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These recommendations for measuring pulmonary nod-
ules at computed tomography (CT) are a statement from 
the Fleischner Society and, as such, incorporate the opin-
ions of a multidisciplinary international group of thoracic 
radiologists, pulmonologists, surgeons, pathologists, and 
other specialists. The recommendations address nodule 
size measurements at CT, which is a topic of importance, 
given that all available guidelines for nodule management 
are essentially based on nodule size or changes thereof. 
The recommendations are organized according to practi-
cal questions that commonly arise when nodules are mea-
sured in routine clinical practice and are, together with 
their answers, summarized in a table. The recommenda-
tions include technical requirements for accurate nodule 
measurement, directions on how to accurately measure 
the size of nodules at the workstation, and directions on 
how to report nodule size and changes in size. The rec-
ommendations are designed to provide practical advice 
based on the available evidence from the literature; how-
ever, areas of uncertainty are also discussed, and topics 
needing future research are highlighted.
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these is evident. In developing these 
recommendations, the Fleischner Soci-
ety, as a multidisciplinary group of tho-
racic specialists, has weighed available 
scientific evidence and expert consensus 
regarding current practice and future 
developments. The following recom-
mendations will mainly focus on manual 
diameter measurements, which are the 
most widely used technique, at present. 
However, given the rapid technical ad-
vances in recent years, especially with 
respect to the role of automated image-
based disease quantification, we antic-
ipate that refinements and modifica-
tions to these recommendations will be 
forthcoming, as information continues 
to emerge from ongoing research.

Part 1: Recommendations

The recommendations are summarized 
in Figure 1 and Table E1 (online), or-
ganized by practical questions and the 
corresponding answers. The evidence 
grades for the individual recommenda-
tions shown are based on those devel-
oped by the American College of Chest 
Physicians (10).

Part 2: Technical and Observer-related 
Factors

Dimensions of a Pulmonary Nodule
The dimensions of a pulmonary nod-
ule are measured differently by pa-
thologists and radiologists. Whereas 
pathologists record only the maximum 
diameter of a nodule (11), radiologists 

units and are assessed by different radi-
ologists using different technical acqui-
sition and reconstruction parameters.

In the first part of this article, we 
will present our recommendations for 
measurement of the size of pulmonary 
nodules. These recommendations are 
organized around specific questions 
that are often raised in clinical practice 
and are presented together with corre-
sponding answers. In the second part, 
we will describe the technical factors, 
such as section thickness, reconstruc-
tion algorithms, and display window 
settings, that affect these measure-
ments. There is increasing evidence 
that the technical aspects of these 
factors are closely interrelated, with 
cross-influences that are not yet fully 
understood (7,8). Although discussing 
them one by one might appear overly 
simplistic, we hope that this incremen-
tal approach will provide the reader 
with practically useful information to 
perform and interpret lung nodule mea-
surements. In the third and final part of 
this article, we will highlight areas of 
uncertainty and ongoing investigation, 
focusing on questions that will need 
to be addressed in future research, to 
make lung nodule measurements more 
accurate and clinically meaningful.

The current recommendations can 
be used to measure pulmonary nod-
ules on any given CT image. However, 
their use should also be determined by 
the clinical circumstances. For exam-
ple, the recommendations are not in-
tended to replace other measurement 
approaches, such as use of Lung CT 
Screening Reporting and Data System 
or Response Evaluation Criteria in Solid 
Tumors, which are recommended for 
lung cancer screening and assessment 
of treatment response in oncologic im-
aging, respectively. Furthermore, if a 
different approach to nodule measure-
ment was initially chosen at serial CT, 
this approach should be retained for 
the sake of consistency.

Given the frequency with which the 
size of pulmonary nodules is measured 
in clinical practice and given the vari-
ability of these measurements between 
different observers (3,5,9), we believe 
that the need for guidelines such as 
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The likelihood of malignancy in 
a pulmonary nodule correlates 
strongly with both its size and 

its growth rate, allowing for additional 
factors, such as a history of prior lung 
cancer or extrathoracic malignancy (1). 
Thus, accurate measurement of nodule 
size is crucial for three reasons: (a) to 
determine the risk for malignancy at 
baseline computed tomography (CT), 
(b) to correctly allocate patients with 
nodules to available management algo-
rithms, and (c) to detect any change 
in size on follow-up CT images, which 
might have bearing on the likelihood 
of malignancy or might influence treat-
ment in patients who are being moni-
tored during therapy. Although nodule 
size is a key criterion in current rec-
ommendations for nodule management 
(2–4), there is relatively little informa-
tion about how best to approach lung 
nodule measurement in clinical prac-
tice, which is the main motivation for 
these recommendations.

Size and growth of pulmonary nod-
ules can be determined by measuring 
their diameter or volume. Measure-
ment of the nodule diameter with elec-
tronic calipers is convenient to perform 
and is currently the most widely used 
routine clinical approach. Nodule vol-
umes can be measured either manu-
ally by delineating nodule boundaries 
or semiautomatically by using software 
that detects CT attenuation thresholds. 
Semiautomatic volume determination 
typically requires either remote work-
stations or dedicated software applica-
tions; hence, it is currently not widely 
used in routine clinical practice (5). 
Automated segmentation is also the 
initial step underlying approaches that 
measure nodule mass rather than size 
(6); this approach has been proposed 
for subsolid nodules and is still under 
investigation.

