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Abstract

Objectives To evaluate the predictive value of volumetric bone mineral density (BMD) assessment of the lumbar spine

derived from phantomless dual-energy CT (DECT)-based volumetric material decomposition as an indicator for the 2-year

occurrence risk of osteoporosis-associated fractures.

Methods L1 of 92 patients (46 men, 46 women; mean age, 64 years, range, 19-103 years) who had undergone third-gen-

eration dual-source DECT between 01/2016 and 12/2018 was retrospectively analyzed. For phantomless BMD assessment,

dedicated DECT postprocessing software using material decomposition was applied. Digital files of all patients were sighted

for 2 years following DECT to obtain the incidence of osteoporotic fractures. Receiver operating characteristic (ROC) analysis

was used to calculate cut-off values and logistic regression models were used to determine associations of BMD, sex, and

age with the occurrence of osteoporotic fractures.

Results A DECT-derived BMD cut-off of 93.70 mg/cm? yielded 85.45% sensitivity and 89.19% specificity for the predic-

tion to sustain one or more osteoporosis-associated fractures within 2 years after BMD measurement. DECT-derived BMD

was significantly associated with the occurrence of new fractures (odds ratio of 0.8710, 95% CI, 0.091-0.9375, p <.001),

indicating a protective effect of increased DECT-derived BMD values. Overall AUC was 0.9373 (CI, 0.867-0.977, p<.001)

for the differentiation of patients who sustained osteoporosis-associated fractures within 2 years of BMD assessment.

Conclusions Retrospective DECT-based volumetric BMD assessment can accurately predict the 2-year risk to sustain an

osteoporosis-associated fracture in at-risk patients without requiring a calibration phantom. Lower DECT-based BMD values

are strongly associated with an increased risk to sustain fragility fractures.

Key Points

e Dual-energy CT—derived assessment of bone mineral density can identify patients at risk to sustain osteoporosis-associated
fractures with a sensitivity of 85.45% and a specificity of 89.19%.

oThe DECT-derived BMD threshold for identification of at-risk patients lies above the American College of Radiology (ACR)
QCT guidelines for the identification of osteoporosis (93.70 mg/cm’ vs 80 mg/cm’).
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Abbreviations
ACR  American College of Radiology

AUC  Area under the curve

BMD  Bone mineral density

DECT Dual-energy computed tomography
DXA  Dual x-ray absorptiometry

HU Hounsfield unit

QCT  Quantitative computed tomography
ROC  Receiver operating characteristic
ROI Region of interest

VOI Volume of interest
Introduction

Individuals suffering from osteoporosis are at increased
risk to sustain fragility fractures. In aging populations, the
incidence of osteoporosis and the personal and economical
burdens of osteoporosis-associated fractures are expected to
rise significantly [1].

Osteoporotic fractures are a major cause of immobility
and frailty among aging groups. While management and
treatment of fractures account for two-thirds of the costs
associated with osteoporosis, pharmacological prevention
only accounts for~5% [1, 2]. Therefore, more accurate and
earlier identification of individuals suffering from and indi-
viduals at risk to develop osteoporosis is necessary to coun-
teract the progressive destruction of bone architecture and
reduce the associated social and economic burden.

In 1994, dual x-ray absorptiometry (DXA) was proposed
by the WHO as diagnostic gold standard for the diagnosis of
osteoporosis [3]. However, studies have demonstrated that
DXA measurements do not accurately assess the risk for
osteoporosis-associated fractures [4]. A major limitation
of DXA is that areal BMD of the entire vertebral body is
measured, which is prone to distortions caused by variations
in body composition, overlying soft tissue, and vascular cal-
cification [5-7].

The use of quantitative computed tomography (QCT) can
overcome some of the previously mentioned limitations by
assessing volumetric BMD of trabecular bone and shows
superior sensitivity for the prediction of osteoporosis-asso-
ciated fractures. However, conventional QCT measurements
require the use of calibration phantoms and, generally, can-
not be applied retrospectively. Therefore, the problem of
underdiagnosing osteoporosis is not addressed [8—11].

