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ABSTRACT
Computed tomography (CT) is used for staging osteolytic lesions and detecting fractures in patients withmultiple myeloma (MM). In
the OsteoLysis of Metastases and Plasmacell-infiltration Computed Tomography 2 study (OLyMP-CT) study we investigated whether
patients with andwithout vertebral fractures showdifferences in bonemineral density (BMD) ormicrostructure that could be used to
identify patients at risk for fracture. We evaluated whole-body CT scans in a group of 104 MM patients without visible osteolytic
lesions using an underlying lightweight calibration phantom (Image Analysis Inc., Columbia, KY, USA). QCT software
(StructuralInsight) was used for the assessment of BMD and bone structure of the T11 or T12 vertebral body. Age-adjusted
standardized odds ratios (sORs) per SD change were derived from logistic regression analyses, and areas under the receiver
operating characteristics (ROC) curve (AUCs) analyses were calculated. Forty-six of the 104 patients had prevalent vertebral fractures
(24/60 men, 22/44 women). Patients with fractures were not significantly older than patients without fractures (mean� SD, 64� 9.2
versus 62� 12.3 years; p¼ 0.4). Trabecular BMD in patients with fractures versus without fractures was 169� 41 versus 192� 51
mg/cc (AUC¼ 0.62� 0.06, sOR¼ 1.6 [1.1 to 2.5], p¼ 0.02). Microstructural variables achieved optimal discriminatory power at bone
thresholds of 150mg/cc. Best fracture discrimination for single microstructural variables was observed for trabecular separation (Tb.
Sp) (AUC¼ 0.72� 0.05, sOR¼ 2.4 (1.5 to 3.9), p< 0.0001). In multivariate models AUCs improved to 0.77� 0.05 for BMD and Tb.Sp,
and 0.79� 0.05 for Tb.Sp and trabecular thickness (Tb.Th). Compared to BMD values, these improvements of AUC values were
statistically significant (p< 0.0001). In MM patients, QCT-based analyses of bone structure derived from routine CT scans permit
discrimination of patients with and without vertebral fractures. Rarefaction of the trabecular network due to plasma cell infiltration
and osteoporosis can be measured. Deterioration of microstructural measures appear to be of value for vertebral fracture risk
assessment and may indicate early stages of osteolytic processes not yet visible. © 2014 American Society for Bone and Mineral
Research.
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Introduction

Multiple myeloma (MM) is a low-grade B-cell non-Hodgkin
lymphoma, which is characterized by a proliferation of

monoclonalmalignant plasma cells. The incidence of the disease
amounts to approximately 1% of all malignant neoplasms.(1) MM
is associated with diffuse and focal lytic bone destruction and
osteoporosis in 80% of patients.(2) These changes lead to a high
incidence of fracture, of which vertebral compression fractures
are the most common, occurring in 20% to 70% of patients.(3–7)

Vertebral fractures in MM patients are associated with a high
impairment of quality of life, morbidity, and mortality.(5,8)

Multiple treatment regimens targeted at reducing fracture
incidence have been introduced in the last decade or are
currently under development.(9–15) To facilitate drug develop-
ment, radiologists are asked to provide detailed reports
regarding changes induced by treatment effects or progression
of MM disease. Specifically, the risk of imminent fracture is of
particular interest, in order to make a decision whether to refer
to surgical treatment, vertebroplasty, or radiotherapy.(15,16)

However, the criteria used to define impaired stability of
vertebral bodies are not clearly defined. Some authors suggest
the number of focal lesions as indicator for diffuse bone
infiltration(17) or cortical erosion as a major threat for vertebral
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fractures.(15) Other recommendations are based on the clinical
experience of orthopedic surgeons, that an osteolytic lesion
larger than 50% of the vertebral body is associated with severe
fracture risk.(18,19)However, these crude criteria for focal osteolytic
events lack the backup of longitudinal individualized biomechan-
ical investigations, eg, based on finite element modeling, which
have become technically feasiblewith recent developments of CT
technology.(20–23) Focal large osteolytic lesions detectable by the
clinicianmaynotbe sensitive enough to reflect themost common
cause of vertebral fractures in MM patients; ie, diffuse osteopenia
caused by the disease and other factors.

