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ARTICLE INFORMATION AIM: To determine if ultra-low-dose (ULD) computed tomography (CT) utilising model-
based iterative reconstruction (MBIR) with radiation equivalent to plain radiography allows

Article history: the detection of lung nodules.

Received 6 August 2018 MATERIALS AND METHODS: Ninety-nine individuals undergoing surveillance of solid

Accepted 6 February 2019 pulmonary nodules undertook a low-dose (LD) and ULD CT during the same sitting. Image
pairs were read blinded, in random order, and independently by two experienced thoracic

Keywords: radiologists. With LD-CT as the reference standard, the number, size, and location of nodules

Computed tomography . .

Radiation dosage was compared, and inter-rater agreement was established.

Solitary Pulmonary Nodule RESULTS: There was very good inter-rater agreement with regards nodules >4mm for both

Multiple Pulmonary Nodules the LD- (k=0.931) and ULD-CT (k=0.869). One hundred and ninety-nine nodules were re-

ported on the LD-CT by both radiologists and 196 reported on the ULD-CT, with no nodules
reported only on the ULD-CT. This gives a sensitivity of 98.5% and specificity of 100% for ULD-
CT with MBIR. The effective dose of radiation was significantly different between the two scans
(p<0.0001), 1.67 mSv for the LD-CT and 0.13 mSv for the ULD-CT.

CONCLUSION: ULD-CT utilising MBIR and delivering radiation equivalent to plain radiog-
raphy, allows detection of lung nodules with high sensitivity. The attendant 10-fold reduction
in radiation may allow for dramatic reductions in cumulative radiation exposure.

© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction
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resolution has led to frequent reporting of incidental find-
ings including indeterminate lung nodules. In contrast to
recent CT screening trials for lung cancer showing mortality
benefit,' these incidental findings are often in patients with
low risk for lung cancer, and surveillance rather than
invasive investigation is recommended. There are well-
established protocols for surveillance of these indetermi-
nate nodules and patients commonly require multiple CT
examinations over time.”> Quantifying the risk attributable
to radiation from CT examinations is difficult and the
magnitude and significance of this risk remains controver-
sial*: however, there is an understandable concern about
cumulative ionising radiation exposure, particularly in low-
risk patients, and minimisation of exposure is consistently
recommended.”

Low-dose (LD)-CT (~1 mSv) utilising a technique
combining filtered back projection (FBP) with statistical
iterative reconstruction (SIR) has become standard of care
in the surveillance of lung nodules in many institutions.
Although the risk attributable to radiation from a single
scan at this dose is negligible, it is likely that individuals will
be exposed to medical radiation for other reasons in their
lifetime. In this context, rational dose limitation is desirable,
but efforts to further reduce the radiation dose have been
hampered by unacceptable noise-to-signal ratio. Recent
advances in computing power have allowed the introduc-
tion of an advanced model-based iterative reconstruction
(MBIR) technique in CT which may address this problem.

MBIR utilises a statistical algorithm to model the system
optics, production of X-rays, their attenuation within tissues,
and all sources of noise, thus enabling dramatic reductions in
radiation dose by reducing that noise in the reconstructed
images.*%%? CT images can thus be obtained with a radiation
exposure similar to a combined posteroanterior (PA)/lateral
chest X-ray (0.06—0.1 mSv). At this very low dose, MBIR
images remain somewhat “noisy”, but given the high
contrast between air and soft tissue within the lung, MBIR CT
scanning techniques may still provide adequate resolution
for nodules with minimal radiation exposure.

A previous pilot study has suggested promising results
for the ability of MBIR CT scanning to detect lung nod-
ules,'%~1? but as yet, the clinical utility of this type of “ultra-
low-dose” CT (ULD-CT) for the surveillance of incidental
lung nodules is uncertain. This prospective study was un-
dertaken with the aim of assessing the accuracy of ULD-CT
employing MBIR and delivering a radiation dose equivalent
to plain chest radiography as compared to LD-CT using SIR/
FBP in detecting lung nodules.

Materials and methods
Patients

The study protocol was approved by the local Human
Research Ethics Committee (ref. 13305A). Consecutive adult
patients undergoing CT surveillance for indeterminate solid
lung nodules were recruited from a tertiary hospital be-
tween January 2014 and February 2015. Patients unable to
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give consent or breath-hold, or who clinically required
standard dose imaging were not recruited. Demographic
information, including risk factors for lung cancer, was
collected by questionnaire.

