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Abstract

Objectives To systematically review the relationship

between the fractal dimension (FD) on jaw bones and

skeletal bone mineral density (BMD), focusing on the

different methodologies and results in the existing

literature.

Methods An electronic literature search was performed to

identify articles that evaluated the relationship between the

mandibular and maxillary FD and BMD up to February

2014. After selecting the articles, a hierarchical clustering

analysis was performed to verify the dissimilarity of the

studies. The following variables were grouped into clusters,

and assessed for reliability of the cluster distribution: kind

of study, method for calculating FD, relationship between

FD and low BMD, digital imaging, and kind of dental

radiography. The relative frequencies of the categories of

variables were calculated and compared.

Results Only 15 studies were selected and three clusters

were obtained. Most articles were in the third cluster, and

primarily consisted of clinical studies that used the box-

counting method to calculate FD on panoramic radio-

graphs. A significant association was found for the variable

relationship between FD and low BMD and the clusters.

Most of the clinical studies were performed on trabecular

bone, but three studies found differences in FD between

individuals with normal mandibular cortex and individuals

with cortical porosity.

Conclusions The kind of study, method for calculating

FD, relationship between FD and low BMD, and imaging

modality should be better standardized to minimize the

controversies found in published studies. The performance

of FD on the cortical and trabecular bone for osteoporosis

screening deserves further investigation.
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Introduction

Fractal analysis, a mathematical method for describing and

analyzing complex shapes and structural patterns, has been

adapted to the study of various natural structures and bio-

signals [1]. Fractal analysis is expressed numerically as the

fractal dimension (FD). The FD of a process measures its

complexity, spatial extent, or space-filling capacity and is

related to the shape and dimensionality of the process. If

the theoretical FD of a set exceeds its topological dimen-

sion, the set is considered to have fractal geometry. The

main attraction of fractal geometry stems from its ability to

describe the irregular or fragmented shapes of natural

features as well as other complex objects that traditional

Euclidean geometry fails to analyze. Fractal geometry is

widely used in image analysis problems in general and

especially in the medical field [2–5].

Trabecular bone has a branching pattern that exhibits

fractal properties such as statistical self-similarity and lack

of well-defined scale. Because of this phenomenon, appli-

cation of fractal geometry and measurement of FD can be

used to determine the trabecular complexity and bone

structure [6–8]. The applicability and relevance of fractal

geometry to medical image analysis are justified by the fact

that statistical self-similarity can hardly be verified in

biological objects imaged with finite resolution [5].

Therefore, algorithms have been developed to quantify the

textural properties of an image for evaluating certain bone

diseases, such as osteoporosis [9–16].

Osteoporosis is a disease characterized by reduced bone

strength and increased susceptibility to fractures per se or

secondary to a minor trauma. The bone strength primarily

reflects the integration of bone density and quality [17].

Currently, osteoporosis diagnosis and staging are based on

the identification of different risk factors, the most

important being low bone mineral density (BMD) of the

femur or lumbar spine [18].

BMD is routinely determined by dual-energy X-ray

absorptiometry (DXA) [19]. Although BMD is a strong

determinant of bone strength [20], many patients without

densitometric diagnosis are at increased risk of fractures, and

a high percentage of fractures occurs in patients with osteo-

penia or normal BMD T-scores [21]. Consequently, other

important factors need to be taken into account for proper

assessment of fractures, such as clinical risk factors as well as

the macroarchitecture and microarchitecture of bone [22].

One of the most important factors contributing to bone

strength is its complex structure [6]. Consequently, fractal

analysis of plain radiographs has been employed to assess

the trabecular bone structure and biomechanical properties

at several bone sites [10–16, 22]. One study found that the

relationship between FD analysis and elastic properties of

bone was stronger than that with BMD [23]. Other studies

demonstrated that inclusion of fractal measures, in addition

to BMD, improved the predictions of strength and elastic

modulus values [16, 22, 23].

