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Sandeep Kumar Gupta?, Scott Trethewey?, Bree Brooker?, Natalie Rutherford?, Jenny Diffey*, Suresh
Viswanathan?®, John Attia*

1Department of Nuclear Medicine & PET, John Hunter and Calvary Mater Hospitals, Conjoint Lecturer-University of
Newcastle, Newcastle, NSW, Australia; ?Department of Nuclear Medicine & PET, John Hunter and Calvary Mater
Hospitals, Newcastle, NSW, Australia; SDepartment of Nuclear Medicine & PET, John Hunter, Calvary Mater and
Tamworth Base Hospitals, Newcastle, NSW, Australia; “Department of Medicine, John Hunter Hospital, Professor-
School of Medicine and Public Health-University of Newcastle, Hunter Medical Research Institute, Newcastle,
NSW, Australia

Received October 26, 2016; Accepted March 17, 2017; Epub April 15, 2017; Published April 30, 2017

Abstract: The CT component of SPECT-CT is required for attenuation correction and anatomical localization of the
uptake on SPECT but there is no guideline about the optimal CT acquisition parameters. In our department, a
standard CT acquisition protocol was changed in 2013 to give lower radiation dose to the patient. In this study,
we retrospectively compared the effects on patient dose as well as the CT image quality with current versus older
CT protocols. Ninety nine consecutive patients [n=51 Standard dose ‘old’ protocol (SDP); n=48 lower dose ‘new’
protocol (LDP)] with lumbar spine SPECT-CT for bone scan were examined. The main differences between the two
protocols were that SDP used 130 kVp tube voltage and reference current-time product of 70 mAs whereas the LDP
used 110 kVp and 40 mAs respectively. Various quantitative parameters from the CT images were obtained and the
images were also rated blindly by two experienced nuclear medicine physicians for bony definition and noise. The
mean calculated dose length product of the LDP group (121.5+39.6 mGy.cm) was significantly lower compared to
the SDP group patients (266.9+96.9 mGy.cm; P<0.0001). This translated into a significant reduction in the mean
effective dose to 1.8 mSv from 4.0 mSv. The physicians reported better CT image quality for the bony structures in
LDP group although for soft tissue structures, the SDP group had better image quality. The optimized new CT acqui-
sition protocol significantly reduced the radiation dose to the patient and in-fact improved CT image quality for the
assessment of bony structures.
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Introduction SPECT and PET have been in use for a long
time but recently, the addition of CT to these
modalities significantly improved their diagnos-

tic power. However, the CT component signifi-

There has been a significant increase in the
medical radiation burden in the last four de-

cades. The per capita radiation dose from me-
dical imaging in the United States has increa-
sed from 0.54 mSv in 1980s to 3 mSv in 2006
[1]. Thus the focus is now on lowering the me-
dical radiation dose without affecting the qua-
lity of imaging [1]. While nuclear medicine stu-
dies only contributed about a quarter of the to-
tal burden in 2006, [1] this proportion will like-
ly increase with rapidly rising use of PET-CT and
SPECT-CTs.

cantly increases the overall radiation burden.
Mhiri et al reported an 83% increase in the to-
tal effective dose with the inclusion of CT com-
pared with SPECT alone [2]. Brix et al review-
ed the whole-body FDG-PET/CT acquisition pro-
tocols at four German academic medical in-
stitutions and determined that the mean effec-
tive dose was approximately 25 mSy, with ap-
proximately 7 mSv coming from the PET com-
ponent and 14-19 mSv from the CT component
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Table 1. CT acquisition parameters in both protocol subgroups

rent-time product from

70 mAs to 40 mAs. The

Group SDP Group LDP )
KVp 130 110 other. g?anges |tn thle CT
acquisition protocol are
Reference mAs 70 40 sted in the Table 1
Slice thickness (mm) 3 2 Given the retrospective
Beam collimation 16 x 1.2 mm?* 16 x 1.2 mm?* nature of the study, the
Recon Iterative Iterative local human research
Image kernel B50s moderate sharp B31s medium smooth + ethics committee waiv-
Reconstruction increment (mm) 22 1.5 ed the need for formal
Pitch 15 15 approval.
Rotation time (seconds) 13 1 )
CareDose type AEC+DOM? AEC+DOM? The bone scan studies

1For T2 camera, 2 x 2.5 mm; 2For T2 camera 3 mm; 3For T2 camera 1.5 sec; “AEC = Auto-

matic exposure control; DOM = Dose Modulation.

