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Abstract
Purpose The aim of this study was to compare vertebral failure loads, predicted from finite element (FE) analysis of
patients with and without osteoporotic vertebral fractures (OVF) at virtually reduced dose levels, compared to standard-dose
exposure from multidetector computed tomography (MDCT) imaging and evaluate whether ultra-low dose derived FE
analysis can still differentiate patient groups.
Materials and Methods An institutional review board (IRB) approval was obtained for this retrospective study. A total
of 16 patients were evaluated at standard-dose MDCT; eight with and eight without OVF. Images were reconstructed at
virtually reduced dose levels (i. e. half, quarter and tenth of the standard dose). Failure load was determined at L1–3 from
FE analysis and compared between standard, half, quarter, and tenth doses and used to differentiate between fracture and
control groups.
Results Failure load derived at standard dose (3254± 909N and 3794± 984N) did not significantly differ from half
(3390± 890N and 3860± 1063N) and quarter dose (3375± 915N and 3925± 990N) but was significantly higher for one
tenth dose (4513± 1762N and 4766± 1628N) for fracture and control groups, respectively. Failure load differed significantly
between the two groups at standard, half and quarter doses, but not at tenth dose. Receiver operating characteristic (ROC)
curve analysis also demonstrated that standard, half, and quarter doses can significantly differentiate the fracture from the
control group.
Conclusion The use of MDCT enables a dose reduction of at least 75% compared to standard-dose for an adequate
prediction of vertebral failure load based on non-invasive FE analysis.

Keywords Multidetector computed tomography · Radiation dosage · Spinal fractures · Finite element analysis ·
Osteoporosis

Introduction

Osteoporosis is a skeletal disorder characterized by com-
promised bone strength. Osteoporotic fractures are usually
caused by low-energy mechanisms and are frequently not
apparent at the spine until symptomatic back pain presents
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[1]. Thus, initiation of therapy in patients with prevalent
osteoporotic vertebral fractures is often delayed.

Dual-energy X-ray absorptiometry (DXA)-based areal
bone mineral density (BMD) overlaps between patients
with and without osteoporotic fractures [2]. Volumetric
BMD assessed by multi-detector computed tomography
(MDCT) can be used as a surrogate marker for fracture
risk. Wang et al. [3] reported that finite element (FE) mod-
elling and volumetric BMD consistently improved vertebral
fracture risk assessment compared to areal BMD by DXA;
however, Kopperdahl et al. observed incident radiographi-
cally confirmed spinal fractures to be associated with FE
modelling independent of vertebral volumetric BMD [4].
Thus, BMD is limited in predicting bone strength, since
it does not consider bone geometry, and the bone den-
sity distribution. The MDCT-based FE analysis enables
an excellent prediction of osteoporotic vertebral fracture
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Table 1 Scan parameters for MDCT protocol

Parameter Value

Tube voltage (kVP) 120

Field of view (cm) 200

Beam collimation (mm) 0.625

Slice thickness (mm) 0.3

Helical pitch 0.758–0.914

CTDIvol (mGy)a 7.66 (2.3–13.7)

Tube current (mA) 200–400

Exposure (mAs) 112 (33–201)
aCTDIvol volume computed tomography dose index

risk [5–8]; however, the applied radiation dose is currently
not feasible for regular check-ups that require follow-up
examinations [9]. Regular patient monitoring protocol for
osteoporotic fracture risk cannot be established currently,
because should multiple CT examinations be performed on
the same patient, the effective radiation dosage could reach
unsafe levels [10, 11].

Achieving an optimal diagnostic image quality and re-
duction in dose concurrently is the main goal of clinicians
and researchers. There are currently several dose-reduction
studies focusing on modification of reconstruction methods
through iterative reconstruction algorithms [12–14]. Fur-
thermore, dose reduction by means of modification of tube
current modulation, reduction in tube potential, and scan
time or length can also be performed [5, 11, 15, 16]. There-
fore, the purpose of this study was (1) to evaluate whether
MDCT with virtually reduced tube current, at half, quarter
and tenth doses, compared to standard clinical dose, can be
useful for predicting vertebral bone strength, as determined
by FE analysis and (2) to assess whether the low-dose imag-
ing can still be used to reliably differentiate patients with
and without osteoporotic vertebral fractures.

