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Abstract

Fundamental to the diagnosis of lung cancer in CT scans is the detection and interpretation of lung 

nodules. As the capabilities of CT scanners have advanced, higher levels of spatial resolution 

reveal tinier lung abnormalities. While not all detected lung nodules should be reported, 

radiologists strive to detect all nodules that might have relevance to cancer diagnosis. Although 

medium to large lung nodules are detected consistently, inter-reader agreement and reader 

sensitivity for lung nodule detection diminish substantially as nodule size falls below 8–10 mm. 

The difficulty in establishing an absolute reference standard presents a challenge to the reliability 

of studies performed to evaluate lung nodule detection. In the interest of improving detection 

performance, investigators are using eye tracking to analyze the effectiveness with which 

radiologists search CT scans relative to their ability to recognize nodules within their search path 

to determine if strategies might exist to improve performance across readers. Beyond the viewing 

of transverse CT reconstructions, image processing techniques such as thin-slab maximum 

intensity projections are used to substantially improve reader performance. Finally, the 

development of computer-aided detection has continued to evolve with the expectation that one 

day it will serve routinely as a tireless partner to the radiologist to enhance detection performance 

without significant prolongation of the interpretive process. This review provides an introduction 

to the current understanding of these varied issues as we enter the era of widespread lung cancer 

screening.

Introduction

As discussed throughout this volume, lung cancer screening with CT has reached critical 

milestones in a long and diligent development. While there remains much to be learned 

about the health and economic impacts of widespread CT screening for lung cancer, the 

Centers for Medicare and Medicaid Services in November 2014 proposed that Medicare 

beneficiaries between the ages of 55 and 74 years who have a cigarette smoking history of at 

least 30 pack-years will have coverage for lung cancer screening.

Fundamental to the effectiveness of CT screening is the radiologist who is tasked with 

identifying suspect lesions in the form of pulmonary nodules within the CT data. The 

magnitude of this challenge can be substantial, particularly for small lung nodules. At the 

time of their detection on incidence screens in the National Lung Screening Trial, 35% of 

lung cancers had diameters that were 10 mm or less (1). A CT scan acquired through the 

entirety of the lungs and reconstructed with 1-mm thick sections, contains approximately 

9,000,000 pulmonary voxels. Lung nodules with diameters between 4 and 10 mm occupy 77 
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to 1200 voxels or 0.00085% to 0.013% of the lung volume, challenging radiologists to 

identify them all within a search duration of between 2 and 5 minutes under ideal 

circumstances (2). The goal of this article is to review current knowledge regarding lung 

nodule detection in CT scans as we transition to the era of widespread CT-based lung cancer 

screening.

The manner with which CT scans are acquired, reconstructed, displayed and interpreted 

impacts radiologists’ performance. Supported by the observation that lung nodule detection 

is improved when thinner CT sections are acquired and reconstructed (3, 4), recent 

guidelines recommend that screening CT scans are obtained preferentially with 1-mm and 

not greater than 2.5 mm thick sections (5). These guidelines are consistent with the CT 

techniques used in both the National Lung Screening Trial (NLST) and the NELSON trials 

(6, 7). When viewing transverse sections, image size, reader distance from the image, paging 

rate, and the use of stereoscopic display have been shown to influence lung nodule detection 

(8–10). This review focuses on issues concerning the assessment of reader performance for 

the identification of lung nodules, the current understanding of radiologist’s performance, 

and steps that have been investigated to improve radiologist performance in the 

identification of lung nodules in general and lung cancer in particular.

Establishing Relevance

Defined as spheroidal localized regions of increased lung attenuation less than 3 cm in 

diameter, lung nodules occur throughout the lungs but vary substantially in size, CT 

attenuation, and margination. Depending upon the sensitivity of the interpreter and the 

quality of the CT data, tiny lung nodules can be identified in virtually all patients 

undergoing chest CT scanning (Figure 1).

