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Abstract — The increasing use of the integrated '®F-fluoro-deoxy-glucose (FDG) positron emission
tomography/computed tomography (PET/CT) imaging modality in the management of tubercular lesions
raises concerns about associated radiation exposure. This work aimed to study the effects of CT model and
study protocols on the overall radiation dose from a PET/CT examination. Two PET/CT systems with five
representative CT exposure protocols applied for clinical patients in PET/CT imaging following
retrospective evaluation were studied. CT doses were calculated using the CT-Expo dosimetry software
(version 2.4), while the PET component dose was estimated applying the International Commission on
Radiological Protection (ICRP) 106 dose coefficients. The total effective dose ranged from 8.0 to 24.05 mSv
for system I and 8.35 to 26.85 mSv for system I, resulting in differences of 4.3 to 15% for the low-dose scan
and 4.1 to 11% for standard dose scans. The CT component contribution to the total dose was between 32 and
77% for system I, and 35 and 79% for system II. However, the contributions were not significantly different
(p > 0.05) for all protocols. The observed variation in CT contribution represents a requisite pedestal on the
need for a nation-wide dose assessment for further optimization of the imaging procedure to maximize
benefit to patients.
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1 Introduction

The effectiveness of positron emission tomography with
'®F_fluoro-deoxy-glucose ('*F-FDG) in detecting active tuber-
culoma and other tuberculosis (TB)-related lesions, assessing
the involvement of pulmonary and extra-pulmonary TB and its
activity within the body, is well documented (Goo et al., 2000;
Kim et al., 2008; Hahm et al., 2010; Skoura et al., 2015). The
major concern of this non-invasive method of imaging is the
additional radiation exposure from CT acquisition together
with the internal exposure (y-ray) from the administered tracer,
since FDG-PET scans often require an anatomic imaging study
typically a CT examination, for attenuation correction and
optimal tracer uptake interpretation (Alessio et al, 2004;
Karam et al., 2008; Soussan et al., 2012).

It is known that an '®*F-FDG PET/CT scan is accompanied
by increased radiation dose capable of enhancing the risk of
cancer induction with the CT component contributing up to
81% of the total effective dose (Huang et al., 2009; Kaushik
et al., 2013). Consequently, modification of the CT imaging
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parameters has been identified as a significant step to reducing
dose to individual patients (Kumar et al., 2012; IAEA, 2013).

South Africa (SA), one of the world’s high-burden
countries (HBCs) with TB epidemics and the fifth highest
number with estimated prevalent (undiagnosed active TB)
cases (Churchyard et al., 2014; WHO, 2016) is witnessing a
gradual increase in the use of this imaging modality. However,
this increasing use of PET/CT in the diagnosis, staging, and
assessment of therapy response in infected patients raises the
important consideration of the associated radiation dose. The
knowledge of the dose is essential for clinicians and
radiographers in checking standards of good practice as an
aid to optimization of patient protection and also determining
associated risks so that the diagnostic technique is properly
justified (Wall, 1996).

The measure of the potential detriment from a radiographic
procedure is best quantified by the radiation protection
quantity, effective dose (ED). ED is not directly measured,
but calculated based on equivalent doses to organs and the
radiosensitivities of the organs (McCollough and Schueler,
2000; Mettler et al., 2008). Therefore, assessing the ED of the
CT component of a whole-body PET/CT by experimenting
with real subjects are not only dangerous but impossible, and
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Table 1. Standard clinically applied CT exposure parameters used on different PET/CT systems (system I).

CT protocol Tube Tube current- Pitch  Acq. slice Beam Table Reconstructed
potential (kV)  time (mAs) thickness (mm)  collimation (mm)  feed (mm) slice thickness (mm)

A 120 30 1.75 0.625 10 17.5 3.75

B 120 50 1.75 0.625 10 17.5 3.75

C 120 100 1.75 0.625 10 17.5 3.75

D 120 150 1.75 0.625 10 17.5 3.75

E 140 150 1.75 0.625 10 17.5 3.75

Table 2. Standard clinically applied CT exposure parameters used on different PET/CT systems (system II).

CT Protocol Tube Tube current- Pitch Acq. slice Beam Table Reconstructed slice
potential (kV) time (mAs) thickness (mm) collimation (mm) feed (mm) thickness (mm)

A 120 30 0.75 16 x 1.5 24 18 3

B 120 60 0.75 16x 1.5 24 18 3

C 120 80 0.75 16 x 1.5 24 18 3

D 120 125 0.75 16 x 1.5 24 18 3

E 140 150 0.75 16 x 1.5 24 18 3

the estimation from the product of the scanner-derived whole-
body DLP (Dose-Length Product) value and a conversion
factor often neglects regional differences when determining
CTDIvol (Computed Tomography Dose Index) and the
conversion factor from DLP to ED (Inoue et al., 2015).
Monte Carlo simulation software has become one of the ways
of proffering solutions to these problems.

