useful as a tool to focus new program growth and investment in the areas of greatest need[25, 26].  A similar geospatial mapping approach is also used in other countries such as Canada in the implementation of the British Columbia Lung Screening Program in Canada to map the location of the 36 screening sites.  Utilizing lung cancer cases in health units across British Columbia as a proxy for the screen-eligible population, the impact of urbanization, individual components of the Statistics Canada’s Canadian Index of Multiple Deprivation, composed of sociodemographic and economic indicators, were considered in addition to vehicle travel time to determine the location of 36 screening sites such that over 90% of lung cancer patients can access one of the screening sites within one hour of driving[27]. Geospatial mapping tools such as these can inform evaluation of the impact of LCS in lung cancer stage shift initially and ultimately change in lung cancer mortality even down to the community level. 
Pilot implementation programmes in other countries seem to have better success using successive regional roll outs. In the Lung Screen Uptake Trial (UK), a pre-invitation letter signed by a primary care physician and a reminder resulted in a 52.6% screening uptake[19], methodology replicated in the UK Lung Health Check screening program [10].The UK have produced  a consensus road-map  for  the implementation of a national lung cancer screening  programme [28]. A survey of primary care providers (PCP) in Australia showed that LDCT screening was more common if the PCP had received education from radiology practices [29]. Education and promotion to engage PCP to recommend LCS, manage incidental findings on a screening LDCT and to provide pharmacotherapy for smoking cessation may improve screening uptake and facilitate successful implementation of screening programs.
Optimal Screening Protocol
Ideally, a lung cancer screening program should continue for many years after the baseline CT. From screening studies, 1.8% to 4.7% of screening participants were diagnosed with lung cancer at baseline, but more importantly 3% to 11% developed a new malignant lung nodule during the course of a screening program[30]. These cancers would not have been detected at an early stage in a non-continuous lung cancer screening program. In the UK lung cancer screening (UKLS) trial[3] after a median follow-up of 7.2 years, 50% (42/84) of lung cancers were detected after the last screen. The UKLS data, along with data from other lung cancer screening trials, provides potentially important information for future modelling studies to optimize the screening interval. 
Most current lung cancer screening programs are based on a fixed, annual, screening interval until the upper age limit or until the participant would no longer benefit from screening, with shorter follow-up intervals to determine growth rate of suspicious nodules. However, increasing evidence suggests the screening interval can be personalized to decrease unnecessary CT scans, thereby reducing radiation exposure, resource utilization and costs. Data from the NELSON trial showed that after the baseline CT, 2-year lung cancer probability was relatively low (0.4%-0.7%) for participants without any nodule and for participants with nodules less than 100 mm3[31].
The strategy of personalizing screening intervals depending on baseline CT lung cancer risk is being prospectively evaluated in the International Lung Screening Trial[32]. Participants with a baseline lung cancer probability less than 1.5% using the PanCan lung nodule risk calculator[33] and those without lung nodules received a CT scan 2 years later, whereas participants with nodule risk score 1.5% to 5% received a repeat screening CT 12 months later. Preliminary results suggest two-thirds of the screen participants with very low risk can safely undergo a repeat LDCT screening 24 months later without compromising tumor stage[34]. In the Italian bioMILD study, individuals with a negative baseline CT and a negative microRNA biomarker test were referred to a 3-year screening interval, with a low (0.8%) lung cancer incidence rate after 4 years [35].  A multicenter, multi-national EU trial - 4ITLR, is also on-going to address the question if a 2 year instead of 1 year follow up scan can be safely implemented in a screening program in participants with a negative baseline screen although it will be important to interpret the results of this study in the context of its eligibility criteria, which require very high baseline risk (age 60-79, high pack-year requirement, and low threshold for years of cessation) [35].
