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A B S T R A C T

Purpose: To investigate the association of vertebral CT attenuation between virtual non-contrast (VNC) and true
non-contrast (TNC) images and to evaluate if VNC vertebral CT attenuation could be used for phantom-less
osteoporosis detection in dual-layer spectral-detector CT (SDCT).
Methods: 200 patients with non-contrast and portal-venous phase SDCT were retrospectively assigned to a test
and a validation group of 100 patients each. CT attenuation of L1 vertebrae were measured on VNC and TNC.
The test group was used to determine the difference between VNC and TNC CT attenuation and to calculate a
statistical model for TNC CT attenuation prediction. The validation group was used to assess the capability of the
model to predict TNC from VNC CT attenuation and its accuracy to identify osteoporosis. Osteoporosis was
defined as a TNC CT attenuation of ≤110HU.
Results: In both groups, CT attenuation was lower in VNC than in TNC (P < 0.001). VNC and TNC CT at-
tenuation was correlated strongly (r= 0.958). Using the regression equation established in the test group
(TNC=23.677+1.540×VNC), the predicted TNC CT attenuation did not differ from the real TNC CT at-
tenuation in the validation group (P= 0.359). A VNC CT attenuation cut-off of 52HU yielded an AUC of 0.978
for osteoporosis detection.
Conclusions: L1 CT attenuation is systematically underestimated in VNC compared with TNC images. However,
TNC L1 CT attenuation can be predicted reliably from VNC. VNC may perform well in phantom-less osteoporosis
detection.

1. Introduction

Osteoporosis as the abnormal loss of bone mineral density (BMD) is
a worldwide health issue associated with risk of fractures, contributes
substantially to morbidity and mortality, and carries social and eco-
nomic burden [1]. It remains substantially underdiagnosed and un-
dertreated with participation rates for dual-energy x-ray absorptio-
metry (DXA) of only 30 % and 4 % in eligible women and men over 65
years, respectively [2,3]. According to the World Health Organization,
DXA is the standard method for BMD estimation targeting at the lumbar
spine and the femoral neck [4]. Quantitative computed tomography
(CT) is an alternative that uses a CT acquisition including a calibration
phantom with which CT numbers in HU can be converted to BMD

values. Previous studies on opportunistic osteoporosis detection using
CT performed for other indications have shown that osteoporosis may
be identified in conventional CT images by measuring the vertebral
trabecular bone CT attenuation value without including a calibration
phantom [5–9]. In a previous study with the largest patients population
(n= 1867), a threshold of 110 HU for the trabecular bone of the first
lumbar (L1) vertebra was more than 90 % specific for distinguishing
between presence and absence of osteoporosis [7]. However, it has
been shown that conventional CT-based BMD measurements can be
affected by acquisition parameters such as different tube voltages and
the use of intravenous contrast material [10–12]. As the administration
of iodinated contrast material increases the CT attenuation value in a
given vertebra and the timing of the post-contrast phase influences the
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CT attenuation value increase, CT attenuation value measurements are
preferably performed using true non-contrast (TNC) images. The
availability of TNC images, however, depends on the imaging protocol
and is limited to a narrow spectrum of clinical indications.

Recently, a novel dual-layer detector CT scanner was introduced
that uses two different detector layers each absorbing different parts of
the polychromatic X-ray spectrum for spectral imaging and material
decomposition (iQon Spectral CT, Philips Healthcare, Best, The
Netherlands) [13,14]. While other dual-energy CT techniques such as
dual-source CT require the pre-selection of specific dual-energy CT
protocols prior to image acquisition, the dual-layer spectral detector CT
(SDCT) enables retrospective spectral analyses on all acquisition pro-
tocols when images are acquired at 120 or 140 kVp and spectral raw
data (spectral base images, SBI) are archived. Material decomposition
using spectral data sets allows for reconstruction of virtual non-contrast
(VNC) images that have been shown to be comparable to true non-
contrast (TNC) images in regards of CT attenuation value of solid or-
gans [15].

To the best of our knowledge, the comparability of CT attenuation
value measurements of osseous structures between VNC and TNC
images has not been assessed so far. The aim of this study is to in-
vestigate the association of vertebral bone CT attenuation values be-
tween VNC and TNC images and to evaluate if VNC vertebral bone CT
attenuation values could be used for phantom-less opportunistic os-
teoporosis detection in SDCT scans performed for other indications.