The growing number of CT scans makes the widespread
use of opportunistic BMD assessment a promising approach
for the detection of osteoporosis. Different methods have
been suggested for opportunistic BMD assessment, such as
simple Hounsfield unit (HU) measurements [12—-14]. How-
ever, it has been shown that HU-based BMD measurements
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share most weaknesses of DXA such as distortion by
changes in body composition and overlying tissue [15].

Material differentiation in DECT can provide novel rel-
evant information for different musculoskeletal applications
compared to conventional CT [16-18]. Recently, a DECT-
based postprocessing algorithm, which permits phantomless
volumetric BMD assessment of lumbar trabecular bone, has
been evaluated, showing superior results for the detection
of osteoporosis compared to HU measurements as well as
strong correlation with bone strength in human cadaver ver-
tebrae specimens [17-20].

We hypothesized that the high diagnostic accuracy of
phantomless volumetric DECT BMD assessment based on
material decomposition may also enable accurate predic-
tions for the incidence of osteoporosis-associated fractures.
Therefore, the purpose of this study was to evaluate the pre-
dictive value of BMD measurements derived from phantom-
less DECT-based volumetric material decomposition of the
lumbar spine as an indicator for the 2-year occurrence risk
of osteoporosis-associated fractures.

Materials and methods

This retrospective study was approved by the institutional
review board. The requirement to obtain written informed
consent was waived.

Patient selection and study design

Patients were considered for inclusion in this study if they
had undergone non-contrast third-generation dual-source
DECT of the lumbar spine between January 2016 and
December 2018 (Fig. 1). Exclusion criteria were suspected
or known malignancy, spondylitis or spondylodiscitis, lum-
bar vertebrae with metallic implants following spinal sur-
gery, previous fracture of L1, and severe deformity of L1.
Fractures of the following body regions were regarded as
osteoporosis-associated if no adequate trauma was present:
spine, proximal humerus, distal radius, and proximal femur.
In this context, 55 patients sustained an osteoporosis-associ-
ated fracture following a low-energy trauma within 2 years.

CT protocol

CT studies were performed on a third-generation dual-
source CT system in dual-energy mode (SOMATOM Force;
Siemens Healthineers). Both x-ray tubes operated at differ-
ent kilovoltage settings (tube A: 90 kVp, 180 mAs; tube B:
Sn150 kVp [0.64-mm tin filter], 180 mAs). Image series
were collected in craniocaudal direction. All CT exami-
nations were performed without administration of a con-
trast agent and automatic attenuation-based tube current
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Fig. 1 STARD (Standards

for Reporting of Diagnostic
Accuracy Studies) flow chart of
patient inclusion

Inclusion criteria:
Consecutive patients who had undergone
DECT of the lumbar spine
from January 2016 to December 2018

n = 261 patients

Patients sustained a low energy
fracture within 2 years after

DECT /

n = 55 patients

modulation (CARE dose 4D; Siemens Healthineers) was
used.

CT image reconstruction

Three image sets were acquired in each CT examination:
90 kVp, Sn150 kVp, and weighted average (ratio, 0.5:0.5)
to resemble contrast properties of single-energy 120-kVp
images. For phantomless volumetric BMD assessment,
image series (axial, coronal, and sagittal: section thickness
1 mm, increment 0.75 mm) were reconstructed with a dedi-
cated dual-energy bone kernel (Br69f). The image series
were automatically transferred to the picture archiving and
communication system (PACS; General Electric Company).

BMD assessment from lumbar vertebrae

Delineation of the trabecular volume of interest (VOI) was
required before phantomless volumetric BMD assessment
of L1. This was manually performed by one reader (C.
Booz, radiology resident with 4 years of experience in
MSK imaging) using specific software (LiverLab; Fraun-
hofer Institute for Computer Graphics Research) (Fig. 2).
To define the VOI, one DECT series was uploaded in the
software. The reader was then able to define the VOI in
3D, which, in this study, consisted of trabecular bone
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Patients did not sustain a low
energy fracture within 2 years
after DECT
n = 37 patients
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but not cortical bone of the whole vertebral body. The
VOI and the two DECT series (90 and Sn150 kVp) were
used as input for volumetric BMD assessment, which was
performed using a second software tool (BMD Analysis;
Fraunhofer Institute for Computer Graphics Research).
The software uses dedicated material decomposition to
differentiate collagen matrix, calcium hydroxyapatite,
water, fat marrow, and adipose tissue for each voxel, which
has been proposed by Nickoloff et al. [8]. In this study, we
used an algorithm based on a biophysical model account-
ing for the five major substances of the trabecular bone:

X0 = (10 = r"8) - Vi + (8%t —y*g) - Vi + y?g + 5,
(1)

XISOHU - (”]50 _ 7/ISOg) . VTB + (ﬁlSOt _ yISOg) . VF + yISOg +5
@
The HU intensities of both image data sets obtained
at 90 and 150 kV (X°° and X% are linked to the frac-
tion of the volume occupied by the matrix material (bone
mineral + collagen) Vg and the volume of adipose tissue
Vi The values for t and g are 0.92 and 1.02, respectively
and the other variables represent energy-related constants.
Therefore, by calculation of the mean intensity for a region
of the trabecular bone in both image data sets, values for
Vg and Vgcan be obtained and the BMD value pBM given
in g/cm? can be derived from Vqg:
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Fig.2 Manual definition of the trabecular volume of interest (VOI)
by one reader (C. Booz, radiology resident with 4 years of experience
in musculoskeletal imaging) using specific DECT postprocessing
software (LiverLab; Fraunhofer IGD) (a). This was repeated through-
out the entire stack of 2D slices for each vertebra. The resulting three-

pBM = "2 with 1=3.06 g/om® and A=2.11 being mate-
rial constants.

Prior to BMD assessment of our study cohort, we ran-
domly selected a sub-cohort of 10 patients and repeated
manual delineation 5 times. Variability between the obtained
measurements was less than 5% for all selected patients.
Consequently, we forewent repeated delineations for each

individual vertebra included in the study.

Statistical analysis

Statistical analysis was performed with dedicated commer-
cial software (Prism 9 for macOS, version 9.0.0, Graph-
Pad Software LLC; MedCalc for Windows, version 13,
MedCalc). The difference in baseline characteristics was
assessed by unpaired #-tests for continuous variables and
Fisher’s exact test for categorical values. Receiver operat-
ing characteristic (ROC) curve analysis and calculation of
the area under the curve (AUC) with Youden’s J statistic
were performed to evaluate optimal cut-off values for dis-
tinguishing BMD values with increased 2-year fracture
rates. Associations of patient age, sex, and BMD with the
occurrence of follow-up fractures were assessed by logistic
regression analysis and goodness of fit was evaluated using
Nagelkerke’s R2. A p value less than 0.05 was regarded as
statistically significant.

Results
A total of 261 consecutive patients who had undergone non-

contrast third-generation dual-source DECT of the lumbar
spine between January 2016 and December 2018 were
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dimensional VOI (b) served as input for volumetric DECT BMD
assessment in combination with the two DECT series (90 and Sn150
kVp). VOI, volume of interest; DECT, dual-energy CT; BMD, bone
mineral density

considered for inclusion in this study. Seventy-one patients
were excluded due to suspected or known malignancy, 26
patients due to spondylitis or spondylodiscitis, 32 patients
due to the presence of metallic implants following spinal
surgery, and 40 patients due to previous fracture or severe
deformity of L1. Thus, a total of 92 patients (46 male and
46 female) were ultimately included in this study (Fig. 1).
Of these, 50 examinations were performed to rule out sus-
pected fractures, 36 examinations were performed due to
chronic pain and 6 examinations were performed to rule out
rheumatic lesions of the spine.

Fifty-five patients (60%) sustained one or more osteo-
porosis-associated fractures following a non-adequate low-
energy trauma within 2 years after DECT and 37 patients
(40%) did not sustain an osteoporosis-associated fracture.
Fractures affected the vertebral body (n=50, 87.7%), femo-
ral neck (n=4, 7.0%), or humerus (n=3, 5.3%). Patients
who sustained one or more fractures were significantly older
with a mean age of 69.2+16.7 years compared to patients
without fracture (mean age, 52.4 + 18.3 years). The average
time until an osteoporosis-associated fracture was sustained
was 72.6 days (+88.4 days). No significant difference in
sex distribution was observed (Fig. 3). Seven patients from
the fracture group and O patients from the control group
had previous DXA-derived BMD measurements with a
T-score < — 2.5 indicating osteoporosis. Detailed patient
characteristics are shown in Table 1.