To address these issues, high-resolution QCT (HR-QCT) of the
vertebrae, as suggested by several authors(20–22) including
Takasu and colleagues,(23) may provide valuable insight into the
microstructural changes in the lumbar spine of myeloma
patients. Common low-dose spiral CT appears to be a promising
approach for a comprehensive assessment of the entire spine. In
this cross-sectional study, we tested the performance of a low-
dose structural analysis (LDSA) protocol to investigate the
vertebral body T11 or T12 as part of a routine low-dose whole-
body scan for discriminating patients with and without
prevalent vertebral fractures. LDSA might offer a sensitive
new method to assess early microstructural changes in
trabecular bone caused by MM, and the effect of those changes
on bone fragility. This in turn may have clinical benefit by
permitting a more sensitive and objective way of assessing
indications for preventive measures in patients at risk for
fracture and neural complications.

Patients and Methods

Study design and participants

In this OsteoLysis of Metastases and Plasmacell-infiltration
Computed Tomography 2 (OLyMP CT) study population, we
recruited 178 patients referred to the Department of Diagnostic
Radiology, UKSH Campus Kiel, for non–contrast-enhanced CT
scans with the indication of staging for myeloma. In a cross-
sectional analysis, the first CT scan for each patient between
January 2010 and January 2012 was examined. All patients with
myeloma had received thalidomide treatment preceding the
study. The study was approved by the local ethics commission
(registration ID: D 430/12) and was designed to meet good
clinical practice (GCP) criteria. Patients were excluded from the
investigation if they had not permitted data use for study
purpose at admission or if they met the following exclusion
criteria: previous malignant neoplasm, known metabolic bone
disorders, history of sprue, abnormal thyroid or other clinical
studies. All patients with a fracture of both T11 and T12 were
excluded from the investigation. Fifty of 178 patients were
excluded according to these criteria. Vertebral compression
fractures were diagnosed according to the Genant criteria,(24)

and were evaluated separately by two radiologists for this study
(JB and AW), followed by a consensus check of all CT data
including the initial clinical patient reports.

Scan protocol and bone densitometry

All patients were scanned on the same Siemens Somatom
Sensation 64 row CT Scanner (Siemens, Forchheim, Germany).
Scans of T12 (or of T11 in the case that the T12 was fractured or
showed macroscopic evidence of osteolytic lesions) were
conducted with the preexisting CT protocol of 120 kVp,
100mA, and a 1.5-mm slice thickness, resulting in a dose of

approximately 4.0 to 6.5 mSv (International Commission on
Radiological Protection [IRCP] publication 103; http://www.icrp.
org) (see Fig. 1). The InTable calibration phantom (Image
Analysis Inc., Columbia, KY, USA) embedded in the CT mat
underneath the patient (Fig. 2A, B) was included in all CT scans,
thus permitting quantitative CT analyses. The CT data were

Fig. 1. (A) Example sagittal reformation from an LDSA scan of a patient
with large osteolytic lesions as seen in T12, but no vertebral fractures. (B)
Example sagittal reformation from an LDSA scan of a patient with
multiple fractures and diffuse osteolytic changes of the spine.
Unfractured T11 was used for data analysis. Kyphoplasty of L1 and L3
was performed to stabilize fractures of these vertebrae. LDSA¼ low-
dose structural analysis.
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reconstructed with the B70s reconstruction kernel in two
different formats: (1) a regular resolution reconstruction used
for BMD calibration encompassing the entire cross-section of the
patient and the calibration phantom underneath the patient
(Fig. 2A) and (2) a higher resolution reconstruction (120mm field
of view [FOV], matrix size¼ 512� 512 pixels) limited to the
vertebral body for BMD and microstructural analyses (Fig. 3).
Longitudinal quality assurance to ensure stability of the scanner
throughout the study was performed using a Mindways Type 3
QA phantom and calibration phantom (Mindways, Austin, TX,
USA). The in-house–developed QCT software StructuralInsight
(v.3.0), (25–28) was adapted to perform bone mineral calibration
using the InTable phantom.
Cortical and trabecular bonewere definedwith semiautomatic

