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Abstract

Background \Whole-body computed tomography (WBCT) technique involves higher radiation doses, resulting

in increased stochastic health risks, especially when used for paediatric patients. Hence, protocol optimisation is
recommended to maximise its benefit-risk ratio, with several available strategies to achieve it. This study used the
figure-of-merit (FOM) approach to develop optimised protocols for paediatric WBCT examinations. The rationale is to
enhance diagnostic accuracy while minimising radiation exposure, ultimately improving patient safety and outcomes
for paediatric patients undergoing WBCT.

Methods Newborn and child (5-year-old) anthropomorphic phantoms were scanned with different scan protocols
and evaluated for dose and image quality using the CT-Expo and ImageJ programs, respectively. The protocols

for trunk examinations were divided into arterialphase-only and combined arterial and venous phase to develop
appropriate protocols based on patients'initial focused assessment with sonography for trauma (FAST) results. The
protocols with the highest FOMs were selected as the best optimised protocols.

Results The estimated WBCT ED (WBp) for the optimised protocols ranged from 2.6 mSv to 5.8 mSv with estimated
FOM of 3.83 to 59.35. The mean effective doses (EDs) for newborn and child arterial phase-only protocols were not
significantly lower than the combined arterial and venous phase protocols (p=0.069, 0.082 respectively), while the
mean signal-to-noise ratio of the combined phase protocols for newborn and child phantoms were insignificantly
higher than the single-phase protocol (p=0.089, 0.662 respectively).

Conclusion The estimated ED,,5 from this study were lower than established values. The selected protocols are
recommended for newborns and children (1-7 years) using the GE Revolution CT and Siemens SOMATOM Definition
Edge CT scanners.

Keywords Whole body computed tomography, Figure of merit, Anthropomorphic Phantom, Paediatric, Dose
optimisation
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Introduction

Computed tomography (CT) is regarded as a high radia-
tion dose modality with associated higher dose levels
than other imaging modalities such as general X-ray
examinations [1, 2]. Among the numerous advantages
of CT is its ability to assess multi-trauma patients with
injuries to multiple body parts using a whole-body CT
(WBCT) technique [3-7]. There is an increased use of
WBCT in trauma centres due to its efficient diagnosis [5].
Nonetheless, this technique involves even higher radia-
tion doses [4, 8, 9]. Notably, Jiang and Wang [9] reported
that depending on the scanner and the protocols used,
the effective dose (ED) from a single WBCT examination
could be as high as 30 mSv.

To reduce the risk of stochastic health associated with
WBCT, it is vitally important for practitioners to fol-
low radiation protection guidelines and recommenda-
tions [10]. One of the recommendations to maximise the
benefit-risk ratio during medical imaging in general and
WBCT in particular is to optimise examination protocols
[11, 12].

Strategies for optimising CT radiation dose include
scan length optimisation, adjustment of exposure param-
eters, and proper patient positioning [13—15]. Pace and
Borg [16] contend that a combination of dose and image
quality metrics into a figure-of-merit (FOM) enables the
comparison of image quality metrics independently of
dose, an approach that ensures a balance between dose
and image quality. The FOM is a single-value descriptor
of performance, with desirable attributes in the numera-
tor (image quality metric) and undesirable attributes in
the denominator (dose metric).

Many studies on protocol optimisation have focused
on adults and/or general paediatric CT. Subsequently,
facilities without age-specific paediatric protocols may
use modified adult CT protocols, resulting in increased
risk of stochastic health effects [17]. This study aims to
develop optimised protocols for paediatric WBCT exam-
inations using the FOM approach.

Materials and methods

Study design and study site

A phantom-based experimental study design [18] was
adopted to develop optimised protocols for paediatric
WBCT examinations at the Department of Radiology,
Innlandet Hospital Trust, Hamar, Norway.