Before engaging in a discussion of the effectiveness with which radiologists detect lung 

nodules, we must establish the criteria for a nodule that should be reported. Because CT is 

capable of detecting nodules as small as 1-mm in diameter and because the vast majority of 

small lung nodules are benign (11), investigators have sought to define a nodule diameter 

boundary below which lung nodules are clinically insignificant and can thus be ignored. In a 

landmark publication that has guided lung nodule management in many medical centers for 

almost 10 years, the Fleischner Society published guidelines on the management of solid 

lung nodules based upon available evidence (12). While these guidelines allowed that solid 

nodules 4 mm in diameter could be ignored in low-risk patients, they also recommended that 

all nodules be followed regardless of size for high-risk patients. A subsequent publication 

has augmented the guidelines for both solitary and multiple ground glass and part solid 

nodules (13). The Fleischner Society’s guidelines aim to guide the interpretation of all chest 

CT scans and are thus not specific to lung cancer screening. Recently published guidelines 

specific to lung cancer screening have refined the approach to managing lung nodules 

detected within the context of a screening program. While articulating a very low likelihood 

for malignancy, the guidelines recommend accelerated follow-up for new nodules greater 

than 4-mm in diameter (14). Other experts relying upon data from the NELSON and NLST 

trials have suggested that nodules < 6 mm might be ignored (15, 16). While the issue of 

which nodules should be reported continues to evolve, solid nodules greater than 4-mm and 
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ground glass nodules greater than 20-mm are currently considered important to detect and 

track, particularly within the context of newly appearing nodules on follow-up screens (14).

Establishing Truth

Pulmonary nodules are imaging findings that are presumed to correspond to abnormalities of 

the lung parenchyma. While the point is nuanced, radiologist’s performance can be assessed 

on a basis of detecting imaging findings (lung nodules) or pathologically proven lung 

cancer. In the former case, the relevance of the observation is challenged, because absolute 

confirmation of lung nodule pathology is rarely available. In the latter case, because nodule 

detections that are not cancer dominate, the majority of observations are either assigned to 

be false positive lung cancers or intermediate findings in a longitudinal imaging protocol 

that defines positivity based upon nodule growth.

In lung cancer screening, the principal task for the radiologist is to identify and assess lung 

nodules. For the majority of studies of nodule detection, the reference standard has been 

determined based upon expert opinion. This method relies upon one or more CT readers 

establishing the reference against which the performance of other radiologists or 

computerized algorithms is measured. When the panel is composed of more than one 

radiologist, truth has been based upon consensus or a threshold number of panelists who 

agree on the presence of a nodule (17). For some studies, the panel’s independent 

assessment of the CT images is used as a basis of comparison to the readers, while in other 

studies the panel’s independent assessment of the CT images is augmented by direct 

adjudication of the observers’ decisions. The merits of these various methods remain open 

for discussion, however in aggregate, the use of an expert observer(s) to establish the 

reference standard, while easy to execute, has fundamental flaws relating to the subjectivity 

and fallibility of the panelists’ assessments. These limitations have been documented in a 

study that found that the sensitivity and false positive rate of nodule detection by 

radiologists varied from 51.0 to 83.2% and 0.33 to 1.39 per case, respectively, when 

different combinations of experienced radiologists set the reference standard (18).

One other challenge that affects lung nodule reference sets is consistency in establishing the 

size of nodules at the lower boundary of significance. Most studies of lung nodule detection 

in CT have sought to examine nodules above an integer threshold between 3 and 5 

millimeters in diameter, inclusive. Because nodules smaller than 3 mm are readily identified, 

there will be detections that fall above and below the lower size threshold. Reliable sizing of 

lung nodules is challenged by subjectivity in selecting the best dimension to measure and 

consistency in making the measurement through manual manipulation of digital calipers. As 

a result, a nodule measured just above the lower threshold for inclusion in the truth set might 

have been excluded by a reader on the basis of a measurement just below the threshold and 

vice versa. This represents an additional source of disagreement between readers and the 

reference standard, serving to diminish measures of detection performance and observer 

agreement. One logical solution to this latter dilemma would be the use of a computer 

algorithm to segment the nodule margins in order to measure a consistent reference diameter 

for each nodule. The topic of lung nodule sizing is addressed further in a separate article 

within this volume.
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One method used to counteract the subjectivity inherent in truth panel assignments of native 

lung nodules is the embedding of computer-generated nodules into lung CT scans (2, 19). 