2. Materials and methods

2.1. Study design

This is a retrospective single-center exploratory study that was ap-
proved by the institutional review board with a waiver of informed
consent. Primary objective was to determine the difference in the CT
attenuation value of the first lumbar vertebra between VNC images
generated from portal venous phase post-contrast images (VNC L1 CT
attenuation value) and TNC images (TNC L1 CT attenuation value).
Secondary objectives were: (1) to assess the difference in the CT at-
tenuation value of the abdominal aorta between VNC images (VNC
aortic CT attenuation value) and TNC images (TNC aortic CT attenua-
tion value) in order to evaluate systematic discrepancies of spectral
material decomposition between osseous and non-osseous structures;
(2) to establish a statistical model to predict TNC L1 CT attenuation
values using VNC L1 CT attenuation values; (3) to assess the accuracy of
this model for identifying osteoporosis.

For this purpose, 200 consecutive patients with SDCT examinations
of the abdomen in the time period between December 2017 and April
2018 were allocated to a test group and a validation group of 100 in-
dividuals each. The test group was used to determine the difference
between VNC and TNC CT attenuation values and to calculate a sta-
tistical model for TNC L1 CT attenuation value prediction. The vali-
dation group was used to verify the capability of the model to predict
TNC from VNC L1 CT attenuation values and to assess the accuracy of
this model to identify osteoporosis. According to Pickhardt et al. [7],
the CT attenuation value threshold for osteoporosis detection was de-
fined as a L1 CT attenuation value of 110 HU or less determined on TNC
images. Inclusion criteria were: (1) availability of a SDCT examination
including a true non-contrast acquisition of the abdomen and a portal
venous phase (PVP) post-contrast acquisition of the abdomen and
pelvis; (2) availability of SBI to generate virtual non-contrast images
from PVP post-contrast acquisitions; (3) patient age at least 50 years.
Exclusion criteria were: (1) structural defects of the first lumbar ver-
tebra such as fracture or focal lesions; (2) severe image artifacts. A flow
chart of patient enrollment is given in Fig. 1.

2.2. Image acquisition

All patients were imaged with a 64-detector row SDCT system (iQon
Spectral CT, Philips Healthcare, Best, The Netherlands). TNC acquisi-
tions were performed with the following parameters: tube voltage,
120 kV; tube current time product reference value, 66 mAs; dose right
index, 12; liver area dose right index, +3. PVP post-contrast acquisi-
tions were performed with the following parameters: tube voltage,
120 kV; tube current time product reference value, 116 mAs; dose right
index, 17; liver area dose right index, +3. Conventional TNC and PVP
post-contrast images were reconstructed with 3.0 mm section thickness
and 1.5mm interval using a standard soft tissue kernel and model-
based iterative reconstruction (IMR level 1). For PVP post-contrast ac-
quisitions, SBI were generated to allow for retrospective material de-
composition. For contrast enhancement, a high-pressure injector was
used to inject a contrast material volume of 95ml (Accupaque 350 mgI/
ml; GE Healthcare, Braunschweig, Germany) at a flow rate of 3.0ml/s.

2.3. Image reconstruction and analysis

Reconstruction of VNC images and image analysis were performed
using a dedicated CT image processing suite (IntelliSpace Portal,
Version 9.0, Philips Healthcare). The upper part of L1 defined by the
area between the cephalad endplate and the central vessel entry at the
vertebral mid-portion was set on VNC images, TNC images, and PVP
post-contrast images using double-oblique multiplanar reformations
[16]. Oval regions of interest (ROI) as large as possible were placed in
these reformatted sections through L1 without inclusion of cortical
bone in each series. On the same section, a circular ROI as large as
possible was placed in the abdominal aorta to assess VNC, TNC, and
PVP CT attenuation values of the aorta (Fig. 2). Each measurement was
taken three times, and the average CT attenuation value in HU was used
for statistical analysis. Moreover, the anteroposterior and lateral dia-
meters of the patients’ abdomen were measured at the same level of L1
and were used to calculate the mean abdominal diameter. All ROIs were
placed by one radiologist with 5 years of experience in osteoarticular
system CT. Sex, age, and slice-specific tube current on a PVP post-
contrast axial slice representing best the reformatted slice of L1 CT
attenuation value assessment were recorded.

