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Research in context

Evidence before this study

Whilst the benefits of low-dose CT early detection for those most at risk of lung cancer is now well-
established, challenges remain for implementation of screening including health disparity and equity, as
some cancer screening programmes disproportionately benefit the least deprived socioeconomic groups.
To investigate this, we conducted a comprehensive search on PubMed from the inception of the
database until January 2024 using the search terms “lung cancer” AND “socioeconomic” AND (“CT”
or “screening”). Most studies focussed on socioeconomic determinants of health and uptake disparities,
and the limited data on socioeconomic impact on outcome differences was from the USA. We therefore
set out to investigate outcome from a UK randomised control trial, with a focus on different

socioeconomic groups.

Added value of this study

Unlike subsequent implementation studies in high prevalence, predominantly deprived, areas, the UKLS
LDCT study recruited participants across the socioeconomic spectrum. This allows assessment of the
impact of socioeconomic status on a variety of aspects, including: initial recruitment; selection for
screening (using the LLP lung cancer risk model); lung cancer detection, stage shift, outcomes; and,

long term mortality benefit from other diseases.

Implications of all the available evidence

The benefits of LDCT lung cancer screening in terms of improved lung cancer outcomes, from even a
single round of screening, are comparable across different socioeconomic groups. Health equity is
enhanced by use of risk profiling to select those for screening, as this favours application of LDCT in

more deprived populations, where the need is greatest.



ABSTRACT
Background

Lower socioeconomic status, as measured by the Index of Multiple Deprivation (IMD), is associated
with higher rates of smoking-related disease mortality, and with poor uptake of cancer screening. Here
we explore whether socioeconomic status impacts the effectiveness of a single round of low-dose-CT

screening, or impacts other causes of death, in the UKLS LDCT screening trial.
Methods

IMD quintiles were defined according to UK-wide data, with the deprived group defined as the lower
two quintiles (Q1-2) and the less deprived as Q3-5. Follow-up data was obtained for lung cancer
diagnosis (median follow-up 9-1 years) and cause of death (median follow-up 9-9 years). Outcomes

were compared based on IMD group and trial arm (CT or control).
Findings

More deprived quintiles were less likely to respond to the questionnaire, but this population was more
likely to be selected for screening by the LLP risk model. Lower IMD quintiles benefitted from low-
dose-CT screening in terms of lung cancer survival (HR 1-89, 95%CI 1-16-3-08) to the same extent as
upper quintiles (HR 1-87, 95%CI 1-07-3-26). However, there was a bigger impact on deaths due to

COPD and emphysema in more deprived quintiles.
Interpretation

Whilst LDCT screening benefit for lung cancer was similar, significant impact on the rates of death
from other smoking-related diseases, notably COPD and emphysema, was seen primarily in lower
socioeconomic groups. Future research is required to confirm how lung cancer screening benefits other

disease outcomes.
Funding

NIHR Health Technology Assessment programme; NIHR Policy Research programme; Roy Castle

Lung Cancer Foundation.
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Introduction

Deprivation, or lower socioeconomic status, as measured in the UK by the Index of Multiple
Deprivation (IMD)', is associated with numerous health challenges, including a high risk of lung cancer.
There is a strong deprivation gradient for the proportion of cancer cases attributable to smoking in
England?, reflecting longstanding socioeconomic inequality in smoking prevalence® with 23-8% living
in the most deprived neighbourhoods current smokers in 2021, compared with 6-8% living in the least
deprived neighbourhoods®. Although itself associated with different smoking behaviours (heavier
smoking in more deprived groups), socioeconomic status remains a risk factor for lung cancer after
adjustment for smoking behaviour’. Associations between socioeconomic differences and lung cancer

outcome are more nuanced and weaker®.

In proposing lung cancer screening at the population level, both trials and implementation projects
utilise risk assessment based partly on both age and smoking history to select at risk populations’°.
How the use of risk assessment in targeted lung cancer screening impacts its effectiveness in different
socioeconomic strata, and how lung cancer screening might subsequently help abrogate, or worsen,
health inequalities is important to address. This is especially true given that investment in cancer
screening without accounting for the greater risk, and poorer outcomes, in more deprived sectors of
society might increase disparities. For example, it has been reported that socioeconomic status has a
detrimental influence on screening uptake for breast, cervix and colorectal cancers'!, but these screening

programmes have broader selection criteria based on age and sex only.

The UKLS low-dose CT (LDCT) screening trial for lung cancer early detection has recently reported
lung cancer mortality benefit for CT screening in a population selected as high risk for lung cancer’.
Here we explore the relationship between lung cancer risk and socioeconomic status and whether
socioeconomic status impacts the effectiveness of LDCT screening on mortality outcomes in this high-
risk trial cohort. The UKLS trial is particularly suited to this study as the target population had good
representation of all IMD quintiles and after a single round of screening there is long-term follow-up for

all-cause mortality, as well as lung cancer incidence.

Methods
Study design

This is a post-hoc analysis of the UKLS randomised trial using updated mortality data, stratified by
IMD quintile (Q1 most deprived to Q5 least deprived) and whether participants received a low-dose CT
scan (CT) or usual care (C, control). IMD score from the Office of National Statistics' was provided
anonymously based on postcode for the target population at the time of recruitment (2010). IMD scores
were stratified into quintiles (Q1 most deprived to Q5 least deprived) based on UK-wide data. For
outcome analysis, these were further grouped as more deprived (Q1-2) and less deprived (Q3-5). The

IMD subgroups were defined in order analyse differences between IMD subgroups and also within



subgroups based on LDCT status; with equal proportions of subjects receiving LDCT in each IMD
group (chi-square 0-17, P = 0-90).

The UKLS trial has been described elsewhere'? and outcomes reported’. Briefly, it was a randomised
controlled trial, comparing LDCT screening with usual care using the “Wald Single-Screen” design in a
population broadly representative of the UK at risk cohort'2. The study was based in two thoracic
hospitals in the United Kingdom, the Liverpool Heart and Chest Hospital, on Merseyside (an area of
relatively high deprivation), and Royal Papworth Hospital, in Cambridgeshire (an area of relatively less
deprivation). Ethical approval was received from the Liverpool Central Research Ethics Committee
(reference 10/H1005/74). Trial registration: International Standard Randomised Controlled Trial
Register (reference 78513845).