[3]. Thus the CT component of SPECT and PET
is a worthwhile target for dose reduction. Such
dose reductions have already been investigat-
ed for diagnostic CTs [4-9].

While the guidelines suggest the use of lower
dose CT protocols when performing SPECT-CT,
there are no clear data about the optimal CT
acquisition parameters [10]. This is partly due
to the complexity of SPECT-CTs in various nu-
clear medicine studies. SPECT-CT significantly
improves the sensitivity and specificity of bone
scintigraphy by providing additional structural
information, particularly for the assessment of
spinal abnormalities [11]. While attempts have
been made to reduce the CT doses of myocar-
dial perfusion SPECT/CT [12], PET-CT [13, 14]
and paediatric SPECT-CTs [15], there are no
data about the satisfactory parameters for SP-
ECT-CT for bone scans. The aim of this study is
to assess the impact of a reduction in CT dose
on soft tissue and bone CT image quality (ana-
tomic definition and noise) in this setting.

Method

In our institution, bone scintigraphy is per-
formed for various accepted indications (e.g.
back pain, sports injuries, suspicion of malig-
nancies or osteomyelitis etc) and SPECT-CT is
acquired as necessary. The non-contrast CT
component of the SPECT-CT is performed for
attenuation correction and anatomical locali-
zation purposes only and a lower dose proto-
col is used. In Aug 2013, the departmental CT
acquisition protocol was changed to an even
lower dose protocol by reducing tube voltage
from 130 kVp to 110 kVp and reference cur-
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prior to and after the
change in protocol were
extracted. We then se-
lected all consecutive
patients with lower back pain with suspicion
of bony pathologies e.g. facet joint arthritis,
fractures, osteomyelitis etc., referred for bone
scintigraphy, who had SPECT-CT of the lumbar
spine. All patients older than 18 years were
included. Patients who had variation in CT pa-
rameters as per physician discretion (n=1) and
insufficient CT dose parameter information (n=
1) were excluded. A total of 99 studies (M: 32
F: 67) were included and were divided in two
groups; the Standard dose ‘old’ CT protocol
(SDP) and Lower dose ‘new’ CT protocol (LDP).

Image acquisition

The patients had a bone scan using 719 to
877 MBq of **"Tc-MDP. The SPECT-CT was per-
formed on a dedicated Siemens Symbia T se-
ries camera (either two slice CT-T2 or 16 slice
CT-T16; Siemens Molecular imaging, Erlangen-
Germany). Dose modulation (CareDose4D), a
method of automatic exposure control which
adjusts tube current based on patient’s thick-
ness and density, was routinely used. The
SPECT was reconstructed using a Flash 3D
iterative image reconstruction algorithm. The
standard CT scan length is 50 cm and was
not altered in the study patients. The other
acquisition parameters for the SDP and LDP
groups are shown in Table 1.

Qualitative assessment of CT images

The CT images were transferred to a dedicated
diagnostic nuclear medicine platform (Xeleris-
3 workstation, General Electric Medical Sys-
tems, Milwaukee, Wisconsin, USA) and display-
ed using the Volumetrix programme. In this
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Figure 1. Reference CT Images for qualitative scoring: These images were given to the analysing physicians as a
guide for scoring the study patient’s CTs. The left column images are of poorer quality image and were scored 2 (any
worse than this image were to score 1), slightly better image were scored 3 and best image scoring was 4.

programme, the axial slices are displayed in
the same thickness as they were acquired (i.e.
3 mm in the old protocol and 2 mm thickness
in the new protocol). However, the coronal and
sagittal slices are reformatted from the axial
slices and displayed in 1 mm thickness.

The CT studies of both groups were put in ran-
domized order and were analysed blindly by two
nuclear medicine physicians (NR & SV); where
the two readers disagreed, a consensus result
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was obtained. All the data were scored using a
four point scoring system with 1: Poor, 2: Aver-
age, 3: Better than average, 4: Good. A repre-
sentative image of each category (except score
1, which was considered any image worse than
score 2) was selected and the scoring was per-
formed using them as landmarks (Figure 1).