2.4. Statistical analysis

Student’s t tests and Wilcoxon ranked tests were applied to compare
CT attenuation values of L1 and the aorta on VNC, TNC, and PVP post-

Fig. 1. Flowchart of study enrollment.
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contrast images. The association between VNC and TNC L1 CT at-
tenuation values was assessed using Pearson’s correlation coefficient
and multilinear regression analysis with backward elimination. The
explanatory variables in the multilinear regression analysis were mean
abdominal diameter, sex, age, tube current time product, and VNC L1
CT attenuation value. The regression equation established in the test
group was applied to VNC L1 CT attenuation value in the validation
group to predict TNC L1 CT attenuation value. A Bland-Altman plot was
used to evaluate the agreement between the predicted TNC L1 CT at-
tenuation value and the real TNC L1 CT attenuation value. Sensitivity,
specificity, accuracy, and the area under the receiver operator char-
acteristics curve (AUC) of VNC L1 CT attenuation value were calculated
in the validation group for a CT attenuation value threshold of 110 HU
for osteoporosis detection derived from the literature [7]. Statistical
analyses were performed using SPSS (version 22.0; SPSS, Chicago, III)
and MedCalc (version 15.8, Ostend, Belgium). P < 0.05 was con-
sidered to indicate statistical significance.

3. Results

3.1. Study patients

A flow chart of patient enrollment is given in Fig. 1. Clinical in-
formation of enrolled patients is summarized in Table 1. Of the 100
patients in the test group, there were 59 men with a mean age of
67.5 ± 9.7 years and 41 women with a mean age of 65.1 ± 8.2 years.
Of the 100 patients in the validation group, there were 61 men with a
mean age of 64.2 ± 10.0 years and 39 women with a mean age of
67.8 ± 11.4 years. Sex and age distribution as well as the mean ab-
dominal diameter (30.6 ± 4.0 cm vs 30.8 ± 3.4 cm) did not differ
between test group patients and validation group patients (P=0.773,
P=0.241, and P=0.687, respectively).

3.2. Test group CT attenuation value

VNC L1 CT attenuation values were significantly lower than TNC L1
CT attenuation values (51.9 ± 25.7 HU vs 103.6 ± 41.3 HU,
P < 0.001). The mean relative difference between VNC and TNC L1 CT
attenuation values was -52.6±13.0 %. TNC L1 CT attenuation values
were significantly lower than PVP L1 CT attenuation values
(103.6±41.3 HU vs 125.6±41.2 HU, P < 0.001). The mean at-
tenuation increase from TNC to PVP was 22.0± 11.0 HU. There was no
significant difference between VNC and TNC aortic CT attenuation
values (37.6± 6.1 vs 37.1±7.3 HU, P=0.354). The mean attenua-
tion increase from TNC to PVP was 98.0± 22.5 HU.

There was a linear positive correlation between VNC and TNC L1 CT
attenuation values (r= 0.958, P < 0.01, Fig. 3) as well as between
TNC and PVP L1 CT attenuation values (r= 0.964, P < 0.001). PVP L1
CT attenuation values were slightly negatively correlated with mean
abdominal diameter (r=-0.346, P < 0.001).

In multilinear regression analysis, sex, age, mean abdominal dia-
meter, and tube current were not significantly associated with L1 CT
attenuation value decrease in VNC compared with TNC (P=0.802,
P=0.152, P=0.918, and P=0.429, respectively). The final regres-
sion equation to predict the TNC L1 CT attenuation value from VNC
images with the VNC L1 CT attenuation value as single independent
variable was: pTNC = 23.677 + 1.540 x VNC, where pTNC is the
predicted TNC L1 CT attenuation value and VNC is the VNC L1 CT at-
tenuation value.

3.3. Validation group CT attenuation value

TNC L1 CT attenuation values (112.1 ± 38.3 HU), VNC L1 CT at-
tenuation values (58.1 ± 24.4 HU), and PVP L1 CT attenuation values
(134.1 ± 38.4 HU) of the validation group were not significantly

Fig. 2. Region of interest (ROI) placement in L1 and aorta on a virtual non-contrast image. An oval ROI is placed in the upper part of L1 between the endplate and the
entrance of vessels at the midportion on an axial image (a). The coronal (b) and sagittal (c) reformation are used to angle the transverse plane in order to make it
parallel with the endplate.