CT protocol and image reconstruction

Both the standard LD-CT and ULD-CT were performed at
the same sitting. Each scan was performed with a single
breath-hold on the CT750 HD scanner (GE Healthcare,
Milwaukee, WI, USA). The following parameters were used
for both the LD-CT and ULD-CT: 100 kVp (<80 kg) and 120
kVp (>80 kg), 40 mm collimation, 1.375 pitch, 0.4 second
rotation speed. For the LD-CT, tube current was modulated
to achieve target dose—length product (DLP) of 70 mGy.cm
(<80 kg) or 105 mGy.cm (>80 kg), whereas 10 mA was used
for ULD-CT. Contrast medium was administered for the LD
scan if indicated clinically. For comparison to previous
literature, effective radiation was calculated from total DLP
using a k-factor of 0.014, in addition to the now recom-
mended 0.021."° The raw data were reconstructed into three
standard orthogonal planes of 5 mm thickness along with
additional coronal maximum intensity projection (MIP)
images. The combined FBP/Adaptive Statistical Iterative
Reconstruction (ASIR, GE Healthcare) technique was used
for LD-CT, whereas the MBIR technique was used for ULD-
CT (VEO, GE Healthcare).

Image review

Each of LD- and ULD-CT image sets was read indepen-
dently by two experienced thoracic radiologists. Although
the patients were known to have nodules, the radiologists
reported the scans without knowledge of previous results.
The scans were read in random order, blinded to the result of
the paired scan. The number, size, and location of nodules
were compared. Nodules reported on the LD scan were
considered true positives if reported by both radiologists in
the same position with a difference in size of <1 mm. A
consensus meeting between the two radiologists was un-
dertaken to determine true lung nodules if there were
discrepant results.

Outcome/statistical analysis

Using a power of 0.9 and a significance level of 0.05, the
sample size of 100 patients was determined to detect a drop
in sensitivity of 3% or more, assuming an average of two
nodules per patient. A pragmatic nodule size cut-off of 4
mm was utilised for all analyses, well within the now
largely proposed significant size of 6 mm.>'* Using the LD-
CTs of chest as the reference standard, the sensitivity,
specificity, positive and negative predictive value of the
ULD-CT chest in detecting nodules >4 mm was calculated
for the whole group, and then stratified for sex, body mass
index (BMI), and smoking status. Interobserver agreement
was assessed by comparison of the two independent radi-
ologist assessments using the Kappa statistic (GraphPad
QuickCalcs 2016; http://graphpad.com/quickcalcs/kappa2/).
The effective dose of radiation was compared with a paired
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t-test (GraphPad Prism 6.07, GraphPad Software, La Jolla,
CA, USA, www.graphpad.com).

Results

In total, 103 patients were recruited to the study and had
both scans performed as per protocol with four subjects
withdrawing consent. The demographic data of the 99
analysed subjects is in Table 1. There were approximately
equal numbers of men and women, with a median age of 67
years. They were overweight on average, with 1/5 being
obese. Smoking was the main risk factor and while 30% had
exposure to at least one risk factor other than tobacco, the
majority of these (92%) were smokers. Overall, half the
cohort had any significant risk factor for thoracic malig-
nancy, and only 15% would have been eligible for screening
in the National Lung Screening Trial (NLST).

The nodules were generally well seen on both the LD and
ULD scans (Fig 1). There were a total of 440 (radiologist 1)
and 469 (Radiologist 2) nodules reported on the standard
LD scans, with 45% and 43% of these being >4 mm,
respectively (see Table 2). There was very good agreement
between the two reporting radiologists with regards nod-
ules >4 mm (kappa=0.931). This was in contrast to nodules
<4 mm where the agreement was only fair between radi-
ologists (kappa=0.277). There were 200 and 201 nodules
>4 mm reported in 76 patients by the two radiologists on
the LD scan, with 199 agreed common nodules (Table 3).
The nodules had a median diameter of 5 mm (interquartile
range [IQR], 4—6) with lower lobe predominance. Half of all
the nodules were present in the lower lobe, 98 nodules
(49%), as compared to upper lobes, 52 nodules (26%). These
199 “true-positive” nodules were then used as the reference
standard against which the ULD-CT was compared.

With respect to nodules >4 mm, all patients with nod-
ules identified on the LD-CT also had nodules reported at

Table 1
Baseline demographic information.
Scan pairs 99
Age (median [IQR]) 67.4 [57.7-73.3]
Males % 51%
BMI (median [IQR]) 27.3 [24.1-29.4]
BMI >30 21
Risk stratification
Smoking
Never 37 (37.4)
Ex-smoker 49 (49.5)
Smoker 13 (13.1)

Smoking intensity

Pack years (median [IQR]) 23.8 [9.7—40.5]
Years quit (median [IQR]) 20 [1.5-25]
Asbestos exposure 21 (21.2)
Past extra-thoracic malignancy 20 (20.2)
Family history of lung cancer 19 (19.2)
Any risk factor® 50 (50.5)
30+pk years and quit <15 years 18 (18.2)
Fulfil NLST inclusion criteria 15 (15.2)

Data are n (%) unless otherwise indicated.