A target population of 249,988 individuals aged 50-75 living in specific primary care trusts (PCTs) in
the vicinity of the two hospital sites were invited by post to complete an LLPv2 risk model
questionnaire'?; 75,096 responders provided questionnaire data. A total of 4055 amongst those 8729
responders with the highest risk of lung cancer over the next 5 years (>4-5%) were selected for
randomisation (excluding those: unable to give written informed consent; with any comorbidity which
would unequivocally contraindicate either screening or treatment if lung cancer were to be detected;
with a chest CT performed within the preceding year; or unable to lie flat). LDCT consisted of a single
round of baseline LDCT, and follow-up LDCT at three to twelve months based on presence and size of
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indeterminate nodules (according to a standardised nodule management protocol ). Follow-up of

nodules beyond the 12-month UKLS scan was at the discretion of participating centres.

Outcomes

Outcomes from UK cancer and death registry data were provided by NHS Digital and the National
Cancer Registration and Analysis Service (NCRAS) who were not aware of the participants’ allocated
trial arm. Subject identifiers (NHS number) were provided to NHS Digital for those who consented to
follow-up; outcome data was provided to the University of Liverpool at least twice per year from 2013
(following recruitment October 2011 to February 2013). The follow-up period for mortality (last death
recorded) and for incidence of lung cancer (last diagnosis recorded) was up to September 2022 (data
from: NCRAS to March 2018 and NHS Digital Cancer Registration and Mortality data to September
2022).

The primary outcome in this analysis was lung cancer mortality. This was defined as a death during the
follow-up period where lung cancer was listed as the underlying cause of death in the UK civil
registrations data provided by NHS Digital. Secondary outcomes were lung cancer incidence, mortality
from causes other than lung cancer, and the distributions of the stage and histological type of the
diagnosed cancers. Other underlying causes of death were analysed in the same way as lung cancer,

grouping by ICD code into COPD and emphysema (ICD J43 & J44), cardiovascular disease (all ICD I



codes), other cancers (ICD C, excluding C34), other lung diseases (e.g. pneumonia and other lung
infections), other causes and unknown cause. Subjects were censored at date of last follow-up or at time
of death from any cause other than the specific cause of death being tested. Stage and histology were
provided by NCRAS or from case note review; for analysis early stage was defined as TNM stages I

and II and late stage as stages III and I'V.

Statistical analysis

Outcomes were compared by Log-Rank test with associations compared by Kruskal-Wallis or Pearson’s
chi-square; hazard ratios were calculated by Cox proportional-hazard models. All statistical analysis

was performed using IBM SPSS Statistics (version 26) or Stata, version 16-1.

Role of the funding source

The UKLS was funded by the Health Technology Assessment programme of the National Institute for
Health Research (NIHR). Michael Davies is a Roy Castle Lung Cancer Foundation Senior Research
Fellow. Daniel Vulkan’s and Stephen Duffy’s contribution to this research was funded by the NIHR
Policy Research Programme, conducted through the Policy Research Unit in Cancer Awareness,
Screening and Early Diagnosis, PR-PRU-1217-21601. The funding source had no role in the design of
our analyses, its interpretation, or the decision to submit the manuscript for publication. The views
expressed are those of the author(s) and not necessarily those of the NIHR or the Department of Health

and Social Care.

Results

Impact of recruitment and risk selection on IMD profile and risk factor profiles

The UKLS cohort was selected from two regions of England with differing IMD profiles, but which
together had a reasonable spread of IMD by national quintiles (Figure 1A), although notably with a bias
towards the lower quintile (predominantly from the north - Liverpool) and upper quintile
(predominantly from the south - Cambridgeshire). Amongst the questionnaire respondents (Figure 1B)
there is clear evidence of selection in favour of less deprived quintiles, partly explained by the greater
response rates in the south (36-7% vs 26-1%). The IMD profile of the high-risk group eligible for
LDCT screening (Figure 1C) differed significantly from the respondents’ cohort and better reflected the
total target population, with some enhancement of the lowest quintile. This resulted from application of
the LLPv2 lung cancer risk score selection criteria (including age, sex, smoking duration, history of
lung disease, asbestos exposure, personal history of lung cancer, and family history of cancer)"® . During
selection for trial participation (Figure 1D) there was a minor shift in IMD profile, with a slight

decreased representation of the lowest quintile and increase in the highest quintile. This was partly due
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to those in the most deprived quintile being less likely to respond to a secondary eligibility
questionnaire, to attend clinic when invited or to consent (32-8% of those not recruited for those reasons
being in IMD Q1), but also a higher proportion being ineligible for LDCT (32.7% IMD Q1,compared to
15-8 to 18% for other quintiles). However, both trial arms have the same IMD profile (chi-square P =
0.91, Supplementary Figure S1).

Relationship between individual LLP risk score variables and IMD in UKLS responders

Selection effects for different risk factors were complex (see Supplementary Data). Most risk factors
were more prevalent in more deprived quintiles across all respondents (Supplementary Table S1), but
the distributions were different in the high-risk subjects following selection of those with a 5-year
LLPv2 lung cancer > 4.5% (Supplementary Table S2). In the trial cohort (Supplementary Table S3),
only COPD and family history of lung cancer were significantly associated with deprivation, whilst
pneumonia and personal history of cancer were associated with less deprived quintiles. Higher age was
also statistically associated with less deprived quintiles in the high-risk cohort (Kruskal-Wallis
asymptotic significances Q1 vs Q2 P=0-015, Q1 vs Q3, Q4 or Q5 P< 0-001; Supplementary Figure
S2B), albeit with only small absolute differences between the lowest (median 66, interquartile range 64
- 69) and highest IMD quintiles (median 68y, interquartile range 65 - 71); related to the fact that to
achieve a qualifying high-risk score, those in the less deprived quintiles had to be older, given that other
risk factors were less prevalent. Males were over-represented in the high-risk cohort across all IMD
quintiles, though less so in Q1 (Table 1, Supplementary Figure S2D). The proportion of heavy smokers
was enhanced by risk-based selection across all quintiles (Supplementary Figure S2F), with Q1 having

the greatest proportion of heavy smokers.

