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Abstract

Osteoporosis is underdiagnosed and undertreated. To improve timely fracture risk assessment optimized densitometry meth-
ods are required such as opportunistic spinal quantitative computed tomography (QCT). However, it is unclear how to best
calibrate these scans and correct for potential scanner drift of QCT when used for monitoring bone mineral density (BMD)
changes. We compared gold standard simultaneous calibration with asynchronous calibration methods, assessing mid-term
(12 weeks) and long-term (1.5 years) reproducibility of BMD measurements. Cortical and trabecular compartments of the
European Spine Phantom were studied with ten different protocols including low dose and high resolution (HR)-modes.
Based on weekly phantom data, we compared simultaneous calibration to asynchronous single (termed global) or monthly
calibration. The accuracy was better for trabecular measurements than for cortical measurements for all calibration methods.
Reproducibility was excellent for all methods and slightly better for asynchronous than for simultaneous calibration both
for trabecular and cortical bone. For HR protocols, reproducibility was better than for low dose measurements. In trabecular
compartments averaged HR-BMD remained stable for global (—0.1%/year, ns) but not for simultaneous calibration (— 1.5%/
year, p<0.001). No significant drifts could be detected for averaged low dose BMD (—0.9 to + 0.8%/year) for either calibra-
tion method. Our data suggest that with regard to precision and accuracy measurements with asynchronous calibration are
suitable for vertebral BMD assessment (no contrast agents) in clinical practice. Regular (e.g., monthly) stability tests using
a calibration phantom could assure long term stability of at least 1 year.

Keywords Bone densitometry - Quantitative computed tomography - Asynchronous calibration methods - Osteoporosis -
European spine phantom

Introduction

Osteoporosis is a systemic musculoskeletal disease which
is defined by the reduction of bone mass and alteration of
the bone’s microstructure leading to an increased fracture
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risk [1]. Odén et al. estimate that between the year 2010
and 2040 the number of individuals, which carry a high
risk for osteoporotic fractures, will be doubled worldwide
[2]. Osteoporosis-related fractures (e.g., vertebral frac-
tures, and fractures of the hip or wrist) do not only cause
a major impairment for the patient but cause medical costs
of over $17 billion annually alone in the US [3]. There-
fore, timely identification of patients at enhanced risk of
fractures is essential to initiate appropriate therapeutic
options in the disease’s early stages. However, osteopo-
rosis remains underdiagnosed and undertreated today [4,
5]. Bone densitometry assessment with quantitative com-
puted tomography (QCT) allows 3-dimensional measure-
ments of volumetric BMD (in mg/cm?) and represents an
alternative to the established dual X-ray absorptiometry
(DXA with results in areal BMD in g/cmz) method [6].
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Conventionally, for BMD-measurement with clinical QCT
a simultaneous calibration with a calibration phantom
placed underneath the patient’s spine is required in order
to transform CT’s attenuation (in Hounsfield-Units) into
BMD using a linear regression model [7]. Millions of QCT
scans are performed annually for indications other than
osteoporosis. By means of automated analysis patients
at enhanced risk of fracture could be detected, so called
opportunistic screening. However, HU may differ substan-
tially across scanner types and manufacturers and with-
out calibration standardized risk assessment thus can be
affected by accuracy errors. Recent advancements in CT
technology enabled the introduction of a BMD measure-
ment with asynchronous calibration methods, i.e., meas-
urements of a calibration standard at regular time intervals
(i.e., monthly), obviating the need to measure a calibra-
tion phantom underneath each patient scanned, as needed
for simultaneous calibration. Opportunistic screening [6]
would reduce radiation exposure for the patient as fewer
imaging procedures are needed, also lowering healthcare
costs [8]. Recent studies indicate good clinical results for
asynchronous calibrations for BMD screening applica-
tions. Those studies show that BMD values from routine
abdominal or pelvic CT scans can be used for fracture
prediction [9-13]. Moreover, recent findings suggest that
simultaneous calibration may add a phantom-induced bias
[11] and perhaps cause additional imaging noise. Further-
more, it is unclear how often calibration measurements
for asynchronous calibration need to be repeated to assure
timely detection of drifts of malfunctioning CT scanners
and whether long term stability of modern CT equipment
would be sufficient to use asynchronous calibration for
monitoring BMD changes over time. For these aspects,
precision and accuracy of asynchronous calibration should
be assessed with a long-term view and for both the corti-
cal and trabecular compartments—recent studies mainly
focused on measurements of the trabecular compartments
[11, 13].

The objective of this study was to compare the per-
formance of asynchronous calibration to the current gold
standard of dedicated QCT measurements with simultane-
ous calibration by investigating mid- and long-term pre-
cision and whether equipment drifts could affect BMD
measurements of the two calibration methods. Long-term
stability cannot be assessed accurately in patients since
their BMD may drift over time and radiation doses would
be prohibitive. Therefore, we took measurements on the
European Spine Phantom, an established standard for qual-
ity assurance in osteoporosis. This also permitted to study
precision and drifts for a variety of different reconstruction
protocols extended over a long-term period of 1.5 years,
typical of follow up time intervals of patients.