The aims of this study were thus to: (i) quantify the effects
of CT model and exposure protocols on the overall radiation
effective dose to patients for commonly performed CT
techniques in an '®F-FDG PET/CT examination; (ii) assess
if the overall PET/CT dose resulting from the change in CT
model and protocols are within acceptable values in literature;
and (iii) analyze possible parameters affecting the radiation
dose from the CT component. Specifically, comparisons were
made between dosimetry results obtained using the CT Expo™
dosimetry program (version 2.4) from specific CT study
parameters during PET/CT acquisition with two different PET/
CT systems. The data presented in this study will provide
guidance on where efforts on dose reduction will need to be
directed to fulfill the requirements of optimization and also
serve as a reference for future work.

2 Materials and methods
2.1 PET/CT system and protocols

Two 16-slice PET/CT systems from different manufac-
turers namely the General Electric Healthcare (Discovery STE,
16) consisting of a PET scanner with bismuth germanate oxide
(BGO) crystals detector and the Philips Medical Systems
(Gemini TF 16) with a lutetium-yttrium oxyorthosilicate
(LYSO) crystals detector based PET, denoted as systemsI
andII, were considered for this study. Standard patient
preparation included at least 5 h fasting or longer and a serum

%}ucose level of less than 10 mmol/L (180mg/dL) before

F-FDG injection. PET images were acquired one hour after
intravenous '"F-FDG administration typically in three-
dimensional mode because of scanner enhanced sensitivity,
at 3 min per bed position after CT acquisition with the patient
positioned so that the PET scan matches the same anatomic
extent imaged during the CT acquisition.

The acquisition parameters of the CT protocols in this
study (Tabs. 1 and 2) were based on what is routinely used for
clinical patients in each facility, following retrospective
review. Helical transmission CT is performed at a photon
energy between tube voltages 120140 kVp, tube current-time
was varying by using the automatic exposure control (AEC)
technique over the individual patient’s anatomy on the basis of
a scout view and relative to the prescribed noise index value:
1) a low-dose scan in which the CT component serves as a fast
transmission source for attenuation correction and anatomical
localization in previously acquired diagnostic CT examina-
tions or 2) a standard radiation dose scan with IV contrast
given for attenuation correction and diagnostic purposes.

Protocols A and B, in each unit, are the low-dose CT scan
most frequently performed for PET attenuation correction and
anatomic localization. Protocols C, D and E were for
diagnostic scans with D and E predominantly for contrast-
enhanced studies and patients with larger body habitus wherein
the tube current are maximized. The total duration of PET/CT
examination was about 25minutes except in the case of
melanoma patients.

2.2 CT dosimetry

The estimation of organ and effective dose (ED) from CT
by the CT-Expo® dosimetry program (version 2.4) was carried
out base on the selection of characteristic CT model,
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Fig. 1. The ADAM and EVA phantoms of “CT-expo®™” used for CT
dosimetry calculations: the division corresponds to the anatomical
length of scan region.

LightSpeed 16, and the Brilliance 16 scanners stored in the
software database for each system. The CT Expo dosimetry
program, an MS Excel application written in Visual Basic
permits dose calculations for four gender-specific mathemati-
cal phantoms, namely: ADAM, EVA, CHILD and BABY
(Kramer et al., 1982). On the account of acquisition protocols
presented in Tables 1 and 2 with a prescribed imaging range
(identical for all patients as determined by the ADAM/EVA
phantom) covering the entire torso from skull base to the
pelvis, embodying common sites of infection such as the
cervical, mediastinal, abdominal, and pelvic lymph nodes—
(Fig. 1) the effective dose from the CT component was
calculated applying the International Commission on Radio-
logical Protection (ICRP) Publication 103 (ICRP, 2007) tissue
weighting factors.