Association of risk factors with IMD quintile in the trial population

Looking at the major risk factors (Table 1, Supplementary Table S3), these follow the patterns
previously associated with IMD quintiles for smoking (greater duration and pack-years, plus less likely
to have quit in the lower quintiles). The age of subjects in the upper quintiles (Q3-5) were significantly
higher than for the lowest quintile, but there was no significant difference in LLP risk score except
between the highest and lowest quintiles (Q1 and Q5). The actual differences in either age or smoking
patterns, whilst significant, were small in real terms and did not significantly alter the risk profiles
across IMD quintiles (Supplementary Figure S3A). Whilst ages tended to be higher (Supplementary
Figure S3B) and smoking duration lower (Supplementary Figure S3C) in higher quintiles, the majority
were aged between 65 and 70 and long-term smokers (>40 years) across all IMD quintiles, with no

significant difference between trial arms.



Differential impacts of LDCT on lung cancer incidence in IMD groups

The UKLS trial provides a useful insight into the role of deprivation in LDCT screening, as when
grouping the lower two (Q1-2) and the top three quintiles (Q3-5) the expected association of IMD was
clearly maintained for lung cancer incidence (Supplementary Figure S6A, Log Rank P =5 x10”) and
all-cause mortality (Supplementary Figure S6B, Log Rank P = 0-0045), when looking at the control
group (limited to controls to avoid impact of LDCT detection). It should be noted, that in keeping with
differences between the most deprived and other IMD quintiles for lung cancer risk factors (Table 1), all
risk factors were significantly different between the IMD groups Q1-2 and Q3-5 (Table 1). The absolute
differences were not large, but less deprived group was skewed towards lower risk, greater age, less

smoking, longer time quit and more males.

The median time to a lung cancer diagnosis was 4-7 years (n= 229) and median time to observation was
9-1 years (n= 3969); only 45 (1-1%) of the 3969 subjects who consented for follow-up were lost to
follow-up (censored during study). UKLS Screen detected cancers were more likely to be in the lower
IMD quintiles 22/1573 (1-4%) than upper ones 20/2482 (0-8%), in keeping with the overall higher rate
of cancers in lower socioeconomic groups (Table 2). Notably, the increased diagnosis of lung cancers in
the LDCT arm of the upper quintiles was maintained for almost 8 years, when cumulative hazards

converged (Figure 2), but the difference disappeared earlier, at 6 years, in more deprived quintiles.

The highest proportion of squamous cell carcinomas was seen in the most deprived quintile (35-6% of
cancers), compared to 11-5-16-7% in other IMD quintiles (chi-square P= 0-005 for Q1 vs Q2-4,
Supplementary Table S4). However, whilst also higher in the more deprived quintile (Q1-Q2 29-3%)
than the less deprived (Q3-Q5 14-7%), this difference was not statistically significant.

Differential impacts of LDCT on all-cause mortality and lung cancer mortality in IMD groups

For mortality the median time to event was 6-5 years (n= 910) and median time to observation was 9-9
years (n=3969). For all-cause mortality there was no observable benefit of LDCT for the upper IMD
quintiles (Figure 3A), whilst the benefit for the lower quintiles there was a significantly lower mortality

(Log Rank P = 0-049) in the LDCT cohort.

Lung cancer specific mortality from time of screening was related to IMD and LDCT (Figure 3B, Log
Rank P< 0-001), and the pattern was somewhat different to all-cause mortality. The impact of less
deprived IMD (log rank P< 0-001, HR 0-48 95% CI 0-35 — 0-68) was greater than the impact of LDCT
(log rank P=0-076, HR 0-74 95% CI 0-53 — 1-03). The benefit for the lower socioeconomic quintiles
did not emerge until approximately 5 years after the LDCT screen (Log Rank P = 0-12 comparing lower
quintile with and without LDCT). For the upper quintiles, there was an earlier difference in the rate of
lung cancer deaths in the LDCT arm, primarily between three and five years of follow-up, but overall
there was no significant difference (Log Rank P = 0-64 comparing upper quintile with and without

LDCT).



Whilst trials arms (LDCT vs no LDCT) were balanced for all risk factors, not necessitating any
adjustment to Cox regression analysis, the same is not true for IMD groups. A previously mentioned,
there were small but significant differences in smoking duration (greater in Q1-2) and age (greater in
Q3-5). We therefore included these within the Cox regression analysis and demonstrated that
associations of IMD group with all cause morality, lung cancer mortality and COPD/Emphysema

mortality were independent of age and smoking duration (Supplementary Table S5).

Outcome from lung cancer by IMD group

For those with a lung cancer diagnosis, the median time to death was 0-58 years (n= 121), with a
median time of observation of 1-4 years (n=229). Outcome from lung cancer diagnosis (Figure 4A) was
not significantly different between IMD groups in the absence of LDCT screening, but, as shown
previously, was significantly better for those in the LDCT arm of the trial’. Lower IMD quintiles
benefitted significantly from low-dose-CT screening in terms of survival from lung cancer [HR 1-89
(95% CI 1-16-3-08), log-rank P = 0-009] as did upper quintiles [HR 1.87 (95% CI 1-07-3-26), log-rank
P =0-023].

We investigated if stage shift may be responsible for long term benefit (Figure 4B), i.e. for cancers
detected subsequent to the LDCT screen (excluding the 42 screen-detected cancers). Even after
screening ceased, there were more early-stage cancers detected in the LDCT group (chi-square 7-4,
P=0-007) and this was significant for lower quintiles (chi-square 4-5, P = 0-03), with the same pattern
for the higher quintiles (chi-square 2-9, P=0-09). No difference in the proportion of early-stage cancer

was seen in terms of quintile group (chi-square 0-08, P = 0-78).