Materials and Methods

All measurements have been conducted in the context of
the multicentric ‘DIAGNOSTIK-BILANZ’ -study, including
10 centres for recruitment and CT-measurements, organ-
ized by the Molecular Imaging North Competence Centre,
a department of Radiology and Neuroradiology, University
Medical Centre Schleswig—Holstein (UKSH), Kiel Uni-
versity, Kiel, Germany. Volunteers included were patients
on long-term bisphosphonate treatment (at least the last
4 years). Spinal CT-measurements were performed with
two different protocols of QCT, a high-resolution protocol
for enhanced depiction of the trabecular vertebral structure
(HR-QCT) and a low dose QCT-protocol to enable den-
sity measurements on larger part of the spine compared
to standard QCT, which usually is applied to the lumbar
spine only.

All patient measurements (data not included in this pub-
lication) were performed on the vertebrae simultaneously
with a calibration phantom (Bone Density Calibration
Phantom, BDC-Phantom) being placed below the spine. In
Kiel, a similar setup using the BDC-Phantom together with
a phantom simulating human vertebra (European Spine
Phantom, ESP) (both phantoms: QRM GmbH, Moehren-
dorf, Germany) were used for weekly measurements over a
total period of 14 months (27.07.2016-12.09.2017). After
the first 12 weeks of measuring, a 9 months’ lasting recess
was implemented in the testing process followed by a sec-
ond measurement period of 12 weeks. We implemented a
recess between two measurement periods in order to imi-
tate a typical clinical set-up in which the patient re-visits
his/her physician for additional scanning. During every
individual measurement the ESP was placed on the BDC-
Phantom to simulate a patient’s scan (Fig. S1, Appendix).
This paper is based on measurements obtained on the ESP.

The ESP consists of three artificial vertebrae with nomi-
nal trabecular hydroxyapatite densities of 50 (in L1), 100
(in L2) and 200 (in L3) mg HA/cm? and nominal cortical
densities of 800 mg/cm? for each vertebra surrounded by
tissue mimicking material (Fig. S1). Cortical thickness
increases from L1 to L3 [14]. Measured BMD values for
ESP for trabecular compartments as stated in an accept-
ance-test-protocol by QRM GmbH are 50.5 mg HA/cm?
(L1), 101.2 mg HA/cm? (L2), L3 200.6 mg HA/cm? (L3)
[15]. The BDC-Phantom comprises three parallel rods
with hydroxyapatite densities of 100.0, 0.0 and 200.0 mg/
cm? [16]. Exact values for the phantom used in Kiel were
99.5 mg/cm?, 0 mg/cm?® and 203.0 mg HA /cm®.

All measurements were performed with the SOMATOM
Sensation 64 (Siemens AG, Erlangen, Germany), a
64-multislice CT scanner, using two different scanning
protocols: a high-resolution protocol and a low dose
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protocol (Table S1, Appendix). The HR was run with the
B70s kernel, increment 0.3 mm and slickness 0.6 mm.
Low dose images can be acquired and reconstructed with
different reconstructions kernels, increments and slice
thickness. Since these protocols can also affect accuracy
and precision, we studied three different bone-kernels
(B40s, B60s, and B80s) with a range of different combi-
nations of increments and slice thickness values (Table S1,
Appendix). While ‘hard’ kernels (e.g., B80s) produce a
sharp image with comparatively high noise value, ‘soft’
kernels (B40s) create images with a lower spatial resolu-
tion but less noise [7, 17]. The HR protocol was set up to
enable an additional measurement of trabecular and corti-
cal structure parameters in patients. Although structural
assessment of bone is not relevant in this study due to
the lack of interior structures in the ESP, sharper images
with higher resolution can be achieved combined with
less noise due to the higher radiation dose. For the low
dose protocol, nine different reconstructions were used to
cover a wider range of possible applications of the method
(Table 1). The low dose protocol was implemented in the
patient study to enable a scanning of a larger part of the
spine with still acceptable radiation dose. For the high-
resolution protocol, a tube current of 120 kV, a tube cur-
rent time product of 355 mAs and a field of view (FoV)
of 80 mm was chosen. For the low dose protocol, a tube
current of 80 kV, a tube current time product of 120 mAs
and a FoV of 200 mm was used.

Image processing was conducted with the software
package Structural/nsight to calculate BMD from CT
attenuation values. This imaging processing software

was developed by our section and combines all important
quantitative CT data processing steps including quality
assurance, calibration, threshold segmentation and analy-
sis [18]. Intermediate application of a mask, created espe-
cially for these artificial vertebrae, helped to find a well-
defined region prior to thresholding (Fig. S2, Appendix).
The ESP was scanned on top of the BDC, permitting
analysis with simultaneous calibration. In the first analysis
the densities of the artificial vertebrae of the ESP were
calibrated using the densities of the compartments of the
BDC, which was scanned at the same time (simultaneous
calibration). To simulate an asynchronous (global) calibra-
tion uncalibrated data were calibrated by using one mean
calibration curve only, calculated from the average CT-val-
ues of the BDC from all measurements (one curve for HR
protocol and one for all low dose protocols). Analogous to
the asynchronous (global) calibration for the asynchronous
(monthly) calibration (only applied onto datasets with ker-
nel B40s, 1.0 mm slice thickness) the first synchronous
calibration curve of each month was used for calibrating
all following datasets of this particular month. Secondly
all datasets were processed using threshold segmentation.
As depicted in figure S2 (appendix) narrower segmenta-
tion masks were placed in transverse planes in the middle
of the vertebrae due to the problem that in low resolution
scans with thick layers (e.g., 3.0 mm) inferior and superior
endplates of adjacent vertebral bodies could not be dif-
ferentiated thus leading to segmentation errors. By using
a narrower segmentation mask threshold segmentation for
thick layers remained possible. As a result, only vertical
parts of the cortex of each ESP vertebra were analysed.