Effective use of this technique is based upon technologies to synthesize nodules with a 

variety of characteristics, to simulate CT scans of the resulting nodule models, and to embed 

them realistically into CT scans (2, 20). One other intriguing paradigm for assessing lung 

nodule detection involves a preoperative CT prior to pulmonary metastasectomy with 

palpation and subsequent pathological examination serving as the reference standard (21–

23).

Current State of Radiologist Performance

Following from the previous discussion of reference standard, measured radiologist 

performance is influenced by the goal of the analysis. When focusing on lung nodule 

detection, multiple studies have consistently revealed low inter-observer agreement amongst 

radiologists for lung nodule detection (24–27), and as a result, measures of detection 

performance have been highly variable as well. Depending upon the nature of the input data, 

patient population, method of reference standard determination, and criteria for lung nodule 

identification, reported sensitivities range from 30–97% with false positive counts of 0.6–2.1 

per patient (2, 3, 21–23, 25, 28–30). Thinner CT sections, larger lung nodules, and a 

predominance of solid versus ground glass or part solid nodules are associated with higher 

sensitivities (Figure 2). In one recent study to assess detection of computer-generated solid 

5-mm nodules that were embedded within lung CT data reconstructed with 1.25-mm 

sections, sensitivities amongst 13 readers reviewing transverse reconstructions using cine-

paging technique varied from 30–73% with a mean sensitivity of 49% (2). The location of 

the nodule relative to normal lung structures of similar cross-sectional dimension appears to 

affect consistency of detection across readers (Figure 3) These performance values indicate 

that even in the presence of an absolute reference standard and the use of thin-section CT 

acquisition, the identification of small pulmonary nodules is very difficult and performed by 

radiologists with varying sensitivity.

While the detection of lung cancer on screening CT exams begins with the detection of lung 

nodules, and the preceding data establishes a high degree of variability in nodule detection 

by radiologists, it is important to note that radiologist sensitivity for detecting lesions that 

are ultimately proven to be lung cancer has been consistently high in CT screening trials (1, 

31, 32). Within the context of incidence screening 1–2 years following a baseline CT scan in 

the NLST and NELSON trials, sensitivity was 94.4–96.4% and negative predictive value 

was 99.9%. Greater variance was observed between the two trials when quantifying 

specificity (72.6 and 99.0%) and positive predictive value (2.4 and 42.2%) for NLST and 

NELSON, respectively, however they are likely to reflect the use of an indeterminate 

category in the NELSON trial as a means for delaying the call of positive or negative until 

follow-up CT was performed (1, 31). Interobserver agreement in a sub-study of the NLST 

was moderate amongst experienced readers (kappa = 0.58–0.64) with pair-wise agreement 

on positive versus negative screening averaging 82% (range 64%–92%) and 81% (range 

68%–92%), respectively (33).
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Amongst 34 patients with interval lung cancers detected after the baseline screen in the 

NELSON trial, only 35% were not visible on prior CT scans, while 50% were not diagnosed 

because of radiological detection and interpretation errors. The remaining 15% were 

attributed to protocol errors or participant non-compliance. Among the 17 patients for whom 

a failure to detect lung cancer was attributed to radiologist error, 13 were attributed to 

detection error, two were attributed to human error, and two were attributed to interpretation 

error. The 13 lung cancers missed because of detection errors were: intrabronchial localized 

lesions (five); pleural-attached lesions (two); lesion adjoining a bullous structure (one); 

lesion surrounded by extensive honeycombing (one); and four cases where an 

intrapulmonary lesion was not visible but signs of lung cancer metastases were missed (three 

cases of mediastinal lymphadenopathy, and one case of pleural effusion). Compared with 

screen-detected cancers, interval cancers were diagnosed at more advanced stages. In light 

of this analysis, overall sensitivity of lung cancer screening in NELSON was 85% (32).

In a similar analysis, Investigators from the International Early Lung Cancer Action 

Program (I-ELCAP) Consortium recently conducted a retrospective review of annual repeat 

CT screening exams that were performed on 104 patients with newly diagnosed lung cancer. 

