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Fractal analysis and assessment

of lacunarity in mandibular
osteoradionecrosis: a cross-sectional
study with control group

Abstract: The objective of this study was to evaluate the fractal
dimension (FD) and lacunarity of the mandibular bone, comparing
patients with and without osteoradionecrosis (ORN). In a cross-sectional
study with a control group, 25 patients were included and divided into
a case group (with ORN, n = 14) and a control group (without ORN,
n = 11). A digital panoramic radiograph taken after the end of
radiotherapy (RT) was evaluated for each patient. FD and lacunarity
of the mandibular bone were determined using Image] software.
Descriptive, bivariate, and ROC curve analyses were performed. Cohen’s
d effect sizes were calculated. Significance was established at p < 0.05.
The mean FD and lacunarity values were not significantly different
between the groups. The area under the curve for FD and lacunarity
were 0.579 and 0.661, respectively. The cut-off point for FD was <1.1714
and for lacunarity, > 0.3821, correctly classifying the majority of
cases and controls. Most participants in the case group (63.6%) had a
FD <1.1714 and the majority of participants in the control group (63.6%)
had a FD >1.1714 (p = 0.395). For lacunarity, most individuals in the case
group (72.7%) had a value > 0.3821 and most participants in the control
group (63.6%) had a value < 0.3821 (p = 0.198). In conclusion, the FD
and lacunarity values did not show statistically significant differences
between patients with and without ORN. However, the moderate and
large magnitude of the effects seem to indicate that the results may be
clinically relevant.

Keywords: Head and Neck Neoplasms; Fractals; Osteoradionecrosis;
Radiotherapy; Radiography, Panoramic.

Introduction

Head and neck cancer (HNC) affects the upper aerodigestive tract
and is considered a public health problem in many countries."? Surgery,
radiotherapy (RT), chemotherapy, and a combination of these treatments
are therapeutic modalities frequently used for HNC. The effect of radiation
therapy occurs when the ionizing radiation damages the deoxyribonucleic
acid (DNA), inducing cell death or loss of the proliferative capacity in
cells with a high turnover rate.**
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RT may lead to acute or chronic oral complications.®
One of the most severe and difficult to manage
complications is osteoradionecrosis (ORN), a late
complication of RT. It is clinically characterized
as an exposure of devitalized bone that does not
heal for three or more months in the absence of the
neoplasm.®” The etiopathogenesis of ORN remains
controversial, but the most accepted theory is the
association with changes in metabolism and cellular
activity of irradiated bone, as described by Marx.?
Radiographically, a low density of the local bone
structure, osteolytic areas, and cortical disruption
are observed.’

Panoramic radiographs are frequently used in
dentistry because of their low cost, they reveal
bone changes, allow analysis of trabecular bone,
and require low exposure to radiation.”” One of the
methods currently available for bone evaluation
using panoramic radiographs is fractal analysis, a
mathematical method that describes and analyses
complex forms and structural patterns based on
fractals. The numerical expression of fractal analysis
is the fractal dimension (FD), which can be calculated
by the box-counting algorithm." Lacunarity is
another fractal feature that characterizes the texture
of structures, obtained by means of the measurement
of the spatial distribution and gap arrangement in
the image.’>"

Fractal analysis of digital images has been
successfully used to evaluate pathological and
physiological changes in bone architecture, such
as changes observed in osteoporosis, osteogenesis
imperfecta, type 2 diabetes mellitus, periodontal
disease, and osteonecrosis.”® FD may be increased
or reduced depending on the bone architectural
complexity.”?® However, there is a lack of studies
using this method for the evaluation of some lesions,
including ORN of the jaws. Considering the controversy
in the literature regarding the best period for surgical
intervention in patients irradiated in the head and
neck area, the lack of predictive factors for ORN,
the morbidity, and the unpredictable response to
treatment, all patients treated with RT are considered
at high risk for ORN. For this reason, studies that
identify predictive factors for ORN, especially with
non-invasive methods, are highly encouraged.
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The aim of this study was to evaluate the FD and
lacunarity of the mandibular bone in individuals
who received radiation therapy for head and neck
cancer, by comparing patients who developed ORN
with those who did not.