When two or more LDCTs are available, a deep learning algorithm[37] using age at the most recent scan, sex, smoking duration, pack-years, age quit smoking, family history of lung cancer, emphysema, days between the last two scans, and nodule parameters (new or pre-existing, location, attenuation, spiculation), average diameter, growth defined as VDT ≤400 days and increase in density, may optimize the screening intervals better than VDT alone, by identifying biologically more aggressive lung cancers earlier among high-risk individuals and reducing the frequency of LDCTs in low-risk individuals[38]. Prediction algorithms developed using data from the NLST also suggest that optimization of screening intervals for participants with and without baseline nodules could increase the efficiency of screening programs without compromising early detection [39, 40], and that this optimization may be further improved by integrating scores from artificial intelligence analysis of LDCT images [41]. The duration of benefit from a single screening LDCT should be explored further. In UKLS[3] after 7.2 years follow-up, the number of late-stage cancers remained significantly lower in the CT group compared with the regular care group (RR 0.43, p=0.005). A multicenter, population-based, prospective cohort study in 1,016,740 participants in China showed a significantly lower lung cancer-specific and all-cause mortality after a median follow-up of 3.6 years (IQR 2.8–5.1)[42]. Future research is required to determine the benefits and potential downside of personalized screening intervals and duration based on an individual’s CT lung cancer risk.
Diagnostic workup of early lung cancer
Diagnostic work-up of a suspected lesion is an important part of the screening pathway, avoiding delays to diagnosis and curative treatment while minimizing unnecessary procedures. Balance must be made between over- and under-investigation of lesions, with multidisciplinary discussion crucial for patient management to minimize the major downside of LCS. 
Screen-detected early lung cancers create diagnostic challenges due to their small size and often peripheral location. In the NELSON and NLST trials[5, 6], participants with a suspected early lung cancer who underwent surgical resection without a preoperative diagnosis had high rates of surgery for benign disease (17% to 24%)[5, 6, 39, 43]. Pre-operative fine needle aspiration of the lung nodule can significantly reduce the non-malignant surgical resection rate from 25.9% to 7.9% [44].  
Positron Emission Tomography (PET)
PET is recommended in international guidelines for both assessment of solitary pulmonary nodules and staging of suspected/known lung cancer. However, the utility of PET in smaller screen detected lung cancers has been challenged by results from screening studies and large clinical cohorts. Results from the COSMOS and NELSON screening trials revealed that PET performs poorly for lesions <15mm, Stage I disease and adenocarcinoma subtypes and does not exclude lung cancer if the pre-test probability is high [45, 46]. This has also been reported in large clinical cohorts where high false positive rates across a range of cancer prevalence was seen and a negative PET did not exclude cancer in a meaningful way [47].
PET remains the mainstay of staging for lung cancer. The detection of unsuspected distant metastases or nodal disease has a significant impact on the type of procedure to be performed. However, the utility of PET for staging subcentimeter tumors, and tumors presenting as subsolid nodules may be limited and requires further exploration.
Tissue Diagnosis
Tissue confirmation of malignancy in a small lung lesion can be challenging and requires experienced operators. Options include bronchoscopic biopsy, CT-guided transthoracic biopsy or surgical biopsy. The choice of technique varies depending on nodule type and location, need for nodal sampling, patient comorbidities, operability and patient preference, as well as available local expertise and equipment. The reported overall diagnostic yield of navigational bronchoscopic biopsy and CT-guided transthoracic biopsy is 70%-80% and >90%, respectively, with lower rates of pneumothorax and bleeding for bronchoscopic biopsy[48-50].  ‘Real-world’ experience, however, has shown that  bronchoscopic biopsy of peripheral lung lesions ≤2 cm can be as low as 50%[51] and CT-guided transthoracic biopsy of screen detected suspicious lesions may also be lower at 78% [53]. It is important to monitor the diagnostic yield of biopsies and complications.
If nodal staging is required to determine the suitability of curative therapy, a combined procedure using linear endobronchial ultrasound bronchoscopy (EBUS) and diagnostic navigational bronchoscopy would probably be the most efficient initial approach[49]. In operable patients with accessible lesions, a surgical biopsy with wedge resection may be considered for lesions with confirmed sequential growth, particularly where non-surgical biopsy cannot be obtained. If the biopsy confirms malignancy, the patient can progress to definitive curative surgical resection in the same procedure. Minimally invasive surgical approaches, such as video- or robotically assisted thoracoscopic surgery are the preferred approach. It is important to aim at minimising surgery for benign disease to <5%, particularly if the patient requires a lobectomy. 