2 Any risk factor includes ever smokers with >10 pack year smoking his-
tory, family history of lung cancer, past extra-thoracic cancer, or asbestos
exposure.
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ULD-CT. Both Radiologists reported 196 of the 199 nodules
on ULD-CT (Table 3), very good agreement (k=0.869), with
no nodules identified on the ULD-CT that were not reported
on the LD-CT. This gives a sensitivity of 98.5%, specificity of
100%, a positive predictive value of 100% and a negative
predictive value of 88.4%. There was no significant drop in
sensitivity when comparing the lowest to highest quartile
of BMI, smoking status or sex, all maintaining a sensitivity of
>95% (Table 4).

In stark contrast, there was a highly significant 1-log dif-
ference between the effective dose (ED) of radiation deliv-
ered for the scans. A mean DLP of 79.33 mGy/cm equivalent
to an effective dose of 1.67 mSv (SD+0.35) was delivered for
the LD-CT (13), as compared to 6.23 mGy/cm, or 0.13 mSv
(SD+-0.04) for the ULD-CT (p<0.0001) when using a k-factor
of 0.021 (Fig 2). Using the k-factor of 0.014 from the ICRP 60
recommendations, this equates to an effective dose of 1.11
mSv with LD-CT and 0.09 mSv with ULD-CT. When the dose
was stratified for BMI, while the LD to ULD difference per-
sisted, there was a significantly higher dose delivered in the
highest quartile of BMI in the LD (1.852 versus 1.565 mSv;
p<0.0001), but not ULD scans (0.157 versus 0.113; p>0.05).
The radiation dose associated with the scout or “scanogram”
image is not reported on this specific GE scanner and so is not
factored into the effective dose reported.

Discussion

The discovery of indeterminate lung nodules is common
at CT of the chest, coronary arteries, and abdomen. Accepted
recommendations require between one and three scans for
surveillance,”® but studies have shown that concordance
with surveillance guidelines is suboptimal often resulting in
unnecessary scans.'® At Monash Health, nodule incidence is
similar in individuals at low and high risk for primary lung
malignancy,”” so like many others, techniques to reduce
radiation exposure have been actively pursued. In the pre-
sent study, ULD-CT utilising MBIR allows for the identifi-
cation of nodules with high sensitivity, which is not affected
by sex, BMI, or smoking status, in a cohort at varied risk for
primary lung malignancy under surveillance for solid lung
nodules. For these nodules (>4 mm), there is good agree-
ment between experienced thoracic radiologists, but this
falls off sharply in nodules <4 mm. This high sensitivity is
despite a more that 10-fold reduction in radiation dose to
that equivalent to a PA/lateral chest X-ray, and importantly,
the reduction is achievable regardless of BMI.

There is constant exposure to multiple sources of ionis-
ing radiation, both natural and man-made,*6 but unlike the
majority of other sources, exposure to medical radiation is
modifiable. CT contributes significantly to the burden of
medical radiation exposure with up to 70% attributable to
its use.'® Although modelling is imperfect and highly
debated, it has been estimated that a cumulative dose of
<10 mSv may cause an additional cancer death in every
2500 people exposed.'® Although this fairly modest risk is
justifiable in high-risk individuals, in a younger, low-risk
population, likely to have ongoing medical radiation
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Table 2

All nodules detected by radiologist and size on low-dose computed tomography.
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(b)

Figure 1 Nodules were clearly seen on both LD- (a) and ULD-CT (b) images.

Radiologist 1 Radiologist 2 Both Agreement kappa (SE)
Total 440 469 417 0.102 (0.056) poor
>4 mm (% all nodules) 200 (45.4) 201 (42.9) 199 (47.7) 0.931 (0.039) very good
<4 mm (% all nodules) 241 (54.6) 268 (57.1) 218 (52.3) 0.277 (0.063) fair

exposure, the benefit is less clear and minimisation of
additional radiation is desirable. Until recently, the clinical
utility of iterative reconstruction techniques aimed at
reducing radiation exposure whilst maintaining image
quality has been limited by long reconstruction times,
dependent on available computing power. MBIR is the latest
technique to utilise an algorithm to model the production of
the X-rays, the attenuation within the tissue, and all sources
of noise, thus enabling further dramatic reductions in ra-
diation dose level.?%?!