Fig. 1 MDCT images illustrating changes in image quality with dose reduction from standard (a) to half (b) to quarter (c) to tenth dose (d)

Material andMethods

Study Population

This retrospective study was approved by the Institutional
Review Board. Patients with vertebral fractures (n= 8;
4 males and 4 females) were identified from routine tho-
racic and abdominal MDCT. There were 4 subjects with 1
fracture, 3 subjects with 2 fractures and 1 subject with 3
fractures. Age and gender-matched patients without osteo-
porotic fractures (n= 8; 4 males and 4 females) were also
identified as controls.

MDCT Imaging

All MDCT examinations were performed using a 256-row
scanner (iCT, Philips Healthcare, Best, The Netherlands).
A reference phantom (Mindways Osteoporosis Phantom,
Austin, TX, USA) was placed beneath the scanner mat for
all subjects. The scan parameters applied for the MDCT
protocol are shown in Table 1. The tube voltage was kept
constant at 120kVp. The helical pitch was set as 0.758
for 1 subject, 0.79 for 1 subject and 0.954 for the remain-
ing 14 subjects. The tube current ranged between 200 and
400mA during each scan as it was modulated implicitly
by the scanner. The exposure recorded for the subjects var-
ied from 33 to 201mAs for all 16 subjects. The volume
CT dose index (CTDIvol) ranged from 2.3 to 13.6mGy. The
variations are attributed to the different clinical purposes
of the actual studies, since the subjects were not explicitly
recruited for this study.

Tube Current Simulation

A simulation tool was used to generate lower tube cur-
rent scans. The simulation algorithm was based on raw
projection data, as described previously [17]. System pa-
rameters of the CT scanner were taken into account for
electronic noise. Low-dose simulations at 50%, 25% and
10% of the original tube current were generated as reported
previously [18]. Images were reconstructed using standard
filtered back projection.
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Table 2 Quantitative image analysis, reported as means and standard deviations, comparing fracture and control groups for all doses

Parameter Standard dose Half dose Quarter dose Tenth dose

Fracture Control Fracture Control Fracture Control Fracture Control

Image
noise
(HU)

30.56± 4.90 35.55± 7.13 40.51± 4.94 55.59± 26.74 57.76± 7.85 64.58± 7.20 130.07± 33.89 158.38± 40.16

SNR 4.34± 1.56 4.88± 1.34 3.22± 0.93 3.41± 1.14 2.38± 0.72 2.79± 0.56 1.31± 0.58 1.28± 0.32

CNR 7.59± 2.16 7.78± 1.98 5.61± 1.35 5.63± 1.88 4.06± 1.04 4.64± 1.62 2.02± 0.82 1.95± 0.76

HU Hounsfield units, SNR signal-to-noise ratio, CNR contrast-to-noise ratio

Table 3 FE-predicted failure load values, reported as means and stan-
dard deviations, for fracture and control groups

Fracture Control p-value

Standard dose 3254± 909 3794± 984 0.0373a

Half dose 3390± 890 3860± 1063 0.0305a

Quarter dose 3375± 915 3925± 990 0.0233a

Tenth dose 4513± 1762 4766± 1628 0.458

p-value (standard vs.
half)

0.718 0.670 –

p-value (standard vs.
quarter)

0.606 0.592 –

p-value (standard vs.
tenth)

0.00198a 0.0354a –

aSignificant results

Image Segmentation

Manual segmentation of lumbar vertebrae (L1–3) was per-
formed by one operator using the free open-source soft-
ware MITK (German Cancer Research Center, Division of
Medical and Biological Informatics, Medical Imaging Inter-
action Toolkit, Heidelberg, Germany). Fractured vertebrae
were not observed at the L1–3 level.

Quantitative Image Analysis

Image parameters such as image noise, contrast-to-noise
ratio (CNR) and signal-to-noise ratio (SNR) were measured
by placing regions of interest (ROIs) on three slices; the
mid-slice of the vertebra, the upper slice, 1cm above the
mid-slice and the lower slice, 1cm below the mid-slice to
minimize bias from single measurements. Hounsfield unit
(HU) values measured over the three sequential slices were
averaged to obtain signal and noise attenuations [19].

