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Abstract We obtained baseline and follow-up bone min-
eral density (BMD) values of the lumbar spine from sagittal
reformations of routine abdominal contrast-enhanced mul-
tidetector computed tomography (MDCT) using a reference
phantom and assessed their performance in differentiating
patients with no, existing, and incidental osteoporotic frac-
tures of the spine. A MDCT-to-QCT (quantitative computed
tomography) conversion equation for lumbar BMD mea-
surements was developed by using 15 postmenopausal
women (63 £ 12 years), who underwent standard lumbar
QCT (L1-L3) and afterward routine abdominal contrast-
enhanced MDCT. Sagittal reformations were used for
corresponding lumbar BMD measurements. The MDCT-
to-QCT conversion equation was applied to baseline and
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follow-up routine abdominal contrast-enhanced MDCT
scans of 149 postmenopausal women (63 £ 10 years). Their
vertebral fracture status (no, existing, or incidental osteo-
porotic fracture) was assessed in the sagittal reformations.
A correlation coefficient of » = 0.914 (p < 0.001) was
calculated for the BMD values of MDCT and standard
QCT with the conversion equation BMDger = 0.695 x
BMDyiper — 7.9 mg/mL. Mean follow-up time of the 149
patients was 20 = 12 months. Fifteen patients (10.1 %) had
an existing osteoporotic vertebral fracture at baseline. Inci-
dental osteoporotic vertebral fractures were diagnosed in 13
patients (8.7 %). Patients with existing and incidental frac-
tures showed significantly (p < 0.05) lower converted BMD
values (averaged over L1-L.3) than patients without fracture
at baseline and at follow-up. In this longitudinal study, BMD
values of the lumbar spine derived from sagittal reformations
of routine abdominal contrast-enhanced MDCT predicted
incidental osteoporotic vertebral fractures.
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Osteoporosis is defined as a skeletal disorder characterized
by compromised bone strength predisposing an individual
to an increased risk of fracture [1]. The prevalence of
osteoporosis is increasing with the aging population and
prolonged life expectancy [2]. Due to its association with
increased risk of fracture, osteoporosis is classified as a
public health problem [3]. Osteoporotic fractures, in par-
ticular spine and hip fractures, have a high morbidity and
mortality and generate immense financial cost [4-6].
Therefore, different methods have been established to
identify patients at high risk of osteoporotic fractures and
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to initiate appropriate therapy. These include dual-energy
X-ray absorptiometry (DXA) and quantitative computed
tomography (QCT) of the spine measuring bone mineral
density (BMD) [7-10]. Since routine abdominal multide-
tector computed tomography (MDCT) is one of the most
frequently used radiologic examinations, it would be ben-
eficial to use the obtained MDCT images to conduct
additional BMD measurements of the spine in case clinical
risk factors for osteoporosis are present in the examined
patient. In particular, patients with cancer would benefit
from these measurements since they routinely undergo
MDCT examinations and are often at increased risk of
osteoporosis due to the cancer-related treatment [11, 12].
Since many MDCT examinations are solely performed
with intravenous contrast medium, correspondingly mea-
sured BMD values have to be converted to standard QCT
equivalent BMD values, which are better for fracture risk
prediction. Previous studies showed the potential of routine
abdominal contrast-enhanced MDCT to determine the
BMD of the lumbar spine using either axial images or
sagittal reformations [13—15]. Since osteoporotic vertebral
fractures can be substantially better detected in sagittal
reformations of abdominal MDCT studies compared to
axial MDCT images [16—18], it may be advantageous and
time-saving to use only the sagittal reformations for both
vertebral BMD measurements and assessment of vertebral
fracture status.

It was demonstrated recently that lumbar BMD mea-
surements derived from sagittal reformations of routine
abdominal contrast-enhanced MDCT scans could differ-
entiate postmenopausal women with versus without oste-
oporotic vertebral fracture [14]. However, it remains to be
investigated if these BMD measurements are also able to
predict incidental (i.e., newly occurred) osteoporotic ver-
tebral fractures. If this ability were demonstrated, patients
who routinely undergo abdominal MDCT examinations
due to various medical indications and are at high risk for
osteoporotic vertebral fractures could be identified and
appropriate therapy could be initiated.

