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Introduction
Low-dose CT screening detects lung cancer with high sensi-
tivity, usually at an early stage with excellent chance for 
cure.1,2 Thus, the major potential benefit of CT lung cancer 
screening (CTLCS) is reduced mortality.3,4 Unfortunately, 
several inherent limitations of CTLCS may counteract its 
effectiveness, such as the high frequency of indeterminate 
lung nodules, workup of benign and incidental abnormali-
ties, and increased radiation exposure.5 Most persons who 
undergo CTLCS will not develop lung cancer, so will not 
benefit from screening, yet will be subject to these poten-
tial risks as well as expenses they would not otherwise have 
incurred. Therefore, it is incumbent upon CTLCS providers 
to optimize the quality of this service and stay abreast of inter-
national research and evidence-based recommendations to 
achieve the most favourable balance of benefits and risks.

One of the most important improvements for CTLCS is an 
emphasis on incorporating quality assurance procedures into 

each step of the screening process, including assessment of 
eligibility/lung cancer risk, performing and interpreting the 
low-dose screening CT examination, reporting the results 
and monitoring compliance with the recommendations for 
evaluating CT abnormalities. Procedures designed to opti-
mize efficacy and ensure quality in CTLCS have been codified 
in guidelines developed by numerous professional societies 
and regulatory agencies (Tables  1 and 2);5–19 the consider-
ations and recommendations in this review reflect our own 
experience in the US health care system and with US-based 
organizations that have issued guidelines. Quantitative 
imaging biomarkers that help to objectively characterize inde-
terminate lung nodules are on the horizon and may further 
improve the quality of CTLCS, although come with addi-
tional quality assurance recommendations.

Eligibility
The overall efficacy and efficiency of any cancer screening 
process are influenced by the disease prevalence.20 It follows 
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ABSTRACT

After years of assessment through controlled clinical trials, low-dose CT screening for lung cancer is becoming part of 
clinical practice. As with any cancer screening test, those undergoing lung cancer screening are not being evaluated 
for concerning signs or symptoms, but are generally in good health and proactively trying to prevent premature death. 
Given the resultant obligation to achieve the screening aim of early diagnosis while also minimizing the potential for 
morbidity from workup of indeterminate but ultimately benign screening abnormalities, careful implementation of 
screening with conformance to currently recognized best practices and a focus on quality assurance is essential. In 
this review, we address the importance of each component of the screening process to optimize the effectiveness of 
CT screening, discussing options for quality assurance at each step. We also discuss the potential added advantages, 
quality assurance requirements and current status of quantitative imaging biomarkers related to lung cancer screening. 
Finally, we highlight suggestions for improvements and needs for further evidence in evaluating the performance of CT 
screening as it transitions from the research trial setting into daily clinical practice.
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that optimizing quality in CTLCS begins with limiting screening 
to an appropriate target population. Since the first reports of 
CTLCS were published,21,22 the main lung cancer risk factors of 
age and smoking history have defined the population for lung 
cancer screening. The National Lung Screening Trial (NLST), 
which enrolled a high-risk population with an estimated 2–20% 
chance of developing lung cancer within 10 years,10,23 found a 
4.0% rate of lung cancer and a 20% reduction in lung cancer-spe-
cific mortality among those undergoing three annual rounds of 
low-dose CT screening and then followed for a median of 6.5 
years.4 As the only fully powered randomized screening study to 
demonstrate a mortality benefit of CTLCS, the NLST is the basis 
for current screening eligibility criteria and other guidelines, 

with some modifications as expected in the shift to public health 
application.