Few studies have analyzed the trabecular pattern on

dental radiographs of osteoporotic patients [24–37], fol-

lowing the FD approach. Nevertheless, several previous

studies have demonstrated that dental imaging could be

strongly positioned as a way to screen for osteoporosis,

given that it is applied to a large fraction of the older

population annually in private practices and public health

clinics [24–40]. These studies revealed reduced mandibular

cortical and alveolar BMD, decreased alveolar bone height,

increased porosity of mandibular alveolar and inferior

cortical bone, erosion and reduced width of the inferior

border of the mandible, and altered trabecular patterns in

maxillary and mandibular bone in osteoporotic patients.

Although fractal analysis has been proven to be efficient

in evaluating bone quality at several bone sites, there is no

scientific evidence for application of FD analysis for the

same purpose in the jaw bones. This article offers a sys-

tematic review and analysis of published information in the

area, focusing on the different methodologies and results in

the existing literature.

Materials and methods

Literature search and selection of articles

An electronic literature search was performed in the Pub-

Med interface of Medline (National Library of Medicine),

Scopus Database, and Web of Science to identify as many

articles as possible that applied FD analysis in the assess-

ment of skeletal BMD using dental imaging modalities up

to February 2014. The inclusion criteria used for the initial

selection of appropriate articles from the published

abstracts consisted of combinations of the following key-

words: (1) fractal and bone mineral density, (2) fractal and

osteoporosis, (3) fractal and jaws, and (4) fractal and

mandibular. The initial eligibility of potential studies was

determined by reading the title and abstract of each article

identified by the search engine using the criteria mentioned

above. All articles that appeared to meet the inclusion

criteria based on their abstracts were selected and col-

lected. The first electronic search resulted in 204 different

abstracts. The final selection was completed after elimi-

nating duplicated articles, reviews of the literature, and

articles that were not related to osteoporosis and FD
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analysis of the jaws. Figure 1 shows a flowchart of the

study selection procedure.

Statistical analyses

A meta-analysis of the data in the selected studies was not

attempted because of the variations in study design,

methodology, imaging modality, and method for calculat-

ing FD.

After selecting and reading the articles, a hierarchical

clustering analysis according to Ward’s method was per-

formed to verify the dissimilarity of the studies, using the

chord distance. For this purpose, five variables were

defined for each study: (1) kind of study (in vitro, in vivo

with patients, in vivo with animals), (2) method for cal-

culating FD (power spectrum method, caliper method, box-

counting method, dilation method), (3) relationship

between FD and low BMD (increase in FD, decrease in FD,

absence of change/correlation), (4) kind of digital image

(direct using digital technologies/receptors, indirect using

analog techniques/scanned images), and (5) kind of dental

radiography [intraoral, extraoral, intraoral and extraoral,

cone-beam computed tomography (CBCT)]. Subsequently,

the aforementioned variables were grouped into clusters,

and assessed for reliability of the cluster distribution by the

cophenetic correlation coefficient. The relative frequencies

of the categories of variables were calculated and com-

pared by clusters using the v2 test and Fisher’s exact test.

All statistical analyses were performed with XLStat 2010

software (Addinsoft, New York, NY). Values of p \ 0.05

were considered to indicate statistical significance for all

tests.

Results

After a complete analysis of the articles, only 14 articles

met all of the inclusion criteria [24–37]. One article

contained two different experiments, and was thus con-

sidered as two different studies [24]. The study designs,

objectives, main results, and conclusions related to the FD

are shown in Table 1. Table 2 shows the technical

parameters of the FD calculations in the selected articles.

Reading of the selected articles further demonstrated that

the sizes and locations of the regions of interest (ROIs)

were not standardized, as can be seen in Fig. 2.

Three different clusters were obtained after testing the

dissimilarity of the selected articles. The third cluster was

composed of nine articles [28, 30–37], while the remaining

articles were divided into the first [24, 26] and second [25,

27, 29] clusters. Figure 3 shows a dendrogram of the dis-

similarity of the clusters of the selected articles.