Finite Element Analysis

Numerical analysis was done on the simplistic assumption
of an axial compression loading condition on each verte-
bra for all subjects. Image segmentation of each vertebra
was imported into an image processing software Mimics
(Materialise NV, Harislee, Belgium) and meshed with lin-
ear tetrahedral elements using a meshing software 3-Matic

(Materialise NV). Each vertebral model was discretized into
10 different sets of heterogeneous, non-linear, transversely
isotropic materials, based on a set of relationships provided
in the literature for density, elastic modulus and strength
[20–25]. A Poisson ratio of 0.3 was assumed and negative
modulus regions were applied with 0.0001MPa [26]. The
FE analysis was performed with ABAQUS version 6.10
(Hibbitt, Karlsson, and Sorensen, Pawtucket, RI, USA). To
simulate axial compression loading, nodes on the inferior
endplate were constrained in all directions and a displace-
ment load in the z-direction was applied on the nodes on
the superior endplate [27]. Failure load was considered to
be the peak of the force displacement curve obtained over
the displacement increments. The FE method has also been
described in previous studies [5, 6].

Statistical Analysis

Results were reported as means and standard deviations. To
evaluate significant differences within each group, i. e. frac-
ture and control, at different doses, with standard dose as the
reference, Kruskal Wallis test was performed for quantita-
tive image parameters and FE-predicted failure load values.
To evaluate significant differences between the fracture and
control groups at each dose, i. e. standard, half, quarter and
tenth dose, Mann-Whitney test was performed. Correlations
of the half, quarter and tenth doses, as a function of the stan-
dard doses were reported as Pearson’s coefficient values (r)
for both fracture and control groups. Bland-Altman plots,
of each dose as a function of the standard dose were plot-
ted, as it is useful for identifying a systematic bias between
mean differences [28] and the respective Lin’s concordance
coefficients (rc) were also reported. To evaluate the feasibil-
ity of low-dose to differentiate between fracture and control
groups, receiver operating characteristic (ROC) curve anal-
ysis was performed and the area under the curve (AUC)
was reported at each dose. All analyses were performed
with MedCalc Statistical Software version 18 (MedCalc
Software bvba, Ostend, Belgium; http://www.medcalc.org;
2018). Results obtained were considered to be significant
at p< 0.05.
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Fig. 2 Correlation between FE-predicted failure loads for each individual dose, half dose (HD) (a), quarter dose (QD) (b) and tenth dose (TD) (c)
as a function of full dose (FD) for fracture group

Fig. 3 Bland-Altman plots for each individual dose, half dose (HD) (a), quarter dose (QD) (b) and tenth dose (TD) (c) as a function of full dose
(FD) for fracture group. The horizontal lines indicate the mean FE-predicted failure load, and 95% confidence intervals at ±1.96 standard deviation
(SD)

Results

Quantitative Image Analysis

Changes in image quality by reduction of half, quarter and
a tenth of a dose from standard dose are illustrated in Fig. 1.
Means and standard deviations of noise, SNR and CNR
are reported in Table 2. The mean image noise was 30.56,
40.51, 57.76, and 130.07 HU, mean SNR was 4.34, 3.22,
2.38 and 1.31 and mean CNR was 7.59, 5.61, 4.06 and
2.03 in the full, half, quarter, and tenth dose examinations,
respectively for the fracture group. In the control group,
the mean image noise was 35.55, 55.59, 64.58, 158.38 HU,
mean SNR was 4.89, 3.41, 2.79 and 1.28 and mean CNR
was 7.78, 5.63, 4.64, and 1.95, respectively. For the fracture
and control groups the mean image noise, SNR, and CNR
of standard dose were significantly different between the
half, quarter, and tenth doses (p< 0.05).

Comparison of FE-Predicted Failure Loads

Table 3 provides the means and standard deviations for
all doses for the fracture and control groups. In evaluating
the differences between the individual doses and standard
dose as the reference for the fracture and control groups,
respectively, the failure load of the standard dose did not
significantly differ from the half (p= 0.718 and p= 0.670)

and quarter doses (p= 0.606 and p= 0.592); however, it
significantly differed from the tenth dose (p= 0.00198
and p= 0.0354; Table 3). In evaluating the differences at
each dose, the failure load differed significantly between
fracture and control groups at standard (p= 0.0373), half
(p= 0.0305), and quarter doses (p= 0.0233) but not at tenth
dose (p= 0.458; Table 3).

In the fracture group, significant correlations were ob-
tained with FE-predicted failure load values for half dose
(r= 0.92, p< 0.0001), quarter dose (r= 0.96, p< 0.0001), and
tenth dose (r= 0.54, p= 0.0061) with full dose as the ref-
erence (Fig. 2a–c). Amongst the control group, significant
correlations were exhibited for half (r= 0.97, p< 0.0001),
quarter (r= 0.93, p< 0.0001) and tenth (r= 0.90, p< 0.0001)
doses with full dose as the reference (Fig. 3a–c). Bland-Alt-
man plots showed that there was good concordance for half
dose (rc= 0.94) and quarter dose (rc= 0.95) with the standard
dose, but not for tenth dose (rc= 0.31) in the fracture group
(Fig. 4a–c). For the control group, there was good concor-
dance for half dose (rc= 0.97), quarter dose (rc= 0.92) and
tenth dose (rc= 0.62; Fig. 5a–c).

