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Abstract

Background: Low-dose CT (LDCT) chest protocols have widespread clinical applications for many indications; as a result,
there is a need for protocol assessment prior to standardization. Dalhousie University and Oslo Metropolitan University
have a formally established cooperative relationship.

Purpose: The purpose is to assess radiation dose and image quality for LDCT chest protocols in seven different hospital
locations in Norway and Canada.

Material and methods: Retrospective dosimetry data, volumetric CT dose index (CTDl,,)), and dose length product
(DLP) from 240 average-sized patients as well as CT protocol parameters were included in the survey. Effective dose (ED)
and size-specific dose estimate (SSDE) were calculated for each examination. For a quantitative image quality analysis, noise,
CT number, and signal-to-noise ratio (SNR) were determined for three regions in the chest. The contrast-to-noise ratio
(CNR) was calculated for lung parenchyma in comparison to the subcutaneous fat. Differences in dose and image quality
were evaluated by a single-factor ANOVA test. A two-sample t-test was performed to determine differences in means
between individual scanners.

Results: The ANOVA test revealed significant differences (p < .05) in dose values for all scanners, including identical
scanner models. Statistically significant differences (p < .05) were determined in mean values of the SNR distributions
between the scanners in all three measured regions in the chest, as well as the CNR values.

Conclusion: The observed variations in dose and image quality measurements, even within the same hospitals and
between identical scanner models, indicate a potential for protocol optimization in the involved hospitals in both countries.
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Introduction

Since its introduction, computed tomography (CT) has
become the primary diagnostic imaging modality, offering
high-precision images for the detection and monitoring of
diseases." Its widespread use and accessibility also make CT
the most significant contributor of medical radiation to the
general public.'~ Tonizing radiation, even at small doses, is
associated with an increased risk of radiation-induced
cancers.” Any CT exam performed is considered an in-
tentional dose associated with potential harm, and their use
must adhere to the principle of keeping radiation risk as low
as reasonably achievable (ALARA) and have benefits that
outweigh any risks associated with radiation exposure.*

Techniques, such as Automatic Tube Current Modula-
tion (ATCM), Automatic Tube Voltage Selection (ATVS),
and Iterative Reconstruction (IR) algorithms, have been
important in reducing radiation exposure while maintaining
high-quality diagnostic images.”” ATCM and ATVS allow
for radiation exposure to be tailored to patient size.® Newer
generations of IR algorithms, such as hybrid-statistical IR
(H/SIR) and model-based iterative reconstruction (MBIR),
can selectively reduce image noise even at lower radiation
doses and are more effective than the traditional filtered
back-projection (FBP) method.’

Another way of lowering radiation dose is with low-dose
CT (LDCT) acquisition techniques. Acquisition parameters
are adjusted to reduce dose levels to a fraction of a standard-
dose CT (SDCT) protocol, while still preserving high image
quality with the use of IR for denoising and artifact re-
duction.” CT provides exceptional visualization of the high-
contrast structures of the lungs, making LDCT an invaluable
tool in diagnosing lung pathology and the modality of
choice for lung cancer screening (LCS).'” Common indi-
cations for LDCT chest protocols include metastases, lung
nodules, focal lung pathology, and evaluation and moni-
toring of chronic lung diseases like emphysema and cystic
fibrosis.!' In some institutions, LDCT has become the
preferred protocol for routine chest examinations, rather
than SDCT.

There is, however, a lack of standardization when clearly
defining the difference between SDCT and LDCT for chest
examinations.'> While there are guidelines with recom-
mended doses for LDCT chest protocols in LCS, there are
currently no diagnostic reference levels (DRLs) for LDCT
chest protocols.'®'® There is also a lack of clinical con-
sensus for what constitutes an “acceptable” level of noise in
LDCT imaging of the lungs.”'* Considering the volume of

CT scans performed, creating and optimizing LDCT pro-
tocols for frequently performed CT chest examinations
would be beneficial in further reducing patient radiation
doses, particularly in LCS.'*!3

Data were collected in Norway and Canada due to the
similarities of their healthcare systems. This study aims to
assess non-contrast LDCT protocols of CT scanners rou-
tinely used in clinical settings in Norway and Canada and
examine the impact of the scanners and protocols on patient
dose and image quality. The aim is to provide data that can
inform protocol optimization and dose reduction in the
clinic.

