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Abstract
Introduction  Lung cancer is the leading cause of 
cancer death in the USA and worldwide, and lung cancer 
screening (LCS) with low-dose CT (LDCT) has the potential 
to improve lung cancer outcomes. A critical question is 
whether the ratio of potential benefits to harms found 
in prior LCS trials applies to an older and potentially 
sicker population. The Personalised Lung Cancer 
Screening (PLuS) study will help close this knowledge 
gap by leveraging real-world data to fully characterise 
LCS recipients. The principal goal of the PLuS study is 
to characterise the comorbidity burden of individuals 
undergoing LCS and quantify the benefits and harms of 
LCS to enable informed decision-making.
Methods and analysis  PLuS is a multicentre 
observational study designed to assemble an LCS cohort 
from the electronic health records of ~40 000 individuals 
undergoing annual LCS with LDCT from 2016 to 2022. 
Data will be integrated into a unified repository to (1) 
examine the burden of multimorbidity by race/ethnicity, 
socioeconomic status and age; (2) quantify potential 
benefits and harms; and (3) use the observational 
data with validated simulation models in the Cancer 
Intervention and Surveillance Modeling Network (CISNET) 
to provide LCS outcomes in the real-world US population. 
We will fit a multivariable logistic regression model to 
estimate the adjusted ORs of comorbidity, functional 
limitations and impaired pulmonary function adjusted for 
relevant covariates. We will also estimate the cumulative 
risk of LCS outcomes using discrete-time survival models. 
To our knowledge, this is the first study to combine 
observational data and simulation models to estimate the 
long-term impact of LCS with LDCT.
Ethics and dissemination  The study was approved by 
the Kaiser Permanente Southern California Institutional 
Review Board and VA Portland Health Care System. The 
results will be disseminated through publications and 
presentations at national and international conferences. 
Safety considerations include protection of patient 
confidentiality.

Introduction
Lung cancer is the leading cause of cancer-
related deaths in the USA and worldwide,1 
largely because most patients have advanced, 
incurable disease at the time of diagnosis.2 
In 2022, it is estimated that there will be 
236 740 newly diagnosed cases and 130 180 
deaths attributed to lung cancer in the USA, 
accounting for 12.3% of all incident cancers 
and 21.4% of all cancer deaths.1 Lung cancer 
screening (LCS) with low-dose CT (LDCT) 
has the potential to revolutionise lung cancer 
outcomes through early detection and is 
therefore recommended in high-risk groups 
to reduce lung cancer mortality.3–9 In 2011, 
the National Lung Screening Trial (NLST) 
reported that three rounds of annual LCS with 
LDCT reduced the risk of lung cancer death 
by 20% compared with annual chest radi-
ography.4 In 2013, the Nederlands-Leuvens 

Strengths and limitations of this study
⇒⇒ Use of observational data from real-world diverse 
settings with an established simulation model to es-
timate long-term harms and benefits of lung cancer 
screening (LCS) to compare screened versus non-
screened populations.

⇒⇒ Diverse population (racial/ethnic, socioeconomic 
and geographic diversity) from four healthcare sys-
tems will increase the generalisability of the study.

⇒⇒ Evaluation of LCS utilisation patterns and outcomes 
in individuals undergoing lung cancer screening by 
varying levels of comorbidities, functional limita-
tions and pulmonary function.

⇒⇒ Use of electronic health records data offers import-
ant advantages by including large numbers of pa-
tients who receive real-world care.

⇒⇒ Inability to make causal inferences.
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Figure 1  Schematic representation of the PLuS study 
design aims. CISNET, Cancer Intervention and Surveillance 
Modelling Network; KPSC, Kaiser Permanente Southern 
California; LCS, Lung Cancer Screening; MUSC, Medical 
University of South Carolina; OneFlorida, OneFlorida Clinical 
Consortium; PLuS, Personalised Lung Cancer Screening; 
VHA, Veterans Health Administration.

Longkanker Screenings Onderzoek (NELSON) trial 
found 24% fewer lung cancer deaths in a cohort screened 
with four rounds of LDCT compared with regular care.10 
Based on the findings from the NLST, annual LCS with 
LDCT is recommended in the USA for persons aged 
55–80 years who have a 30-pack-year smoking history at a 
minimum and either currently smoke or have quit within 
the past 15 years.11 In 2021, the US Preventive Services 
Task Force (USPSTF) and the American Cancer Society 
modified their recommendations to include adults 50–80 
years old with a history of smoking for  ≥20 pack-years 
and either currently smoke or have quit within the past 
15 years to undergo LDCT.12 13 These modified recom-
mendations issued in 2021 will lead to a larger number of 
adults undergoing LDCT.

However, as LCS is implemented more widely in real-
world populations and more diverse settings, the ratio 
of benefits to harms may well differ from that observed 
in the highly controlled environment and the relatively 
young, generally healthy participants of the NLST (only 
25% of NLST participants were age  ≥65, and none 
were  >74 years).4 A post hoc analysis of data from the 
NLST observed that older participants had a higher risk 
of false-positive results and complications from invasive 
procedures after screening.14 Older individuals with a 
prolonged history of smoking have an increased risk of 
lung cancer death and also have a higher risk of morbidity 
and mortality from significant comorbidities such as 
chronic obstructive pulmonary disease (COPD) and 
cardiovascular diseases.15–18 US adults eligible for LCS 
are likely to be older and are substantially more likely to 
have a history of current smoking, a higher comorbidity 
burden18 19 and lower average life expectancy than NLST 
participants.18 Our prior study using the US Behavioural 
Risk Factor Surveillance System data found that comorbid 
conditions were associated with a higher likelihood of 
undergoing LCS with LDCT.20 These comorbidity-related 
differences, along with sociodemographic differences 

noted by others, raise questions about the generalisability 
of the NLST results to the full screening-eligible US 
population.21–23

Currently, there is little evidence to guide the selec-
tion of LCS among individuals with coexisting comorbid 
conditions. Therefore, the purpose of the Personalised 
Lung Cancer Screening (PLuS) study is to address the 
following gaps by (1) comprehensively and precisely 
characterising the patient population undergoing LCS 
in real-world settings with regard to the burden of multi-
morbidity (defined as chronic coexisting conditions, 
functional limitations and/or impaired pulmonary func-
tion), and examining this burden by race/ethnicity, 
socioeconomic status and age; (2) quantifying poten-
tial harms (eg, false-positive results, procedure-related 
complications) and benefits (eg, early-stage disease at 
diagnosis) of LCS among persons with diverse levels of 
multimorbidity; and (3) comparing the effectiveness of 
LCS in relation to long-term outcomes (both benefits 
and harms) across subpopulations with diverse levels of 
multimorbidity using validated Cancer Intervention and 
Surveillance Modeling Network (CISNET) simulation 
models and refined model input parameters based on 
real-world data. The conceptual framework for the PLuS 
study is presented in figure  1. This study will precisely 
characterise vulnerable subpopulations with multimor-
bidities, quantifying potential benefits and harms of LCS 
to enable more informed decision-making by health 
providers and patients contemplating LCS.