Table 1 Midterm precision and mean long-term precision (for ESP vertebrae L1-L3, in %) for trabecular and cortical bone with simultaneous
and asynchronous (global) calibration methods for all reconstruction kernels and monthly calibration for B40s, 1.0 mm slice thickness

Trabecular bone

Cortical bone

Sim. Cal Asynchr. Cal Sim. Cal Asynchr. Cal
Mid-term prec Long-term Mid-term Long-term Mid-term Long-term Mid-term Long-term prec
prec prec prec prec prec prec

B70s,0.6 mm 0.80 1.01 0.34 0.43 0.61 3.36 0.20 1.08
B40s, 0.6 mm 2.59 3.12 2.00 242 0.99 4.44 0.35 1.55
B40s, 1.0 mm 2.86 3.44 1.60 1.92 0.67 3.01 0.34 1.51
B40s, 3.0 mm 2.31 2.82 1.70 2.05 1.44 6.45 1.39 6.28
B60s, 0.6 mm 3.76 5.14 1.75 2.36 1.96 10.48 0.38 1.98
B60s, 1.0mm 3.01 3.80 1.63 2.02 1.89 10.06 0.39 2.04
B60s, 3.0 mm 3.48 443 1.65 2.04 2.48 13.23 2.08 10.99
B80s, 0.6 mm 2.82 3.96 1.35 1.99 4.01 27.40 0.36 2.45
B80s, 1.0mm 3.41 4.22 1.42 1.78 3.08 20.92 0.41 2.84
B80s,3.0mm 3.42 4.18 2.03 2.50 3.03 20.85 1.60 11.15
B40s, 1.0 mm - - 2.02 2.45 - - 1.40 6.20

(monthly)
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Statistical Analysis

The statistical analyses were carried out using Microsoft
Excel (Microsoft Inc. 2013) and JMP 5.0.1 (SAS Institute
Inc. 2001). Due to technical defaults 5 out of 240 total meas-
urement scans were preliminarily excluded (all with kernel
B80s, 4 with 0.6 slice thickness, 1 with 1.0 mm slice thick-
ness) while 3 measurements with B70s kernel were partially
incomplete, showing only L2. For further analysis 235 scans
with 2882 out of 3024 data points were included (Table S1,
Appendix). Precision errors were expressed by the calcula-
tion of the coefficients of variation. Coefficients of variation
were calculated separately for each method and each body
as well as a mean for vertebrae L1-L3 from the standard
deviation of all BMD values during the measurement phase.
We distinguished between midterm-precision (defined as the
standard deviation calculated over one measurement period,
12 weeks) from long-term precision (which was defined as

the standard deviation calculated over the total measure-
ment period, 1.5 years), aiming for the lowest possible value.
Accuracy is defined by the deviations of measured BMD
from nominal values (mean of vertebrae L1-L3). For the
asynchronous calibration methods deviations of mean BMD
from standard ESP values were calculated for each ESP ver-
tebral body and a mean over L1-L3 (Fig. 1a, b). To examine
potential drifts in BMD a linear regression analysis was per-
formed over time and annual rates of change (separately for
the single vertebrae L1, L2, and L3 and averaged over three
vertebrae L1-1.3) were calculated for each method. 362 out
of 382 data points were included for linear regression analy-
sis with reconstruction kernels B70s, 0.6 mm and B40s, 1.0
mm slice thickness and monthly calibration with B40s, 1.0
mm slice thickness (Fig. 2a-h).

In the following section we present results of the BMD
values averaged over all three vertebrae for the high-reso-
lution protocol, kernel B70s, and the kernels B40s, B60s,
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Fig. 1 a, b Bars depict accuracy errors (deviation of mean BMD from
standard ESP values) and error bars depict mean mid-term precision
errors (for vertebrae L1-L3) for trabecular bone (*) (a) and cortical
bone (b) with asynchronous (global) calibration for all reconstruction

kernels and monthly calibration for B40s, 1.0 mm slice thickness,
(*for trabecular compartments nominal BMD values according to the
QRM acceptance-test were used)
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Fig.2 a-d Trabecular BMD-
values over time for simultane-
ous (top) and global (bottom)
calibrations with reconstruction
kernels B70s, 0.6 mm and B40s,
1.0 mm slice thickness and
monthly calibration with B40s,
1.0 mm slice thickness. e-h
Cortical BMD-values over time
for simultaneous and global
calibrations with reconstruction
kernels B70s, 0.6 mm and B40s,
1.0 mm slice thickness and
monthly calibration with B40s,
1.0 mm slice thickness
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B80s to investigate the impact of a sharp kernel with high
resolution and a weak kernel with low radiation dose on
the measurements.