Independent of which nodule com-
ponent is measured (solid component, 
ground-glass component, or both) and 
regardless of which technical approach 
is used, the resulting measurement will 
be affected by a number of technical and 
observer-related factors. Moreover, se-
rial follow-up examinations of nodules 
are often performed with different CT 
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Figure 1

Figure 1:  Recommendations for measurement of the size of pulmonary nodules.
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a nodule be determined first and that 
thereafter, on the same CT section, the 
short axis be measured perpendicular 
to the long axis. Recommendations for 
measuring spiculated and morpholog-
ically heterogeneous nodules are de-
tailed in the next sections.

Measurement Unit
All measurements and their derivatives 
should be expressed to the nearest mil-
limeter, which is the basic dimensional 
unit used in current nodule manage-
ment guidelines (2,3,23). Although 
picture archiving and communication 
system consoles display measurements 
to the nearest 0.1 mm, we believe that 
this level of apparent precision is de-
ceptive in the context of pulmonary 
nodules and given the multiple tech-
nical factors that influence their mea-
surements. Consequently, a nodule 
with a long-axis diameter of 4.5 mm 
should be rounded to 5 mm. Likewise, 
a nodule with a short-axis diameter of 
3.4 mm should be rounded to 3 mm. 
Thus, the average diameter of the nod-
ule would be as follows: (5 + 3)/2 = 4 
mm. If the mathematic average of the 

the American College of Radiology rec-
ommends use of the average dimension 
in its current CT lung cancer screening 
guidelines (16). Although the National 
Lung Cancer Screening Trial used the 
maximum dimension rather than the 
average dimension (17,18), it has been 
suggested that this could have resulted 
in the misclassification of nodules as 
positive findings, most notably when 
the nodules were small (12,19). This is 
supported by the findings of three re-
cent studies that retrospectively applied 
American College of Radiology Lung CT 
Screening Reporting and Data System 
criteria to large lung cancer screening 
cohorts; this reduced the false-positive 
rate in all three studies (20–22). We 
continue to use the average dimensions 
in the upcoming revision of the Fleis-
chner Society management guidelines 
for pulmonary nodules (23) because 
we assume that the average dimension 
likely correlates better with tumor vol-
ume than one measurement, particu-
larly in elongated nodules and in nod-
ules where the short dimension is better 
defined (5). In practical terms, we rec-
ommend that the long-axis diameter of 

have been expressing the dimensions of 
small (,10 mm) nodules as the average 
of the long- and short-axis measure-
ments, notably when they are used for 
risk assessment (2,12). For larger nod-
ules, particularly for staging, bidimen-
sional measurements reporting both 
long- and short-axis diameter are the 
most commonly used (Figs 2, 3). Given 
the importance of nodule dimensions 
for management recommendations and 
oncologic staging and the increasingly 
collaborative approach to pulmonary 
nodules in the fields of pathology and 
radiology (11,13,14), more research is 
needed to establish which CT param-
eter most closely correlates with final 
stage and outcome.

Historically, the transition in radiol-
ogy from using the maximum diameter 
to using the average of long- and short-
axis diameters of small nodules for risk 
assessment occurred in the late 1990s, 
when the latter approach was adopted 
by the Early Lung Cancer Action Pro-
gram (15). The same approach was de-
scribed in the first management guide-
lines for pulmonary nodules published 
by the Fleischner Society (2). Finally, 

Figure 2

 
Figure 2:  Transverse CT sections of a solid nodule in the left lower lobe. A, The nodule is anatomically well 
defined. B, First, the maximal long-axis diameter is measured (16 mm, vertical arrow). Then, perpendicular 
to the long-axis measurement, the maximum short-axis diameter is measured (14 mm, horizontal arrow). 
The average diameter of the nodule is 15 mm. As detailed in the first recommendation, for purposes of 
risk estimation, the dimension of small pulmonary nodules (,10 mm) should be expressed as the average 
of maximal long-axis and perpendicular maximal short-axis measurements in the same plane. For larger 
nodules and masses (10 mm), long- and short-axis measurements should be recorded. Because the 
average diameter of this nodule is larger than 10 mm, both long- and short-axis measurements are given.

Figure 3

Figure 3:  Transverse CT section of a pure ground-
glass nodule in the left upper lobe. The same 
approach to nodule measurement described in 
Figure 2 applies in this image. The average diameter 
of the nodule is 17 mm.
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these generally encouraging results 
for semiautomated nodule volume and 
mass measurements, it should be kept 
in mind that different software imple-
mentations can yield substantially dif-
ferent results (30,31) (Fig 5). Thus, 
from a practical perspective, it is desir-
able to perform sequential nodule eval-
uations with the identical software type 
and version.

