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8]. As such, additional measures are needed 
to improve prediction accuracy so that those 
individuals who are at risk can be offered 
treatment to prevent these fractures.

Biomechanical and clinical studies indi-
cate that prediction of vertebral strength and 
fracture status is improved when the micro-
structure of vertebral cancellous bone is in-
cluded in the assessment [9, 10]. However, 
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V
ertebral fractures are the most 
common type of fracture, and 
the presence of one increases the 
risk for more vertebral and other 

fractures [1–6]. Fracture risk is typically as-
sessed using bone mineral density (BMD) 
measured from dual x-ray absorptiometry 
(DEXA); however, prediction of osteoporotic 
fracture risk using BMD alone is limited [7, 
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OBJECTIVE. The objective of this study was to investigate the association of fractal-
derived bone microstructural parameters with vertebral fracture status using in vivo digital 
tomosynthesis images of the spine. 

MATERIALS AND METHODS. Digital tomosynthesis images of the thoracic and lum-
bar spine from T1 to L5 were acquired from 36 patients with newly diagnosed multiple myelo-
ma or monoclonal gammopathy of uncertain significance (age range, 39–85 years old). Scans 
were performed with patients in the supine position with reconstructed planes formed in the 
coronal direction. Bone mineral density (BMD) was recorded for 10 patients who had recently 
undergone dual x-ray absorptiometry. Vertebral fracture and lytic lesion status was determined 
by a radiologist from digital radiographs. Radiologist interpretation was reviewed to identify 
levels with a minimum number of fractures or lesions. For fractal analysis, the largest possible 
cuboid volume of interest within the cancellous bone was cropped from T7 and T11 images. 
Mean and SD of fractal variables between slices of fractal dimension (FD, a measure of self-
similarity in the texture), mean lacunarity (λ, a measure of heterogeneity) and the slope of lac-
unarity versus box size relationship (Sλ, a measure of sensitivity of heterogeneity to size scale) 
were calculated using a box-counting method. A generalized estimating equation (GEE) plat-
form was used to examine fractal variables as predictors of fracture status. 

RESULTS. Fracture status was not significantly associated with sex, race, age, stage of 
myeloma, presence of lesion in the spine, or BMD. In light of these results, no correction was 
made for these variables in further analyses of fractal variables. No interaction was found be-
tween vertebral level and any of the fractal variables (p = 0.12–0.77). Therefore, vertebral lev-
el was not considered further as an independent variable. Logistic regression analysis within 
GEE indicated that probability of fracture decreased with increasing mean FD (p = 0.02). In 
contrast, probability of fracture increased with increasing mean λ (p = 0.03). Although not 
to a statistically significant degree, probability of fracture increased with increasing mean Sλ 
(p = 0.08), SD of FD (p = 0.07), SD of λ (p = 0.07), and SD of Sλ (p = 0.06). 

CONCLUSION. We found FD and lacunarity calculated within the cancellous centrum 
of T7 and T11 vertebrae to be significantly associated with the presence of a vertebral fracture 
in this cohort. The decreased probability of fracture with increasing fractal dimension and 
increased probability of fracture with increasing lacunarity are consistent with the idea that 
cancellous bone with a better organized trabecular architecture is mechanically more compe-
tent. To our knowledge, this is the first in vivo evidence that fractal analysis of vertebral bone 
from tomosynthesis images may be useful in assessing vertebral fracture risk in patients with 
multiple myeloma. 

Oravec et al.
Prediction of Vertebral Fractures in Multiple Myeloma
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detailed measurement of trabecular structure 
is difficult in vivo and is limited to accessible 
extremities because of imaging constraints. 
Digital tomosynthesis (DTS) is an imaging 
modality that holds promise for quantitative 
assessment of vertebral bone microstructure 
because of its high resolution in planes of in-
terest and relatively low radiation dose. DTS 
produces a series of well-resolved slice im-
ages on the order of 1-mm thickness with in-
plane resolution of 150–300 μm (typically in 
the coronal plane). The radiation dose for a 
tomosynthesis examination of the spine is 
12–17% of a typical CT dose [11, 12].

