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Detectability of Lung Nodules in Ultra-low Dose CT
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Abstract. Background/Aim: Investigation of the influence
of different ultra-low dose computed tomography (ULDCT)
protocols on the detection of solid and subsolid nodules in a
phantom study. Patients and Methods: A chest phantom with
pulmonary nodules was scanned with different CT protocols
ranging from ultra-low dose settings with spectral shaping
to a standard low dose lung cancer screening protocol.
Image analysis was performed with different reconstruction
algorithms and dedicated computer aided detection (CAD),
which was compared to manual readout. Results: The
highest sensitivity rates (83%) were achieved for the 90 mAs
and 120 mAs protocols when reconstructed with ADMIRE 3
or 5 and manual readout. The only statistically significant
difference was found for subsolid nodules with preference of
manual readout compared to CAD (p<0.05). Dose levels for
the mAs settings ranged from 0.029 to 0.2 mSv. Conclusion:
Reliable detectability rates for solid nodules were achieved;
CAD software did not prove reliable for subsolid nodules.

A 20% reduction in lung cancer mortality can be achieved
when screening with low-dose computed tomography (LDCT),
compared with chest radiography (1). These results of the
National Lung Screening trial led to an increasing acceptance
of chest LDCT and computer-aided detection (CAD) software
for screening (2). Recent efforts and recommendations have
focused on who to screen, when to screen, and which are the
best qualitative and quantitative parameters to detect and
monitor malignancy (2, 3). In lung cancer screenings, the
ALARA principle seems even more important. Thus, it is
necessary to assess the accuracy of ultra-low dose scan
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protocols to reliably detect and measure pulmonary nodules.
To reduce noise that accompanies low-dose CT protocols, the
use of iterative reconstruction algorithms has become standard.
However, iterative reconstruction algorithms have been shown
to influence lung nodule detectability rates of manual readers
and CAD software (4, 5).

Although studies tend to focus on solid nodules (6),
subsolid nodules are also of high interest, since subsolid
nodules are known to grow slowly and are more often
malignant than solid nodules (7). In this context the aim of
this study was to compare detectability of solid and subsolid
lung nodules on ULDCT 100Sn kVp protocol at different
tube current settings and levels of 3rd generation iterative
reconstruction to a standard low-dose CT lung cancer
screening protocol with and without CAD software.

Patients and Methods

This prospective phantom study was performed according to
standards of the Health Insurance Portability and Accountability Act
(HIPAA) and the Declaration of Helsinki. Institutional review board
approval was dispensed due to the phantom character of the study.

Phantom. An anthropomorphic chest phantom (Lungman, Kyoto
Kagaku, Tokyo, Japan) was used with artificial lung and pulmonary
vessels (8). Fifteen artificial spherical pulmonary nodules were
distributed within the phantom lungs. The nodules had different
diameters of 5, 8, 10, and 12 mm (volume of 65, 268, 523, and 904
mm3), and three different CT densities of -800, -630 and +100
Hounsfield Units (HU). The specifications of the phantom and the
nodules have been described in detail by Xie et al. (9).

Data acquisition. A 3'd generation dual-source CT system (2x192
slices; Somatom Force, Siemens Healthineers, Forchheim,
Germany) was used for data acquisition. The ultra-low dose
protocol had the following parameters: tube voltage 100 kVp with
tin filter (100 kVp Sn) with tube current levels of 120 mAs, 90
mAs, 60 mAs and 30 mAs, pitch 1.2, rotation time 0.25 s, detector
collimation 192x0.6 mm, slice thickness 1.5 mm, increment 1.0
mm, matrix size 512x512. For all mAs acquisitions, filtered back
projection (FBP) reconstructions and 3™ generation advanced
model-based iterative reconstruction (ADMIRE) were reconstructed
with strengths of 1, 3, and 5. The physical background of ADMIRE
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has been described in detail by Gordic et al. (6). The low-dose lung
cancer screening protocol had the following parameters: tube
voltage 120 kVp, tube current 20 mAs, pitch 1.5, slice thickness 1.5
mm, increment 1.0 mm, sharp lung kernel (B157) and window width
with levels of 1,600 and -600.

Thirteen different nodule setups were used: 12 setups consisting
of 6 nodules and one consisting of 3 nodules for blinding the reader.
Each of the 13 nodule setups was scanned with the ultra-low dose
protocol at the four mAs settings, and with the standard lung cancer
screening protocol, resulting in 65 datasets. The 13 standard lung
cancer screening protocol scans were reconstructed with FBP. The
other 52, ultra-low dose CT scans were reconstructed with FBP, and
ADMIRE 1, 3, and 5 resulting in 208 datasets. Thus, in total, 221
datasets were analyzed.