The ROC curve analysis for the ability of the doses to
be able to differentiate patients with and without fractures
revealed the following: full dose was able to differentiate
significantly (AUC= 0.675, p= 0.0266), as well as half dose
(AUC= 0.686, p= 0.0188) and quarter dose (AUC= 0.691,
p= 0.0137); however, the tenth dose was not able to dif-
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Fig. 4 Correlation between FE-predicted failure loads for each individual dose, half dose (HD) (a), quarter dose (QD) (b) and tenth dose (TD) (c)
as a function of full dose (FD) for control group

Fig. 5 Bland-Altman plots for each individual dose, half dose (HD) (a), quarter dose (QD) (b) and tenth dose (TD) (c) as a function of full dose
(FD) for control group. The horizontal lines indicate the mean FE-predicted failure load, and 95% confidence intervals at ±1.96 standard deviation
(SD)

ferentiate between the two patient groups (AUC= 0.562,
p= 0.461). In the pairwise comparison of ROC curves, there
were no significant differences between areas of the half and
quarter doses, compared to the full dose.

Discussion

The need for low-dose CT examinations to evaluate the
stability and integrity of the spine is of utmost importance in
the orthopedic and neurosurgical scene. To our knowledge,
this is the only study that has explored the possibility of
non-invasive failure load prediction of patients with and
without fractures using FE analysis at the ultra-low dose
level.

With the reduction in dose, the image noise significantly
increased in the half, quarter and tenth dose examina-
tions, while SNR and CNR significantly worsened for both
groups. Although the image noise increased by 33% and
56% at half dose and 89% and 82% at quarter dose for the
fracture and control groups, respectively, the FE-predicted
failure load obtained at half and quarter doses had mini-
mal differences from the standard dose. This key finding
demonstrates that MDCT images at half and quarter doses
can produce accurate structural information; however, at
the tenth dose, FE-predicted failure load only agreed well
with the standard dose in the healthy group, and not in

the fracture group. The reason for the difference could be
attributed to the poor geometry of vertebra obtained from
the fracture group, which is affected by the presence of
spinal deformities as well as higher surface roughness as
a result. Consequently, meshes with the presence of sharp
boundaries can result in inaccurate failure load values;
however, this phenomenon needs further investigation with
future work involving large population cohorts.

The ROC analysis demonstrated that standard, half and
quarter doses were able to successfully differentiate fracture
from control groups with similar AUCs greater than 65%,
except for the tenth dose, which was only 56%. This finding
shows that FE analysis could be useful in providing non-
invasive structural information, which would be valuable to
clinicians, on top of obtaining the current gold standard,
BMD for a more holistic understanding of fracture risk.

The establishment of an optimal imaging protocol is even
more necessary than before, especially with radiology de-
partments working with standard protocols. Dose optimiza-
tion protocols could result in a 30% reduction in collective
dosage produced by MDCT and this reduction can be sus-
tained over time [29]. By reducing the radiation dose in each
CT scan, much of the radiation exposure subjected to the
patients can be avoided, particularly if they are undergoing
annual or regular follow-up radiological examinations.

The main limitation of this study is that this is a ret-
rospective study of a small sample. A larger population
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cohort study will enable the results obtained in this study
to be confirmed. Nevertheless, these results are promising
as a pilot study in providing a possibility of a more holis-
tic investigation of vertebral fracture risk in osteoporotic
patients. Beyond low-dose MDCT-based FEM, alternative
approaches for fracture risk prediction, e.g. based on pro-
jection radiography or EOS imaging, may also be options
in the future. In addition, future work will also include FE
analysis based on different kernels with FBP and iterative
reconstruction algorithms, which have the potential to pro-
duce better quality images at low radiation doses.

In conclusion, low-dose MDCT up to a 75% dose reduc-
tion has been shown to be a reliable method to assess FE-
predicted failure load in the vertebra. Although in its early
phases of realization, MDCT dose reduction techniques and
the combined use of non-invasive FE analysis are expected
to act as a complementary tool to BMD for assessing frac-
ture risk in the future, which has great potential to benefit
patients with osteoporosis.
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