Impact of LDCT on other causes of death by IMD status

Other underlying causes of death were analysed in the same way as lung cancer, (Supplementary Figure
S7A). Whilst there was a lower proportion of lung cancer as a cause of death in both quintile groups
with LDCT (-19% Q1-2 vs -20% Q3-5), there were fewer deaths due to COPD and emphysema in Q1-
2(-34%), but no reduction for Q3-5 (+4%). Time to death due to COPD or emphysema was notably
shorter in the more deprived quintiles when no LDCT was performed (Supplementary Figure S7B, Log
Rank P = 0-005), but with LDCT the rates were the same as for the higher quintiles, where death from

COPD is less common.

Other lung diseases were also a less common underlying cause of death in those receiving LDCT only
in lower quintiles (-32% Q1-2 vs +10% Q3-5), whilst unknown cause was less common with LDCT in
both IMD groups (-34% Q1-2 vs -19% Q3-5). For cardiovascular disease the impact of LDCT in the
upper quintiles was about half that seen for the lower quintiles (-30% Q1-2 vs -13% Q3-5). Unlike



COPD, there was no significant difference in time to death from cardiovascular disease, although there

was evidence of greater impact in the lower quintile (Supplementary Figure S7C).

There was a paradoxical increase in other cancers as a cause of death with LDCT in upper quintiles
(+22%), that was not seen for lower quintiles (-5%). It should be noted that for the upper quintile group
there were significantly more individuals for which personal history of cancer contributed to their lung

cancer risk score and also that the average age was somewhat higher.

Discussion

The UKLS study was based in two regions of the UK with differing socioeconomic profiles and in
keeping with other screening studies participation was highest in those of higher socioeconomic
standing (the less deprived). Despite this, inclusion of the LLP risk score for selection of trial

participants resulted in a cohort with good representation of all IMD quintiles.

Based on improved survival from lung cancer following diagnosis, it is clear that there was a long-term
benefit of LDCT screening following a single screen, related to detection at an earlier stage post-
screening, irrespective of socio-economic status. It is known that LDCT is effective due to the detection

of lung cancer at an earlier stage, allowing more effective treatments including surgery.

It is an important finding that at long term follow up there was no excess incidence of lung cancer in the
LDCT arm. This suggests that there is little or no overdiagnosis associated with LDCT screening. Since
UKLS had a single screen design, one might have expected cancer incidence rates to converge sooner
than they did. This may be affected by a greater awareness of lung cancer as a result of the intervention
in the screened population, or more directly by participants being kept on long term follow-up for
nodules detected during LDCT. One way to investigate that is to study the stage distribution of cancers
detected subsequent to the LDCT screen, i.e. excluding the 42 screen-detected cancers. Even after
screening ceased, there were more early-stage cancers detected in the LDCT group, irrespective of IMD

group, contributing to equivalent outcomes following diagnosis.

Nevertheless, it was interesting to note that convergence for the upper quintiles was delayed compared
to the lower quintiles by approximately two years. This result might be due to greater awareness, in the
generally better educated upper quintiles, augmented by the effect of the intervention, leading to better
medical engagement or due to greater access to healthcare. From a policy perspective, it may suggest

that those in lower quintiles require more frequent awareness or screening interventions and more help

in access (e.g. local availability of LDCT facilities).

The overall improvement in lung cancer outcome for the CT arm is largely due to screen detected lung
cancers, but these results indicate that there are also longer-term gains in terms of stage reduction that
contribute to longer term improved outcomes, regardless of IMD grouping. Given that outcomes from
time of diagnosis were the same for lower and upper quintiles, with similar proportions of early-stage

disease, the impact of LDCT on all-cause mortality following screening is more likely related to the
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incidence of lung cancer and of competing comorbidities, both of which are more prevalent in lower

quintiles.

Whilst the UKLS is not powered to detect LDCT related differences in mortality, the difference
between the IMD groups is striking and indicates that there may be significantly more benefit in the
lower socioeconomic groups. This requires further examination in other studies, but is likely due to the

higher incidence of lung cancer and other smoking-related diseases in the lower IMD quintiles.

Given the pattern seen for lung cancer specific mortality (Figure 3B), the apparent benefit of LDCT
screening on all-cause mortality in the lower IMD quintiles (Figure 3A) is unlikely to be due to lung
cancer prior to five years; it may be that detection of other conditions (e.g. cardiac disease or COPD,
which are more prevalent in this group) is a significant factor in improved health outcomes on all-cause
mortality at earlier time-points. Meanwhile, these data sound a warning to implementation studies
focussing on deprived areas, in terms of the expectation for early benefits in lung cancer specific

mortality.

Risk-based selection for lung cancer screening has some potential benefits in terms of health equity, as
the focus of the screening activity is biased to the more deprived areas, where lung cancer risk is
greatest. Hence even though those in upper quintiles were more likely to be risk questionnaire
respondents, the high-risk group, invited to LDCT targeted lung health checks, are more likely to be
from the lowest IMD quintile. Unlike less-selective screening programmes, we therefore do not expect a
detrimental impact on health inequalities, given risk-based interventions help provide some equity by
selecting those most at need. We should not however be complacent, if we can improve engagement in
the lower quintiles, the benefits of screening will be even further enhanced.'® That this socially deprived
group required additional effort to fully address their health needs is exemplified by their relatively low
response rate and it is likely due in part to the degree of fatalism and other negative attitudes in this

community, requiring better approaches to screening communication.'

Risk-based screening, whether through enrichment for heavy smokers, or the contribution from prior
lung disease and other cancer history, increases the proportion of the screened population that have
comorbidities, such as COPD. Such comorbidities can impact the effectiveness of screening when
considering overall mortality benefit, although this was found not to be the case for COPD or stroke in
the PLCO trial'®. Nevertheless, the benefits and harms of screening vary based on the risk of lung
cancer and the risk of death from competing causes has been a cause of concern'’. However, our data
shows that, at least for the more deprived portion of society, additional benefits in terms of reduced
death from COPD, and potentially other smoking-related diseases, might offset the confounding

reduction in benefit due to enrichment of competing causes of death in the high-risk cohort.