The prior scans were obtained with predominately 1.25–2.5 mm section thickness, 7–18 

months prior to the scan on which the diagnosis was made. The cancers were not visible in 

23%, were visible but not identified in 54%, and were identified but not classified as 

malignant in 23% of prior CT scans (34). Of 56 lesions that were visible on prior exam but 

not identified, 30% (N=17) were < 3 mm; 38% (N=21) had a similar size as surrounding 

blood vessels; 32% (N=18) were larger than surrounding blood vessels; 80% (N=45) were 

solid; and 64% (N=36) were peripheral on the prior annual screening exam. At the time of 

diagnosis, 18% had progressed beyond stage 1. While the impact of delayed diagnosis on 

health outcomes cannot be ascertained from these data, these results are not surprising in 

light of the aforementioned challenges of limited and varied sensitivity for lung nodule 

detection in general.

The Process of Lung Nodule Detection

Despite remarkable advances in CT technology and its evolution for diagnostic medical 

imaging, its use in managing patients and detecting disease remains wholly dependent upon 

a human observer and interpreter. Radiologists undergo many years of education and 

training and while the training of radiologists assures a deep knowledge base across a 

spectrum of manifestations of diseases and normal tissues on imaging studies, our 

understanding of how radiologists detect and recognize imaging findings is rudimentary. 

Lung nodule detection with CT is amongst the most difficult of these tasks, which requires a 

search through approximately 300 transverse sections, each composed of over 260,000 

pixels, to recognize nodules that in the case of 5-mm lesion encompass 5/10,000th of the 

image area within the reconstructed cross-section and that occur within a background of 

highly complex lung tissue. In order to improve the process of lung nodule detection, we 

should strive to understand the process of lung nodule detection.

From the late 1970’s and into the 1990’s, Harold Kundel and his colleagues at the 

University of Pennsylvania conducted a number of experiments using eye tracking in order 
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to understand the basis for radiologists’ detection and recognition of pulmonary lesions in 

chest radiographs. While a detailed description of their findings is beyond the scope of this 

review, an examination of some of their key observations is germane to the present 

discussion. Based upon eye tracking studies of search paths, fixations, and dwell times, they 

categorized the process of image interpretation into four sequential processes – orientation, 

search, recognition, and decision making (35). By tracking the center of gaze, the eye 

tracker indicates the focal point of vision. Based upon the concept of a volumetric gaze cone 

with vertex centered on the pupil and centered along the line of sight within which an object 

will be seen (36). For chest radiographic analysis, Kundel determined that the visual angle, 

analogous to the vertex angle of the gaze cone, within which a lung nodule is detected 

during random search was between approximately 3.5–5 degrees (37, 38), corresponding to 

a 4.3–6.1 cm circular region on the surface of a radiograph positioned 70-cm from the 

observer.

These concepts were recently applied to a study of CT interpretation. During cine paging 

through stacks of 1.25-mm thick CT sections augmented with synthetic 5-mm nodules, the 

center of gaze and the section position was recorded to define a unique four-dimensional (x, 

y, z, t) gaze path through the lung volumes (2). Across 13 readers, 987/989 detected nodules 

were centered within 50 pixels of the nearest gaze point and only 2 nodules were detected 

amongst the 1050 nodules that were never closer than 50 pixels from the gaze path. Based 

upon this 50-pixel radius, a circular region with diameter of 100 pixels corresponded to 60 

mm within the lungs and a visual angle of 2.6 degrees. Based upon this diameter applied to 

the visual search paths of 520 CT interpretations by 13 readers, on average only 27% of the 

lung volume was within 50 pixels of the nearest gaze point. Moreover, nodules occurring in 

the 73% of the lung that was outside of this region were detected in less than 0.2% of 

instances. False negative detections that were outside of the gaze volume can be 

characterized as search errors and those within the gaze volume as recognition-acceptance 

errors. Overall between 9 and 45% (mean 25%) of nodules were not detected because they 

were outside of the gaze volume. Within the gaze volume, nodules were correctly 

recognized and accepted with a sensitivity of 47–84% (mean 65%) (2).

Eye tracking can reveal variations in a radiologist’s approach to searching the lungs (37, 39) 

(Figure 4). Drew and colleagues have classified lung CT interpreters as either “drillers” or 

“scanners” based upon their tendency to hold their eyes relatively still in x and y planes 

while quickly scrolling through the z axis (“drillers”) or to search individual transverse 

sections fully before moving to the next section (“scanners”). The sensitivity of drillers and 

scanners for the detection of lung nodules was 60%, and 48%, respectively, suggesting that a 

drilling strategy might be superior to a scanning strategy (39).