Materials

The CT examinations were performed with the Gen-
eral Electric (GE) Revolution” CT (GE Medical Systems,
Waukesha, United States of America) and the Siemens
SOMATOM Definition Edge CT scanners (Siemens
Healthineers, Erlangen, Germany). Scans were per-
formed on Kyoto Kagaku newborn (PBU-80, < 1-year
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old) and child (PBU-70, 5-year-old) anthropomorphic
phantoms (Kyotokagaku America Inc., Los Angeles,
United States of America) positioned on CM Trauma-
Mattress™ (Comfort Medical AB, Sweden). In addition,
quality control (QC) tests were performed with Black
Piranha 657 (B2-16020228, RTI, Sweden) and Catphan®
500 (The phantom laboratory, Salem, NY, USA).

Methods

Quality control checks

QC checks on both scanners were performed prior to
the study in line with the International Electrotechnical
Commission’s (IEC) standards [19]. The tests included
dose measurement free in air, CT number, homogeneity,
and noise.

CT examinations

The two phantoms were positioned on an intra-hospital
trauma mattress (Fig. 1) and scanned in turns with differ-
ent protocols for both CT scanners. The Deep Learning
Image Reconstruction (DLIR) ‘high’ strength level and the
Advanced Modeled Iterative Reconstruction (ADMIRE)
strength 3 were used for examinations with the GE and
Siemens scanners respectively. Head examinations were
performed with non-contrast head protocols while the
body examinations were performed with either arte-
rial phase chest-abdomen-pelvis (CAP) or arterial phase
CAP and venous phase abdomen-pelvis (AP) examina-
tion. The height of the table was maintained at isocenter
for all examinations to avoid possible displacement. The
images obtained from the GE and Siemens scanners had
slice thickness of 0.625 mm and 0.750 mm respectively.
The average scan length, pitch, and slice thickness used
for each scanner have been provided in Table 1.

Effective dose and organ dose

The CT-Expo software version 2.5 (SASCRAD, Fritz-
Reuter-Weg, Buchholz, Germany) was used to estimate
the ED and organ dose for all tested protocols and the
organ doses associated with the optimised protocols. The
BABY and CHILD models in CT-Expo were used for the
baby and child phantom examinations respectively. Addi-
tionally, tissue weighting factors prescribed in ICRP pub-
lication 103 were adopted for this study. Table 2 shows
the various scan lengths used to estimate the ED and
organ dose from CT-Expo.

Image quality (1Q) assessment

IQ assessment was undertaken by qualitative scoring
and quantitative measurements. Qualitatively, two inde-
pendent radiologists ranked the images on a 5-point Lik-
ert scale [10] for artefacts, image noise, contrast, organ
visibility, and overall diagnosability. Inter-rater agree-
ment between the two radiologists was assessed with
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Fig. 1 Child phantom positioned on the trauma mattress
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Table 1 Average CT scan parameters

Parameter Newborn phantom Child phantom
GE Siemens  GE Siemens
scanner scanner scanner scanner
Scan length [cm] 2281 22.59 44.46 4582
Pitch 0.88 140 0.68 133
Slice thickness [mm]  0.63 0.75 0.63 0.75

the Cohen’s kappa coefficient. In contrast, quantitative
measurements were performed with the Image] soft-
ware version 1.54c (Wayne Rasband and Contributors,
National Institutes of Health, USA). The SNR was used as
the image quality descriptor and computed according to
Eq. 1, given by Gariani et al. [10].

Mean Signal in ROI
Standard Deviation in ROI

SNR = (1)

In determining the signal and noise for body examina-
tions, three circular regions of interest (ROIs) of equal

Table 2 Scan lengths used in dose calculation from CT-Expo
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dimensions (5.0 mm x 5.0 mm) were drawn on three
different images of the liver (for the child phantom)
and heart (for the newborn phantom) at the same slice
position. For the head examinations, four square ROIs
of equal dimensions (5.0 mm x 5.0 mm) were drawn on
the most homogenous axial images. Figure 2 shows how
the signal and standard deviations (noise) were obtained
from the Image] software version 1.54c (Wayne Rasband
and Contributors, National Institutes of Health, USA).

Selection of optimum protocols

The best optimum protocols were selected using the
FOM, determined as the ratio of the square of the SNR to
the ED (Eq. 2).