[bookmark: _Hlk135490181]Standardized Reporting, Training, Education and Evaluation
[bookmark: _Hlk135579335]Standardized reporting is important to ensure consistent next step recommendations and would also allow ongoing audits to monitor outcome and quality improvement. In the US, LungRads [13] is the accepted radiology standardized reporting, which has been implemented and recently updated [13]. The NELSON Plus radiological reporting system[7] has been implemented in the large Horizon 4ITLR  project[36] and the UK has implemented the BTS guidelines[54]. Lung cancer screening is associated with participant anxiety regarding results[55,56]. To minimize increasing the psychological burden to screen participants, a report for health care providers and a separate report specifically designed for screen participants may be considered as they have different needs [49]. Engaging patient representatives and external cancer communication experts may help develop reports that are more culturally appropriate and avoid using terms that are prone to misinterpretation [49].  
Dedicated training for radiologists who read screening LDCT is important to ensure accurate interpretation and consistent next-step recommendations. In the United Kingdom, a platform was developed in the Target Lung Health Check (TLHC) program, (PERFormance Evaluation for CT Screening (PERFECTS), a web based external quality assurance (EQA)) to ensure appropriate interpretation, to benefit patient outcome, streamline clinician workload and optimize resource allocation. The program is modeled after the EQA scheme of National Health Service Breast Screening Programme, running for the past 34 years. [57]. The program is accredited by the Royal College of Radiologists, UK. The objective of PERFECTs is to evaluate a reader’s ability to detect and interpret nodules and make appropriate recommendations at baseline and follow-up scans. The analyses calculate normative performances and identify outliers based on national comparison who may require additional training.
In the Canadian British Columbia Lung Screening Program[58], readers must review three training modules before reading screening CT scans. The first module covers classification of lung nodule types, how scan acquisition parameters can influence nodule classification and size measurement, methods of measuring solid, part-solid, non-solid nodules and cystic lesions. The second module covers the BC Lung Nodule Management Protocol that uses the PanCan nodule malignancy risk prediction tool[32-34] for the baseline scan that has been reviewed by the Canadian Agency for Drugs and Technologies in Health[59].  In subsequent screenings, growth of existing lung nodules or appearance of new nodules are used as indicators for malignancy risk based on EU-NELSON volumetric protocol, 60]. The third module is on management of additional findings. A hands-on training session is provided to teach the use of the computer-assisted diagnostic tool that is provided for all reading sites to produce a structured report followed by test cases. To maintain certification, radiologists have to read >500 screening LDCT per year after the first year[58]. Both UK and Canadian quality assurance programs expose the participants to a wide variety of normal and malignant cases with educational value, which they may not encounter in everyday practice Experience from breast mammography screening showed that individual radiologists, provided they read more than 2700 mammograms per year, can receive robust estimates of their performance as compared with established benchmarks [61]. If done properly and not overused, audit and feedback of health professionals can dramatically improve care[62].
Since the 1990’s, the International Early Lung Cancer Action Program (I-ELCAP) has had a teaching file with >300 interesting lung cancer screening cases, to provide a web-based training tool to familiarize its users with various radiologic and pathologic appearances of early lung cancers [63,64]. Work is ongoing to establish a global shared education resource at IASLC. The goal is to provide multiple learning platforms based on real-life experiences from different parts of the world [64]. 
