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Abstract

Single-photon emission computed tomography combined with computed tomography (SPECT/CT) has revolutionized nuclear
medicine. Nevertheless, the addition of CT has increased the patients' exposure. We aimed to evaluate the contribution
of low-dose CT scans to the total effective dose for '*’I-metaiodobenzylguanidine SPECT/CT examination in a pediatric
population. The mean effective doses of SPECT, CT, and SPECT/CT were 4.96 mSv, 0.69 mSv, and 5.64 mSyv, respectively.
The CT effective dose was significantly lower than the SPECT one. The mean of the additional radiation exposure due to
CT was 14% (2-37%). This radiation dose is not negligible. However, taking into account the benefit of hybrid imaging, this

additional radiation remains justifiable.
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Introduction

Neuroblastoma is the most common malignant neoplasm
in childhood [1]. It arises from primitive neuroblasts of the
embryonic neural crest, and therefore, can occur anywhere
within the sympathetic nervous system [2]. It synthesizes,
stores, and releases catecholamines and their precursors. The
radiolabelled metaiodobenzylguanidine (mIBG), an analog
of guanethidine which is taken up by tumors derived from
the neural crest, has excellent sensitivity and near-absolute
specificity in the imaging of neuroblastoma [3]. It is used at
different stages of the disease: initial diagnosis, therapeutic
evaluation and search for recurrence. For the initial exten-
sion assessment, it makes it possible to establish the exten-
sion assessment and assess tumor avidity. For the therapeu-
tic evaluation, it makes it possible to evaluate the response
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of the primary tumor and of the metastatic lesions, with
high specificity. In fact, it is not affected by post-treatment
changes. For the search for recurrence, it makes it possible
to establish the assessment of extension of recurrence. In
addition, it can select eligible patients for internal vector-
ized radiotherapy with '*'I-mIBG, by assessing the number
and the avidity of lesions [4, 5]. Moreover, it has prognostic
value. In fact, recently, scores have been validated to quan-
tify bone metastases. A significant reduction after chemo-
therapy of mIBG avid metastases has a better prognosis [6,
71.

The mIBG scintigraphy is a functional imagery, poor in
anatomical landmarks. The tomographic acquisition, single-
photon emission computed tomography (SPECT), improves
the localization of anomalies. Currently, hybrid imaging
(SPECT/CT) combining SPECT and Computed Tomogra-
phy (CT), which provides anatomical information, increases
the performance of scintigraphy [8, 9]. It also makes it pos-
sible to differentiate the pathological foci from those which
are physiological. In addition, the CT, which allows attenu-
ation correction, improves the quality of images [10].

For neuroblastoma, it has been proven in the literature
that SPECT/CT can provide additional diagnostic advan-
tages over diagnostic CT and detected more function-
ing lesions than planar imaging [8, 9, 11]. The study by
Ben-Sellem et al., including 56 SPECT/CT performed in
40 children, objected that SPECT/CT provided additional
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information in 88% of the examinations, which was crucial
in 20% of the cases. It better characterized the lesions and
their locoregional extension (44 cases) and better staged
lymph node involvement (28 cases). It detected new lesions
(33 cases) and ruled out nine false positives [10]. The study
by Theerakulpisut et al., including 86 SPECT/CT, objected
that hybrid imaging diagnosed additional lesions in 23.2%
of cases, better localized lesions in 21.1% of cases, charac-
terized suspicious lesions in 85.7% of cases and confirmed
the metabolic nature of the anatomical lesions in 94.4% of
cases [12]. Additional information provided by SPECT/CT
over planar images was also objectified by Nadel in 29% of
cases and by Liu et al. in 39% of cases [13, 14].

However, the addition of even a low-dose CT, sufficient
for the anatomic referencing of SPECT lesions and for the
attenuation correction [15, 16], increases the overall deliv-
ered dose of radiation [17].

Children represent a population that is particularly sensi-
tive to ionizing radiation, characterized by increased radio-
sensitivity of certain tissues compared to adults, a long life
expectancy, with a consequent higher probability of devel-
oping cancer [18-20]. It is, therefore, necessary to keep the
radiation dose as low as reasonably achievable (ALARA).

The aim of this study was to evaluate the contribution of
CT scans to the total effective dose for '’ I-mIBG SPECT/
CT examination in a pediatric population.

Materials and methods
Study population

We prospectively studied a series of 30 children followed
for neuroblastoma and benefiting from a '2I-mIBG scin-
tigraphy, necessarily including in its protocol at least one
SPECT/CT acquisition.

