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Aims and objectives

Cervical spine trauma often results from road traffic collisions, physical assault and
leisure-related injuries [1]. Helical multidetector CT (MDCT) is the preferred primary
imaging modality [2]. Modern MDCT scanners offer high accuracy in detecting fractures
compared to plain radiography, with reduced imaging time and less patient manipulation
[3]. Radiation risks can be reduced by covering the smallest spinal length necessary,
with this length being determined by the clinical need for clear investigation of all
potential risk areas. However, there appears to be a growing trend for complete cervical
spine examination in suspected injury patients rather than level-specific examination,
regardless of the mechanism of injury, leading to higher doses to the thyroid, lens and
breast [4].
Other approaches to dose reduction also need to be considered and one approach
is to adjust scanning parameters without reducing feature detectability [5]. X-ray tube
potential difference (kVp), pitch and slice thickness are among the technical factors that
influence radiation exposure, but radiation dose is linearly related to tube current (mA)
[6]. In reported dose reduction studies, patient examinations have been used to explore
benefits of reducing kVp in cervical spine trauma [7] but clinical studies are limited by risk
of reducing sensitivity to the point that pathology may be obscured . Phantom studies
do not share this risk.
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Fig. 1: (a) Vertebrae were mounted, in order, on a 20 mm length of PVC for support
and spacing. The photograph on the left shows the dry vertebrae on the bench, whist
the image on the right was taken from a CT scout scan (120 kV and 40 mA). (b)
Human cervical vertebrae used in the cervical spine phantom with two osteotomies
indicated, in C5 (upper) and C3 (lower).
References: - Oxford/UK
We have performed two studies that avoided unnecessary patient exposures and
concentrated on visualising bony changes that simulate fracture lines in the first instance.
In the first study, using a cervical spine phantom with simulated cortical lesions (refer to
Figure 1), we explored the ability of CT to demonstrate cortical changes at a range of
tube currents. The second study explored how visible spine injuries were in low-dose CT
series from existing PET/CT examinations available from clinical archives.

Images for this section:
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Fig. 1: (a) Vertebrae were mounted, in order, on a 20 mm length of PVC for support
and spacing. The photograph on the left shows the dry vertebrae on the bench, whist
the image on the right was taken from a CT scout scan (120 kV and 40 mA). (b) Human
cervical vertebrae used in the cervical spine phantom with two osteotomies indicated, in
C5 (upper) and C3 (lower).
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Methods and materials

1. Test phantom design
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Fig. 1: (a) Vertebrae were mounted, in order, on a 20 mm length of PVC for support
and spacing. The photograph on the left shows the dry vertebrae on the bench, whist
the image on the right was taken from a CT scout scan (120 kV and 40 mA). (b)
Human cervical vertebrae used in the cervical spine phantom with two osteotomies
indicated, in C5 (upper) and C3 (lower).
References: - Oxford/UK
For our feasibility study a phantom was built incorporating parts of a retired human
teaching spine. The phantom consisted of a series of cervical vertebrae, surrounded by
rubber balloons containing tissue equivalent material in a water filled polypropylene water
bath. The seven cervical vertebrae selected for the in vitro work are included in Figure 1.

Fig. 2: Photographic view of the osteotomy (not to scale) on the RHS of the C3
vertebral body, across the scan plane obliquely.
References: - Oxford/UK
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Fig. 3: Photographic view of the osteotomy (not to scale) across the middle of the C5
vertebral body, in the scan plane.
References: - Oxford/UK
The vertebrae were modified by making small osteotomies in order to simulate bony
changes. The osteotomies were made using a disc bone saw. The sizes of the
osteotomies, their locations and orientations are detailed in Table 1, with two vertebral
body osteotomies illustrated in Figure 1. Only one osteotomy was made per vertebra so
as not to weaken the bony structure, although this information was not provided to the
viewers at the image assessment stage. Two vertebral body osteotomies (refer to Figures
2 and 3) and one pedicle osteotomy (refer to Figure 4) were employed for this study,
using data from published information on the distribution and patterns of cervical trauma
[8]. The vertebrae were mounted in order on a 20 mm length of PVC pipe for support and
spacing (refer to Figure 1). Thin natural rubber bands helped ensure the atlas (C1) and
axis (C2) vertebrae did not rotate out of plane.
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Fig. 4: Close up photographic view (not to scale) of the osteotomy on the left C6
pedicle.
References: - Oxford/UK
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Anatomy

Vertebral body

Vertebral body

Pedicle

Cut position

RHS

Middle
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Cut width (±0.25
mm)

1.0

0.5

0.5

Limiting mA

60-80

N/A

20

Feature image
(refer to)

Fig. 5 on page
20

N/A

Fig. 6 on page
20

Table 1. Locations and sizes of vertebral osteotomies (C = cervical, LHS = left hand side,
RHS = right hand side, mA = tube current).