bone segmentation. Bone was separated from marrow using a
uniform threshold for all patients. To define the optimum
protocol for themicrostructural analysis and to test its robustness,
the performance of all variables was evaluated for a range of
thresholds between 80 and 500mg/cc, centered at the
established threshold for HR-QCT assessments(28) (Supporting
Information). The vertically oriented cortex excluding the cortical
endplates was segmented for a separate cortical analysis.
Bone microstructure was assessed by StructuralInsight. Voxel-

based bone volume fraction (BV/TV) and trabecular number (Tb.
N), based on the direct secant method and using a parallel plate
model, defined the trabecular thickness (Tb.Th), (29) while
trabecular separation (Tb.Sp) using the run-length method(30)

and vertical cortical thickness (Ct.Th) using the maximum-
spheremethod(31) weremodel-independent measures. A priori–
defined primary outcome variables for this study were
trabecular BMD, Tb.Sp, and Ct.Th, because these variables had
proved to be useful in HR-QCT. In our HR-QCT experience T12

permits good quality imaging and yields valuable results, thus
the lower thoracic level was chosen for this study as well.
Secondary outcome variables included BV/TV, Tb.N, and Tb.Th.
The data evaluation had been validated using a virtual phantom
and by testing the method ex vivo.(32)

Statistical analysis

The statistical analysis was performed using JMP 9.0 software (SAS
Institute, Cary, NC, USA). Descriptive statistics for normally
distributed variables are presented as mean� SD unless noted
otherwise. Student’s t tests were performed for assessing differ-
ences between groups. Standardized odds ratios (sORs) per
standard deviation of the distribution of the patients without
fractures and their 95%CIswere calculated from logistic regression
analysis. Areas under the receiver operating characteristic (ROC)
curve (AUCs) as well as significance of difference between ROC
curves with the de Long method(33) were calculated using the
software Medcalc 13.0.2 (MedCalc Software, Ostend, Belgium).

Results

Of the 128 patients included in the LDSA analysis, 13 patients
were excluded in the outlier analysis due to beam hardening
artifacts and protocol errors. Eleven patients were excluded due
to diffuse osteolytic lesions of the entire spine that included T11
and T12. The remaining patient group that met all study criteria
consisted of 104 patients, 60 men and 44 women, aged 31 to
89 years (mean� SD, 63� 11 years). The patient group included
patients without osteolytic lesions that had been diagnosed to
have monoclonal gammopathy of unknown significance

Fig. 2. LDSA of a vertebral body T11. (A) Scan calibrationwith the in-house–developedQCT software StructuralInsight (v.3.0) using the InTable calibration
phantom (Image Analysis Inc., Columbia, KY, USA). (B) Adjustment for the discrete phantom tilt of the lightweight phantom of the left calibration pole.
LDSA¼ low-dose structural analysis.

Journal of Bone and Mineral Research QCT BMD AND BONE STRUCTURE AND VERTEBRAL FRACTURES IN PATIENTS WITH MM 1331



(MGUS) (n¼ 15) or low-grade myeloma Salmon and Durie (S&D)
grade 1 (n¼ 12). The majority of patients showed manifest and
severemyeloma according to staging by S&D criteria (S&D grade
2: n¼ 9; S&D grade 3: n¼ 68).

The QCT measurements showed significant gender differ-
ences for cortical BMD (387� 6mg/cc for men versus
365� 7mg/cc for women, p¼ 0.03), for Tb.N (0.82� 0.006 vs
0.79� 0.007, p¼ 0.005) as well as a trend for Tb.Th (0.69� 0.016
versus 0.65� 0.014, p¼ 0.06).