In previous work with cadaver spines, we 
have shown that correlates of standard micro 
CT stereologic parameters can be obtained 
from DTS images using image-based tex-
ture parameters representing microstructur-
al organization from fractal, mean intercept 
length, and line fraction deviation methods 
[13]. In addition, DTS-derived textural pa-
rameters derived from fractal analyses were 
shown to increase the explained variability in 
multiple regression models of vertebral bone 
stiffness and strength beyond that explained 
by bone density alone [13, 14]. Clinically, 
musculoskeletal applications of DTS have 
typically been limited to diagnostic imaging 
in cases that a suspected pathologic entity is 
not visible on CT or radiography [15–17]. In a 
recent clinical study, we examined the ability 
of DTS-derived fractal parameters to predict 
progression of knee subchondral insufficien-
cy fractures toward joint replacement [18]. 
Another recent study also reported a great-
er degree of correlation between computa-
tionally estimated strength and DTS-derived 
microstructural parameters of hip bone than 
between strength and BMD [19], supporting 
the utility of DTS in quantitative analysis of 
bone. However, the ability of DTS-derived 
vertebral bone microstructural parameters to 
differentiate between patients with a vertebral 
fracture and those without has not been ex-
amined. Therefore, the objective of this clini-
cal study was to assess this ability in a patient 
cohort at high risk of vertebral fractures.

Multiple myeloma (MM) is a relatively rare 
condition that is diagnosed in approximately 
0.8 per 100,000 patients over their lifetime 
[20]. It is the most common bone cancer [21]. 
It has a median survival of 45 months, it is 
the most common type, although survival is 
projected to reach 72 months by 2022 [21, 
22]. Patients with MM have a ninefold in-
creased risk for bone fracture, with vertebral 
fractures among the highest risk [23]. Frac-

tures in patients with MM are not limited to 
vertebrae with tumors; fractures are common 
at adjacent and remote levels with biconcave 
fractures being the most common type. Ver-
tebral fractures rapidly progress to severe 
forms in MM, cause significant morbidity, 
and may reduce survival [24, 25]. Skeletal-
ly related events substantially increase the 
cost of care in MM, nearly doubling the total 
cancer-related healthcare costs [26]. Conse-
quently, identifying patients with MM who 
are at risk of a vertebral fracture will allow 
clinicians to make more informed decisions 
about initiating treatment.

Use of BMD for fracture risk assessment 
in MM has had varied results. Some studies 
reported volumetric BMD determined from 
CT, rather than areal BMD from DEXA, is 
associated with fracture; however, the rela-
tionship was significant in men only in some 
studies and in women only in other studies, 
and it was not stronger than that between 
serum markers and fractures [27–30]. Us-
ing signal-intensity patterns from MRI and 
signal-intensity increase from dynamic con-
trast-enhanced MRI together with standard-
ized uptake value from PET/CT has had 
variable success for fracture prediction in 
patients with MM [31, 32]. Recent work has 
been able to discriminate between patients 
with MM who do and do not have vertebral 
fractures using microstructural measure-
ments such as trabecular spacing, number, 
and thickness, and fractal dimension from 
CT images [27–29]. Because of its ability to 
resolve cancellous bone structure and poten-
tial use in skeletal surveys, DTS can provide 
an alternative for vertebral bone assessment 
in MM [14, 19] (de Quadros N, et al., pre-
sented at the American Society of Hematol-
ogy [ASH] 2010 annual meeting). Therefore, 
we undertook a preliminary clinical study of 
DTS in quantitative assessment of vertebral 
bone in this clinically significant population.

Materials and Methods
The DTS images used in this study were avail-

able as part of a skeletal survey study at Henry Ford 
Health System of a cohort of patients with newly 
diagnosed MM or monoclonal gammopathy of un-
determined significance (MGUS) (de Quadros N, 
et al., ASH 2010 annual meeting). With approval of 
the institutional review board, images of the thorac-
ic and lumbar spine were acquired from 36 patients 
with newly diagnosed multiple myeloma or MGUS 
(21 men who were 39–85 years old and 15 women 
who were 52–81 years old). Patients were recruited 
sequentially during routine metastatic bone screen-

