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ABSTRACT

Purpose: This study aimed to evaluate the structural complexity of craniofacial trabecular bone in multiple myeloma
by fractal analysis of panoramic and lateral skull radiography, and to compare the fractal dimension values of healthy
patients (HPs), pre-treatment patients (PTPs), and patients during bisphosphonate treatment (DTPs).

Materials and Methods: Pairs of digital panoramic and lateral skull radiographs of 84 PTPs and 72 DTPs were
selected. After application of exclusion criteria, 43 panoramic and 84 lateral skull radiographs of PTPs, 56 panoramic
and 72 lateral skull radiographs of DTPs, and 99 panoramic radiographs of age- and sex-matched HPs were selected.
The fractal dimension values from panoramic radiographs were compared among HPs, PTPs, and DTPs and between
anatomical locations within patient groups using analysis of variance with the Tukey test. Fractal dimension values
from lateral skull radiographs were compared between PTPs and DTPs using the Student t-test. Pearson correlation
coefficients were used to assess the relationship between the mandible from panoramic radiographs and the skull from
lateral skull radiographs. Intra-examiner agreement was assessed using intraclass correlation coefficients (a0 =0.05).
Results: The fractal dimension values were not significantly different among HPs, PTPs, and DTPs on panoramic
radiographs or between PTPs and DTPs on lateral skull radiographs (P >0.05). The mandibular body presented the
highest fractal dimension values (P <0.05). The fractal dimension values of the mandible and skull in PTPs and DTPs
were not correlated.

Conclusion: Fractal analysis was not sensitive for distinguishing craniofacial trabecular bone complexity in multiple

myeloma patients using panoramic and lateral skull radiography. (Imaging Sci Dent 2022; 52: 33-41)
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Introduction

Multiple myeloma (MM) is one of the most frequent hae-
matological malignancies worldwide and directly affects
bone structure. This condition is characterised by the neo-
plastic proliferation of monoclonal plasma cells in the bone
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marrow, leading to systemic effects such as anaemia, infec-
tions, hypercalcaemia, and renal failure.' Furthermore, osteo-
lytic lesions throughout the skeleton can be observed, increa-
sing the risk for pathological bone fractures, which are the
most frequent complication in the course of MM.> These
lesions are treated using intravenous bisphosphonates, which
inhibit osteoclast differentiation and maturation, induce
osteoclast apoptosis, and reduce the resorption of bone tis-
sue,’ leading to improved cancer prognosis and quality of
life outcomes.

A complete examination for MM should include radiogra-
phic examinations because the craniofacial bone lesions may
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be visualised on panoramic and lateral skull radiographs as
a primary manifestation.” The typical radiographic features
of MM bone lesions in lateral skull radiographs are single or
multiple well-defined and non-corticated radiolucent areas
that are also referred to as “punched-out lesions.” Regarding
the jawbones observed in panoramic radiographs, MM may
cause a myriad of changes including solitary bone lesions,
multiple osteolytic lesions, diffuse osteoporosis, diffuse
sclerosis, and lamina dura abnormalities.”

Fractal analysis is a mathematical method to quantify
structural complexity that cannot be measured or calculated
utilising conventional mathematical equations.” The result-
ing numerical expression is the fractal dimension (FD),
which for 2-dimensional images varies between 1 and 2,
indicating the lowest and highest structural complexity,
respectively.®” In health sciences, fractal analysis has been
applied to assess the architecture of the trabecular structure
when bone metabolism is affected by diseases or drugs.
Some of these conditions include osteoporosis,”” sickle cell
anaemia," hyperparathyroidism," and osteogenesis imper-
fecta.'

Multiple scientific studies have subjectively assessed the
radiographic characteristics of MM bone lesions;”"> how-
ever, considering the wide availability of high-quality digi-
tal images and modern objective techniques, accurate quan-
titative methods could be useful in identifying events unde-
tectable by the human eye. Interestingly, a previous study
found that the FD was significantly associated with the
presence of vertebral fractures in MM patients; however,
only thoracic and lumbar spine images were used.'* Thus,
the aim of this study was 1) to objectively evaluate the struc-
tural complexity of the craniofacial trabecular bone in MM
by fractal analysis of panoramic and lateral skull radiogra-
phy, and 2) to compare the FD values of patients before
and during treatment with intravenous bisphosphonates.

Materials and Methods

Ethical aspects

The research protocol was approved by the local research
ethics committee (#2.526.565). The authors read the Hel-
sinki Declaration and followed the guidelines in this inves-
tigation. All subjects voluntarily signed an informed con-
sent form.