From a clinical perspective, several 
practical recommendations should be 
added. First, not every nodule needs to 
be measured, notably nodules of up to 
3 mm in size. Such small nodules are 
impossible to measure accurately, and 
observer variability is prone to produce 
erroneous and potentially misleading re-
sults, both at initial assessment and at 
follow-up (Fig 6). For such nodules, it 
is preferable to omit any caliper mea-
surements and instead use the term 
micronodule to describe such a finding 
(32). Second, when performing sequen-
tial follow-up examinations of nodules, 
reference should always be made to the 
examination that first revealed the nod-
ule, not just the last available examina-
tion. In this regard, it is important to take 
into account changes in nodule appear-
ance that may occur due to variations 

limits. For example, because a 26% in-
crease in diameter of a spherical nod-
ule corresponds to one volume doubling 
(27), it could be falsely concluded that 
a nodule measuring 5.0 mm at base-
line and then 6.3 mm at follow-up had 
doubled in volume, while this apparent 
growth could be an artifact of measure-
ment variability. In the same way, mea-
surement variability may result in grow-
ing nodules being falsely determined to 
be stable.

Nodule volumetry may be less sen-
sitive to variability depending on the 
method used. While the majority of 
volumetric measurements showed a 
variability of less than 10%, a maximum 
deviation up to approximately 27% has 
been reported in nodules with irregular 
margins and nonspherical morphology, 
causing more variable segmentation 
(28,29). When the mass of part-solid 
nodules is measured, inter- and intrao-
bserver variability ranges from 217.5% 
to 11.8% and from 28.4% to 9.4% 
(9,30). It must be stressed that all of 
these reported results strongly depend 
on the software used and the charac-
teristics of the study lesions; this is a 
caveat that can be applied to any com-
puterized quantification tool. Despite 

long- and short-axis diameters results 
in a number with a decimal fraction, 
it should similarly be rounded to the 
nearest whole millimeter. Recorded 
long- and short-axis diameters should 
also be rounded to the nearest milli-
meter. To estimate average diameter 
based on manual measurements or ob-
tained with automated measurement 
tools, fractional measurements may be 
considered, but the result should still 
be recorded as a whole number.

Observer and Measurement Variability
Measurement of nodule diameter with 
electronic calipers is subject to substan-
tial inter- and intrareader variability 
(24–26) (Fig 4). Studies also suggest 
that variability increases with increas-
ing complexity of nodule morphology, 
notably in part-solid nodules in which 
both the overall size and the size of the 
solid component are measured (3,5,9). 
One study showed that when observers 
measured nodules 20 mm in diameter 
or smaller, the limits of inter- and in-
trareader variability were 1.73 mm and 
1.32 mm, respectively (26). This would 
mean that a nodule could confidently 
be determined to have grown only if its 
diameter had increased beyond these 

Figure 4

Figure 4:  Transverse CT sections of a part-solid nodule in the right upper lobe. A, The solid component of the nodule is ill defined, resulting in variability of 
measurements, as performed by two radiologists. The two long-axis diameters of the solid component were, B, 28 mm and, C, 14 mm. On the basis of the clinical 
implications, we recommend use of the larger long-axis diameter. Only solid component measurements are shown in this figure; however, in clinical practice, nonsolid 
and solid components must be measured.
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nodule volume. If we assume a perfectly 
spherical geometry, a 26% increase in 
diameter will correspond to a doubling 
in the volume of a nodule (27). For 
example, a nodule that has increased 
in diameter by 2 mm (from 7 mm to 
9 mm) between two CT examinations 
has approximately doubled its volume. 
Given that diameter measurements 
vary by 1.73 mm across observers for 
nodules smaller than 2 cm (26), it 
appears reasonable to report growth 
when a change in measured diameter 
of at least 2 mm is detected (actually at 
least 1.5 mm due to rounding). Use of 
this 2-mm threshold would reduce the 
likelihood of an incorrect diagnosis of 
growth when the apparent difference 
in size is in fact within an expected 
range of uncertainty owing to observ-
er-related imprecision. Moreover, sev-
eral relatively recent studies have used 
a 2-mm threshold to define growth in 
both solid and part-solid nodules (33–
35). A 2-mm threshold for growth was 
also adopted by The British Thoracic 
Society in a recent management recom-
mendation (4). Furthermore, a thresh-
old in millimeters is consistent with the 
principle of this recommendation to ex-
press nodule dimensions to the nearest 
millimeter and to avoid any fractions 
of this unit (16). The 2-mm threshold 
for defining growth should be applied 
to both overall nodule size in both solid 
and part-solid nodules, as well as to the 
solid component of a part-solid nodule. 
Although nodule growth is important, 
it is just one of several criteria used to 
estimate cancer risk. Thus, it must be 
reemphasized that any change in nod-
ule size, including growth as defined 
previously, must always be interpreted 
together with other morphologic nod-
ule characteristics, such as shape, bor-
ders, and internal texture (Fig 9). Fi-
nally, potential growth must be related 
to the interval between two CT exami-
nations. A recent recommendation has 
emphasized that accuracy of growth 
assessment increases with increasing 
intervals between examinations (4).

Attenuation Measurements
There has been recent interest in us-
ing CT attenuation to assess the mass 

smaller nodules on sharpened (edge-en-
hanced) images. Finally, measurements 
at follow-up CT, which were acquired 
with techniques that were as similar 
as possible to the original technique, 
should be made through the centroid 
of the nodule, which may not be at the 
same anatomic level on sequential im-
ages, and by using the same orientation 
and location of caliper anchor points.

