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Abstract
Summary Cadaver and phantom measurements and simula-
tions confirmed that radiation exposure in 3D QCT of the
spine can be reduced if 80 kV instead of 120 kV protocols
are used; 120 mAs and slice thicknesses of 1–1.3 mm should
be usable but obese patient will require higher milliampere-
second settings.
Purpose To develop a low-radiation exposure CT acquisition
protocol for 3D QCT of the thoracolumbar spine.
Methods Twenty-six cadavers were scanned with a standard
protocol of 120 kV, 100 mAs and with a low-dose protocol
using 90 kV, 150 mAs. The scan range included the vertebrae
T6 to L4. Each vertebra was segmented and the integral
volume and BMD of the total vertebral bodywere determined.
Effective dose values were estimated. The impact of
milliampere-second reduction on image quality was simulated
by adding noise.
Results One hundred ninety-six vertebrae were analyzed. In-
tegral volume as well as integral BMD correlated significantly

(p <0.001) between standard and low-dose protocols (volume,
r2=0.991, residual root mean square (RMS) error, 0.77 cm3;
BMD, r2=0.985, RMS error, 4.21 mg/cm3). The slope signif-
icantly differed from 1 for integral BMD but not for volume
hinting at residual field inhomogeneity differences between the
two voltage settings that could be corrected by cross-
calibration. Compared to the standard protocol, effective dose
was reduced by over 50 % in the low-dose protocol. Adding
noise in the 90 kV images to simulate a reduction from 150 to
100 mAs did not affect the results for integral volume or BMD.
Conclusions For 3D QCT of the spine, depending on scanner
type, 80 or 90 kV instead of 120 kV protocols may be
considered as an important option to reduce radiation expo-
sure; 120 mAs and slice thicknesses of 1–1.5 mm are usable if
segmentation is robust to noise. In obese patients, higher
milliampere-second settings will be required.
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Introduction

3D quantitative computed tomography (QCT) is increasingly
used to measure bone mineral density (BMD) and bone geom-
etry in order to diagnose osteoporosis and to monitor age- and
treatment-related changes [1]. While dual X-ray absorptiome-
try (DXA) remains the gold standard of osteodensitometry,
integral, trabecular, and cortical bone compartments can be
assessed separately with QCT. This is important to better
understand the differential effects of interventions and one
reason why QCT recently has been integrated into many
pharmaceutical trials in osteoporosis [2–4]. QCT images can
also provide the basis for finite element analysis (FEA) to
determine bone strength.
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However, compared to DXA, the radiation exposure in QCT
is considerably higher, even for standard scan protocols that
typically include L1 and L2 [1]. Recently, within the German
research collaboration BioAsset (Biomechanically founded in-
dividualized osteoporosis Assessment and t reatment) [5] a
longer thoracolumbar spine segment of T6 to L4 was scanned
that includes virtually all vertebrae susceptible to osteoporotic
fracture. This research protocol in turn triggered the current
study to address dose reduction in 3D QCT but of course the
topic is independent of the number of vertebrae scanned.

Radiation exposure for QCT has been the focus of an
earlier publication [6] but the results were obtained for
single-slice imaging and do not apply to the newer spiral
QCT protocols used nowadays for 3D imaging of complete
spine segments. These use an X-ray tube voltage of 120 kV
with around 100 mAs and a slice thickness of 1–3 mm. The
easiest way to reduce radiation exposure is to lower the tube
current–time product (mAs). One effect is an increase in noise
which complicates the segmentation required for the BMD
analysis. An increase in noise can principally be compensated
by a larger slice thickness or a smoother tomographic recon-
struction kernel; however, this reduces the spatial resolution of
the CT data, which is an undesired effect in particular with
respect to the assessment of cortical bone. Lowering the tube
voltage is also effective to reduce radiation exposure [7–10]
but has not been applied to 3D QCT although the early single-
slice QCT protocols for assessment of BMD in the spine in fact
used 80 kV [11, 12]. However, in these early studies, usually
an elliptical trabecular volume of interest (VOI) has been
analyzed, only and the slice thickness of 8 or 10mmwasmuch
larger compared to the 1–1.25 mm used in state of the art 3D
protocols. With 3D QCT techniques, additional VOIs such as
the total vertebral body are also assessed which requires an
accurate segmentation. Therefore, the effect of tube voltage
reduction on VOI must also be examined.