Table 1
Clinical information.

group Test group
(n)

Validation group (n)

Initial staging of cancer disease 13 21
Oncological follow-up 11 12
Work-up for suspected acute abdominal

disease in out-patients
19 14

Work-up for suspected acute abdominal
disease in in-patients

50 45

Work-up of liver cirrhosis 5 0
Suspected cancer disease 0 5
Other 2 3
total 100 100

Fig. 3. Scatter plot of L1 CT attenuation value in test group. Graph shows a
linear correlation between L1 CT attenuation values on VNC and TNC images in
the test group. Coefficient of determination was r= 0.958 (P < 0.01).
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different from the patients in the test group (P=0.133, P=0.083, and
P=0.131, respectively). Using the regression equation established in
the test group, the predicted TNC L1 CT attenuation values
(113.1±37.5 HU) did not differ from the real TNC L1 CT attenuation
values (P=0.359). The Bland-Altman plot is presented in Fig. 4. Except
for some outliers, the differences between predicted and real TNC L1 CT
attenuation values were evenly spread around zero, and the 95 % limits
of agreements ranged from −22.3HU to 20.3HU.

3.4. Performance of VNC L1 CT attenuation value to identify osteoporosis

In the validation group, a VNC L1 CT attenuation cut-off value of 52
HU for identification of osteoporosis compared with the reference
standard cut-off value of 110 HU yielded a sensitivity, specificity, and
accuracy of 89.1 %(41/46), 96.3 %(52/54), and 93.0 %(93/100), re-
spectively. The AUC of a VNC L1 CT attenuation cut-off value of 52 HU
was 0.978 (95 % confidence interval, 0.927-0.997) (Fig. 5).

4. Discussion

This study shows that the CT attenuation value of osseous structures
is systematically underestimated when using VNC images compared

with TNC images for bone density assessment using SDCT with re-
construction algorithms primarily designed for iodine removal from
solid organs. However, there is a strong linear association between VNC
and TNC CT attenuation values at the level of L1, and the TNC L1 CT
attenuation value can be predicted using the formula derived in this
study for SDCT. Despite of the CT attenuation value underestimation,
VNC images may perform well in phantom-less opportunistic osteo-
porosis detection using CT attenuation value thresholds published by
other groups.

Phantom-less opportunistic BMD measurements based on CT ex-
aminations performed for other indications were subject to several in-
vestigations in recent years, e.g. in the context of non-contrast CT co-
lonography [8], non-contrast CT of the spine [17] and contrast-
enhanced abdominal CT [7,18]. In these studies, CT attenuation values
of the lumbar spine correlated well with values obtained from phantom-
calibrated quantitative CT acquisitions or DXA BMD assessments.

Pickhardt et al. [7] proposed different thresholds of CT attenuation
values for differentiation between osteoporosis and osteopenia or
normal bone. In their study, a L1 CT attenuation value threshold of 110
HU was more than 90 % specific for distinguishing osteoporosis from
non-osteoporosis and was suggested for patient groups considered to
have a lower osteoporosis risk to minimize false-positive results. Other
CT attenuation value thresholds were proposed for other patient po-
pulations and screening objectives. So, when determining the appro-
priate threshold for clinical use, the expected prevalence of osteoporosis
in the patient population considered should be kept in mind. We found
that a 52 HU threshold in SDCT VNC images corresponds to the 110 HU
threshold proposed by Pickhardt et al. [7] and performs well for os-
teoporosis detection using this reference standard.

Ohara et al. [19] concluded that the average bone density of three
thoracic vertebral bones was highly correlated with bone density in L1
alone. Pickhardt et al. [7] found that measurements at L1 were as or
more accurate than the results at other levels, including multilevel as-
sessment. Romme et al. [20] showed no added value of using three
thoracic vertebral levels compared to one measurement at L1. Pompe
et al. [16] reported on good to excellent inter-examination and inter-
observer reliability of L1 CT attenuation value measurements. For these
reasons, we only evaluated vertebral CT attenuation value on VNC,
TNC, and post-contrast PVP images at the level of L1.