Results
Accuracy and Precision of Phantom Data

Accuracy errors are depicted in Fig. 1a and b for trabecu-
lar and cortical bone compartments with asynchronous
calibration (for HR-protocol and low dose protocols with
B40s, B60s and B80s kernels) as well mid-term precision.
Figures S3 and S4 (Appendix) depict deviations of meas-
ured BMD from nominal values for each ESP vertebra (L1,
L2, and L3) individually. Accuracy is better for trabecular
measurements than for cortical measurements for all cali-
bration methods. BMD values in the trabecular compart-
ments are mostly overestimated (+7.6 mg HA/cm® with
HR-protocol vs +3.2 mg HA/cm?® with B40s-kernel, 1.0 mm
slice-thickness), largest for kernels B60s, 0.6 mm slice thick-
ness and B80s, 0.6 mm slice thickness (see Figs. S3 and S4,
Appendix). In the cortical compartments, most BMD-values
are consistently lower than expected, most for B40s with
monthly calibration (—355.8 mg HA/cm®) and least for B80s
with 3.0 mm slice thickness (— 102.5 mg HA/cm?).

Mean coefficients of variation were lower with asyn-
chronous (global) calibration for high resolution protocols
(CV=0.3% for trabecular bone, CV=0.2% for cortical
bone) as well as for low dose protocols (lowest for B80Os,
0.6 mm slice thickness: CV =1.4% for trabecular bone and
B40s, 0.6 mm slice thickness: CV 0.4% for cortical bone).
CV results for each ESP vertebra individually are depicted
in Tables S2 a and b (Appendix).

Results for long-term precision were better for asynchro-
nous than for simultaneous calibration both for trabecular
and cortical bone compartments. Lowest long-term precision
with asynchronous calibration was measured with B70s ker-
nel for high resolution protocol (0.4 for trabecular bone vs.
1.1 for cortical bone) and B80s, 1 mm slice thickness (1.8 for
trabecular bone) as well as B40s, 1 mm slice thickness (1.5
for cortical bone compartments) with low dose protocols.

Linear Regression Analysis

Using a linear regression analysis relative annual change
rates were calculated separately for the single vertebrae L1,
L2, and L3 for each reconstruction kernel and slice thickness
(Tables S3 a, b). Mean annual change rates are summarized
in Tables 2 and 3, while drifts over time are depicted in
Fig. 2a-h for simultaneous and global calibration for both

Table2 Mean annual change rate (in %) (for ESP vertebrae L1-L3)
for trabecular bone with simultaneous and asynchronous (global) cali-
bration methods for reconstruction kernels B70s, 0.6 mm and B40s,
0.6 mm, 1.0 mm, 3.0 mm slice thickness) and monthly calibration for
B40s, 1.0 mm slice thickness

Trabecular bone

Sim. Cal Asynchr. Cal

Annual change p Annual change p

rate rate
B70s, 0.6 mm - 1.54 ok -0.12 ns
B40s, 0.6 mm 0.20 ns 0.78 ns
B40s, 1.0 mm 0.68 ns -0.78 ns
B40s, 3.0 mm - 0.81 ns - 091 ns
B40s, 1.0 mm - 0.66 ns
(monthly)

p=p-values (ns: p>0.05,
*kp <0.0001)

°: p<0.05, *p<0.01, **p<0.001,

Table 3 Mean annual change rate (in %) (for ESP vertebrae L1-L3)
for cortical bone with simultaneous and asynchronous (global) cali-
bration methods for reconstruction kernels B70s, 0.6 mm and B40s,
0.6 mm, 1.0 mm, 3.0 mm slice thickness) and monthly calibration for
B40s, 1.0 mm slice thickness

Cortical bone

Sim. Cal Asynchr. Cal
Annual change p Annual change p
rate rate
B70s, 0.6 mm -0.85 *ok —-0.20 wE
B40s, 0.6 mm 0.15 ns —-0.50 Hkk
B40s, 1.0 mm —-0.28 ns —-0.38 *
B40s, 3.0 mm -2.71 ns —-1.53 ns
B40s, 1.0 mm - 0.63 ns
(monthly)
p=p-values (ns: p>0.05, °p<0.05, *p<0.01, **p<0.001,

*HEp <0.0001)

bone compartment. Mean annual change rates for ESP ver-
tebrae L1-L3 in trabecular bone were consistently < 2.0%,
in cortical compartments mean annual change rates did not
exceed 3.0%.

In trabecular compartments averaged HR-BMD remains
stable for global (—0.1%/year, ns) but not simultaneous
calibration (— 1.5%/year, p <0.001). No significant changes
could be detected for averaged low dose BMD (—0.9
to +0.8%/year) for either calibration method. In cortical
compartments, no or only unsystematic small negative drifts
occur (HR: —0.9 to—0.2%/year, low dose: —2.7 to 0.6%/

year).
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Discussion

Our studies were intended to test the long-term reproducibil-
ity of vertebral BMD measurements with QCT using simul-
taneous and asynchronous calibration methods for a vari-
ety of different measurement and reconstruction protocols.
These included a high-resolution protocol with enhanced
spatial resolution but also larger radiation exposure and a
low resolution and low dose protocol with reduced exposure,
each compared to standard dose QCT. Our results document
very good levels of precision and accuracy for both asyn-
chronous and simultaneous calibrations with small but con-
sistent advantages for asynchronous calibration: reproduc-
ibility (precision) was found to be better both for trabecular
and cortical bone and for both the HR and low dose proto-
cols and even for a single global calibration no systematic
drift over time was observed, documenting that CT scanners
are stable enough for longitudinal studies in clinical practice.
While no drift problem was observed in our single scanner
study, malfunctioning equipment can be encountered. For
this reason, monthly calibration checks are recommended if
simultaneous calibration is not performed.

