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Abstract

Objective: To determine the agreement of diameter and volume measurements of nodules
found in low-dose computed tomography (CT) lung cancer screening.
Methods: Baseline screening data of 2,240 solid nodules (volume 50-500 mm3) in 1,500
NELSON participants were used. Nodule volume and minimum, maximum, and CT-
derived x, y, and z diameter and minimum/maximum diameter in any direction were
generated by semi-automated (SA) software (LungCARE, Siemens). Intra-nodule diameter
variation was defined as maximum minus minimal nodule diameter. Extrapolated volume
based on SA-derived maximum and mean diameter was compared to semi-automatically
derived volume measurements using Bland-Altman plots.
Results: Median participant age was 59 years, 14.1% were women. Median nodule volume
was 82.4 mm3 (interquartile range [IQR], 62.9-125.4 mm3). Median nodule diameter was
6.1 mm (IQR, 5.4-7.2 mm) for mean diameter, and 6.6 mm (IQR, 5.9-7.7 mm) for max-
imum axial diameter. Intra-nodule diameters varied by a median of 2.2 mm. Compared
to semi-automatically derived volume, volume extrapolated from mean or maximum di-
ameter led to mean overestimation of 47.2% (95% confidence interval: 44.7, 49.7%) and
85.1% (81.2, 89.0%), respectively.
Conclusion: Nodule size is poorly represented by nodule diameter; a nodule has an infinite
number of ‘diameters’, but only one volume. Using diameter to assess volume of screen-
detected nodules leads to a substantial systematic overestimation of nodule volume.



Introduction
In 2011, the U.S. National Lung Screening Trial (NLST) demonstrated that screening using
low-dose computed tomography (LDCT) reduces lung cancer mortality by 20% compared
to screening by chest radiography [1]. This result was translated by several U.S. medical
associations, including the U.S. Preventive Services Task Force, into recommendations to
screen subjects at high-risk for developing lung cancer by LDCT [2–6].

Most of these guidelines, including the recently published Lung-RADS guidelines [7],
are based on nodule size at first detection and on nodule growth, defined as absolute or
percentage increase in size, of non-calcified nodules. In the Lung-RADS guideline and
others, nodule size is defined as mean diameter (average of length and width) on axial
CT images, assuming that a nodule can be fairly represented by a sphere (or perhaps
ellipsoid). Since Nature usually does not create perfect geometrically shaped pulmonary
nodules, errors in the estimation of nodule size may result.

An alternative method, which has been applied in various European lung cancer screening
trials, is to measure nodule volume using software for semi-automated (SA) measure-
ments [8–11]. This software enables an accurate estimation of nodule size via contour
finding of the lesions, after three-dimensional reconstruction. SA volumetry has proven
to have a higher precision and a smaller measurement bias [12–15], and higher reliability
(better agreement among tests) [12, 13, 16] than manual diameter measurements. This
suggests that SA volume measurements should be the preferred imaging biomarker in
LDCT lung cancer screening.

In some of the diameter-based guidelines recommending LDCT lung cancer screening
in a high-risk population, it is stated that for indeterminate nodules the diameter-based
volume-doubling time (VDT) on short-term follow-up CT should be calculated to diagnose
growth [17]. In another guideline, a fixed increase of 1.5 mm, regardless of the screen
interval and the nodule size, was used as cutoff for growth [7]. It can be expected that
diameter assessment is less sensitive to detect growth of lung nodules, as compared to
volumetry [18].

With the implicit assumption that the nodule can be fairly represented by a perfect sphere,
using estimates of two principle axes in the axial plane, we study the resulting error in the
volume estimates, using the SA-volume estimates as reference standard.