In the present study with human cadavers, we investigated
the effect of switching from a 120 kV to a 90 kV protocol on
the quantification of BMD and volume of the vertebral bodies.
We also simulated the effect of different milliampere-second
settings on segmentation and analysis. The expected dose
reduction was computed using Monte Carlo simulations.

Materials and methods

Sample data

Twenty-six cadavers, men and women of 65–90 years old
were scanned within 7.3±1.6 days after death and prior to
autopsy. Informed consent was obtained from the family
members after comprehensive information on relevant issues
was given. Institutional approval for the study procedures had

been obtained from the Ethics Committee of the Hamburg
Chamber of Physicians (PV3486).

QCT acquisition and reconstruction

Two CT scans were performed on a clinical Philips MX8000
CTwith a standard protocol using 120 kVand 100 mAs and a
second low-dose protocol using 90 kVand 150 mAs. All other
parameters were the same for both scans: table height, pitch of
1 and slice thickness of 1.3 mm, field of view of 15 cm and
reconstruction kernel B. The scan range included vertebrae
from T6 to L4 with adjacent endplates of T5 and L5. BMD
calibration was performed using the QRM bone density cali-
bration (BDC) phantom (QRM GmbH, Möhrendorf, Germa-
ny) scanned simultaneously with each cadaver. An example of
the standard and the low-dose scan is presented in Fig. 1.

Image processing

The MIAF-Spine (MIAF: Medical Image Analysis Frame-
work, version 3.1.5) developed at the IMP was used for
analysis. Each vertebra was segmented individually. The spi-
nal and dorsal processes and the ribs in the thoracic vertebrae
were excluded. For the purpose of this study, only integral
volume and BMD of the total vertebral body VOIs were
determined. Fractured vertebrae, vertebrae filled with cement
after vertebrae- or kyphoplasty and vertebrae with metal hard-
ware were excluded from analysis. Two different analyses
were performed: the scans obtained at 90 and 120 kV were
analyzed independently, i.e., two different VOIs were obtain-
ed and compared (A1). In order to explore whether differences
in bone-soft-tissue contrast between 90 and 120 kV had an
impact on segmentation the VOIs obtained at 90 kV datasets
were transferred to the 120 kV scans which were performed
without repositioning the cadavers in-between (A2). Thus, for
A2 analysis, VOIs were identical for 90 and 120 kV protocols.

Estimation of radiation exposure

The software package ImpactDose (CT Imaging GmbH,
Erlangen) was used to estimate effective dose values [13].
It calculates organ dose and effective dose values for arbi-
trary scan parameters and anatomical ranges. Values for
primary radiation are derived from measurements or manu-
facturer specifications; values for scattered radiation are de-
rived from Monte Carlo calculations tabulated for standard
anthropomorphic phantoms representing average and obese
male and female subjects [14]. ImpactDose version 2.0 sup-
ports tissue weighting factors from ICRP 60 and ICRP 103
[15]. With respect to QCT of the spine the main difference
between the two ICRP publications is an increase of the
tissue weighting factor for the breast from 0.05 in ICRP 60
to 0.12 in ICRP 103.
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Simulation of noise

In order to explore the possibility of further dose reduction, in
four vertebrae (T9, T10, L1, and L2) from six cadavers (two
fractured vertebrae were excluded, resulting in n =22) a
milliampere-second reduction was simulated by adding noise
to the CT images. Specifically, datasets of six cadavers with
large body sizes were selected so that their original noise
levels were rather high already. Artificial noise was added
under the assumption of independent Gaussian noise N (0;
G ) in every voxel as follows. Given that milliampere-second
is proportional to the squared signal-to-noise ratio SNR2 and
thus to 1/G2, we conclude that:

mAs1=mAs2 ¼ G2
2=G

2
1 ; ð1Þ

where G can be measured as standard deviation of the CT
values in a given VOI in HU values. Thus G2 denotes the
variance. Consequently, in order to simulate Gaussian noise
N(0;G2) in an image with the noise level N(0;G1), G2>G1,
we added Gaussian noise N(0, ΔG), where G2