Image analysis. All datasets were analyzed by the LungCAD
software (SyngoCT, CAD, VA 20, Siemens Healthineers) and by an
experienced thoracic radiologist with 10 years of experience. A
radiologist with 6 years of experience cross-read both analyses to
determine the number of correctly detected solid and subsolid
nodules, and possible false positives. Differences between
detectability of solid and subsolid nodules between the different
scan protocols were investigated. Readout was performed on the
basis of B70 lung reconstruction kernel with possible maximum
intensity projection of 5 to 6 slice packs and individual adjustment
of window width and window center.

Statistical analysis. Statistical analyses were carried out in R Statistics
(version 3.6.1, R Core Team, Vienna, Austria). For group comparisons,
Fisher’s exact test applied to categorial variables and the Mann-
Whitney U-test was applied to ordinal or continuously scaled variables.

Sensitivity was determined as the number of true-positive
nodules detected divided by the number of nodules distributed in
the setup. The rate of true-positive nodules detected in every
phantom setup was the number of nodules detected divided by the
total number of structures detected in the setup. The rate of false-
positive nodules was the number of structures detected in the
phantom which were not true nodules divided by the total number
of detected structures within the phantom. Diagnostic accuracies and
respective standard errors were visualized using the package
ggplot2. The level of significance was set to <0.05.

Results

The sensitivity rate for all nodules combined manual
readouts was superior to CAD analysis (p<0.0001). Table I
and Figure 1 display the sensitivity rates of the different
protocols compared to one another. With manual readout,
ADMIRE was not superior to FBP (max. mean sensitivity
83% vs. 84%). With CAD readout, ADMIRE 5 with the 90
mAs protocol was slightly superior compared to FBP with
the 20 mAs protocol (sensitivity 52% vs. 41%). Manual
analysis was not statistically significant superior to CAD
analysis (p>0.05) for the detection of solid lesions. For
subsolid nodules the sensitivity rates for manual readout
were statistically significantly higher than for CAD readout
over all protocols (p<0.001). Table I displays the results of
the different protocols.
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FBP with CAD readout and 20 mAs resulted in the highest
false-positive rate for solid (1.07) and subsolid nodules (3.15)
compared to the other readouts. Manual read-out did not
show any false positive detections for solid nodules. The
analysis of subsolid nodules showed that both methods,
manual and CAD readout, resulted in false positive results,
whereas for some reconstructions manual read-out was
statically significantly better than CAD. Table II and Figure
2 display the false-positive detections. Table I and Table II
also display the dose levels in mSv for each scan setting.

Discussion

One major goal of CAD analysis systems is to enhance the
speed of screening a dataset and not missing any relevant
finding. With the introduction of single-energy 100 kVp
protocols with tin filtration (100Sn kVp) in 3™ generation
dual-source CT systems for non-enhanced ULDCT scanning,
radiation dose is markedly reduced due to spectral shaping (6).

Gordic et al. investigated the detectability of pulmonary
nodules in a phantom study with two readers, and the use of
the 100Sn kVp protocol in combination with 3™ generation
iterative reconstruction algorithm with a standard dose level, a
1/10% dose level, and 1/20™ dose level (6). They found the
highest sensitivity rates (>90%) for 100Sn kVp and ADMIRE
5 at the 1/10™ and 1/20™ dose levels. This study also showed
that iterative reconstruction algorithms can result in high
sensitivity rates for solid nodules using manual readout and
CAD software. In this study, the ADMIRE protocols with
manual readout in ULDCT at 100 kVp/tin filtration were
similarly accurate in the detection of solid pulmonary nodules
compared to a standard low-dose lung cancer screening
protocol (120kV with 20mAs and FBP; sensitivity 89%),
whereas a sensitivity rate higher than 80% was only found with
a tube current of 90 mAs or higher. However, detectability
rates of solid nodules with the CAD software could not be
further increased compared to the rates of a manual readout.

The performance of ADMIRE protocols with manual readout
in ULDCT were at least equally accurate in the detection of
subsolid pulmonary nodules compared to a standard low-dose
lung cancer screening protocol. CAD software also performed
equally accurate in the detection of subsolid pulmonary nodules
compared to a standard low-dose lung cancer screening
protocol, but performed statistically significantly worse
compared to manual readout (max 40% vs. min. 70%). Another
study reported sensitivity rates for CAD systems between 23%
to 38% (10). A draw back of the presented data seems to be that
the dose was always higher with the ULDCT in comparison to
the used low-dose lung cancer screening protocol with FBP and
20 mAs (Table I). However, the presented dose-levels were 0.2
mSv maximum and far below the dose-levels of ““ The National
Lung Screening Trial” (NLST) protocol with 1.5 mSv using 120
kV and 40 to 80 mAs (1).
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Figure 1. Mean sensitivity per mAs reconstruction for solid or subsolid nodules and overall. AD: ADMIRE, advanced model-based iterative
reconstruction; FBP: filtered back projection; CAD: computer aided detection.