To gain comparable, clinically adequate densitometric
QCT measurements, a certain precision has to be achieved.
Precision is usually quoted as a coefficient of variation and
varies greatly between phantom (in vitro) studies and patient
(in vivo) studies. In vivo studies with simultaneous calibra-
tion coefficients of variation range between 1 and 1.5% for
trabecular and 2.5-3.0% for cortical bone [19], while in vitro
studies have shown coefficients of variation between 1.0 and
4.0% regarding short term precision [20]. To our knowledge
there are yet no studies investigating long-term precision
with asynchronous calibration methods using a great number
of different reconstruction protocols. For clinical practice
in order to monitor annual BMD changes over time during
follow-up examinations precision of DXA bone densitom-
etry should be approximately 2.0% as stated by the Interna-
tional Society for Clinical Densitometry and for QCT [21],
because of its greater responsiveness, somewhere higher pre-
cision errors can be tolerated. In our study, coefficients of
variation were lower for asynchronous than for simultaneous
calibration methods both for trabecular and cortical bone.
The fact that asynchronous calibration yields a better preci-
sion indicates that a simultaneous calibration adds additional
variability to the calculation of BMD. This indicates that a
measurement without simultaneous calibration is not only
feasible but might even be more precise. The higher preci-
sion error of simultaneous calibration might be due to the
small size of the rods within the calibration phantom which
limit averaging of voxels.

We also compared two different CT protocol: an HR
protocol for optimized image quality as needed for the

@ Springer

assessment of spinal trabecular bone structure and a low
dose protocol targeting bone QCT densitometry that does
not need the exposure levels of standard QCT protocols.
We observed, not surprisingly, that precision errors were
consistently lower for the high-resolution protocol (< 1.0%)
than for low dose protocols both in trabecular and cortical
bone. Best precision was found for the high-resolution pro-
tocol in asynchronous mode. For low resolution, protocols
precision errors for asynchronous calibration were consist-
ently approximately around 2%. While for L2 and L3 ver-
tebrae precision errors were mostly below 3.0% a broader
distribution could be found for L1 in soft kernel B40s, espe-
cially in trabecular bone compartments (CV ... =7.8%
and CV,gynen,. =7.4% both for B40s, 0.6 mm). Interestingly
greater slice thicknesses (e.g., 3.0 vs. 1.0 mm) did not auto-
matically correlate with the level of precision errors. How-
ever, smaller anatomic structures (e.g., endplates) were more
easily detected using smaller slice thicknesses (e.g., 0.6,
1.0 mm) thus making imaging processing more practicable.
Considering the criteria of low precision errors, sufficient
image quality, and low radiation dosage, we suggest the use
of B40s kernels with 0.6 or 1.0 mm slice thickness with
asynchronous calibration to be the best choice for clinical
practise.

Another aspect for fracture prediction is accuracy, which
is defined as the degree to which the measured results devi-
ate from the ‘true’ values [22]. To effectively diagnose
osteoporosis and to assess individual fracture risks accu-
racy errors of 10-15 mg/HA cm?® (approximately % to ¥4
standard deviations of the population variety) are tolerable
[23]. Interestingly, earlier studies have additionally sug-
gested that simultaneous calibration may cause additional
phantom-induced bias due to a potential X-ray beam hard-
ening. This bias could affect accuracy errors. However,
since accuracy errors are substantially larger than preci-
sion error this additional accuracy error component might
not be clinically relevant [11]. In our study, the BMD of
cortical bone was systematically underestimated for ESP’s
vertebral bodies L1 and L2. A difference in underestima-
tion between different reconstruction protocols could not
be identified. Reasons for underestimation could relate to
partial volume effects and problems with threshold seg-
mentation. The ESP’s cortical thickness differences from
thin cortex L1, medium thickness L2 to thick cortex L3
combined with low spatial resolution and high slice thick-
ness could have led to a massive underestimation of corti-
cal bone BMD (Figs. S2 and S4, Appendix). Segmentation
problems in the cortical region are widely cited in literature
reviews. Possible solutions such as the measurement in vivo
of bone mineral content for QCT and porosity for HRpQCT
[7, 24] are being discussed. Regarding deviation of mean
BMD from standard ESP values for trabecular bone for
asynchronous calibration our results show low deviations
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and thus good accuracy for high resolution protocols and
kernels B40s (slice thickness 0.6, 1.0, and 3.0 mm) and are
therefore, recommended. Nevertheless, a small but system-
atic overestimation appears, stronger for the high-resolution
protocol (dBMD, - =7.6 mg/HA cm?) than for the low
dose protocol B40s (ABMD, o, =2.9-3.9 mg/HA cm?).
Since the ESP was placed in the middle of the CT-tube and
the calibration phantom below the middle, mode dependent
field inhomogeneities might play a role in the explanation of
these deviations. Harder kernels 60 s and B80s (especially
with slice thickness 0.6 mm) have significantly higher devia-
tions (e.g., dABMD, - =29.3 mg/HA cm?, B80s, 0.6 mm)
which we attribute to higher noise levels. Therefore, these
kernels appear to be less suitable for long-term measure-
ments with asynchronous calibration, at least in a low dose
configuration.