Our study confirms a significant increase of L1 CT attenuation va-
lues after intravenous contrast agent administration, which could result
in underestimation of osteoporosis when not taken into account. Similar
to our data, e.g. Pompe et al. [11] showed substantial differences be-
tween the attenuation values of L1 measured in different contrast
phases with a mean difference around 20 HU between the pre-contrast
phase and the post-contrast PVP. In the studies by Pompe et al. [11] and
Acu et al. [21], the timing of the post-contrast phase did influence CT
attenuation significantly. Effects of the volume of injected contrast
material were not reported. We found a negative linear correlation
between PVP L1 CT attenuation values and mean abdominal diameters
using a contrast administration protocol that was not tailored in-
dividually according to body weight. This suggests that body size in-
fluences bone marrow enhancement and, thus, assessment of vertebral
CT attenuation values on contrast enhanced images. The iodine con-
centration of the contrast agent may impact on the CT attenuation value
of bone as well. Gerety et al. [22] have shown that the L1 CT at-
tenuation value also depends on the acquisition parameters such as tube
voltage. The tube voltage in our study using SDCT was always 120 kVp.
According to our multivariate regression analysis, age, sex, and ab-
dominal diameters, do not significantly influence the magnitude of L1
CT attenuation values in VNC images.

Ananthakrishnan et al. [15] presented the first study comparing
attenuation values obtained from VNC images with those obtained from
TNC images in the abdomen using SDCT. In their study, TNC and VNC
CT attenuation values were equivalent e.g. for liver, spleen, and aorta.
In our study, VNC density values of the abdominal aorta were similar to

Fig. 4. Bland-Altman plot of true and predicted L1 CT attenuation values in the
validation group.The graph shows that true TNC L1 CT attenuation values and
TNC L1 CT attenuation values predicted from VNC L1 CT attenuation values
(TNCpredicted) are in good agreement with the 95 % limits of agreements ranging
from −22.3HU to 20.3HU.

Fig. 5. ROC curve of VNC L1 CT attenuation value (VNCvertebra) in validation
group for osteoporosis detection.
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TNC density values as well, suggesting again that material decom-
position with virtual iodine removal works fine for non-osseous struc-
tures characterized by soft tissue equivalent CT attenuation. For cal-
cium containing structures, however, the process of iodine subtraction
to derive VNC images expectedly includes bone minerals of similar
density leading to disproportionate decrease of the bone CT attenuation
value in VNC images. Comparably, Moon et al. [23] suggested that
subtracting iodine from post-contrast CT urographies may have nega-
tively influenced the detection of small urinary stones in corresponding
VNC images. In a cross-platform study by Sellerer et al., there were
noticeable differences in material decomposition concerning iodine
quantification between different dual-energy CT techniques with SDCT
being slightly more accurate than dual-source CT [24]. Transferring this
observation to iodine removal for reconstruction of VNC images, our
data cannot be transferred to other scanner types without caution.

Recently, studies reported a high accuracy of phantom-less SDCT for
quantitative BMD measurements in phantoms and vertebral specimens
using known hydroxyapatite concentrations and conventional
phantom-based quantitative CT or DXA, respectively, as reference
standard [25,26]. Basically, in these studies, quantitative BMD values
were derived from fitting the attenuation profiles of the sample estab-
lished from different virtual monochromatic images to the attenuation
profiles of hydroxyapatite. This approach represents a promising out-
look to use spectral CT for BMD assessment but is still in a preclinical
state.

Our study has limitations. First, the real prevalence of osteoporosis
in our study groups is not known, as DXA or quantitative CT were not
available. In fact, we have used a CT attenuation value threshold for
defining presence of osteoporosis that was derived from the literature
and is still under debate. Second, we did not perform an inter-observer
and inter-examination reproducibility analysis. However, other groups
have reported on low variability of ROI measurements of the L1 CT
attenuation value [8,16,19]. Third, apart from the general increase of
L1 CT attenuation value after contrast material administration and its
negative correlation with mean abdominal diameters, we did not per-
form a sophisticated analysis of the effects of different contrast material
injection parameters on L1 CT attenuation value.

5. Conclusions

In conclusion, we demonstrated that the TNC L1 CT attenuation
value can be predicted by using the VNC L1 CT attenuation value using
SDCT and that CT attenuation value thresholds for osteoporosis detec-
tion can be adapted to VNC images. Thus, VNC images are a feasible
option for osteoporosis screening using SDCT acquisitions performed
for other clinical indications under due consideration of the ongoing
debate concerning phantom-less BMD assessment using CT.
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