Target population
The CTLCS eligibility guidelines of the U.S. Preventive Services 
Task Force (USPSTF)5 and the Centers for Medicare and 
Medicaid Services (CMS)14 (Table  3), which must be followed 
in the USA for private and government insurance reimburse-
ment, are based on the main NLST entry criteria of (1) age 55–74 
years, (2) smoking history 30 pack years or more and (3) less 
than 15 years since quitting if no longer smoking.5 Modelling 
studies using NLST and other epidemiologic data24 informed 
the USPSTF recommendation to perform screening at annual 

Table 2.Summary of radiology imaging facilities requirements for CMS reimbursement and designation as an ACR Lung Cancer 
Screening Center

CMS criteria14 ACR designation requirements & recommendations19

Imaging facility eligibility criteria:

Written order for LDCT lung cancer screening from a qualified physician 
or non-physician practitioner that includes:
•	 Patient’s date of birth
•	 Pack-year smoking history (number)
•	 Current smoking status; if former smoker, the number of years since 

quitting
•	 Statement that the patient is asymptomatic
•	 National Provider Identifier (NPI) of the ordering practitioner

Documentation of lung cancer screening counselling & shared decision 
making for initial screen that includes:
•	 Determination of eligibility based on established eligibility criteria 

(Table 3)
•	 Discussion of benefits and harms of screening; use of one or more 

decision aids
•	 Discussion of the importance of adherence to annual CTLCS, 

implications of comorbidities and ability or willingness to undergo 
diagnosis and treatment

•	 Smoking cessation counselling for current smokers, discussion of the 
importance of maintaining abstinence if a former smoker; provide 
information on tobacco cessation intervention

CTDIvol for LCDT ≤ 3.0 mGy for a standard sized patient of 5′ 7″ and 155 
pounds (BMI of ~ 24)

CTDIvol ≤ 3.0 mGy for a standard-sized patient

Dose adjustment based on BMI Dose adjustment based on BMI

Quality assurance plan •	 Majority of patients meet standard eligibility guidelines
•	 Compliance with the quality control program in the ACR CT Quality 

Control Manual
•	 Use of multidetector helical CT scanners for CTLCS
•	 Radiographers and medical physicists must meet CT accreditation 

program requirements of the ACR

Participation in CMS approved registry Dose monitoring, data collection and research participation

•	 Participation in the ACR Dose Index Registry

Lung nodule identification, classification & reporting system Follow the ACR Practice Parameter for Communication of Diagnostic 
Imaging Findings
•	 Use a structured reporting system that includes management 

recommendations, such as Lung-RADS
•	 Use of standardized procedures for referring patients with abnormal 

results to a qualified health care provider or specialist for management 
and treatment

Availability of smoking cessation interventions Mechanism for providing or referring for smoking cessation counselling or 
materials

ABR, American Board of Radiology; ACR, American College of Radiology; BMI, body mass index; CME, continuing medical education; CMS, 
Centers for Medicare and Medicaid Services; CTDIvol, CT dose index; LDCT, low-dose CT; Lung-RADS, Lung CT screening reporting and data 
system; NPI, National Provider Identifier.
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intervals until age 80 years, while CMS provides reimbursement 
up to age 77, the age at which the oldest NLST participants had 
their final screening examination. Some guidelines also recom-
mend lowering the minimum age and smoking history for 
persons who have another recognized risk factor in addition to 
smoking (Table 3).16,25

Analyses of NLST26,27 and other trial data28,29 have found that 
lung cancer risk varies substantially among all persons who fall 
within the current age and smoking history-based eligibility 
guidelines. For example, using a prediction model for lung 
cancer death based on an increased number of risk factors, it 
was found that the 60% of patients at highest risk of lung cancer 
mortality made up 88% of prevented lung cancer deaths in the 
NLST, while the 20% of patients at lowest risk represented only 
1% of prevented lung cancer deaths.26 In another study,27 use of 
an individual risk model for CTLCS eligibility was estimated to 
prevent a greater number of lung cancer deaths over a 5-year 
timeframe when compared with a model based on USPSTF 
recommendations. Refinement of risk-based targeting is a prom-
ising means to improve screening efficiency and effectiveness, 
and could be incorporated into future guidelines.

Shared decision-making
Ethical considerations dictate that patients be made aware of the 
potential limitations and harms as well as the benefits of CTLCS. 

Unfortunately, nearly 30% of screen-detected lung cancers in the 
NLST were of advanced Stage (III or IV) with low survival rates,4 
so many screen-detected cancers will not be curable. In addition, 
undergoing CTLCS entails a small chance of being subjected 
to the risks of additional imaging and invasive procedures to 
evaluate ultimately benign findings for no benefit.4,6 Multiple 
professional groups recommend, and Medicare insurance reim-
bursement requires, an individualized shared decision-making 
encounter between patients and their health care provider 
(Tables 1 and 2).

