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Purpose: Measuring the size of nodules on chest CT is important for lung cancer staging and
measuring therapy response. 3D volumetry has been proposed as a more robust alternative to 1D and
2D sizing methods. There have also been substantial advances in methods to reduce radiation dose
in CT. The purpose of this work was to investigate the effect of dose reduction and reconstruction
methods on variability in 3D lung-nodule volumetry.
Methods: Reduced-dose CT scans were simulated by applying a noise-addition tool to the raw
(sinogram) data from clinically indicated patient scans acquired on a multidetector-row CT scanner
(Definition Flash, Siemens Healthcare). Scans were simulated at 25%, 10%, and 3% of the dose of
their clinical protocol (CTDIvol of 20.9 mGy), corresponding to CTDIvol values of 5.2, 2.1, and 0.6
mGy. Simulated reduced-dose data were reconstructed with both conventional filtered backprojection
(B45 kernel) and iterative reconstruction methods (SAFIRE: I44 strength 3 and I50 strength 3). Three
lab technologist readers contoured “measurable” nodules in 33 patients under each of the different
acquisition/reconstruction conditions in a blinded study design. Of the 33 measurable nodules, 17
were used to estimate repeatability with their clinical reference protocol, as well as interdose and
inter-reconstruction-method reproducibilities. The authors compared the resulting distributions of
proportional differences across dose and reconstruction methods by analyzing their means, standard
deviations (SDs), and t-test and F-test results.
Results: The clinical-dose repeatability experiment yielded a mean proportional difference of 1.1%
and SD of 5.5%. The interdose reproducibility experiments gave mean differences ranging from
−5.6% to −1.7% and SDs ranging from 6.3% to 9.9%. The inter-reconstruction-method reproduc-
ibility experiments gave mean differences of 2.0% (I44 strength 3) and −0.3% (I50 strength 3),
and SDs were identical at 7.3%. For the subset of repeatability cases, inter-reconstruction-method
mean/SD pairs were (1.4%, 6.3%) and (−0.7%, 7.2%) for I44 strength 3 and I50 strength 3,
respectively. Analysis of representative nodules confirmed that reader variability appeared unaffected
by dose or reconstruction method.
Conclusions: Lung-nodule volumetry was extremely robust to the radiation-dose level, down
to the minimum scanner-supported dose settings. In addition, volumetry was robust to the
reconstruction methods used in this study, which included both conventional filtered back-
projection and iterative methods. C 2015 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4918919]
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1. INTRODUCTION

Lung nodule size is an important quantitative imaging bio-
marker, both for staging lung cancer and quantifying disease
progression or response to therapy. For example, the Inter-
national Association for the Study of Lung Cancer’s tumor-
node-metastasis classification system uses an in-plane tumor
diameter measurement as one of the primary components in
lung cancer staging.1 While 2D tumor size measurements are
typically used in clinical practice, 3D volume measurements
are growing in importance due to evidence that 3D volumetry
is more robust for quantifying tumor size.2 Although lung-
nodule volumetry has the potential to improve patient manage-
ment, there remains a great deal of variability in the execu-
tion of this quantitative measurement. For example, previous

studies have shown that measurement variability depends on
the reconstructed slice thickness.2,3 Additionally, scan dose
and reconstruction method are factors which could theoreti-
cally affect the quality of lung-nodule volumetry, though there
is not yet consensus on the effects of these factors.4 Despite the
increased availability of dose-reduction techniques, it is not
obvious how to reduce the dose in thoracic CT (or perhaps just
as importantly, how far to reduce the dose) while preserving
the quality of lung-nodule volumetry. Research in this area has
typically fallen into two categories: phantom studies and in
vivo clinical studies.