Method and analysis
Study design and setting
The PLuS study will be conducted using real-world data 
on patients screened with LDCT from four diverse health-
care systems identified in Florida, California, South Caro-
lina and the Veterans Health Administration.

Study population
The target population includes all adults who have under-
gone LCS with LDCT, including screened individuals 
who did not meet former or current eligibility criteria, 
and who have had one or more primary care visits at one 
of the four participating healthcare systems. The data 
will be extracted from electronic health records (EHR) 
and Medicare claims from 2016 to 2022. Individuals with 
a history of lung cancer within the 5 years prior to the 
LDCT scan or individuals with scans performed for diag-
nostic purposes will be excluded.

Each of the four participating healthcare systems is 
community-based and provides comprehensive services, 
including primary and specialty care, to large and diverse 
populations. In addition, each healthcare system has 
implemented LCS since at least November 2015. The 
geographic diversity and varied care delivery models of 
these four healthcare systems enhance our study’s ability 
to characterise the burden of multimorbidity and eval-
uate the outcomes of LCS in real-world settings.
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Study sites
The OneFlorida Clinical Consortium (OneFlorida) 
provides care for 15 million patients across all 67 coun-
ties in Florida, of which 45.9% are white.24 25 OneFlorida 
consists of 12 healthcare organisations including academic 
health centres, private health systems and community 
clinics. The consortium was recently designated as one 
of the nation’s 13 clinical data research networks by the 
National Patient-Centred Clinical Research Network 
(PCORnet), which was created to conduct comparative 
effectiveness research and to accelerate the translation 
of promising research findings into improved patient 
care.24 25

Kaiser Permanente Southern California (KPSC) is a 
fully integrated healthcare system that serves over 4.6 
million members.26 The system currently includes over 
7600 physicians and 26 000 nurses, who provide care at 15 
hospitals and 231 medical office buildings.26 The KPSC 
membership is racially/ethnically and socioeconomically 
diverse, reflecting the population of the Southern Cali-
fornia region from which it is drawn.27 In March 2019, 
the total membership (including children) was 43% 
Hispanic, 35% non-Hispanic white, 9% black and 12% 
Asian/Pacific Islander.27

The Medical University of South Carolina (MUSC) 
serves approximately 1.5 million individuals from a 
diverse population, of which 30% are black. The MUSC 
Health comprises  ~2000 beds, more than 100 outreach 
sites, the MUSC College of Medicine, the physicians’ 
practice plan and nearly 275 telehealth locations. At the 
end of 2015, the MUSC launched its LCS Programme at 
the NCI-designated Hollings Cancer Centre.

The Veterans Health Administration (VHA) serves 9 
million veterans annually.28 It was estimated that 900 000 
VHA-enrolled veterans met the 2013 USPSTF eligibility 
criteria,29 and as the CISNET models underlying the 2021 
criteria reported, the number of eligible patients may 
almost double; ~2 million Veterans may now be eligible.12 
As of 2019, almost 72 000 Veterans had at least one LDCT 
for LCS in 96 of 139 (69.1%) facilities in 44 states.30

The utilisation of a multicentre study design aims to 
provide racial/ethnic, geographic and socioeconomic 
status (SES) diversity, and the four participating health-
care systems extend the spectrum of US healthcare 
delivery models. In addition to the data extraction from 
the EHRs via the International Classification of Diseases 
(ICD) and Current Procedural Terminology codes, a 
computable phenotype (CP) algorithm will be employed 
to extract data from the unstructured clinical narratives 
from the EHRs through natural language processing 
(NLP). The NLP procedure substantially improves the 
accuracy and coverage of CP algorithms and enables the 
extraction of the necessary variables that may be missing 
in the structured EHRs for downstream data analyses.31

Comorbidity
Comorbidity will be assessed by two traditional comor-
bidity indices, the Charlson Comorbidity Index (CCI) 

and/or the Elixhauser Index, as well as by newer CPs. The 
modified CCI score is a summary measure of 17 comor-
bidities that are weighted based on severity.32–34 The Elix-
hauser system was developed to predict hospital charges, 
length of stay and in-hospital mortality by identifying 
comorbidities that are relevant to hospitalisation (but 
not the primary reason for hospitalisation) along with 
the severity of the condition that prompted hospitalisa-
tion.35 36 The Charlson/Elixhauser score will be calculated 
from EHR during the 12 months prior to each LCS33–35 37 
and will be categorised as 0=best health, 1=average health 
and 2=worst health. We have chosen to use the Charlson/
Elixhauser combined comorbidity score as it has been 
shown to offer improvements in comorbidity summari-
sation over other existing scores.37 In addition to using 
count-based measures of comorbidity, we will use novel 
methods to identify distinct comorbidity profiles.38

Pulmonary function
History of COPD will be identified through the EHR data 
and categorised as yes versus no. However, in a subset of 
our study participants (KPSC and OneFlorida), we will 
capture the severity of COPD39 by using the previously 
validated structured data on spirometry. COPD severity 
will be classified using the new Global Initiative for 
Obstructive Lung Disease (GOLD) classification system; 
categories A, B, C and D will be based on spirometry indi-
cators.40 We will also evaluate forced expiratory volume 
(FEV) and ejection fraction (EF) data for patients with 
heart failure.41 Additionally, impaired pulmonary func-
tion will be defined as FEV1/FVC <70%, where FEV1 is 
FEV in one second and FVC is forced vital capacity.39

Functional limitations
Consistent with our prior studies,42 43 patient indicators 
of functional limitations will be derived from claims and 
EHR data in a subset of study participants. As with comor-
bidity, functional limitations will be ascertained during 
the 12 months prior to the baseline LDCT. Detailed 
Function Related Indicators (FRI) algorithms have been 
described previously.44 45 The 16 indicators will be coded 
as binary variables, and individuals will receive a score 
for each aspect of functional limitations with the average 
score generating the FRI score (online supplemental 
table 1). We will categorise FRI as being in best health 
if patients have an FRI score of 0, average health if they 
have an FRI score of 1 and worst health if they have an 
FRI score of ≥2.