2
ronr = SN

D (2)

According to Pace and Borg [16], the FOM value
increases with an increase in efficacy. A higher FOM,

Scan range Scan length

From z- Toz+ L (em)

Male Female Male Female Male Female
Newborn Phantom
Head 28 28 38 38 10 10
Chest 14 11 25 22 11 11
Abdomen-Pelvis 0 1 18 18 18 18
CAP 1 1 23 22 22 21
Child Phantom
Head 48 48 63 63 15 15
Chest 26 24 43 40 17 16
Abdomen-Pelvis 0 1 28 27 28 26
CAP 0 1 41 40 41 39

Key: z- = start of scan range; z+=end of scan range; L=estimated scan length; CAP =chest-abdomen-pelvis
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Fig. 2 Signal and noise measurements in ImageJ software
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therefore, indicates an increased efficiency of the studied
protocol; hence, for each set of protocols, the protocol
with the highest FOM was selected.

Data analysis

The IBM SPSS Statistics for Windows, Version 26.0 (IBM
Corp., Armonk, N.Y.,, USA) was used to undertake both
descriptive and inferential analysis of the data. Due to
the non-normally distributed nature of the data from a
Shapiro-Wilk test (»p=0.001), a Mann-Whitney U-test
was used for inferential analysis and statistical differences
were considered significant at p <0.05.

Results

QC tests

Results for all tests performed were within the tolerance
limits and are available on request.

Effective dose and image quality

Inter-observer reliability (IOR) for qualitative IQ assessment
The IOR, assessed with Cohen’s Kappa, ranged from
0.621 to 0.831 indicating a moderate to strong agreement
between the two radiologists [20].

Mean ED and 1Q scores
The average ED of newborn trunk examinations per-
formed with only arterial phase protocol was 69.83%
lower than the ED of newborn trunk examinations per-
formed with both arterial and venous phase protocols,
although not statistically significant (U=11.00, p =0.069).
Similarly, even though the average ED of examinations
performed with arterial phase CAP protocol for the
child phantom was 23.53% lower than the ED examina-
tions performed with arterial phase CAP +venous phase
AP protocols, a non-significant difference (U=5.00,
p=0.082) was observed.

For the IQ, there were no statistically significant dif-
ferences (p>0.05) in the mean IQ scores between the

Table 3 Mean ED and IQ scores
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arterial phase CAP and the arterial phase CAP +venous
phase AP protocols, although the tests revealed higher
SNRs for the later while the former had higher qualita-
tive IQ scores than the later for both newborn and child
phantoms as presented in Table 3.

Selection of optimised protocols
GE scanner

Head protocols

One examination each was performed with the newborn
and child phantoms. Both protocols were selected as they
were adjudged to be of good diagnostic quality.

Newborn CAP protocols Five arterial phase CAP proto-
cols were tested for the newborn examinations, with Pro-
tocol GB1 producing the least ED and the highest FOM.
For the same set, Protocol GB3 was scanned in two series,
with the chest scanned separately from the AP. Proto-
col GB5 was a variant of Protocol GB1, with noise index
(NI) =20 and resulted in an ED of 1.60 mSv and SNR of
1.34. Even though Protocol GB4 had the highest SNR, the
associated DLP and CTDI, were 101.13% and 134.34%
higher than Protocol GB1. Additionally, Protocol GB3 was
scanned in two series, with the chest scanned separately
from the AP. The overlap, due to the multiple sequence,
resulted in an increased effective dose.

Protocol GB1 was subsequently selected as the best-
optimised protocol due to its high FOM. In contrast,
three newborn arterial phase CAP +venous phase AP
protocols were tested. Protocol GBI had the least effec-
tive dose and highest SNR. Protocols GBII and GBIII had
reduced pitch and resulted in increased EDs, although
the former, with tube voltage of 100 kVp, resulted in
higher ED than the latter with 80 kVp. Eventually, Proto-
col GBI was selected as the best optimised protocol.