Other Findings on Lung Cancer CT Screening Scan
[bookmark: _Hlk135507720][bookmark: _Hlk135508520][bookmark: _Hlk135508570]Lung cancer screening differs from other screening programs because LDCT scans provide more information than just cancer detection. This may present both a problem and an opportunity. Other findings (OFs), also commonly referred to as ‘incidental findings’ or ‘additional findings’, are unrelated to the goal of the study. LDCT reliably detects common and potentially important conditions such as moderate or greater coronary artery calcification (CAC), moderate or severe emphysema, interstitial lung disease including pulmonary fibrosis, a mass (neck/thoracic/abdomen) osteoporosis, aortic aneurysms and bronchiectasis [65,66]. Each finding may be associated with benefit, either because of allowing treatment or a lifestyle change prompted by the finding. The Risk Or Benefit IN Screening for Cardiovascular disease (ROBINSCA) trial randomised 43,447 participants to usual care comprising conventional risk assessment or CT with CAC measurement[67]. In a questionnaire study of 600 participants, more people with CAC attended their GP (94% vs. 64%; p<0.001) and the use of antihypertensives and cholesterol lowering agents was higher (77% vs. 44%; p<0.001). The Lung Screen Uptake Trial found that participants at high risk of coronary events according to clinical criteria were often not on statins (54%); screening might have a “safety net” function[68]. However, OFs may cause harm through non-beneficial investigation and treatment or overdiagnosis [69]. They may also add considerable cost to screening. Dyer et al. have recently published a very helpful reference guide for incidental findings on Lung Cancer Screening CT examinations [70]. 
[bookmark: _Hlk135508619][bookmark: _Hlk120987921]Further research is needed into the clinical significance and cost effectiveness of identifying OFs [69]. A balanced approach would focus on following evidence-based guidelines, tending towards low harm review at the next screen and identifying some OFs that do not require reporting.  Information about detection and reporting of OFs should be provided to screening participants at program enrolment. When reported, information should be provided to explain what needs to be done.
Integration of Smoking Cessation with Screening
[bookmark: _Hlk123820518][bookmark: _Hlk135468991]By design, lung cancer screening programs attract participants with smoking rates above the community average. A high durable smoking cessation rate contributes to the overall survival benefit. Optimizing cessation by fully integrating effective intervention into the screening program as a standard operating procedure is the challenge. Preliminary results from the Yorkshire Enhanced Stop Smoking study (YESS) show a very high uptake of referrals to a Stop Smoking Service and high 3 month quit rates compared to standard practice. Even in the co-located model, the screening program must motivate a participant who is still smoking to accept referral. People who are still smoking expect that their smoking status will be identified, and that cessation advice will be provided. When both are actioned, patients’ satisfaction with their care improves[71]. Given the duration and intensity of smoking in participants, nicotine dependence will be almost universal. Pharmacotherapy such as nicotine replacement therapy (NRT) and/or Varenicline should be offered to everyone who is still smoking [72,73].  If Varenicline is not available or if cost is an issue,  a less expensive option is Cytisine ], a similar nicotinic receptor partial agonist – achieving a 32% 12-month quit rate compared to 7% with counseling alone in a randomized trial in LCS participants [74]. A recent Cochrane review concluded Varenicline is more effective at helping people to quit smoking than bupropion, or a single form of NRT, and may be as or more effective than dual-form NRT. Cytisine is more effective than NRT. However, it may be slightly less effective than Varenicline but may have fewer serious adverse effects [75]. The review recommended future trials should test the effectiveness and safety of Cytisine compared with varenicline and other pharmacotherapies and should also test variations in dose and duration.
[bookmark: _Hlk135507279]Quality Assurance and Quality Improvement
[bookmark: _Hlk135507332]Ongoing system performance and outcome monitoring is an integral part of a screening program for quality assurance and quality improvement. Nodule management protocols are heterogeneous around the world [13, 32, 49, 54, 60, 64-57]. Best practices need to be defined by comparing quality indicators such as rates of early reassessment, invasive procedures (bronchoscopy, CT biopsy, surgery), cancer detection per 1,000 screened, interval cancer, lung cancer-specific mortality, positive predictive values of a diagnostic work-up recommendation, stage distribution of screen-detected lung cancers, stage progression during observation rate, and health economics implications. A recent systematic review on screening program performance metrics for breast, cervical, colon and lung cancer screening identified substantial gaps in the existence of quality indicators for lung cancer screening [76]. A major report has been undertaken on cancer screening in England resulting in detailed future recommendations[77].  