Materials and methods

Participants

This study was performed using data of the NELSON trial, trial registration number:
ISRCTN63545820, which was approved by the Dutch Healthcare Committee. Details of
the design and procedures of the NELSON trial have been reported [10, 19]. Briefly, men
and women aged 50-75 years, who had smoked ≥15 cigarettes per day for 25 years or
≥10 cigarettes for 30 years and were still smoking, or had quit <10 years ago met the
inclusion criteria [19]. 15,822 individuals were randomized to no screening (n = 7,907)
or screening (n = 7,915) with LDCT scanning at baseline (1st round), one year later (2nd
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round), three years later (3rd round), and five and a half years later (4th round) [20].
All non-calcified solid intermediate-sized (50-500 mm3) nodules from the baseline

screening found in Dutch participants in which LungCARE (version Somaris/5: VA70C-
W; Siemens Medical Solutions, Erlangen, Germany) could assess diameters and volume
were included. Subsolid nodules (1.9% of all participants) were excluded for this analysis
because of the inability of LungCARE to semi-automatically calculate the volume of these
nodules. Only nodules with SA volume of 50-500 mm3 were included, since this is the
group of nodules with the highest uncertainty regarding the nodule’s nature.

Measurements

CT scanning was performed using 16-multidetector CT scanners (Sensation-16, Siemens
Medical Solutions, Forchheim, Germany, or MX8000 IDT or Brilliance 16P, Philips Med-
ical Systems, Cleveland, OH) [10]. All scans were realised in approximately 12s in spiral
mode with 16 mm x 0.75 mm collimation and 15 mm table feed per rotation (pitch,
1.5), in a cranial-caudal direction in low-dose setting, without contrast. Depending on
body weight (<50, 50-80 and >80 kg) kVp settings were 80-90, 120 and 140 kVp, re-
spectively. To achieve a volume CT dose index of 0.8, 1.6 and 3.2 mGy, respectively,
the mAs settings were adjusted accordingly dependent on the system used [10]. To min-
imise breathing artefacts, scans were performed at inspiration with breath-holding, after
appropriate instruction of the participants.

Images were read independently by two radiologists using Siemens workstations with the
Syngo LungCARE software package. In case of a discrepant conclusion, a third reader
arbitrated the screening result [10]. Lung nodules were selected by a mouse click. The
software not only determined the maximum axial and mean diameter in the XY-plane,
but also the minimum and maximum diameter in any direction was registered [10]. Intra-
nodule diameter variation was defined as maximum nodule diameter (in any direction)
minus minimal nodule diameter (in any direction), as determined by LungCARE.

Nodule features

Nodules were defined as solid if their increase in lung attenuation completely obscured the
underlying structures [21]. Based on the three-dimensional nodule segmentation gathered
from LungCARE, nodule margin was classified as smooth, lobulated, spiculated, or irreg-
ular [22]. In this classification a smooth nodule had a smooth surface, a lobulated nodule
had at least one abrupt bulging of the contour, a spiculated nodule had thicker strands
extending from the nodule margin into the lung parenchyma without reaching the pleural
surface, and an irregular one did not fit in one of the previous categories [22–24].

Statistics

In this study, the agreement in nodule size as estimated by the diameter-based measure-
ment was compared to the volume-based nodule management approach in LDCT lung
cancer screening. Range in maximum axial and mean nodule diameter per nodule volume
category (50-100 mm3, 100-200 mm3, 200-300 mm3, 300-400 mm3, 400-500 mm3) was



determined. Diameter-based volume was calculated using the maximum and mean axial
diameter by assuming a spherical nodule shape, according to

V = 1
6 · π ·D3 (6.1)

with V = volume and D = maximum or mean axial diameter).
To explore if nodule diameter can be used to estimate total nodule size, the use of SA-

derived mean and maximum axial diameter to estimate nodule volume was compared to the
SA-derived nodule volume by Bland-Altman plots [25], with the SA volume measurement
as reference standard [14, 15]. This was performed both for the overall group of nodules,
as well as for groups based on nodule edge and shape.

For non-parametric data, median and interquartile range (IQR) were given. For para-
metric data, mean and 95% confidence intervals (95%-CIs) were described. Statistical
tests were performed using SPSS 22.0 (SPSS, Chicago, Ill, USA).

Results

Participants

In total, 1,500 Dutch participants were included, 14.1% (212/1,500) female. At ran-
domization, the median age of the participants was 59 years (interquartile range [IQR]:
55-63 years). Subjects had smoked a median of 38 pack-years (IQR: 29.7-49.5 years),
with 57.1% (n = 857) being current smokers at moment of inclusion. In total 2,240 solid,
non-calcified, intermediate-sized nodules were detected in the Dutch participants in the
baseline screening round.