Since the bones were dry, air was present within the bony structures. The free air in the
bones was minimised by vacuum preparing [9] them, before they were added to the water
bath. A patient Therapy Equipment Ltd. (Potters Bar, Hertfordshire UK) vacuum flask and
system was used at 80 kPa (maximum) for half an hour to evacuate free air. The water
bath was a 9lt polypropylene box, approximating a stocky neck at the shoulder junction.
The vertebrae were surrounded by rubber balloons containing tissue equivalent solutions,
placed at the four secondary ordinal compass points (NE, SE, etc.). The tissues
were simulated using a mixture of Omnipaque (300 mg I/ml; GE Healthcare Medical
Systems, Milwaukee, WI) in water. Using a scanner specific contrast fluid concentrationradiodensity calibration, contrast solutions were added to the four natural rubber latex
modelling balloons that would provide mean radiodensities of 45 HU anteriorly and 20 HU
posteriorly. The balloons were held in place around the vacuum prepared bones using
thin rubber bands.
2. Test phantom study
2.1 CT of test phantom
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To scan the test phantom a 64-slice LightSpeed VCT MDCT scanner was employed
throughout using the standard clinical CT protocol (CT spine cervical) settings for imaging
patients, including the automatic exposure control using tube current modulation (TCM)
when required. The General Electric "Auto mA" system uses a scout view and a "noise
index" to determine what mA to use for each rotation. A noise index of 28 HU was used,
which was the value for routine neck imaging used clinically on-site. The CT protocol
used a 1.0 second rotation time, detector coverage of 20 mm, slice thickness of 0.625
mm, pitch 0.531 and standard kV of 120. The phantom was orientated to match normal
clinical positioning. Scan lengths were customized to the phantom along the z axis. A
small body field of view was employed.
Once the phantom was aligned in the scanner, a series of exposures of the phantom was
undertaken with the tube current increasing in steps of 10 mA from 10 to 160 mA. As
a reproducibility check the scan at 60 mA was repeated after the 80 mA measurement.
During this series of scans all other parameters were kept constant. At the end of these
scans the phantom was scanned using the TCM. After reviewing the images for the TCM
exposures, the tube current range that the standard TCM (TCMs) could select from was
checked and found to be 120 to 600 mA. As the earlier fixed mA scans had suggested
that the osteotomies were visible from around 50 mA, a further "modified TCM" (TCMm)
scan was performed with the lower limit reduced to 50 mA (i.e. a range of 50 to 600 mA
was used).
2.2 Image assessment
Three reviewers, with considerable experience of assessing these types of images, were
recruited. Before assessment, the reviewers were shown a training set created using
another set of vertebrae. The training set was used to give image reporters a clear
indication of the type of cortical cuts made and sought in the assessment (these training
features were not included in the later assessment). Reviewers were then asked to review
the study images in order using customised assessment forms, reporting if a fracture or
other feature was seen, its location, orientation and description. Reporters also indicated
the confidence level with which they detected these features and if the image quality
was in their opinion suitable for clinical assessment. Space for further comments was
provided and a worked example included as part of the training notes. Reviewers were
invited to report on all features they felt relevant to patient evaluation.
For assessment the fixed mA images were reported first and in order from the lowest to
the highest mA to minimise any learning effect. By starting from the lowest mA we ensured
that by the time the reviewers were confident of the locations of the osteotomies, the mA
used for imaging was high enough that the test to determine the limiting mA for confident
assessment had been satisfied. Images reported were those generated using the bone
reconstruction algorithm. The TCM image sequences were reviewed after the fixed mA.
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The confidence levels assigned to any reported features, included on the assessment
forms, were later scored from 1 to 5 (fracture: free, unlikely, possible, probable, definite)
and summed. For each scan in this study the dose survey parameters recorded were the
dose-length product (DLP) and volume CT dose index (CTDIvol) from the dose reports,
which were satisfactory values for dose audits as the scanner was suitably calibrated
and maintained.
To measure visual image noise, the standard deviation of pixel values in the spinal canal
was used. This allowed a similar location within each image sequence to be identified
and used for comparison. A circular region of interest (ROI) was drawn in the centre of the
spinal canal using eFilm software (Merge Healthcare; Milwaukee, WI), with the analysis
tool determining the mean and standard deviation of the pixel values.
3. PET/CT patient examinations
3.1 Patient image selection
Archived clinical PET/CT examinations were used to asses the confidence in image
assessment when the low-dose CT series, recorded as part of routine PET/CT
examinations, were used to visualise cortices and bony changes in the spine.
Furthermore where normal MDCT had also been performed on the region of the body of
interest, here the spine, within weeks of the PET/CT examination then visualisation and
assessment differences could be explored.
The radiology information system (RIS) was used to identify a small sample of twenty
suitable examinations initially. Cases of scoliosis and curvature of the spine were ignored
where these were the only clinical indication mentioned. Features described as infiltration
or damage that were not otherwise referred to as cortical fractures were also ignored.
Four suitable double examinations were identified initially for assessment.
All the PET/CT examinations had been obtained using a GE Discovery PET/CT 600
series scanner, with the MDCT examinations again from the LightSpeed scanner.
Standard imaging protocols for imaging patients were used throughout on both scanners.
For the CT series of the PET/CT, the mode of the tube current employed was 29 mA,
approximately a factor of six smaller than the values used in the MDCT for the same body
region of interest. Bone reconstruction kernel image sequences from both scanners were
selected for radiological assessment.
3.2 Image assessment
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We limited the study to four double examinations (equivalent of eight patients) in order
to complete the assessment in a single image reporting session. Reviewers were asked
to report on the full spine in every case, which meant that changes to the cervical,
thoracic and lumbar spine were all reported on. Reviewers were supplied with the date
and identifiers for the scans, to enable them to find the correct scan and image sequence.
Multiplanar reconstruction (MPR) views of all CT images were permitted where the
reviewer felt they were useful or appropriate. For each patient the PET/CT were reported
on before the MDCT to avoid any learning effect biasing the low-dose image opinions.
For up to three potential spinal fractures, or other cortical features, space was provided
on the assessment forms to indicate vertebrae where changes were seen, their site
and orientation. Reviewers were also asked to indicate how confident they were in
their comments and if image quality was suitable for diagnosis. A worked example was
included for clarity.