 Under the auspices of the IASLC Early Detection Committee, a quality indicator working group has been formed to help establish international quality indicators to determine the quality indicators beyond expert opinion that can best be used to monitor and improve LCS and to compare screening program performance across jurisdictions.
[bookmark: _Hlk135569742]Screening of Individuals Who Do Not Meet Current Screening Eligibility Criteria
In western countries such as the United States, lung cancer deaths related to tobacco smoking are projected to continue to decrease in the next 25 years, while the number and proportion of lung cancers in people who have never smoked will continue to increase[78]. In some East Asian settings, the incidence of lung adenocarcinoma has been increasing over time, despite a steady decline in male smoking since the 1990’s and a constant low smoking rate among females[79]. As one example, two-thirds of Taiwanese patients with lung cancer have never smoked; the rate reaches up to 94% in females[80]. In this context, the TALENT trial has recruited people who have never smoked and had risk factors such as a family history of lung cancer, secondhand tobacco smoke exposure, chronic lung diseases such as tuberculosis or chronic obstructive pulmonary disease, high cooking index and cooking in poorly ventilated spaces[81]. Among  12,011 subjects half of whom had a family history of lung cancer, the first screening round revealed a 2.1% detection rate of Stage I or higher lung cancer , which is higher than in NLST[6] and NELSON[5]. Among them, 17.9% had multiple primary lung cancers[81]. Since July 2022, a biennial screening program has been implemented among Taiwanese people who meet the following criteria: either i) aged 50-74 years of age with a 30 pack-year smoking history, or ii) women aged 45-74 and men 50-74 who had never smoked but have a family history of lung cancer. An estimated 2.3 million LDCT screenings will be provided through this program, with the potential to identify 39,000 lung cancer patients, with 28,000 of these cancers detected in stage I. This program aims to double the 5-year lung cancer survival rate by 2025 and reduce lung cancer-specific mortality by 30% in 2030[80]. Further research is needed to confirm that screening among never-smoking populations confers a similar benefit in terms of reducing lung cancer mortality as has been shown definitively for individuals with a heavy smoking history. 
A multicenter, population-based, prospective cohort study in China among individuals aged 40–74 years who had smoked or had never smoked showed the effectiveness of one-off LDCT screening in reducing lung cancer mortality and all-cause mortality in men but not in women, in individuals aged 55–74 years but not in those aged 40–54 years, in people with a smoking history of 20 or more pack-years but not in those with a history of less than 20 pack-years or in non-smokers [42]. The impact of this one-off LDCT screening strategy for lung cancer in defined high risk populations needs to be evaluated further in countries with limited resources to determine if it is a cost-effective strategy.  
Complementary Role of Incidental Pulmonary Nodule (IPN) Program in Lung Cancer Screening
Lung cancer screening is not a covered healthcare benefit in many countries. Unlike screening, which requires the systematic identification of high-risk individuals based on lung cancer risk factors, lung nodules are frequently detected on imaging tests performed for other clinical reasons. They represent as high as 30% of ‘actionable other findings’ (AOFs) on radiology studies[82] With the increasing use of radiologic studies and improved resolution of CT scanner images over time, incidentally detected lung nodules have become more frequent, some of which are lung cancer[83].