Phantomless BMD assessment

Overall mean lumbar DECT-derived BMD value of L1 was
95.4+33.0 mg/cm? (range, 40.1-179.6) (Fig. 4A). Mean
DECT-derived BMD was significantly higher in the control
group (n=37) with a value of 123.9 +28.8 mg/cm3 (range,
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Fig.3 DECT-based BMD values in this study. No significant differ-
ences were observed between male and female sex in the same age
group (p=.208). DECT, dual-energy CT; BMD, bone mineral density

85.5-179.6) compared to patients in the fracture group
(n=>55) with an average value of 76.3 + 18.7 mg/cm® (range,
40.1-108.9) (Fig. 4B).

In line with ACR QCT guidelines, no patient with a frac-
ture during the 2-year follow-up period had a DECT BMD
value above 120 mg/cm® and no patient in the control group
had a DECT-derived BMD value below 80 mg/cm3 [21].
A total of 47 patients had osteopenic DECT-derived BMD

Table 1 Characterization of the patient population

values, i.e., values between 80 and 120 mg/cm3, 27 (49.1%)
patients from the fracture group and 19 (51.4%) patients
from the control group.

Fracture risk prediction

ROC curve analysis of DECT-derived BMD values yielded
an optimal patient-level cut-off value of 93.7 mg/cm? to
identify patients at risk of developing a low-energy fracture
within 2 years following DECT-based BMD assessment
with high sensitivity (85.45% [47/55]), specificity (89.19%
[33/37]), PPV (92.2% [45/49]), and NPV (80.5% [33/41])
(Fig. 5A). AUC was excellent with a value of 0.937 (Table 2,
Fig. 5B).

Logistic regression analysis

We performed logistic regression analysis to investigate
the relationship of DECT-derived BMD, sex, and age with
the occurrence of incidence fractures (Table 3). Increased
DECT-derived BMD showed a significant protective effect
against the occurrence of new fractures with an odds ratio of
0.8710 (95% CI, 0.091 0.9375, p<0.001) and a significant
association of increased age with the incidence of osteopo-
rosis-associated fractures with an odds ratio of 1.0784 (95%
CI, 1.0246-1.1350, p =0.004). No significant association
between sex and fracture occurrence was observed in our
study population. The model fit of the regression model was

Total (n=92) No fracture (n=37) Fracture (n=55) p value

Age (years) 63.5+18.8 524+183 69.2+16.7 <.001

Sex (n) .208
Male 46 (50%) 22 (59,46%) 24 (43,54%)
Female 46 (50%) 15 (40,54%) 31 (56,36%)

BMD by DECT [mg/cm®] 95.4+33.0 123.9+28.8 76.3+18.7 <.001

[range, 40.1-179.6]

Underlying medical conditions or drug use

Osteoporosis with T-score < —2.5 7
Osteopenia with T-score < — 1.0

Previous fracture of the spine or the hip 24
Renal failure 4
Hypothyroidism 16
Alcohol dependency 5
Smoking

Long-term administration of PPIs 18
Long-term administration of glucocorticoids 10
Antihormonal therapy 1

[range, 85.5-179.6] [range, 40.1-108.9]

S L 9= AN W o o
—
\S]

Detailed patient characteristics. Mean DECT-derived BMD was significantly higher in the control group (n=37) with a value of
123.9+28.8 mg/cm® (range, 85.5-179.6) compared to patients in the fracture group (n=55) with an average value of 76.3 +18.7 mg/cm’

(p<.001)
BMD, bone mineral density; DECT, dual-energy CT
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Fig.5 Representative ROC curve analysis of DECT-derived BMD
values yields an optimal patient-level cut-off value of 93.7 mg/cm’
(a) to identify patients at risk of sustaining an osteoporosis-associated
fracture within 2 years providing a sensitivity of 85.45%, a specificity

significant (p <0.001) and showed high goodness of fit with
a Nagelkerke R? of 0.7899 and ROC-derived AUC of 0.962
(p=0.02).