Definition of Growth
Growth of a pulmonary nodule refers to 
an increase in size between two given 
CT examinations. In the context of bi-
dimensional measurements, this will 
translate into an increase in diameter. 
Because this is a three-dimensional 
structure, however, the increase in di-
ameter should reflect an increase in 

in inspiratory effort or the appearance 
of adjacent parenchymal abnormalities. 
Although the last available examination 
will be used as the reference to deter-
mine interval growth, comparisons with 
earlier prior examinations will increase 
confidence for long-term growth or sta-
bility when evaluating the evolution of 
a given nodule over time (Figs 7, 8). 
Third, when performing simple attenu-
ation measurements by placing a region 
of interest over a nodule or when calcu-
lating an attenuation profile along a line 
through a nodule—for example, to ver-
ify the presence of calcium or fat—this 
should be done on images reconstructed 
without edge enhancement, typically the 
mediastinal soft-tissue series. This is be-
cause such attenuation measurements 
are prone to substantial inaccuracy in 

Figure 5

Figure 5:  Segmentation and volumetry of a ground-glass nodule with four different software packages. 
The nodule volumes calculated were, A, 2019, B, 2059, C, 1949, and, D, 1528 mm3, resulting in a maxi-
mum difference of 531 mm3 between measurements.
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the published series are small, and no 
study derived a generalizable attenua-
tion threshold or a metric that could 
be seamlessly translated into clinical 
practice, and the proposed attenua-
tion thresholds differ between studies 
(42–44). Thus, more evidence, notably 
with regard to measurement standard-
ization and the pathologic implications 
of attenuation changes over time, is re-
quired before use of these techniques 
can be recommended for clinical lung 
nodule management.

CT Section Thickness
Several authors have studied the re-
lationship between the accuracy of 
nodule measurement and CT section 
thickness (31,45–47). They consistently 
found that variability decreased with 
decreasing section thickness (31,45,46) 
and that the thinnest sections (usually 
1 mm) provided the most consistent 
results (47). The studies also found 
that the effect of section thickness on 
variability was particularly pronounced 
for nodules smaller than 10 mm and for 
spiculated rather than smooth nodules 
(31). This can be explained by the in-
creased partial volume averaging effect 
for small nodules when thicker sections 
are used, whereas the same effect is 
less severe with larger nodules. From 
a practical perspective, these findings 
support the use of contiguous thin 
(1.5 mm) sections for the purpose 

been used to differentiate adenocarci-
noma subtypes, evaluate progression, 
and predict prognosis, notably in part-
solid nodules (38–42). These studies 
provide promising preliminary insights 
into the potential of attenuation mea-
surement as a tool to assess pulmonary 
nodules more accurately. However, 

(which reflects the product of size and 
attenuation) rather than the size of pul-
monary nodules (6). CT attenuation 
has also been used to assess growth 
of part-solid and nonsolid pulmonary 
nodules (36,37). Both overall attenua-
tion and characteristics of the attenu-
ation distribution within nodules have 

Figure 6

Figure 6:  Transverse CT sections through nodules 3 mm or smaller (arrow) in the, A, right upper lobe, B, 
left upper lobe, and, C, right lower lobe. Such small nodules should not be measured, given inherent accu-
racy limitations and variability in determining whether the lesion is a solid, part-solid, or ground-glass nodule.

Figure 7

Figure 7:  Sequential transverse CT sections through a solid nodule (arrow) in the right upper lobe. Average diameters of the nodule were, A, 8, B, 9, C, 11, and, D, 
13 mm. Nodule growth is most obvious when we compare the earliest image with the most recent image. Surgery confirmed adenocarcinoma.
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section. In such cases, measurements 
should be performed on the sections 
that display the largest overall nodule 
diameter and the largest diameter of 
the solid component, respectively, and 
these sections should be identified in 
the radiologic report (Fig 13). While 

short axes again measured on the same 
image (Fig 12). In part-solid nodules, 
the CT sections should be chosen for 
measurements that display the largest 
portion of the overall nodule and the 
solid component, respectively. Often, 
these will not be displayed on the same 

of small lung nodule measurements, as 
recommended by current clinical guide-
lines (23). For spiculated nodules, only 
the nodule core should be measured, 
and the spiculations should not be part 
of the measured diameter (Fig 10). Thin 
sections also provide the advantage of 
sufficient spatial resolution to allow for 
the visual assessment of morphologic 
nodule characteristics, such as shape 
and spiculations, that might refine the 
assessment of risk and subtle changes 
over time (5) (Fig 11).

Orientation of the CT Section
Transverse reconstructions of the CT 
data set constitute the traditional ba-
sis for clinical reporting of thoracic CT 
examinations, and most nodule mea-
surements can be performed through 
a transverse plane, with the maximal 
long axis and maximal perpendicular 
short axis measured on the same im-
age. A given nodule, however, may be 
oriented in the lung parenchyma such 
that its biggest or smallest diameter is 
aligned along a craniocaudal axis, mak-
ing its true extent difficult to assess 
on transverse images alone. In such 
cases, multiplanar reconstructions in 
the coronal and sagittal planes should 
be used to obtain a more accurate as-
sessment of nodule size, with long and 

Figure 8

Figure 8:  Sequential transverse CT sections through a ground-glass nodule (arrow) in the right upper lobe. Average diameters of the nodule are A, 13, B, 14, and, 
C, 18 mm. Nodule growth is most obvious when we compare the earliest image with the most recent image.