In this exploratory analysis, LDCT screening apparently had a significant impact on the rates of death
from other smoking-related diseases, notably COPD and emphysema in the more deprived IMD
quintiles. It should be noted that spirometry was performed as part of UKLS for both LDCT and control
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groups, so the benefit seen may be attributed to participation in the LDCT arm, though not necessarily
the LDCT itself given the possibility of unmeasured confounding factors. In the case of cardiovascular
disease, coronary artery calcification reporting was not part of UKLS, but radiographers were free to
report it (data unavailable for number of cardiac referrals). There was some evidence that the gains in
reduced deaths due to cardiovascular disease were greater in the lower IMD quintile group, with greater
divergence of the cumulative hazard curves, but this did not reach statistical significance. The impact of
LDCT on these and other smoking-related diseases may be related to improved smoking cessation (data
unavailable), improved medical awareness or willingness to engage. However, we have no clinical
evidence that it was possibly due to improved diagnosis (especially of COPD). Nevertheless, that effects
of LDCT screening on other diseases were greater in the more deprived quintiles may partly explain
why all cause mortality is lower in the more deprived LDCT group, but not the less deprived LDCT

group.

The UKLS study, although a randomised control study, was of limited size, as it was only funded as a
pilot study. Nevertheless, significant results for several key lung cancer outcome measures were
achieved. Whilst a significant effect on time to COPD-related death was also observed, it is possible
that other non-significant trends, were the result of the study being underpowered for these post-hoc
analyses. It should be noted that some of the interesting outcome observations occur after 6 years and
there is a drop-off in numbers exposed to risk by 8 years, which is a potential limitation, However, most
of this drop is from 7 years onwards and does not impact greatly on the conclusions. The IMD data used
was based on postcode rather than individual assessment (e.g. through questionnaire), so it is possible
that there is some contamination between groups. However, the impact of this is somewhat limited by
the pooling of IMD quintiles into 2 broader groups (Q1-Q2 and Q3-Q5). With a larger study, it might be
possible to demonstrate differences between individual quintiles (although in Europe many early
implementation studies are focussing on socially deprived areas, so this data might have to wait for

wider implementation).

In the USA, national lung cancer screening means that the impact of socioeconomic status can be
studied in detail.'®!” However, some of the social determinants in healthcare access and outcomes in the

USA are different to Europe, most notably economic disadvantage and ethnicity.

It should be recognised that use of the LLP lung cancer risk model, to select those for recruitment, limits
the finding to this high-risk group, which is naturally biased towards older ages with greater smoking
history (although with some differences in different IMD quintiles). However, as this is the group for
which lung cancer screening is proposed, this is not a significant limitation. Whilst smoking cessation
advice and spirometry was provided to both arms of the study, irrespective of LDCT provision, follow-
up data to assess the effectiveness of these interventions across different socioeconomic groups is
limited. Similarly, direct data on the impact of COPD diagnosis instigated by the UKLS LDCT scan is

not available, since it is unclear if primary care physicians acted on the CT reports provided.
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Nevertheless, that a benefit was seen in the LCDT arm suggests that the LDCT element had some direct

impact, over and above trial-based spirometry and smoking awareness.

Future research is required to confirm these improved long-term outcomes for those who received a
LDCT scan and to investigate the reasons behind them. In addition to improved diagnosis via LDCT
(for COPD and cardiovascular disease alongside lung cancer), this might include being more responsive
to smoking cessation, or better motivated to seek medical help. It would be helpful if data on other
disease referrals, diagnoses and outcomes is collated systematically alongside implementation of LDCT

screening.

In conclusion, this post-hoc analysis, provides novel insights on the influence of socioeconomic status
on LDCT screening in a European setting. Although lung cancer screening effectiveness did not differ
between lower and higher socioeconomic groups, a lower participation rate was seen in the most
deprived quintile. However, utilisation of risk-based selection effectively helped restore equity to LDCT
provision. Furthermore, outcome from lung cancer was as good for the more deprived quintiles (IMD
Q1 and 2) as for the less deprived (IMD Q3 — 5) in this lung cancer screening, early diagnosis setting,
with both groups having similar benefits inn terms of early stage disease. In addition, there was a
significant, unexplained reduction on the rates of death from other smoking-related diseases, notably

COPD and emphysema, that was seen exclusively in lower socioeconomic groups.
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Table 1 Comparisons between IMD quintiles in UKLS trial participants. Subjects numbers per group; Median and interquartile (IQ) range and P values: Kruskal-Wallace
(KW) vs QI pairwise for each IMD quintile, Mann-Whitney U for Q1-2 vs Q3-5, or Chi-Square P values for difference to Q1 (significance values for two sided tests adjusted

by the Bonferroni correction for multiple tests).

Q1 Q2 Q3 Q4 Q5 Q1-2 Q34
LDCT 525 235 352 342 500 760 1194
Subjects No CT 539 241 362 372 502 780 1236
Total 1064 476 714 714 1002 1540 2430
Median 7.7 7.4 7.2 6.8 7.1 7.4 71
LLPv2 risk (IQrange) (5:6,104) (5:6,104) (5:5,10-1) (56,9:8) (5°5,10) (5:6,10-4)  (5-6, 10-0)
P 1-00 0-86 1-00 0-028 0.003
median 67 68 68 68 68 67 68
Age (IQ range) (65, 70) (65, 70) (65,71) (65,71) (65, 72) (65, 70) (65,71)
P 0-31 0-002 <0-001 <0-001 <0-001
median 47 44 42 41 40 46 41
Cig. Duration (IQ range) (38,52) (35, 50) (31, 50) (29, 49) (27, 49) (37, 51) (30, 49)
P 0-001 <0-001 <0-001 <0-001 <0-001
median 42 38 36 34 32 41 34
Cig. Pack Years (IQ range) (26, 56) (24, 52) (24, 50) (18, 49) (17, 45) (25, 55) (19, 48)
P 0-007 <0-001 <0-001 <0-001 <0-001
median 47 45 44 43 43 46 43
All Smoking Duration  (IQ range) (39, 52) (35, 50) (34, 50) (33, 50) (34, 50) (38, 51) (34, 50)
P 0-001 <0-001 <0-001 <0-001 <0-001
median 2 7 8 9 9 3 9
Years since quit (IQ range) 0, 12) 0, 17) (0, 20) 0,21) (0, 20) (0, 14) (0, 20)
P <0-001 <0-001 <0-001 <0-001 <0-001
% male 67-5% 73-9% 75-4% 76:8% 81-1% 69-7 78-2
Sex P 0-011 <0-001 <0-001 <0-001 <0-001
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Table 2 Lung Cancer incidence and outcomes by IMD group and trial arm