Outcomes of interest
The primary outcome for Aim 1 is the prevalence of 
multimorbidity in the LCS cohort. The primary outcomes 
in Aim 2 are the events that follow LCS with LDCT, such 
as the outcomes of the baseline LDCT and subsequent 
LDCT tests including false-positive results through biop-
sies, lung cancer stage at diagnosis (derived from tumour 
registries and supplemented by pathology reports) and 
procedure-related complications. Other outcomes will 

https://dx.doi.org/10.1136/bmjopen-2022-064142
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Table 1  Model elements and data sources for simulation modelling

Model inputs Possible data sources

Lung cancer incidence by age, sex and smoking history NHS/HPFS, SEER

Tumour stage distribution by histology and sex SEER, PLCO, NLST

Lung cancer-specific survival times by age, histology, stage and sex SEER

Preclinical sojourn time in each stage NLST, PLCO

Sensitivity and specificity of LDCT; false-positive rates NLST/LungRADS and real-world LCSC

Adherence with Lung-RADS recommendations by multimorbidity burden Real-world LCSC

LDCT screening outcomes; biopsies, complications Real-world LCSC

Competing other-cause mortality CISNET, NLST, PLCO, real-world LCSC

CISNET, Cancer Intervention and Surveillance Modeling Network; HPFS, Health Professionals Fellow-Up Study; LCSC, lung cancer 
screening cohort data (Aims 1 and 2 in the PLuS study); LDCT, lung cancer screening with low-dose CT; NHS, Nurses’ Health Study; NLST, 
National Lung Screening Trial; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; SEER, Surveillance, Epidemiology, and 
End Results.

include LDCT results characterised based on Lung-RADS 
reports and lung cancer treatment. These outcome data 
will be derived from the EHR, claims data and tumour 
registries.

False-positive results
The results will be defined based on Lung-RADS catego-
ries, with a category of three or four denoting a positive 
screen. A Lung-RADS positive screen not followed by lung 
cancer diagnosis within 3 years will be defined as a false 
positive.46 An invasive procedure within 1 year following a 
false positive will be defined as a Lung-RADS false-positive 
screen with an invasive procedure.47 Each LDCT result 
will be classified as a true-positive, false-positive, true 
negative or false negative.47

Procedural complications
We will include complications following invasive diag-
nostic procedures (percutaneous cytological examina-
tion or biopsies, bronchoscopy, surgical biopsies) that 
lead to lung cancer diagnosis.4 Procedures after the 
date of lung cancer diagnosis will be excluded. Serious 
complications within 7–30 days of biopsies include pneu-
mothorax, bleeding (pulmonary haemorrhage), acute 
respiratory failure, acute renal failure, allergic reaction 
to iodinated contrast material requiring hospitalisation 
and acute myocardial infarction. We will evaluate proce-
dural complications among all persons undergoing 
LCS; complications will be classified as minor or major 
according to the Society of Interventional Radiology 
(SIR) Guidelines.48

Lung cancer stage at diagnosis
Stage will be ascertained using respective institutional 
cancer registries (using ICD 9/10 codes) and supple-
mented by the patient’s pathology reports obtained 
through EHR. The key variables will include the Amer-
ican Joint Committee on Cancer stage, histology and the 
presence/absence of metastases.

LDCT results
The results of the LCS with LDCT will be extracted from 
the Lung-RADS reports, which is a standardised template 
for reporting LDCT results.47 49 All participating health-
care systems currently use Lung-RADS for reporting. The 
receipt and timing of additional CT examinations will be 
examined based on these reports.

Lung cancer treatment will include data on treatment 
modalities focusing on the differences between surgery, 
chemotherapy and radiation therapy among patients 
with early-stage lung cancer. Receipt of curative radio-
therapy may be a marker of overtreatment due to inap-
propriate LCS of patients with a high risk of other causes 
of mortality.50

The primary outcome of Aim 3 will evaluate the bene-
fits and harms of LDCT screening for vulnerable popu-
lations with various multimorbidity levels, including 
lung cancer deaths averted, life-years gained, overdi-
agnosis, false-positive tests and radiation-related lung 
cancer deaths using simulation modelling. The real-
world data inputs generated in Aim 1 and Aim 2 will be 
used to refine the University of Michigan Lung Cancer 
Screening model (UM-LCS).51 The model inputs for the 
simulation modelling are presented in table 1. Detailed 
statistical methods can be found under the statistical 
plan.

Covariates
The following variable information will be extracted from 
the EHR data using previously validated methods:52 age 
at each visit, race/ethnicity, history of smoking status 
and pack-years. Area-level SES measures will include 
the proportion of adults with a college education (US 
Census)53 and other measures at the census block group 
level, including the diversity index score (a measure of 
the racial and ethnic diversity of a geographical area, 
ranging from 0 (no diversity) to 100 (complete diver-
sity)), median disposable income, median household 
income, average annual health insurance expenditures, 
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average annual public transportation expenditures, and 
proportion with access to the internet.53

Data collection and management
Data elements will be collected and managed locally by 
investigators at each of the four sites and subsequently 
transferred securely to the Data Coordinating Center 
(DCC) at the University of Florida for quality control 
and analysis. The data elements will include both struc-
tured and unstructured health information collected at 
our participating healthcare systems. All four healthcare 
systems will work towards data harmonisation and use 
identical methods to abstract the data via the EHR and 
NLP methods. The study site will be linked to respective 
cancer registries to determine the timing of lung cancer 
diagnosis after LDCT, as well as other essential variables.