2=G
2
1+ΔG2, so

that

ΔG2 ¼ G2
1 mAs1=mAs2−1ð Þ: ð2Þ

An example dataset with simulated noise is shown in Fig. 1.
For the validation of the formula above, the European Spine
Phantom (ESP, Fig. 2) was scanned on a Siemens SOMATOM
Definition Flash using 120 kV with 100, 80, and 50 mAs and
80 kVwith 150 and 100mAs. Slice thickness was 1 mm, pitch
1, field of view 20 cm, and reconstruction kernel B40s.

Statistical analysis

Integral BMD and volume were compared between the stan-
dard and the low-dose protocols using Pearson correlation
coefficients (r ) and the Wilcoxon signed rank test for related
samples because of non normal distribution (see “Results”).
For the noise simulations, repeated measures ANOVA was
used with one within-subject factor having three levels: stan-
dard protocol and two low-dose protocols with simulated 100
and 50 mAs. Matched pairs t tests were conducted post hoc
for integral BMD and volume to compare the 150 mAs low-
dose protocol with simulated 100 and 50mAs protocols, using
the Šidák correction as adjustment for multiple comparisons.
The normality of all data was checked with the Kolmogorov–
Smirnov test. All statistical procedures were performed with
SPSS Statistics 20 (IBM Corp.).

Results

Dose estimates

Table 1 shows the estimated dose values for the QCT proto-
cols used in this study. Effective dose estimates are given for
four different Siemens CT scanners for 80 and 120 kV. Most
scanners offer 80 and 120 kV instead of 90 and 120 kV as
implemented on the Philips scanner which was used for the
cadaver measurements. The Philips scanner is not included in
ImpactDose. For all dose calculations, a scan length of 30 cm
(Fig. 3) for the spine segment T6–L4 was assumed based on

Fig. 1 Axial and sagittal
multiplanar reconstructions
(MPR) from two CT datasets of
the same cadaver under four
different imaging conditions. Top
left QCT standard protocol
(120 kV, 100 mAs); top right
low-dose protocol (90 kV, 150
mAs); bottom low-dose protocol
with simulated 100mAs (left) and
with 50 mAs (right). Window/
Center setting for all MPRs: 1000/
-24 HU. The contours indicate
integral VOIs for which volume
and BMD were quantified
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measurements in five cadavers with a total body height of
155.8±7.05 cm that resulted in an average length of 29±
2.6 cm. Changing start and end points of the scan had little
impact on effective dose estimates. For example, shifting the
position by 6 cm (i.e., by approximately two vertebrae) in
caudal direction changed the effective dose by less than 1 %
(120 kV 100 mAs, female phantom, Somatom 64 scanner). In
addition, dose values were estimated for a scan covering only
L1 and L2, the configuration currently used in most spinal
QCT studies [1]. The effective dose using the tissue weighing
factors according to ICRP103 was approximately 14% higher
compared to ICRP60 in women due to the increase in the
breast tissue weighing factors.

BMD and volume measurements

In the 26 cadavers, a total of 196 vertebrae were included in the
analysis. For analysis A1, integral volume as well as integral

BMD for T6 to L4 were highly correlated (Fig. 4) between
standard and low-dose protocols (volume, r2=0.991, residual
root mean square (RMS) error=0.77 cm3; BMD, r2=0.985,
RMS error=4.21 mg/cm3). All correlation coefficients were
significant (p <0.001). For integral volume, no significant slope
or offset were observed. The values were equal on average,
with mean volumes of 25±8 cm3 both in 120 and 90 kV, and
pairwise equal according to the Wilcoxon signed rank test for
related samples (p =0.683). Both BMD and volume values at
120 and 90 kV were not normally distributed. At 120 kV,
average BMD was 151±35 mg/cm3 versus 141±33 mg/cm3

at 90 kV. There was a slope of 1.034 (significantly different
from 1 with p <0.001) and an offset of 4.58 mg/cm3 (p =0.001)
in integral BMD between the 120 and 90 kV protocols after
calibration with the BDC phantom, hinting at residual field
inhomogeneity differences between the two voltage settings.