Range in nodule diameter

Median nodule volume was 82.4 mm3 (IQR 62.9-125.4 mm3). Median nodule diameter
was 6.1 mm (IQR 5.4-7.2 mm) for mean diameter, and 6.6 mm (IQR 5.9-7.7 mm) for
maximum axial diameter. The majority of the intermediate sized nodules had volume
between 50 and 100 mm3 (n = 1423 [63.5%]). A quarter (550 nodules, 24.6%) had
volume between 100 and 200 mm3, 159 nodules (7.1%) had volume between 200 and
300 mm3, 68 nodules (3.0%) had volume between 300 and 400 mm3, and 40 nodules
(1.8%) had volume between 400 and 500 mm3. The range in nodule diameter per nodule
volume category is shown in Figure 6.1. Range in mean nodule diameter per volume
category varied from 8.6 mm for nodules with volume of 50-100 mm3 to 6.1 for nodules
with volume of 200-300 mm3; range in maximum axial diameter varied from 11.0 mm for
nodules with volume of 50-100 mm3, to 7.0 mm for nodules with volume of 400-500 mm3.

Intra-nodule diameter variation

Minimal nodule diameter in any direction for the 2,240 solid intermediate-sized nodules
ranged from 2.1 mm to 14.5 mm; maximum nodule diameter in any direction ranged
from 4.9 mm to 20.1 mm. Median intra-nodule diameter variation was 2.8 mm (IQR,
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Figure 6.1: Range in nodule diameter per nodule volume category. Nodules with diameter
between 8 and 10 mm (dotted lines) are represented in each volume category.

2.2-3.7 mm). An overview of the intra-nodule diameter variation per volume category is
shown in Table 6.1. Intra-nodule diameter variation for smaller intermediate-sized nodules
(50-200 mm) was 2.8 mm (IQR 2.2-3.5 mm), and was smaller than intra-nodule diameter
variation for larger intermediate-sized nodules (200-500 mm; median 3.6 mm [IQR 2.5-
5.1 mm]), P<0.01).

Table 6.1: Overview of intra-nodule diameter variation per nodule volume category.

Volume
50-100
mm3

Volume
100-200
mm3

Volume
200-300
mm3

Volume
300-400
mm3

Volume
400-500
mm3

Median diameter
variation (mm) 2.7 3.1 3.3 4.0 4.2

IQR (mm) 2.2-3.3 2.3-4.0 2.4-4.3 2.7-5.6 3.2-6.0
Diameter variation
range (mm) 0.6-12.3 0.2-10.6 1.5-12.6 1.3-11.8 2-11.3

Agreement of diameter-based volume and SA volume

Bland-Altman plots of the comparison between the SA nodule volume and the volume
calculated based on the mean and maximum axial diameter are presented in Figure 6.2
and 6.3. Nodule volume calculated based on maximum axial diameter was overestimated



by 85.1% (mean, 95%-CI: 81.2-89.0%), and nodule volume calculated based on mean
diameter by 47.2% (95%-CI: 44.7-49.7%).

Mean overestimation was 82.3% (95%-CI: 78.3-86.3%), and 44.5% (95%-CI: 41.9-
47.1%) for volume based on maximal axial and mean diameter of smaller intermediate-
sized nodules (50-200 mm3). Mean overestimation of volume based on maximal and mean
axial diameter of larger intermediate-sized nodules (200-500 mm3) was 105.8% (95%-CI:
92.0-119.6%), and 67.6% (95%-CI: 59.6-75.6%), respectively.

Table 6.2: Results of Bland-Altman plots per nodule margin.