As trabecular bone loss is known to show the earliest, this
area is an important site to effectively diagnose and monitor
fracture risk [25]. Mean annual change rates both for cortical
and trabecular bone with both synchronous and asynchro-
nous calibration were consistently low (mostly < 1.0% p.a.)
showing good scanner constancy. In our studies, inconsist-
ent drifts of low magnitude could be shown, indicating a
very stable performance of the CT-scanner over one year.
Based on these finding, it would be possible to use asyn-
chronous BMD measurements for longitudinal assessment
of change in BMD. No systematic advantage of simultane-
ous over global calibration could be found. The majority of
significant annual relative change rates could be identified
for ESP vertebra L3 for trabecular bone as well as for corti-
cal bone (Tables S3 a and b in the Appendix). Reasons for
this observation remain yet unclear but as annual change
rates were max. 2.0%, we argue that those phenomena are
not clinically relevant. Moreover, we identified significantly
lower mean BMD-values over time for trabecular bone with
B40s-kernel with 1 mm slice thickness with simultane-
ous calibration on measurement day No. 393 (see Fig. 2b)
which lied outside of the 3 SD margin. A re-examination of
these data points did not show a specific reason for such low
BMD values as no segmentation or calibration errors could
be found. As no systematic drifts could be identified over
a period of 400 days, a good performance of our scanner
can be reported. For a clinical setting, if global calibration
is chosen, quality assurance measures to monitor drifts or
instrument failures comprising quantitative phantom meas-
urements should be applied at regular time intervals (e.g.,
monthly). Established methods (e.g., Shewhart charts [26])
to recognize relevant malfunction should be implemented.

Our study has several strengths. The comparison of syn-
chronous versus asynchronous was performed at several
kernel settings for both mid- and long-term precision. Also,

the accuracy as well as long-term scanner stability were
assessed in these settings. The inclusion of a high resolu-
tion and low dose protocols spans the range of reasonable
radiation exposure levels for QCT. More detail can be found
in a dissertation published on this topic [27]. This study also
has some limitation. While a technical assessment of this
breadth could not be performed in patients in vivo (due to
ethical aspects related to radiation exposure) the study was
limited to the use of one type of CT scanner and one type
of calibration phantom at one single study-centre. General-
izability to other scanners would have to be shown. How-
ever, we maintain that the documentation that asynchronous
calibration yields at least equivalent performance of preci-
sion compared to simultaneous calibration should not be
dependent on scanner type—as long as stability is assured
by monthly monitoring.

To transfer the findings of our study onto clinical settings,
a number of external influences have yet to be investigated.
Pompe et al. stress the fact that intravenous contrast agents
do have a significant effect on BMD assessment using asyn-
chronous calibration techniques [28]. The effect of contrast
agents has not been investigated in this study. Moreover,
Johannesdottir et al. outlines the dependency of CT scanner
types on phantom calibration [6] while studies by Budoff
et al. have shown that phantom-less BMD measurements
acquired with a variety of 14 different CT scanners are
equally accurate [29]. Budoff et al. indicate that thoracic
BMD and lumbar BMD highly correlate in simultaneous
coronary CT imaging while showing a gradual decrease of
BMD from T1 to L3 [30]. These findings should be con-
firmed in further ongoing studies using asynchronous cali-
bration methods in the thoracic region.

In conclusion, with state-of-the art CT technology data
derived with synchronously and asynchronously calibrated
methods can be equally used for vertebral BMD measure-
ments. Provided that regular phantom calibration methods
confirm stability for a given clinical scanner asynchronous
calibration may even offer advantages in precision and clini-
cal applicability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00223-024-01303-3.

Funding Open Access funding enabled and organized by Projekt
DEAL. The study was supported by a grant from the German Federal
Ministry of Education and Research, 01EC1005B. We acknowledge
financial support by DFG within the funding programme Open Access-
Publikationskosten. All authors certify that they have no affiliations
with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials dis-
cussed in this manuscript.

Declarations

Conflict of interest Sophie du Mont, Reinhard Barkmann, Timo
Damm, Jaime Pefa, Stefan Reinhold, Marcus Both, Meike Mainusch,

@ Springer


https://doi.org/10.1007/s00223-024-01303-3

560

S.du Mont et al.

and Claus-Christian Gliier declare that they have no conflicts of inter-
est.

Human and Animal rights and Informed consent We undersign and
certificate that the research conducted complied with the ethical
standards in accordance with Helsinki Declaration (of 1975, revised
in 2013), as approved by the ethics committee of Kiel university (refer-
ence number: A 144/14). We ensure that all necessary authorizations
by the Federal Office for Radiation Protection (reference numbers: Z5-
22462/2-2011-037 and Z5-22462/2-2018-034) and the Federal Institute
for Drugs and Medical Devices (reference number: EUDAMED-Nr.:
CIV-12-01-003862) were granted.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Consensus development conference (1993) Diagnosis, prophy-
laxis, and treatment of osteoporosis. Am J Med 94(6):646—650.
https://doi.org/10.1016/0002-9343(93)90218-¢

2. Odén A, McCloskey EV, Kanis JA, Harvey NC, Johansson H
(2015) Burden of high fracture probability worldwide: secular
increases 2010-2040. Osteoporos Int 26(9):2243-2248. https://
doi.org/10.1007/s00198-015-3154-6

3. Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A,
Tosteson A (2006) Incidence and economic burden of osteopo-
rosis-related fractures in the United States, 2005-2025. J Bone
Miner Res 22(3):465-475. https://doi.org/10.1359/jbmr.061113