For A2, in which analysis VOIs were registered, there was
a slope of 1.029 (significantly different from 1 with p <0.001)

L1

L2

L3

‘Soft

tissue’

Fig. 2 ESP phantom scan. Noise
measurements were performed in
the trabecular VOIs of the
vertebral bodies and in “soft
tissue”

Table 1 Estimated effective dose
values for males and females. The
software ImpactDose does not
support the use of the ICRP 103
weighing factors for the older
scanners Volume Zoom and Sen-
sation 16 and 64. Automatic ex-
posure control (AEC) options
were not considered in the
calculations

Scanner Number of detector rows kV mAs Effective dose [mSv]

(male/female)

30 cm scan length covering approximately mid T5 mid L5

ICRP 60 ICRP 103

Volume Zoom 4 120 100 5.17/6.53

Sensation 16 16 120 100 4.34/5.35

Sensation 64 32 120 100 3.99/4.97

Definition Flash 32 120 100 3.86/5.00 3.96/5.72

64 120 100 3.67/4.65 3.77/5.20

Volume Zoom 4 80 150 2.31/2.96

Sensation 16 16 80 150 1.83/2.34

Sensation 64 32 80 150 1.54/1.94

Definition Flash 32 80 150 1.54/2.03 1.58/2.33

64 80 150 1.48/1.89 1.51/2.12

10 cm scan length covering approximately mid T12–mid L3

Definition Flash 64 120 100 2.07/2.51 2.09/2.57

Definition Flash 64 80 150 0.83/1.02 0.84/1.01
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and an offset of 3.75 mg/cm3 (p <0.001). The residual RMS
error was 2.74 mg/cm3, r2=0.994. However, differences be-
tween A1 and A2 for slopes and offsets were not significant
despite the fact that the two segmentations at 120 kVobtained
for A1 and A2 were slightly different: at 120 kV average
differences in BMD of 1.6 mg/cm3 between analyses A1
and A2 were small and significant (p <0.001).

Noise

Noise was measured as standard deviation in HU in the
cylindrical VOIs placed in the inserts of the BDC phantom.
Although the noise level showed a slight tendency to increase
with higher BMD values (Table 2), this dependence was not
significant, i.e., noise levels were independent of the BMD

Fig. 3 Male phantom with geometrically defined organs used for calculation of effective dose. The vertical dashed lines indicate the “scan range” of
30 cm extending from 30 to 60 cm in the internal phantom reference system
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Fig. 4 Comparison (correlation
and Bland–Altman diagrams) of
the standard (120 kV, 100 mAs)
and low-dose (90 kV, 150 mAs)
protocols: integral volume (top)
and integral BMD (bottom). Each
data point represents a single
vertebra in the range T6–L4
obtained from a total of 26
cadavers
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values of the inserts (p >>0.5 both in ANOVA and correlation
analysis). The mean noise level in the datasets obtained with
the standard 120 kV protocol was 18 HU, it increased to 23
HU in the low-dose 90 kV protocol.

Table 3 shows the noise measurements in the ESP in the
VOIs shown in Fig. 2. Table 4 lists the corresponding variance
ratios G2

2/G
2
1, which are in good agreement with the corre-

sponding milliampere-second ratios confirming Eqs. 1 and 2.
In the ESP scan, the noise was higher than in comparable
cadaver scans, as can be seen when comparing noise values
for 120 kVand 100 mAs. This has a number of reasons: in the
ESP, a slice thickness of 1 mm was used whereas in the
cadavers a slice thickness of 1.3 mm was used. Also, 80
instead of 90 kV were used. Similar reconstructions kernels
were used but kernels from different CT manufacturers have
different noise and resolution characteristics. Finally, in order
to compare the cadaver and the phantom scans, noise should
be measured in a comparable location, i.e., in this case, in the
calibration phantom. In the 200 mg/cm3 insert of the calibra-
tion phantom positioned under the ESP, at 120 kV/100mAs, a
standard deviation of 23 HU and at 80 kV/150 mAs, a stan-
dard deviation of 42 HU was measured. The 23 HU scales to
20.2 HU in a 1.3-mm-thick slice, which compares well with
the 19 HUmeasured in the BDC of the cadaver scans, despite
the remaining difference in kilovolts.