Therefore, the purpose of the study was to obtain
baseline and follow-up BMD values of the lumbar spine
from sagittal reformations of routine abdominal contrast-
enhanced MDCT in postmenopausal women and to assess
their performance in differentiating postmenopausal
women with no, existing, and incidental osteoporotic
fractures of the spine.

Materials and Methods

This retrospective study was approved by the Institutional
Committee on Human Research. The patients gave consent
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for scientific evaluation of material at the time of
admission.

Patients

Postmenopausal women older than 50 years were retro-
spectively identified in our institution’s digital image
archive picture archiving communication system (PACS),
who underwent both standard lumbar QCT and routine
abdominal contrast-enhanced MDCT within 3 months to
develop a MDCT-to-QCT conversion equation for lumbar
BMD. Patients with pathological bone changes like bone
metastases, hematological disorders, or metabolic bone
disorders aside from osteoporosis were excluded from the
study. Fifteen postmenopausal women with a mean =+
standard deviation (SD) age of 63 + 12 years met the
inclusion criteria and were included in the study.

The MDCT-to-QCT conversion equation for lumbar
BMD was calculated as outlined below and applied to
baseline and follow-up routine abdominal contrast-
enhanced MDCT examinations of 149 postmenopausal
women older than 50 years. These patients were retro-
spectively identified in our institution’s digital image
archive (PACS). They had a history of cancer (such as
esophageal, colorectal, or breast cancer) and chemotherapy
but no pathological bone changes other than osteoporosis.
They underwent MDCT examinations as long-term follow-
up to rule out tumor recurrence. Only patients with a follow-
up routine abdominal contrast-enhanced MDCT of at least
6 months were included in the study. Standard lumbar QCT
was not performed for these patients. The mean £ SD age
of the 149 postmenopausal women was 63 £ 10 years.

Standard QCT

All standard lumbar QCT examinations were performed
with a 64-row MDCT scanner (Somatom Sensation Car-
diac 64; Siemens Medical Solutions, Erlangen, Germany).
A reference phantom (Osteo Phantom, Siemens Medical
Solutions) was placed on the scanner mat beneath the
patients. A standard protocol according to the manufac-
turer’s instructions was used. Tube voltage was 80 kVp,
tube load was 140 mAs, and axial slice thickness was
10 mm. Based on lateral scout images of the lumbar spine
of the patients, the implemented automated Osteo software
(Siemens Medical Solutions) was applied to select the
midvertebral sections of L1-L3 vertebrae. Axial image
slices were acquired in these midvertebral sections. The
orientation of each image slice was always parallel to the
upper and lower endplates of the corresponding vertebra by
tilting the gantry appropriately before each acquisition. The
Osteo software automatically fitted a region of interest
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(ROI) in the trabecular part of each vertebra, and trabecular
BMD of L1-L3 was determined. Fractured vertebrae were
excluded. QCT analyses were performed by experienced
radiology technologists who were supervised by a
radiologist.

Routine Abdominal Contrast-Enhanced MDCT

All routine abdominal contrast-enhanced MDCT scans
were performed with the same 64-row MDCT scanner and
reference phantom as used for standard lumbar QCT
examinations. The routine abdominal contrast-enhanced
MDCT images were obtained with a standard protocol.
Scanning parameters were 120 kVp tube voltage, adapted
tube load of averaged 200 mAs, and minimum collimation
(0.6 mm), creating 5-mm axial sections. Sagittal reforma-
tions of the spine were reconstructed with a slice thickness
of 3 mm. Examinations were performed after standardized
administration of intravenous contrast medium (Imeron
400; Bracco, Konstanz, Germany) using a high-pressure
injector (Fresenius Pilot C; Fresenius Kabi, Bad Homburg,
Germany). Intravenous contrast medium injection was
performed with a delay of 70 s, a flow rate of 3 mL/s, and a
body weight—dependent dose (80 mL for body weight up to
80 kg, 90 mL for body weight up to 100 kg, and 100 mL
for body weight over 100 kg). Additionally, all patients
were given 1,000 mL oral contrast medium (Barilux Scan;
Sanochemia Diagnostics, Neuss, Germany).