Images for this section:
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Fig. 1: (a) Vertebrae were mounted, in order, on a 20 mm length of PVC for support
and spacing. The photograph on the left shows the dry vertebrae on the bench, whist
the image on the right was taken from a CT scout scan (120 kV and 40 mA). (b) Human
cervical vertebrae used in the cervical spine phantom with two osteotomies indicated, in
C5 (upper) and C3 (lower).

Fig. 2: Photographic view of the osteotomy (not to scale) on the RHS of the C3 vertebral
body, across the scan plane obliquely.

Page 17 of 42

Fig. 3: Photographic view of the osteotomy (not to scale) across the middle of the C5
vertebral body, in the scan plane.
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Fig. 4: Close up photographic view (not to scale) of the osteotomy on the left C6 pedicle.

Fig. 5: Axial view (anonymised) of the C3 feature recorded using a tube current of 60 mA.
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Fig. 6: An axial view (anonymised) of the C6 feature recorded using the lowest tube
current of 20 mA, with the feature visible clearly.

Page 21 of 42

Results
1. Test phantom study
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(refer to)

Fig. 5 on page
35

N/A

Fig. 6 on page
35

Table 1. Locations and sizes of vertebral osteotomies (C = cervical, LHS = left hand side,
RHS = right hand side, mA = tube current).

Three different simulated cortical lesions were created, scanned and assessed. For two of
these the image assessors decisions on if a feature was visible was constant throughout
the study. However the third feature's presence and confidence in the assessment varied
with increasing tube current and was ideal for our investigation of the limiting tube current
that would lead to images suitable for reporting. In summary in Table 1, one feature was
not located at any point in the study, one feature was seen even at very low tube currents
(20 mA), and images of the third were suitable for assessment when generated by tube
currents of 60-80 mA and higher.
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Fig. 4: Close up photographic view (not to scale) of the osteotomy on the left C6
pedicle.
References: - Oxford/UK