Methods

Study population

The protocol of this cross-sectional study with a
control group was in agreement with the Declaration
of Helsinki and approved by the Research Ethics
Committee of the Universidade Federal de Minas
Gerais (certificate number: 30560820.9.0000.5149). This
study was reported following the Strengthening the
Reporting of Observational studies in Epidemiology’
(STROBE) guidelines.*

The sample was selected at Universidade Federal
de Minas Gerais and Hospital de Cincer Araiijo Jorge
da Associacio do Combate ao Cancer em Goids, Brazil.
Inclusion criteria were patients who had received
three dimensional (3D) conformal RT for head
and neck cancer treatment, with a panoramic
radiograph taken after the end of treatment.
The following exclusion criteria were applied:
radiation dose lower than 60 Gy, age < 40 and >
70 years, reirradiation, use of bisphosphonates or
other bone-modifying drugs (antiresorptives and
antiangiogenic agents), and poor image quality of
panoramic radiograph.

Data on demographics, oncological treatment,
and oral health were collected from the electronic
medical records database. The selected patients
were classified into two groups according to the
occurrence of osteoradionecrosis: case group (n =
14), composed of patients who had developed ORN,
and control group (n = 11), consisting of individuals
who had not developed ORN. Two dentists who are
specialists in dental care for oncological patients
(P.C.C. and E.F.M.) determined the diagnosis of
ORN. The clinical criterion used was an exposure
of devitalized bone that does not heal for three
or more months in the absence of a neoplasm®”.
The radiographic aspects observed were low bone
density, osteolytic areas, and/or cortical disruption’.
The groups were paired by age and sex. The sample



Barcelos NS, Brasileiro CB, Abreu LG, Mendonca EF, Sousa-Neto SS, Sousa SE, et al. ™

size was calculated (specified power = 90%) based
on the results reported by Sahin et al.®®

Fractal analysis

The fractal analysis of the digital panoramic
radiographs was performed by two trained observers
(C.B.B and N.S.B) using the FracLac plugin of Image]J
software (National Institutes of Health, Bethesda,
USA). As described by White and Rudolph,® all
images were converted to 8 bits, enabling each pixel
to display a maximum of 256 shades of gray. The
regions of interest (ROls) were chosen according to
the groups.

For the case group, three ROIs of 50 x 50 pixels
were delimited in mandibular bone: intralesional,
perilesional, and contralateral side of the ORN
(Figure 1). The unaffected side was set as the
contralateral side. In this region, ROIs were delimited
in alveolar bone, above the mandibular canal. Cortical
bone, lamina dura, root structures, oblique line of
mandible, and mandible angle were not included in
ROIs (Figure 1).

In the control group, three ROIs with the same size
were selected in the mandible side corresponding to
theirradiated tumor. In the absence of this information,
bilateral measurement was performed. ROIs were
delimited in alveolar bone, upper to mandibular
canal. Cortical bone, lamina dura, root structures,

oblique line of mandible, and mandible angle were
not included in ROIs.

In both groups, the mean was calculated to obtain
the final value and all measurements were performed
in the anatomical region from the lower left first
premolar to the lower left third molar and from the
lower right first premolar to the lower right third
molar. The anatomical region from the left canine
to the lower right canine was not included in ROIs
to avoid overlapping the spine.

Imaging processing was then performed as
described by White and Rudolph® and Palma et al."’
(Figure 2). First, the selected ROI was duplicated and
blurred by a Gaussian filter (sigma = 35 pixels) to
retain only large density variations of the structures.
The obtained image was subtracted from the original
images. To differentiate trabecular bone from
medullary spaces, 128 levels of gray were added.
The image was then made binary. The image was
dilated and eroded to reduce noise and keep the
contours evident. Next, the image was inverted
(marrow spaces as white areas and trabecular
bone as black areas), skeletonized, and the ROI
of the skeletonized image was overlaid with the
initial image to verify the match. Finally, the box-
counting method was applied to determine the
fractal dimension and lacunarity in the skeletonized

image (Figure 2H).

Figure 1. Location of intralesional (1), perilesional (P), and contralateral (C) regions of interest (ROls).
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A) Duplication of the region of interest to be analyzed; B) Application of the Gaussian blurred filter; C) Subtraction of image B from image A; D)
Addition of 128 gray values to each pixel; E) Binarization; F) Dilation and erosion; G) Inversion; H) Skeletonization; I) Result of the superposition

of H over A.

Figure 2. Image processing in fractal analysis.