Nodule
margin

Nodules
(n (%))

Maximum axial diameter
volume overestimate
(% (95%-CI))

Mean diameter volume
overestimate
(% (95%-CI))

Smooth 1,460 (65.2%) 72.8% (68.3%-77.2%) 37.1% (34.4%-39.8%)
Lobulated 496 (22.1%) 97.9% (90.5%-105.3%) 58.5% (53.5%-63.5%)
Spiculated 64 (2.9%) 134.5% (110.2%-158.9%) 101.6% (80.4%-122.8%)
Irregular 89 (4.0%) 161.7% (131.7%-191.8%)) 107.4% (84.2%-130.6%)

Influence of nodule margin and shape on agreement

Based on nodule margin, nodules were divided into four groups. In total, 1,460 nodules
(65.2%) were smooth, 496 (22.1%) were lobulated, 89 (4.0%) were spiculated, and 64
(2.9%) nodules were irregular. Of 131 nodules (5.8%), the margin was undefined. For both
volume based on SA-derived maximum axial diameter and mean diameter, comparisons
to the SA volume per margin were made by Bland-Altman plots (results in Table 6.2).
The mean percentage of overestimation for volumes of non-smooth nodules based on
mean axial diameter was 69.2% (95%-CI: 63.7%-74.7%)), and based on maximum axial
diameter was (109.9% (95%-CI: 101.9%-116.5%)). The overestimation was statistically
significantly larger for non-smooth nodules when compared to smooth nodules.

Discussion

In this LDCT lung cancer screening study, we evaluated the agreement of diameter and
volume measurements for estimating lung nodule size as basis for nodule management.
We used data on 2,240 solid indeterminate nodules detected at the baseline CT in 1,498
participants of the NELSON trial. This study demonstrated a wide range in nodule
diameter within different nodule volume categories; up to 11.0 mm for maximal axial
diameter in nodules with volume of 50-100 mm3. Minimum and maximum diameters
within a single nodule varied by a median of 2.8 mm. Furthermore, we showed that the
use of SA-derived mean or maximum axial diameter to assess nodule volume leads to
a substantial mean overestimation of nodule volume of 47.2% and 85.1%, respectively,
compared to the use of SA volume. Thus, nodule size is poorly represented by mean or
maximum nodule length in a particular plane.

Diameter is a common way to define the size of a sphere or other geometrical shapes like
an ellipsoid, under the assumption that diameters are equal in any direction (sphere), or
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Figure 6.2: Maximum axial diameter-based volume: The Bland-Altman plot indicates that
nodule volume estimated based on SA-derived maximum axial nodule diameter overestimates
the semi-automated calculated nodule volume by 85.1% (95%-CI: 81.2 %-89.0%) for nodules
between 50 and 500 mm3.

differ in one or two directions (ellipsoid). Since lung nodules are usually neither spheres,
nor ellipsoids, the term diameter is potentially confusing and nodule size estimation based
on a single length measurement or based on the mean of two perpendicular length mea-
surements should be discouraged.

Accurate estimation of nodule size is important as lung cancer risk increases at larger
nodule size [26]. In this study, nodule diameters were measured by semi-automated soft-
ware, so inaccuracy of human readers was not taken into account. However, in manual
measurements of maximum nodule length, a substantial effect of misplacing the cursor
by 1 pixel on both sides of a nodule has been estimated. In case of measurement of a
5 mm nodule with a field of view of 350 mm and a pixel size of 0.7 mm, misplacing
the cursor by one pixel results in 14% diameter error and 48% volume error. So manual
diameter measurements will result in even worse determination of nodule size. This sets a
problem for current guidelines recommending lung cancer screening, since they are based
on manually measured nodule diameter.

Previous research showed that two-dimensional CT measurements of small-to-interme-
diate size (<20 mm) are unreliable [15]. In the referenced study, three serial measurements
of maximum transverse diameter of 54 pulmonary nodules were performed by three in-
dependent readers. Both intra- and inter-reader agreement were found to be poor, with
a minimum intra-reader measurement error of 1.32 mm. In case repeated measurements
of a single nodule were performed by two different readers, the minimum measurement



Figure 6.3: Mean axial diameter-based volume: The Bland-Altman plot indicates that
nodule volume estimated based on SA-derived mean axial nodule diameter overestimates
the semi-automated calculated nodule volume by 47.2% (95%-CI: 44.7%-49.7%) for nodules
between 50 and 500 mm3.

error increased to 1.73 mm [15]. The large intra-nodule diameter variation as shown in
our study likely contributed to this measurement error, besides the inaccuracy of manual
diameter measurements.