Patients were divided into five groups: group A
(age<2.5 years), group B (2.5 years <age <7.5 years), group
C (7.5 years <age <12.5 years), group D (12.5 years <ag
e <17.5 years), and group E (17.5 years < age < 18 years).
The examination was carried out with a hybrid machine

combining a dual-headed SPECT unit and an integrated
2-slice CT scanner (Symbia T E-Cam, Siemens Healthcare
Erlangen Germany). Thyroid blockage, crucial in protecting
the thyroid from unnecessary radiation mainly in children,
was achieved by taking potassium iodide for 5 days (3 days
before and 2 days after the radiopharmaceutical injection).
125_mIBG was injected into a peripheral vein. The admin-
istration was slow, to avoid the potential side effects of
mIBG (vomiting, tachycardia, pallor, and abdominal pain).
The activity injected depended on the age of the patient
(Table 1). A series of images was acquired 24 h later.

1231_mIBG SPECT/CT imaging protocol

The energy window was 159 keV + 10%. For children under
15 years of age, static acquisitions were made in anterior
and posterior incidences, sweeping the whole body. The
acquisition/image time was 600 s. The matrix was 256 X 256.
The zoom was adapted to age. For the rest of the patients,
a whole-body scan was performed. The scanning speed
was 8 cm/min. The matrix was 256 X 1024. In some cases,
the scanning was supplemented by a centered static image
(600 s, 256 X 256 matrix).

The SPECT consisted of the acquisition of 32 projections
of 40 s/head, with a total of 64 projections over 360. The
acquisition matrix was 128 X 128. The energy window was
159 keV + 10%. The tomoscintigraphic reconstruction used a
filtered back projection and the images were smoothed with
a Butterworth filter. The SPECT was instantly followed by
CT acquisition, where the parameters were: tube voltage of
130 kV; 2% 2.5 mm collimation; pitch of 1.5; slice thickness
of 1 mm; matrix of 512512 and acquisition time of 2.4 s.

This low-dose CT protocol provides acceptable image
quality for this hybrid examination.

Dosimetric study

The contribution of the effective dose of '*I-mIBG scin-
tigraphy for each patient was calculated by multiplying
the average administered activity for all patients by the
conversion factors “effective dose per unit of administered

Table 1 Effective dose Egpger
of the '2)I-mIBG scintigraphy

Age group Number of Average

Dose per unit Effective dose  Diagnostic reference levels

patients activity activity (mSv/ Egpger (mSv)  (mSv)
(MBq) MBgq) ;

EANM  North American
2014 [8] guidelines [8]

A 10 111 0.068 7.548 5.1 3.5

B 13 111 0.037 4.107 4.8 3.7

C 5 111 0.026 2.886 53 4.3

D 148 0.017 2.516 5.5 49

E 1 222 0.013 2.886 52 5.5
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activity” [15] listed in the International Commission on
Radiological Protectin [21].

The effective dose from the CT portion of the exami-
nation was calculated from the product of the dose
length product (DLP) and a body-region-specific con-
version factor k (mSV'mGy‘l'cm‘l) [22]. DLP is a value
given, for each patient, by the machine’s acquisition sta-
tion. It depends on the scan length and the acquisition
parameters.

The total effective dose of SPECT/CT (Egpgcrycr) 18
the sum of the effective doses Egpgcr and Eqp [15].

The percentage contribution of the additional radiation
of the CT (%Er) is given by the following equation:

E
T % 100.

%Ecr = ——————
e Egpper/CT

Statistical analysis

Quantitative variables were expressed using
means =+ standard deviation. For qualitative variables, an
evaluation of frequencies was used. Means were com-
pared using the Student ¢ test. A p value of less than 0.05
was considered statistically significant.

Results

The mean age was 5.27 years, ranging from 8 months to
18 years. Patients were 19 boys and 11 girls. The sex ratio
F:M was 1.7. There were 10 children in group A, 13 in group
B, 5 in group C, and 1 in groups D and E.

Table 1 displays, for each group, the average activity of
IBLmIBG injected, the conversion factors “effective dose
per unit of administered activity” used, the effective dose
for SPECT portion of the examination and the Diagnostic
Reference Levels (DRLs) set by two references: the ver-
sion 214 of the European Association of Nuclear Medi-
cine (EANM 2014) and the North American guidelines.
The average effective dose was 4.96 +1.93 mSv (range
2.886—7.548 mSv). Group A was the most exposed to radia-
tion. It exceeded the DRLs set by the EANM 2014 and the
North American guidelines.

Table 2 shows, for each anatomical region scanned and
for each group, the mean and the interval of DLPs. Then,
we compared them to the DRLs [23]. No patient exceeded
these values.