Statistical analysis

The collected data were organized and coded in
a database and statistical analyses were performed
using the Statistical Package for the Social Sciences®,
version 19.0 (IBM Inc., Armonk, USA). Clinical and
demographic data were analyzed descriptively. The
Shapiro-Wilk test demonstrated that quantitative data
had a normal distribution. Therefore, comparisons of
FD and lacunarity between groups were performed
using Student’s t-test. Mean and standard deviation
(SD) were determined. For all tests, p-values < 0.05
were considered statistically significant. Cohen’s 4
effect sizes (ES) were also calculated dividing the
mean difference between groups by the pooled
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standard deviation. Cohen’s d around 0.20 denoted
a small effect, 0.5 indicated a moderate effect,
and 0.80 denoted a large effect.** To determine a
cut-off value for FD and lacunarity to distinguish
individuals who had or had not developed ORN,
receiver operator characteristics (ROC) curves® were
calculated with the MedCalc software (MedCalc
Software BVBA, Ostend, Flanders, Belgium). In
the dataset, FD and lacunarity were entered as
continuous variables. Occurrence of ORN was entered
as a dichotomous variable (case group = with ORN
and control group = without ORN). The area under
curve (AUC), sensitivity (true positive), specificity
(true negative), and 95% confidence intervals (CI)
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were determined. The Youden index was calculated
to define the cut-off point for FD and lacunarity
to maximize sensitivity and specificity, that is,
(sensitivity + 1 - specificity).?>¥

Using the cut-off points and the two continuous
scales (FD and lacunarity) converted to dichotomous
tests, comparisons between cases and controls
were performed with chi-square tests. Statistical
significance was set at p < 0.05. Odds ratio was also
calculated as an effect size measure. Odds ratio
close to 1.50 (small effect), 2.50 (moderate effect),
and 4.00 (large effect) were equivalent to Cohen’s
d around 0.20 (small), 0.5 (moderate), and 0.80
(large), respectively.?2%2

Table 1. Clinical features of participants included in the case (n =

Variable

Histological type
Squamous cell carcinoma
Carcinoma not specified

Tumor location
Oropharynx
Oral cavity
Salivary glands

Smoking habit
Yes, current
Yes, previous
No
Missing information

Alcohol use
Yes, current
Yes, previous
No
Missing information

Tooth extraction
Mandible
Maxilla
Mandible and maxilla
Not performed

Osteoradionecrosis
Mandible

Maxilla and mandible

Results

Among the 25 individuals selected for the study,
22 were males (88.0%) and three were females
(12.0%). Twenty-three (92.0%) patients had undergone
chemotherapy associated with RT. Clinical and
demographic features of participants are shown in
Table 1 and Table 2.

For the FD, no significant differences between
the control group (mean = 1.167, SD = + 0.090) and
the intralesional values (mean = 1.106, SD = + 0.095,
p = 0.118, ES = 0.66), the perilesional values
(mean = 1.181, SD = + 0.083, p = 0.708, ES = 0.16),
and the contralateral values (1.148, SD = + 0.061,

14) and control (n = 11) groups.

Control Case
n (%) n (%)
11 (100.0) 12 (85.7
00 (00.0) 02 (14.3)
07 (63.6) 08 (57.1)
04 (36.4) 05 (35.7)
00 (00.0) 01 (07.1)
05 (45.5) 05 (35.7)
05 (45.5) 06 (42.9)
01 (09.1) 02 (14.3)
00 (00.0) 01 (07.1)
02 (18.2) 06 (42.9)
06 (54.5) 05 (35.7)
03 (27.3) 02 (14.3)
00 (00.0) 01 (07.1)
04 (36.4) 06 (42.9)
01 (09.1) 00 (00.0)
01 (09.1) 03 (21.4)
05 (45.5) 05 (35.7)
Not applicable 12 (85.7
Not applicable 02 (14.3)
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Table 2. Clinical and demographic features of participants included in the case (n = 14) and control (n = 11) groups.

Control Case
Variable
Mean (SD) Minimum - Maximum Mean (SD) Minimum - Maximum
Age 59.82 (1.726) 48-67 58.79 (1.684) 48 - 67
Radiotherapy sessions 34.36 (0.907) 30-42 33.43 (0.732) 30-40
Total dose (Gy) 67.27 (1.054) 60-70 66.50 (0.999) 60-70
Time E3iee reels e py comal@ion e 22.18 (8.885) 00-95 50.79 (9.666) 07-121
radiography acquisition (months)
Time betwegn radiotherapy completion and 11.33 (4.91) 0320 45.07 (13.01) 063-118
tooth extraction (months)
UGS behrveen rodiotherapy ol o e Not applicable Not applicable 42.50 (8.426) 06 - 121
osteoradionecrosis (months)
*Data available for 3 patients of the control group and 8 patients of the case group.
Fractal Dimension Lacunarity
1.4 0.6
1.3
0.4
N
1.1 4
0.2
.04
0.9 T T T T 0.0 T T T T
AN AN AN AN AN AN AN AN
{\\&O '\o(\() \000 < @«0 é\ko '\OQO ~\o<\0 X Q}O
(N2 & ° ° & & 3°
& & ST PPN
O , (X NS P o
e e
& & & &

Figure 3. Graphical representation of fractal dimension
(FD) values according to regions of interest (ROls) with no
statistically significant differences.

p = 0.554, ES = 0.25) of the case group were
observed (Figure 3).