Ideally a diagnostic test focused principally on the identification of lung nodules would 

result in the detection of a greater proportion of the nodules present. Perceptual factors such 

as target conspicuity and background clutter, as well as attentional factors that include 

satisfaction of search and early termination of search can influence the effectiveness of 

lesion detection (40). Collectively, these results suggest that radiologists might benefit from 

feedback or guidance to produce search paths that are more likely to result in a higher 

nodule detection rate. Providing gaze feedback to interpreters of chest radiographs has been 
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shown to result in conversion of false negative results to true positive decisions (41). This 

approach has not been reported with CT scanning.

These approaches to studying the conscious and subconscious behaviors of radiologists as 

they interpret lung CT scans provide a glimpse as to how a greater understanding of these 

processes might help develop training and feedback approaches that could improve 

performance. While this line of inquiry remains to be developed, substantially greater efforts 

have been applied to the development of image processing and analysis tools intending to 

simplify the process of searching the lungs and facilitating lung nodule detection.

Image Based Methods for Performance Improvement

The means with which CT data are presented to the radiologist has a profound impact on 

detection performance, particularly for small lung nodules. Viewing transverse sections on a 

cine display results in the detection of 31% more nodules 5 mm when compared to film-

based review (42). With the advent of image review stations that allow real-time reformation 

and rendering of transverse sections, an innumerable range of approaches are possible for 

navigating and evaluating the rich volumetric lung CT data (43) which impact radiologists’ 

effectiveness and efficiency of search (44).

One technique that is easily implemented and standardized is the creation of transverse 

maximum intensity projections through overlapping thin-slabs (TS-MIP) (45) (Figure 5). 

The principal advantage of this approach has been realized to a greater extent as primary 

reconstructions have become thinner with cross-sections of blood vessels and other normal 

lung structures mimicking the appearance of nodules. TS-MIP overcomes this limitation 

while preserving the diminished volume averaging benefits of thin, < 2 mm reconstruction, 

by displaying the longitudinal course of the vessels and enabling their discrimination from 

nodules. The primary review of TS-MIPs for lung nodule detection has been shown to 

enhance detection across reviewers, but also to preferentially enhance performance in less 

experienced readers, diminishing the gap in performance across the experience domain (46). 

Greater improvement of detection has been observed for < 5mm nodules with transverse TS-

MIP when compared to primary reading of both 5 and 1-mm CT reconstructions (47). 

Interestingly, coronal TS-MIPs have been not as effective as transverse TS-MIPs. The 

performance gains realized with TS-MIP have been documented for solid nodules 

exclusively. In an analysis of ground glass nodule detection in low-dose CT scans, 7-mm 

TS-MIP was not significantly different from 1- or 5-mm transverse reconstructions (48).

Two improvements to the interpretation of TS-MIPs, aimed at overcoming limitations of 

overlap between nodules and other lung structures within the slab have been proposed. The 

use of stereoscopic display to view TS-MIPs has been shown to improve nodule detection 

and shorten interpretation time when compared to standard viewing (8), and the use of thin-

slab volume rendering has been shown to significantly improve the detection of lung 

nodules relative to TS-MIP for nodules <11 mm in diameter (49).

Because the principal means for analyzing indeterminate lung nodules is to assess for 

growth and because the detection of interval cancers in CT scans of patients with stable 

benign nodules is an important element of lung cancer screening, tools that highlight change 
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over time could have a major impact on the efficiency and effectiveness with which 

screening CT is interpreted. The primary approach studied to date involves registration of 

priors with the examination to be interpreted. There are two approaches to matching lung 

nodules over time. The first involves nodule identification and segmentation followed by 

sub-region matching (50). The second and more flexible approach involves morphing the 

datasets to one another using non-rigid transformation to accommodate for relative and 

absolute differences in local lung position owing to differences in body position and in both 

global and local lung volumes (51). This latter approach provides a means for both nodule 

matching over time and the display of prior locations where new nodules have appeared. In 

the setting of pulmonary metastasis assessment, lung nodule matching algorithms perform 

best when there are not major changes in lung expansion or major new parenchymal 

abnormalities (52). Because the underlying lung architecture is more consistent in lung 

cancer screening scans when compared to patients with lung metastases, the reliability of 

matching algorithms is much greater in this population. A matching rate of 92.7% was a 

achieved in three serial CT scans from 40 subjects with 143 nodules from the NLST (53).