Phantom studies, while lacking in clinical realism, have
allowed researchers to explore a large swath of the dose-
reconstruction space without irradiating patients. For example,
Chen et al. studied the effects of dose and reconstruction
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method on nodule volumetry using a thorax phantom with
synthetic nodules. Under certain conditions, they found differ-
ences in volume accuracy with images reconstructed by iter-
ative methods (ASiR and MBIR, GE Healthcare, Waukesha,
WI) versus standard filtered backprojection (FBP) methods.5

However, precision was comparable across reconstruction
methods and dose levels ranging from 0.2 to 7.5 mGy (CTDI-
vol). Willemink et al. reported no clinically relevant volume
differences on images reconstructed with another iterative
reconstruction method (iDose, Philips Healthcare, Cleveland,
OH) versus FBP for doses ranging from 0.5 to 5.2 mGy.6

In a phantom with simulated ground-glass-opacity (GGO)
nodules, Linning and Daqing found that tube current could
affect the accuracy of volume measurements.7 Gavrielides
et al. investigated the effects of various factors on volume bias,
and while reconstruction kernel was a significant individual
factor, exposure was not found to be significant over the range
of doses tested.8 In another thoracic phantom study, Doo et al.
found that iterative reconstruction (AIDR, Toshiba America
Medical, Tustin, CA) improved volume accuracy relative to
standard FBP, particularly for smaller nodules and lower
tube currents.9 Wielputz et al. used a porcine lung phantom
with artificial nodules and found a different result; iterative
reconstruction (SAFIRE, Siemens Healthcare, Forchheim,
Germany) did not change volume accuracy relative to FBP.10

However, bias increased significantly for both the FBP and
iterative methods when CTDIvol was less than 1.0 mGy.

To limit radiation to patients, in vivo studies have typi-
cally been limited to studying a smaller part of the dose-
reconstruction space. For example, Rampinelli et al. performed
two consecutive reduced-dose and two consecutive standard-
dose scans for each patient.11 They calculated proportional
differences between nodule volumes on consecutive scans
at each dose level (i.e., intradose repeatability). Differences
ranged from −27% to 40% at standard dose (95% limits of
agreement) and from −38% to 60% at reduced dose. How-
ever, because they used different slice thicknesses (0.625 and

2.5 mm) for the two protocols, this may have contributed to
their large limits. In another clinical study, Hein et al. scanned
each patient twice, once at standard dose and once using a
substantially reduced-dose protocol.12 Two readers measured
nodule volumes at both dose levels, and the authors reported
inter-reader, intradose differences as well as intrareader, in-
terdose differences. At standard dose, inter-reader differences
ranged from −9.7% to 8.3% (95% limits of agreement). At
reduced dose, inter-reader differences ranged from −12.6% to
12.4%, suggesting that one or both readers became slightly
less precise. Intrareader, interdose differences were similar,
however, so the authors concluded that volume reproducibility
was independent of dose.

In this work, we took a hybrid approach to exploring the
dose-reconstruction space which combined the realism of clin-
ical nodules from patient scans and the ability to explore
multiple dose levels, all without any additional radiation to
the patients. Recently, researchers demonstrated that it is pos-
sibleto simulate multiple reduced-dose scans from a single
clinical scan by obtaining the raw sinogram data from the
clinical scan and applying an appropriate noise model.13–16

Using this approach, we designed several experiments, based
on simulated reduced-dose patient scans containing actual
lung nodules, to investigate the effects of scan dose and recon-
struction method on lung-nodule volumetry. This paper ex-
plains our experimental designs for quantifying clinical-dose
repeatability as well as interdose and inter-reconstruction-
method reproducibilities (Sec. 2), the results of those experi-
ments (Sec. 3), and a discussion of our findings in lung-nodule
volumetry (Sec. 4).

2. MATERIALS AND METHODS

Our experiments involved four main stages: simulating
reduced-dose scans (Sec. 2.A), validating our simulations on
phantom data (Sec. 2.B), designing reader studies for quantify-

F. 1. Torso phantom scanned at 7 quality reference mAs (left) and simulated 7 quality reference mAs derived from a 300 reference mAs scan (right) showed
good qualitative agreement. Mean and standard deviations were calculated for each region of interest (“lung,” “mediastinum,” and “outside”). Standard deviations
are shown.
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F. 2. Scanned and simulated means and standard deviations of the HU values in three regions of interest agreed well across a range of quality reference mAs
settings from 7 (minimum scanner-supported tube-current setting) to 200 mAs.

ing sources of variability (Sec. 2.C), and selecting appropriate
statistical analysis tools (Sec. 2.D).