Discussion

In our study, we showed that BMD measurement derived
from phantomless DECT-based volumetric material decom-
position of the lumbar spine can accurately predict the occur-
rence of osteoporosis-associated fractures during a 2-year
follow-up period in at-risk patients. A patient-derived opti-
mal BMD cut-off value of 93.7 mg/cm? yielded a sensitivity
of 85.45% (CI, 73.3-93.5%), a specificity of 8§9.19% (CI,
74.6-97.0%), a PPV of 92.2% (CI, 82.2-96.8%), and a NPV
of 80.5% (CI, 63.3-88.8%). DECT-derived BMD showed
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of 89.19%, a PPV of 92.2%, and a NPV of 80.5%. AUC was 0.937
(p<.0001) (b). ROC, receiver operating characteristic; AUC, area
under the curve; DECT, dual-energy CT; BMD, bone mineral den-
sity; PPV, positive predictive value; NPV, negative predictive value

strong associations with the occurrence of fractures during
a follow-up of 2 years (OR, 0.871; CI, 0.8091-0.9375).

Osteoporosis and osteoporosis-associated fractures con-
tinue to gain more significance as major causes of immobil-
ity and frailty in the aging population. Nonetheless, a large
gap between expenditure going towards the management and
treatment of fractures compared to diagnosis and pharmaco-
logical prevention remains. In this context, only 11 patients
underwent DXA prior to their trauma which confirmed
osteoporosis in 7 cases in our study [1, 2].

With the number of performed CT examinations stead-
ily rising, the opportunistic BMD assessment derived from
available imaging data from prior routine examinations may
close this diagnostic gap through identification and protec-
tion of patients at risk and, simultaneously, reduce radiation
exposure and expenditures from frailty fractures. To this
end, different methods such as simple HU measurements,
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Table2 ROC analysis results

Indicator Value

AUC 0.937 (0.867-0.977)

Optimal threshold 93.7 mg/cm’

Sensitivity 85.45% (47/55)
[73.3-93.5%]

Specificity 89.19% (33/37)
[74.6-97%]

PPV 92.2% (45/49)
[82.2-96.8%]

NPV 80.5% (33/41)

[63.3-88.8%]

ROC curve analysis yields an optimal patient-level cut-off value of
93.7 mg/cm® which shows high diagnostic accuracy for the detec-
tion of follow-up fractures in a 2-year interval (p<.001). Numbers
in square brackets are confidence intervals. ROC, receiver operating
characteristic; AUC, area under the curve; PPV, positive predictive
value; NPV, negative predictive value

Table 3 Logistic regression analysis

p pvalue Oddsratio 95% CI
DECTBMD -0.13817 <.001 0.8710 [0.8091;0.9375]
Age 0.075474 <.001 1.0784 [1.0246;1.1350]
Female sex —0.039467 0.9627 0.9613 [0.1837;5.0299]
Constant 9.10164 0.0094

Logistic regression shows a strong protective effect of increased BMD
values against the occurrence fractures during a 2-year follow-up
interval. Numbers in square brackets are confidence intervals. The
regression model is statistically significant with high goodness of fit
[x*=80.832, p<.001], Nagelkerke R*=0.7899, AUC=0.962. AUC, area
under the curve; DECT, dual-energy CT; BMD, bone mineral density

phantom-based QCT, CT-based finite element analysis, and
dual-layer spectral CT have been proposed for CT-based
BMD assessment [22-25]. More recently, other studies
showed that HU measurements and asynchronous QCT-
derived BMD assessment have the potential to predict
osteoporosis-associated fractures, with superior accuracy
of QCT-derived BMD measurements [11, 22, 26, 27]. HU
measurements and QCT-based BMD assessment, however,
are subject to inaccuracies resulting from photoelectric
and Compton interactions, tube attenuation voltage levels,
scanner settings, and protocols as well as the location of the
bones used for assessment [15, 28, 29]. To eliminate many
of the previously mentioned distortions, Giambini et al. sug-
gested the use of DECT-based material decomposition to
isolate surrounding tissue from bone, thereby allowing more
accurate tissue analysis [28].