Lumbar BMD analysis in the routine abdominal con-
trast-enhanced MDCT scans were performed as previously
described [14]: sagittal reformations were loaded into the
institutional PACS (Sectra AB, Linkoping, Sweden), and
the most central slice of L1-L3 vertebrae was selected. The
density measurement tools of the PACS software were used
to place manually circular ROISs in the ventral halves of the
trabecular compartment of the vertebral bodies of L1-L3,
in each case equidistant to both endplates (Fig. 1). Thus,
the impact of contrast medium accumulation in the verte-
bral venous plexus on BMD measurements was reduced.
The ROI diameter of each vertebra was standardized to
two-thirds vertebral height. ROIs were not placed in frac-
tured vertebrae. The attenuation values measured in the
ROIs in Hounsfield units had to be converted into milli-
grams of calcium hydroxylapatite per milliliter. For that
purpose, attenuation values of the two phases of the ref-
erence phantom in Hounsfield units were measured in
circular ROIs manually placed in the phantom. The
placement of all ROIs was performed by a radiologist. The
time effort for ROI placement and BMD calculation was
less than 1 minute for one MDCT examination.

The vertebral fracture status of the 149 patients was
assessed in the sagittal reformations of the MDCT studies
at baseline and at follow-up. Osteoporotic vertebral

Fig. 1 BMD measurements in sagittal reformations of contrast-
enhanced MDCT scans. Circular ROIs in L1-L3 in a patient at
baseline (a) and follow-up (b)

fractures were classified by a radiologist according to the
spinal fracture index described by Genant et al. [19].
Existing osteoporotic vertebral fractures were defined as
fractures already present in the baseline images. Incidental
osteoporotic vertebral fractures were defined as newly
occurred fractures in the follow-up images (Fig. 2).

Statistical Analysis

The MDCT-to-QCT conversion equation for BMD mea-
surements was computed with linear regression analysis.
Using that conversion equation, a leave-one-out cross-
validation was performed to evaluate the future prediction
errors [20]. The calculated prediction errors were summa-
rized as the root mean squared error (RMSE, mg/mL) and
the coefficient of variation (CV) of the RMSE (%).

The 149 postmenopausal women were divided in three
groups according to vertebral fracture status (no, existing,
or incidental osteoporotic vertebral fracture). ANOVA was
used to determine statistically significant differences in age
and follow-up time between the three groups. Linear
regression models, adjusting for age and follow-up time,
were used to compare the converted BMD values of
patients with no, existing, and incidental osteoporotic
vertebral fracture at baseline and follow-up. Receiver
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Fig. 2 Sagittal reformations of baseline (a) and 6-month follow-up
(b) contrast-enhanced MDCT scans. Detection of an incidental
osteoporotic vertebral fracture of T12 (white arrow in b)

operator characteristic (ROC) analysis was performed, and
the area under the ROC curve (AUC) was used to evaluate
the overall diagnostic performance of the acquired BMD
data to differentiate patients with existing versus no ver-
tebral fracture, respectively, with incidental versus no
vertebral fracture. Felsenberg and Gowin [21] suggested
that lumbar BMD values below 80 mg/mL are indicative of
osteoporosis. Logistic regression models, adjusting for age,
were used to calculate the odds ratio and 95 % confidence
interval (CI) for patients with converted BMD values
below 80 mg/mL at baseline to have an existing osteopo-
rotic vertebral fracture at baseline to develop an incidental
osteoporotic vertebral fracture during follow-up.