In the LungRADS guidelines for the management of screen-detected nodules [7], lung
nodule growth is defined as an absolute increase in nodule diameter of ≥1.5 mm between
two subsequent screening examinations. This fixed cutoff lies around the minimum mea-
surement error for a single observer, as shown by Revel et al. [15]. However, this cutoff
is smaller than the median intra-nodule diameter variation. This may lead to nodules
erroneously being concluded to be growing, with unnecessary work-up as result. In the
guidelines of the American College of Chest Physicians (ACCP), nodule growth is ex-
pressed as diameter-based VDT. However, it cannot be assumed that all nodules have
a spherical shape, nor that nodule shape is preserved during growth. Thus VDT based
on diameters in a single plane may result in erroneous estimates of true growth rate.
Determination of growth based on VDT [14] derived from semi-automatically estimated
volumes is more accurate, and is highly preferable.

Lung cancers often present as non-smooth nodules. When considering only maximum axial
diameter for nodule management, nodules with small volume but large diameter in the
X-Y-plane may be classified false-positive due to size overestimation, and vice versa. We
found a mean overestimation of diameter-based volume of non-smooth nodules of more
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than 100%. Even if we used the mean of the maximum axial and perpendicular diameter
to determine nodule volume, the overestimation was 69.2% for non-smooth nodules. This
indicates that nodule diameter represents nodule volume poorly, and that diameter-based
volume to estimate the volume-doubling time, as required in the lung cancer screening
guideline of the ACCP [17], should be discouraged.

Considering the millions of individuals that are potentially eligible for lung cancer
screening [27, 28], efforts should be made to design a screening program with minimal
harms and costs, at preserved efficacy [28]. Recently, the question was raised what target
population should be invited for LDCT screening [29, 30]. However, before that question
can be answered, an optimal screening management protocol needs to be established,
including the risk-benefit ratio and cost-efficiency of the proposed approach. Another
key issue in the optimization of the screening program will be the nodule measurement
technique. The percentage of false-positive test results in baseline lung cancer screening
in the NELSON study (1.7%), using a nodule management protocol based on nodule
volume and nodule growth in terms of VDT, was far lower than that in diameter-based
screening studies like the NLST (26.2%) [1, 20].

The main strengths of this study are the size of the trial, the use of 16-detector CT
scanners with a slice thickness of only 1 mm (reconstructed at 0.7 mm intervals), which
yielded isotropic datasets that allowed for volume measurements, and the consistent use
throughout the trial of one software version for SA volumetry.

In this study, we used the Syngo LungCARE software package for all SA volume and
diameter measurements. This might be seen as a limitation, since the results in this
study are only reproducible for this software. However, a phantom study using the same
software package in which the actual nodule volumes were compared to SA volume mea-
surements revealed very accurate SA measurements of physical nodule volumes [16]. One
limitation of this study is the inability of LungCARE to calculate the volume of sub-solid
nodules (1.9% of all participants). Therefore, only solid nodules could be included in this
study. Lastly, we have evaluated the implications of volume versus diameter use in CT
lung cancer screening based on SA-derived diameter measurements. The software deter-
mined the optimal maximum x and y diameters. However, in most studies using diameter
evaluation, measurements were only performed manually, with limited accuracy and re-
producibility [31, 32], so the results for manual measured diameters might have been even
worse. So far, volumetry has had limited availability because it required dedicated soft-
ware. However, volumetry is increasingly available on regular workstations with routine
image evaluation software, which will facilitate its implementation in clinical routine.

In conclusion, this study demonstrates that the use of mean or maximum axial diameter to
assess intermediate-sized nodule’s volume leads to a substantial systematic overestimation
of nodule volume, compared to the use of SA volumetry. This overestimation is dependent
on nodule margin. Nodule size is poorly represented by nodule diameter; a nodule has
an infinite number of ‘diameters’, but only one volume. Therefore, we recommend to
use semi-automatically derived volume and volume-doubling time in the management of
screen-detected solid pulmonary nodules.
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