The average effective dose due to CT portion was
0.689 +0.226 mSv. Table 3 details the mean and the interval
of these doses, for each anatomical region scanned and for
each group. The lowest value was for the head—neck region
due to the lower weighting factors of the irradiated tissues in
this region. Figure 1 shows that this dose increased with age.

Table 2 Comparison of dose
length product obtained with
diagnostic reference levels

Table 3 Effective dose E.p of
computed tomography

Area Age group  Dose length product (mGy cm) Diagnostic reference
— - levels (mGy cm) [9]
Minimum Maximum  Average

Abdomen and pelvis A 18 28 22.67 80

Abdomen and pelvis B 22 36 32.8 120

Abdomen and pelvis C 38 56 45.6 245

Abdomen and pelvis D - - 49 245

Abdomen and pelvis E - - 109 800

Head and neck A - - 20 50

Thorax, abdomen, and pelvis B - - 34 185

Explored area Number of Age group Effective dose E.;  Average effec-

patients interval (mSv) tive dose Ep

(mSv)

Abdomen and pelvis 9 A 0.57-0.84 0.68+0.11

Abdomen and pelvis 12 B 0.44-0.72 0.657+0.08

Abdomen and pelvis 5 C 0.44-0.84 0.684+0.11

Abdomen and pelvis 1 D 0.745 0.745

Abdomen and pelvis 1 E 1.679 1.679

Head and neck 1 A 0.170 0.170

Thorax, abdomen, and pelvis 1 B 0.646 0.646
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The average effective dose induced by SPECT/CT examina-
tion was 5.64 +1.89 mSv. Table 4 details the mean and the
interval of these doses, for each anatomical region scanned
and for each group. The highest value was for the group A,
followed by group B (Fig. 2). The average contribution of
CT scans to the total effective dose for SPECT/CT exami-
nation was 14 +7%, and ranged from 2 to 37%. The CT
doses were significantly lower than the radiopharmaceuti-
cal administered doses (p <0.05). Table 5 details this con-
tribution for each anatomical region scanned and for each
group. The lowest value was for group A. This contribution
increased with age (Fig. 3).

Fig. 1 Distribution of aver-
age effective doses Ep by age

group
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Table 4 Effective dose Egpgcr/cr of the SPECT/CT examination

Discussion

The results presented in this study demonstrate that the
addition of CT in the SPECT/CT hybrid imaging increases
patient radiation dose. In fact, the total effective dose for
SPECT-CT examination is the sum of the effective dose
induced by radiopharmaceutical injected to patient and the
effective dose induced by CT portion. The effective dose
is an important parameter for comparing the doses and the
risks of ionizing radiation due to the various diagnostic
examinations.

B C D E
Age group

Explored area Number of Age group

Effective dose

Effective dose E-;  Effective dose Average effective

patients Egpger (mSv)  interval (mSv) Egpper/cr interval dose Egpperycr
(mSv) (mSv)

Abdomen and pelvis 9 A 7.548 0.54-0.84 8.088-8.388 8.228
Abdomen and pelvis 12 B 4.107 0.44-0.72 4.547-4.827 4.763
Abdomen and pelvis 5 C 2.886 0.57-0.84 3.456-3.726 3.57
Abdomen and pelvis 1 D 2.516 0.7448 3.260 3.260
Abdomen and pelvis 1 E 2.886 1.6786 4.565 4.565
Head and neck 1 A 7.548 0.17 7.718 7.718
Thorax, abdomen, and pelvis 1 B 4.107 0.646 4.753 4.753
Fig.2 Distribution of average 10
effective doses Egppcrycr by age %
group s 8
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)
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Table 5 Percentage contribution of the additional radiation of the CT (%Ey) by the region explored and age group

Explored area Num- Age group Average effec-  Average effec- Average effective ~ Percentage contribution of the
ber of tive dose E¢p tive dose Eqpper  dose Egpperjer additional radiation of the CT
patients (mSv) (mSv) (mSv) (%Ecr)

Abdomen and pelvis 9 A 0.68+0.1 7.548 8.23+0.1 9

Abdomen and pelvis 12 B 0.657+0.08 4.107 4.764 +0.08 14

Abdomen and pelvis 5 C 0.684+0.12 2.886 3.57+0.12 19

Abdomen and pelvis 1 D 0.7448 2.516 3.26 23

Abdomen and pelvis 1 E 1.6786 2.886 4.565 37

Head and neck 1 A 0.17 7.548 7.718 2

Thorax, abdomen and pelvis 1 B 0.646 4.107 4.753 14

Fig. 3 Distribution of per- 40.00%

centage contribution of the E 35.00%

additional radiation of the CT g 7P

(%Er) by age group -E 30.00%

S 25.00%

S

» 20.00%

=

gn 15.00%

£ 10.00%

%}

2 5.00% .