2.A. Simulating reduced-dose scans

Zabic et al. summarized a variety of techniques for simu-
lating reduced-dose scans by adding noise to the raw sino-
gram data from a single clinical scan.15 They also described
and extensively validated their own simulation tool on a
multidetector-row CT (iCT, Philips Healthcare, Cleveland,
OH). In this work, we applied their approach to one of our
own multidetector-row CT scanners equipped with both tube-
current modulation (TCM) and iterative-reconstruction capa-
bilities (Definition Flash with CareDose4D and SAFIRE,
Siemens Healthcare, Forchheim, Germany). Air scans were
used to estimate the photon fluence and bowtie filter shape, and
noise was added based on sampling from an alteredPoisson
distribution [Ref. 15, Eq. (6)]. Through a research agreement
with Siemens Healthcare, we have access to  R2013a

T I. Paired differences between the scanned and simulated means/SDs
within three regions of the phantom showed good agreement across all dose
levels tested.

Paired differences:
Mean HU (µ,σ)

Paired differences: Standard
deviation HU (µ,σ)

Lung (0.7, 2.1) (−3.5, 3.6)
Mediastinum (1.1, 3.4) (−1.8, 3.2)
Outside (0.1, 0.8) (0.7, 1.5)

libraries (Mathworks, Natick, MA) for extracting the raw sino-
gram data and TCM information from patient scans. The TCM
curves scale linearly with quality reference mAs setting for
the most part (except when scanner minimum and maximum
mA values are encountered); therefore, we modeled dose
reduction as a linear scaling of the TCM function by a constant
factor because we do not know all of the details of Siemens’
proprietary TCM-generation algorithm. Thus, for a given clin-
ical TCM function f (x,y,z) with in-plane and z-modulation,
we simulated the reduced-dose TCM function as ρ∗ f (x,y,z),
where ρ is a constant fraction between 0 and 1. This reduced-
dose TCM function was used to calculate the photon fluences
for each projection in the helical scan trajectory, which we then
used as input to the noise-addition model. After simulating
reduced-dose sinograms, we converted the data back into their
original format so that they could be reimported to the scanner
workstation for reconstruction. Thus, for a given reduced-

T II. Clinical “reference” protocol based on our routine, adult-chest scan
parameters.

Clinical “reference” protocol

kV 120
Rotation time 0.5 s
Quality reference mAs 250–285
Pitch 1
TCM On (CareDose 4D)
Reconstruction kernel B45
Dose to 32 cm CTDI phantom 20.9–23.8 mGy
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T III. Summary of reader study design for reproducibility and repeatability experiments.

Study component Case type Cases Dose levels Reconstructions Contours per reader

Reproducibility Clinical dose 33 1 (100%) All 3 (B45, I44S3, I50S3) 99
Reproducibility Reduced dose 33 3 (25%, 10%, 3%) Readers randomly assigned—by case—to one of three recons

(B45, I44S3, I50S3)a
99

Repeatability Clinical dose 17 1 (100%) All 3 (B45, I44S3, I50S3) 51

aI44S3 and I50S3 were used as distractor cases to blind the readers to the dose level.

dose sinogram, we could reconstruct with any reconstruction
method and slice thickness available on the scanner.

2.B. Validation of reduced-dose simulations

To validate our reduced-dose simulations, we compared
physical scans and simulated reduced-dose scans using an
anthropomorphic chest/lung phantom (Radiology Support
Devices, Inc., Long Beach, CA). This phantom was hetero-
geneous in x, y , and z and provided realistic attenuation
for the TCM system. The phantom was scanned on the
same Definition Flash scanner, but with a wide range of
quality reference mAs values from 300 to 7 (corresponding
to scanner-reported CTDIvol values from 12.0 to 0.4 mGy).
The quality reference mAs setting of 7 was the minimum
value supported by the scanner for our pitch 1.5 test pro-
tocol with a 0.5 s rotation time. All phantom images were
reconstructed with 0.6 mm slice thickness to test the model
under highest noise conditions and B45 kernel to match our
routine chest protocol. To generate a set of reduced-dose
scans for comparison, we used the highest-dose phantom
scan (300 quality reference mAs) and applied the noise
model to simulate reduced-dose scans at the same mAs set-
tings used in the physical scans, down to quality reference
7 mAs.