Naturally, much research has focused on dose reduction
using MBIR in children, with comparisons to FBP, FBP/ASIR
and pure ASIR, showing consistently high-quality images
with superior spatial resolution and reduced noise.”> 2%
Early lung work focused on image quality, noise reduction,
and clarity of anatomical features, showing that MBIR was
superior to FBP, ASIR, and FBP/ASIR in all cases, at very low
dose.”>~%” Although not specifically looking at lung nodule
detection these were noted to be seen clearly. Yamada et al.
showed that nodule detection was significantly better when
comparing ULD-CT reconstructed with MBIR to that using
FBP'220:28.29 and showing vastly improved noise levels, with
an effective dose of 0.17+£0.01 mSv. Similarly, Katsura et al.
showed that compared to a reference standard dose CT,
ULD-CT with MBIR was equivalent to LD-CT with ASIR for
nodule detection, with a 78% reduction in radiation dose.’

The present study focused on a population of both high
and low risk for lung malignancy, which were under sur-
veillance for solid, non-calcified nodules. The current
standard LD-CT (reconstructed with FBP/ASIR) was used as
the reference, with the aim of assessing whether ULD-CT
with MBIR could be substituted into clinical practice. In
contrast to previous studies, the scanning protocol for the
ULD-CT resulted in radiation exposure truly comparable to a
PA/lateral chest X-ray, with an average of only 0.087+0.025

mSv (£SD), or 0.13 mSv using the more contemporary
k-factor. This was not significantly different when the pa-
tients were stratified for sex or BMI, and represented a
92.2% dose reduction. This magnitude of reduction is similar
to previous reports,’*>! but the actual dose received in this
study was half that reported in the literature.

Importantly, of the 199 nodules of >4 mm reported on
the LD-CT by both thoracic radiologists, 196 were identified,
giving 98.5% sensitivity, comparable with previous litera-
ture, and there was no difference in sensitivity when
separated on the basis of BMI, sex, or smoking status. The
non-identified nodules occurred in two patients who both
had at least one other nodule that was identified of equal or
larger dimensions, meaning crucially neither miss would
have resulted in a change in follow-up.

Limitations

Given the study cohort were those under surveillance for
solid nodules, no attempt was made to assess the perfor-
mance of ULD-CT with MBIR in the detection of sub-solid

Table 3
Nodules identified on scan pairs with low-dose computed tomography (CT)
as the reference standard.

Low-dose CT Ultra-low-dose CT
Radiologist 1 Radiologist 2
All lobes 199 196 196
RUL 33 32 33
RML 38 37 37
RLL 45 45 44
LUL 19 19 19
Lingula 11 11 11
LLL 53 52 52

RUL, RML, and RLL: right upper, mid, and lower lobe.
LUL and LLL, left upper and lower lobe.
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Table 4
Sensitivity of ultra-low-dose computed tomography (ULD-CT) stratified by body mass index (BMI), smoking status, and sex.
Low-dose scan ULD scan Sensitivity
Radiologist 1 Radiologist 2
BMI lowest quartile 49 47 49 98.2
BMI highest quartile 49 48 47 95.9
Smoking status (ever smoker >10pk yrs) 97 96 94 96.9
Smoking status (never smoker) 43 42 43 97.7
Sex (M) 113 112 112 99.1
Sex (F) 86 84 84 97.7
41 *kkk 4 — Sk —
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Figure 2 Effective dose of radiation delivered for ULD-CT is significantly lower than that for LD-CT regardless of BMI. ****p<0.0001.

nodules, although this has been evaluated previously in
phantom models, with similar results to those reported
here.'%!? Although others have looked at the performance
of MBIR in the context of volumetric analysis of nodules
with limited success,” there was no attempt to investigate
this in the present study as volumetric analysis is not
routinely performed at Monash Health. Given the cross-
sectional design of the study, the ability of ULD-CT with
MBIR cannot be assessed to show change or stability of lung
nodules over time.

In conclusion, ULD-CT with MBIR is able to detect solid
lung nodules at a radiation dose comparable to plain chest
radiography, with 98.5% sensitivity and 100% specificity. This
high sensitivity is unaffected by a high BMI, sex, or position of
the nodule. In addition to other measures to reduce medical
radiation exposure, this MBIR technique that results in more
than 10-fold reduction in radiation dose, could dramatically
reduce cumulative radiation exposure. With the rapid evo-
lution of CT technology, this MBIR or similar reconstructive
technique may become standard for surveillance of solid
lung nodules.
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