Cox hazard Deaths prevented / Cox hazard
Endpoint IMD Trial arm Number of ratio additional cancers Number of ratio
p Quintile events (95% CI) diagnosed per 1,000 events (95% CI)
significance subjects significance
CT (N=760) 50 1.024
1-2 0-692-1-516 1.6 100
Control ( ~0-904 )
Lung _ 50 p= 0-690
(N=779)
cancer CT (0-595-0-800)
incidence <0-001
(N=1194) 41 1.187 P
3-5 N (0-759-1-857) 5.2 77
Contro 36 p=0-453
(N=1236)
CT (N=757) 24 0-806
1-2 Control (0-471-1-378) 7.0 54
ontro _
Lung (N=776) 30 p=0-430 0-641
cancer CT (0-519-0-792)
mortalit; . <0-001
Y (N=1191) 15 0-736 P
3-5 N (0-379-1-482) 44 36
Ci)ntro 1 p=0-365
(N=1233)
CT (N=759) 131 0-839
1-2 Control (0-666-1-058) 28.9 288
ontro
All-cause (N=779) 157 p=0139 0-895
mortality CT (0-829-0-966)
. =0-005
(N=1194) 182 0-969 P
3-5 Control (0-792-1-187) 3.8 375
=0-764
(N=1235) 193 P
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Figures Legends

Figure 1 IMD quintile and geographical distribution of UKLS target population (A),
respondents (B), high-risk cohort (C) and trial cohort (D). North/Liverpool= red,
South/Cambridgeshire = blue

Figure 2 Lung cancer incidence following UKLS intervention, stratified by LDCT and IMD.
Q1-2_CT = LDCT more deprived (red); Q1-2 C = Control more deprived (blue dotted); Q3-5 CT =
LDCT less deprived (orange) Q3-5 C = Control less deprived (green dotted). The number exposed at
time points 0, 2, 4, 6 and 8 years (B) are given, with the number of events in the subsequent time

period (in brackets).

Figure 3 All-cause mortality (A) and lung cancer specific mortality (B), stratified by LDCT and
IMD. Q1-2_CT = LDCT more deprived (red); Q1-2 C = Control more deprived (blue dotted); Q3-

5 CT =LDCT less deprived (orange) Q3-5 C = Control less deprived (green dotted). The number
exposed at time points 0, 2, 4, 6 and 8 years (B) are given, with the number of events in the subsequent

time period (in brackets).

Figure 4 Lung cancer outcome and stage distribution. (A) Outcome following lung cancer
diagnosis by LDCT group and IMD: Q1-2_CT = LDCT more deprived (red); Q1-2_C = Control more
deprived (blue dotted); Q3-5 CT = LDCT less deprived (orange) Q3-5 C = Control less deprived
(green dotted). The number exposed at time points 0, 1, 2, 3, 4 and 5 years (B) are given, with the
number of events in the subsequent time period (in brackets). (B) Stage distribution of lung cancer,

excluding screen-detected cancers: Early stage = [A-IIB, blue; late stage = [IIA-1V, red; % early stage.
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Figure 3
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Impact of single round of low dose CT screening on cause of mortality in different
socio-economic groups, a post-hoc analysis of long-term follow-up of the UKLS trial

Supplementary Data

CONSORT 2010 Flow Diagram

[ Enrollment ] Assessed for eligibility (n= 75,958)

Excluded (n=71903)

+ Incorrect 15 Questionnaire (n=852)

+ Low-risk of lung cancer (n=66,377)

+ Declined to participate at 2" Questionnaire
(n=754)

No reply at 2™ Questionnaire (n=2008)

Incorrect 2" Questionnaire (n=125)

Changed mind before clinic invite (n =195)

Supplementary to recruitment target (n= 779)

Changed at clinic invite (n =387)

Ineligible at clinic invite (n =329)

Ineligible at clinic visit (n =61)

Did not consent at clinic visit (n= 34)

No randomisation partner (n=2)

A 4

* & & + o+ s 2+ @

Randomized (n=4055)

=

Allocation

Allocated to LDCT intervention (n= 2028) | | Allocated to no LDCT intervention (n= 2027)
+ Received allocated intervention (n=1994) + Received standard care (n=2027)

+ Baseline scan not completed (n= 34 )

e

v [ Follow-Up ] v

Lost to follow-up: Lost to follow-up:
+ no consent for linkage (n= 30) + no consent for linkage (n= 26)

+ outcome unavailable (n=11) + outcome unavailable (n= 20)

y [ Analysis J v

Analysed (n= 1987 - intention to treat) Analysed (n= 1981)
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Impact of recruitment and risk selection on IMD profile and risk factor profiles

The UKLS target population consisted of two geographical areas with differing IMD profiles. Utilising the
75,948 UKLS questionnaire responders who provided adequate information both for IMD scoring and LLPv2
risk scores, we have examined the distribution of IMD quintiles. Notably the IMD profile of the total pool of
respondents is skewed towards the upper quintiles, reflecting greater engagement and the higher proportion of
respondents from the south (57%) which is more affluent.

As expected, compared to the total respondents, the IMD profile for the high-risk group is skewed toward the
lower quintiles (chi-square P<0-001). Despite this the IMD profiles of the two trial participant groups (no CT
and LDCT, representing 42.5% of the high-risk group) is less skewed than the total high-risk group, with a lower
proportion of Q1 and a higher proportion of Q5, indicating that there is likely a further selective pressure against
lower IMD groups for trial participation at this stage of section. Randomisation to LDCT was not biased by IMD
(chi-square P =0-91).

45%
Q1 =Q2 =Q3 Q4 Q5
40%
35%
30%
25%

20%

15%
10%
- M i/
0%

Total North South Respondents High Risk Low Risk noCT LDCT

Proprotion of Population per IMD Quintile

Figure S1 IMD profiles for UKLS target population and subgroups based on region, questionnaire

response, risk group and LDCT treatment.