Reconstructed images of the physical scans at various dose
levels and the simulated reduced-dose scans at the same dose

levels showed good qualitative agreement (Fig. 1). For a quan-
titative comparison, the means and standard deviations (SDs)
of the Hounsfeld-unit (HU) values were computed at three
different locations within a slice (representing the lung, the
mediastinum, and an area outside of the phantom). We then
compared the paired differences between measured and simu-
lated means/SDs across quality reference mAs settings. The
results in Fig. 2 and Table I demonstrate that the HU means and
standard deviations agreed very well at all dose levels tested.
While this is not a definitive demonstration of agreement
between physical and simulated scans, Figs. 1 and 2 provided
confidence that realistic reduced-dose image series could be
generated across the range of dose levels supported by the
scanner model.

2.C. Reader study design

Under IRB approval, the raw sinogram data from 64 chest
CT scans were collected and anonymized. We selected scans
based on the physicians’ clinical indications, which were
recorded in the scanner log during the course of normal
clinical operations. Scans with indications such as “pulmo-
nary nodule,” “lung mass,” or “oncology follow-up” were
exported (using the “Export CT Data” menu option on the
scanner). In a second review of the image series, we excluded
cases where we could not find the clinically indicated nodule,
as well as cases with pleural or vessel-attached nodules.

F. 3. Longest in-plane diameters for the full set of 33 nodules acquired under the reference protocol, averaged across readers.

F. 4. Interdose reproducibility for all cases (N = 33) at three reduced-dose levels showed good agreement.
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T IV. Summary statistics for interdose reproducibility distributions in
Fig. 4.

Dose level N Mean (%) SD (%)

25% vs clinical 33 −2.0 7.0
10% vs clinical 33 −3.7 9.4
3% vs clinical 33 0.0 8.9

The second exclusion criterion was used to conform with
the definition of a “measurable” nodule in the Quantitative
Imaging Biomarkers Alliance (QIBA) profile document on
tumor volume change, namely: “tumor margins are suffi-
ciently conspicuous and geometrically simple enough to be
recognized on all images.”17 The QIBA profile also speci-
fied a minimum in-plane diameter of 1 cm, which we did
not use as an inclusion criterion for our study. Thirty-three
cases remained after applying the exclusion criteria. Only one
nodule per patient was measured in order to avoid potential
bias due to a large number of nodules coming from the same
scan.

All scans were performed with our routine, adult-chest
protocols as follows: 120 kV, 0.5 s rotation time, 250–285
quality reference mAs, pitch 1, and CareDose 4D (TCM). We
refer to this as our clinical “reference” protocol, which resulted
in a CTDIvol of 20.9–23.8 mGy using the standard 32 cm
CTDI body phantom (Table II).

For each patient with a nodule meeting the inclusion criteria,
we generated reduced-dose sinograms at 25%, 10%, and 3%
of clinical dose. We started at just 25% of clinical dose
(75% dose reduction) because lung nodules are known to
be high-contrast. In addition, some preliminary work indi-
cated no dose-dependent trend in the measurement variabil-
ity for nodules >1 cm.18 In terms of CTDIvol, our clinical
protocols corresponded to 20.9–23.8 mGy in the standard
32 cm CTDI phantom, so the 3% dose level corresponded to
0.6–0.7 mGy.

After simulating reduced-dose sinograms, the sinogram
data were imported back to the scanner and reconstructed
with both conventional FBP and two settings from Siemens’
iterative reconstruction method (SAFIRE, Siemens Health-
care), resulting in three different reconstruction methods at
each dose level: B45, I44 strength 3 (also denoted by I44S3),

and I50 strength 3 (also denoted by I50S3). All images were
reconstructed at 1 mm slice thickness. We then imported
all DICOM images to our quantitative imaging workstation
software for semiautomated contouring.19 All image series
were further anonymized to hide the patient, dose level, and
reconstruction-method information. For each case, the readers
received the approximate slice number and x y coordinates of
the nodule, and they were instructed to contour the nodule
using their best judgment. The quantitative imaging work-
station software provided a semiautomatic segmentation tool
initialized via a click-and-drag operation, as well as tools for
manually editing the resulting segmentations.