Sample selection

Pairs of digital panoramic and lateral skull radiographs of
84 patients diagnosed with MM before treatment (pre-treat-
ment patients; PTPs) and 72 other patients during treatment

for MM with intravenous bisphosphonates for at least 6
months (during-treatment patients; DTPs) were selected
from the records of a dental oncology service. The exclusion
criteria were radiographic images of unacceptable technical
quality including severe positioning errors and of patients
with local or systemic diseases that affected bone density,
temporomandibular joint disorders, and maxillofacial patho-
logies such as cystic lesions and solid intraosseous tumours.

Application of the exclusion criteria resulted in a total of
43 panoramic radiographs (23 men, 20 women; mean age:
62.94 years; range: 30-90 years) and 84 lateral skull radio-
graphs (40 men, 44 women; mean age: 62.94 years; range:
30-90 years) from PTPs, and 56 panoramic radiographs
(35 men, 21 women; mean age: 63.54 years; range: 33-92
years) and 72 lateral skull radiographs (45 men, 27 women;
mean age: 63.54 years; range: 33-92 years) from DTPs.
Digital panoramic radiographs of age- and sex-matched
healthy patients (HPs) were also selected (n=99) and
served as controls for MM patients. All radiographs were
coded to protect the privacy of patients’ health information.

Image acquisition specifications

All selected panoramic and lateral skull radiographs
were obtained using the same PaX-400 digital extra-oral
imaging system (Vatech Global, Hwaseong, Korea) for rea-
sons unrelated to the present study. The patients were posi-
tioned with the Frankfurt plane parallel to the floor and the
mid-sagittal plane parallel to the vertical plane for both tech-
niques, taking into account individual limitations of cervical
movement in older patients with MM.

The radiographic exposure parameters were automatically
adjusted with the selection of the patient size in the extra-oral
imaging system and, if needed, the resulting radiographic
image had the brightness, contrast, and/or gamma level sligh-
tly fine-tuned for image standardisation. All images were
exported as TIFF files.

Selection of regions of interest

In a quiet environment with reduced lighting, regions
of interest were selected on all images using the Imagel
1.440 software, a public domain software developed by the
National Institutes of Health (Bethesda, MD, USA), and a
24.1-inch LCD monitor (MDCR-2124, Barco, Kortrijk, Bel-
gium) with a resolution of 1920 X 1200 pixels.

In the panoramic radiographs, 4 regions of interest were
selected on the trabecular bone of both sides of the mandi-
ble (Fig. 1), as follows: 1) the centre of the mandibular con-
dyle with a dimension of 75 X 75 pixels; 2) the mandibular
ramus between the anterior cortices of the ramus and the



mandibular canal, at the level of the occlusal plane with a

dimension of 75 X 75 pixels; 3) the mandibular body between
the alveolar bone crest and the base of the mandible, poste-
rior to the mental foramen with a dimension of 98 X 62
pixels (width X height); and 4) the mandibular angle above
the gonion (a cephalometric landmark) with a dimension of
100 X 100 pixels. The regions of interest were selected to
avoid the mandibular cortical bone, tooth root, and severe
panoramic-related ghost images. Figure 2 shows represen-
tative panoramic radiographs with a region of interest in the
right mandibular body (black rectangle) of an HP, PTP, and
DTP.

In the lateral skull radiographs, a rectangular region of int-
erest was selected in the centre of the neurocranium, such
that the largest possible area was covered without including
the cortices of the calvaria, sphenoid bone, and petrous part
of the temporal bone (Fig. 3).

Fractal analysis

Following a previously described methodology,'” all re-
gions of interest were individually subjected to the following
sequence of digital processing steps prior to the fractal anal-
ysis: blurring, subtraction, addition, binarisation, erosion,
dilation, inversion, and skeletonisation (Fig. 4).

The original image of each region of interest (Fig. 4A) was
blurred to remove brightness discrepancies (Fig. 4B), and
the resulting blurred image was subtracted from the origi-
nal image to attenuate large variations in pixel intensity (Fig.
4C). A pixel intensity value of 128 was then added to all pix-
els of the subtracted image to shift the histogram to the cen-
tre of an 8-bit grayscale (Fig. 4D). At this point, only impor-
tant contrast between the trabecular bone and marrow space
was preserved. The resulting image was then binarised to
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Fig. 1. Location of the regions of
interest on the trabecular bone of
both sides of the mandible on a
panoramic radiograph.

store each pixel as a single bit (trabecular bone as white and
marrow space as black) (Fig. 4E), eroded (Fig. 4F) and dila-
ted (Fig. 4G) to provide more accurate pixel values along the
edges of the image. Finally, the resulting image was inver-
ted to outline the trabecular bone in black (Fig. 4H) and
skeletonised to exhibit only the most central pixel lines (Fig.
41).