BMD was significantly lower in fracture cases compared to
controls (169.8� 40.5 versus 191.7� 50.6mg/cc, p¼ 0.003). ROC
and logistic regression confirmed these results (AUC¼ 0.66,
sOR¼ 1.6 [1.1 to 2.5],p< 0.01). Therewas no significant impact or
interaction effect of age or gender on fracture discrimination. The
analysis was nevertheless conducted separately for men and
women.Weobserved a trend to lower BMD inmale versus female
fracture patients (178� 34.6 versus 162� 44.5mg/cc, p¼ 0.17).
BMD results of fracture cases were significantly reduced
compared to controls in men (p¼ 0.02), but not in women
(p¼ 0.3). Similarly, ROC and logistic regression analysis of the
association of BMD with fractures showed significant differences
inmen (AUC¼ 0.70� 0.07, sOR¼ 1.6 [1.1 to 2.5],p< 0.02) but not
in women (AUC¼ 0.57� 0.09, sOR¼ 1.3 [0.7 to 2.5], p¼ 0.3).

Microstructural results strongly depended on the threshold for
binarization of bone versus bone marrow. Therefore, we first had
todetermine theoptimumthreshold. Figure4 shows theAUCs for
thediscriminatory powerderived from logistic regression analysis
for the main microstructural variables, depicted for bone
thresholds in the range of 80mg/cc to 500mg/cc. In men, Tb.Sp
showed optimal performance to distinguish patients with and
without fractures with the use of thresholds between 80 – 200
mg/cc (AUC0.75 - 0.80). Inwomen, Tb.Sp performedbestwith the
use of thresholds between 150- 250 mg/cc (AUC 0.68 - 0.69).
When analyzing the combined dataset for men and women the
strongest performanceof all variableswas achieved for Tb.Spwith
a threshold of 150mg/cc. The other microstructural variables also

showed optimum performance in the range of threshold
between 120mg/cc (Tb.Th) and 250mg/cc (Tb.N). A threshold
of 150 mg/cc thus appeared to permit good performance for all
relevant microstructural variables and was used for all subse-
quent analyses.

Table 1 lists the BMD and microstructural characteristics of the
different subject groups. Among single variables the best
discriminatory power was achieved for Tb.Sp (p< 0.0001),
followed by BV/TV (p¼ 0.012), BMD (p¼ 0.018), and Tb.N
(p¼ 0.03). ROC and logistic regression analyses showed similar
rankings: Tb.Sp with an AUC of 0.75 and OR of 2.4 (1.5 to 3.9), BV/
TV with an AUC of 0.632 and OR 1.7 (1.1 to 2.5), BMDwith an AUC
of 0.62 andOR of 1.6 (1.1 to 2.5) and Tb.Nwith an AUCof 0.62 and
OR of 1.6 (1.1 to 2.3). For Tb.Sp< 0.6mmonly 18% of the patients
had prevalent fractures whereas at Tb.Sp> 0.75mm the fraction
rose to 68%. Cortical parameters did not differ significantly
between patients with fractures and controls.

In separate analyses for men and women, Tb.Sp showed
significant discriminative power for prevalent fractures for both
genders, with men demonstrating 0.72� 0.09 (with fractures)
versus 0.63� 0.09 (without fractures), AUC¼ 0.73� 0.07, sOR
¼ 3.0 (1.5 to 5.6), p< 0.01 (Table 2). Women showed a Tb.Sp of
0.70� 0.10 (with fractures) versus 0.63� 0.11 (without fractures),
AUC¼ 0.68� 0.08, sOR¼ 2.1 (1.1 to 4.1). Adjustment of structural
variables for BMD led to a nonsignificant increase of the
discriminatory power of the structural variables: adjusted OR
Tb.Sp 8.4 (2.9 to 28.5), adjustedORTb.Th 3.6 (1.3 to 10.2), adjusted
OR Tb.N 2.0 (1.3 to 3.2). In these combinedmodels, the structural
parameters remained significant predictors independent of BMD.