Shared decision-making should review the pros and cons of 
screening, including expected outcomes and their likelihood, 
and treatment options, as each patient has unique preferences 
and risk tolerance. Counselling should also address patient- 
specific risk relative to comorbidities and curative therapy, and 
provide accurate information about the risks of cancer associated 
with specific findings. Some organizations provide written mate-
rials that describe and illustrate the information that patients 
should know about CTLCS, and shared decision-making tools 
have been made publicly available on websites.30–32 In addition, 
several prediction models that estimate the percent chance of 
developing lung cancer based on multiple individual risk factors 
have been published or made publicly available as web-based 
calculators.28,30,33,34 Research to determine the impact of these 
tools on the quality and outcome of the shared decision-making 
process is a current need.

Verifying patient eligibility for screening
Limiting CTLCS to eligible individuals is important for 
providing optimal care as well as maintaining compliance with 
insurance regulations. Many screening programs use a dedicated 
CTLCS nurse navigator or program coordinator35,36 to verify 
the appropriate documentation of eligibility criteria and shared 
decision-making. The nurse navigator also serves as a liaison 
between patients, referring physicians, administrative support 
staff, technicians performing the scans and radiologists.35,36

Nurse navigators are ideally positioned to encourage smoking 
cessation and provide educational materials and referrals for 
counselling. These activities are encouraged by most professional 
organizations, required by CMS and supported by findings that 
smoking cessation interventions in the lung cancer screening 
setting increase smoking cessation rates,37 as does an abnormal 
screening CT examination result.38 The value of a nurse navi-
gator, for eligibility verification, smoking cessation efforts and as 
a central part of overall lung cancer screening program manage-
ment, cannot be overemphasized. The success of lung cancer 
screening on a wider scale will rest in large part on the ability to 
replicate the quality and processes of patient selection, screening, 
and monitoring in the same thorough, systematic way achieved 
by the NLST and other screening trials.

The CT screening examination
Quality issues associated with the CT screening examination 
relate to the physical act of scanning patients and generating 
images, and to image interpretation. Implementing quality 
control measures for these processes helps to maximize the 

Table 3.Summary of standard and extended eligibility criteria 
for annual CTLCS

Standard eligibility criteria 
(USPSTF and CMS)a5,14

Extended eligibility 
criteriab

55–80 years (CMS: 55–77 years) 50 years or older

≥30 pack-year smoking history ≥20 pack-year smoking history

Either current smoker or quit 
smoking within the last 15 years

One additional risk factorc 
including:
•	 Previous smoking-related 

cancer
•	 Family history of lung 

cancer
•	 Lung disease history—

including pulmonary 
fibrosis and COPD

•	 Radon exposure
•	 Occupational exposure—

including asbestos, arsenic, 
beryllium, cadmium, 
chromium VI, diesel fumes, 
nickel and silica

Must be asymptomatic Must be asymptomatic

CMS, Centers for Medicare and Medicaid Services; COPD, chronic 
obstructive pulmonary diesease; USPSTF, US preventive services 
task force.
aRecommendations of USPTF and requirement of CMS. The USPSTF 
recommends discontinuing screening after a person has not smoked 
for >15 years, if they develop a health problem that significantly limits 
life-expectancy, or are no longer able or willing to undergo curative 
lung cancer treatment.
bRecommended by National Comprehensive Cancer Network and 
American Association for Thoracic Surgery.
cSecondhand smoke exposure is not considered an additional risk 
factor.
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potential benefit of CTLCS. Emerging quantitative CT imaging 
biomarkers for use in CTLCS require additional quality consid-
erations and are discussed separately.