Three lab technologists trained in contouring lung nodules
on CT scans contoured the nodules using a split study design
at each reduced-dose level. At each reduced-dose level, the
readers read all 33 cases but were randomly assigned to one
of the three reconstruction methods. Thus, when we analyzed
the results for a fixed reconstruction method (B45), the reader
became a random effect, with each reader reading approxi-
mately 11 of the cases. The cases reconstructed by the other
two methods (I44S3 and I50S3) were used as distractor cases
to blind the readers to the dose level. The cases reconstructed
with iterative methods had reduced noise and therefore some-
what mimicked a higher-dose case reconstructed with FBP.

At the clinical-dose level, a fully crossed design was used;
the readers read all 33 cases with all reconstruction methods
for a total of 99 contours. In addition, and only at the clinical-
dose level, we randomly selected half (17) of the clinical-dose
cases for a repeatability experiment. Those 17 cases were read
with all three reconstruction methods for a total of 51 repeat
contours for each reader. In total, each reader generated 249
semiautomated contours: 99 at reduced-dose levels (33 cases
at three dose levels); 99 at the clinical-dose level (33 cases at
3 recon methods); and 51 for the repeatability study (17 cases
at three recon methods). The study design is summarized in
Table III.

2.D. Statistical analyses

Our research question focused on the agreement of nodule
volumetry across doses and reconstruction methods. We used
a proportional difference metric described by Bland and Alt-
man20 and recommended by the QIBA Metrology Work-
ing Group.21,22 Proportional differences between two volume

F. 5. Clinical-dose repeatability (top row) and interdose reproducibility (rows 2–4) for the subset of 17 cases in the repeatability experiment. Interdose
reproducibility showed good agreement with the baseline repeatability at clinical dose.
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T V. Summary statistics for Fig. 5. Paired t-test and F-test p-values were calculated by testing the clinical
(repeatability) distribution against each reduced-dose reproducibility distribution.

Dose level N Mean (%) SD (%) Paired t-test p-value F-test p-value

Clinical (repeatability) 17 1.1 5.5
25% vs clinical 17 −4.5 6.3 0.04a 0.22
10% vs clinical 17 −5.6 9.9 0.03a 0.0002a

3% vs clinical 17 −1.7 6.8 0.53 0.11

aThe p-value was statistically-significant.

F. 6. Axial slices through an 11 mm nodule at clinical dose (measurements 1 and 2) and 10% dose. The reader’s contours were consistent, with proportional
differences of 3.6% and −2.2% for clinical 2 and 10% dose, respectively. Images were reconstructed every 1 mm but this figure only shows every 2 mm for
convenience.

F. 7. Axial slices through a 10 mm nodule at clinical dose (measurements 1 and 2) and 10% dose. Reader 1’s contours showed some disagreement due to
the complexity of the spiculated nodule boundary. Proportional differences were 16.3% (Clinical 2) and −27.0% (10% dose). Again, images were reconstructed
every 1 mm but this figure only shows every 2 mm for convenience.
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F. 8. Inter-reconstruction-method reproducibility for all nodules and all readers (N = 99) showed good agreement at clinical dose.

measurements were calculated as follows:

Proportional difference (%)= 100× V2−V1

1
2
(V1+V2)

. (1)

Repeatability was defined as the distribution of proportional
differences when V1 and V2 were measured by the same reader
on the identical image series. Reproducibility was defined
as the distribution of proportional differences when the dose
or reconstruction method for V2 changed with respect to the
reference protocol for V1 (again, same reader). In all cases, the
first measurement of the nodule acquired at clinical dose and
reconstructed with the B45 kernel (Table II) was taken as the
reference volume V1.