Leader ef al. addressed another problem in the field of
lung nodule detection: the smaller the nodules the more are
missed (11). In this study using manual readout, no false-
positive solid nodules were detected. In contrast, CAD
analysis resulted for almost all setups in false-positive
findings, including the standard lung cancer protocol

(p<0.001; Table II). For subsolid nodules both methods
resulted in false-positive findings (Table II). These
widespread results in sensitivity rates and the false-positive
findings show that the use of CAD software needs to be
handled with care. This suggests to not only use the CAD
software for the detection of subsolid nodules.
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Figure 2. Mean number of false-positive findings per scanning setup for solid or subsolid nodules and overall. AD: ADMIRE, advanced model-
based iterative reconstruction; FBP: filtered back projection; CAD: computer aided detection.

One technical limitation of the study was that the nodule In conclusion iterative reconstruction algorithms and
distribution was only possible along to the bronchovascular ~ CAD software performed equally accurate in conventional
bundle due to the structure of the phantom. Also, no low dose screening protocols and ultra-low dose 100
lobulated or spiculated artificial nodules were used. kVp/tin filtration protocols for detection of solid nodules
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Table 1. Comparison of the different scanning protocols. Mean sensitivity rates for the different scanning setups and comparison of manual to CAD
readout for solid or subsolid nodules and overall, with standard deviation.

mAs Recon n Sensitivity overall Sensitivity solid nodules Sensitivity subsolid nodules Dose
Manual CAD p-Value Manual CAD p-Value  Manual CAD p-Value DLP  mSv
20 FBP 13 0.84(0.14) 041 (0.17) <0.001 0.89(0.28) 0.75(0.38) 0.19 0.79(0.18) 0.29 (0.28) <0.001 2.08 0.029
30 AD1 13 0.73(0.17) 0.30(0.16) <0.001 0.64 (041) 0.69(0.38) 0.76 0.74(0.22) 0.08 (0.13) <0.001 3.69 0.052
30 AD3 13 0.74(0.14) 0.33(0.18) <0.001 0.73(0.36) 0.69(0.38) 0.77 0.73(0.22) 0.11 (0.17) <0.001 3.69 0.052
30 ADS5 13 0.79 (0.16) 043 (0.23) <0.001 0.77(0.36) 0.71(0.38) 0.67 0.77 (0.22) 0.28 (0.27) <0.001 3.69 0.052
30 FBP 13 0.73(0.21) 0.32(0.15) <0.001 0.71(042) 0.69(0.38) 089 0.67(0.27) 0.1(0.13) <0001 3.69 0.052
60 ADI 13 0.76 (0.14) 0.30(0.17) <0.001 0.69 (0.36) 0.61(042) 057 0.78(0.19) 0.1(0.13) <0.001 7.15 0.100
60 AD3 13 0.73(0.26) 0.34(0.24) <0.001 0.69 (0.41) 0.61(042) 0.62 0.71(0.26) 0.19(0.27) <0.001 7.15 0.100
60 AD5 13 0.76 (0.14) 047 (0.22) <0.001 0.60(0.39) 0.71(0.38) 050 0.83(0.14) 0.34(0.26) <0.001 7.15 0.100
60 FBP 13 0.76 (0.19) 0.30(0.17) <0.001 0.75(0.37) 0.61(042) 035 0.76(0.22) 0.1(0.13) <0.001 7.15 0.100
90 ADI 13 0.69 (0.14) 0.34(0.15) <0.001 0.58(0.38) 0.71(0.38) 040 0.70 (0.18) 0.11(0.13) <0.001 11.00 0.154
90 AD3 13 0.78 (0.19) 041 (0.22) <0.001 0.87(0.28) 0.71(0.38) 0.14 0.70 (0.29) 0.24 (0.27) <0.001 11.00 0.154
90 AD5 13 0.75(0.17) 0.52(0.22) <0.001 0.66(0.42) 0.77(0.36) 052 0.75(0.19) 0.36(0.31) <0.001 11.00 0.154
90 FBP 13 0.71(0.22) 0.33(0.15) <0.001 0.77 (0.36) 0.71(0.37) 0.70 0.67 (0.30) 0.1 (0.13) <0.001 11.00 0.154
120 ADI 13 0.82(0.14) 0.37(0.21) <0.001 0.85(0.28) 0.71(0.37) 024 0.80(0.18) 0.19(0.27) <0.001 1431 0.200
120 AD3 13 0.83(0.13) 0.39(0.25) <0.001 0.81(0.30) 0.69(0.38) 031 0.81(0.17) 0.24 (0.30) <0.001 1431 0.200
120 AD5 13 0.83(0.15) 0.51(0.26) <0.001 0.77 (0.36) 0.71(0.38) 0.67 0.85(0.17) 0.40(0.30) <0.001 1431 0.200
120 FBP 13 0.78 (0.17) 0.35(0.22) <0.001 0.73(036) 0.71(0.37) 090 0.78(0.18) 0.17(0.28) <0.001 1431 0.200