ing; Table 1 provides demographics of the cohort. 
Patients were positioned to acquire oblique cor-
onal views of the spine with a clinical DTS sys-
tem (Sonialvision Safire II, Shimadzu) that uses a 
digital detector (17 inch [43.2 cm], 1.0 mm amor-
phous selenium, 150-μm pixel pitch) and a fine fo-
cal spot (0.4-mm) x-ray tube. The acquisition was 
performed with the x-ray tube translating and ro-
tating in a linear arc over 40°, synchronized in an 
antiparallel fashion with detector motion. Seventy-
four projection views were acquired at a rate of 15 
per second with 12-ms exposures in each pulse us-
ing an antiscatter grid. Images were reconstructed 
using a modified filtered back projection technique 
at 0.3 × 0.3 × 1 mm.

Each acquired frame used a fixed tube cur-
rent–time product of 1.96 mAs (160 × 0.012). Tube 
voltage was fixed during the acquisition but var-

TABLE 1: Patient Demographics and 
Clinical Data

Parameter Description

Sex

Male 21

Female 15

Mean age ± SD (range), y 65.1 ± 12.4 (39–85)

Race

White 9

African American 27

Durie-Salmon grade [33]

I 7

IA 6

IB 1

IIB 1

III 14

IIIA 11

IIIB 3

Smoldering or MGUS 2

No. of fractures 18

T4 1

T5 1

T6 1

T8 2

T9 2

T10 1

T12 1

L1 2

L2 2

L3 2

(Table 1 continues on next page)
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ied among patients, with medians of 76 and 82 kV 
for imaging of the thoracic and lumbar spine, re-
spectively. Corresponding measured entrance skin 
air kerma values for the full acquisition were 4.76 
and 5.87 mGy, and corresponding effective doses 
determined using Monte Carlo analysis software 
(PCXMC, version 2.0, STUK) were 0.86 and 0.96 
mSv, respectively. Effective doses for the coro-
nal thoracic and lumbar spine tomosynthesis per-
formed in this study were approximately the same 
as for all views typically performed for thoracic 
spine and lumbar radiographs taken as part of a 
metastatic skeletal bone survey [11].

Tomosynthesis images included vertebral levels 
T1 through L5. Vertebral fracture and lytic lesion 
status were determined from tomosynthesis im-
ages by a staff radiologist with 26 years of expe-
rience. Fracture status and lesion status were also 
determined independently by a senior radiology 
resident from digital radiographs acquired during 
a routine metastatic skeletal bone survey. The radi-
ologists were blinded to patient information and re-
sults from the other modality, and a final consensus 
was determined after a combined review. The radi-
ologist interpretation was reviewed with the goal of 
identifying a set of vertebral levels with a minimum 
number of fractures or lesions. None of the subjects 
had a vertebral fracture at T7 or T11. Within the 36 
patient images, two of the T11 and one of the T7 
vertebrae contained lesions. Therefore, T7 and T11 
without lesions (69 vertebrae) were used for quanti-
fication of vertebral bone microstructure.

Additional data available from patient records 
included disease staging and DEXA-derived 

=BMD. Disease staging assessed according to the 
Durie-Salmon staging system for multiple myelo-
ma was available for 29 patients [33]. Within the 
subset of patients identified for the study, BMD 
measurements from recent (< 6 months) clinical 
DEXA scans were available for only 10 patients. 

For bone microstructural analysis, the largest 
possible cuboid volume of interest within the can-
cellous bone was cropped by a single trained opera-
tor from T7 and T11 images. Fractal dimension (FD, 
a measure of complexity in the image texture), and 
mean and slope lacunarities (λ and Sλ, respective-
ly; measures of inhomogeneity) were calculated for 
each slice of the image stack using the box-count-
ing method within the FracLac plug-in for ImageJ 
(version 1.49) according to a previously described 
method [14, 34, 35] (Fig. 1). The means and SDs 
between slices of FD, λ, and Sλ were recorded as the 
final variables representing a given vertebra. Image 
cropping and fractal analyses were performed on a 
standard workstation with total processing time of 
approximately 1 minute per vertebra.

Five patient images were randomly selected to 
assess evaluation consistency of the parameters 
used in this study. One trained operator performed 
measurements three times on the L1 vertebrae 
from each of the five patients. Measurement order 
was randomized, separated by at least 30 minutes 
with the reader blinded to both specimen naming 
and previous region placement. Repeatability was 
expressed as root-mean-square coefficient of vari-
ation (RMS CV) [36].