The soft tissue definition was rated using the
soft tissue window in the axial slices at the
mid-lower pole of the right kidney. The sharp-

Am J Nucl Med Mol Imaging 2017;7(2):63-73



SPECT-CT: reduction in dose of CT

Table 2. Summary of patient demographic and morphological parameters as well as CT dose param-

eters in the two study groups*

Group SDP Group LDP p

Patients (n) 51 48 -
Male 16 16 NS
Female 35 32 NS
Age (years) 63.1+14.2 (38.2-89.6) 59.0+16.7 (25.3-87.7) 0.26
Dose of ®"Tc-MDP (MBq) 827.8+24.8 (749-877) 830.0+£24.6 (719-870) 0.45
Abdomen circumference (cm) 103.5%£15.2 (74-142) 100.2+14.1 (70-130) 0.29
Abdomen AP diameter (cm) 24.5+4.3 (17-36) 23.3+4.1 (15-36) 0.25
Abdomen lateral diameter (cm) 37.2+5.4 (27-49) 36.3+5.5 (27-50) 0.23
Abdomen surface area (cm?) 769.4+223.2 (375-1432) 721.3+202.8 (340-1278) 0.29
CT dose parameters

mAs 64.8+21.6 (35-124) 43.1+13.6 (22-89) <0.0001

CTDI (mGy) 7.0+£2.4 (2.7-13.0) 3+0.9 (1.5-6.0) <0.0001

DLP (mGy.cm) 266.9+96.9 (116-535) 121.5+£39.6 (58-215) <0.0001

Effective dose (mSv) 4.0+1.5 (1.7-8.0) 1.8+0.6 (0.9-3.2) <0.0001

*All values (except patient number, gender and ref mAs) are in mean + SD with the range in parentheses. Statistically signifi-
cant p values are highlighted in bold. AP- Antero-posterior; CTDIvol- Volume CT dose index; DLP- Dose length product.

ness of the renal cortex was assessed com-
pared to the surrounding fat plane in both
groups. This analysis was repeated after sum-
ming three slices in the LDP group (i.e. 6 mm
thick).

The noise of the study was rated in the axial
slice in the soft tissue window at the level of
mid-lower pole of right kidney and was based
on image graininess or mottling: 1 = Extreme, 2
= Major, 3 = Moderate, 4 = Minor. This analysis
was repeated after summing three slices in
the LDP group (i.e. 6 mm thick).

The bone definition was reviewed in the bone
window at the right L5/S1 facet joint in the
axial slices and quality of joint demarcation was
visually scored. Similar scoring was performed
in the sagittal/coronal slices. Other facet joints
were examined for scoring as per physician dis-
cretion if there was an artefact or other bony
changes at right L5/S1 facet joint.

Quantitative assessment of CT images

The CT images were displayed by a single
observer (SG) on the Carestream Vue PACS
(version 11.4.1.1011, Carestream Health, NY,
USA). The CT dose parameters e.g. mAs, dose
length product (DLP) and CT dose index -
CTDIvol (CTDI) were recorded. The effective
dose was calculated by multiplying the DLP
with the conversion factor, which is 0.015 for
the lumbar region [2, 16].
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For the assessment of a patient’s body habitus,
abdominal circumference and surface area at
the L5 level in the axial image were measured.
AP and lateral diameter and surface area were
also recorded at the same level.

For the noise estimation, standard deviation
(SD) of the CT numbers was measured in
an approximately 10 mm? circular Region of
Interest (ROI). This assessment was performed
at the right ilium, right psoas at the approxi-
mate level of L5/S1, right renal cortex close
to the inferior pole and in the air around the
patient. All the values were obtained in three
separate areas and the mean was used for
final analyses.

Data analysis

The statistical analyses were performed with
the StatsDirect statistical software (Version
2.7.7, Altrincham-England: StatsDirect Ltd.
2009). A p-value <0.05 was considered statisti-
cally significant. Except for gender and quali-
tative ordinal data, all patient data and quanti-
tative image parameters were tested for a nor-
mal distribution with the Shapiro-Wilk W test.
The ordinal data and non-normally distributed
parameters in both patient subgroups (SDP
and LDP) were compared using a Mann-Whitney
U test. The t test for independent samples (un-
paired) was used for the same purpose for the
parameters with a normal distribution.