=

n°_ 0.00%

A B C D E
Age group

The effective dose induced by the '**I-mIBG scintigraphy
was calculated as the product of the average of administered
activity and the effective dose per unit administered activity.
The latest factor, determined from the ICRP 80 [15] depends
on age. The effective dose induced by the '*I-mIBG scintig-
raphy is as well an age-dependent factor. It ranged between
2.52 and 7.55 mSyv, with an average of 4.96 mSv. It is higher
than that obtained by Michael et al. (2.6-2.9 mSv) [24].
Children under 2.5 years of age (group A) were the most
exposed to radiation. The effective dose for the 10 patients of
this group exceeded the dose limits set by the EANM 2014
(5.1 mSv) and the North American guidelines (3.5 mSv).
For the group B (children over 2.5 years and under 7.5 years
of age), this dose exceeded the North American guidelines
but remained lower than the EANM 2014 dose. For all older
patients (groups C, D, and E), it was below the thresholds
proposed by these two organizations. Besides age, this effec-
tive dose also depends on the radiopharmaceutical admin-
istered. It was higher for '3'I tracers than for *™Tc ones.
Among *™Tc tracers, it was the highest for the **™Tc-MIBI
(MethoxylIsoButylIsonitrile) [16, 17].

To estimate the effective dose induced by the CT, we used
the DLP method. Like other dose-calculation methods, such
as the CTExpo [25] and ImpacDose [26] programs, the DLP
method shares similar uncertainties [27, 28]. We chose it for

its simplicity of use. It is based on the product of two age-
dependent parameters: the conversion factor k and the DLP.
The first parameter takes into account the variation in the
biological sensitivity of the different organs. Therefore, it
depends on the anatomical region explored. It is the highest
for the abdomino-pelvic region, which is the most radiosen-
sitive. Several k conversion coefficients for diagnostic CT
were published [15, 29, 30], where our choice was the ICRP
80 publication [21]. The DLP, provided by the scanner,
depends on the length of the irradiated region. For the same
region, it increases with age. For the 30 patients of our study,
the DLP values were lower than the DRLs [23], regardless of
the age and the region explored. In this study, the effective
dose induced by the CT ranged from 0.17 to 1.68 mSv, with
an average 0.69 mSv. It was lower for the head—neck region
than abdomino-pelvic one. These values are within the range
of the effective doses induced by low-dose CTs published
by other authors. Vallin et al. found, for pediatric popula-
tion, the value of 1.1 mSv for chest scan and 1.3 mSv for
abdomen and pelvic scan [31]. Montes et al. found that the
average effective dose of CT of 145 adult SPECT/CT exami-
nations varied depending on the region explored, lower
(0.6 mSv) for the head—neck region (three examinations)
and higher (1.2 mSv) for neck—thorax (71 examinations) and
abdomino-pelvis (57 examinations) regions. It depends also
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on the scanned length; it was 2.6 mSv for whole body [15].
Values found by Sawyer et al., on phantoms, were 0.1 mSv
for a head scan, 0.9 mSv for a chest scan and 1.5 mSv for an
abdomino-pelvic scan [28]. Those found by Brix et al. for
whole-body imaging were 5 mSv [32].

The total effective dose ranged from 3.26 and 8.34 mSyv.
It was higher for the younger category (under two years and
a half). The average was 5.64 mSv. This value depends on
the nuclear tracers. In a pediatric study including 78 Posi-
tron Emission Tomography coupled with CT (PET/CT) with
BE-FDG (2-deoxy-2-fluorine- 1 8fluoro-p-glucose), the aver-
age effective dose was 24.8 mSv and ranged from 6.2 to
60.7 mSv [33].