[bookmark: _Hlk135567609][bookmark: _Hlk135489984] Incidentally detected lung nodule management may provide a pragmatic approach for early lung cancer detection in already available patients, overcoming some of the implementation barriers of programmatic lung screening and minimizing limitations of current screening eligibility criteria. In a prospective cohort study in a community-based healthcare system in the Mississippi Delta region of the US, lung cancer detection rates were 3.2% in a screening program versus 6.3% in an incidental lung nodule program[84]. Patients diagnosed through the lung nodule program were more likely to be Black and under-insured, 13% had never smoked cigarettes, fewer than 50% would have been eligible for screening even with the expanded 2021 USPSTF screening eligibility criteria. The stage distribution of lung cancer was similar between both programs; approximately 60% of patients were diagnosed at stage I or II[84]. An  analysis of the US SEER-Medicare dataset seems to corroborate the potential opportunity to leverage IPN programs to identify more individuals with potentially curable lung cancers similar to LCS [83]. When the diagnostic workup does not show lung cancer, those who meet current LSC criteria can be invited to participate while those who are not eligible based on current LSC criteria can be invited to participate in research studies to test new lung cancer risk prediction models or biomarkers to expand screening eligibility criteria. Implementing structured lung nodule programs to promote guideline-concordant management of lung nodules incidentally found during routine care delivery might be a pragmatic, epidemiologically powerful approach to increase access to early lung cancer diagnosis if it is not used to bypass shared decision and smoking cessation counseling with programmatic screening. The Fleischner Society Guideline on management of Incidental Pulmonary Nodules[14] is widely used to guide management of incidental pulmonary nodules. The on-going Watch the Spot Trial in the US may provide additional evidence on the degree of adherence to guidelines such as this and to further inform recommendations about management of patients with incidental lung nodules <15 mm [85].   With thoughtful implementation, screening and nodule programs complement each other and provide opportunities to address disparities and increase screening uptake. Organizations such as IASLC can support this complementary work by developing recommendations to help health facilities/systems and publicly funded health care programs understand the significance of supporting both programs to tackle the leading cause of cancer death.
Future Directions
Personalized risk assessment using blood and imaging biomarkers 
[bookmark: _Hlk135509838]In the context of lung cancer screening, biomarkers may be used in multiple steps (Figure 2). Prior to screening, biomarkers may optimize eligibility criteria, and after an LDCT is available, biomarkers may optimize nodule management or the length of screening intervals. Many biomarkers have been proposed, but none have survived robust external validation or prospectively evaluated for translation into routine clinical use[86]. (Figure 1).  The miRNA Panel developed by the Pastorino research group, demonstrated the combined use of LDCT and blood miRNAs at baseline predicts individual lung cancer incidence and mortality and may have important implications in personalizing screening intervals[87]. The cost-effectiveness of this strategy requires additional studies.
For pre-screening applications, modeling analyses suggest that a biomarker that provides at least a moderate improvement in lung cancer risk prediction could be cost-effective in higher-income settings, provided that its cost is modest[88], but study design challenges or poor performance in early-stage cases render the clinical benefit of most biomarkers  unclear[89-92]. For post-screening applications, there is substantial scope for biomarkers to facilitate optimization of screening intervals and improving the balance of benefits and harms[90]. Studies also suggest potential utility of biomarkers for nodule discrimination[93]. In the coming years it will be important to determine the respective roles of blood biomarkers vis-à-vis artificial intelligence analysis of images.
[bookmark: _Hlk135510292]Future research on lung cancer early detection biomarkers should seek to employ fully independent discovery and validation phases, ensure that cases and controls come from the same source population, and use pre-diagnostic blood samples. Study populations should represent the intended target population. Various efforts to validate and translate biomarkers for early lung cancer detection are ongoing, including the Integrative Analysis of Lung Cancer Etiology and Risk (INTEGRAL) project funded by the US National Cancer Institute [94]. Future success will likely depend on improved international collaboration to facilitate high-quality studies that can directly compare promising biomarkers and have sufficient size to provide definitive results.
Deep learning approach to optimize the lung cancer screening interpretation.
Artificial intelligence (AI) is likely to play a significant role in the implementation of CT lung cancer screening, which may reduce radiologist workload and standardize performance. Despite significant AI performance improvements, adoption in clinical practice is limited. Use of AI techniques in screening have so far focused on lung nodule detection, measurement, tracking and risk stratification (Figure 2). Two approaches for nodule risk stratification are proposed. The first is the rule-in approach, which involves malignancy risk estimation to reduce false-negative results that may result in delay in diagnosis and treatment or stage migration. The second is the rule-out approach, which involves either reducing false-positive results or removing cases with no nodules and only benign nodules to reduce radiologist workload, resource utilization, costs and chance of unnecessary biopsy or surgery. Most technically published algorithmic approaches address both specificity and sensitivity, and do not constrain the use of the algorithms to either rule-out or rule-in. The goal of AI is to reduce the proportion of participants with indeterminate or intermediate risk lung nodules, personalize surveillance screening intervals and reduce radiologist workload. 