Table 5 shows the effect of the simulated decrease of
exposure, 100 and 50 mAs, in six cadaver datasets in the
90 kV protocol. For this, larger cadavers resulting in higher

image noise were selected. The noise in the 150 mAs column
of Table 5 was higher than the average of 24 HU reported in
Table 2. The added noise did not affect the results for integral
volume as revealed by ANOVA with repeated measures for
three noise levels (multivariate profile analysis). In contrast,
integral BMD significantly changed (p =0.015) as confirmed
by four alternative statistical criteria, which produced equiva-
lent results: Pillai’s trace, Wilks’ lambda, Hotelling’s trace,
and Roy’s largest root. Post hoc analysis revealed that in the
simulated 50 mAs datasets BMD values were significantly
lower compared to 150 mAs (p =0.022) and borderline lower
compared to 100 mAs (p =0.055) (Table 6). See also Fig. 5 for
a graphical comparison of BMD values under various noise
conditions.

Discussion

In this study, we revisited the use of a low-dose protocol for
QCT of the spine. While pioneering work with single-slice

Table 2 Means and standard deviations of noise level G in the phantom
inserts for 26 cadavers, standard and low-dose QCT protocols investigat-
ed on the Philips MX8000 scanner. Correlation of noise levels between
120 and 90 kV for the same insert is shown in the last column (all
correlations were significant with p <0.001)

Parameter Mean±SD
120 kV, 100 mAs

Mean±SD
90 kV, 150 mAs

r

BDC 0 mg/cm3

insert: noise [HU]
17±4 22±5 0.975

BDC 100 mg/cm3

insert: noise [HU]
18±4 23±5 0.965

BDC 200 mg/cm3

insert: noise [HU]
19±4 24±5 0.958

Table 3 Noise level G [HU] measured in ESP on Siemens SOMATON
Definition Flash

Voltage 120 kV 80 kV

mAs 100 80 50 150 100

Soft tissue 26 29 37 47 57

L1 27 31 40 55 66

L2 29 33 44 59 72

L3 32 36 46 64 81

Table 4 Milliampere-second ratios and corresponding variance ratios
G2

2/G
2
1 based on measurements in Table 3. Theoretical calculations de-

scribed in the materials and methods section compare well with the image
measurements

Voltage 120 kV 80 kV

mAs ratio 80/100 50/80 50/100 100/150

mAs2/mAs1 1.25 1.6 2 1.5

G2
2/G

2
1

Soft tissue 1.24 1.63 2.03 1.47

L1 1.32 1.66 2.19 1.44

L2 1.29 1.78 2.3 1.49

L3 1.27 1.63 2.07 1.6

Average 1.28 1.68 2.15 1.5

Table 5 Comparison of noise levels in the six cadaver datasets (90 kV)
simulating 100 and 50 mAs. Standard deviations (SD) in HU values are
shown as measured in the third insert of the BDC phantom (200 mg/cm3)
before and after noise was added. Expected and actual ratios of noise
variances are compared

Dataset SD in original
150 mAs

SD in 100 mAs
[G2

2/G
2
1]

SD in 50 mAs
[G2

2/G
2
1]

1 33 40.9 [1.54] 58.9 [3.18]

2 30.1 37.0 [1.51] 53.4 [3.15]

3 28.5 35.5 [1.55] 51.4 [3.25]

4 29 34.7 [1.44] 50.0 [2.97]

5 25.8 31.1 [1.45] 44.5 [2.97]

6 26.8 33.2 [1.53] 47.1 [3.09]

Average ratio [1.5] [3.1]