To quantify the additional radiation induced by the CT,
we calculated the percentage of the effective dose induced
by CT to the total dose delivered by the hybrid imaging.
This value increased with age. It ranged from 2 to 37%, with
an average of 14%. This value depends on the examination
carried out, in particular, the length explored by the CT. In
SPECT/CT examination, often only one region is explored
by the CT. This value remains relatively low compared to the
effective dose induced by the radiopharmaceutical admin-
istration, such as in our study. Law et al. got the same value
(14%) for an adult population benefiting from breast lym-
phoscintigraphy in search of the sentinel node of breast can-
cer [34]. Other studies in adults have found higher values:
60% for *™Tc-MDP (methylene diphosphonate), 65% for
99MTc-MIBI and 42% for "*'I-mIBG [16, 17]. For PET/CT,
the region explored by CT often extends from the vertex to
mid-thigh. Therefore, the CT additional radiation increases
considerably. It reached 66% in the study of Quin et al. [35],
76.7% in the study of Khamwan et al. [36] and 78.2% in the
study of Paiva et al. [37]. There are several ways to reduce
CT doses. The implementation of these methods requires
close collaboration between medical physicists, manufac-
turers, radiologists, technologists, and referring physicians
to be effective. We cited the optimized scanning parameters
which include the tube current, tube voltage, filtration, col-
limation, reconstruction method, reconstruction filter, slice
thickness, pitch, and scanning length. There are other param-
eters such as the automatic exposure control, the iterative
image reconstruction and the adaptive collimation to reduce
effect of ‘overscanning’ [24]. Another important parameter
to reduce the dose delivered by the CT is the use of low-
dose CT scan. The goal of adding the CT in hybrid imagery,
notably SPECT/CT is to provide anatomical landmarks and
to improve the quality of the images thanks to the attenua-
tion correction. This can be achieved using a low-dose CT
scan. On one hand, it has been demonstrated in phantoms
that a low-dose CT scan can be adequately used for attenu-
ation correction in SPECT and PET studies [3, 38], thereby
reducing radiation exposure significantly. On the other hand,
low-dose CT scans were useful for localizing the functional

@ Springer

alterations found on SPECT images, despite the noisy
images these CT scans yield.

The higher cell mitosis rate, the longer post-exposure
life expectancy and the smaller body size make pediatric
patients more radiosensitive. Therefore, special radiation
protection measurements have to be taken into consideration
[39]. Therefore, patients should not receive a radiation dose
unless it is widely justified [15]. Once justified, it is essen-
tial to apply the ALARA principle of exposure to ionizing
radiation without sacrificing diagnostic information. Sev-
eral publications report that the radiosensitivity of pediatric
patients is ten times greater than that of middle-aged adults.
In addition, most CT services currently use pre-programmed
CT protocols and do not consider protocols specific to age,
weight, body size, and composition [39].

In recent years, hybrid SPECT/CT imaging, by provid-
ing functional and anatomical fused images, combines the
advantages of these two imaging methods: high anatomic
resolution for the CT and good specificity for SPECT [15].
This has also been demonstrated for the '>*I-mIBG scin-
tigraphy in the management of neuroblastomas. Several
studies have shown the contribution of hybrid imagery with
123 mIBG in this cancer. In a study of 44 children, Nadel
et al. suggested that the SPECT/CT has allowed completely
staging or restaging 27 children. They have also found 29%
value-added information [13]. This rate was 39% in the study
of Liu et al. [14]. In another study including 86 SPECT/CT
done in 36 patients, SPECT/CT detected additional lesions
in 23.2% of cases, helped localize lesions in 21.1% of cases,
resolved suspicious findings in 85.7% of cases, determined
functional status of lesions on anatomical imaging in 94.4%
of cases and changed diagnosis from a negative to a positive
study in 19.5% of cases [12]. '*)I-mIBG SPECT/CT hybrid
imaging in children with neuroblastoma allows detection
of new lesions, better characterisation of the lesion and its
locoregional extension, and better lymph node staging. It,
therefore, has an undeniable added value that improves the
interpretation of planar imaging and influences patient man-
agement [10]. These potential benefits of this dual modality
imaging justify the additional radiation induced by the CT
in this pediatric population. However, to optimize this dose,
it is recommended to use a low-dose CT scan.

To our knowledge, this is the first study in published lit-
erature that evaluates the dosimetry of '?I-mIBG SPECT/
CT in a pediatric population. However, it has certain limi-
tations that are required to be acknowledged. The first one
is the small number of patients, although justified by the
fact that the SPECT/CT is not systematically included in
the '2I-mIBG scintigraphy protocol (requested according
to the planar imaging results). The second one is the use
of the DLP method which presents uncertainties. For more
accurate estimations, it would be necessary to calculate the
dose absorbed by the irradiated organs.
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Conclusion

The CT of hybrid SPECT/CT systems enables, by fusing
functional information from the SPECT and anatomical
ones from the CT, to improve the quality of image and
the diagnostic performances of scintigraphic imaging. We
estimated the additional radiation exposure due to low-
dose CT for SPECT/CT with '**I-mIBG in a pediatric pop-
ulation. The mean was 14%. In addition, the CT effective
dose was significantly lower than the SPECT one. Given
the potential benefits associated with this hybrid imaging,
this relative increase is considered acceptable. Neverthe-
less, the “As Low as Reasonably Achievable (ALARA)”
principle must be respected to ensure that the patient is not
subjected to unnecessarily high levels of radiation.
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