Logistic regression models were constructed 
using the generalized estimating equation (GEE) 

TABLE 1: Patient Demographics and 
Clinical Data (continued)

Parameter Description

L4 2

L5 1

No. of lesions 40

T1 1

T2 2

T3 3

T4 2

T5 3

T6 2

T7 1

T8 1

T9 2

T10 3

T11 2

T12 4

L1 2

L2 2

L3 4

L4 3

L5 3

Mean BMDa ± SD (range), 
g/cm2

1.048 ± 0.267 
(0.619–1.517)

Note—MGUS = monoclonal gammopathy of 
undetermined significance, BMD = bone mineral 
density.

aMeasured from L1 to L4.

Fig. 1—Square regions were cropped from in vivo digital tomosynthesis images of thoracic spine. Fractal dimension (FD), lacunarity (λ), and slope of lacunarity (Sλ) were 
calculated using ImageJ (version 1.49, National Institutes of Health) plugin FracLac for each slice in stack image, from which stack means and SDs were derived.
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platform of SPSS software (version 20, IBM), with 
fracture status as the binary outcome. Analysis be-
gan with examination of the association of fracture 
status with sex, race, age, stage of myeloma, pres-
ence of lesion in the spine, vertebral levels (T7 and 
T11), and BMD of the spine to determine potential 
covariates in final models. Finally, mixed logistic 
regression models were constructed, with fracture 
status of the patient as the outcome and one of frac-
tal variables as predictor of fracture status.

Results
Eight patients had at least one vertebral 

fracture and 27 patients had no vertebral 
fractures. In the 29 instances of disease that 
were graded using the Durie-Salmon system, 
seven were grade I (six, grade IA; one, grade 
IB), one was grade IIB, and 14 were grade III 
(11, grade IIIA; three, grade IIIB); two were 
identified as smoldering or MGUS. The mag-
nitude of bone fractal parameters was close 
to that previously reported for cancellous 
bone in vivo [18] (Table 2). Repeatability was 
excellent for means of FD, λ, and Sλ (RMS 
CV = 0.06%, 1.90%, and 1.31%, respectively) 
and moderate for heterogeneity (SD) of FD, 
λ, and Sλ (RMS CV = 10.50%, 24.22%, and 
17.76%, respectively).

Fracture status was not significantly associ-
ated with sex (p = 0.34), race (p = 0.41), age 
(p = 0.45), stage of myeloma (p = 0.17), or 
the presence of lesions in the spine (p = 0.25). 
Lumbar spine BMD values ranged from 0.619 

to 1.517 g/cm2 for the 10 patients for whom 
DEXA reports were available and did not cor-
relate with fracture status (p = 0.80). In light of 
these results, no correction was made for these 
variables in further analyses of fractal vari-
ables. No interaction was found between ver-
tebral level and any of the fractal variables (p = 
0.12–0.77). Therefore, vertebral level was not 
considered further as an independent variable.

Logistic regression analysis within GEE in-
dicated that probability of fracture decreased 
with increasing mean FD (p = 0.02; Table 3 
and Figs. 2 and 3). In contrast, probability 
of fracture increased with increasing mean 
λ (p = 0.03; Table 3 and Figs. 2 and 3). Al-
though not statistically significant, probability 
of fracture tended to increase with increasing 
mean Sλ (p = 0.08), SD of FD (p = 0.07), SD of 
λ (p = 0.07), and SD of Sλ (p = 0.06).

Discussion
We found that fractal dimension and lacu-

narity as measured from DTS are significant-
ly associated with the presence of a vertebral 
fracture in a cohort of patients with multi-
ple myeloma. To our knowledge, this study 
represents the first in vivo evidence that frac-
tal analysis of spinal bone from DTS images 
may be a useful tool for assessment of verte-
bral fracture.