Statistical analyses were performed with SPSS (SPSS,
Inc., Chicago, IL) and R (R Foundation for Statistical
Computing, Vienna, Austria) and supervised by a statisti-
cian. All tests were done using a two-sided 0.05 level of
significance.

Reproducibility

Reproducibility errors for lumbar BMD measurements in
the sagittal reformations of routine abdominal contrast-
enhanced MDCT studies were reported previously [14].
Short- and long-term reproducibility errors for BMD
measurements amounted to 2.09 % (3.61 mg/mL) and
7.70 % (11.48 mg/mL), respectively. Short-term repro-
ducibility error for the BMD measurements was assessed
by placing ROIs three times in each vertebra (L1-L3) in
the sagittal reformations of contrast-enhanced MDCT
studies of 30 randomly selected patients. To determine the
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long-term reproducibility error, 30 patients with two con-
secutive contrast-enhanced MDCT examinations within
8 weeks were identified and BMD of L1-L.3 was measured
in the sagittal reformations in each scan one time.

Results

Forty-one lumbar vertebral bodies were selected for cal-
culation of the MDCT-to-QCT conversion equation in 15
patients. A correlation coefficient of r = 0.914 (p < 0.001)
was calculated for the BMD values of contrast-enhanced
MDCT and standard QCT with the MDCT-to-QCT con-
version equation BMDgcr = 0.695 x BMDyper — 7.9
mg/mL (Fig. 3). The leave-one-out cross-validation
showed an RMSE of 16.1 mg/mL and CV of the RMSE of
16.7 %.

The mean 4+ SD follow-up time of the 149 postmeno-
pausal women was 20 &+ 12 months. Fifteen patients
(10.1 %) had an existing osteoporotic vertebral fracture at
baseline. Incidental osteoporotic vertebral fractures were
diagnosed in 13 patients (8.7 %). The remaining 121 patients
(81.2 %) had no osteoporotic vertebral fracture at baseline as
well as at follow-up. While the age of patients with no,
existing, and incidental osteoporotic vertebral fractures was
significantly different (62 & 10 vs. 69 £ 11 vs. 68 £ 8
years, respectively; p = 0.004), the three groups showed
similar follow-up times (20 & 13 vs. 21 £ 12 vs. 17 £ 9
months, respectively; p = 0.744).

160

140 4

120 4

100 «

[o1]
o
'y

standard QCT-BMD L1-L3 [mg/ml]
[=2]
o

S
o
r

20

60 80 100 120 140 160 180 200 220
contrast-enhanced MDCT-BMD L1-L3 [mg/ml]

Fig. 3 Plot shows correlation between BMD of L1-L3 determined
with contrast-enhanced MDCT and standard QCT (r = 0.914,
p < 0.001)
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Patients with existing and incidental osteoporotic
vertebral fracture showed lower converted BMD values
(averaged over L1-L3) than patients without fracture at
baseline (73.9 £ 18.3 vs. 76.6 & 28.8 vs. 103.7 £ 30.7
mg/mL, respectively) (Fig. 4). After adjustment for age
and follow-up time, converted BMD values at baseline
were still significantly different between patients without
fracture and with existing fracture (Table 1, p = 0.010)
and between patients without fracture and with inciden-
tal fracture (Table 1, p = 0.019). Converted BMD values
decreased over time in all three groups. The BMD decrease
amounted 4.0 £+ 18.9 versus 1.3 + 10.9 versus 7.1 + 24.3
mg/mL in patients with no, existing, and incidental osteo-
porotic vertebral fracture, respectively. Differences in
BMD decrease between the three groups were not statis-
tically significant (p = 0.730). Similar to baseline, higher
converted BMD values were observed at follow-up in
patients without osteoporotic vertebral fracture compared
to patients with existing and incidental osteoporotic ver-
tebral fracture (99.7 £ 30.4 vs. 72.6 £ 21.9 vs. 69.5 +
24.0 mg/mL, respectively) (Fig. 4). BMD differences
between patients without fracture and with existing fracture
and between patients without fracture and with incidental
fracture were still statistically significant after adjustment
for age and follow-up time (p < 0.05, Table 1).