For the lacunarity values, no significant
differences between the control group (mean = 0.385
SD =+ 0.048) and the intralesional region (mean = 0.366
SD =+ 0.061, p = 0.418, ES = 0.35), the perilesional
region (mean = 0.375 SD = + 0.036, p = 0.585, ES = 0.23),
and the contralateral region (mean = 0.418
SD =+ 0.059, p = 0.164, ES = 0.62) of the case group
were observed (Figure 4).

The AUC for FD was 0.579 (Figure 5) and for
lacunarity was 0.661 (Figure 6). The cut-off point
found for FD was <1.1714 and for lacunarity, > 0.3821
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Figure 4. Graphical representation of the lacunarity values
according to regions of interest (ROIs) with no statistically
significant differences.

(Table 3). Using these values for the analysis, the
majority of participants in the case group (63.6%)
had a FD <1.1714 and the majority of participants
in the control group (63.6%) had a FD >1.1714. Even
though no significant difference was observed
(p = 0.395), the odds ratio was 3.06, indicating a
moderate ES. In the same way, most individuals
in the case group (72.7%) had a value of lacunarity
>0.3821 and most participants in the control
group (63.6%) had a lacunarity value <0.3821.
Although no significant difference was observed
(p = 0.198), the odds ratio was 4.66, indicating a
large ES (Table 4).
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The area under the curve of fractal dimension is 0.579 (95% The area under the curve of lacunarity is 0.661 (95% confidence
confidence interval: 0.352-0.783). The Youden index of this interval: 0.431-0.846). The Youden index of this analysis is 0.363
analysis is 0.272 with a specificity of 63.6% and a sensitivity of with a specificity of 63.6% and a sensitivity of 72.7%. The cut-off
63.6%. The cut-off pointis < 1.1714. point is > 0.3821.
Figure 5. Receiver operating characteristic curve of fractal Figure 6. Receiver operating characteristic curve of lacunarity.

dimension (FD).

Table 3. Evaluation of the area under the curve, confidence interval (95%), sensitivity, specificity, Youden index, and cut-off point
for fractal dimension and lacunarity.

) Area under  Confidence o Confidence e [0 Confidence ) :
Variable the curve inferval (95%) Sensitivity (%) interval (95%) Specificity (%) interval (95%) Youden index  Cut-off point
Fractal 0.579 0.352-0.783 63.6 30.8-89.1 63.6 30.8- 89.1 0.272 <1.1714
dimension
Lacunarity 0.661 0.431-0.846 72.7 39.0-94.0 63.6 30.8-89.1 0.363 >0.3821

Table 4. Distribution of cases and controls according to the cut-off point for fractal dimension and lacunarity.

Variable Contrel Cose Odds ratio p-value *
n (%) n (%)

Cut-off point for fractal dimension
>1.1714 07 (63.6* 04 (36.4) 3.06 0.395
<1.1714 04 (36.4)° 07 (63.6)°

Cut-off point for lacunarity
< 0.3821 07(63.6)* 03 (27.3) 4.66 0.198
> 0.3821 04 (36.4)¢ 08 (72.7)°

*Pearson’s fest. A = true negatives; B = false negatives; C = false positives; D = true positives.

Discussion patients with and without ORN, looking for a method
that could assist in predicting ORN occurrence. To

In the present study, fractal analysis of the our knowledge, no previous research has used this
mandible bone was performed in individuals who noninvasive method to investigate ORN, a late and
underwent RT for head and neck cancer, comparing severe complication of RT. The establishment of

Braz. Oral Res. 2024;38:e114 7
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significant cut-off points for FD and lacunarity to
differentiate irradiated patients who had developed
ORN from those without ORN was not possible.
However, most participants in both groups were
correctly classified. Despite the lack of statistical
significance, the moderate and large effect sizes
obtained demonstrate that the findings of this study
may be meaningful and clinically relevant,® allowing
us to hypothesize that fractal analysis may help in
identifying patients with a higher risk of developing
ORN. Future studies with larger samples should
test and validate this hypothesis, considering the
oncological and clinical characteristics of the patients,
particularly the already established risk factors for
ORN?. In this sense, a nomogram could be further
delineated, taking into account the clinical features
along with radiomics data.*

In ORN areas, the trabecular bone was
heterogeneous with different bone density between
the affected region (radiolucent and radiopaque
areas) and the unaffected region (uniform bone).
However, the mean values of FD and lacunarity in
the case and control groups were similar and had
no statistically significant differences. According
to Demirbas et al.,"! different sets of fractals may
have the same FD values while exhibiting different
textures, although more complex textures are specific
to structures with higher FD values, which can
explain this result. Findings regarding FD values
in lesions with changes in bone density, such as
osteoporosis or decalcifications, are conflicting in
the literature.”* Some authors found a positive
correlation between fractal analysis and bone
mineral density, while others found inversely
proportional values, as reported by Kato et al.*
attributing the discrepancies to the methods used
in the studies.