Am J Nucl Med Mol Imaging 2017;7(2):63-73
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Table 3. Results of CT quantitative and qualitative parameters in the two study groups

Group SDP (n=51)  Group LDP (n=48) P

CT quantitative image quality
SD at right renal cortex
SD at psoas
SD at ilium
SD at air
Visual CT image quality
Definition soft tissue at kidney level

Definition soft tissue at kidney level (summed up 6 mm slice)

Definition bone axial slices

Definition bone sagittal and coronal slices

Noise soft tissue at kidney level

Noise soft tissue at kidney level (summed up 6 mm slice)

34.1+8.4 (23-78.7) 29.4+6.8 (17-44.3) 0.0024
35.1+8.5 (23-69) 32.349.1 (19-55.7) 0.0582
43.8+8.8 (25-73.7) 36+8.1 (18-56.7) <0.0001

17.7+4.0 (9.7-33.3) 14.4+2.6 (9.3-20.7)  <0.0001

3.2+0.7 2.8+0.6 0.0016
3.1+0.6 3.21+0.6 0.508
3.2+0.6 3.4+0.6 0.032
2.3+0.5 3.1+0.6 <0.0001
3.0 £0.6 2.6+0.6 0.0038
3.5+0.5 3.4£0.6 0.4633

The CT quantitative image quality values in both groups are in mean * SD with range in the parenthesis. The qualitative parameters are derived
from consensus rating by two physicians and were scored from 1-4. Statistically significant p values are highlighted in bold text in the right hand
column. SDP- Standard dose ‘old’ protocol group; LDP- Lower dose ‘new’ protocol group; SD-standard deviation.

Result

Patients in both groups were similar in the age,
gender and administered dose of °°™Tc-MDP
(Table 2). We did not have height and weight
measurements of the patients in this retro-
spective analysis hence we assessed abdomi-
nal circumference, abdominal surface area and
abdominal AP & lateral diameters as potential
indicators of body habitus; both groups were
similar in these measurements. Abdominal cir-
cumference showed a linear relationship with
the surface area as well as AP and lateral ab-
domen diameters (R?=0.97, 0.86 and 0.84 re-
spectively; plots not shown in this manuscript).
Since abdominal circumference is also easier
to measure in clinical practice as well, this pa-
rameter was used as an indication of patient’s
body habitus for all other analyses in this paper.

As expected, the measured mAs, CTDIvol and
DLPs were significantly lower in LDP group
(Table 2). This translated into an approximate-
ly 55% reduction in the mean effective dose
to the patient with the new protocol (mean 1.8
mSv), compared to the old protocol (mean 4.0
mSv). As a surrogate for skin dose, CTDI100 was
measured at the peripheral location in a 32
cm diameter Perspex body phantom (Fluke Bio-
medical, RMS) using a RaySafe Xi CT detec-
tor (UnforsRaySafe, Billdal, Sweden). The mea-
sured peripheral dose using LDP CT parame-
ters was 63% lower than that using SDP CT
parameters.

When quantitative measures of noise of the
CT in various regions were compared, the noise
was approximately 13.6-18.6% lower in the soft
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tissue, air and bone in the LDP group (Table 3).
The noise in the psoas muscle was not statisti-
cally different in both groups.

When CT image quality was examined by two
physicians, there was only minimally improved
bony definition in axial slices with the mean
rating increasing from 3.2 to 3.4 (P=0.32).
However, this rating significantly improved in
the sagittal and coronal reformats (mean rating
2.3 in the SDP group and 3.1 in the LDP group;
P<0.0001). For the soft tissue assessment,
higher noise and lower definition was noted in
the LDP group, but this improved on the sum-
med images (i.e. 6 mm slice thickness) and
became comparable to the SDP group (Table
2). All the CT images in both the groups were
found to be clinically acceptable for nuclear
medicine purposes.

Patient’'s body habitus may have an impact
on the delivered dose due to modulation as
well as CT image quality. The scatter plots
between DLP, mAs and noise at various sites
versus abdominal circumference are shown in
Figure 2. With increasing body habitus, as ex-
pected, there was a rise in the DLP and deliv-
ered mAs to the patient. Noise at various re-
gions also increased with increasing body ha-
bitus but there was significant overlap of both
subgroups in the noise of various areas with
the rising abdominal circumference (Figure 2).