Patient and public involvement
There is no patient and public involvement in the design 
and conduct of the study.

Sample size and power analysis
The preliminary data collected from the four study sites 
will include ~40 000 unique individuals in the LCS cohort 
and ~800 incident lung cancer cases (based on an esti-
mated 2% lung cancer rate) for the period 2016–2022. 
To estimate the sample size, we focused our calculation 
on the outcome for Aim 2, since the procedure-related 
complications were selected by the members of the 
research team to be the least likely of the LCS outcomes 
and would allow for a feasible sample.

We estimate that at least 70% of those undergoing LSC 
with LDCT will have at least one consequential comor-
bidity, and about 20% will have COPD.54–56 Based on the 
prior literature, <5% of individuals who have LCS with 
LDCT receive subsequent invasive diagnostic procedures, 
and ~15%–20% of individuals undergoing an invasive 
diagnostic procedure will have procedure-related compli-
cations, even if those individuals have no major chronic 
co-existing conditions at the time of the diagnostic proce-
dure.57 58 Given these assumptions, the study is powered 
to identify a minimally detectable risk difference as small 
as 5% for procedure-related complications. This estimate 
considers 80% power and the probability of type I error 
of 0.05, which should be able to detect small effect sizes 
for minimally detectable risk differences of false-positive 
LCS results ranging between 1.3% and 1.9% across levels 
of comorbidity.

Analytical plan
The first aim will characterise the receipt of LCS by exam-
ining the burden of chronic comorbidities, functional 
limitations and impaired pulmonary function using 
descriptive statistics to fully characterise our patient popu-
lation (including means and SD for continuous variables 
and χ2 tests or contingency table analysis for categorical 
variables). As an exploratory sub-aim, we will examine 
this burden by race/ethnicity, SES and age. Addition-
ally, to increase the generalisability of the estimates, we 

will generate a weighted variable for each observation 
based on the inverse of its selection probability and 
report weighted prevalence estimates of comorbidity, 
functional limitations and impaired pulmonary function. 
Two-sample proportion tests will be used to examine if 
the prevalence of comorbidity, functional limitations and 
impaired pulmonary function differ by race/ethnicity, 
SES or age. We will use multivariable logistic regression 
models to calculate adjusted ORs and 95% CIs of comor-
bidity, FRIs, and impaired pulmonary function, adjusting 
for race/ethnicity, SES, age, and other relevant covari-
ates (eg, smoking status, calendar year screened and 
geographical location).

The second aim will examine the LCS outcomes 
following LDCT. We will first quantify potential harms (eg, 
false-positive results, procedure-related complications) 
and benefits (early-stage lung cancer at diagnosis) of LCS. 
Descriptive statistics will be conducted for the outcomes 
and will be stratified by measures of comorbidity, func-
tional limitation and baseline pulmonary function. We 
will estimate the cumulative risk of these LCS outcomes 
over 7 years of screening performed during 2016–2022 
using discrete-time survival models, which inherently 
account for the fact that the risk of an event only accrues 
at the time of screening exam.59 Thus, time in the models 
will be indexed by the number of prior screening exam-
inations rather than calendar time.

Additionally, using separate discrete-time survival 
models, we will estimate the hazard for each outcome 
of interest by comorbidity, functional limitations and 
impaired pulmonary function, adjusted for relevant 
covariates (eg, geographic location, SES, race/ethnicity, 
age, smoking status). We will model each LDCT scan as 
a separate observation and calculate the probability of an 
event within the following year, using comorbidity score, 
functional limitations, and pulmonary function at the 
beginning of each interval for each separate observation 
as time-varying, because they can change with each obser-
vation. Models will be pruned by backward selection using 
the Akaike information criterion to balance the predic-
tive power of the model against model parsimony.60 To 
estimate the cumulative probability of each outcome asso-
ciated with LCS for persons of a given comorbidity level, 
functional limitation level or pulmonary function level, 
we will aggregate discrete hazards to estimate the average 
number of LCS examinations until a person first expe-
riences an event as well as the cumulative probability of 
experiencing at least one event over 6 years of screening. 
To address missing data, logistic regression models will 
be used to identify the factors related to the probability 
of missing data and determine whether there is any 
distinct pattern of missingness. The issue of potential 
loss of power and bias due to missing data will be further 
addressed by using multiple imputation methods if the 
variables are missing at random. Before performing the 
statistical analysis for Aim 3, we will generate 10 imputed 
datasets, analyse them separately and then combine the 
results using established methods.61 Sensitivity analyses 
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Figure 2  (A) Natural history component of the UM-LCS 
model. (B) Screening component of the UM-LCS model, 
example for an individual diagnosed with stage IIIA lung 
cancer in natural history component. LC, lung cancer; OC, 
other causes; UM-LCS, University of Michigan Lung Cancer 
Screening model.

will be based on using inverse probability (of having 
missing data) weights.62

Simulation modelling for Aim 3
The UM-LCS model consists of two main components: 
a natural history component and a screening compo-
nent, which together generate an individual history. The 
natural history component simulates individual lung 
cancer-related events as well as death from causes other 
than lung cancer, given an individual’s smoking history 
(figure 2A). The screening component simulates a stage-
appropriate preclinical sojourn time (PST) (ie, the 
period in which an asymptomatic lung cancer develops 
before being detected once screening occurs), as well as a 
screening schedule and screening outcomes (figure 2B). 
For screening-detected cancers, the model simulates 
a new lung cancer survival time based on the stage at 
diagnosis. The UM-LCS model inputs are described in 
table 1. In the proposed study, we will recalibrate some 
model elements using data generated in Aims 1 and 2. 
The refined model will then evaluate various measures 
for the benefits and harms of LCS for vulnerable popu-
lations with various multimorbidity conditions under 
diverse screening scenarios. The reference scenario will 
be the annual LCS of individuals ages 55 through 80 years 
who have smoked for 30 pack-years and either currently 
smoke or quit smoking within 15 years.11

We will compare the benefits and harms in diverse 
screening scenarios by varying starting and stopping ages, 
frequencies and eligibility criteria based on smoking pack-
years, years since quitting and level of multimorbidity. 
Comparative effectiveness of various LDCT screening strat-
egies according to the level of smoking exposure, overall 
comorbidity, functional limitations and pulmonary/
COPD status will be assessed. Furthermore, the UM-LCS 
model will be extended to incorporate complications 
observed in screened individuals given their multimor-
bidity conditions. We will also determine the threshold 
of multimorbidity (coexisting conditions, limited func-
tioning and/or impaired pulmonary function) where the 

benefits and harms of LCS are comparable to those for a 
predefined subgroup having average health status for the 
population.