Figure 9

Figure 9:  Sequential transverse CT sections of a nodule (arrow) in the left upper lobe. Although the 
average diameter of the nodule has decreased from, A, 13 to, B, 8 mm, solid transformation and irregular 
margins make it suspicious. Later resection confirmed invasive adenocarcinoma.
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determine the so-called tumor disap-
pearance rate of part-solid nodules (ie, 
the ratio between the nodule portion 
seen on soft-tissue windows and the 
nodule portion seen on lung windows) 
(49). Although the tumor disappearance 
rate has shown promise in optimizing 
the surgical approach of invasive nod-
ule components (49), the terminology 
can be misleading when referring to the 
assessment of nodule size by suggesting 
that a part of the nodule resolves, while 
in reality it is merely rendered invisible 
by a technical maneuver. Note that al-
though the window setting does not af-
fect attenuation measurements, a sharp 
lung filter can substantially affect atten-
uation measurements in unpredictable 
ways. Thus, only unsharpened images 
should be used to measure attenuation.

The current literature on nodule 
measurement with lung and medias-
tinal display window settings reflects 
considerable controversy. In a study 
of 43 patients, the authors (50) found 
that tumor size measured on images 
obtained with lung windows correlated 
better with histologic measurements. 
The same authors also noted that tu-
mor size was a better predictor of 

algorithm is likely to yield the most ac-
curate measurement results, whereas 
for nodules larger than 10 mm, the 
choice of reconstruction algorithm has 
no significant effect on measurement 
accuracy.

Display Window Settings
The effect of display window setting on 
the apparent size of pulmonary nodules 
is well established, particularly in the 
case of subsolid nodules. Most previ-
ous studies investigating the accuracy 
and variability of lung nodule measure-
ments have been performed by using 
wide (lung) window settings (window 
level range, 2700 to 2500 HU; win-
dow width range, 1500–2000 HU). This 
is because the overall size of subsolid 
lesions in particular appears artificial-
ly smaller when soft-tissue (medias-
tinal) window settings (window level 
range, 30–70 HU; window width range, 
350–400 HU) are used because of low-
attenuation (ground-glass) components 
falling below the narrower range of dis-
played attenuation values (3,13) (Fig 14
). In the past, however, soft-tissue win-
dows have been systematically applied 
in combination with lung windows to 

oblique reformations might allow 
longer long axis or shorter short axis 
measurements than do the traditional 
anatomic planes, the challenge of re-
producing the same degree of obliquity 
for serial examinations hinders the 
generalizability of this method; thus, 
off-axis oblique reformations are not 
recommended.

Reconstruction Algorithm and Field of 
View
The effect of reconstruction algo-
rithm and field of view on the accu-
racy of lung nodule measurements is 
controversial. Several published stud-
ies failed to show a significant effect 
of either one on the accuracy of lung 
nodule measurements (45–47,48), 
while other studies that did report 
significant effects provided conflicting 
results, suggesting that either high-
spatial-frequency algorithms (49) or 
low-spatial-frequency algorithms (47) 
yield the most repeatable results. How-
ever, the weight of evidence suggests 
that for nodules smaller than 10 mm, 
the reconstruction algorithm does ef-
fect measurement accuracy (23,46,48) 
and that a high-frequency (sharp) 

Figure 10

Figure 10:  A, Transverse CT section through a spiculated right lung nodule. B, Inclusion of spiculations into the measurement causes substantial overestimation of 
nodule size. C, The recommended approach is to measure only the solid core.
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made across a spectrum of exposure 
levels (48,54–57). Nevertheless, exces-
sive dose reduction affects image qual-
ity by degrading nodule boundary defi-
nition. The magnitude of these effects 
will vary depending on overall body hab-
itus and on the size, morphology, and 
location of the nodule, thereby making 
generalizable recommendations regard-
ing minimum radiation exposure levels 
particularly challenging; however, one 
general rule for achieving consistent 
image quality is to tailor imaging tech-
nique to patient size. The use of itera-
tive reconstruction algorithms can also 

Radiation Dose and Image Noise-
reduction Algorithms
Tube current settings are determined by 
the trade-off between a desire to min-
imize radiation dose and a competing 
desire to maintain image quality. Sev-
eral studies have concluded that sub-
stantial reductions in radiation dose can 
be achieved without adversely affecting 
nodule measurement accuracy (5). How-
ever, the effect of radiation dose on vol-
umetric measurement error has been 
difficult to establish, with many studies 
failing to demonstrate a significant dif-
ference between nodule measurements 

advanced disease when measured on 
mediastinal rather than lung windows. 
However, separate measurements of 
the solid component on images ob-
tained with lung windows were not 
performed. In a study including 52 pa-
tients, the authors found no significant 
differences between the invasive tumor 
component and the solid portions, as 
measured on images obtained with 
lung and mediastinal windows, respec-
tively (51). In another study includ-
ing 58 patients, the authors (52) also 
found that interobserver agreement 
was slightly better with mediastinal 
window settings than with lung win-
dow settings. Finally, this same study 
found that measuring the solid com-
ponent of nodules with lung windows 
yielded a stronger correlation with 
histologic evidence of tumor invasion 
than when the measurements were 
performed with mediastinal windows.

