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Abstract

Summary This study investigated simulated tube current reduction and sparse sampling for low-dose computed tomogra-
phy (CT) regarding volumetric bone mineral density (vBMD) and cortical bone thickness (Ct.Th) of the proximal femur.
Sparse sampling with dose reductions of up to 90% may still allow extraction of bone strength parameters with clinically
acceptable accuracy.

Introduction We aimed to investigate effects of CT with simulated lowered tube current and sparse sampling on trabecular
and cortical vBMD as well as Ct.Th of the entire proximal femur, its subregions, and with detailed spatial assessments.
Methods Clinical routine multi-detector CT (MDCT) scans covering the hips from 40 patients were used for simulations of
low-dose imaging with 50% and 10% of the original tube current (D50, D10) or projections (P50, P10) combined with sta-
tistical iterative reconstruction (SIR), which were then compared against original data with full dose (D100 P100) regarding
trabecular vBMD, cortical vBMD, and Ct.Th. An automated framework for multi-parametric assessments was used. Relative
errors by comparing measures from original data and simulated low-dose data, regression analyses, Bland—Altman analyses,
and statistical parametric mapping (SPM, to assess the spatial distribution of accuracy) were computed.

Results Sparse sampling enabled drastic reductions of radiation exposure (down to 10% of original imaging) while still pro-
ducing determinants of bone strength with clinically acceptable relative changes. Lower biases according to Bland—Altman
analyses were observed for sparse sampling compared to imaging with virtually lowered tube currents (D10 P100 versus
D100 P10) regarding trabecular vBMD, cortical vBMD, as well as Ct.Th. Better accuracy across the whole proximal femur
for D100 P50 than for D50 P100 and for D100 P10 than for D10 P100 was observed.

Conclusions Sparse sampling with SIR may enable drastic reductions of radiation exposure (up to 90% of original doses)
for opportunistically measuring image-based surrogate parameters of bone strength.
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Introduction

Osteoporosis is globally highly prevalent and character-
ized by low bone mass and micro-architectural deterio-
ration, predisposing mostly older individuals to fragility
fractures [1]. Fractures can affect multiple regions of the
body, but hip fractures are the second most common ones
following vertebral fractures and entail high morbidity and
mortality, thus making up a high socio-economic burden
[1]. To diagnose osteoporosis and assess the individual
fracture risk, imaging methods including dual-energy
X-ray absorptiometry (DXA) and quantitative computed
tomography (CT) are used in clinical routine [2-5]. While
DXA represents the widely used reference standard tech-
nique for bone densitometry by measuring areal bone min-
eral density (aBMD), quantitative CT is an alternative that
generates three-dimensional (3D) datasets enabling volu-
metric BMD (vBMD) assessments [2, 3, 5].

The 3D nature of a CT dataset provides the opportu-
nity to perform more advanced analyses beyond extrac-
tion of vBMD [2, 4]. This is of high clinical importance
as a patient’s susceptibility to fragility fractures cannot
solely be explained by decreased vBMD, because bone
strength and resistance to fractures are also determined
by other parameters such as bone geometry and micro-
structure with different contributions from the trabecu-
lar and cortical bone compartments [6—8]. To date, the
multi-parametric capability of CT at the proximal femur
has been extended beyond vBMD calculations to estimates
of bone strength with finite element modeling (FEM) [9],
dedicated measurements of cortical bone thickness (Ct.Th)
[10], as well as to statistical models of shape and imag-
ing features [11], and to localized parametric comparisons
using computational anatomy approaches such as statisti-
cal parametric mapping (SPM) [10, 12—-14]. While those
approaches including underlying segmentations of the
proximal femur are oftentimes performed in isolation and
are labor-intensive, an automated framework to perform
multi-parametric assessments of the proximal femur with
extraction of major determinants of bone strength has been
introduced [10].