Material and methods

Ethical considerations

Dalhousie University and Oslo Metropolitan University
have a formally established cooperative relationship in-
cluding both academic and research activities. This mem-
orandum of understanding has been in place since 2016. In
both involved countries, the study was qualified and ap-
proved as a quality improvement initiative by the Research
Ethics Board (REB) review in Canada and the Patient
Protection Office in Norway. No sensitive patient data was
recorded in the study, nor was there any exchange of patient
data between the involved countries and institutions.

Patient population

Data from LDCT chest exams were collected retrospectively
from seven hospitals in Norway and Canada. The study
included average-sized adults, defined by an anterior-
posterior (AP) thickness of 25 + 5 cm at the level of the
tracheal bifurcation.'® As this is a retrospective study, and
neither weight nor height was recorded for chest exami-
nations at any hospital sites, body mass index (BMI) and
patient weight were not considered as inclusion criteria.
Patients with medical complications and medical equipment
in the scan field-of-view (SFOV) were not included in the
data sampling, as it prevented accurate measurement of the
Hounsfield unit (HU) in the regions of interest (ROI).
Patients scanned with arms in the SFOV leading to image
quality reduction and out-of-field artifacts in the scan as well
as examinations demonstrating excessive motion or metal
artifacts were also excluded.

Dose and image quality data from 240 CT examinations
(20 exams per scanner) meeting the inclusion criteria were
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included in the study, 140 from Norway and 100 from
Canada. Most of the scans were performed between
2022 and 2023. Due to insufficient eligible data, two of the
12 scanners included examinations dating back to 2021.

Computed tomography scanners

The scanner characteristics are shown in Table 1. All
scanners will be referenced by their respective number
throughout the text. The survey included seven scanners
from three different hospitals all part of a larger university
hospital in eastern Norway, and five scanners from four
different hospitals part of a larger university hospital located
in eastern Canada. Of the 12 scanners included in the study,
six scanners represent Philips Healthcare (Best, Nether-
lands), five scanners represent Siemens Healthineers (Er-
langen, Germany), and one scanner represents GE
Healthcare (Waukesha, WI, USA). The protocol parameters
for each scanner in the study are presented in Table 2.

Image quality assessment

Image quality data were collected from reconstructed axial
lung series. For each exam, the mean and standard deviation
(SD) of CT numbers were measured in three different ROIs:
the tracheal bifurcation, peripheral lung parenchyma, and
subcutaneous fat. All measurements were taken on the pa-
tients’ right side at the level of the tracheal bifurcation
(Figure 1). The noise in each region was approximated by
measured SD, and the signal-to-noise ratio (SNR) was cal-
culated for each ROI as the mean CT number divided by SD."”
The contrast-to-noise ratio (CNR) for lung parenchyma in

comparison to the subcutaneous fat was calculated as the
absolute value of the difference of mean CT numbers mea-
sured in lung and fat divided by the SD of the ROI of fat.'”

Data analysis

Data were collected from the picture archiving and commu-
nication system (PACS). The following PACS solutions were
employed in Norway and Canada respectively: Carestream
Vue PACS version 12.2.20.105 (Philips Healthcare, Best,
Netherlands) and Agfa Impax, version 6.6.1.6014 (Agfa
HealthCare, Mortsel, Belgium). Volumetric CT dose index
(CTDI,) and dose length product (DLP) were collected from
each examination. Size-specific dose estimates (SSDEs) were
calculated for each exam based on the recorded CTDI,,; values
and the corresponding AP chest thickness conversion
coefficient.'®'® The effective dose (ED) for each exam was
estimated by multiplying the DLP with the conversion factor
for the chest (k = 0.014 mSv-mGy ' cm™")."

Descriptive statistical analyses were performed using
Microsoft Excel 2020, version 16.72 (Microsoft Corpora-
tion, Redmond, WA, USA). A one-way ANOVA test was
performed using Excel for all 12 scanners on the collected
and calculated dosimetry parameters. ANOVA tests of the
SNR and CNR were performed separately for each country.
A two-sample f-test was performed for a comparison of
CTDI,,; on all 12 scanners. Due to differences in image
noise level and noise structure acceptable by the facility
radiologists, similar t-tests were performed separately for
each country for a comparison of SNR and CNR values. A
value of p < .05 indicated a statistically significant differ-
ence between the mean values of the scanners.