Although it has been suggested that 
mediastinal window settings may per-
form better than lung window settings 
when used to assess the size of the solid 
component (3), there is little data on the 
comparison of these two approaches. 
Data for minimally invasive adenocarci-
nomas and small lung adenocarcinomas 
suggest that lung window measurements 
may yield results that are closer to path-
ologic measurements (41,51,52) and that 
use of mediastinal window settings may 
result in underestimation of invasive size 
(51). When interobserver agreement and 
accuracy were compared with histology 
in subsolid nodules with a solid compo-
nent smaller than 8 mm, lung window 
settings had comparable reproducibility 
but higher accuracy than did mediasti-
nal window settings (53). At the present 
time, expert opinion tends to favor use 
of lung window settings to detect and 
measure solid components in subsolid 
nodules. Thus, we recommend use of a 
lung window setting with a high-spatial-
frequency (sharp) algorithm for solid 
component nodule measurements, while 
we recognize that this deviates from 
previous recommendations (3) (Fig 15). 
What appears solid on images obtained 
with lung window settings and high-spa-
tial-frequency reconstructions should be 
considered as such (54) (Fig 16).

Figure 11

Figure 11:  Transverse CT sections at the level of, A, B, a solid nodule (arrow) in the left upper lobe and, C, 
D, a part-solid nodule (arrow) in the left lower lobe. Solid and part-solid nodule margins are less well defined 
on A and C than on B and D. In addition, D better shows solid nodule components.
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measure only the greatest dimension 
of the largest solid component. Thus, 
although additional volumetric or bidi-
mensional measurements have merit, 
at a minimum, we recommend mea-
suring the long axis of the largest solid 
component on images reconstructed 
with a high-frequency algorithm and 
displayed on a lung window image to 
enable direct comparison with path-
ologic measurements. If the result is 
greater than 5 mm, invasion may be 
considered more likely (54).

Part 3: Directions for Future Research

Maximum Diameter or Average of Long- 
and Short-Axis Measurements?
Whereas pathologists express nodule 
size as the maximum diameter, radiol-
ogists have transitioned to expressing 
the size of small pulmonary nodules 
as the average of long- and short-axis 
measurements. Currently, there is no 
evidence from prospective multicenter 
studies about the relationship between 
these two approaches or about which 
approach will yield more robust pre-
dictive information. In this context, it 
is important to emphasize that pathol-
ogists measure nodule size primarily 

likely to provide reasonably reproducible 
lung volumes on serial CT images (58).

Part-Solid Lesions with Several Solid 
Components
Part-solid lesions with several solid 
components can pose a particular 
challenge, as there currently is no con-
sensus on how the solid components 
of these lesions should be measured. 
One possible approach is to determine 
the single largest focus and measure 
it, while reporting but not measuring 
the remaining foci (Fig 17). An al-
ternative approach was recently used 
(59) to measure the invasive compo-
nent of part-solid adenocarcinomas 
on pathology slides. In this study, the 
researchers measured all nonlepidic 
components and expressed their sum 
as a percentage of the overall tumor 
volume, which they multiplied by the 
total nodule diameter to arrive at a 
linear measurement. Thus, a 25% 
solid component in a 20-mm nodule 
would correspond to a 5-mm diame-
ter. Although this approach has some 
merit, it has not been used or tested 
in the context of CT images, it would 
be time consuming, and it would re-
quire highly subjective estimates. Cur-
rently, the practice in pathology is to 

affect the accuracy of nodule dimension 
measurements (7), particularly ground-
glass components; however, more data 
are needed to assess the effect of the 
many variations of iterative reconstruc-
tion algorithms currently implemented 
by various CT manufacturers.

Lung Volume
One study measured both the diame-
ter and the volume of lung nodules on 
CT images acquired at total lung ca-
pacity and residual volume (55). The 
researchers found that both nodule 
diameter and nodule volume varied 
nonuniformly from total lung capacity 
to residual volume, with some nodules 
decreasing in size and other nodules 
increasing. There was a 16.8% mean 
change in absolute volume across all 
nodules. When stratified by size, the 
mean of the absolute percentage volume 
change for nodules larger than 5 mm 
and that for nodules 5 mm or smaller 
was not significantly different (P = .26) 
(55). Although not acquired at total lung 
capacity and functional residual capac-
ity, other studies also observed signifi-
cant, albeit small, absolute differences 
in nodule size when measured at differ-
ent lung volumes (56,57). In practice, 
standardized breathing commands are 