With progressive improvements in the effectiveness of warping and morphing algorithms for 

aligning serial CT scans, the use of temporal subtraction has been proposed as a means for 

improving the conspicuity of changes over time. A recent feasibility study showed 

significant improvement in the detection of actionable nodules when comparing temporal 

subtraction to standard viewing (54). Further experience will be required to ascertain the 

generalizability and utility of this technique.

Computer Aided Detection (CAD)

Beyond direct manipulation of the CT image, computer aided detection (CAD) employs 

computer algorithms that extract and analyze features within the CT data in order to isolate 

and highlight regions where abnormalities are likely. Lung nodule detection has been 

amongst the most widely developed and investigated applications for CAD (25, 30, 55–61). 

The inexhaustible nature of a computer algorithm represents an appealing partner for the 

radiologist who must struggle with the perceptual challenges of being human. Indeed, in 

spite of substantial variability in the implementation and performance of commercial CAD 

systems, the combination of a radiologist and any one of three tested CAD systems produced 

indistinguishably superior performance when compared to the radiologist’s interpretation 

alone (62).

Of greatest benefit for facilitating detection of smaller nodules (25, 57, 60), CAD 

consistently detects nodules that are not seen by radiologists and when used to augment 

radiologist’s readings, substantially reduces inter-observer variability (59). While the focus 

of most CAD development has been directed toward solid nodules, systems tuned to the 

detection of ground glass and part solid nodules are emerging (63–65), and have been shown 

to improve reader performance for all three classes of lung nodule (64).

While the greatest focus of CAD performance assessment has been on lung nodule 

detection, CAD has also been investigated from the perspective of lung cancer detection. 

The feasibility of CAD detecting lung cancers that were missed by radiologists was 
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demonstrated in 2002 using 10-mm thick low-dose screening CT scans. A sensitivity of 84% 

for the detection of missed lung cancer by a CAD algorithm without human participation 

was associated with an average of 28 false positives per scan (55). A subsequent study using 

a different CAD algorithm investigated 17 patients with missed lung cancer on 10-mm thick 

low-dose screening CT and found that reader sensitivity improved from 52% to 68% with 

CAD (63). Most recently CAD was assessed retrospectively in 134 subjects from the NLST, 

resulting in improved inter-observer agreement (kappa increase from 0.53–0.66). Pairwise 

agreement on the positivity of screening results and follow-up recommendations per case 

amongst seven chest radiologists increased from 77% and 72% at initial assessment to 84% 

and 80% with CAD (66)

While commercial CAD systems primarily operate as black boxes, at the heart of all CAD 

systems is the opportunity to tune the system and balance the sensitivity of nodule detection 

with false positive results. Although radiologists are very effective at rejecting CAD’s false 

positive results, the process is time consuming and thus CAD system developers must strike 

a balance between sensitivity and false positives per scan (30). Considering workflow and 

efficiency of CT interpretation, there are several models for CAD use.

The aforementioned studies of lung CAD focus on CAD as a second reader, meaning that 

the radiologist reviews the images independently and then secondarily reviews CAD 

markings to determine if there are any nodules that they had not detected. Two studies have 

recently examined alternative models for incorporating CAD into the clinical workflow. In a 

comparison of concurrent versus second reader modes, reading time was significantly 

shorter in the concurrent-reader mode (132 s) when compared to the second-reader mode 

(210 s). Diagnostic performance was slightly diminished with concurrent relative to second 

reader mode, but the difference was not significant (p=0.35) (67). With a slightly different 

twist on the workflow process, Godoy and colleagues considered the question of detection 

performance when readers evaluate thick (5-mm) CT sections while CAD operates on thin 