Figure 5 shows multivariate ROC analyses for BMD and
structural variables with AUCs and levels of significance for
differences between AUCs displayed. Tb.Sp alone as well as each
model containing Tb.Sp showed stronger performance than BMD
(p< 0.001). A model containing all trabecular variables, ie,
trabecular BMD and all trabecular structural variables evaluated
resulted in the highest AUCof 0.82, significantly stronger than Tb.

Fig. 3. LDSA of a vertebral body T11. (A) A second higher resolution reconstruction of the vertebra with 512-pixel matrix of the spine was provided that
was calibrated based on the scan data with phantom. (B) The vertebral body was segmented manually allowing separation of trabecular and cortical
bone. LDSA¼ low-dose structural analysis.
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Sp alone (p¼ 0.007). In this model Tb.Sp, Tb.N, and Tb.Th each
contributed significantly, whereas BMD and BV/TV did not. Again,
gender was not a significant contribution as confounder in
univariate and multivariate logistic regression models.Figure 5

Discussion

In this cross-sectional study we tested the potential for low-dose
QCT bone structural analysis (LDSA) derived from regular whole-
body CT scans as a method to assess fracture risk in myeloma
patients. The assessment was based on loss of BMD and the
numerical detection of diffuse changes of bone structure.
Indeed, our results document that structural analysis is able to
discriminate between patients with and without vertebral
fracture. Importantly, the discriminatory power was higher
than that of trabecular BMD in the same vertebra. Thus the
method shows potential for identifying patients with vertebrae
susceptible to fracture and potentially in need for orthopedic
surgery to avoid neural complications.

Intriguingly, the higher levels of trabecular separation may
indicate a process of trabecular rarefaction caused by osteolytic
processes not yet visible in radiological examination. A
comparison with an earlier study(23) supports this hypothesis.
In a small cohort of myeloma patients, Takasu and colleagues(23)

reported on characteristics of patients with MM without visible
bone lesions or pathological fractures compared to healthy
controls. In their report, patients with MM had lower Tb.N
whereas Tb.Th and Tb.Sp were significantly increased when
compared to the control group without MM, with Tb.Sp
increasing by a factor of two. In our cohort a majority of
patients (77 cases or 74%; data not shown) had advanced
myeloma bone disease and these patients showed visible
osteolytic lesions outside of the vertebral body imaged and
analyzed in this study. In agreement with the results by Takasu
and colleagues,(23) these changes can be interpreted as a
possible correlates to osteolytic changes that were not
detectable by the radiologists.

Unlike HR-QCT measurements, eg, employed by Takasu and
colleagues,(23) the low-dose spiral CT scans of the whole body in
our study are routine radiological investigations of myeloma
patients, used for initial staging and follow-up.(34–36) Because CT
studies on myeloma patients are rare, it is important to develop
methods that allow for the investigation of large patient cohorts,
taking into account the heterogeneity inherent to this disease. It
is therefore encouraging to observe that the LDSA analysis
method presented here proved to be a sensitive and adequate
tool to detect fracture-relevant changes of BMD and bone
structure. Bone structure variables showed significant associa-
tions with fracture prevalence, and assessment of Tb.Sp appears
to be best suited for clinical fracture risk assessment.

Bone structural measurements in low-dose CT scans differ
from HR-QCT scans because of the larger slice thickness and
decreased radiation dose, which results in a considerable
decrease of in-plane and out-of plane resolution. This lower
resolution is associated with increases in partial volume effects,
which cause a lower measured tissue mineral density and
increased density of the marrow space between the trabecular
struts. Therefore, for the assessment of trabecular bone
structure, a lower threshold of 150mg/cc was used compared
to the level of 250mg/cc used in HR-QCT studies.(25–27) We
identified this threshold of 150mg/cc by repeated analyses
testing different thresholds with regard to optimal fractureTa
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Table 2. Odds Ratios for Association With Vertebral Fractures in All Patients, Men, and Women