Total target population (n= 249,962), North target population (n= 124,995), South target
population (n= 124,967), questionnaire responders (n= 75,498), high risk (n= 9,531), low risk (n=
66,417), no CT trial participants (n= 2061), and those receiving LDCT (n= 1994).

Relationship between individual LLP risk score variables and IMD in UKLS responders

Across the total 75,096 respondents with full risk factor data and IMD data, associations between lung cancer
risk factors and lower IMD quintile were seen for all except history of pneumonia and personal history of cancer,
both of which were more uniformly distributed (Table S1).

In the subgroup of 8,728 high-risk UKLS respondents (Table S2) only COPD, emphysema and family history of
lung cancer were still significantly associated with lower IMD quintiles. History of asbestos exposure
(previously associated with lower quintiles), pneumonia and personal history of cancer (both previously not
associated with IMD) were associated with upper IMD quintiles. This represents the selection bias imposed by
use of the LLP lung cancer risk score, when compared to the whole cohort, but may also be related to the greater
proportion of upper quintile respondents (with generally lower smoking-related risk) for which these factors
contributed significantly to their high-risk score.

In the 4,055 risk-selected trial participants (Table S3), only, COPD and family history of lung cancer were
significantly associated with lower IMD quintiles, with some association for TB. History of pneumonia and
personal history of cancer were both associated with upper IMD quintiles, as for the high-risk respondents in
general, but asbestos exposure was no longer significant. Presumably there was some additional selection bias
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for those able and willing to take part in the LDCT screen, although the smaller sample size will reduce
statistical significance.

Table S1 Categorical lung cancer risk factors and IMD in 75,096 UKLS respondents (red= high values,

clear = middling values, blue = low values, scaled to range per variable)

; g 2 g
= @ S 9V [
E g 2 s £ 28 3 i3
IMD Quintile § 5 g z S E = g - £ g
2 2 @) g 2 S < z3S z 3
& = a £° E e £

> < <
A (o] ==

Q1

Q2 15-3% 5-2% 1:9% 15-3% 2:0% 11-4% 5-9% 11.1%
Q3 14-8% 9-2% 4-1% 1-8% 15-0% 2:0% 5-8% 11.1%

14:0% 14-4% 1:9%

Chi-square P 10" 0-38 1027 107 10710 10 0-70 10120
q

Table S2 Categorical lung cancer risk factors and IMD in 8,728 high-risk UKLS respondents (colours as
for Table 51)
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Q1 6:9% 27-2%

Q2 33:0% 19-7% 7-0% 11-8%
Q3 34-1% 18:1% 16-2% 11:6% 13.4%
Q4 - 18:6% 10-8% 13.0%
Q5 34-9% 17-6%

Chi-square P 0-015 0-00002 10 0-007 0-363 0-364 0-002 10

Table S3 Categorical lung cancer risk factors and IMD in 4,055 UKLS trial subjects (colours as for Table
S1)

IMD Quintile

Asbestos
Pneumonia
COPD
Emphysema
Bronchitis
TB
Personal history
of cancer
Family history of
lung cancer <60y
Family history of
lung cancer >60y

Q1 5:3% 28:5%

Q2 18:1% 15:6% 5:3% 10-7%

Q3 37-2% 19:6% 15-2% 9-8% 14.7%
Q4 2:7% 19-9% 10-8% 13.4%

27-1%

Chi-square P 0-93 0-0004 102 0-27 0-21 0-046 0-0052 1012

In the case of age, compared to all respondents (Figure S2A), age was higher in upper IMD quintiles in the high-
risk group (Figure S2B). Whilst there was an even balance of gender in the total respondent group across all
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IMD quintiles (Figure S2C), the risk score significantly favours inclusions of males, but less so in the lowest
quintile (Figure S2D). Greater smoking duration (Figure S2E & F) was clearly associated with lower IMD, with
risk selection, as expected the higher smoking duration groups were selected, but the main difference between
IMD quintiles was in the 40-60 year smoking group.
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Figure S2 Age, sex and smoking duration by IMD group, effect of risk selection

A - Age all respondents (Kruskal-Wallis P< 0-001), B - Age high-risk (Kruskal-Wallis P<0-001), C — Age trial cohort (Kruskal-
Wallis P<0-001) D - gender all respondents (chi-square P= 0-77), E - gender high-risk (chi-square P< 0-001), F - gender trial
cohort (chi-square P< 0-001), G - smoking all respondents (Kruskal-Wallis P< 0-001), H - smoking high-risk (Kruskal-Wallis P<
0-001), | - smoking trial cohort (Kruskal-Wallis P< 0-001).

Association of risk factors with IMD quintile in the trial population

A

60
50
40
30

Jhbdi b diild

IMD Quintile

ERIELELE &

Q1 Q2 Q3 Q4 Q5
IMD Quintile

LLPv2 risk score
o

80

7

(=]

Age

6

o

50

40

60

‘0 H

20

Smoking Duration

[]
. P = i o g -
Q1 Q2 Q3 Q4 Q5
IMD Quintile

Figure S3 Risk score (A), age (B) and all smoking duration (C) variation between IMD quintiles in

LDCT (red) and usual care (blue) cohorts. Further details for IMD quintiles are provided in Table 1.
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Relationship of IMD with LLP risk score, lung cancer incidence and mortality in the absence of LDCT
screening

Utilising the 75,096 UKLS responders, but excluding those 1994 participants that received LDCT, the 5-year
incidence of lung cancer (Figure S4) follows the expected relationship with IMD in both the high-risk group
(LLPv2 >4.5%) eligible for LDCT and the remaining low risk group.

5.0%

m high risk =low risk mTotal

4.0%

3.0%
2.0%
1.0%
0.0% - I l . .

IMD Quintile 1 IMD Quintile 2 IMD Quintile 3 IMD Quintile 4 IMD Quintile 5

% Lung cancers within 5 years

Figure 54 5-year lung cancer incidence across IMD quintiles for subgroups of UKLS questionnaire

responders. High risk (LLPv2 >4.5%, n= 6734) and low risk group (n=66368).