Expected ratio [1.5] [3]
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QCT was already performed at 80 kV [11, 12], newer 3D
spiral QCT protocols are based on 120 kV presumably to
reduce noise. Two major reasons are the thinner slice thick-
ness, which comes at a cost of higher noise: 1–3 versus 8–
10 mm in the older single-slice approaches, and the sophisti-
cated 3D image processing that is sensitive to noise, in partic-
ular, if not only the trabecular VOI but the complete vertebral
body should be analyzed. Nevertheless, it is not fully clear
why the earlier 80 kV protocols were abandoned in favor of
120 kV. Due to the decrease of Compton scatter and increase
of the photoelectric absorption at 80 versus 120 kV the calci-
um contrast to noise ratio and as a consequence the calcium
sensitivity increases at 80 kV [16, 17]. This was recently

confirmed by extensive simulations using the dose weighted
contrast to noise ratio (CNRD) [18]. An additional benefit of a
lower tube voltage protocol is the significant reduction of the
so called fat error, which describes the underestimation of
trabecular BMD in the presence of marrow fat. A switch from
130 kVor above to 80 kV reduces the fat error by a factor of
1.5–2.5 [19, 20].

QCT has often been criticized as a high-dose technique.
While radiation exposure in QCT is much lower than for most
CT procedures performed in diagnostic radiology it is certain-
ly higher than in DXA. Thus, reduction of radiation exposure
in QCT is a continuing topic. If more than two vertebrae
should be scanned such as in the BioAsset project, then

Table 6 Post hoc analysis of the ANOVA results for BMD and volume
values in the datasets with simulated noise: pairwise comparisons of
BMD and volume values for three groups corresponding three milliam-
pere-second values, 50, 100, and 150. Pearson correlation r was

significant for all six pairs with p <0.001. Confidence intervals and
significance levels are shown. Šidák correction was used as adjustment
for multiple comparisons

Paired differences

r 95 % CI of the difference Sig. (two-tailed)

Lower Upper

Pair 1 BMD.50–BMD.150 0.970 −8.235 −0.542 0.022

Pair 2 BMD.100–BMD.150 0.968 −5.574 1.750 0.469

Pair 3 BMD.50–BMD.100 0.980 −4.999 0.047 0.055

Pair 4 Vol.50–Vol.150 0.992 −0.625 0.602 1.0

Pair 5 Vol.100–Vol.150 0.998 −0.282 0.369 0.981

Pair 6 Vol.50–Vol.100 0.995 −0.536 0.426 0.988

Fig. 5 Effect of increased noise:
BMD comparison of 150 mAs
with simulated 50 mAs (top left)
and 100 mAs (top right)
protocols, all using 90 kV. The
comparison was performed in six
selected datasets with a total of 22
vertebrae (for details, see text). In
the bottom row, the same
comparison is done with the help
of Bland–Altman diagrams

Osteoporos Int (2014) 25:983–992 989



obviously the radiation exposure is a major limiting factor of
scan length because, for example for a 30-cm scan at 120 kV,
an effective dose of 4–5 mSv for males and 5–6 mSv for
females would be required (Table 1). Nevertheless, testing
whether the reduction of 120 to 80 kV is favorable is inde-
pendent of the number of vertebrae scanned. Interestingly, for
3D QCT, a comparison between voltage settings has not been
published so far, although more broadly, for spinal CT low-
dose protocols have been suggested before [21, 22]. Recent
simulations supported by extensive phantom measurements
proposed the use 80 kV for CT bone imaging in general [18].

We have analyzed possibilities of dose reduction by means
of lower voltage and lower milliampere-second in cadavers.
Specifically, we examined the effect of 90 versus 120 kV scan
protocols. Most clinical whole-body CT scanners used for
QCT offer an 80 kV instead of a 90 kV option. Therefore,
for comparison we added scans of the European Spine Phan-
tom (ESP) (QRM GmbH Möhrendorf, Germany), obtained
from a Siemens scanner at 80 kV, while the cadavers were
scanned on a Philips scanner. Major endpoints of the cadaver
study were integral volume and integral BMD of the complete
vertebral body.