The literature on radiomics of irradiated mandibular
bone is quite incipient thus far. Palma et al.'” showed
a slight, albeit statistically significant (p = 0.0495)
reduction of FD of the mandibular bone after RT
(1.3 £ 0.1) compared to FD before RT (1.4 £ 0.1). The
study employed a ROI of 100 x 100 pixels located
unilaterally in the right angle of the mandible,
below the mandibular canal, and posterior to the
molar region.

8 Braz. Oral Res. 2024;38:e114

Another study® reported that, overall, patients
with medication-related ORN of the jaws (MRON])
at an early stage had lower mean FD of mandibular
bone than those with MRON]J at an advanced stage.
That study found no statistically significant difference
between groups, except for the superior region of
the mandibular canal on the distal side of mental
foramen. Although the etiopathogenesis of MRON]
differs from that of ORN,** the radiographic findings
of both lesions can be similar and overlap in some
stages of lesion development, with osteolysis and
radiolucent areas of bone destruction.***> Further
research should investigate the radiomics of different
stages of ORN.

The pathogenesis of ORN is still not fully
understood, but tooth extractions are considered
a major risk factor.'** The mandibular bone is
usually more affected than the maxillary bone, as
found herein, probably due to the lower vascularity
and blood supply of mandible.”*® In the present
sample, most patients from the ORN group had tooth
extractions, but a significant percentage (35.7%) had
none. Also in the present study, 54.6% of patients
without ORN have had tooth extractions. The low
frequency of post-extraction ORN in our study is
similar to that in Saito et al.* Among 32 patients
evaluated, only nine developed ORN after tooth
extractions. Factors other than tooth extractions
also influence the occurrence of ORN, such as tumor
site, radiation modality and dose, surgical extraction
technique, and the time between RT ending and
tooth extraction.

In the present study, the average time interval
between RT completion and tooth extraction was 3.7
years for the ORN group and 0.9 year for the control
group. This seems to corroborate the findings of
previous studies®** that reported a higher frequency
of trauma-related mandibular ORN during the time
interval corresponding to the second peak incidence
of the bimodal pattern of ORN development described
by Marx et al*". The second peak occurs between 2
and 5 years after the completion of RT. Similarly,
the first peak occurs in the first 3 months after the
end of RT, and in the control group, tooth extraction
was performed between 3 months and 1.6 years,
remaining outside the susceptible periods.
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Several factors can affect bone metabolism and
consequently lead to trabecular irregularity, influencing
the values of DF and lacunarity.”” Some of these variables
are age, tumor location, total radiation dose, and the
time between the end of radiotherapy and radiographic
acquisition. With advancing age, both cortical and
medullary bone undergo remodeling, with bone
resorption being greater than bone formation.”” The
location of the tumor influences the exposure and total
radiation dose received by the bone and soft tissues
adjacent to the lesion. As mentioned in a previous
study,’* the FD of the mandibular bone showed a
discrete reduction in DF after RT compared to pre-RT
values. The literature also reports the development
of jaw bone sclerosis following radiotherapy,*>*
probably resulting from an increased number of bone
trabeculae. Chan et al.*® pointed out that after the
initial radiation-induced depletion of osteoblasts and
consequent bone resorption, there is bone deposition
by residual osteoblasts as an attempt to repair bone.
Additionally, tobacco and alcohol act as irritants to
the mucosa and inhibit healing, increasing the risk
of ORN development.3**#> In the present study, age
was matched between cases and controls, and tumor
location and total radiation dose were used as sample
selection criteria to minimize interference in the results.

Acquiring images with different types of equipment
can be a limitation in fractal analysis, minimized by

References

prior image processing. Nonetheless, most studies
reveal that FD is not affected by variations in X-ray
exposure and small variations in beam alignment.
Other limitations of fractal analysis are the lack of
standardization of the size and location of the ROL
The ROI size may vary according to the size of the
studied structure and the location of the ROI is
influenced by the type of exam, especially to avoid
overlapping structures on the image.'%'74

Conclusion

In conclusion, the FD and lacunarity values
were not significantly different between patients
with and without ORN. However, the moderate
and large magnitude of the effects seem to indicate
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