CT imaging for visual review
Technical specifications for CT scanning for visual interpre-
tation (Table  4) are guided by the primary screening tasks of 
detecting and characterizing lung nodules using a low radiation 
dose.39 Meeting these requirements typically requires scanners 
with 16 or more detector rows. Intravenous contrast is not used, 
as the air attenuation of the lungs provides inherently sufficient 
contrast for nodule detection, and including contrast would 
reduce the overall safety and cost effectiveness. The entirety of 
the lungs should be scanned in a single breath-hold to avoid 
motion artefacts, with pitch ideally under 1.5 to limit z-axis blur-
ring. To depict the small nodules relevant to CTLCS, sections 
should be contiguous or overlapping with thickness no greater 
than 2.5 mm, and preferably 1.25 mm or less. Adding overlap-
ping maximum intensity projection reconstructions can increase 
nodule detection sensitivity, and multiplanar reconstructions 
may help distinguish nodules from scars, atelectasis, or other 
abnormalities.

Even though the risks of radiation exposure from low-dose 
CTLCS are exceedingly small compared to the risk of lung 
cancer in the screening population, minimizing radiation dose 
while maintaining satisfactory image quality is an important 
goal and quality metric in CTLCS. Regulatory and professional 
society guidelines stipulate that CT should be performed with  
CTDIvol ≤3.0 mGy for a standard size patient of 5′ 7″ and 155 
pounds.14,39 Dose adjustment for patient body mass index is 
important not only for achieving satisfactory image quality in 
larger patients, but also for radiation dose reduction in smaller 
patients. If automatic exposure control is used, patient centring 
in the gantry is critical for proper functioning of the system.39 
However, caution with AEC is advised, because systems 
designed to maintain a specific level of image noise may actu-
ally increase overall dose in some patients. Breast shields are not 

recommended, as they have a variable effect on image quality 
depending on the type and positioning, may increase dose in 
some circumstances, and waste image-forming photons.40

Programming the low-dose CT protocol into the scanner helps 
ensure that the correct parameters are applied by different 
radiographers. Radiation dose monitoring software is another 
tool for radiation quality control, and has been shown to increase 
CT operator awareness and reduce the number of dose notifi-
cations associated with human error.41 It is worth noting here 
that the tradeoffs between dose and image quality have not been 
rigorously defined and vary between scan manufacturers, so this 
is an area open for improvement.

A prospective quality assurance program during the NLST was 
associated with infrequent CT imaging errors (0–5% for different 
parameters) which were minor42 and should be largely prevent-
able (Table  5). However, population-based screening may be 
associated with higher rates of suboptimal quality, as was found 
in a screening program implemented at multiple Veterans Health 
Administration hospitals.43 The extent to which imaging quality 
will be an issue in the more heterogeneous clinical practice 
setting still needs to be determined.

CT imaging for quantitative biomarkers
One of the simplest and most straightforward nodule biomarkers 
is size, which is the primary determinant of malignant potential 
and pulmonary nodule management in CTLCS.16,44 In the current 
clinical setting, nodule size is most commonly ascertained as the 
average of bidimensional linear measurements made manually 
with electronic calipers using a computer mouse. Although very 
effective in managing lung nodules, there is substantial vari-
ability among radiologists in making these measurements45,46 
and in determining whether a nodule is growing.47,48 In addi-
tion, two perpendicular measurements in the transverse plane 
may not fully reflect the size of non-spherical nodules. Ideally, 
nodule size assessment should be accurate, unbiased and repro-
ducible, regardless of the particular CT machine and radiologist.

Table 4.Recommended technical parameters for LDCT in lung cancer screening

Technical parameters for LDCT For visual reviewa39 For quantitative volumetryb

Peak kilovoltage 100–140, adjusted for patient size Same

Tube current-time product (mAs) Adjust with kVp to achieve CTDIvol ≤ 3.0 mGy in average-size 
patient:
•	 Small patient (50–70 kg) = CTDIvol 0.25–2.8 mGy
•	 Average patient (70–90 kg) = CTDIvol 0.5–4.3 mGy
•	 Large patient (90–120 kg) = CTDIvol 1.0–5.6 mGy

Same

Pitch 0.83–1.43 (scanner specific) Same

Nominal section thickness (mm) ≤2.5 mm, ≤1.0 mm preferred ≤1.25 mm

Section interval ≤section thickness Same

Reconstruction filter Manufacturer-specific; coronal & sagittal and maximum 
intensity projection reformations recommended