There appears to be selection bias in terms of lung cancer incidence, introduced when looking at UKLS
participants (excluding those who received LDCT), with quintile 1 having a lower incidence than might be
expected and quintile 5 a high incidence (Figure S5A). Notably Q2 initially had a greater incidence of lung
cancer and higher mortality than Q1 and Q5 a greater incidence than either Q3 or Q4, although these differences
are not statistically significant. The same is true for lung cancer mortality (Figure S5B).

Whilst differences in lung cancer risk factors may contribute towards the observed lung cancer incidence and
outcome patterns between IMD quintiles, they were narrower within this age and risk-score selected cohort than
in the general population.

A more useful analysis of lung cancer incidence and outcome can be achieved by grouping the lower two (Q1-2)
and the upper three (Q3-5) IMD quintiles (Figure S6).
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Figure S5 Lung cancer incidence (A, log rank P = 0-004) and all-cause mortality (B, log rank P = 0-015) in the UKLS control cohort by IMD quintile (Q1 — Q5).

The number exposed at time points 0, 2, 4 and 6years (A) or 0, 2, 4, 6 and 8 years (B) are given, with the number of events in the subsequent time period (in

brackets).
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Figure S6 Lung cancer incidence (A, log rank P < 0-001) and all-cause mortality (B, log rank P = 0-0045) in UKLS control cohort grouped as more deprived
quintiles Q1-Q2 (blue) vs less deprived quintiles Q3-Q5 (red). The number exposed at time points 0, 2, 4 and 6years (A) or 0, 2, 4, 6 and 8 years (B) are given,

with the number of events in the subsequent time period (in brackets).
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Relationship of IMD with histological type

Looking at histological type distributions in different IMD quintiles, as expected there was a higher proportion of
squamous cell carcinoma in the most deprived quintile (Q1 35.6%) than in other quintiles (Q2 11.5%, Q3 11.5%,
Q4, 15.8%, Q5 16.7%, chi-square Q1 vs Q2-4 P=0.005), potentially associated with greater smoking in the most
deprived quintile, given squamous cell carcinoma has a greater association with smoking.

However, when looking at the quintile groups used for outcome analysis, whilst the proportion of squamous cell
carcinoma was still higher in the more deprived group (Q1-2 29.3%) compared to the less deprived (Q3-5 14.7%),
the distribution of histological type within these two IMD groups was not significantly different when looking at
all histological types (chi-square P = 0.57) and only borderline when looking at the ratio of adenocarcinoma to
squamous cell carcinoma (chi-square P = 0.041).

Similar patterns were seen in both arms of the trial, i.e. whether or not the subjects received LDCT.

Table S4 Distribution of histological type by IMD quintile

IMD Quintile

Histology Total
Q1 Q2 Q3 Q4 Q5
AdC Count 31 12 15 8 15 81
% within quintile 42.5% 46.2% 57.7% 42.1% 50.0% 46.6%
SqC Count 26 3 3 3 5 40
% within quintile 35.6% 11.5% 11.5% 15.8% 16.7% 23.0%
NOS Count 6 5 6 2 4 23
% within quintile 8.2% 19.2% 23.1% 10.5% 13.3% 13.2%
Count 6 4 2 1 4 17
ScLe % within quintile 8.2% 15.4% 7.7% 5.3% 13.3% 9.8%
Count 4 1 0 1 0 6
NSCLE % within quintile 5.5% 3.8% 0.0% 5.3% 0.0% 3.4%
. Count 0 1 0 3 2 6
Carcinoid % within quintile 0.0% 3.8% 0.0% 15.8% 6.7% 3.4%
Count 0 0 0 1 0 1
Large Cell % within quintile 0.0% 0.0% 0.0% 5.3% 0.0% 0.6%
Total 73 26 26 19 30 174

Adjustment of IMD-related outcomes for other risk factors

The UKLS statistical Analysis Plan states that no adjustment to outcome analysis is made for risk factors that are
balanced between trial arms and all risk factors were well balanced. However the same is not true for analysis of
IMD. We have demonstrated, in keeping with known demographic trends, that the more deprived (Q1-2) group is
associated with greater smoking duration. However, they also tended to be younger (as those in the less deprived
quintiles had to be older to achieve the same risk score, given lower smoking duration). Whilst statistically
significant, these differences are very small in scale, most probably as a result of all participants being in the high-
risk category. Nevertheless, we have checked the Cox regression models by adjusting for age and smoking
duration.

Table SS Cox regression analysis by IMD group, age and smoking duration

Outcome Cox model factor HR 95% CI p

all-cause mortality unadjusted Q1-2vs Q3-5 0.818 0.717-0.933 0.003
adjusted Q1-2vs Q3-5 0.781 0.684 — 0.892 <0.001
Smoking duration 1.012 1.006 - 1.017 <0.001
Age 1.097 1.078 - 1.116 <0.001
lung cancer mortality unadjusted Q1-2vs Q3-5 0.447 0.311 -0.641 <0.001
adjusted Q1-2vs Q3-5 0.480 0.333-0.691 <0.001
Smoking duration 1.049 1.029 — 1.069 <0.001

Age 1.038 0.990 — 1.087 0.12

COPD/Emphysema unadjusted Q1-2vs Q3-5 0.580 0.352-0.893 0.015
adjusted Q1-2vs Q3-5 0.567 0.354 - 0.909 0.018
Smoking duration 1.044 1.020 — 1.069 <0.001
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Age

1.102 1.035-1.174

0.003

Figure S7 Cause of death in groups
defined by IMD and LDCT (A) as % of
subjects at risk with % change
compared to no CT control, (B) COPD
and emphysema specific mortality,
stratified by LDCT and IMD, and C
cardiovascular disease stratified by
LDCT and IMD.

LDCT and IMD groups: Q1-2 CT =
LDCT more deprived (red); Q1-2 C=
Control more deprived (blue dotted); Q3-
5 CT =LDCT less deprived (orange) Q3-
5 C = Control less deprived (green
dotted). Subjects per group in A: Q1-

2 C=1780,Q1-2 CT=760, Q3-5 C=
1236, Q3-5_CT=1194, (P=0.005). In B
and C, the number exposed at time points
0, 2,4, 6 and 8 years (B) are given, with
the number of events in the subsequent

time period (in brackets).
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