An AUC value of 0.791 (p < 0.001) was computed in
the ROC analysis for converted BMD values at baseline to
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Fig. 4 Box plots for baseline and follow-up mean (L1-L3) converted
BMD values (mg/mL) in patients with no, existing, and incidental
osteoporotic vertebral fracture. Converted BMD values were signif-
icantly (p <0.05, Table 1) lower in patients with existing and
incidental fracture compared to patients without fracture

differentiate patients with existing versus no vertebral
fracture. AUC = 0.782 (p = 0.001) was obtained for
converted BMD values at baseline to differentiate patients
with incidental versus no vertebral fracture.

The odds ratio (95 % CI, adjusted p value) for patients
with converted BMD values below 80 mg/mL at baseline
to have an existing osteoporotic vertebral fracture at
baseline amounted to 3.65 (1.12-12.04, p = 0.033). An
odds ratio (95 % CI, adjusted p value) of 9.00 (2.20-36.87,
p = 0.002) was calculated for patients with converted
BMD values below 80 mg/mL at baseline to develop an
incidental osteoporotic vertebral fracture during follow-up.

Discussion

In this longitudinal study, we obtained BMD values of the
lumbar spine from sagittal reformations of routine
abdominal contrast-enhanced MDCT in postmenopausal
women using a reference phantom placed on the scanner
mat beneath the patients. A reliable MDCT-to-QCT con-
version equation was developed for these lumbar BMD
measurements. The converted BMD values at baseline
were able not only to differentiate adequately between
patients with existing versus no osteoporotic vertebral
fracture but also to predict incidental osteoporotic vertebral
fractures.

DXA and QCT are the standard methods to assess BMD of
the lumbar spine [7-9]. However, routine abdominal MDCT
studies are one of the most frequently used radiologic
examinations. If the examined patient has clinical risk fac-
tors for osteoporosis, it may be beneficial to use MDCT
images to conduct additional BMD measurements of the
spine. Previous studies demonstrated that routine abdominal
non-contrast-enhanced and contrast-enhanced MDCT as
well as CT examinations of the heart can be used to deter-
mine BMD of the spine [13—15, 22, 23]. Similar to these
studies, we developed a MDCT-to-QCT conversion equa-
tion for lumbar BMD measurements. Due to the application
of intravenous contrast medium, BMD values derived from
the sagittal reformations of contrast-enhanced MDCT were
considerably higher than those obtained with standard QCT.
This finding is consistent with previous studies [13—15].
BMD values measured with contrast-enhanced MDCT and
standard QCT showed a high correlation coefficient
(r = 0.914) and an acceptable prediction error (16.7 %),
which are comparable to previous studies [13—-15]. The
conversion equation is limited to the CT scanner and the
protocols that we used. However, the equation can easily be
adapted to different CT scanners and protocols by perform-
ing the described calibration procedure.

Similar to a previous study, we used the sagittal refor-
mations and not the axial images of routine abdominal
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Table 1 Mean (L1-L3) converted BMD values of patients with no, existing, and incidental osteoporotic vertebral fracture

Osteoporotic vertebral fracture No Existing Incidental No vs. existing No vs. incidental
Baseline mean (L1-L3) converted BMD (mg/mL) 102.0 £ 2.4 826 + 7.0 82.9 + 7.7 p = 0.010 p = 0.019
Follow-up mean (L1-L3) converted BMD (mg/mL) 979 £ 24 81.6 £ 6.8 758 £ 7.5 p = 0.026 p = 0.006

BMD values and p values are adjusted for age and follow-up time. BMD values are given as mean =+ standard error

contrast-enhanced MDCT to perform lumbar BMD mea-
surements [14]. It is advantageous to measure BMD of the
lumbar spine in the same reformations that are known for a
substantially better detection of vertebral fractures [16—18].
Furthermore, lumbar BMD was measured with low tech-
nical effort and time by using simple PACS measurement
tools. Thus, assessment of vertebral fracture status and
measurement of lumbar BMD can be performed in the
same image plane in a reliable and time-saving way, which
is required for application in everyday clinical practice.