Table 1. Characteristics of the CT scanners included in the survey.

Scanner Manufacturer Model

Install year Detector configuration® Iterative reconstruction and software version

Norway
| Philips Ingenuity Core 128 2012 64 x 0.625 mm IMR 4.1.10.25346
2 Philips PLQon Spectral 2017 64 x 0.625 mm IMR 4.7.5.43531
3 Philips iCT 256 2012 128 x 0.625 mm IMR 4.1.10.19210
4 Philips PLCT7500 2021 128 x 0.625 mm IMR 5.0.0.78173
5 Philips Ingenuity Elite 2018 64 x 0.625 mm IMR 4.1.10.25346
6 Philips iCT 256 2012 128 x 0.625 mm IMR 4.1.7.19030
7 GE GSRevolution Frontier 2020 64 x 0.625 mm ASiR-V 18BW35.42 (SP1.4)
Canada
8 Siemens PSDefinition Flash 2011 2.64 x 0.6 mm SAFIRE
9 Siemens PSSomatom Drive 2022 2.64 x 0.6 mm ADMIRE
10 Siemens Definition AS+ 2014 64 x 0.6 mm SAFIRE
I Siemens Definition Edge 2018 64 x 0.6 mm SAFIRE
12 Siemens Definition Edge 2022 64 x 0.6 mm SAFIRE

*Notation of the detector configuration: the number of active detector rows x the detector element thickness.
Superscript DL indicates a dual-layer detector solution, superscript GSl indicates a gemstone spectral imaging system, and superscript DS indicates a dual-

source system.
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Table 2. Acquisition parameters for each scanner.

Acquired/recon Rot IR
Scanner  Tube voltage AEC settings slice (mm) Pitch time (s)  Kernel level
Norway
| 120 kVp Min/max mA: 25/200, DRI* = 11 0.9/0.9 1.171 0.5 Routine |
2 120 kVp Min/max mA: 15/150, DRI = |0 0.9/0.9 0914 033 Sharp plus |
3 120 kVp Min/max mA: 25/200, DRI = 11 0.9/0.9 0914 033 Routine |
4 120 kVp Min/max mA: 25/200, DRI = |1 0.9/0.9 1.171  0.33 Routine I
5 120 kVp Min/max mA: 25/200, DRI = | | 0.9/0.9 0914 0.5 Routine |
6 120 kVp Min/max mA: 25/200, DRI = 11 0.9/0.9 1.375 033 Routine |
7 120 kVp Min/max mA: 60/400; NI° = 65 0.625/3 1.171 0.5 Lung 80%
Canada
8 Care kV, 120 ref kVp 46 ref eff mAs 0.6/1 1.75 0.28 B70f 3
9 Care kV, 120 ref kVp 50 ref eff mAs 0.6/2 1.95 0.28 Br59f 3
10 100 kVp 40 ref eff mAs 0.6/1 0.6 0.3 17013 3
I 100 kVp 40 ref eff mAs 0.6/2 0.6 0.33 B70f 3
12 Care kV, 100 ref kVp 50 ref eff mAs 0.6/2 0.6 0.33 BI57f 3

?Dose right index.
Noise index.

Figure |. Placement of ROlIs for quantitative analysis: the tracheal bifurcation (a), peripheral lung tissue (b), and subcutaneous fat (c).

Results

Table 3 demonstrates mean AP chest thickness, ED, and
SSDE values with standard deviations. The differences in
patient AP chest thicknesses were significant when com-
pared between all 12 scanners; however, there were no
statistically significant differences in patients included from
Norway (p =.694) or Canada (p = .519) with median values
of 24.1 cm from the Norwegian sample and 25.0 cm for the
Canadian patients. Median CTDI,,, values of all scanners,

except for #7 and #9, were found to be <3.5 mGy
(Figure 2(a)). Thus, scanner #7 had the highest median
CTDJ,, (6.8 mGy) followed by scanner #9 (4.7 mGy)
whereas scanner #10 gave the lowest (2.0 mGy) CTDI, ;.