The simulation model outcomes will include (1) 
screening of eligible populations, (2) LDCT screens 
and follow-up scans, (3) false-positive screens, (4) lung 
cancer biopsies, (5) lung cancer incidence, (6) lung 
cancer mortality, (7) life-years/quality-adjusted life-years 
gained compared with no screening, (8) number needed 
to screen to prevent one lung cancer death, (9) overdiag-
nosis and (10) radiation-related lung cancer death.

Discussion
The PLuS study will generate valuable data on a real-
world population undergoing recommended LCS at 
four diverse healthcare systems. The study is designed to 
address LCS utilisation among patients with comorbidi-
ties, functional limitations and impaired pulmonary func-
tion that are largely unknown.

Although the NLST and other trials have shown that 
LCS with LDCT reduces the risk of lung cancer mortality, 
the benefits and harms found in prior studies are 
unknown in older and potentially sicker real-world popu-
lations. Compared with LCS trial participants, US adults 
eligible for LCS are nearly twice as likely to be >70 years 
old and are substantially more likely to have a history of 
current smoking.14 Additionally, of the nearly 8.6 million 
LCS-eligible adults in the USA, ~3 million have chronic 
coexisting conditions that may decrease the net benefit 
of screening for early-stage disease.56

The first scientific manuscript for the PLuS study 
will describe the results of LCS utilisation patterns and 
present empirical data by multimorbidity. Our study has 
the potential to inform future updates and refinement of 
screening guidelines concerning the health status of indi-
viduals with multimorbidity. The subsequent papers will 
describe the rates of benefits and harms of LCS outcomes 
in the presence of multimorbidity. Finally, using inputs 
from observational studies, the refined simulation model 
results will be presented, which will help us to quantify 
the impact of comorbidity, functional limitations, pulmo-
nary function on screening outcomes and the net benefit 
of LCS with LDCT on long-term health outcomes in real-
world clinical settings. Thus, the current proposed study 
results will characterise the population with a high comor-
bidity burden, quantifying for them the benefits and 
harms of LCS and help guide clinical decision-making for 
patients with comorbidities who are at risk of lung cancer.

Ethics and dissemination
The study protocol was approved by the Kaiser Perma-
nente Southern California (KPSC)

Institutional Review Board (IRB) under the smart IRB 
Master Common Reciprocal Institutional Review Board 
Authorisation Agreement (Reference number: 12430) for 
all sites except the VA Portland Healthcare System, whose 
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IRB determined this study to be exempt from review 
(Exemption number: 4507). The DCC at UF will ensure 
that the required data elements are reliably collected 
and mapped into a commonly defined, Health Insurance 
Portability and Accountability Act (HIPAA)-compliant 
format, and are managed in a flexible, secure data system. 
The DCC will establish and maintain systems to collect 
common data elements across all four participating insti-
tutions and provide a secure transfer and distribution 
infrastructure to meet HIPAA, collaborating institutions 
and the US federal regulations for data sharing.

The data and the results have the potential to directly 
benefit public health and will be disseminated by the 
research team through the presentation of high-quality 
reports at national and international conferences, and 
through publications in peer-reviewed journals.

Author affiliations
1Department of Surgery, University of Florida, Gainesville, Florida, USA
2Cancer Center, UF Health, Gainesville, Florida, USA
3Institute on Aging, University of Florida, Gainesville, Florida, USA
4Center to Improve Veteran Involvement in Care, Portland VA Medical Center, 
Portland, Oregon, USA
5Department of Epidemiology, University of Florida, Gainesville, Florida, USA
6Department of Health Outcomes & Biomedical Informatics, University of Florida, 
Gainesville, Florida, USA
7Department of Epidemiology, University of Michigan, Ann Arbor, Michigan, USA
8Department of Health Sciences, Brock University, St. Catharines, Ontario, Canada
9Department of Cancer Epidemiology, H Lee Moffitt Cancer Center and Research 
Center Inc, Tampa, Florida, USA
10Department of Radiology, University of Florida, Gainesville, Florida, USA
11Division of Hematology and Oncology, Department of Medicine, College of 
Medicine, University of Florida, Gainesville, Florida, USA
12Division of Pulmonary and Critical Care Medicine, Medical University of South 
Carolina, Charleston, South Carolina, USA
13Department of Health Systems Science, Kaiser Permanente Bernard J Tyson 
School of Medicine, Pasadena, California, USA

Twitter Shama D Karanth @KaranthShama

Contributors  DB, GAS and MKG conceptualised and led the study. All authors 
contributed to the study design and protocol development, and have reviewed and 
approved the final version of the manuscript. All included authors provided written 
informed consent.

Funding  The study is funded by the National Institute of Cancer grant number 
R01CA249506. CGS is supported by resources from the Center to Improve Veteran 
Involvement in Care, VA Portland Health Care System, Portland, OR (VAPORHCS).

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting or dissemination plans of this research.

Patient consent for publication  Not applicable.

Provenance and peer review  Not commissioned; peer reviewed for ethical and 
funding approval prior to submission.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 

permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Dejana Braithwaite http://orcid.org/0000-0001-8376-5903
Shama D Karanth http://orcid.org/0000-0001-5371-6908
Jiang Bian http://orcid.org/0000-0002-2238-5429
Meghann Wheeler http://orcid.org/0000-0003-2658-7738
Yi Guo http://orcid.org/0000-0003-0587-4105

References
	 1	 Siegel RL, Miller KD, Fuchs HE, et al. Cancer statistics, 2022. CA 

Cancer J Clin 2022;72:7–33.
	 2	 Molina JR, Yang P, Cassivi SD, et al. Non-small cell lung cancer: 

epidemiology, risk factors, treatment, and survivorship. Mayo Clin 
Proc 2008;83:584–94.