The FD was then calculated for each skeletonised image
using the box-counting method,’ also referred to as the Min-
kowski-Bouligand dimension, which is based on the rela-
tionship between different box sizes and the consequent
number of boxes required to cover complex zones of the
image. Three representative fractal box-counting graphs
are shown in Figure 5. Fifteen days after the completion of
the fractal analysis of all images, 30% of the total sample
was re-evaluated to test the reproducibility of the method.

Statistical analysis

The collected data were recorded and tabulated in SPSS
version 23.0 (IBM Corp., Armonk, NY, USA). Intra-exami-
ner agreement was evaluated using the intraclass correla-
tion coefficient (ICC) and interpreted according to the Cic-
chetti and Sparrow categorisation system,16 in which ICCs
of <0.40, 0.40-0.59, 0.60-0.74, and 0.75-1.00 indicate
poor, fair, good, and excellent agreement, respectively.

The FD obtained from the panoramic radiographs were
compared between HPs, PTPs, and DTPs using 1-way analy-
sis of variance (ANOVA). The FD values from the same pati-
ent group were also compared for each anatomical region
(condyle, ramus, body, and angle) using 1-way ANOVA.
Different anatomical regions of the mandible were compared
within the same patient group using 1-way ANOVA with
the Tukey post-hoc test. The level of significance was set at
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Pre-Treatment Patient

Al

Fig. 2. Representative panoramic
radiographs with a region of interest
in the right mandibular body (black
rectangle) of a healthy patient, pre-
treatment patient, and during intrave-
nous bisphosphonate treatment pati-
ent, respectively. The 3 panoramic
radiographs are from different pati-
ents.

During Treament with Intravenous Bisphosphonates Patient

5% (0.=0.05).

The FD values obtained from the lateral skull radiographs
were compared between PTP and DTP using the Student
t-test.

The Pearson correlation test was used to measure the sta-

tistical relationship between the FD values from the mandi-
ble and those from the skull in both PTPs and DTPs. This
analysis included only pairs of panoramic and lateral skull
radiographs from the same patients (43 pairs for PTPs and
56 pairs for DTPs).



Fig. 3. Location of the region of interest (black rectangle) on the
trabecular bone of the neurocranium on a lateral skull radiograph.

Fig. 4. Digital image processing for the fractal analysis of a repre-
sentative region of interest (A. Original image, B. Blurred, C. Sub-
tracted, D. Added, E. Binarised, F. Eroded, G. Dilated, H. Inverted,
1. Skeletonised).

Results

The ICC revealed excellent reproducibility of the fractal
analysis for both panoramic radiographs (ICC=0.97, P<
0.05) and lateral skull radiographs (ICC =0.99, P <0.05).

As shown in Table 1, the FD values from panoramic
radiographs were not significantly different between HPs,
PTPs, and DTPs (P>0.05). Similarly, as shown in Table 2,
the FD values from the same anatomical region on pano-
ramic radiographs were not significantly different between
HPs, PTPs, and DTPs (P >>0.05). Within the same patient
group, the FD values were significantly greater in the man-
dibular body and significantly lower in both the condyle and
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Fig. 5. Box-counting dispersion graphs from the region of interest
in the right mandibular body on the panoramic radiographs shown
in Figure 2: A. healthy patient, B. pre-treatment patient, and C.
during intravenous bisphosphonate treatment patient. Note the
inversely proportional relationship between box count and box
size. D is the numerical expression of the resulting trend line and
indicates the fractal dimension value.

mandibular ramus (P <0.05) (Table 2).

For the lateral skull radiographs, no statistically significant
differences were observed in the mean values of FD between
PTPs and DTPs (P >0.05) (Table 3). Furthermore, as shown
in Figures 6 and 7, no correlation was found between the
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Table 1. Fractal dimension values from panoramic radiographs of different patient groups: pre-treatment patients (PTPs), during bisphospho-

nate treatment patients (DTPs), and healthy patients (HPs)