Highest resolution without edge 
enhancement

Multidetector CT scanner Typically 16 detector rows or greater Minimum 16 detector rows; 64 or greater 
preferred

LDCT, low-dose CT.
aFrom the American Association of Physicists in Medicine; see ref. 39 for parameters specific to numerous scanner models.
bScanner model and technical parameters should be the same for baseline and follow-up scans.
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Computer-aided quantitative measurement of lung nodule 
volume, or CT volumetry, is well suited for achieving these goals. 
In this technique, a software algorithm objectively identifies the 
nodule boundaries and voxels contained within and calculates 
the nodule volume. Although the process can be totally auto-
mated, measurement variability also exists with quantitative 
nodule volumetry, due to technical variables that affect depic-
tion of nodule borders. Scanning and reconstruction parameters 
recommended for CT volumetry (Table 4) are within the ranges 
of those recommended for visual interpretation, but are more 
specific and require attention to important details to optimize 
accuracy (how closely the measurement corresponds to the true 
volume) and precision (variability of repeated measurements). 
While a full discussion of image analysis software is beyond 
the scope of this review, it should be noted that different algo-
rithms for measuring lung nodule volume may produce different 
results.49,50 Thus, the same nodule volume analysis program 
should be used when making comparisons, or if different 

programs are used, equivalency of the results produced should 
be verified.

To ensure satisfactory scanner performance, the appropriate 
governmental regulatory and manufacturer guidelines regarding 
scanner setup, routine testing and maintenance should be 
followed. Participation in a voluntary scanner accreditation 
program, such as that offered by the ACR,51 verifies individual 
scanner performance and facilitates correction of deficiencies. 
Performing follow-up scans on the same scanner model reduces 
measurement variance related to scanner hardware and software 
differences. Prior to scanning, metallic objects that may produce 
image artefacts should be removed. Patients should be consis-
tently positioned within the centre of the CT gantry, because 
resolution may vary at different distances from isocentre.52 In 
addition, patients should be rehearsed and monitored to reach 
full inspiration for breath-holding during the scan, as lung 
volume variation affects lung nodule volume measurements.53,54 
In a busy clinical setting with multiple scanner models and 
rotating radiographers, extra effort may be necessary to maintain 
quality standards related to scanner selection, patient prepara-
tion and handling, such as radiographer and radiologist educa-
tion, use of a checklist and operator recertification.

Scanning parameters to keep constant (Table  4) include tube 
voltage and current, which affect image noise levels and can 
impact nodule segmentation;55,56 pitch, which affects z-axis 
resolution; and detector collimation, to allow sufficiently thin 
reconstructions. Volumetric measurements are influenced by the 
reconstruction field-of-view,57 which determines in-plane voxel 
dimensions, and although constrained by patient size should be 
held constant on serial follow-up scans in individual patients. 
The reconstructed slice thickness is a critical determinant of 
volume measurement accuracy for nodules in the 5–10  mm 
range,55,57–59 and should be 1.25 mm or less, contiguous or over-
lapping. The highest-resolution reconstruction kernel with no 
edge enhancement is preferred.60 Nodule volume measurements 
with iterative reconstruction kernels are similar to those using 
filtered back-projection.56,61,62

As understanding of the CT technical factors and fundamental 
image properties affecting small nodule volumetry increases, 
there is potential to implement more advanced image quality 
metrics specific to the depiction of small nodules. Parameters 
such as resolution, HU accuracy, voxel noise, edge enhancement 
and spatial warping may be assessed to determine the nodule 
detection and measurement capabilities of specific scanners and 
parameter settings.63 Such assessments are beyond the scope of 
most radiology practices, but could be facilitated through an 
accrediting system established by a professional society, with 
electronic transfer of test images for technical analysis.