2.3 Internal dosimetry

The average activity (4) of '®F-FDG administered for
adults (male and female) was assumed to be 305MBq
(8.2mCi) (Sathekge et al., 2014). This activity has an uptake
time of 60 min with intravenous contrast given. Equivalent

dose, D7to atissue or organ T from the administered activity 4
of "®F-FDG was computed by means of dose coefficients
provided by the ICRP Publication 106 (ICRP, 2008) for a
variety of organs and tissues of the adult hermaphrodite MIRD
(Medical Internal Radiation Dose) phantoms, using:

Dr = ATEPC, (1)

Whole body effective dose contribution from '*F-FDG
PET was then estimated as previously reported by (Brix et al.,
2005; Huang et al., 2009) for organs and tissue equivalent
doses D7 modified by tissue weighting factors in ICRP
publication 103 (ICRP, 2007) as follows:

E=Y WrDr=A4> Wr.I. (2)
T T

2.4 Statistical analysis

The total effective dose ED 5L values resulting from each
system and acquisition protocol were compared in terms of
percentage differences calculated as described by equation (3)
below:

EDsy.l - EDsy.H
(EDsy.I + EDsy.H)/2

UDIFF (EDpgy) o) = ’ £100. (3)

The difference in the CT component contribution to the
total dose between the two systems for all protocols was
assessed with an unpaired #-test. A p-value below 0.05 was
considered statistically significant.

3 Results

Organ and Tissue equivalent doses D7 from administered
"E_FDG activity and their contribution (W;* D7) to the
average PET scan effective dose 5.40mSv are reported in
Table 3. D7 ranged from 2.38-39.65mSv. Significant
equivalent doses of 20.44, 11.59, 6.41 and 6.10 mSv were
to the heart, brain, liver, and lungs respectively, due to their
relatively higher metabolic activity and hence rapid blood
supply, resulting in higher '*F-FDG uptake (Kaushik et al.,
2013). The highest absorbed dose of 39.65 mSv to the bladder
is attributed primarily to the final accumulation of the '*F-FDG
tracer in the urine contained in the bladder, since the tracer is
excreted by the kidney (Moran et al., 1999).

Figures 2A and 2B show effective dose values from the five
study protocols. The second column in each figure represents total
effective dose ED from the PET-CT examination, considering CT
contribution with ICRP 103 tissue weighting factors. The total ED
of the combined PET-CT scan for each system is summarized in
Table 4. The percentage differences in total ED values between the
two systems were 4.3—15% for the low-dose scan (A, B) and 4.1—
11% for standard dose scans (C, D).

The CT effective dose contributions as seen in Figures 2A
and 2B were comparable for both systems, with two sample
t-test results showing no significant differences (p=0.885;
mean 9.55mSv for systemI vs. 10.3mSv for systemII).
Statistical significance was defined as p-value < 0.05.
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However, the slight differences observed in CT contribu-
tion resulted in higher total PET/CT dose for a specific system.
For example, the ED from CT for low dose protocols A and B
were 2.60 and 4.45 mSv for system I, whereas the value was

Table 3. Organ and tissue equivalent doses D7 from administered
8E_FDG activity and their contribution (W5 * D7) to the average PET
effective dose.

Organs Dose coefficient Organ dose Wr*Dr
(mSv/MBq) Dy (mSv) (mSv)
Adrenals 0.012 3.66 0.031
Bladder 0.13 39.65 1.568
Bone surfaces 0.011 3.36 0.034
Brain 0.038 11.59 0.116
Breast 0.0088 2.68 0.322
Gallbladder 0.013 3.97 0.034
Stomach 0.011 3.36 0.403
Small intestine 0.012 3.66 0.031
Colon 0.013 3.97 0.476
Heart 0.067 20.44 0.175
Kidneys 0.017 5.19 0.044
Liver 0.021 6.41 0.256
Lungs 0.02 6.1 0.732
Muscles 0.01 3.05 0.026
Oesophagus 0.012 3.66 0.146
Ovaries 0.014 4.27 0.171
Pancreas 0.013 3.97 0.034
Red marrow 0.011 3.36 0.403
Skin 0.0078 2.38 0.024
Spleen 0.011 3.36 0.029
Testes 0.011 3.36 0.134
Thymus 0.012 3.66 0.031
Thyroid 0.01 3.05 0.122
Uterus 0.018 5.49 0.047

Effective dose calculated based on ICRP 103 tissue-weighting factors
was 5.40mSv.
Dose coefficients as recommend in ICRP publication 106.
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2.95 and 6.05 mSv for system Il leading to variation of 12%
and 30% between the two. Consecutively, the total PET/CT ED
for system Il was higher — 8.35 and 11.45mSyv, in contrast
to 8.0 and 9.85 mSv for systemI.

4 Discussion

In this study, the effect of CT model and protocols on total
dose from a PET-CT procedure was evaluated. Computed
tomography (CT) acquisition in PET-CT imaging is often
performed for a variety of purposes, which includes diagnosis,
anatomic localization and attenuation correction of the PET
images (Alessio and Kinahan, 2012). However, there are
possibilities of unnecessary exposure to high level of radiation
dose, especially for CT imaging prescribed for diagnostic
purposes.