Probability of fracture was associated 
with fractal dimension and lacunarity. Our 
finding that probability of fracture decreased 
with increasing FD agrees with the results of 
another study conducted on an MM cohort 
using CT images [29]. Our results are also 
consistent with a previous report that mi-
crostructural measures from a DTS exam-
ination of hips were different between dia-
betic women with vertebral fractures and 
those without [19]. A body of work has also 
shown that mechanically and clinically rel-
evant measures of cancellous bone micro-
structure can be successfully obtained from 
fractal analysis of conventional radiographs 
at the calcaneus, knee, and other sites [37–
40]. Because fractal dimension is a measure 
of image texture complexity and lacunarity 
is related to the heterogeneity of gaps in a po-
rous structure, our observation that probabil-
ity of fracture decreased with increasing FD 
and increased with increasing lacunarity is 
generally consistent with the notion that can-
cellous bone with a better organized trabecu-
lar architecture is mechanically more com-
petent. It is also supported by other studies 
that found a negative contribution of micro-
structural heterogeneity to the stiffness and 
strength of cancellous bone [41–43]. Multiple 
microstructural variables may independently 
contribute to a fracture model; however, the 
small sample size in this study prohibited a 
search for complex prediction models with 
multiple factors.

TABLE 2: Descriptive Data for Fractal Variables Grouped by Vertebral Level 
and Vertebral Fracture Status

Vertebral Level, 
Fractal Variable No Fracture Fracture

T11 (n = 34)

Mean FD 2.753 ± 0.015 (2.711–2.775) 2.738 ± 0.025 (2.689–2.769)

Mean λ 0.0656 ± 0.0047 (0.0574–0.0751) 0.0684 ± 0.0106 (0.0604–0.0909)

Mean Sλ 0.0738 ± 0.0095 (0.0604–0.1070) 0.0782 ± 0.0138 (0.0645–0.1053)

SD of FD 0.0118 ± 0.0033 (0.0062–0.0204) 0.0138 ± 0.0048 (0.0088–0.0232)

SD of λ 0.00719 ± 0.00244 (0.00383–0.01277) 0.00879 ± 0.00458 (0.00503–0.01798)

SD of Sλ 0.00651 ± 0.00258 (0.00392–0.01597) 0.00882 ± 0.00581 (0.00466–0.02129)

T7 (n = 35)

Mean FD 2.743 ± 0.014 (2.714–2.769) 2.725 ± 0.037 (2.646–2.759)

Mean λ 0.0647 ± 0.0044 (0.0591–0.0780) 0.0698 ± 0.0090 (0.0631–0.0892)

Mean Sλ 0.0775 ± 0.0062 (0.0638–0.0954) 0.0855 ± 0.0168 (0.0709–0.1231)

SD of FD 0.0109 ± 0.0023 (0.0070–0.0158) 0.0129 ± 0.0030 (0.0083–0.0179)

SD of λ 0.00685 ± 0.00167 (0.00459–0.01205) 0.00870 ± 0.00229 (0.00518–0.01270)

SD of Sλ 0.00679 ± 0.00232 (0.00292–0.01288) 0.00856 ± 0.00244 (0.00506–0.01275)

Note—Data are mean ± SD with range in parentheses. FD = fractal dimension, λ = lacunarity, Sλ = slope of 
lacunarity.

TABLE 3: Parameters of Models With Significant Fractal Variables

Fractal Variable, 
Model Term Estimate 95% CI p

Mean FD

Intercept −101.1 −189.0 to –13.0 0.025

Slope 37.3 5.1–69.5 0.023

Mean λ
Intercept 7.7 1.7–13.7 0.012

Slope −95.9 −181.9 to –9.9 0.029

Note—Data are estimated from generalized estimating equation. Outcome is log odds (no fracture vs fracture). 
FD = fractal dimension, λ = lacunarity.
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The analysis of bone microstructure exclud-
ed vertebrae with lesions, similar to the work 
of Campbell et al. [27] who examined CT-
based finite element modeling for predicting 
bone strength in MM. As such, the measured 
microstructure likely represents the inherent 
bone quality and possible effects of disease on 
bone metabolism but not structural defects in-
troduced by lesions in the unexamined verte-
brae. Fractal analyses may provide a sensitive 
diagnostic tool for assessment of metastatic le-
sion status, allowing earlier intervention in dis-
ease treatment, but that was beyond the scope 
of the current work. It remains to be determined 
to what extent these measures of bone micro-
structure capture the fracture risk introduced by 
a lesion-related structural defect.