Computer-aided analysis also can extract numerous other 
quantitative CT features as potential biomarkers, such as shape, 
edge contours, attenuation and spatial variation of attenuation 
within the nodule (texture). Often referred to as radiomics,64 
such features have been used to estimate the likelihood that a 
nodule is malignant,65–68 or to predict the clinical behaviour/

Table 5.Common scanning pitfalls effecting subjective image 
quality42

Common pitfallsa Recommendations for error 
correction & quality assurance

FOV error •	 Radiographer training in defining 
appropriate FOV

•	 Periodic review of FOV guidelines

Motion •	 Radiographer training in appropriate 
patient coaching, observation, & image 
review

Incomplete inspiration •	 Radiographer training in appropriate 
patient coaching & observation

•	 Rehearsal of inspiration and monitoring 
of full inspiration for breath-holding

Scan length error
•	 Over-scanning > 3 

cm below the lungs
•	 Incomplete coverage 

of the lungs

•	 Radiographer training on minimizing 
abdominal scanning including use of 
maximum inspiration for topogram 
and spiral images and use of lateral 
topogram

•	 Complete preliminary review of all 
images to ensure full coverage before 
patient leaves the scanner as part of 
examination completion checklist

•	 Periodic review of scan length 
guidelines

Artefacts obscuring 
anatomy
•	 Streak
•	 Ring
•	 Beam-hardening
•	 Excessive noise

•	 Review scanner technology limitations 
and adjust acquisition parameters and/
or conduct dedicated troubleshooting 
and maintenance procedures

•	 For patients with metal implants, 
such as orthopedic shoulder joint 
replacements, careful positioning is of 
benefit to minimize artefact

FOV, field of view.
aFor CTLCS, FOV should be <3 cm beyond outer rib margins. No 
degradation of the study due to respiratory or trunk motion, and 
pulsation artefact should be minimized. Sufficient inspiration 
resulting in no more than minimal dependent atelectasis. A complete 
CTLCS examination includes the entire cephalocaudal length of lungs 
with no missing images, lung anatomy or gaps between sections. The 
number of CT sections below the most caudal lung containing image 
should be minimized. Anatomic feature should not be obscured by 
image artefacts (e.g. streak, ring or beam-hardening artefact).
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aggressiveness of lung cancers.69,70 As with CT volumetry, an 
advantage of this approach lies in its objectivity and potential 
reproducibility across users. The impact of technical variables on 
these biomarkers has yet to be addressed, but the same image 
quality considerations as in nodule volumetry likely apply.

Visual image interpretation
Accurate image interpretation is central to CTLCS; however, 
variability is inherent among radiologists in nodule detec-
tion, size measurement and follow-up recommenda-
tions.43,45–47 Nodule detection sensitivity and the nodule size 
threshold for defining a positive study influence false-pos-
itive screening rates, sensitivity and positive and negative 
predictive values.71–73 Radiologist sensitivity for nodule 
detection can be increased with the use of maximum-in-
tensity projection images or computer-aided nodule detec-
tion software,74,75 to a similar degree in one study.76 Use of 
a standardized reporting system also has been advocated 
to improve the uniformity of image interpretation and 
management of abnormalities as part of quality assurance  
in CTLCS.

The Lung CT Screening Reporting and Data System (Lung-
RADS)44 of the ACR is a model reporting system for visual 
interpretation using manual nodule measurements. Lung-
RADS criteria were developed using data from the NLST, Inter-
national Early Lung Cancer Action Program, and the European  

Nederlands-Leuvens Longkanker Screenings Onderzoek 
(NELSON) trial. The scheme (Table 6) defines five results and 
management categories based on the cancer risks associated 
with lung nodules of different size and attenuation.

The Lung-RADS system does not actually use the terms  
“positive”  or “negative” to classify screens, reinforcing the 
concept of CTLCS as a process of ongoing surveillance. However, 
it has been estimated that use of Lung-RADS criteria would have 
decreased the NLST rate of false positives requiring further 
workup before the next annual screen from 27 to 13%, and 
increased the positive predictive value from 3.8 to 6.9%, at the 
expense of a decrease in sensitivity;77 similar projections were 
found at a single community screening program.78 Standardized 
reporting systems will facilitate evaluation of reader variability 
and discrepancies in diagnosis and management recommenda-
tions, providing a mechanism for quality control and improved 
patient care.