(1-mm) CT sections. This performance was compared to thin-section readings with and 

without CAD, and CAD alone. The advantage of the former strategy is 80% fewer 

transverse reconstructions need to be evaluated by the reader, and while spatial resolution is 

decreased when compared to a thin section, the thin sections were available to review within 

the context of assessing CAD detections. In this study, which included a blend of ground 

glass, part solid, and solid nodules, reading thick followed by thin-section CAD (80% 

sensitivity, 1.26 FP) resulted in significantly more detections than reading thin alone (65% 

sensitivity, 0.64 FP), however, reading thin followed by thin-section CAD (84% sensitivity, 

0.90 FP) was significantly better than reading thick followed by thin-section CAD (64). 

Interpretation times for the various strategies were not reported. Despite over a decade of 

investigation and refinement, lung CAD is rarely used in clinical practice. Nevertheless, 

there are compelling reasons for lung CAD to become a routine part of CT interpretation in 

the setting of lung cancer screening. Critical to its adoption will be a workflow that 

facilitates both efficiency and effectiveness of interpretation.
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Conclusion

While seemingly a straightforward task, the effective and efficient detection of lung nodules 

on CT presents many challenges to the radiologist, which result in limited sensitivity and 

interobserver agreement for many nodule detection applications. Within the context of lung 

cancer screening, performance is impacted by the threshold size for actionability and the 

associated management protocol, which assures repeated exams to limit the time interval 

before another opportunity for detection arises. When serial CT exams are acquired to assess 

lesion growth and thus classify a finding as positive, performance is significantly better than 

for nodule detection in general. Nevertheless, in the interest of maximizing the effectiveness 

of interpretation, greater understanding of how radiologists detect lung nodules as well as 

how a spectrum of alternative visualization methods and CAD might be used systematically 

is needed. In light of the magnitude of lung cancer screening CT scans anticipated to be 

performed, these investigations should be prioritized.
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Figure 1. 
This 1.25-mm thick CT section demonstrates an approximately 2-mm lung nodule (arrow). 

Nodules such as this or smaller can be found in virtually every CT scan obtained beyond 

young adulthood. Because nodules of this size are overwhelmingly benign there is no 

relevance to their identification unless disseminated or presenting as a new finding in a 

patient with documented malignancy. There is essentially no role for reporting this nodule 

within the context of lung cancer screening.
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Figure 2. 
Two examples of 12 mm lung nodules from two different patients. The nodule on the left is 

not associated with normal lung structures in its vicinity and thus is easy to detect. The 

nodule on the right (arrow) is closely associated with 5–8 mm pulmonary blood vessels. 

Although it is substantially larger than adjacent blood vessels, it appears less conspicuous 

than the nodule at left.
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Figure 3. 
Five mm lung nodules (red circles). The number in the upper left corner corresponds to the 

number of radiologists out of 13 who detected the nodule. Differences in the regional lung 

complexity and the cross-sectional area of the lungs on these cross-sections may be a key 

determinate in their detection.
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Figure 4. 
Plots of gaze paths from two readers (top and bottom rows) evaluating the same stack of 

1.25-mm thick CT sections for lung nodules. The duration of the search is divided into five 

segments and colored red, orange, green, aqua, and blue from beginning to end of the 

search. Plots on the left show the section number displayed from beginning to end of search. 

Plots on the right show the gaze point over time projected through all transverse sections. 

The first reader (top row) is classified as a scanner. He starts at the top of the lungs scanning 

the anterior portion of both lungs before moving inferiorly. When reaching the bottom of the 

lungs, the reader reverses direction scanning laterally in the posterior aspect of the lungs. 

The second reader (bottom row) completes nine passes through the lungs, searching the right 

lung over four passes before moving to the left lung for three passes before returning to the 

right lung for two more passes. This pattern has been classified as a “drilling” search pattern. 
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The scan contained 4 5-mm nodules in the right lung and one in the left lung. These search 

patterns were consistent for the two readers across 40 datasets. Nodule detection sensitivity 

across 40 scans for the two readers was 46% and 73%, respectively.
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Figure 5. 
A 1.25-mm thick transverse CT section revels two 4-mm rounded opacities appearing as 

lung nodules (arrows in top image). A 7-mm thick TS-MIP centered on the transverse 

section above reveals that only the posterior of the two opacities is a lung nodule (arrow in 

bottom image) and the anterior opacity corresponds to a part of a normal blood vessel 

(bottom).
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