Section 3 is divided into dose (Sec. 3.A) and reconstruction-
method (Sec. 3.B) analyses. In the dose analysis, for the full set
of 33 cases, we calculated the mean and SD of the proportional
differences at each reduced-dose level. For the subset of 17
cases in the repeatability experiment, we compared baseline
clinical-dose repeatability with the reproducibility at each
reduced-dose level. In addition to means and SDs of the
proportional differences, paired t-test and F-test p-values were
calculated at each reduced-dose level to determine if changes
in the mean and SD, relative to the repeatability results,
were statistically significant. The hypothesis tests were per-
formed with the proportional difference from the repeatability
experiment as the first variable and the interdose proportional
difference as the second variable, under the assumption of
normally distributed proportional differences. A p-value of
0.05 was considered as the threshold for statistical significance
in both tests. In a two-sided one-sample t-test, a sample size
of 17 achieves 80% power to detect a 4.0% change in the
mean proportional difference, given an estimated standard
deviation of 5.5% and a significance level (alpha) of 0.05.
The reconstruction-method analysis is analogous to the dose
analysis, with reproducibility means and SDs for the full set
of cases followed by a subanalysis for the repeated cases. The
primary difference is that, due to the fully crossed study design
at the clinical-dose level, we report three data points (one per

T VI. Summary statistics for Fig. 8. SDs were identical for the two
iterative reconstruction methods.

Reconstruction method N Mean (%) SD (%)

I44 strength 3 99 2.0 7.3
I50 strength 3 99 −0.3 7.3

reader) for every data point in the dose analysis. The same
assumptions were made for hypothesis testing.

3. RESULTS
3.A. Dose

Under the reference protocol, the nodules ranged from 7 to
46 mm longest in-plane diameter, with an average of 18 mm
(averaged across all readers, see Fig. 3). Twenty-five nodules
were >10 mm in diameter, and four of these were >30 mm
in diameter; in addition, eight nodules were less <10 mm in
diameter.

For the full set of 33 nodules, reproducibility distributions
agreed well at the 25%, 10%, and 3% dose levels (Fig. 4).
Mean proportional differences ranged from −3.7% to 0.0%,
SD ranged from 7.0% to 9.4% (Table IV), and all differences
were less than 30% in magnitude. For the subset of 17 cases
in the repeatability experiment, baseline clinical-dose repeat-
ability showed good agreement with interdose reproducibility
(Fig. 5). The clinical-dose repeatability gave a mean propor-
tional difference of 1.1% and SD of 5.5%. Interdose mean
proportional differences ranged from −5.6% to −1.7% and
SDs ranged from 6.3% to 9.9% (Table V).

Means of the repeatability and reproducibility distributions
differed significantly at 25% dose and 10% dose (p = 0.04
and p= 0.03), while the mean difference at 3% dose was not
significant (p= 0.53). Variances were significantly different at
10% dose (p = 0.0002), while the variances at 25% and 3%
doses were consistent with the clinical-dose variance.

InFig.6,wecompared reader1’sfirst clinical-dosemeasure-
ment (clinical 1), second clinical-dose measurement of the
same scan of the same nodule (clinical 2), and 10%-dose
measurement for an 11 mm nodule. All three volumes extracted
from the contours were consistent, with proportional differ-
ences of only 3.6% (clinical 2) and −2.2% (10% dose) with
respect to the clinical reference measurement (clinical 1).

Figure 7 shows a different example of a 10 mm spicu-
lated nodule. Contours are shown for reader 1 at clinical dose
(measurements 1 and 2) and 10% dose. Comparing clinical-
dose measurements 1 and 2 on the identical image series, there
were clear differences at the spiculated boundary of the nodule
and similarly for the 10%-dose measurement. As a result, the
magnitudes of the proportional differences were larger than in
the previous example: 16.3% (clinical 2) and −27.0% (10%
dose).

Medical Physics, Vol. 42, No. 5, May 2015
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F. 9. Repeatability under the reference protocol (top row) and inter-reconstruction-method reproducibility (rows 2 and 3) for the subset of 17 cases in the
repeatability experiment. Inter-reconstruction-method reproducibility showed good agreement with the baseline repeatability at clinical dose.

3.B. Reconstruction method

Inter-reconstruction-method reproducibility for the two
iterative methods (I44 strength 3 and I50 strength 3) showed
good agreement for the full set of nodules (Fig. 8). Mean
proportional differences were 2.0% and −0.3%, SDs were
identical at 7.3% (Table VI), and all differences except one
were less than 30% in magnitude. For the subset of 17 cases
in the repeatability experiment, baseline repeatability under
the B45 method agreed well with inter-reconstruction-method
reproducibility (Fig. 9). Baseline repeatability gave a mean of
0.8% and SD of 5.1%. Inter-reconstruction-method mean/SD
pairs were (1.4%, 6.3%) and (−0.7%, 7.2%) for I44 strength
3 and I50 strength 3, respectively (Table VII).