4. Khosla S, Shane EA (2016) Crisis in the treatment of osteoporosis.
J Bone Miner Res 31(8):1485-1487. https://doi.org/10.1002/jbmr.
2888

5. Raisz LG (2005) Screening for osteoporosis. N Engl J Med
353(2):164-171. https://doi.org/10.1056/NEJMcp042092

6. Johannesdottir F, Allaire B, Bouxsein ML (2018) Fracture predic-
tion by computed tomography and finite element analysis: cur-
rent and future perspectives. Curr Osteoporos Rep 16(4):411-422.
https://doi.org/10.1007/s11914-018-0450-z

7. Engelke K (2017) Quantitative computed tomography—current
status and new developments. J Clin Densitom 20(3):309-321.
https://doi.org/10.1016/j.jocd.2017.06.017

8. Marinova M, Edon B, Wolter K, Katsimbari B, Schild HH, Strunk
HM (2015) Use of routine thoracic and abdominal computed
tomography scans for assessing bone mineral density and detect-
ing osteoporosis. Curr Med Res Opin 31(10):1871-1881. https://
doi.org/10.1185/03007995.2015.1074892

9. Burke CJ, Didolkar MM, Barnhart HX, Vinson EN (2016) The use
of routine non density calibrated clinical computed tomography
data as a potentially useful screening tool for identifying patients
with osteoporosis. Clin Cases Miner Bone Metab 13(2):135-140.
https://doi.org/10.11138/ccmbm/2016.13.2.135

@ Springer

10.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pirayesh 1J, Garoosi I, Abdollahi Fard K, Abdollahi MR (2016)
Comparison between the MDCT and the DXA scanners in the
evaluation of BMD in the lumbar spine densitometry. Egyptian
J RadiolNuclear Med 47(3):961-967. https://doi.org/10.1016/].
ejrnm.2016.04.005

. Brown JK, Timm W, Bodeen G, Chason A, Perry M, Vernacchia

F, DeJournett R (2017) Asynchronously calibrated quantitative
bone densitometry. J Clin Densitom 20(2):216-225. https://doi.
org/10.1016/j.jocd.2015.11.001

Bartenschlager S, Dankerl P, Chaudry O, Uder M, Engelke K
(2022) BMD accuracy errors specific to phantom-less calibration
of CT scans of the lumbar spine. Bone 157:116304. https://doi.
org/10.1016/j.bone.2021.116304

Wang L, Su Y, Wang Q, Duanmu Y, Yang M, Yi C, Cheng X
(2017) Validation of asynchronous quantitative bone densitometry
of the spine: accuracy, short-term reproducibility, and a compari-
son with conventional quantitative computed tomography. Sci Rep
7(1):6284. https://doi.org/10.1038/s41598-017-06608-y

QRM GmbH (2008): Bone density calibration phantom, http://
www.qrm.de/content/products/bonedensity/bdc.htm (04.07.2024)
Acceptance Test Protocol for ESP-133, QRM GmbH (1995)
QRM GmbH (2008): European Spine Phantom, http://www.qrm.
de/content/products/bonedensity/esp.htm (04.07.2024)

Ranallo FN (2013) Image Reconstruction Filters, Algorithms
or Kernels (Siemens): (slides 17-25). University of Wisconsin,
School of Medicine and Public Health, Medical Physics Depart-
ment. http://amos3.org/abstracts/pdf/77-22652-312436-91821.pdf
Molecular Imaging North Competence Center (MOIN CC)
(2014): Structural Insight, http://www.moincc.de/equipment/
imaging-software/structural-insight (21.08.2019)

Engelke K, Mastmeyer A, Bousson V, Fuerst T, Laredo JD, Kalen-
der WA (2009) Reanalysis precision of 3D quantitative computed
tomography (QCT) of the spine. Bone 44(4):566-572. https://doi.
org/10.1016/j.bone.2008.11.008

Bligh M, Bidaut L, White A, Murphy WA Jr, Stevens DM, Cody
DD (2009) Helical multidetector row quantitative computed
tomography (QCT) precision. Acad Radiol 16(2):150-159. https://
doi.org/10.1016/j.acra.2008.08.007

Shepherd JA, Lu Y, Wilson K, Fuerst T, Genant H, Hangartner
TN, Wilson C, Hans D, Leib ES (2006) Cross-calibration and
minimum precision standards for dual-energy X-ray absorptiom-
etry: the 2005 ISCD Official Positions. J Clin Densitom 9(1):31—
36. https://doi.org/10.1016/j.jocd.2006.05.005

Gliier C-C, Blake G, Lu Y, Blunt BA, Jergas M, Genant HK
(1995) Accurate assessment of precision errors: how to measure
the reproducibility of bone densitometry techniques. Osteoporos
Int 5(4):262-270. https://doi.org/10.1007/BF01774016

Kalender WA, Felsenberg D, Genant HK, Fischer M, Dequeker J,
Reeve J (1995) The European Spine Phantom—a tool for stand-
ardization and quality control in spinal bone mineral measure-
ments by DXA and QCT. Eur J Radiol 20(2):83-92. https://doi.
org/10.1016/0720-048x(95)00631-y