	 3	 Oudkerk M, Devaraj A, Vliegenthart R, et al. European position 
statement on lung cancer screening. Lancet Oncol 2017;18:e754–66.

	 4	 National Lung Screening Trial Research Team, Aberle DR, Adams 
AM, et al. Reduced lung-cancer mortality with low-dose computed 
tomographic screening. N Engl J Med 2011;365:395–409.

	 5	 Bindman A. JAMA Forum: lung cancer screening and evidence-
based policy. JAMA 2015;313:17–18.

	 6	 Gould MK. Clinical practice. lung-cancer screening with low-dose 
computed tomography. N Engl J Med 2014;371:1813–20.

	 7	 Wiener RS, Gould MK, Arenberg DA, et al. An official American 
thoracic Society/American college of chest physicians policy 
statement: implementation of low-dose computed tomography lung 
cancer screening programs in clinical practice. Am J Respir Crit Care 
Med 2015;192:881–91.

	 8	 Tanoue LT, Tanner NT, Gould MK, et al. Lung cancer screening. Am J 
Respir Crit Care Med 2015;191:19–33.

	 9	 Jemal A, Thun MJ, Ries LAG, et al. Annual report to the nation on the 
status of cancer, 1975-2005, featuring trends in lung cancer, tobacco 
use, and tobacco control. J Natl Cancer Inst 2008;100:1672–94.

	10	 Horeweg N, Scholten ET, de Jong PA, et al. Detection of lung cancer 
through low-dose CT screening (NELSON): a prespecified analysis 
of screening test performance and interval cancers. Lancet Oncol 
2014;15:1342–50.

	11	 Moyer VA, U.S. Preventive Services Task Force. Screening for 
lung cancer: U.S. preventive services task force recommendation 
statement. Ann Intern Med 2014;160:330–8.

	12	 US Preventive Services Task Force, Krist AH, Davidson KW, et al. 
Screening for lung cancer: US preventive services task force 
recommendation statement. JAMA 2021;325:962–70.

	13	 American cancer Society lung cancer screening guideline. Available: 
https://www.cancer.org/health-care-professionals/american-​
cancer-society-prevention-early-detection-guidelines/lung-cancer-​
screening-guidelines.html.

	14	 Pinsky PF, Gierada DS, Hocking W, et al. National lung screening trial 
findings by age: medicare-eligible versus under-65 population. Ann 
Intern Med 2014;161:627–33.

	15	 Gould MK. Lung cancer screening and elderly adults: do we have 
sufficient evidence? Ann Intern Med 2014;161:672–3.

	16	 Gould MK. Lung cancer screening in individuals with chronic 
obstructive pulmonary disease. finding the sweet spot. Am J Respir 
Crit Care Med 2015;192:1027–8.

	17	 Gould MK. Precision screening for lung cancer: risk-based but not 
always preference-sensitive? Ann Intern Med 2018;169:52–3.

	18	 Howard DH, Richards TB, Bach PB, et al. Comorbidities, smoking 
status, and life expectancy among individuals eligible for lung cancer 
screening. Cancer 2015;121:4341–7.

	19	 Carroll NM, Burnett-Hartman AN, Joyce CA, et al. Real-world clinical 
implementation of lung cancer screening-evaluating processes 
to improve screening guidelines-concordance. J Gen Intern Med 
2020;35:1143–52.

	20	 Advani S, Zhang D, Tammemagi M, et al. Comorbidity profiles 
and lung cancer screening among older adults: U.S. behavioral 
risk factor surveillance system 2017-2019. Ann Am Thorac Soc 
2021;18:1886–93.

	21	 Fabrikant MS, Wisnivesky JP, Marron T, et al. Benefits and challenges 
of lung cancer screening in older adults. Clin Ther 2018;40:526–34.

	22	 Moseson EM, Wiener RS, Golden SE, et al. Patient and clinician 
characteristics associated with adherence. a cohort study of 
veterans with incidental pulmonary nodules. Ann Am Thorac Soc 
2016;13:651–9.

https://twitter.com/KaranthShama
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-8376-5903
http://orcid.org/0000-0001-5371-6908
http://orcid.org/0000-0002-2238-5429
http://orcid.org/0000-0003-2658-7738
http://orcid.org/0000-0003-0587-4105
http://dx.doi.org/10.3322/caac.21708
http://dx.doi.org/10.3322/caac.21708
http://dx.doi.org/10.4065/83.5.584
http://dx.doi.org/10.4065/83.5.584
http://dx.doi.org/10.1016/S1470-2045(17)30861-6
http://dx.doi.org/10.1056/NEJMoa1102873
http://dx.doi.org/10.1001/jama.2014.16429
http://dx.doi.org/10.1056/NEJMcp1404071
http://dx.doi.org/10.1164/rccm.201508-1671ST
http://dx.doi.org/10.1164/rccm.201508-1671ST
http://dx.doi.org/10.1164/rccm.201410-1777CI
http://dx.doi.org/10.1164/rccm.201410-1777CI
http://dx.doi.org/10.1093/jnci/djn389
http://dx.doi.org/10.1016/S1470-2045(14)70387-0
http://dx.doi.org/10.7326/M13-2771
http://dx.doi.org/10.1001/jama.2021.1117
https://www.cancer.org/health-care-professionals/american-cancer-society-prevention-early-detection-guidelines/lung-cancer-screening-guidelines.html.
https://www.cancer.org/health-care-professionals/american-cancer-society-prevention-early-detection-guidelines/lung-cancer-screening-guidelines.html.
https://www.cancer.org/health-care-professionals/american-cancer-society-prevention-early-detection-guidelines/lung-cancer-screening-guidelines.html.
http://dx.doi.org/10.7326/M14-1484
http://dx.doi.org/10.7326/M14-1484
http://dx.doi.org/10.7326/M14-2006
http://dx.doi.org/10.1164/rccm.201508-1594ED
http://dx.doi.org/10.1164/rccm.201508-1594ED
http://dx.doi.org/10.7326/M18-1350
http://dx.doi.org/10.1002/cncr.29677
http://dx.doi.org/10.1007/s11606-019-05539-w
http://dx.doi.org/10.1513/AnnalsATS.202010-1276OC
http://dx.doi.org/10.1016/j.clinthera.2018.03.003
http://dx.doi.org/10.1513/AnnalsATS.201511-745OC


8 Braithwaite D, et al. BMJ Open 2022;12:e064142. doi:10.1136/bmjopen-2022-064142

Open access�

	23	 Smith-Bindman R. Is computed tomography safe? N Engl J Med 
2010;363:1–4.

	24	 Shenkman E, Hurt M, Hogan W, et al. OneFlorida clinical research 
Consortium: linking a clinical and translational science Institute with 
a community-based distributive medical education model. Acad Med 
2018;93:451–5.