However, quantitative CT for diagnosing osteoporosis
and assessing the individual fracture risk comes at the
cost of higher radiation exposure to the scanned patient
when compared to DXA, which becomes even more rel-
evant in the common clinical scenario when multiple
measurements are needed due to reevaluation purposes
or therapy monitoring [2-4, 15]. Consequently, strategies
to reduce radiation exposure from imaging and increase
patient safety are highly desirable but need to be care-
fully balanced against sufficiently high image quality and
accuracy of CT-derived measures [16, 17]. Reductions of
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radiation dose can be established, among other options,
with systematically lowered tube current or by acquisitions
of fewer projections during scanning, which is referred to
as sparse sampling [18—23]. When brought together with
advanced image reconstruction algorithms such as statisti-
cal iterative reconstruction (SIR), considerable radiation
dose reductions may become feasible while assuring suffi-
cient image quality [18-20, 24]. In this context, it has been
shown that the application of sparse sampling with SIR to
multi-detector CT (MDCT) images with a reduction down
to 10% of original projections may still produce robust
integral (cortical + trabecular) vBMD values with small
and clinically acceptable bias (e.g., + 6 mg/cm®) compared
to full-dose imaging for measurements at the femoral neck
[25]. On a similar note, a radiation dose reduction of 50%
through sparse sampling with SIR may be established
for FEM-based estimation of femoral failure load [20].
However, it has not been investigated to date whether
and to what level strategies for radiation dose reduction
may be applied in keeping with the requirement of accu-
rately delivering major determinants of bone strength (i.e.,
vBMD and Ct.Th) when considering the entire proximal
femur, its compartments (trabecular and cortical), and its
subregions at multiple scales.

Against this background, the hypothesis of this study was
that sparse sampling with SIR applied to MDCT of the prox-
imal femur allows for reductions of radiation exposure of
50% or more, while still producing accurate determinants of
bone strength across the whole proximal femur. Therefore,
we aimed to assess the independent effects of both sparse
sampling and tube current reductions with SIR on MDCT-
based calculations of Ct.Th and cortical and trabecular
vBMD in the total proximal femur, in three of its subregions
(femoral head, femoral neck, and trochanteric region), and
at a local level using the SPM framework.

Methods
Study design and participants

This retrospective single-site study was approved by the
local institutional review board (registration number
5022/11-A1) and conducted in accordance with the Dec-
laration of Helsinki. The requirement for written informed
consent was waived due to the retrospective study design.
Patients above the age of 50 years who had undergone
thoraco-abdominal MDCT during clinical routine and fol-
lowing clinical indications were included and identified
by searching our institutional Picture Archiving and Com-
munication System (PACS). The exclusion criteria were
(1) any known history of malignant bone lesions (such as
bone metastases or primary bone cancer), (2) hematological
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disorders, (3) any history of proximal femur fractures, (4)
presence of hip endoprostheses, and (5) any known meta-
bolic bone disorders aside from osteoporosis. In total, 40
subjects were included (26 males and 14 females, mean
age +standard deviation [SD] 69.1 +10.0 years). This cohort
(except for one patient, who was excluded due to image pro-
cessing issues) has been previously investigated to deter-
mine the effects of methods for radiation dose reduction on
integral vBMD measurements at the femoral neck [25]. In
brief, this previous study used simulated low-dose scans by
lowering tube currents and applying sparse sampling, and
integral vBMD values were then compared between different
dose levels, numbers of projections, and image reconstruc-
tion approaches [25]. Application of sparse sampling with
a reduction down to 10% of projections of original scans
delivered robust values, with clinically acceptable relative
changes [25]. Hence, this previous study did not investigate
other parameters beyond integral vBMD, did not investigate
the entire proximal femur together with its subregions, and
did not provide detailed spatial assessments [25].