All patients (n¼ 104) Women (n¼ 44) Men (n¼ 60)

Trabecular BMD (mg/cc) 1.6 (1.1–2.5)* 1.4 (0.8–2.6) 2.1 (1.1–3.9)*

Cortical BMD (mg/cc) 1.4 (0.9–2.1) 1.8 (0.9–3.2) 1.1 (0.7–1.9)
BV/TV (%) 1.7 (1.1–2.5)** 1.1 (0.6–2.4) 2.3 (1.2–4.2)**

BS/BV (%) 1.2 (0.8–1.8) 1.3 (0.6–2.5) 1.8 (1.1–3.3)*

Tb.Sp (mm) 2.4 (1.5–3.9)*** 2.1 (1.1–4.1)* 3.0 (1.5–5.6)**

Tb.N (1/mm) 1.6 (1.1–2.4)* 2.0 (1.1–3.8)* 1.2 (0.7–2.1)
Tb.Th (mm) 1.2 (0.8–1.8) 1.0 (0.6–1.8) 1.8 (1.1–3.3)*

Ct.Th (mm) 1.1 (0.7–1.5) 1.2 (0.7–2.3) 1.2 (0.7–2.0)

Values are odds ratio (SD); p values comparing patients with vertebral fracture and controls with Student’s t test: *p< 0.05, **p< 0.01, ***p< 0.001.

Fig. 4. AUC for the association of BMD and bone structural parameters with prevalent vertebral fractures (n¼ 104). Value of p for differences of AUC
results in between the fracture discriminators in the de Long test, **p< 0.01, ***p< 0.001.

Fig. 5. AUC for the association of bone structural parameters and prevalent vertebral fractures as a function of the bone segmentation threshold used.
AUC for BMD for comparison.
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discrimination for trabecular separation. However, bone thresh-
olds between 120 and 250mg/cc showed similar performance
and also appeared to be suitable.
In this study we employed a long, lightweight QCT calibration

phantom that can be integrated comfortably into the clinical
routine because the phantom can remain in the mat of the CT
table without interfering with other clinical CT investigations
conducted. We observed that the lightweight phantom tends to
bend slightly because of the patient’s weight. The slight resulting
phantom tilt was relevant to the analysis. Geometric adaptation
to the tilt was integrated into StructuralInsight software and
observed to be essential for adequate calibration. The phantom
permits examination of the vertebral bodies of the entire spine
over a length of 130 cm. Therefore, although beyond the goals of
our study, the phantom permits investigation of any target
vertebrae of clinical interest in myeloma disease or research on
bone metastases, and allows testing of biomechanical stability.
This might be of particular importance for studying the reported
differences in fracture risk between thoracic and lumbar vertebral
fractures.(34) Vertebral bodies that are being considered at high
risk of fracture by clinicians, for example due to larger focal
osteolytic lesions, could be investigated by LDSA in the future, to
refine andobjectify the level of risk. For this purposemore refined
biomechanical analyses such as finite element analyses for direct
calculation of bone strength under a variety of loading
conditions(37,38) is possible with LDSA, as well as quantitative
follow-up investigations of target lesions and bone density.
In this first study we focused on providing data that quantify

vertebral fracture risk in relation to bone density and structural
variables of the index vertebrae T11 and T12. The structural
variables derived performed well in fracture discrimination. All
trabecular structural variables tested showed a significant OR;
this was highest for the predefined endpoint variable Tb.Sp with
an OR of 2.4 (AUC¼ 0.749). Both diffuse osteolytic lesions and
osteoporotic bone loss increase Tb.Sp, and its typical magnitude
on the order of a millimeter or more (much larger than the
magnitude of other structural measures) make this parameter
easier to measure at decreased resolution such as in LDSA. In
multivariate models including the reference parameter trabec-
ular BMD, Tb.Sp remained a significant predictor whereas BMD
remained significant in women but not in men. In bivariate
models, the strongest association to vertebral fractures was seen
in combination of Tb.Sp and Tb.Th (AUC¼ 0.788). Further
improvement in AUCwas achievedwhen including BMD and the
remaining trabecular structural parameters in an age-adjusted
model (AUC¼ 0.823).
When comparing the QCT results between the genders, we