We used unfractured vertebrae without le-
sions to calculate microstructural parame-
ters, which limited the study to the analysis 
of T7 and T11 levels. Measuring bone quality 
from thoracic vertebrae is not a common pro-
cedure for assessment of osteoporotic frac-
ture risk, even though vertebral fractures are 
common at these levels [44, 45]. Neverthe-
less, our results suggest that examination of 
the thoracic spine is informative, as noted by 
others [46], and needs further study. In pa-
tients with MM, most vertebral fractures oc-
cur in the thoracic spine [24, 47]. As a result, 
measurements of thoracic vertebrae may be 
more relevant to this population. Skeletal 
surveys conducted using DTS could provide 
an opportunity for quantitative assessment 

of bone quality in addition to identification 
of metastatic lesions. DTS would be advan-
tageous in this respect, because it would be 
less affected by out-of-plane artifacts in-
troduced by the ribs compared with radi-
ography and DEXA. The coronal view was 
used because it provides less body thickness 
along the beam path. In clinical and cadav-
eric imaging, an enhanced ability to resolve 
structures perpendicular to the direction of 
travel was noted, so an oblique scanning pro-
tocol was used to capture prominent struc-
tures such as endplates and vertebral shell 
in one scan. Alternative scanning configu-
rations may increase significance of the cur-
rent findings [14]. Although our data from 
a small number of subjects suggest that the 
DTS variables measured from T7 and T11 
are associated with fracture, further studies 
are needed to optimize the selection of verte-
bral levels to use for fracture risk assessment.

This study represents a retrospective use 
of images available from a prospective study 
performed at our institution, so we were com-
mitted to working within the limitations of 
the patient recruitment protocol performed 
at the time. The Durie-Salmon PLUS staging 
system was proposed as a consensus stan-
dard by the International Myeloma Working 
Group at approximately the same time that 
data were collected for this current study, 
and the Revised International Staging Sys-
tem for Multiple Myeloma was introduced 
later [48, 49]. Accordingly, MRI was not ac-
quired for this purpose at the time of DTS 
imaging, and patient staging must be evalu-
ated in this context. Although application of 

A
Fig. 2—Example images of T7 vertebrae. 
A, 86-year-old woman with lytic lesion and fracture at T5. Image had low mean fractal dimension (FD) of 2.721 
and relatively high mean lacunarity of 0.069. 
B, 50-year-old man with no spinal fractures. Image had high mean FD of 2.769 and low mean lacunarity of 0.059.
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Fig. 3—Logit fit to probability of fracture, as determined from generalized estimating equation analysis. 
A and B, Probability of fracture decreases with increasing values of mean fractal dimension (FD) (A) and increases with increasing values of mean lacunarity (λ) (B).
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more modern staging systems may change 
characterization of disease progression, be-
cause the primary outcome was fracture sta-
tus the results are expected to be consistent.

The lack of BMD information for all par-
ticipants was another limitation of the current 
study, which was of an opportunistic nature. 
However, to the extent that we were able to 
use DEXA information with limited available 
data, BMD was not associated with vertebral 
fracture status. This result is not unexpect-
ed, given the varying relationships between 
BMD and fracture reported in previous stud-
ies of MM [27–30]. A prospective investiga-
tion is merited to more confidently establish 
independent information that can be obtained 
from BMD and DTS-derived microstructure.

Patients with multiple myeloma are differ-
ent from the rest of the population assessed 
for osteoporotic fracture risk because of the 
frequency of pathologic fractures associat-
ed with the disease, which may be related to 
systemic factors altering bone structure and 
fracture risk. Although our results indicate 
that DTS analysis of vertebral bone can dis-
tinguish patients with MM who are at risk of 
fracture from those who are not, more work 
is needed to establish criteria with respect to 
expected values in other patient populations. 
However, DTS imaging of the spine is rather 
new, and sample populations who have un-
dergone spine DTS are not yet widely avail-
able. As such, our findings are considered of 
a pilot nature to guide prospective studies 
aiming to establish the role DTS may play 
in accurate assessment of fracture risk in an 
osteopenic but otherwise healthy population.
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