Imaging by multi-detector computed tomography

All MDCT scans were performed during clinical routine and
due to clinical indications (e.g., oncological staging) in one
tertiary care center (academic medical center). None of the
patients provided more than one MDCT dataset to the present
study (i.e., 40 scans from 40 different patients retrospectively
included). Scanning by MDCT covered the proximal femur of
both sides at least down to the lesser trochanter in all subjects
[25]. Imaging was performed with a 256-row MDCT scanner
(iCT; Philips Healthcare, Best, The Netherlands) and with a
standard reference phantom (Mindways Osteoporosis Phan-
tom; Austin, TX, USA) that was placed beneath the patients
for calibration purposes. Tube voltage and rotation time were
120 kVp and 0.4 s, the pitch ranged from 0.59 to 0.91, and the
overall maximum tube current during the thoraco-abdominal
scans ranged from 200 to 400 mA (exact tube current implic-
itly modulated by the scanner, tube current at the proximal
femur ranging between approximately 100 and 200 mA)
[25]. The imaging examinations were performed after the
administration of an intravenous contrast agent (Imeron 400;
Bracco, Konstanz, Germany) using a high-pressure injector
(Fresenius Pilot C; Fresenius Kabi, Bad Homburg, Germany)
and considering a delay of 70 s, a flow rate of 3 mL/s, and
an individual body weight-dependent dose (i.e., 80 mL for
body weight <80 kg, 90 mL for body weight between 80
and 100 kg, 100 mL for body weight > 100 kg). In addition,
all patients drank approximately 1000 mL of an oral con-
trast agent (Barilux Scan; Sanochemia Diagnostics, Neuss,
Germany) over a period of about 1 h prior to scanning. The
effective dose of MDCT scans ranged between approximately
3.6 and 9.1 mSv [25].

Image data analysis

Low-dose simulations and statistical iterative reconstruc-
tion Low-dose scans were simulated by using (1) virtual
tube current reduction and (2) sparse sampling in all patients
using in-house developed scripts. The simulation algorithm
to generate lower tube currents for MDCT scans was based
on raw projection data, and MDCT system parameters were
known to take the electronic noise into account [18, 19, 21,
22,25, 26]. Furthermore, the raw imaging data of the exami-
nations were exported directly from the MDCT system and
used for simulations of sparse-sampled imaging. For sparse
sampling, the number of projections per full rotation was
systematically reduced, while other parameters (e.g., projec-
tion geometry and subject location) were kept the same [18,
19, 21, 22, 25, 27].

For both virtually lowered tube current and sparse sam-
pling, a stepwise approach was followed, generating low-
dose simulations at 50% and 10% of the original tube current
(D50, D10) and at 50% and 10% of the original projection
data for sparse sampling (P50, P10) by reading only every
second or tenth projection angle and deleting the remain-
ing projections in the sinogram. The original MDCT imag-
ing data with 100% tube current and 100% projections (i.e.,
original full-dose images) were defined as D100 P100.

The full-dose and dose-reduced simulated images were
reconstructed with an in-house developed SIR algorithm
[18-20]. We applied ordered-subset separable paraboloidal
surrogation and a momentum-based accelerating approach
for SIR [28]. A proper regularization was used for SIR to
optimize the image quality for virtual low-dose scans. To
enhance convergence and to further depress image noise
while achieving adequate bone/soft tissue contrast, a regu-
larization term based on a Huber penalty was applied, with
the distinct strength of the regularization term being selected
in consensus with three board-certified radiologists (aiming
at visually high diagnostic image quality). The voxel intensi-
ties (mass attenuation coefficients, mzlkg) were calibrated to
Hounsfield units (HU) by using air/water information from
the MDCT calibration data.

Extraction of determinants of bone strength To derive
cortical and trabecular image-based determinants of bone
strength from the full-dose and dose-reduced simulated
images, an automated image analysis pipeline was applied
(to left and right periosteal proximal femoral segmenta-
tions) [10]. Briefly, cortical bone was segmented using a
non-local fuzzy c-means algorithm where the vVBMD and the
distances of each bone voxel to the closest soft tissue voxel
were used as clustering features. Surface-based Ct.Th maps
were then generated using the streamline integral thickness
(SIT) technique, which takes into account partial volume
effects. To perform subregional analyses at corresponding

@ Springer



920

Osteoporosis International (2025) 36:917-928

anatomical subregions across all scans in the study (full-dose
and dose-reduced scans), volumes and surfaces of interest
(femoral head, femoral neck, and trochanteric region) were
predefined in a femoral template (Fig. 1) and transferred
to all scans using affine and non-linear image registrations
based on shape. Similarly, maps of vBMD and Ct.Th were
spatially normalized to a femoral template using affine and
non-linear registrations of the femoral shapes to perform
localized volume-based and surface-based analyses using
the SPM framework [10, 29]. We calculated integral vBMD
(in mg/cm3) for the total hip; cortical vBMD (in mg/cm3) for
the femoral neck and trochanteric region; trabecular vBMD
(in mg/cm3) for the femoral head, femoral neck, and trochan-
teric region; and Ct.Th (in mm) for the femoral neck and
trochanteric region. Cortical bone at the femoral head was
not analyzed due to its thinness.