This study demonstrated that lumbar BMD measure-
ments from sagittal reformations of routine abdominal
contrast-enhanced MDCT could predict incidental (i.e.,
newly occurred) osteoporotic vertebral fractures. This
finding has an important clinical impact. Patients who
routinely undergo abdominal MDCT examinations due to
various medical indications and are at high risk for osteo-
porotic vertebral fractures could be identified and appro-
priate therapy could be initiated. In particular, elderly
patients and patients undergoing chemotherapy due to
cancer treatment are at increased risk of osteoporosis and
may benefit from these additional BMD quantifications
[11, 12, 24, 25]. The MDCT scans used for this study were
clinically indicated for tumor follow-up care. Without
further radiation exposure, lumbar BMD measurements
could be performed in this study population and incidence
of osteoporotic vertebral fractures could be predicted by
converted lumbar BMD values.

Reproducibility of the obtained lumbar BMD measure-
ments is critical in this longitudinal study. Long-term
reproducibility errors of 1-4 % were reported for standard
QCT measurements with automated software [26, 27]. The
manual, but time-saving, BMD measurements in the sag-
ittal reformations had a short-term reproducibility error of
2.09 % and a long-term reproducibility error of 7.70 % as
reported previously [14]. The major limitation of the
lumbar BMD measurements in the sagittal reformations of
routine abdominal contrast-enhanced MDCT is the
imponderability of the intravenous contrast medium.
Contrast medium administration was standardized in this
study. However, variations in the blood supply of the
vertebral bodies can induce an inhomogeneous contrast
enhancement. Therefore, the administration of intravenous
contrast medium may decrease reproducibility.
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This study had further limitations. Firstly, by using the
MDCT-to-QCT conversion equation, BMD values derived
from contrast-enhanced MDCT can be compared with
defined BMD thresholds of standard QCT to diagnose
osteopenia/osteoporosis [21]. However, MDCT-derived
BMD cannot be used for the determination of World
Health Organization T scores and application in FRAX
(Fracture Risk Assessment in Osteoporosis) [28, 29]. Sec-
ondly, the sample size for the calculation of the MDCT-to-
QCT conversion equation was relatively small due to the
required simultaneous clinical indication of standard QCT
and routine abdominal contrast-enhanced MDCT. There-
fore, we did not calculate conversion equations for each
L1-L3 vertebra. Thirdly, mean follow-up time was
20 &£ 12 months, and a rather small percentage of the study
population (8.7 %) had an incidental osteoporotic vertebral
fracture. A higher percentage of incidental osteoporotic
vertebral fractures may be diagnosed by extended follow-
up times, thus strengthening the statistical analysis. Lastly,
vertebral bone marrow changes were found in specific
patient populations. Lower bone marrow perfusion and
increased bone marrow fat content were observed in oste-
oporotic compared to healthy subjects [30-32]. Therefore,
the developed BMD conversion equation may be limited to
the investigated postmenopausal women. However, the
lumbar BMD measurements in the sagittal reformations of
routine abdominal contrast-enhanced MDCT may also be
important in different patient populations such as men in an
oncological setting. Therefore, further studies are required
in the future to evaluate the utility of these BMD mea-
surements in patient populations other than postmeno-
pausal women.

In this longitudinal study, BMD values of the lumbar
spine derived from sagittal reformations of routine
abdominal contrast-enhanced MDCT predicted incidental
osteoporotic vertebral fractures and differentiated post-
menopausal women with and without osteoporotic verte-
bral fractures. Based on these findings, BMD
measurements from routine MDCT studies have the
potential to assess fracture risk for osteoporotic vertebral
fractures without further radiation exposure in patients who
routinely undergo MDCT examinations and are often at
increased risk of osteoporosis, e.g., due to cancer-related
treatment.
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