AD: ADMIRE, advanced model-based iterative reconstruction; FBP: filtered back projection; CAD: computer aided detection; DLP: dose length product.

Table 1. Analysis of false positive rates for the different scanning protocols. Mean number of false positive findings per scanning setup for solid or

subsolid nodules and overall, with standard deviation.

mAs Recon n False positives overall False positives solid nodules False positives subsolid nodules Dose
Manual CAD p-Value Manual CAD p-Value  Manual CAD p-Value DLP  mSv
20  FBP 13 0 (0) 423(3.29) <0.001 0 (0) 1.07 (0.64) <0.001 0 (0) 3.153.31) <0.001 208 0.029
30 ADI1 13 0.15(0.55) 0.15(0.37) 1.00 0 (0) 0.15(0.37) <0.001 0.15 (0.55) 0 (0) 0.49 3.69 0.052
30 AD3 13 0 (0) 0.15(0.37) <0.001 0 (0) 0.15(0.37) <0.001 0 (0) 0 (0) - 3.69 0.052
30 AD5 13 0 (0) 0.69 (0.85) <0.001 0 (0) 0.15(0.37) <0.001 0 (0) 0.53 (0.66) <0.001 3.69 0.052
30 FBP 13 0.23(0.59) 0.07 (0.27) 0.52 0 (0) 0.07 (0.27) <0.001 0.23 (0.59) 0 (0) 0.33 3.69 0.052
60 ADI 13 0.23(043) 0.07 (0.27) 0.38 0 (0) 0.07 (0.27) <0.001 0.23 (0.43) 0 (0) 0.18 7.15  0.100
60 AD3 13 0.07 (0.27) 0 (0) 0.49 0 (0) 0 (0) - 0.07 (0.27) 0 (0) 0.49 7.15  0.100
60 AD5 13 0.15(0.37) 0.15(0.37) 1.00 0 (0) 0.15 (0.37) <0.001 0.15(0.37) 0 (0) 0.30 7.15  0.100
60 FBP 13 0 (0) 0.07 (0.27) <0.001 0 (0) 0.07 (0.27) <0.001 0 (0) 0 (0) - 7.15  0.100
90 ADI 13 0.07 (0.27) 0 (0) 0.49 0 (0) 0 (0) - 0.07 (0.27) 0 (0) 0.49 11.00 0.154
90 AD3 13 0 (0) 0.07 (0.27) <0.001 0 (0) 0.07 (0.27) <0.001 0 (0) 0 (0) - 11.00 0.154
90 AD5 13 0 (0) 0.23 (043) <0.001 0 (0) 0.15 (0.37) <0.001 0 (0) 0.07 (0.27) <0.001 11.00 0.154
90  FBP 13 0.07 (0.27) 0.07 (0.27) 1.00 0 (0) 0.07 (0.27) <0.001 0.07 (0.27) 0 (0) 0.49 11.00 0.154
120 ADI1 13 0 (0) 0 (0) - 0 (0) 0 (0) - 0 (0) 0 (0) - 1431 0.200
120 AD3 13 0 (0) 0 (0) - 0 (0) 0 (0) - 0 (0) 0 (0) - 1431 0.200
120 AD5 13 0 (0) 0.15(0.37) <0.001 0 (0) 0.07 (0.27) <0.001 0 (0) 0.07 (0.27) <0.001 1431 0.200
120 FBP 13 0 (0) 0 (0) - 0 (0) 0 (0) - 0 (0) 0 (0) - 1431 0.200

AD: ADMIRE, advanced model-based iterative reconstruction; FBP: filtered back projection; CAD: computer aided detection; DLP: dose length product.
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in this study. However, CAD software was of limited use
for the detection of subsolid nodules compared to manual
readout.
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