Quantitative imaging biomarker interpretation
Even with strict attention to high-quality imaging technique, 
unavoidable variation in factors such as patient positioning, lung 
volume, X-ray beam quality, and detector response prevent lung 
nodules from being depicted identically at the quantitative voxel 
level on different CT scans. Awareness of the specific amount 
of variability in CT nodule volumetry is therefore essential for 
using the measurements in clinical practice. As recognized by 

Table 6.Summary of Lung-RADS scheme for results and management categories44

Result categorya Finding Risk Management
0—Incomplete Not all parts of the lung can be evaluated or prior 

imaging being obtained for comparison
N/A Incomplete study requiring additional 

imaging or comparison

1—Negative No pulmonary nodules or only nodules with benign 
calcification pattern

<1% Continued annual low-dose CTLCS

2—Benign appearance or 
behaviour
Likely benign nodules with very 
low likelihood of malignancy

Solid nodule(s) <6 mm or new <4 mm
Part solid nodule(s) <6 mm (baseline)
Non-solid nodules(s) [ground glass nodules] <20 mm 
or ≥ 20 mm and unchanged or slow growing

<1% Continued annual low-dose CTLCS

3—probably benign
Probably benign nodules but short 
term follow-up is recommended

Solid nodule(s) ≥6 to <8 mm or new 4 to < 6 mm
Part solid nodule(s) ≥6 mm with solid component < 6 
mm or new < 6 mm
Non-solid nodule(s) ≥20 mm on baseline CT or new

1–2% 6-month LDCT

4A—Suspicious
Additional diagnostic testing and/
or tissue sampling is recommended

Solid nodule(s) ≥8 to <15 mm at baseline or growing <8 
mm or new 6 to <8 mm
Part solid nodule(s) ≥6 mm with solid component ≥6 
mm to <8 mm or with a new or growing <4 mm solid 
component
Endobronchial nodule

5–15% 3-month LDCT; alternatively, if the solid 
component of the nodule is ≥ 8 mm, PET/
CT may be used

4B—Suspicious
Additional diagnostic testing and/
or tissue sampling is recommended

Solid nodule(s) ≥15 mm or new or growing and ≥ 8 mm
Part solid nodule(s) with a solid component ≥ 8 mm OR 
a new or growing ≥ 4 mm solid component

>15% Chest CT with or without contrast, PET/
CT and/or tissue sampling depending 
on patient comorbidities and probability 
of malignancy. For nodules with solid 
components ≥ 8 mm, PET/CT may be 
used.

4X—Suspicious
Additional diagnostic testing and/
or tissue sampling is recommended

Nodules in category 3 or 4 with other imaging features 
or findings that increases the concern for malignancy

>15% Same as 4B

CTLCS, CT lung cancer screening; LDCT, low-dose CT; Lung-RADS, Lung CT screening reporting and data system; PET, positron emission 
tomography.
aAdditional result modifiers for all categories: “S”—other clinically significant findings; “C”—prior lung cancer.
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the Quantitative Imaging Biomarker Alliance of the Radiological 
Society of North America, quantifying variability requires a level 
of rigour comparable to calibrating laboratory assays or physio-
logic tests, by deriving information from phantom studies, clin-
ical images, and theoretical modelling, and applying statistically 
valid metrology methods.79–82

Clinical investigations have shown that in vivo CT volume 
measurements of nodules ranging from 2 to 10 mm in diameter 
change by up to ±30% (95% confidence limits), when rescanned 
using the same scanner and settings after a short interval within 
which change could not have occurred.83–86 A full assessment of 
variability must account for the geometric reality that the rela-
tive proportion of nodule voxels on the surface and subject to 
partial volume averaging increases rapidly as a nodule becomes 
progressively smaller, so that small variations in nodule depic-
tion and edge detection lead to exponentially increasing vari-
ation in volume measurement. In one model-based estimate 
derived from theory and phantom, clinical, and simulation data, 
the expected 95% confidence limits for a single low-dose CT 
lung nodule volume measurement increase from ±27% to  ±37 
to ±57% for nodule diameters of 10, 8 and 6 mm, respectively.87 
Furthermore, because there is uncertainty with each measure-
ment, the uncertainty in the volume change over two time points 
is greater than the uncertainty at a single time point. Based on 
statistical metrology concepts and the measurement variation at 
a single time point, nodules of 10, 8 and 6 mm diameter would 
have to increase by 39%, 53, and 80%, respectively, in order to be 
95% certain that a true increase in size has occurred.87