Discussion

To our knowledge, this is the first study on
lumbar spine °**"Tc-MDP bone scan SPECT-CTSs,

Am J Nucl Med Mol Imaging 2017;7(2):63-73
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Figure 3. Axial, Sagittal & Coronal reformats of four randomly selected patients of the SDP group and LDP group with
abdominal circumference of 90 cm and abdominal circumference of 130 cm. As displayed in the viewing platform,
the axial slices in the SDP group are 3 cm thick and in the LDP group are 2 cm thick. All the sagittal and coronal
slices in both groups are reformatted from the axial slices into 1 cm thick slices. These images show that while there
is not much difference in the axial slices in the two protocols in both 90 cm and 130 cm abdominal circumference
patients, there is improvement in the bony delineation in the sagittal and coronal reformats within the LDP group in

both 90 cm and 130 cm abdominal circumference patients.

demonstrating improved CT image quality for
bony assessment despite significant reduction
in effective dose. As expected, altering the CT
acquisition parameters in the LDP group signifi-
cantly reduced the dose to the patient. With our
new (LDP) protocol, the mean effective CT dose
to the patients significantly decreased to 1.8
mSyv, compared to 4.0 mSv in the older (SDP)
protocol, a dose reduction of 55%. To our knowl-
edge, this is the lowest reported CT exposure
dose for lumbar spine bone scan SPECT-CTs in
adults. For example in a recent Canadian study,
Tonkopi et al showed that the optimal use of
cone beam CT resulted in a mean CT dose of
3.96 mSv from bone scan SPECT-CTs [17]. In
other studies, the effective dose of from CT
component of the abdominal SPECT-CT were
found to be 10.6 mSv [18], 8.6 mSv [19] and
4.6 mSy [20], although this may not be compa-
rable since they used cohorts of ‘all’ nuclear
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medicine SPECT-CTs (compared to bone scans
only in our study). It should be noted that the
dose of the CT component of the bone scan
SPECT-CT can be reduced since the aim of the
imaging is high density bony structures. How-
ever, at the same time, the physicians must be
able to delineate and localize small structures
in the lumbar spine facet joints, pedicle, lamina
and spinous processes etc. This requires satis-
factory CT image quality, not only in axial but
also in sagittal/coronal views. This requirement
is in contrast to some other nuclear medicine
studies e.g. myocardial perfusion scan SPECT-
CTs, where an accurate anatomical definition
is not required and dose of the CT can be fur-
ther reduced easily.

Strikingly, despite significantly reduced radia-
tion doses, the CT image quality for the bony
structures was actually considered better by

Am J Nucl Med Mol Imaging 2017;7(2):63-73
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experienced nuclear medicine physicians. This
difference was most obvious in the reformat-
ted sagittal and coronal slices (Table 3). As
shown in Figure 3, improvement in bony de-
lineation in LDP group in sagittal and coronal
views was irrespective of body habitus (abdo-
minal circumference 90 cm and 130 cm). This
is due to acquisition of CT in thinner slices in
the LDP group, which results in less noise/step
artifacts when reformatted in sagittal and co-
ronal views. The reformatting to sagittal and
coronal slices, from axial images, is common
in Nuclear Medicine as the CT images are re-
viewed in conjunction with SPECT. In diagnos-
tic radiological CTs, the sagittal and coronal
views are reconstructed directly from the raw
data and this phenomenon is not observed.
While the sagittal and coronal views can be
separately reconstructed from the raw CT data
in nuclear medicine as well, in our knowledge,
the reporting platforms do not support simulta-
neous display and triangulation of three sepa-
rate CT data (i.e. axial, reconstructed sagittal
and reconstructed coronal views) as well as
SPECT.

As opposed to the bony structures, qualitative-
ly, the definition and noise for the soft tissue
worsened in LDP group, likely related to thinner
slices and lower CT dose. However when the
axial CT slices of the LDP group were summed
to 6 mm, the image quality became compara-
ble with the SDP group. In other words, although
an optimal soft tissue assessment is not re-
quired for routine bone scans, the quality of
LDP CT images can be improved by summing
the slices.

Quantitatively, in contrast to visual interpreta-
tion, there was slight reduction in the mean
noise level in various sites in the LDP group
(Table 3). This is likely due to use of a smoo-
ther image kernel (B31ls medium smooth +)
in the LDP group, compared to the sharper ker-
nel (B51s moderate sharp) in the SDP group.