	25	 Hogan WR, Shenkman EA, Robinson T, et al. The OneFlorida data 
trust: a centralized, translational research data infrastructure of 
statewide scope. J Am Med Inform Assoc 2022;29:686–93.

	26	 Gould MK, Sharp AL, Nguyen HQ, et al. Embedded research 
in the learning healthcare system: ongoing challenges and 
recommendations for researchers, clinicians, and health system 
leaders. J Gen Intern Med 2020;35:3675–80.

	27	 Koebnick C, Langer-Gould AM, Gould MK, et al. Sociodemographic 
characteristics of members of a large, integrated health care system: 
comparison with us census bureau data. Perm J 2012;16:37–41.

	28	 Veterans Health Administration. Providing health care for veterans. 
Available: https://www.va.gov/health/

	29	 Kinsinger LS, Anderson C, Kim J, et al. Implementation of lung 
cancer screening in the veterans health administration. JAMA Intern 
Med 2017;177:399–406.

	30	 Boudreau JH, Miller DR, Qian S, et al. Access to lung cancer 
screening in the veterans health administration: does geographic 
distribution match need in the population? Chest 2021;160:358–67.

	31	 Danforth KN, Early MI, Ngan S, et al. Automated identification of 
patients with pulmonary nodules in an integrated health system 
using administrative health plan data, radiology reports, and natural 
language processing. J Thorac Oncol 2012;7:1257–62.

	32	 Romano PS, Roos LL, Jollis JG. Adapting a clinical comorbidity 
index for use with ICD-9-CM administrative data: differing 
perspectives. J Clin Epidemiol 1993;46:1075–9.

	33	 Sundararajan V, Henderson T, Perry C, et al. New ICD-10 version of 
the charlson comorbidity index predicted in-hospital mortality. J Clin 
Epidemiol 2004;57:1288–94.

	34	 Charlson ME, Pompei P, Ales KL, et al. A new method of classifying 
prognostic comorbidity in longitudinal studies: development and 
validation. J Chronic Dis 1987;40:373–83.

	35	 Elixhauser A, Steiner C, Harris DR, et al. Comorbidity measures for 
use with administrative data. Med Care 1998;36:8–27.

	36	 van Walraven C, Austin PC, Jennings A, et al. A modification of the 
elixhauser comorbidity measures into a point system for hospital 
death using administrative data. Med Care 2009;47:626–33.

	37	 Gagne JJ, Glynn RJ, Avorn J, et al. A combined comorbidity score 
predicted mortality in elderly patients better than existing scores. J 
Clin Epidemiol 2011;64:749–59.

	38	 Gould MK, Munoz-Plaza CE, Hahn EE, et al. Comorbidity profiles 
and their effect on treatment selection and survival among patients 
with lung cancer. Ann Am Thorac Soc 2017;14:1571–80.

	39	 Lamprecht B, Schirnhofer L, Kaiser B, et al. Subjects with discordant 
airways obstruction: lost between spirometric definitions of COPD. 
Pulm Med 2011;2011:780215.

	40	 Rabe KF, Hurd S, Anzueto A, et al. Global strategy for the diagnosis, 
management, and prevention of chronic obstructive pulmonary 
disease: gold executive summary. Am J Respir Crit Care Med 
2007;176:532–55.

	41	 Rivera MP, Tanner NT, Silvestri GA, et al. Incorporating coexisting 
chronic illness into decisions about patient selection for lung cancer 
screening. An official American thoracic society research statement. 
Am J Respir Crit Care Med 2018;198:e3–13.

	42	 Segal JB, Huang J, Roth DL, et al. External validation of the claims-
based frailty index in the national health and aging trends study 
cohort. Am J Epidemiol 2017;186:745–7.

	43	 Segal JB, Chang H-Y, Du Y, et al. Development of a claims-based 
frailty indicator anchored to a well-established frailty phenotype. Med 
Care 2017;55:716–22.

	44	 Chrischilles EA, Schneider KM, Schroeder MC, et al. Association 
between preadmission functional status and use and effectiveness 
of secondary prevention medications in elderly survivors of acute 
myocardial infarction. J Am Geriatr Soc 2016;64:526–35.

	45	 Chrischilles E, Schneider K, Wilwert J, et al. Beyond comorbidity: 
expanding the definition and measurement of complexity among 
older adults using administrative claims data. Med Care 2014;52 
Suppl 3:S75–84.

	46	 Pinsky PF, Bellinger CR, Miller DP. False-positive screens and lung 
cancer risk in the national lung screening trial: implications for shared 
decision-making. J Med Screen 2018;25:110–2.

	47	 Pinsky PF, Gierada DS, Black W, et al. Performance of lung-RADS 
in the national lung screening trial: a retrospective assessment. Ann 
Intern Med 2015;162:485–91.

	48	 Sacks D, McClenny TE, Cardella JF, et al. Society of interventional 
radiology clinical practice guidelines. J Vasc Interv Radiol 
2003;14:S199–202.

	49	 Clark TJ, Flood TF, Maximin ST, et al. Lung CT screening reporting 
and data system speed and accuracy are increased with the 
use of a semiautomated computer application. J Am Coll Radiol 
2015;12:1301–6.

	50	 Bezjak A, Temin S, Franklin G, et al. Definitive and adjuvant 
radiotherapy in locally advanced non-small-cell lung cancer: 
American society of clinical oncology clinical practice guideline 
endorsement of the American Society for radiation oncology 
evidence-based clinical practice guideline. J Clin Oncol 
2015;33:2100–5.