As expected, noise measured as the standard deviation in
HU values in the BDC phantom inserts was higher in the
90 kV compared to the 120 kV protocol (Table 2). However,
the increased noise had no relevant effect on segmentation of
the vertebral body. The paired volume and BMD measure-
ments of the vertebrae were highly correlated (r2>0.985).
This means that the MIAF-Spine segmentation technique is
not very sensitive to decreased image quality. The absolute
difference in calibrated BMD values indicates differences in
the scan field inhomogeneity at 90 and 120 kV requiring
different corrections. However, as the correlation between
BMD values at 90 and 120 kV was very high a linear correc-
tion approach, e.g., based on the scans of an appropriate
phantom appears sufficient to obtain the same BMD results
at 90 and 120 kV.

Moreover, the segmentation results were very stable with
respect to noise, so that the radiation dose could likely be
further reduced by decreasing the current-time product. The
adopted simple simulation of low milliampere-second values
by adding Gaussian noise is a coarse approximation value of
the real changes in image quality, but it was in good agreement
with phantom-based validation measurements. In our experi-
ments, changes in volume and BMD were not significant for
simulated 100 mAs compared to 150 mAs. The results for
50 mAs showed that changes in volume were still not signif-
icant but BMD values did differ slightly. From Fig. 5, it can be
seen that the correlation coefficients decreased for 100 and
50 mAs when compared to Fig. 4. Thus, segmentation with
50 mAs is less stable and more error prone, and although the
measured volume values remain unchanged on average, with-
in a given patient variations increase. The reason that BMD

but not volume differences at 50 mAs became significant can
be explained by fact that a small volume change may cause a
much higher BMD change because at the periosteal surface
BMD values change rapidly between soft tissue and cortical
bone. In the reported ANOVA analysis, we pooled all verte-
bral levels, but using the level as a between-subjects factor for
otherwise the same repeated measures ANOVA didn’t change
the conclusion.

The data in Table 5 indicate that in our cadaver dataset
noise levels of around 40 HU measured in the BDC phantoms
are a reasonable upper limit for acceptable image quality. This
is comparable with a standard deviation of 42 HU at 80 kV/
150 mAs obtained in the ESP measurements; 80 kV/120 mAs
and a slice thickness of 1.3 mm would result in almost the
same noise level. According to Table 1, even at 80 kV/150
mAs the dose reduction is larger than 50 % compared to the
standard 120 kV/100 mAs protocol, which compares well
with the reduction of up to 56.8 % in weighted CT dose index
for abdominal examinations [23] performed with tube volt-
ages of 120 and 90 kV and constant 300 mAs. An 80 kV
protocol in standard scans of two vertebrae will limit the
radiation exposure below 1 mSv.

Our study has a number of limitations. First, no cadavers
with obese stature were included in the study, the average BMI
was 22 kg/m2. Even those cadavers which were used for the
simulation study and in which noise levels were highest had
an average BMI of 25 kg/m2, only. The suggested 120 to
150 mAs protocol may not work in obese patients. In partic-
ular, higher milliampere-second values will be required to
compensate the increased X-ray absorption, but of course this
is partly true for the 120 kV protocol as well. Second, the
cadaver scans had been performed on an older Philips scanner
only providing 90 kV, while the ESP scans used for compar-
ison were obtained at 80 kV on a Siemens scanner. Thus,
settings were not immediately comparable; also, slice thick-
nesses and reconstruction kernels were different. But this is
the standard scenario at least in multi center studies, where
equipment from different manufactures is used. On the posi-
tive side, our study demonstrates that differences can be
adjusted with adequate phantoms.