It must be emphasized that these specific confidence limits for 
volume and change apply to defined measurement conditions: 
solid nodules, adequately segmented without manual editing, 
scanned using the same scanner model and technical parameters 
when evaluating for change. Automated processing methods for 
subsolid nodules are promising,88,89 but measurement variability 
may be greater for nodules attached to structures such as blood 
vessels, the chest wall, or mediastinum90 or those that require 
manual editing, or if the scanner model or technical parameters 
differ at the two time points. Measurement variation also may 
be greater for nonspherical or spiculated nodules compared 
with spherical or smooth nodules.85,90,91 The data used to deter-
mine these reference values encompass a broad range of scanner 
models and configurations from 16 to 320 detector rows, and the 
performance of the more advanced scanners is generally supe-
rior to that of less advanced models.

An excellent example of how quantitative volumetry could be 
applied in clinical practice was demonstrated in the NELSON 
trial,92 a randomized controlled trial designed to determine the 
mortality benefit of CT screening and not yet completed. In this 
trial, automated volume measurements were obtained for solid 
nodules not attached to the pleura, and for the solid component 
of part-solid nodules (other nodules were measured manually). 
Using a defined algorithm based on nodule volume thresholds 
to determine which nodules to reassess for growth by follow-up 
CT and which nodules to refer to a pulmonologist for workup 
and diagnosis, sensitivity and specificity for lung cancer ranged 

from 95 to 99%, depending on the screening round.93 Another 
possible benefit of automated volumetry for nodule surveillance 
is a shorter time to diagnosis of malignant nodules.94

Thus far, no quantitative CT biomarkers in the realm of radiomics 
have been completely reliable for making a malignant or benign 
diagnosis. However, the prediction models using radiomic 
features provide an objective, reproducible percentage proba-
bility that a nodule is malignant, which can improve radiologist 
performance in classifying nodules95,96 and could be very useful 
in lung nodule management. Newer machine learning methods 
that use CT images of benign and malignant nodules to train 
a computer algorithm to discriminate them may outperform 
these traditional multiparametric models.97–99 Certain radiomic 
signatures also may reflect the histologic grade and aggressive-
ness of known lung cancers,69,70 so may be of value in treatment 
planning. Clinical studies will need to determine whether the use 
of CT volumetry or radiomics improves patient care or efficiency 
compared with current methods.

Communicating screening results
Without effective and efficient communication and continuity 
of care, the benefits of screening will diminish. Nurse naviga-
tors are extremely valuable for sustaining continuity of care 
and managing the administrative components necessary for a 
successful CTLCS program,35,36 providing a line of commu-
nication between patients and the multidisciplinary team of 
providers. Mailing result letters to patients and providers and 
direct phone communication help to ensure receipt of results 
and facilitate timely follow-up of patients with abnormal find-
ings. Documentation of communication also serves as a quality 
assurance measure. A dedicated computer database or electronic 
medical record system capable of tracking patients through the 
various stages of the screening process is virtually mandatory, 
and can assist with automated notification of results, prevent 
patients from being lost to follow-up, and provide reminders for 
annual screening.

Development of a standardized algorithm for results commu-
nication and management should take into consideration the 
unique characteristics of the individual institution. Depending 
on local capabilities and preferences, scheduling patient 
follow-up for abnormalities may be handled directly by the lung 
cancer screening program via the nurse navigator, who may 
make direct referrals to pulmonology or thoracic surgery clinics 
and assist providers with scheduling of interval follow-up scans. 
Other sites or individual referring providers may prefer that the 
referring health care provider directly handle any follow-up that 
may require referral for specialized care.

Monitoring screening outcomes
Monitoring patient characteristics, screening results, long-term 
compliance and outcomes will be an important part of screening 
quality assurance over time. Systematic collection of screening 
patient data and/or participation in a data registry will be essen-
tial for assessing and improving CTLCS. The dedicated CTLCS 
computer databases now commercially available allow collection 
and analysis of data elements specific to these needs.
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