Recent studies suggest AI as a standalone reader may outperform the majority of experienced radiologists in identifying baseline screening LDCTs with very low risk of lung cancer[95], and more accurately classify lung nodules into low- or high-risk categories compared to conventional risk prediction models[96-98]. A validation study by Adams et al. [99] demonstrated how combining guideline-based assessment with a machine learning model yields clinical impact by reducing both false positives and false negatives. How and why AI tools are integrated into screening practice is very important to consider. However, integration of AI into clinical practice extends beyond improving radiologist efficiency, nodule detection and risk assessment.  Autonomous interpretation without a radiologist has potential medico-legal implications when significant additional findings in the mediastinum or other organs are missed. 
Most of the research performed so far has involved training and validating systems on CT scans from the NLST or the Lung Image Database Consortium and Image Database Resource Initiative (LIDC-IDRI) open-source database (https://grand-challenge.org). However, these databases have several disadvantages, including significant heterogeneity in CT scanners and image acquisition parameters, lack of malignant nodule location annotation, and lack of consistent nodule follow-up.  Also, the LIDC-IDRI database is not a lung cancer screening dataset. External validation of AI algorithms needs to be performed, and corresponding datasets built up to offer fair comparison of approaches, including positive and negative follow-up histological confirmation. IASLC established the Early Lung Imaging Confederation (ELIC) database and computation infrastructure with high quality screening LDCTs from seven globally distributed lung cancer screening populations to serve as a valuable resource for learning and testing of AI and quantitative imaging algorithms[100]. 
Road Map for Global CT Screening over the Next 5 Years 
A five-year roadmap to advance the global implementation of high-quality lung cancer CT screening is proposed based on expert consensus from the 2022 IASLC CT Screening Workshop in Vienna (Figure 3). Nine priority areas have been identified: 
1. Establish universal screening program quality indicators.
2. Establish evidence-based criteria to identify individuals who have never smoked but are at high risk of developing lung cancer, who would benefit from screening.
3. Develop recommendations for incidentally detected lung nodule tracking and management protocols to complement programmatic lung cancer screening.
4. Integrate AI and biomarkers to increase the prediction of malignancy in suspicious CT screen-detected lesions.
5. Standardise high-quality performance AI protocols that leads to substantial reductions in costs, resource utilization and radiologist reporting time.
6. Personalize CT screening intervals, based on an individual’s CT lung cancer risk.
7. Develop evidence to support clinical management and cost effectiveness of identified other findings on a lung cancer screening CT.
8. Develop publicly accessible, easy to use, geospatial tools that allow users to visualize multiple layers of data to identify areas of need in lung cancer screening and oncological care to target interventions to improve screening uptake, address disparities in accessing screening services and develop cost-effective solutions.
9. Establish a global shared education resource of lung cancer screening CT to ensure high quality reading and reporting.
[bookmark: _Hlk135568858]Since different countries are in different stages of LSC implementation, prioritization of these areas can be different from country to country.


Conclusion. 
Major advances have been made in the implementation of lung cancer screening since the 2011 IASLC CT screening workshop, with national recommendations in the USA [101],  Canada [102], and in Europe [103] Poland, Croatia, Italy and Romania and more recently in the UK [104] and Australia [105], which all aim  to target high risk ever-smokers. Taiwan has uniquely initiated a lung cancer screening programme that include never smokers[80]. However, there are many countries who still have to undertake feasibility studies prior to considering full implementation programmes.  It is appreciated that there are specific challenges which need to be addressed within the differing international health care systems [106]. A new initiative has been set up internationally by the Lung Cancer Policy Network [9], which has developed an online map of lung cancer screening status in each country , with the  aim to not only provide a global review, as well as driving a community of learning and to also  facilitate policy-level discussions around the world. Members of IASLC are also part of this international effort. The IASLC five-year road map focuses on the specific issues, which are hampering rapid development and in part, will make a valuable contribution to the international challenge to maintain the impetus for lung cancer screening and importantly save lives.