In our study, we used a dedicated dual-source DECT
postprocessing algorithm for phantomless volumetric
BMD assessment of the lumbar spine developed by Wesarg
et al., which is based on a material decomposition model

first introduced by Nickoloff et al. [8, 17]. All imaging data
was acquired by the same scanner, using constant settings,
protocol, and tube attenuation voltage levels. Therefore,
we were able to eliminate almost all previously mentioned
confounding factors to achieve comparable and reproduc-
ible results. We restricted our analysis to the L1 vertebrae,
which has previously been suggested as the optimal target
for opportunistic osteoporosis screening from routine CT
examinations, since it is included on all abdominal and chest
CT examinations, easily identifiable and less prone to degen-
erative change than other vertebrae. Furthermore, a close
correlation has been shown between BMD values obtained
from L1 compared to all other lumbar vertebrae, making L1
an ideal surrogate vertebra [25, 30].

In contrast to the established QCT value of 80 mg/cm?
according to the ACR, our analysis yielded an optimal DECT-
based BMD threshold of 93.7 mg/cm? to distinguish patients
who sustained a fracture during a 2-year follow-up period from
patients who did not [21, 22]. This finding closely matches pre-
vious findings of our group that, contrary to ACR QCT guide-
lines, identified a DECT-based BMD value of 92 mg/cm? as
an optimal cut-off to differentiate osteopenia from normal
BMD [18]. This higher threshold can in part be attributed to
the removal of aforementioned confounding variables as well
as the elimination of technical shortcomings that underestimate
conventional QCT-based BMD measurements, such as the fat
error [6, 24, 31]. The operating principle of the single-energy
technique used in conventional QCT does not allow for material
differentiation of bone mass and fatty bone marrow, resulting in
underestimation of the bone mass between 7.2 and 25.3% [28,
32]. The algorithm we used identifies the volume of mineral-
ized trabecular bone and directly obtains areal bone mineral
density from this volume without the requirement for further
corrections by using DECT-based material decomposition [17].
As aresult, we were able to minimize accuracy-errors for more
accurate assessment of true trabecular BMD, ultimately pro-
viding higher sensitivity and specificity for the prediction of
fractures than previously reported. In this context, Loeffler et al.
showed a sensitivity of 59% and a specificity of 81% for the
prediction of vertebral fractures in patients with QCT-derived
BMD values below 79.6 mg/cm® [11]. The strong association
between DECT-derived BMD and 2-year incidence of frailty
fractures was confirmed by logistic regression.

Since routine CT scans are increasingly performed in DECT
mode due to several advantages compared to conventional CT,
this technique may offer more flexibility in general clinical
routine and can help to reduce radiation exposure by avoiding
redundant examinations. Furthermore, this technology allows
for computation and color-coded display of focal BMD
distribution from routine preoperative CT imaging in order
to aid in preoperative planning, such as placement of pedicle
screws in areas with high stability or to assess the necessity for
bone substitute materials during surgery.

@ Springer



European Radiology

This retrospective study has certain limitations that
need to be addressed. First, most patients of our study
cohort who underwent CT of the spine did so following
previous trauma or because of chronic pain. Therefore, due
to hospital policy, many of these patients received prior
x-ray imaging that could not exclude an acute vertebral
fracture and caused a preselection bias towards patients
who are at risk to sustain vertebral fractures. Though we
only included patients whose imaging data and electronic
patient records were available for 2 years or more follow-
ing DECT of the spine, we cannot exclude the possibil-
ity that some vertebral fractures were missed as a result
of mild symptoms or due to failed reporting of treatment
in other hospitals. Additionally, we sought to eliminate
interferences by using only one CT scanner type with a
dedicated protocol. Therefore, the applicability of our
method with other devices and in the setting of technical
heterogeneity has yet to be validated and cut-off values
require adjustment in the future.

In conclusion, our study demonstrated that DECT-based
BMD assessment can accurately and retrospectively predict
the 2-year risk to sustain an osteoporosis-associated fracture
in patients at risk without the requirement for a calibration
phantom. CT imaging data of the lumbar spine is readily
available, especially in elderly patients and patients suffering
from osteoporosis. Utilization of this imaging data allows for
the early identification of patients at risk to sustain an oste-
oporosis-associated fracture in the future and, if required,
begin treatment without the requirement for redundant
examinations. Therefore, DECT-based BMD assessment
could help to prevent osteoporosis-associated fractures and
ultimately reduce the social and economic burden associated
with osteoporosis.
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