The ANOVA test revealed significant differences in
CTDI,,, DLP, ED, and SSDE values between all scanners (p <
.05). The two-sample #-test demonstrated that the differences in
CTDI,,, for scanners #7 and #10 were statistically significant
when compared with the 11 other scanners. Significant dif-
ferences were also identified between the mean CTDI,,; values
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Table 3. Evaluation of patient dose and quantitative image quality. The mean values are shown with standard deviation.

Mean AP chest thickness Mean ED Mean SSDE Region of Mean CT number
Scanner (cm) (mSv) (mGy) interest (HU) Mean noise (HU)
Norway
| 23.87 £ 2.58 2.03 £ 0.80 434 £ 1.40 Trachea —987.22 + 12.45 925+ 1.78
Lung parenchyma —892.93 + 42.19 12.02 + 4.54
Subcutaneous fat  —105.97 + 10.27 9.19 + 2.50
2 24.07 = 1.85 1.69 + 0.37 3.85 £ 0.72 Trachea —1001.35 £ 7.50 11.13 £ 1.85
Lung parenchyma —902.57 + 31.56 13.64 £ 3.26
Subcutaneous fat —114.17 + 4.83 12.29 = 1.19
3 23.73 £ 2.21 1.70 £ 0.57 3.67 £ 0.94 Trachea —1000.79 £ 4.51 8.67 £ 1.25
Lung parenchyma —906.61 + 34.69 9.40 £ 2.32
Subcutaneous fat  —114.16 + 8.50 772 £ 1.15
4 23.96 + 1.83 2.13 £ 0.64 393 £ 1.08 Trachea —1005.41 £ 6.52 828 £ 1.33
Lung parenchyma —906.40 + 33.98 11.01 £ 2.67
Subcutaneous fat  —117.33 + 8.93 873 = |.51
5 24.07 = 2.17 1.94 + 0.45 4.15 + 0.97 Trachea —986.29 + 10.70 941 £ 1.75
Lung parenchyma —879.06 + 31.06 12.00 + 3.54
Subcutaneous fat  —114.60 + 5.23 9.05 + 2.03
6 2451 £ 2.18 245 £ 0.70 5.09 £ I.10 Trachea —1004.58 + 8.84 7.86 £ 1.46
Lung parenchyma —888.43 + 24.17 11.37 + 3.05
Subcutaneous fat  —115.94 + 7.92 828 + 1.82
7 24.88 + 2.65 3.75 £ .58 7.83 £ 287 Trachea —980.31 + 8.33 14.76 + 2.77
Lung parenchyma —900.13 + 21.83 15.61 + 231
Subcutaneous fat  —120.49 + 10.03 17.15 = 341
Canada
8 25.39 £ 1.08 1.62 £ 0.24 3.48 + 0.52 Trachea —879.57 + 29.03 120.15 + 28.08
Lung parenchyma —822.25 + 38.46 153.29 + 28.08
Subcutaneous fat  —116.08 £ 6.14 225.83 £ 46.33
9 2493 £ 2.04 2.34 + 0.54 5.84 + 1.40 Trachea —947.56 + 851 61.05 + 7.84
Lung parenchyma —853.77 + 44.51 120.78 + 22.63
Subcutaneous fat  —116.08 + 6.14 160.90 + 21.80
10 25.03 + 0.30 1.03 £ 0.22 2.60 £ 0.59 Trachea —947.56 + 8.51 5491 £ 7.88
Lung parenchyma  —853.77 + 44.51 107.81 £ 32.20
Subcutaneous fat  —109.67 + 7.22 143.00 + 24.41
I 25.55 + 0.35 1.46 + 0.30 3.65 £ 0.86 Trachea —921.94 + 1741 82.32 + 15.98
Lung parenchyma —849.29 + 30.74 127.39 £ 21.52
Subcutaneous fat  —112.27 + 8.13 170.18 + 24.94
12 24.79 £ 0.70 1.18 + 0.21 3.0l £0.50 Trachea —927.28 + 13.68 81.95 + 13.37
Lung parenchyma —858.76 + 43.01 137.59 £ 37.61
Subcutaneous fat —103.87 £ 5.16 161.15 + 21.76

obtained from two identical scanner models (scanner #3 and
#6) with the same protocol but located at different hospitals.
Additionally, scanner #9 had a significantly higher mean
CTDI,,, value than the other Siemens scanners in the study.