1Q Descriptor Newborn [Mean + Standard p-value Child [Mean + Standard p-value
Deviation] Deviation]
9.1A(n=7) 9.1B (n=5) 9.1A (n=5) 9.1B (n=4)
Effective Dose
ED (mSv) 1.79+0.78 3.04+167 0.069 524+232 649+1.17 0.082
Quantitative IQ
SNR 1.76+046 1.82+091 0.894 5244232 649+1.17 0.662
Qualitative IQ
Artifacts 3.00+0.63 2.80+0.84 0.661 2.83+0.82 2.70+0.67 0.630
Noise 3454069 320+1.10 0.827 3674052 320+1.10 0.776
Contrast 345+0.69 340+0.89 1.00 3.60+0.55 333+0.52 0.776
Organ Visibility 3.09+0.54 1.86+0.55 0.221 3.67+0.52 3.20+0.84 0.630
Overall Diagnosability 3274061 3.00+0.79 0459 3.67+052 340+0.96 0.570

Key: SNR=signal-to-noise ratio; ED = effective dose from CT-Expo; 9.1 A=examinations performed with arterial phase CAP only; 9.1B=examinations performed with

arterial phase CAP+venous phase AP protocols
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Child CAP protocols Three (3) arterial phase CAP pro-
tocols were tested with the child phantom. Protocol GC2
had the least ED whereas protocol GC3 had the highest
ED. All the studied protocols had the same average over-
all subjective 1Q score (IQ=4 out of 5). Protocol GC4
was selected as the best-optimised protocol for its high
FOM. In contrast, two arterial phase CAP + venous phase
AP protocols were tested in this series. Protocol GCI
with auto-prescription and NI=26 had a higher effec-
tive dose than protocol GCII that was scanned without
auto-prescription. However, protocol GCI was selected as
the optimised protocol due to its higher SNR and FOM
than protocol GCII and was also adjudged to have a better
overall qualitative I1Q.

Table 4 describes the newborn and child protocols for
the GE scanner.

Siemens scanner

Head protocols One examination each was performed
with the newborn and child phantoms. The two were
accepted due to their adequate diagnostic ability.

Newborn CAP protocols In this series, two arterial
phase CAP protocols were proposed and tested. Protocol
SB1 produced a higher ED (1.60 mSv) and a lower FOM
(9.17) than Protocol SB2 (ED =1.50 mSv, FOM =13.74).
Additionally, Protocol SB2 had a better qualitative IQ score
than Protocol SB1 and was selected as the better of the
two protocols. Similarly, two arterial phase CAP + venous
Phase AP protocols were tested. Protocol SBI was selected
as the optimised protocol due to its better SNR, FOM and
qualitative IQ score than Protocol SBII, although the ED
associated with the former was 5.56% higher (Table 5).

Child CAP protocols Two arterial phase CAP proto-
cols and two two arterial phase CAP +venous Phase AP
protocols were tested. Protocol SC1 was scanned with
a 12.5% higher tube voltage than Protocol SC2. The for-
mer protocol was selected as the optimised protocol for
arterial phase CAP examinations due to its higher FOM.
Similarly, Protocol SCII scanned with a 12.5% higher tube
voltage resulted in a slightly better image quality than
Protocol SCI (Table 5) and was subsequently selected for
arterial phase CAP + venous Phase AP examinations.

Organ doses from the optimised protocols

Doses to the brain and eye lenses were estimated using
CT-Expo. The brain received lower dose than the eye
lenses for both newborn protocol (16.25 mSv vs. 18.70
mSv) and child phantom protocols (22.9 mSv vs. 29.05
mSv). Regarding the trunk examinations, the testis
received the minimum dose of 1.05 and 2.10 mSv from
newborn 9.1 A and 9.1B protocols respectively. The
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kidneys, bladder, prostate, ovaries, and uterus received
the maximum dose of 2.45 mSv in the newborn 9.1 A
protocols, whereas the ovaries and uterus received a
maximum dose of 4.3 mSv in the newborn 9.1B proto-
cols. For examinations performed with the child phan-
tom, the oesophagus received a minimum dose of 4.05
mSv and 4.30 mSv from the 9.1 A and 9.1B protocols
respectively. It was also found that the breast received
a maximum dose of 4.95 mSv from the 9.1 A protocols
while the kidneys received a maximum dose of 6.7 mSv
from the 9.1B protocols. The organ doses associated with
all examinations performed with the 9.1 A protocols had
a median value of 3.25 mSv (95% C.I1=2.69 to 3.62 mSv).
This was statistically significantly lower than the organ
doses from all examinations performed with the 9.1B
protocols, median =4.15 mSv (95% C.I=4.13 to 5.12 mSv)
[U=249.00, p<0.001].