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Text Box 1. 

Key Decisions Factors for Approval of a Publicly Funded Population-based Lung Cancer Screening program
· Clinical evidence to support mortality reduction benefits of lung cancer screening 
· Demonstration of cost-effectiveness of a screening program within the context of a country/region’s health care delivery system 
· Infrastructure e.g. governance, recruitment, eligibility assessment, smoking cessation services, LDCT capacity, data collection system, standardized reporting, system to communicate results, routine surveillance, referral for diagnostic work-up and treatment, quality assurance and outcome evaluation; 
· Personnel training and quality assurance
· Pilot implementation studies to demonstrate feasibility to implement national programmes
· Patient Advocacy to support the implementation pathway
· Wisdom and motivation of national health policy makers to identify the long-term benefits of lung cancer screening in the patients’ lung cancer care pathway.

Table 1: Cochrane Library: Lung cancer related mortality in eight RCTs (Bonney, A., et al., 20222 Permission by John Wiley and Sons)
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Table 2. Highlights of accomplishments since 2011 IASLC CT Screening Workshop Recommendations 
	2011 IASLC CT Screening Workshop Recommendations
	Accomplishments Highlights

	1. Identification of high-risk individuals for lung cancer CT screening programs
	Two major approaches to select high-risk ever smokers for LDCT screening have been developed and implemented in various settings: (a) Risk factors using categorical age (age 50/55 to 74/77/80 years), 15/18.8/30 pack-years and time since quitting (10/15 years for former smokers) such as USPSTF 2013, 2021, CTFPHC; [102,-105, 107,108,]and (b)  Risk prediction models based on incidence lung cancer risk or risk of lung cancer death such as PLCOm2012, LLP, Bach, LCDRAT. [109-113]
Comparison of the two approaches in terms of sensitivity, positive predictive value and cost effectiveness. [114,115]
PLCOm2012, and LLPv2 risk models are now used in major programmes in Canada and in the UK.
Low overdiagnosis rate of 3 % in NLST extended follow up[116]


	2. Develop radiological guidelines for use in developing national screening programs
	AAPM (117)
American College of Radiologist [118,119
QIBA [120
CAR [121]

	3. Develop guidelines for the clinical work-up of “indeterminate nodules” resulting from CT screening programs
	Lung-RADS protocol [13]
EU-NELSON volumetric analysis protocol [60
BTS guideline [54]
I-ELCAP [64]
PanCan protocol [32]
China [122]
Japan [123]


	4. Guidelines for pathology reporting of nodules from lung cancer CT screening programs
	 [49, 124-126]

	5. Recommendations for surgical and therapeutic interventions of suspicious nodules identified through lung cancer CT screening programs
	Use of image-guided surgical resections [127]



	6. Integration of smoking cessation practices into future national lung cancer CT screening programs
	Importance and impact of smoking cessation in lung cancer screening in several publications. Further discussed in current review [127-129] 







Figure Legends
Figure 1. Wide range of biospecimens and approaches that have been used or proposed for lung cancer screening
Figure 2.  Role of Artificial Intelligence (AI) in lung cancer screening
Figure 3. Five-Year Road Map in Lung Cancer Screening. 



[bookmark: _Hlk125624946]Figure 1. Wide range of biospecimens and approaches proposed for lung cancer screening (Seijo, L.M., et al., Biomarkers in Lung Cancer Screening: Achievements, Promises, and Challenges, 2019)
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Figure 2.  Role of AI in lung cancer screening 
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Figure 3. Five-Year Road Map to advance global implementation of Lung Cancer Screening
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