Summary statistics for the distributions and hypothesis test
results are shown in Table VII. Changes in the mean propor-
tional difference were insignificant between repeatability and
inter-reconstruction-method reproducibility distributions (p
= 0.52 and p = 0.22). The variance with the I44S3 recon-
struction method was consistent with the repeatability data
from B45, while the I50S3 distribution’s variance differed
significantly (p= 0.02).

Figure 10 shows reader 3’s clinical-dose contours across
the three reconstruction methods for a 9 mm diameter nodule.
The nodule was small and fairly complex, but the reader’s
proportional differences were just −7.0% (I44 strength 3) and
2.2% (I50 strength 3), indicating good agreement under the
three reconstruction conditions.

In another case, reader 2’s contours did not agree as closely
as in the previous example (Fig. 11). The nodule was 16 mm
(longest in-plane diameter) and complex, and the reader’s
delineation of the boundaries differed substantially on some
slices (see white arrows). The magnitudes of the proportional
differences were relatively large in this case: 19.0% (I44
strength 3) and −17.3% (I50 strength 3).

4. DISCUSSION

In this study, we developed a unique approach to isolating
the effects of dose on lung-nodule volumetry. By simulating
reduced-dose scans down to the minimum dose levels sup-
ported by our scanner model, we expected to see some change
in reader performance, in terms of bias and precision, for this
task. However, we did not find any compelling evidence that
dose affects intrareader reproducibility. Despite statistically
significant biases at 25% dose and 10% dose for the subset of
cases in Table V, the bias values were relatively small (−4.5%
and −5.6%). Also, bias did not change monotonically with
the dose level. For the full set of cases in Table IV, the bias
values were even smaller, with 0.0% bias at 3% dose. For the
subset of cases in Table V, although the variances differed
significantly at 10% dose, they were consistent at 25% and 3%
doses, indicating that dose-independent effects played a bigger
role than the dose level in determining the variability. For the
full set of cases, interdose SDs only ranged from 7.0% to 9.4%.
The change in SDs was not monotonic with dose, similar to
the bias findings (Table IV). For some context related to the
SD values, Zhao et al. showed that for same-day repeat scans,
interscan 95% limits of agreement were −12.1% to 13.4%
(Ref. 23, Table VII), which translates to an approximate SD
of 6.5% [SD = (upper limit – mean)/1.96]. Their approximate
SD value is between our clinical-dose repeatability and 25%-
dose reproducibility results in Table V (5.5% and 7.0%). Pet-
rick et al. found SDs ranging from 3.6% to 9.7%, depending on
the size and complexity of the synthetic nodule (Ref. 2 Table
V). Our interdose SDs for the full set of nodules were at the
higher end of this range, which seems reasonable considering
that none of the nodules in our study were perfectly spherical
or elliptical. Hein et al. found inter-reader, intradose 95%
limits of agreement −12.6% to 12.4% for their substantially
reduced-dose protocol, which translates to a SD of 6.7%. Our

T VII. Summary statistics for Fig. 9. P-values were calculated by testing the B45 (repeatability) distribution
against each iterative reconstruction method.

Reconstruction method N Mean (%) SD (%) Paired t-test p− value F-test p-value

B45 (repeatability) 51 0.8 5.1
I44 strength 3 vs B45 51 1.4 6.3 0.52 0.14
I50 strength 3 vs B45 51 −0.7 7.2 0.22 0.02a

aThe p-value was statistically-significant.
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F. 10. Axial slices through a 9 mm nodule (2 mm increment) at clinical dose. Reader 3’s contours agreed well across reconstruction methods, despite the
nodule complexity. Proportional differences were −7.0% and −2.2% for I44 strength 3 and I50 strength 3 methods, respectively.

reproducibility experiment at 3% dose gave a slightly higher
SD of 8.9%. The difference may be explained by the fact that
they used a single-click segmentation (without manual edits),
and nodules that failed the segmentation (which presumably
were more complex lesions) were excluded from their results.
In our study, all nodules passing the inclusion criteria were
reported in the results.