observed reduced Tb.N, Tb.Th, and cortical BMD in women. In
general, the structural parameters showed a somewhat stronger
discrimination in men than in women, but these differences
were variable and not significant. Adjustment for BMD showed
stronger effects in women than in men. However, the sample
size for gender-specific analyses was relatively small and thus
these differences need to be verified in larger studies.
Although trabecular bone variables performed well, the

cortical parameters did not provide value for vertebral fracture
risk assessment. This may be because cortical thickness
measures only on the order of 0.3mm,(39) and might therefore
be too thin to be assessed accurately with LDSA.
There are several limitations to this study. The cross-sectional

study design shows the association to existing fractures and does
not provide estimates of fracture risk. However, the results are
promising for prospective trials addressing the association to

fracture risk. In contrast to prospective trials in patients with
osteoporosis, the incidence of fractures in patients with MM is
high, and strategies to determine the individual fracture risk for
primary and secondary fracture prevention are sparse.(40,41)

Another limitation of LDSA in comparison to HR-QCT is reduced
precision due to increased noise levels. Nevertheless, LDSA has
the advantage that it administers a radiation dose of approxi-
mately 4 to 6.5 mSv for the entire body scan, whereas the dose
reported for HR-QCT scans in the study by Takasu and
colleagues(23) amounted to more than 20 mSv for assessment
of the spine alone. A further limitation of the study is that the
optimal threshold for LDSA was determined for the particular CT
scanner used in our study, whereas the numerical values of the
QCT measures are likely to vary across CT scanner models.
Differences in in-plane resolution, slice thickness, reconstruction
kernel, and beam energy would affect the measurements
significantly. Thus, the largest hurdle to clinical implementation
may be to calibrate the technique such that results can be
consistently compared to some interventional threshold. How-
ever, the cross-calibration could be accomplished by scanning a
standard QA phantom in order to adjust to the gray level and the
spatial resolution of the CT scanners. Despite its limitations, our
study demonstrates that LDSA is accurate enough to provide
relevant data associated with fracture prevalence.

Taking advantage of our method’s clinical applicability for
epidemiological studies on myeloma patients, especially when
compared to High Resolution CT (HRCT), a large number of
questions can now be investigated. For example, to what extent
diffuse bone loss and to what extent focal osteolytic lesions
increase fracture risk in representative populations. It is most
interesting to test whether the observed rarefaction of
trabecular bone microstructure detected with our method
may reflect osteolytic bone changes that are not yet visible to
the investigator’s eye. This needs to be explored in future
studies, for example in comparison to MRI. Furthermore, the
changes in microstructure could be correlated with X-ray
findings and clinical endpoints such as back pain and mortality.
Finally, the power for fracture discrimination of our method
could be compared to DXA. In prospective studies one should
examine whether fracture risk assessments for these patients
can be improved beyond the simple clinical estimates currently
in use.(15,17–19) LDSA allows further investigation of known
differences in immunoglobulin-subtype(38) on fracture status
and risk. One could also study whether there is a difference in
treatment response in specific subpopulations of the disease.
Finally, oncologists are interested in whether medication dose
adaptations, which are meant to reduce side effects, show an
effect on treatment results(10,42) and if fracture risk or disease
progression can be detected early in patients with smoldering
myeloma or MGUS.(5,6) The method can be refined in many ways
by including new image reconstruction techniques that reduce
image noise or by including finite element analyses to estimate
absolute levels of bone strength.

We conclude that LDSA appears to be an effective method to
perform biomechanical investigations on myeloma patients,
allowing structural measures on vertebrae to be derived that
permit discrimination of vertebral fracture status andwhich thus
have the potential to be associated with future fracture risk.
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