The lower patient-specific effective dose 5.40 mSv from
the administered average FDG activity of 305 MBq (8.2 mCi)
in this study, compared to values of 6.25 mSv and 6.28 mSv
previously reported by (Huang et al., 2009; Liu et al., 2016)
respectively, is expected due to the greater FDG activities
(328.77 and 370 MBq) from these studies. Analysis of the
effective dose ED derived from the CT component for systems
and protocols considered in this study reveals that while the
ED was within the 25.0mSv previously reported in the
literature (Brix et al., 2005; Huang et al., 2009), ED values
varied between 2.60-18.65mSv for systeml and 2.95-
21.45mSv for systemII .

As such, the CT component of the examination contributed
between (32—77%) for system I and (35—79%) for system II of
the whole radiation dose. These are somewhat comparable
with the 17-76% range from a review of CT protocols and CT
dose contribution in PET/CT (Vandevoorde, 2011) and with a
study by Mahmud et al. (2014), in which approximately 80%
of the total PET/CT effective dose was attributable to the CT
doses.

It is worth pointing out that, for each system, the relatively
low dose (typically less than 6% of the total dose [Brix ef al.,
2005]) from the CT scout scan, to select the scan region and
establish bed positions for PET acquisition, is not explicitly
taken into account when considering the CT dose contribution.
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Fig. 2. Mean effective dose values for systemsI (A) and II (B), calculated by applying the ICRP 103 tissue weighting factors.
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Table 4. Total PET/CT effective doses (mSv) with the percentage contributions of the CT and '*F-FDG-PET for systems I and II.

I 1I
Protocols PET/CT % CT % '8F-FDG PET/CT % CT % '®F-FDG
A 8.0 32 68 8.35 35 65
B 9.85 45 55 11.45 53 47
C 14.20 62 38 13.45 60 40
D 18.65 71 29 17.90 70 30
E 24.05 77 23 26.85 79 21

The observed differences between the two systems could
be attributed to factors related to scanner geometry and design
(beam filtration, beam-shaping filter) and most importantly the
user-adjustable factors (tube current and voltage, pitch factor,
exposure time per rotation and slice collimation).

A short-geometry scanner following the inverse square
law, radiation intensity varies with the inverse of the squared
distance between radiation source and patient, will produce
more dose to the patient than a long geometry scanner (Kalra
et al., 2004). The total beam filtration (inherent + added) of
varying material and thickness absorbs via photoelectric
interactions the output photons at a function of their energy
(Euclid Seeram, 2009; Brahme, 2014). These filters are noted
for reducing radiation dose especially in the peripheral region
of a field-of-view (FOV) (Kalra ef al., 2004; Liu et al., 2013).

The most significant contributing factors to the disparities
in estimated CT doses between the two systems from our study
is perhaps the user-selectable parameters specifically the tube
current-time product (mAs), pitch factor and collimation
settings. Given the linear relationship between the tube
current-time product (mAs) per rotation and the absorbed
radiation dose (Coursey and Frush, 2008), the choice of mAs
has a major effect on the radiation dose from any CT
examinations.

The pitch (ratio of table feed per gantry rotation to the total
collimated width of the X-ray beam) is inversely proportional
to radiation dose if other scanning parameters are kept
unchanged (Kalra et al., 2004; Coursey and Frush, 2008).
Therefore, a higher pitch (faster table speed for a given
collimation) will decrease radiation dose because of a shorter
exposure time.

System I had a higher pitch factor compared to systemII,
which might explain its lower effective dose. The lower dose
from protocols (C and D) in system II compared to systemI,
mean that the effect of an increase in the dose due to the lower
pitch factor is slightly compensated by the use of the lower
current-time product (mAs).

Additionally, overranging (unnecessary radiation exposure
outside the planned scan length), an effect directly proportional
to the pitch, beam collimation and reconstructed slice thickness
is also a possible contributor to the observed difference in CT
dose, given the dissimilarities in these technical parameters for
the two systems (Tabs. 1 and 2).