Patient Standard

95% confidence interval per mean

Mean deviati Minimum Maximum
group eviation Lower bound Upper bound
PTPs 1.50 0.01 1.50 1.51 148 1.55
DTPs 1.50 0.01 1.50 1.51 147 1.53
HPs 1.50 0.03 1.49 1.51 1.24 1.55
Total 1.50 0.02 1.50 1.5 1.24 1.55
(P>0.05)
Table 2. Mean values (standard deviation) of the fractal dimension 1.8
from panoramic radiographs as a function of the mandibular ana- .
tomical region and the patient groups 1.7
Patient Mandibular anatomical region -g 1.6 S e o o .
group  pog Angl R Condyl & ‘e o % . .
ody ngle amus ondyle %15 o ~ ®
© ] -
PTPs  1.60(0.02)* 155(0.03) 142(0.02* 1.43(0.02) = ° o §= oL 15238
p P ERL ° o R2 = 0.0003
DTPs 1.61(0.03)* 1.55(0.03) 1.43(0.03) 1.43(0.03) * o®
HPs  161(005* 155(006) 143(005' 142005 £ 13 *
©
PTPs: pre-treatment patients, DTPs: during bisphosphonate treatment pati- Q42
ents, HPs: healthy patients. *: significantly greater than the other mandibular L =
regions, *: significantly lower than the other mandibular regions. A = °
L ]

1

Table 3. Fractal dimension values from lateral skull radiographs of 1.46 1.48 15 152 154 156

the pre-treatment patients (PTPs) and during treatment (with bisphos-
phonates) patients (DTPs)

Patient Standard Standard error
N Mean ..

group deviation of the mean

PTPs 84 1.46 0.14 0.01

DTPs 72 1.48 0.11 0.01

(P>0.05)

panoramic and lateral skull radiographs in either PTPs or
DTPs.

Discussion

In dentistry and medicine, fractal analysis is used to study
the complexity of trabecular bone and the effects of diverse
pathological conditions.”™”'* When significant differences
are observed between HPs and affected patients, fractal
analysis can be further discussed as a potential predictive
method for the disease in question. In the present study,
fractal analysis was performed for a relatively large sample
of patients with MM using panoramic and lateral skull radio-
graphy, but no significant differences from HPs were detec-

FD panoramic radiography

Fig. é. Dispersion graph correlating fractal dimension (FD) values
from panoramic radiographs with those from lateral skull radio-
graphs in pre-treatment patients.
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Fig. 7. Dispersion graph correlating fractal dimension (FD) values
from panoramic radiographs with those from lateral skull radio-
graphs during intravenous bisphosphonate treatment patients.



ted. Furthermore, the possible effect of treatment with intra-
venous bisphosphonates for MM on the complexity of the
craniofacial trabecular bone was not found to be significant
in this study.

This absence of significant differences was not expected
in this study mainly because of the major visual alterations
observed in some patients with MM. However, this contrib-
utes to the hypothesis that, although the thin trabeculae may
be apparently gone in some PTPs and DTPs, thicker zones
should be preserved to a sufficient degree that they are not
excluded after the skeletonisation process, and, as a conse-
quence, do not affect the FD values. This is similar to the
results reported by Mostafa et al."” in 2016, who studied the
potential effect of osteoporosis on the trabecular bone, and
Kursun-Cakmak and Bayrak20 in 2018, who assessed type 1
and type 2 diabetes mellitus. In both studies, significant dif-
ferences were not found between patient groups. In the pre-
sent study, the sample was balanced with regard to the differ-
ent radiographic aspects of MM. Nonetheless, the standard
deviation of FD values in both PTPs and DTPs was very
low (Table 2), reinforcing the low sensitivity of fractal anal-
ysis even in patients with such heterogeneous conditions.

Nonetheless, other studies reported reduced FD values in
the alveolar bone of the mandible of patients using aroma-
tase inhibitors’' and with chronic renal failure,22 as well as
in the condylar trabecular bone of patients with degenera-
tive changes of the temporomandibular joint."* Conversely,
increased FD values were observed in the periapical tissues
after successful cases of endodontic treatment™ and found
to be associated with a lower probability of thoracic and
lumbar vertebral fracture in MM patients."*

Although the main subjective imaging features of MM
are well described in the scientific literature, little is known
regarding objective and quantitative aspects. Removing the
subjective bias of imaging evaluation is important due to the
possibility of detecting early pathological alterations in bone
tissue not yet visualised by the human eye.” In addition,
in MM, this objective evaluation can be easily performed
on frequently requested images, such as digital panoramic
and lateral skull radiographs.