Fig. 6: An axial view (anonymised) of the C6 feature recorded using the lowest tube
current of 20 mA, with the feature visible clearly.
References: - Oxford/UK
C6 - the C6 pedicle feature shown in Figure 4 could be seen from very low tube currents
(20 mA) and was not useful for determining the limiting tube current for satisfactory image
feature detectability. Figure 6 shows a clear split in the pedicle at 20 mA.
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Fig. 3: Photographic view of the osteotomy (not to scale) across the middle of the C5
vertebral body, in the scan plane.
References: - Oxford/UK
C5 - the osteotomy across the front of the vertebral body (refer to Figure 3), in the middle
and in the scan plane, was not detected throughout the visual grading analysis using any
of the axial, sagital or coronal views. MPR were not suitable for the phantom with this
scanner due to its size. This osteotomy provided no further useful data.
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Fig. 2: Photographic view of the osteotomy (not to scale) on the RHS of the C3
vertebral body, across the scan plane obliquely.
References: - Oxford/UK
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Fig. 5: Axial view (anonymised) of the C3 feature recorded using a tube current of 60
mA.
References: - Oxford/UK
C3 - the osteotomy on the right hand side of the vertebral body, across the scan plane
obliquely, is shown in Figure 2 (not to scale). An axial view (anonymised) of the feature
recorded using a tube current of 60 mA, with the feature visible clearly, is included in
Figure 5. It is clear that images suitable for assessment are generated by tube currents
of 60-80 mA. This is confirmed by the convergence of the image quality scores in Figure
9, where the variation in the scores was dominated by the assessments of the feature on
C3. In Figure 9 all plots reaching an asymptote at 80 mA. Spearman's rank correlations
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found strong positive correlations between the total confidence scores and the tube
current (mA) used in the phantom tests for all three reviewers (0.90, 0.91 and 0.82
respectively). A generalised kappa for inter-review agreement of 0.70 also confirmed
there was substantial agreement between reviewers. Throughout the study the visual
noise in the images increased as the tube current was reduced (see Table 2).

Fig. 9: Image quality scores for each tube current and reviewer.
References: - Oxford/UK

60 mA

80 mA

Standard TCM Modified TCM

Image (refer
to)

Fig. 5 on page
35

N/A

Fig. 7 on page
36

Fig. 8 on page
37

CTDIvol (mGy)

8.8

11.7

18.2

7.6

DLP (mGy.cm) 130

195

270

112

Noise (HU)

101.5

73.0

120.6

115.9

Table 2. The volume CT dose index (CTDIvol), dose-length product (DLP) and noise for
fixed tube currents of 60 and 80 mA together with the data for the standard and modified
automatic tube current modulations (TCM).
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C3 with TCM - Comparing standard (refer to Figure 7) and modified (refer to Figure 8)
TCM images, the C3 vertebral body feature is clearly visible in both images. However, as
also included on these images the tube currents for the standard and modified TCM were
121 and 51 mA respectively. The DLP for a fixed mA of 60 and 80, together with the two
TCMs are included in Table 2. In this study the dose survey parameter DLP was used
for relative comparisons between examinations where only the tube current was varied
and all other parameters that can influence patient dose were kept constant. Using the
standard TCM's DLP as the normal scan exposure and reference value, there is clear
latitude for reducing dose while preserving image quality since bony features could be
visualised suitably using 60-80 mA and a tube current of 60 mA would lead to a halving
of the total DLP, with a 28% reduction at 80 mA. Just reducing the lower limit of the
automatic tube current selection range to 50 mA, as done for the modified TCM, led to
a more than 58% reduction in DLP.
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Fig. 7: Axial view (anonymised) of the C3 vertebral body feature recorded using the
standard tube current modulation (TCMs), with the feature visible clearly.
References: - Oxford/UK
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Fig. 8: Axial view (anonymised) of the C3 vertebral body feature recorded using the
modified tube current modulation (TCMm), with the feature visible clearly.
References: - Oxford/UK

2. PET/CT patient examinations
Reviewers' general comments when comparing the low-dose CT part of the PET/CT
examination with the MDCT examinations were that the MDCT images usually offered
better image quality than the PET/CT images, but at no time did they feel that a report
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could not be made using the low-dose CT. One reviewer judged the low-dose CT series
image quality as poor but workable for patient 3.

Fig. 10: For each of the four patients with PET/CT (PET) and standard MDCT (CT)
images the reporting confidence scores are plotted for each of the reviewers.
References: - Oxford/UK
For each of the four patients with PET/CT and standard MDCT images the assessment
confidence scores are plotted for each of the reviewers in Figure 10. In all cases the
MDCT scores were as good as or better than the PET/CT scores. A matched-paired ttest showed that the two groups of scores were significantly different (p = 0.002). This is
in part due to some of the thoracic spine features not being seen by one of the reviewers
in the PET/CT images. When looking at just the cervical spine features, the t-test failed
to reveal a statistically reliable difference between the two groups of confidence scores
(p=0.052).