The results of the descriptive statistical analysis performed
on the image quality measurements, mean CT numbers and
noise in each anatomic region, are presented in Table 3,
demonstrating higher (approximately factor of 10) noise level
measured on Canadian scanners for all ROIs. The highest
median SNR value in the trachea was produced by scanner #6
(Figure 3(a)), and scanner #3 had the highest median SNR
value in the lung parenchyma and subcutaneous fat
(Figure 3(b) and (c)), while scanner #8 produced the lowest

median SNR values in all ROIs (Figure 3(a)—(c)). The AN-
OVA test revealed statistically significant differences in mean
SNR values between the seven scanners in Norway, and
between the five scanners in Canada in all three regions of the
chest. The results of the two-sample #test indicated that
scanner #7 produced significantly lower SNR values in all
three ROIs when compared to the other six scanners in
Norway. In Canada, scanner #8 produced significantly lower
SNR values in all three ROIs when compared to the other four
scanners. Additionally, a comparison of the two identical
scanners, #3 and #6, revealed a significant difference in the
trachea (p = .039) and lung parenchyma (p = .022), but not in
subcutaneous fat (p = .697).
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Figure 2. Box-whisker plots of the CTDI,,, (a) and DLP (b) values representing all individual scanners. Each box demonstrates the
minimum, first quartile, median, third quartile, and maximum values. The central box represents 50% of the data distribution. The data
outside the central box represents 25% of the data on each end of the distribution, for a total of 50%. The whiskers represent the range
between the minimum and maximum values from each scanner. The mean is indicated by the cross in the middle of the box, and the
median is represented by the lines in each box. Outliers in the dataset are shown by dots outside the box-whisker plots.

Similarly, the ANOVA test demonstrated statistically
significant differences in the CNR values between the seven
scanners in Norway, and between the five scanners in
Canada with the highest median CNR determined on
scanner #3 and the lowest value on scanner #8, as shown in
Figure 4(a) and (b). The two-sample #-test results

determined a significantly lower mean CNR from scanner
#7 when compared to the other Norwegian scanners.
However, the CNR values obtained from the identical
scanners #3 and #6 were not significantly different (p =
.249). In Canada, scanner #8 demonstrated a significantly
lower mean CNR when compared to the other four scanners.
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Figure 3. Box-whisker plots demonstrating the distribution of calculated signal-to-noise (SNR) values in different regions in the chest:

trachea (a), lung parenchyma (b), and subcutaneous fat (c).

Discussion

This study assessed non-contrast enhanced LDCT chest
protocols utilized by 12 different CT scanners in Norway
and Canada and evaluated the impact on patient dose and
image quality. Results demonstrated a significant varia-
tion in dose indicators among individual scanners. The
study also found significant variation in SNR and CNR
values between the scanners in Norway and Canada.
These findings indicate that many of the scanners may
benefit from protocol optimization and dose reduction
efforts.

There are currently no DRL guidelines for diagnostic
LDCT chest.'%?° In contrast, the American Association of
Physicists in Medicine (AAPM) has published a guideline
for LDCT chest for the purpose of LCS.*' For screening of
average-sized adult patients (70-90 kg or BMI ~24) with
LDCT, the AAPM recommends CTDI,,, of <3 mGy 2*'
with appropriate reduction or increase in CTDI,, for
smaller or larger-size patients. In the present study, most of
the scanners were within the recommended dose from
AAPM except for scanners #7 and #9.

The study revealed that identical scanner models also
showed variations in dose contributions and image quality.
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Figure 4. Box-whisker plots demonstrating the distribution of the contrast-to-noise ratio (CNR) values for lung parenchyma in

comparison to the subcutaneous fat calculated for all scanners.