An immediate therapeutic approach for symptomatic
patients with MM bone lesions, anaemia, hypercalcaemia,
renal lesions, amyloidosis, or recurrent bacterial infections
should be considered in light of the increased survival rate 2
Because radiographic examinations aid in the detection of
bone lesions, it is important to evaluate these examinations
objectively. If any significant differences had been detected
in the present study between patient groups, it would have
supported the possibility of suggesting early treatment accor-
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ding to the patients’ age and general state of health. Further-
more, the intravenous use of bisphosphonates in the treat-
ment of bone lesions inhibits osteoclast-mediated resorp-
tion, reducing pain, hypercalcaemia, and the incidence of
fractures, as well as having a direct antitumour effect 2 This
is why the present methodological design included a group
of DTPs who received bisphosphonates.

Demiralp et al.* found higher FD values in patients using
bisphosphonates and suggested that this was related to a
possible decrease in bone resorption. However, this is not
consistent with the present study, which did not find signifi-
cant differences between PTPs and DTPs. It is worth men-
tioning 2 major differences between these studies that may
explain the divergent results: the present study had 1) a larger
sample of MM patients (72 versus 33 patients), which is
relatively more representative, and 2) a shorter period of
bisphosphonate treatment since the inclusion criteria consid-
ered at least 6 months of administration, whereas Demiralp
1> had a mean administration period of 28 months,
which may have led to more detectable bone changes. Fur-
thermore, the type and administration of the bisphospho-
nates were not the same for all patients in the DTP group,
which could be considered a limitation of the present study.

In addition, the results of the present study showed no cor-
relation of the mean values of FD between panoramic and
lateral skull radiographs, which eliminates the possibility
of obtaining similar information in terms of fractal analysis
from both imaging modalities. This absence of a correlation
may have occurred due to inherent trabecular bone patterns
from different regions; in the skull, bone is predominantly
corticated, whereas in the mandible, the selected regions of
interest encompassed trabecular regions. This is in agree-
ment with the study of Southard et al.,”® which demonstrated
that FD values of the alveolar process were not related to
the density of the spine, hip, or rib. Mostafa et al."’ found a
negative correlation between FD values and bone mineral
density of the lumbar spine, but, in this case, the authors
compared 2 objective methods for the assessment of the
same bone. In this study, when the FD values of different
mandibular anatomical regions were compared for the same
group of patients, the mandibular body presented the highest
FD values when compared to the angle, ramus, and condyle,
and the ramus and the condyle had the lowest FD values for
all patient groups. This might indicate that the masticatory
stimuli in the mandibular body increase the structural com-
plexity of the trabecular bone in this region. Conversely, the
mandibular condyle is also subjected to relevant masticatory
forces, but revealed the lowest FD values and did not differ
from the mandibular ramus, which highlights a possible

eta
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non-linear relationship between the stress caused by mecha-
nical forces and FD values. Interestingly, as observed in
Table 2, the FD presented fairly low standard deviation for
the same mandibular anatomical regions, demonstrating a
site-specific trend among patients.

The selection of the regions of interest was a challenge in
the present study design because of the heterogeneous radio-
graphic aspects of MM even in different regions in the same
patient. Initially, the authors tried to standardise the dimen-
sions of all ROIs; however, when assessing the whole sam-
ple, some dimensional adjustments for the same anatomical
region were needed to cover representative areas while
avoiding cortical bone, tooth roots, and severe panoramic-
related ghost images. Despite this, the regions of interest
selected in the same anatomical zone from different patients
and sides (right X left) had the same exact dimensions.

Although panoramic radiography presents multiple limi-
tations - namely magnification, distortion, relatively low
spatial resolution, major superimposition, and ghost images -
it is a well-accepted complementary examination that offers
wide visualisation of the jaws and dental conditions at a
relatively low radiation dose and may be considered a useful
tool to detect osteolytic lesions of the maxillofacial complex
in MM patients.>**' Lateral skull radiography was also in-
cluded since it is part of the initial diagnosis of MM lesions
in the skull. Importantly, for each newly diagnosed MM
patient, the International Myeloma Working Group recom-
mends a complete radiographic evaluation, including the
skull; cervical, thoracic, and lumbar spine; chest; pelvis; and
long proximal bones. The use of 2-dimensional images may
constitute a relevant limitation of this study, mainly because
of the superimposition of the bone trabeculae and the diffi-
culty of standardising the location of the region of interest,
which, in some cases, did not include areas of visible lesions.
However, a previous study performing fractal analysis in
cone-beam computed tomographic images did not find sig-
nificant differences between 28 HPs and 33 MM patients
receiving therapy with bisphosphonates.27 Further studies
evaluating the 3-dimensional aspects of these bone lesions
are recommended for a better understanding of the dynamics
of bone metabolism in MM.

In conclusion, fractal analysis was not sensitive for distin-
guishing craniofacial trabecular bone complexity in patients
with MM using panoramic and lateral skull radiography.
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