All parameters were computed for both the left and right
hips for the full-dose data (D100 P100) as well as for the
simulated low-dose data of all levels (D50 P100, D10 P100
and D100 P50, D100 P10). The reproducibility values of
compartmental vBMD and Ct.Th calculations for this auto-
mated pipeline in test-retest analyses have been reported
to range under a root mean square coefficient of variation
(CVgums) of 1.7% (absolute precision error=1.53 mg/cm3)
and 2.7% (absolute precision error=0.042 mm), respectively.

Fig. 1 Coronal cross-section of the proximal femoral template show-
ing the femoral head (green), femoral neck (blue), and trochanteric
(white) regions of interest used in the analyses of this study
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Moreover, the reproducibility for local Ct.Th calculations has
been reported to vary spatially across the proximal femur
(CVgus better than 7% with absolute precision errors smaller
than 0.07 mm, excluding the femoral head) [10]. Analyses
were performed independently for the left and right femur.

Statistical analysis Statistical data analyses were performed
with GraphPad Prism (version 10.1.1.; GraphPad Software,
Boston, MA, USA) and MATLAB (version R2022b; The
Mathworks Inc., Natick, MA, USA).

Descriptive statistics were calculated for all measures,
including mean, SD, median, minimum, and maximum val-
ues, considering full-dose data (D100 P100) as well as the
simulated low-dose data of all levels (D50 P100, D10 P100
and D100 P50, D100 P10). Shapiro—Wilk tests indicated
a normal distribution for the quantitative data. Trabecular
vBMD, cortical vBMD, and Ct.Th values for the femoral
neck of both sides were used to create boxplots. To assess
the accuracy of the low-dose bone parameters, we performed
linear regression and Bland—Altman analyses with respect
to the full-dose parameters. We also calculated relative dif-
ferences for the low-dose data in relation to the full-dose
MDCT data (in %) and used paired t-tests to compare
relative differences between D50 P100 and D100 P50 and
between D10 P100 and D100 P10 data. Differences were
considered statistically significant at a p-value <0.05.

We used the SPM framework to assess the spatial distri-
bution of the accuracy of low-dose vBMD and Ct.Th values
on a voxel-by-voxel and vertex-by-vertex basis, respectively,
yielding maps of parameters derived from linear regression
analyses.

Results

Sparse sampling, virtual tube current reduction, and calcula-
tion of determinants of bone strength using the automated
pipeline were successfully achieved in all included scans.
Table 1 summarizes the subregional measures and relative
differences for trabecular and cortical vBMD as well as for
Ct.Th for the left and right hips depending on the level of
tube current lowering or sparse sampling. Table 1 also indi-
cates which of the relative differences were significantly
different between the data with simulated lowered tube cur-
rents and sparse sampling. The distributions of the trabecular
vBMD, cortical vBMD, and Ct.Th data for the femoral neck
of both the left and right proximal femora are summarized
in Fig. 2 with box plots.

Overall, trabecular vBMD for the three subregions (fem-
oral head, neck, and trochanteric region) decreased with
virtual lowering of 50% of the tube current, with relative
differences between —3.1% and — 0.5%, while it increased
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Fig.2 Trabecular and cortical volumetric bone mineral density
(vBMD) and cortical bone thickness (Ct.Th) for the femoral neck.
Box plots with 10-90 percentile whiskers (and data points outside
of those ranges displayed as single points) are shown for trabecular

with virtual lowering of the tube current down to 10% of
the full-dose data with relative differences between 11%
and 88.1% (Table 1). On the other hand, sparse sampling
decreased trabecular vBMD up to — 1.4% for D100 P50 and
up to —22.4% for D100 P10, except for the left femoral neck
(0.9%) and right trochanteric region (0.4%) at D100 P50.
While no significant differences were found between rela-
tive differences of D50 P100 and D100 P50 for trabecular
vBMD, small significant differences were observed regard-
ing relative differences of D10 P100 and D100 P10 for tra-
becular vBMD at the femoral head (Table 1).