At the clinical reference dose, we found no compelling
evidence that reconstruction method affects intrareader repro-
ducibility. Inter-reconstruction-method biases for the sub-
set of nodules in Table VII were consistent with the base-
line repeatability. Although the variance difference with iter-
ative method I50S3 was statistically significant, this rela-
tion may not hold for larger numbers of nodules. The inter-
reconstruction-method SDs for the full set of nodules were
identical, suggesting that volumetry was not affected by
changing the iterative reconstruction method, even though
the smoothness of the images was clearly different for I44S3

and I50S3 (e.g., Fig. 10). The degree of noise or smoothness
in the images seemed to have little impact on the readers’
ability to perceive nodule boundaries. However, there may
be cases in which the reconstruction method plays a bigger
role, particularly at the levels of photon starvation. At those
levels, advanced methods may be able to reduce streaking
artifacts (e.g., in Fig. 1) or change their appearance, leading
to reduced variability in the volume measurement. Our exper-
iments did not address this scenario directly, since we only
compared reconstruction methods at the clinical-dose level.
However, we did not see any streaking artifacts with B45 at
the 10% dose level, and we saw only minimal artifacts at
the 3% dose level, so it is reasonable to expect that nodule
volumetry would be consistent across reconstruction methods
down to the 3%–10% dose level (or approximately 0.6–2.4
mGy CTDIvol). This is in agreement with the conclusions of
other studies such as Hein et al.,12 Chen et al.,5 and Willemink
et al.6 and a quantitative analysis of the effects of reconstruc-

F. 11. Reader 2’s contours showed some disagreement for this 16 mm, noncircular nodule. Proportional differences were 19.0% for I44 strength 3 and −17.3%
for I50 strength 3.
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tion method at reduced dose may be the subject of future
work.

Reader variability seemed to be affected more by nodule
size and complexity than by any other factors in our study.
Our results were consistent with those seen in other studies in
this regard (Ref. 24, Fig. 1). The smaller the nodule, the more
each voxel contributes to the overall proportional difference.
The more complex the nodule, the more likely a reader will
interpret the boundaries differently between measurements
(see, e.g., Figs. 7 and 11). Dose reduction could still affect
performance in terms of reader effort. The additional noise
could change the semiautomated segmentation result slightly,
which leads the reader to invest more or less time and energy
in manual editing. Although bias and precision may be unaf-
fected, it is undesirable if the dose reduction leads to additional
manual editing. An area of future work is to investigate how
much manual editing is required at each dose level to reach
the final contour, but this was beyond the scope of our study.
One limitation of the study was that the readings were not
performed by board-certified radiologists. The lab technol-
ogists that participated in this study did go through some
study-specific training and were instructed on the use of
contour-editing tools.

A key limitation of this study was the fact that we did
not use a fully crossed, multireader multicase experimental
design. Instead, we employed a divide-and-conquer approach,
introducing the reconstruction method as a random variable.
This design was chosen to reduce bias and also the overall
reading time. While this study design may correspond more
closely to the reality of the clinical workflow, it gave us a
limited pool of intrareader volume data for the interdose and
intermethod comparisons. Of the original raw data inventory,
only 33 passed the “measurable” criterion, and a subset of
17 was randomly selected to create the baseline repeatability
experiment. This limits the statistical power of our quantitative
conclusions, but we included example cases in Sec. 3 which
strongly supported the quantitative conclusions.

Another potential limitation of the reader study design
was the exclusion of micronodules and pleural or vessel-
attached nodules. Due to the large spectrum of nodule types
and attachments in clinical images, this variability might mask
any potential effects due to dose or reconstruction method.
Das et al. showed that nodule attachment types can play a
substantial role in the accuracy and precision of volumetry.25

In addition, the QIBA volumetric CT profile17 limits its quan-
titative claims to lesions that are at least 1 cm in diameter
and where “tumor margins are sufficiently conspicuous and
geometrically simple enough to be recognized on all images.”
Therefore, this effort reduced the contribution of the nodule
characteristic effects in order to focus instead on dose and
reconstruction effects.
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