In particular, scanners #3 and #6 show significant differ-
ences in mean CTDI,; and SNR values, despite having the
same acquisition parameters (Tables 1 and 2). Although
they have the same installation year, scanner #3 has the
latest software compared to scanner #6. In addition, these
scanners are located at different hospitals so scan techniques
might differ. Similar findings have been reported by other
researchers.””>® Suntharalingam et al.** found that minor
differences in patient positioning, scan length, table height,
and z-axis scan range could result in great variation in
radiation doses for the follow-up examinations of the same
patients, even for the same CT scanner running an identical
protocol in combination with AEC. Similarly, a phantom
study by Marsh et al.®> demonstrated that patient posi-
tioning and table height in the CT gantry can significantly
affect estimates of patient size, AEC parameters, and
calculated SSDE.

Scanner #10 was the lowest dose contributor of the
scanners included in this study (Table 3). Of the Siemens
scanners included in the study, only scanners #10 and
#11 use fixed kilovoltage (kV) of 100 (Table 2). ATVS
technique allows for kV selection based on patient size and
body habitus obtained from the topogram and it is asso-
ciated with dose reduction when compared to fixed kV.*®
However, in this study, this was not the case. This dis-
crepancy may be attributed to the Care kV of the Siemens
scanners, which may allow for scanning at higher than the
100 kV used for the fixed voltages. A study by Spearman
et al.?” also found that while ATVS leads to a considerable
reduction in dose for most examinations, there are some
exceptions, such as unenhanced SDCT chest examinations,
where no significant reduction in CTDI,,; was observed.

The significant variation in SNR and CNR values observed
between the scanners in Norway and Canada may be explained
by several complex factors, such as type of IR algorithm,
reconstructed slice thickness, and acquisition parameters
(Tables 1 and 2). Guleng et al.?® found that each vendor al-
gorithm exhibits different noise reduction properties and that

this must be taken into consideration when comparing the
image quality performance of different algorithms. Conse-
quently, all the Philips scanners (# 1-6) used in the present
study showed lower noise and higher SNR and CNR values
compared to the rest. This is because the Philips scanners
utilized a MBIR algorithm (IMR), which has a higher noise
reduction potential than H/SIR (ASiR-V and Safire). Yuki
et al.*’ showed that IMR demonstrated a higher efficacy in
terms of noise reduction in chest CT examination when
compared to FBP and H/SIR algorithms, even at low doses and
thinner reconstructed slice thicknesses.

It was previously reported in the literature that IR al-
gorithms from different vendors demonstrated not only
different noise reduction properties but also variations in the
noise power spectrum affecting the visual appearance of
noise in the image.?®*°3! As a result, different facilities may
adjust the strength of the implemented IR that is sufficient
for certain clinical tasks, which may affect quantitative
image quality analysis expressed by the SNR and CNR
values. None of the included in the survey scanners em-
ployed the newer deep-learning reconstruction techniques
that were shown to allow for noise reduction without
“plastic” or “blotchy noise texture.”*?

There were several other limitations in this study. While a
sample size of 20 patients was deemed adequate for this
study, a higher number of examinations would have been
beneficial for the statistical analysis. The lack of recording
patient weight and height for LDCT chest examinations also
posed a limitation, as it made it impossible to calculate a
BMIL. This holds significance since the radiation dose can be
influenced by patients’ body habitus when utilizing AEC.
The lack of recorded scan length and mean kV for the
scanners utilizing Care kV also placed limitations on the
dose and image quality analyses. Information about scan
length would have been helpful in determining the effect of
overscanning on dose impact, and shed light on how
varying clinical practices affect overall dose levels. Addi-
tionally, information about mean kV would be beneficial in
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determining if the higher kV selection by the ATVS al-
gorithms could explain some of the observed variations. A
qualitative evaluation of image quality would also have
added valuable information, however all the images in-
cluded in this retrospective study were already evaluated by
radiologists and were deemed clinically acceptable. In
conclusion, the results of this study revealed a significant
variation in dose contributions, not only between scanner
models from the same vendor but also between identical
scanners from different institutions. There was a significant
difference in mean SNR and CNR values, both within and
between countries. These differences demonstrate the need
for standardization of LDCT chest examinations. Lastly,
there is a necessity for enhanced training of radiographers
regarding the impact of various scanning parameters on
radiation dose and image quality. This includes patient
positioning and scan length. By raising awareness about
these significant factors, radiographers can optimize both
the radiation dose delivered to patients and image quality in
their daily clinical practice.
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