Dose reduction strategies overestimated cortical vBMD
with significantly larger relative differences for D10 P100
than D100 P10, while virtual lowering of the tube current
and sparse sampling overestimated and underestimated
Ct.Th, respectively. For most comparisons, virtual lower-
ing of the tube current consistently yielded larger relative
differences than sparse sampling (Table 1).

Slopes (m), intercepts (b), and R? values of the regres-
sion analyses, and limits of agreement (LOA) and number
of scans out of the LOA of the Bland—Altman analyses
explaining the accuracy of the low-dose parameters are
shown in Supplementary Tables 1 and 2. Specifically, D50
P100 and D100 P50 performed better for total hip integral
vBMD (m=1.006, R*=0.916 and m=1.004, R*=0.999,
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vBMD, cortical vBMD, and Ct.Th for the left (top) and right (bot-
tom) femoral necks. Data from original scans (D100 P100) and from
scans simulated with lowered tube current (D50 P100, D10 P100)
and using sparse sampling (D100 P50, D100 P10) are shown

respectively) and worst for cortical vBMD at the trochanteric
region (m=1.395, R?=0.570 and m=1.108, R*=0.877,
respectively). On average, the slopes were 1.107 and 1.031
for D50 P100 and D100 P50, respectively. The average
slopes for D10 P100 and D100 P10 were 1.221 and 1.072,
respectively, ranging from 0.952 to 2.496 and 1.004 to
1.409. With respect to the Bland—Altman analyses, most of
the LOA were larger and more scans were out of the LOA
for simulations of tube current reductions compared to
sparse sampling (Supplementary Tables 1 and 2). Plots of
the regression and Bland—Altman analyses are shown in the
Supplementary Figs. 1 to 6.

Figures 3, 4, and 5 summarize the results from the SPM
framework as maps of slopes and R? values from linear
regression analyses for vBMD and Ct.Th, showing better
accuracy across the whole proximal femora for D100 P50
than for D50 P100 and for D100 P10 than for D10 P100.

Discussion

This study systematically investigated the effects of low-
dose MDCT by means of virtual tube current reductions
and sparse sampling for trabecular and cortical vBMD as
well as Ct.Th at the proximal femur. As hypothesized, sparse
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Fig.3 Voxel-wise analyses of the accuracy of low-dose volumetric
bone mineral density (vBMD) of the proximal femur. Coronal cross-
sections (posterior, central, and anterior) for the left femur (top sec-
tion) and right femur (bottom section) showing the best-fit slope maps

sampling with SIR applied to MDCT of the proximal femur
enabled drastic reductions of radiation exposure (down to
10% of original imaging data) while still producing deter-
minants of bone strength with clinically acceptable rela-
tive changes at different scales including the full proximal
femur, three of its most common subregions, and locally at
the voxel and vertex levels.

Given the rather small relative changes of trabecular and
cortical vBMD as well as Ct.Th when MDCT data were
simulated with sparse sampling and SIR, it seems realistic
to perform low-dose imaging with a radiation dose of as
low as 10% of the original setup. This finding may be of
particular relevance for patient safety given the “As Low As
Reasonably Achievable” (ALARA) principle that demands
imaging with the minimum radiation dose that still leads
to images with diagnostic quality [30]. Beneficial safety
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and R? maps of the voxel-wise linear regressions between the original
scans (D100 P100) and scans simulated with lowered tube current
(D50 P100, D10 P100) and using sparse sampling (D100 P50, D100
P10)

effects of low-dose MDCT may accumulate, given that a
high proportion of patients undergoes repeated imaging for
reevaluation purposes or therapy monitoring [2—4, 15]. Not
only is osteoporosis common in the elderly and particularly
in postmenopausal women, but also malignant diseases and
chemotherapy against many cancers can cause bone loss
even in younger patients, making follow-up imaging exams
over time necessary as anti-osteoporotic drugs may take
effect differently between individuals [31-33].