We have measured the cadavers with two different proto-
cols only and have not tried to achieve identical contrast to
noise ratios in the scans although the difference was small
(Table 2). Of course, radiation exposure can be reduced by
lower tube voltages but also by lowering the milliampere-
second settings at a given kilovolt value. For example, the
noise in the 120 kV 100 mAs protocol was still lower than in
the 90 kV 150 mAs protocol (Table 2), thus the differences in
exposure shown in Table 1 between 120 and 80 kValso reflect
higher noise at 80 kV. However, a systematic investigation of
the CNRD based on phantoms has shown that the use of
80 kV indeed is advantageous, i.e., lowering the kV setting
is more effective than lowering milliampere-second settings
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[18]. At 80 kV the CNRD was 10 to 20 % higher, i.e., a given
contrast to noise ratio could be obtained at a 10 to 20 % lower
radiation exposure than at 120 kV. The advantage of 80 kV
was smaller for larger phantoms and smaller in the lumbar
than in the thoracic region. Adding the reduced fat error, these
data together with the results of the current study underscore
the advantages of an 80 kV protocol.

We did not consider automatic exposure control (AEC)
options available on all modern whole-body CT scanners or
advanced iterative reconstruction methods to further reduce
radiation exposure. Second, the noise simulations were just
based on random Gaussian noise, whereas in CT images
structured noise as seen in Fig. 1 is more realistic because
the X-ray attenuation in non circular objects varies with the
angle between X-ray beam and object, or in other words varies
among the tomographic projections used to reconstruct the
image. Also all dose calculations using ImpactDose have to be
interpreted within the limitations of the implemented dose
estimation approach: it is based on geometrically defined
phantoms and human anatomymay considerably deviate from
phantoms. Also, the definition of the exact scan range is
somewhat arbitrary although a slight shift within the phantoms
had little effect on dose. Effective dose values depend on
tissue weighing factors and the change from ICRP 60 to ICRP
103, which was based on new data and a new interpretation of
existing data, nicely demonstrates the impact of changing their
values. Also, differences in organ sizes and locations between
patient and phantom and differences in geometry, spectrum, or
filtration among CTscanners may significantly influence dose
values. Therefore, the estimated effective dose values should
be interpreted cautiously; however, the dose differences re-
ported here between the two scanners and CT protocols will
be largely accurate.

Finally, we acknowledge potential reservations against in-
cluding thoracic vertebrae in spinal QCT and indeed it is not
suggested that the current practice of scanning two (or some-
times three) lumbar vertebrae should be changed in particular
as scanning larger segments results in a larger radiation expo-
sure. The BioAsset research project, in which a longer seg-
ment of the spine is scanned, triggered this study but the result
that an 80-kV scan protocol is advantageous for QCT of the
spine and can be used without major impact on BMD results is
independent of scan length. Using 80 kVinstead of 120 kV for
QCT of the spine is the most effective way to optimize
radiation exposure. Other measures can have similar though
somewhat inferior effects such as the use of patient size and
location specific milliampere-second settings as realized by
many AEC systems. Also, reducing the milliampere-seconds
to allow for higher noise or combined with the use of thicker
slices are means to reduce dose.

Almost all QCTstudies of the spine recently reported in the
literature were performed at 120 kV. This is most likely also
true for most clinical measurements; perhaps with the

exception of those using the older single-slice Osteo protocol
still installed on various Siemens CT units. Of course, it is not
advisable to change tube voltage in current studies or ongoing
clinical programs in which data are compared with earlier
visits. Also, abdominal or thoracic CT scans performed for
various diagnostic tasks, which may be used for a later BMD
analysis to address additional clinical questions, are usually
taken at 120 kV. Nevertheless, as radiation exposure in CT is a
topic of increasing public interest, dose reduction is a major
focus of innovation in CT technology and one important
recent insight is that besides AEC and iterative reconstruction
algorithms lower kV settings would contribute to lower radi-
ation exposure for many CT protocols and not just in
osteodensitometry [18]. Thus, new programs using QCT of
the spine should consider the advantages of an 80 kV protocol.

In summary, this study confirmed that radiation exposure in
3D QCT can be reduced if 80 kV instead of 120 kV protocols
are used; 120 mAs and slice thicknesses of 1–1.3 mm should
be usable if the applied segmentation is robust to noise. In
obese patients, higher milliampere-second settings will be
required. In new QCT spine projects, the use of 80 kV may
be considered as an important option to reduce radiation
exposure, unless existing data acquired at 120 kV should be
used for comparisons.
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