The CT component of the SPECT-CT is different
to the diagnostic CT in many ways. Firstly, the
CT component of the SPECT-CT is mostly per-
formed for attenuation correction and anatomi-
cal localization purposes only [10]. Secondly,
only a non-contrast CT is performed, although
contrast CTs have been investigated for PET-
CTs. Finally, as mentioned previously, the imag-
es are reviewed as a supplement to SPECT and
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hence the sagittal and coronal images are
reformatted from the axial slices.

Although we were able to reduce the dose of
the CT component in our study, further studies
may clarify if this can be reduced even further.
However three factors need to be considered:

e For the studies like bone scan, the reduced
CT doses should not compromise the anatomi-
cal localization. Often the bone scan SPECT-CT
is performed for smaller structures e.g. hand,
feet, spine etc where small inaccuracy in lesion
localization may have significant clinical impact.

¢ A reasonable quality CT is not only required
for better anatomical delineation but for bet-
ter attenuation correction of SPECT data as
well. Hulmes et al demonstrated reduction in
the quality of the reconstructed SPECT data
with lowering the dose of CT and recommend-
ed that a tube voltage to be maintained at
110-130 to minimize beam-hardening artifacts
when lowering the mAs [21]. Although CT per-
formed for the bone scan is more for anatomi-
cal localization rather than attenuation correc-
tion, this may be of more value in other nuclear
medicine studies e.g. cardiac, gallium scan etc.

e The dose of the CT needs to be individua-
lized for the study requirements as well as
patient’'s age and gender. The requirements
of CT may differ between the studies e.g. CT
in myocardial perfusion scan is predominantly
for attenuation correction but for PET-CTs, both
attenuation correction and anatomical locali-
zation is required. Another example is that the
abdominal CT parameters for the bone scan
of lumbar spine would be different to that for
the labelled white cell scan investigating an
inflammatory bowel disease. To further compli-
cate the issue, the CT parameters may change
within a particular study depending on the pa-
tient’s situation e.g. CT parameters for labell-
ed white cell scan would be different for asse-
ssing infection in the extremity in an older pa-
tient compared to inflammatory bowel disease
in a younger patient. Body habitus usually does
not pose much of a problem as the actual mAs
upregulates and downregulates, depending on
the patient’s body habitus by CareDose4D.

Due to the retrospective nature of this study,
there were some limitations. Firstly, the pa-
tient’s body habitus could have been better

Am J Nucl Med Mol Imaging 2017;7(2):63-73



SPECT-CT: reduction in dose of CT

assessed by patient’s body mass index (BMI)
but in the absence of this data, we used ab-
dominal circumference. Nevertheless, abdomi-
nal circumference may actually represent the
localized abdominal body habitus well as BMI
does not account for factors such as body size
[22] and body fat distribution (e.g. abdominal
obesity) [23]. Secondly, many of the CT acquisi-
tion parameters were different in both groups.
Hence it is difficult to ascertain as to the role of
an individual parameter in improving the CT
image quality in the LDP group. Also, the stud-
ies in the older (SDP group) protocol were per-
formed on two cameras (T2 and T16) and had
slight differences in acquisition protocol (Table
1), further complicating the assessment of pos-
sible role of individual role of a single parame-
ter. Thirdly, the quantitative assessment of the
CT images was not objective and the four point
scoring system was rather arbitrary and not
based on prior evidence. The scoring system
was formulated based on experience and read-
ing physicians were provided with the images
(Figure 1) to score. Thus we believe that this
method provided closest possible objective
stratification of visual image quality. Finally, this
study did not look into effect of change CT pro-
tocols on attenuation correction of the SPECT
data. Although not formally assessed, in our cli-
nical experience, there is no change in attenua-
tion corrected SPECT image quality with lower
dose CT protocol.

In summary, we found that the dose reduction
and altering the acquisition parameters of the
CT component of the lumbar spine bone scan
SPECT-CT not only reduces the radiation dose
to the patient but also improves the CT image
quality. This study not only establishes a base-
line CT acquisition parameter for lumbar spine
bone scan SPECT-CT but also stimulate similar
studies targeting further reduction in the doses
as well as many more studies investigating opti-
mal CT acquisition parameters for various other
nuclear medicine scans.
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