Engelke K, Adams JE, Armbrecht G, Augat P, Bogado CE, Boux-
sein ML, Felsenberg D, Ito M, Prevrhal S, Hans DB, Lewiecki
EM (2008) Clinical use of quantitative computed tomography and
peripheral quantitative computed tomography in the management
of osteoporosis in adults: the 2007 ISCD Official Positions. J Clin
Densitom 11(1):123-162. https://doi.org/10.1016/j.jocd.2007.12.
010

Genant HK, Engelke K, Fuerst T, Gliier C-C, Grampp S, Harris
ST, Jergas M, Lang T, Lu Y, Majumdar S, Mathur A, Takada M
(1996) Noninvasive assessment of bone mineral and structure:
state of the art. J Bone Miner Res 11(6):707-730. https://doi.org/
10.1002/jbmr.5650110602

Carroll TA, Pinnick HA, Carroll WE (2003) Probability and the
Westgard Rules. Ann Clin Lab Sci 33(1):113-114


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0002-9343(93)90218-e
https://doi.org/10.1007/s00198-015-3154-6
https://doi.org/10.1007/s00198-015-3154-6
https://doi.org/10.1359/jbmr.061113
https://doi.org/10.1002/jbmr.2888
https://doi.org/10.1002/jbmr.2888
https://doi.org/10.1056/NEJMcp042092
https://doi.org/10.1007/s11914-018-0450-z
https://doi.org/10.1016/j.jocd.2017.06.017
https://doi.org/10.1185/03007995.2015.1074892
https://doi.org/10.1185/03007995.2015.1074892
https://doi.org/10.11138/ccmbm/2016.13.2.135
https://doi.org/10.1016/j.ejrnm.2016.04.005
https://doi.org/10.1016/j.ejrnm.2016.04.005
https://doi.org/10.1016/j.jocd.2015.11.001
https://doi.org/10.1016/j.jocd.2015.11.001
https://doi.org/10.1016/j.bone.2021.116304
https://doi.org/10.1016/j.bone.2021.116304
https://doi.org/10.1038/s41598-017-06608-y
http://www.qrm.de/content/products/bonedensity/bdc.htm
http://www.qrm.de/content/products/bonedensity/bdc.htm
http://www.qrm.de/content/products/bonedensity/esp.htm
http://www.qrm.de/content/products/bonedensity/esp.htm
http://amos3.org/abstracts/pdf/77-22652-312436-91821.pdf
http://www.moincc.de/equipment/imaging-software/structural-insight
http://www.moincc.de/equipment/imaging-software/structural-insight
https://doi.org/10.1016/j.bone.2008.11.008
https://doi.org/10.1016/j.bone.2008.11.008
https://doi.org/10.1016/j.acra.2008.08.007
https://doi.org/10.1016/j.acra.2008.08.007
https://doi.org/10.1016/j.jocd.2006.05.005
https://doi.org/10.1007/BF01774016
https://doi.org/10.1016/0720-048x(95)00631-y
https://doi.org/10.1016/0720-048x(95)00631-y
https://doi.org/10.1016/j.jocd.2007.12.010
https://doi.org/10.1016/j.jocd.2007.12.010
https://doi.org/10.1002/jbmr.5650110602
https://doi.org/10.1002/jbmr.5650110602

Long-Term Reproducibility of BMD-Measurements with Clinical QCT Using Simultaneous and... 561

217.

28.

29.

du Mont S (2022) Reproduzierbarkeit der Bestimmung der
Knochendichte aus QCT-Aufnahmen mit und ohne simultane
Kalibrierung bei verschiedenen Mess- und Rekonstruktionsmeth-
oden. https://nbn-resolving.org/urn:nbn:de:gbv:8:3-2023-00877-0
Pompe E, Willemink MJ, Dijkhuis GR, Verhaar HJJ, Hoesein
FAAM, de Jong PA (2014) Intravenous contrast injection signifi-
cantly affects bone mineral density measured on CT. Eur Radiol
25(2):283-289. https://doi.org/10.1007/s00330-014-3408-2
Budoff M, Malpeso J, Zeb I, Gao Y, Li D, Choi T-Y, Dailing C,
Mao S (2012) Measurement of phantom-less thoracic bone min-
eral density on coronary artery calcium CT scans acquired with
various CT scanner models. Radiology 267(3):830-836. https://
doi.org/10.1148/radiol.13111987 (2012)

30. Budoff M, Khairallah W, Li D, Gao Y, Isma’eel H, Flores F, Child

J, Carson S, Mao S (2011) Trabecular bone mineral density meas-
urement using thoracic and lumbar quantitative computed tomog-
raphy. Acad Tadiol 19:179-183. https://doi.org/10.1016/j.acra.
2011.10.006

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://nbn-resolving.org/urn:nbn:de:gbv:8:3-2023-00877-0
https://doi.org/10.1007/s00330-014-3408-2
https://doi.org/10.1148/radiol.13111987
https://doi.org/10.1148/radiol.13111987
https://doi.org/10.1016/j.acra.2011.10.006
https://doi.org/10.1016/j.acra.2011.10.006

	Long-Term Reproducibility of BMD-Measurements with Clinical QCT Using Simultaneous and Asynchronous Calibration Methods and Different Measurement and Reconstruction Protocols
	Abstract
	Introduction
	Materials and Methods
	Statistical Analysis

	Results
	Accuracy and Precision of Phantom Data
	Linear Regression Analysis

	Discussion
	References