Images for this section:
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Fig. 2: Photographic view of the osteotomy (not to scale) on the RHS of the C3 vertebral
body, across the scan plane obliquely.

Fig. 3: Photographic view of the osteotomy (not to scale) across the middle of the C5
vertebral body, in the scan plane.
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Fig. 4: Close up photographic view (not to scale) of the osteotomy on the left C6 pedicle.

Fig. 5: Axial view (anonymised) of the C3 feature recorded using a tube current of 60 mA.
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Fig. 6: An axial view (anonymised) of the C6 feature recorded using the lowest tube
current of 20 mA, with the feature visible clearly.
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Fig. 7: Axial view (anonymised) of the C3 vertebral body feature recorded using the
standard tube current modulation (TCMs), with the feature visible clearly.
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Fig. 8: Axial view (anonymised) of the C3 vertebral body feature recorded using the
modified tube current modulation (TCMm), with the feature visible clearly.
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Fig. 9: Image quality scores for each tube current and reviewer.

Fig. 10: For each of the four patients with PET/CT (PET) and standard MDCT (CT)
images the reporting confidence scores are plotted for each of the reviewers.
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Conclusion
Preliminary indications are that image assessments of bony changes with a high degree
of confidence can be achieved with the radiation dose reduced by up to a factor of
two. The strong positive correlations between the total confidence scores and the tube
current used, combined with substantial inter-reviewer agreement, meant that images
suitable for assessment were generated by tube currents of 60-80 mA. When the TCM
tube current table ranges were found to be set to high values and further measurements
were made with lower minimum values, the exposure was reduced automatically. These
studies have shown that there was adequate image quality for identifying artificial bony
features, but follow-up studies are required to explore more subtle features. The ability to
detect features is determined by conspicuity, and is related to both the size of the feature
and the feature to background contrast. However, ensuring that the tube current range
that the TCM can select from is set appropriately has already been shown to lead to a
valuable level of dose saving.
In vertebra C5 the osteotomy was in the middle of the vertebral body, and in the scan
plane. This feature was not detected by any of the radiologists throughout the visual
grading analysis using any of the axial, sagital or coronal views, including when the
TCM was used. This may have been a result of the osteotomy being aligned axially and
not visualised well against a background of wear and tear in the old vertebrae used in
the phantom. However one radiologist felt that the feature could have been seen more
clearly with an MPR view. A draw-back of the study was that MPR were not suitable
for the phantom with the scanner used due to its size. Therefore future test objects and
phantoms need to be large enough for multi-planar reconstructions to be possible.
The PET/CT results confirm that pre-existing libraries of clinical studies can be used to
investigate the outcome of using lower patient dose examinations for assessment without
impacting on patient care or radiological exposure. Furthermore where normal MDCT
had been performed on the region of the body of interest, here the spine, within weeks of
the PET/CT examination then visualisation and assessment differences by radiologists
could be explored. In our study in all cases the MDCT scores were as good as or better
than the scores for the low-dose CT part of the PET/CT. Given that these early PET/CT
scans had a mode tube current of 29 mA it is feasible that some features may not have
been seen in the low-dose CT part of the PET/CT examinations, as was the case for
one reviewer and changes in the thoracic spine. There was no appreciable difference in
assessments noted when the comparison was restricted to the cervical spine region.
Future Developments
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Our initial feasibility studies suggest that image assessment with a high degree of
confidence could be achieved with the radiation dose reduced by up to a factor of two.
The PET/CT studies gave further credence to the phantom study findings by confirming
there is scope for lowering dose without reducing bony feature detectability in clinical
images. These findings set parameters within which clinical studies can proceed with
confidence that pathology is not going to be obscured. Combined, these results will be
used as part of the supporting evidence for an application for a clinical trial to investigate
dose reduction in cervical spine imaging with MDCT. By reducing the tube current in small
increments, one aim would be to determine the minimum setting necessary to ensure
that clinical features and indicators could be identified during assessments.
So far only modifying tube current has been explored as a viable way of reducing
radiation exposure without reducing feature detectability. However, the optimal exposure
parameters will ultimately depend on the imaging task, cross-sectional area of the
anatomy being imaged, the size of the features looked for during image assessment and
the contrast between the features and the image background. Further test phantom tests
may be used to guide future clinical trials, in particular looking at the conspicuity of soft
tissue anomalies that are part of clinical evaluation but which we did not include in this
study. Further investigations are required before changes can be adopted clinically but
ensuring that the tube current range that the TCM can select from is set appropriately
has already been shown to lead to a valuable level of dose saving.
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