Figure 12

Figure 12:  A, Transverse, B, coronal, and, C, sagittal reconstruction planes through a pulmonary nodule in the right lower lobe. The long-axis diameter of the 
nodule was 16, 14, and 18 mm in A, B, and C, respectively. Thus, long- and short-axis nodule diameters should be measured in the sagittal plane in this patient.
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section thickness, reconstruction inter-
val, number of detectors, x-ray beam 
energy, application of radiation-reduc-
ing exposure variation, and presence 
or absence of contrast material (64). 
Moreover, it has been shown that the 
results generated by quantitative nod-
ule assessment yield substantially dif-
ferent results depending on the soft-
ware package and the CT acquisition 
parameters used (30). Two recent stud-
ies investigated the effects of dose and 
reconstruction algorithms on lung nod-
ule measurements (7,8). One of these 

Figure 13

Figure 13:  Transverse CT sections through a complex adenocarcinoma with cystic components in the 
lingula. Measurement of the solid component is challenging in such cases. A–C, The length of the largest 
substantial solid component is indicated (arrow) in each of three representative sections through the nodule. 
The morphologic complexity and the fact that the nodule abuts the chest wall make measurements difficult. 
The walls of cystic components may contain some solid elements, but accurate or consistent measurement 
of such components is often impossible with manual techniques. We recommend selecting the largest 
nodular solid component for measurement, as shown in C. D, Detailed view of the nodule shows placement 
of the measurement anchor points.

Is Automated Nodule Measurement a 
Remedy?
Both the advantages and the draw-
backs of automated or semiautomated 
quantitative lung nodule assessment 
(64) and the uncertainties inherent to 
using CT as a measurement tool (65) 
have recently been summarized in the 
literature. While providing advantages 
in terms of measurement consistency, 
mostly due to less human interaction, 
the results generated by quantitative 
nodule assessment still depend on a 
spectrum of technical factors, including 

for staging (11), whereas radiologists 
measure nodule size primarily for allo-
cation into risk categories (2). It also 
must be emphasized that pathology 
measurements are not well standard-
ized. Indeed, the previous 4th edition 
to the TNM supplement states: “Nei-
ther in the TNM classification nor in 
the 1st to 3rd edition of the TNM sup-
plement are any statements concern-
ing the way to measure tumor size for 
pT classification.” According to the 
American Joint Committee on Cancer 
Cancer Staging Manual 2009, pT is 
derived from the actual measurement 
of the unfixed tumor in the surgical 
specimen. It should be noted, how-
ever, that up to 30% of shrinkage of 
soft tissues may occur in the resected 
specimen. Thus, in cases of discrep-
ancies of clinically and pathologically 
detected tumor size, the clinical mea-
surement should also be used for pT 
classification (60). This statement un-
derlines not only the lack of standard-
ization of pathology measurement, but 
also the importance of close interac-
tion between pathology and radiology 
with regard to assessment of nodule 
dimensions, given the known limita-
tions of both methods. Although the 
effect of formalin fixation on the size 
of small lung cancers has been inves-
tigated (61), there is no evidence as 
to how the amount of shrinkage will 
affect in vivo CT measurements of a 
resected nodule. Correlations between 
CT images and resected lung tumors 
have been investigated (62), but the 
series are small and no information 
on prognostic implications has been 
provided. Finally, there is recent pre-
liminary evidence that the degree of 
sphericity of small lung tumors is po-
tentially related to outcome, with less 
spherical nodules showing improved 
prognosis (63). This would support 
undertaking future investigation on 
potential advantages of providing more 
than one number for the dimensions 
of a nodule. Inevitably, these studies 
will have to be focused not only on 
measurement precision and valida-
tion, but also on outcomes, to frame 
the results of technical measurements 
into a predictive clinical context.
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Figure 14

Figure 14:  Transverse CT sections through a nodule (arrow) in the right upper lobe. A, Image obtained with 
the mediastinal window setting shows only the core of the solid nodule component. B, Image obtained with 
lung window settings shows the entire solid component and the cystic and ground-glass components of the 
nodule. Thus, all nodule measurements should be performed on images obtained with lung window settings.

Figure 15

Figure 15:  Transverse CT sections through a small nodule in the right lower lobe (same nodule as in 6, C) 
reconstructed, A, without and, B, with a high-spatial-frequency (sharp) filter. If all other technical parame-
ters are kept equal, image reconstruction with this filter improves visibility of anatomic detail, notably in the 
pulmonary nodule (arrow).

studies showed that radiation dose had 
a significant effect on size, conspicuity, 
and intralesion pixel distribution when 
evaluating lung nodules (8). This same 
study also showed that, when com-
pared with filtered back projection, a 
model-based iterative reconstruction 
algorithm had a significant effect on 
objective measurements of lung nod-
ule size, attenuation, and texture (8). 
Moreover, reconstruction of simulated 
monochromatic energy levels with dual-
energy CT resulted in the measurement 
of significantly different CT numbers 
(7). This is particularly relevant if the 
use of different dual-energy CT plat-
forms for serial examinations results 
in changes in measured CT attenuation 
characteristics that are erroneously at-
tributed to actual changes in tumor at-
tenuation or texture. The implications 
of these studies are substantial. When 
one considers the multitude of recon-
struction algorithms on the market and 
the proprietary nature of their techni-
cal design, it is likely that the so-called 
black box nature of these algorithms 
influences lung nodule measurement 
in ways that are difficult to quantify. 
These implications apply not only to 
mere size assessment of nodules, but 
also to measures of their volume and 
CT characteristics of their internal 
matrix. Overall, before automated or 
semiautomated quantitative lung nod-
ule assessment can be generally rec-
ommended, the factors causing vari-
ability between software packages and 
between CT examinations need to be 
better understood. Ideally, this better 
understanding, including understanding 
the interaction between these factors, 
would result in a uniform standard for 
both image reconstruction and image 
processing, similar to the Digital Imag-
ing and Communications in Medicine 
standard for the distribution and view-
ing of medical images. Such a standard 
could be developed and propagated by 
the Quantitative Imaging Biomarker Al-
liance or by other similar organizations. 
Eventually, outcome studies will have to 
prove whether automated or semiauto-
mated quantitative nodule assessment 
provides advantages that are relevant 
to patient morbidity and prognosis in 
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address an important problem. Cur-
rent management recommendations 