In agreement with our current findings, a previous
study has proposed that sparse sampling with SIR applied
to MDCT images of the proximal femur with a reduction
down to 10% of original projections may still produce robust
vBMD values as compared to full-dose imaging [25]. How-
ever, in this previous study, vBMD was only derived from
representative focal regions of interest manually placed at
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Fig.4 Vertex-wise analyses
of the accuracy of low-dose
cortical bone thickness (Ct.
Th) of the left proximal femur.
Surface representations of
best-fit slope maps and R?
maps of the vertex-wise linear
regressions between the original
scans (D100 P100) and scans
simulated with lowered tube
current (D50 P100, D10 P100)
and using sparse sampling
(D100 P50, D100 P10)

Best-Fit Slope Maps for Ct.Th - Left Femur

D50 P100 D100 P50

Fve

D10 P100 D100 P10

1.25<

<0.5

R2 Maps for Ct.Th - Left Femur

D50 P100 D100 P50
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the femoral neck, and only integral vBMD was considered 3D datasets MDCT can deliver as an effort to output multi-
[25]. Yet, advanced image analysis pipelines may overcome  parametric determinants of bone strength [10, 11, 29]. While
the labor-intensive segmentation steps by automatization of  assessments of aBMD or vBMD are widely performed and
volumetric segmentations of subregions or entire volumes  remain the standard for diagnosing osteoporosis and for
of a structure, and could facilitate full exploitation of the  evaluating individual fracture risk, it is known that those
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Fig.5 Vertex-wise analyses
of the accuracy of low-dose
cortical bone thickness (Ct.
Th) of the right proximal
femur. Surface representations
of best-fit slope maps and R?
maps of the vertex-wise linear
regressions between the original
scans (D100 P100) and scans
simulated with lowered tube
current (D50 P100, D10 P100)
and using sparse sampling
(D100 P50, D100 P10)
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parameters alone may not be able to explain individual sus-
ceptibility to fragility fractures and bone strength [6—8]. For
instance, it has previously been suggested that DXA-based
aBMD values only account for about 60 to 70% of the varia-
tion in bone strength [6]. Regarding Ct.Th as analyzed in the
present study, the anatomical distribution of cortical bone

D100 P10

especially in the proximal femoral metaphysis in older indi-
viduals is a critical component for determining resistance to
hip fractures, with trabecular bone probably even playing a
lesser role in this context [34, 35]. Specifically, at the proxi-
mal femur, compressive cracks of cortical bone of superior
parts of the trochanter and femoral neck oftentimes reflect
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the initiation of hip fractures [36, 37]. Hence, especially in
the light of resistance against imminent hip fractures, low-
dose imaging needs to be able to also correctly capture Ct.Th
as a parameter beyond vBMD.

While our results for sparse sampling are encouraging,
commercially available CT systems do not provide the
option of this approach, but prototype solutions have been
concepted in the past. In contrast, any reductions of tube
current can be easily established with conventional MDCT
scanners, and particularly photon-counting CT that becomes
increasingly available shows high potential for dose reduc-
tions [38, 39]. While the results of this study indicate that
sparse sampling may facilitate more drastic reductions of
radiation dose (down to 10% of original imaging), lower-
ing tube currents by at least 50% could still enable imag-
ing that can produce determinants of bone strength with
clinically acceptable accuracy. This may partly be due to
the reconstruction approach of SIR, as it may be capable
of compensating for streaking artifacts and noise, amongst
other advantages over conventional filtered back projection
[24]. However, with current MDCT hardware and commonly
used energy-integrating detectors, noise is likely to severely
increase when there are not statistically enough X-ray pho-
tons reaching the detector, leading to high electronic noise
[40]. This might be the leading cause why considerable
changes of trabecular and cortical vBMD as well as Ct.Th
measurements occurred for the reduction down to 10% of the
original tube current. In the practical setting, the change of
measures with lowering of tube currents may be associated
with changes of the energy spectrum reaching the detector
or perhaps with non-linearity of detectors for widely used
MDCT scanners, which may be circumvented by photon-
counting CT scanners [41]. However, our findings stem-
ming from simulations may not necessarily be observed on
the same scale in clinical practice. Yet, in vivo validations
apparently cannot be established as repeated MDCT scan-
ning with varying settings is prohibited due to accumulating
radiation exposures to the patient. An alternative could be
systematic ex vivo MDCT scanning of human cadavers with
various parameter adjustments.