	51	 Meza R, Hazelton WD, Colditz GA, et al. Analysis of lung cancer 
incidence in the nurses' health and the health professionals' follow-
up studies using a multistage carcinogenesis model. Cancer Causes 
Control 2008;19:317–28.

	52	 Gould MK, Sakoda LC, Ritzwoller DP, et al. Monitoring lung cancer 
screening use and outcomes at four cancer research network sites. 
Ann Am Thorac Soc 2017;14:1827–35.

	53	 Krieger N. Overcoming the absence of socioeconomic data in 
medical records: validation and application of a census-based 
methodology. Am J Public Health 1992;82:703–10.

	54	 Sekine Y, Behnia M, Fujisawa T. Impact of COPD on pulmonary 
complications and on long-term survival of patients undergoing 
surgery for NSCLC. Lung Cancer 2002;37:95–101.

	55	 Young RP, Hopkins RJ. Chronic obstructive pulmonary disease 
(COPD) and lung cancer screening. Transl Lung Cancer Res 
2018;7:347–60.

	56	 Ma J, Ward EM, Smith R, et al. Annual number of lung cancer deaths 
potentially avertable by screening in the United States. Cancer 
2013;119:1381–5.

	57	 Huo J, Xu Y, Sheu T, et al. Complication rates and downstream 
medical costs associated with invasive diagnostic procedures for 
lung abnormalities in the community setting. JAMA Intern Med 
2019;179:324–32.

	58	 Yang S, Shih Y-CT, Huo J, et al. Procedural complications associated 
with invasive diagnostic procedures after lung cancer screening with 
low-dose computed tomography. Lung Cancer 2022;165:141–4.

	59	 Hubbard RA, Miglioretti DL. A semiparametric censoring bias model 
for estimating the cumulative risk of a false-positive screening test 
under dependent censoring. Biometrics 2013;69:245–53.

	60	 Bozdogan H. Model selection and Akaike’s Information Criterion 
(AIC): The general theory and its analytical extensions. Psychometrika 
1987;52:345–70.

	61	 Rubin DB. Multiple imputation for nonresponse in surveys. New York, 
USA: John Wiley and Sons, Ltd, 1987.

	62	 Austin PC, Stuart EA. Moving towards best practice when 
using inverse probability of treatment weighting (IPTW) using 
the propensity score to estimate causal treatment effects in 
observational studies. Stat Med 2015;34:3661–79.

http://dx.doi.org/10.1056/NEJMp1002530
http://dx.doi.org/10.1097/ACM.0000000000002029
http://dx.doi.org/10.1093/jamia/ocab221
http://dx.doi.org/10.1007/s11606-020-05865-4
http://dx.doi.org/10.7812/tpp/12-031
https://www.va.gov/health/
http://dx.doi.org/10.1001/jamainternmed.2016.9022
http://dx.doi.org/10.1001/jamainternmed.2016.9022
http://dx.doi.org/10.1016/j.chest.2021.02.016
http://dx.doi.org/10.1097/JTO.0b013e31825bd9f5
http://dx.doi.org/10.1016/0895-4356(93)90103-8
http://dx.doi.org/10.1016/j.jclinepi.2004.03.012
http://dx.doi.org/10.1016/j.jclinepi.2004.03.012
http://dx.doi.org/10.1016/0021-9681(87)90171-8
http://dx.doi.org/10.1097/00005650-199801000-00004
http://dx.doi.org/10.1097/MLR.0b013e31819432e5
http://dx.doi.org/10.1016/j.jclinepi.2010.10.004
http://dx.doi.org/10.1016/j.jclinepi.2010.10.004
http://dx.doi.org/10.1513/AnnalsATS.201701-030OC
http://dx.doi.org/10.1155/2011/780215
http://dx.doi.org/10.1164/rccm.200703-456SO
http://dx.doi.org/10.1164/rccm.201805-0986ST
http://dx.doi.org/10.1093/aje/kwx257
http://dx.doi.org/10.1097/MLR.0000000000000729
http://dx.doi.org/10.1097/MLR.0000000000000729
http://dx.doi.org/10.1111/jgs.13953
http://dx.doi.org/10.1097/MLR.0000000000000026
http://dx.doi.org/10.1177/0969141317727771
http://dx.doi.org/10.7326/M14-2086
http://dx.doi.org/10.7326/M14-2086
http://dx.doi.org/10.1097/01.rvi.0000094584.83406.3e
http://dx.doi.org/10.1016/j.jacr.2015.07.015
http://dx.doi.org/10.1200/JCO.2014.59.2360
http://dx.doi.org/10.1007/s10552-007-9094-5
http://dx.doi.org/10.1007/s10552-007-9094-5
http://dx.doi.org/10.1513/AnnalsATS.201703-237OC
http://dx.doi.org/10.2105/ajph.82.5.703
http://dx.doi.org/10.1016/s0169-5002(02)00014-4
http://dx.doi.org/10.21037/tlcr.2018.05.04
http://dx.doi.org/10.1002/cncr.27813
http://dx.doi.org/10.1001/jamainternmed.2018.6277
http://dx.doi.org/10.1016/j.lungcan.2021.12.020
http://dx.doi.org/10.1111/j.1541-0420.2012.01831.x
http://dx.doi.org/10.1007/BF02294361
http://dx.doi.org/10.1002/sim.6607

	Personalised Lung Cancer Screening (PLuS) study to assess the importance of coexisting chronic conditions to clinical practice and policy: protocol for a multicentre observational study
	Abstract
	Introduction﻿﻿
	Method and analysis
	Study design and setting
	Study population
	Study sites
	Comorbidity
	Pulmonary function
	Functional limitations
	Outcomes of interest
	﻿False-positive results﻿
	﻿Procedural complications﻿
	﻿Lung cancer stage at diagnosis﻿
	﻿LDCT results﻿

	Covariates
	Data collection and management
	Patient and public involvement
	Sample size and power analysis
	Analytical plan
	Simulation modelling for Aim 3

	Discussion
	Ethics and dissemination
	References