Discussion

The study focussed on developing optimised age specific
paediatric WBCT protocols using the FOM approach.
The protocols were divided into examinations with only
arterial phase CAP and arterial phase CAP +venous
phase AP. This was necessary to obtain protocols that can
adequately diagnose trauma conditions based on results
from focused assessment with sonography for trauma
(FAST), a diagnostic test used to evaluate intraperitoneal
fluid in patients with suspected blunt trauma to the torso
[21].

Effective dose

The double sequence (9.1B) protocols resulted in higher
EDs than the single sequence (9.1 A) protocols for both
phantoms, albeit there were no statistically signifi-
cant differences (Table 3). In a similar study with adult
patients, Kim et al. [22] found no statistically significant
difference in cumulative effective dose between arterial
and venous phases (p=0.186) but significant difference
between arterial and combined phases (p<0.001). The
non-significant difference found in the current study
could be due to the use of trauma mattress, equipment
design, and size-specific paediatric protocols which are
known to affect CT doses [23—25]. Table 6 shows the esti-
mated WBCT EDs for newborn and child phantoms. The
result shows differences in ED between optimised arte-
rial phase-only (9.1 A) protocol and combined arterial
and venous phase (9.1B) protocols. The newborn phan-
tom protocols resulted in lower EDs than the child phan-
tom protocols. This indicates the need for radiographers
to use appropriate protocols based on patients’ age/size
and clinical history. The WBCT EDs from this study are
lower than Munk et al’s [26] reported EDs for WBCTs of
around 20.8 mSv. Low dose WBCT protocols has been
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Q M N Mm@+ m o shown to significantly reduce patient dose in comparison
with standard protocols for all age groups [27].
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Table 6 Estimated WBCT ED
GE scanner Siemens scanner
Optimised protocol EDyyg (MSV) Difference EDyg (MSV) Difference
9.1A 9.1B 9.1A 9.1B
Newborn 2.6 4.1 57.69% 2.7 30 11.11%
Child 44 58 31.82% 4.6 53 15.22%

Key: EDy,z = Whole-body CT effective dose; 9.1 A=dose from head +arterial phase CAP protocols; 9.1B=dose from head +arterial phase CAP +venous phase AP

protocols

Albany, USA) for both age groups<1 year and 6-10 years
[35]. In general, the organ doses estimated from the 9.1B
protocols were higher than the 9.1 A protocols. This could be
due to overlap in scan areas from the multiphase 9.1B exami-
nations. Nonetheless, the organ doses to the selected organs
of the trunk from this study were lower than those estimated
in the study by Gao et al. [35]. In that study, it was found that
the dose to the male gonads for age group<1 year to be 3.2
mSv against 2.10 mSv from this study and 9.9 and 8.5 mSv
respectively for child examinations against 4.65 and 4.4 mSv
to testis and ovaries respectively from this study. Similarly,
this study’s organ doses were within acceptable ranges and
were lower than values indicated in literature [36, 37].

Limitations

The study did not assess the influence of other param-
eters such as pitch, slice thickness, and scan length due
to the fewer number of scans performed. The non-human
equivalent CT numbers in the newborn phantom also
limited the assessment of the image quality.

Conclusion

The estimated EDy from this study were lower than
established values, although the study found higher doses
for combined arterial and venous phase protocols due to
the double sequence used. The use of appropriate image
quality reference parameters (noise index and quality ref-
erence mAs) should be used by considering the slice thick-
ness and patient body size when scanning with the GE
Revolution CT and the Siemens SOMATOM Definition
edge CT scanners at the study site. It is recommended that
adequate assessment of patient’s clinical history should be
made when deciding on which protocol to use.
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