The results of our study are based on clinical routine
MDCT scans of the thorax and abdomen that were acquired
for other purposes than diagnosing osteoporosis or estimat-
ing individual fracture risk. Thoraco-abdominal MDCT
scans are among the most frequently performed radiologi-
cal investigations, especially in patients with cancer for the
purpose of oncological staging. Using such MDCT scans
from clinical routine with the possibility of opportunisti-
cally deriving measures of bone strength could help to avoid
additional dedicated DXA or quantitative CT scans, which
are oftentimes additively performed. While the present
study focused on the proximal femur and the herein used
automated framework for multi-parametric analyses has not

@ Springer

yet been extended to vertebral bodies, developments in the
direction of broad automated opportunistic assessments of
vBMD have been made at the spine [42—-45]. Integrating
vBMD and other determinants of bone strength from single
vertebral bodies and femoral subregions may further reduce
uncertainty about predictors of bone strength and fracture
risk.

Limitations and perspectives

A major limitation of the present study is the monocen-
tric design with inclusion of data from only one MDCT
scanner. In clinical routine, oftentimes inhomogeneous
data from different scanners from different manufactur-
ers exist, and the herein used methods should be assessed
also for data from other scanning environments. Sec-
ond, MDCT scans were performed after the application
of contrast agents, and related effects on HU values and,
thus, on conversions to vBMD remain unadjusted. In this
regard, HU measurements may not be used as an accu-
rate proxy for actual vBMD values, and thus may not be
used for defining osteoporosis or osteopenia since bone
CT attenuation can vary considerably depending on fac-
tors such as the presence of intravenous contrast media
[46, 47]. Specifically, there is a considerable effect of the
presence of intravenously applied contrast media on HU
values, which can lead to inaccurate assessment of osteo-
porosis [46, 47]. Bone CT attenuation is typically consid-
erably higher in contrast-enhanced phases when compared
to a non-contrast phase, and measurements in the arterial
and portal phase to define osteoporosis could result in
about 7 to 25% false negatives [47]. Accordingly, when
accurate vVBMD values should be determined from clinical
routine contrast-enhanced MDCT scans, distinct correc-
tion for the presence of contrast media is warranted, which
could be increasingly achieved by advanced processing
algorithms based on artificial intelligence [2, 4, 42, 44, 45,
48, 49]. Third, in total we evaluated four levels for radia-
tion dose reductions (D50 P100, D10 P100, D100 P50,
and D100 P10), while finer-grained investigations with
more levels would have been beneficial for determining a
certain definite cutoff for both tube current lowering and
sparse sampling. Specifically, given that sparse sampling
with SIR enabled reductions of radiation exposure down
to 10% of original imaging while still producing determi-
nants of bone strength with clinically acceptable relative
changes, also levels below 10% of the original projection
data (e.g., by reading only every twentieth projection angle
and deleting the remaining projections in the sinogram)
could be systematically tested. In addition, combinations
of simultaneously reduced lowered tube current and sparse
sampling may be tested to arrive at optimal settings for
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low-dose MDCT regarding spatial effects and surrogate
parameters of bone strength. This could be achieved by
simulations as applied in the present study, or also by
ex vivo scanning of human cadavers to be able to freely
and prospectively examine various parameters directly in
the MDCT scanner environment. Future studies based on
the results of this study may aim to systematically test
further combinations of settings and to reveal respective
thresholds.

Conclusion

Both virtual tube current reduction and sparse sampling with
SIR for MDCT covering the proximal femur may enable
low-dose examinations for opportunistically deriving image-
based determinants of bone strength. However, sparse sam-
pling may show higher potential for more drastic reductions
of radiation exposure (up to 90% of original doses) when
compared to tube current reductions for MDCT of the proxi-
mal femur. Based on the four simulated levels for radiation
dose reductions (D50 P100, D10 P100, D100 P50, and D100
P10) of the present study, D100 P10 (i.e., 100% of the origi-
nal tube current with 10% of the original projection data)
with SIR may still produce determinants of bone strength
with clinically acceptable relative changes, thus is the rec-
ommended setting. Yet, future studies may investigate sparse
sampling also with less than 10% of the original projection
data, and should also investigate combinations of reduced
tube currents with reduced numbers of projections.
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