alone (67). Although both studies have 
potential limitations, they nonetheless 

addition to interpreter efficiency and 
measurement reproducibility.

Is Greater Consistency and Quality of 
Nodule Characterization Achievable?
Recent studies have shown that the 
categorization of pulmonary nodules is 
subject to substantial variability, even 
among experienced thoracic radiolo-
gists (66,67). With k values of 0.619 
and 0.670 for characterization of solid 
and ground-glass nodules, respectively, 
interobserver agreement for the cate-
gorization of nodules among six expe-
rienced thoracic radiologists was not 
more than “good.” Moreover, with a k 
value of 0.792, intraobserver agreement 
also was limited. Finally, correct alloca-
tion to either the solid or the subsolid 
category among the six radiologists was 
achieved for only 58% (70 of 120) of 
nodules (66). These findings of moder-
ate inter- and intraobserver agreement 
have been corroborated subsequently, 
with k values of 0.51 and 0.57, respec-
tively, and discordant categorization in 
36.4% (1630 of 4480) of nodules where 
two-thirds of discordant readings 
(1061 of 1630) would potentially have 
changed nodule management by using 
management rules relying on nodule 
classification and size measurements 

Figure 16

Figure 16:  Transverse CT sections of a part-solid nodule in the right lower lobe. A, Both ground-glass and solid components are well defined. B, First, overall 
nodule dimensions are measured, resulting in an average diameter of 24 mm. C, Then, the long axis of the solid component is measured separately, resulting in a 
diameter of 7 mm.

Figure 17

Figure 17:   Transverse CT sections through a nodule (large arrow) in the left upper lobe at, A, baseline 
and, B, 3 years later. Over this time, the nodule has developed two solid components (small arrows). In part-
solid nodules with multiple solid components, the maximum diameter of the largest solid component should 
be measured. In this nodule, only the larger component was measured (maximum diameter, 5 mm). The 
smaller solid component did not need to be measured.



Radiology: Volume 000: Number 0—   2017  n  radiology.rsna.org	 15

SPECIAL REPORT: Recommendations for Measuring Pulmonary Nodules at CT	 Bankier et al

investigation and management of pulmonary 
nodules. Thorax 2015;70(Suppl 2):ii1–ii54. 
[Published correction appears in Thorax 
2015;70(12):1188.]
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diology 2010;255(1):199–206.
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monochromatic images from dual-energy 
multidetector CT: variance in CT numbers 
from the same lesion between single-
source projection-based and dual-source 
image-based implementations. Radiology 
2016;279(1):269–277.

	 8.	 Solomon J, Mileto A, Nelson RC, Roy 
Choudhury K, Samei E. Quantitative fea-
tures of liver lesions, lung nodules, and 
renal stones at multi-detector row CT ex-
aminations: dependency on radiation dose 
and reconstruction algorithm. Radiology 
2016;279(1):185–194.

	 9.	 Kim H, Park CM, Woo S, et al. Pure and 
part-solid pulmonary ground-glass nodules: 
measurement variability of volume and mass 
in nodules with a solid portion less than or 
equal to 5 mm. Radiology 2013;269(2):585–
593.

	10.	 Guyatt G, Gutterman D, Baumann MH, 
et al. Grading strength of recommenda-
tions and quality of evidence in clinical 
guidelines: report from an American Col-
lege of Chest Physicians task force. Chest 
2006;129(1):174–181.

	11.	 Travis WD, Brambilla E, Noguchi M, et 
al. International Association for the Study 
of Lung Cancer/American Thoracic Soci-
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national multidisciplinary classification 
of lung adenocarcinoma. J Thorac Oncol 
2011;6(2):244–285.

	12.	Henschke CI, Yip R, Yankelevitz DF, Smith 
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itive test result in computed tomography 
screening for lung cancer: a cohort study. 
Ann Intern Med 2013;158(4):246–252.
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of adenocarcinoma of the lung. Radiology 
2013;266(1):62–71.

	14.	 Borczuk AC. Assessment of invasion in lung 
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areas will likely lead to more widespread 
clinical implementation in the future. As 
with previous guidelines, the current 
guidelines are subject to changes in the 
future, as it can be expected that the un-
derlying body of knowledge will evolve. 
Thus, we recommend that these recom-
mendations be applied with clinical judg-
ment and common sense, and we rec-
ognize the importance of other nodule 
characteristics, such as shape, borders, 
and composition, as well as the patients’ 
risk profile and clinical history.
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