The PET/CT effective doses from the two systems in this
study are similar to previous measurements reported in the
literature, with noticeable differences caused by the type of
PET/CT scanner and protocol used in image acquisition. Brix

et al. (2005) reported an effective dose of 14.1-18.6 mSv for
diagnostic CT and 1.3—4.5 mSv for low-dose CT from PET/CT
examinations performed in four German hospitals. Their study
mostly includes 16-slice CT scanners and is generally
comparable to our results. Huang et al. (2009) compared
three different CT acquisition protocols using a humanoid
(Alderson-Rando) phantom equipped with thermoluminescent
dosimeters (TLD-100) and found the total PET/CT effective
dose with a diagnostic CT protocol (per 370 MBq administered
activity), to be in the order of 13.4-32mSv. The CT dose
component accounted for 54-81% of the combined dose,
which is higher than systems and Il in this study.

Our estimated total PET/CT effective doses were also
comparable with that published by Khamwan et al. (2010) and
Kaushik et al. (2013), who reported values of (18.9 mSv) and
(14.4 for females, 11.8 mSv for male patients) respectively.
Mattsson and Soderberg (2011) also reported that the total
effective dose from a PET study combined with a ‘low-dose’
CT for attenuation correction and anatomical orientation is
typically 14 mSv and 28 mSv with a diagnostic CT which are in
good agreements with our findings for both systems.

Quinn et al. (2016) used patient-specific data to
characterize the radiation dosimetry of two types of routine
whole-body PET/CT protocols at their institution. They
specifically evaluated the combined PET and CT scan dose
for adult patients who undergo either the standard registration
or full dose diagnostic CT techniques and found a mean total
effective dose of 14+1.3mSv (11.0 to 17mSv) and
244+43mSv (14.6 to 34.3mSv) for all standard and
diagnostic PET/CT patients respectively. The mean CT
effective dose was 5.0£1.0mSv (2.9 to 7.2mSv) and
154+5.0mSv (5.4 to 27.8mSv) for the standard and
diagnostic techniques. The results of this present study are
well within this range.

These findings demonstrated that the radiation dose from a
PET/CT scan depends on the PET/CT protocol, the patient’s
size and physiology, the amount of injected activity and the
make and model of the PET/CT scanner. The PET effective
dose is modest and depends on the activity of the injected FDG
(*®F-Fluoro-deoxy-glucose) which is the same whether only a
part of the body or the whole body is imaged. Major reductions
in PET/CT dose are achieved from the CT component through
the use of techniques such as automatic tube current
modulation, iterative reconstruction, and adaptive filtering.
Different vendors suggest different dose reduction methods;
therefore every institution needs to develop scanner-specific
protocols for implementing those methods.
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The estimated dose presented in this study comes with some
limitations. First, patient and organ dose calculations from CT
with “CT-EXPO™” are based on anthropomorphic mathematical
models for a standard person. These do not consider individual
patients body sizes, organ positions and dimensions (Li et al.,
2011). Different patient diameters, and the divergent location of
relevant organs may cause different radiation absorption and
hence some discrepancies in reported estimates. However, they
are a reasonably good indicator for checking the relative
compliance with reference dose values and for scan protocol
optimization (Reiser ef al., 2012). Accordingly, the use is
justified for the purpose of our study as we did not intend to
estimate doses for individual patients, rather evaluate the overall
radiation dose resulting from CT protocol and model change.
Second, dose estimation was based on mean tube current values,
because CT-Expo® neglects the different approaches of
automatic exposure control (AEC) methods operating with
tube current modulation implemented on the CT component. Use
of AEC systems is likely to lower patient dose, but the magnitude
of such dose savings has no substantial effect on the effective
dose values (Lechel et al., 2009). Finally, the dose coefficients
used for internal absorbed dose assessment were based on
numerous assumptions (Hays et al., 2002) that may result in
variation from the “true” value.

5 Conclusion

The present study explored the effects of CT model and
scan protocols on the overall dose from an 'F-FDG PET/CT
procedure based on CT exam-specific parameters with the CT-
Expo® dosimetry program. There is evidence of a slight
variation in the effective dose contribution from the CT
component for both PET/CT systems due to clinical technique
differences and type of scanners. The presented dosimetric
results also showed that radical changes to existing CT
protocols are not necessary given that the total PET/CT dose
from the two systems was typically within acceptable limits
compared to current literature.

Though the present work is just one step in the direction of
a complete ED estimate that uses the exposure settings of all
X-ray pulses, CT protocol optimization measures and patient
weight specific ED contributions, the observed variations in
CT dose are however of concern, as the substantial part of the
radiation exposure of PET/CT imaging is from the CT
examination. The absence of a national diagnostic reference
level (DRLs) to promote optimization in PET/CT imaging
makes any decision regarding the need for optimization seems
questionable. Further extended studies are needed to assess if a
reduction in radiation exposure from the CT component while
keeping the diagnostic quality at a clinically acceptable level to
reduce the probability of stochastic effects is possible.
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