The first cluster was mainly composed of studies that

used digitized intraoral radiographs and the power spec-

trum method for calculating FD, and the FD increased in

most of the studies of this cluster. The second cluster was

also mainly composed of studies that used digitized intra-

oral radiographs, but the caliper method was chosen for

calculating FD. In most of the studies in the second cluster,

the relationship between the FD and BMD was not sig-

nificant. The third cluster primarily consisted of clinical

studies (in vivo) that used the box-counting method to

calculate FD on panoramic radiographs.

Figure 4 demonstrates the relationships between the five

variables defined for each study and the clusters. Regarding

the type of study (Fig. 4a), a higher frequency of in vivo

studies in patients was present in the third cluster (88.9 %),

but there were no associations between the other categories

of studies and the other clusters (p = 0.210).

Regarding the variable relationship between FD and low

BMD (Fig. 4b), a significant association was found with

the clusters (p = 0.044). An increase in FD was observed

in the articles in the first cluster (100 %). An absence of

correlation was observed in 67 % of articles in the second

cluster. Conversely, FD decreased with low BMD in most

of the studies in the third cluster (55.6 %).

Fig. 1 Flowchart of the study selection procedure
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As shown in Fig. 4c, there was a strong association

(p \ 0.001) between the power spectrum method of cal-

culating FD and cluster 1 (100 %), the caliper method and

cluster 2 (100 %), and the box-counting method and

cluster 3 (88.9 %), but no association was found between

the dilation method and the clusters.

No association was found between the kind of digital

image (digitized or direct digital images) and the clusters

(p = 0.238), although scanned images were used in all

articles in the first cluster and 67 % of articles in the

second cluster. Conversely, the direct method was used in

67 % of studies in the third cluster (Fig. 4d).

Most of the studies in the first and second clusters used

intraoral radiographs, while 67 % of articles in the third

cluster were based only on panoramic radiographs

(Fig. 4e). However, no significant association was found

between the kind of dental radiographs and the clusters

(p = 0.127).

Discussion

To the best of our knowledge, the present study is the first

systematic review with the aim of discussing the little

available evidence about the relationship between man-

dibular and maxillary FD and skeletal BMD. First, only a

few articles related to this subject were found. Of the 204

articles initially found, only 14 met the inclusion criteria

[24–37]. As one article had two different experiments

(in vitro and in vivo), we decided to consider this article as

two different studies for quantitative and qualitative

analyses [24].

Some authors have stated that fractal analysis of

radiographs at different skeletal sites appears to be a

promising tool for assessment of trabecular bone structure,

biomechanical properties, and skeletal status, and these

measures could play a complementary role in addition to

BMD in the examination of osteoporosis and skeletal

status [10–16]. Regarding the application of FD analysis to

the jaws, a previous study stated that, among several

methods developed to estimate the alveolar bone density

from dental radiographs, fractal analysis appears to hold

the greatest promise as an inexpensive and readily avail-

able method [41].

In our systematic review, we made an attempt to col-

late, compare, and discuss the methodologies and results

of different studies that calculated FD on the jaw bones

and related it to skeletal BMD. Reading of the selected

articles revealed significant heterogeneity. Variations in

the study design, methodology, imaging modality, and

method for calculating FD precluded a meta-analysis of

the data in the selected studies. A comparison of the

findings was also difficult because of the significantT
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methodological differences between the selected studies

and the conflicting results. To verify the dissimilarity of

the studies, we used a hierarchical clustering analysis

according to Ward’s method. To more clearly examine this

area of investigation, five variables were divided into three

clusters.

The first and second clusters were mainly composed of

studies that used digitized intraoral radiographs [24–27,

29]. Nevertheless, the methods for calculating FD were

different in these clusters, as all articles in the first cluster

used the power spectrum method [24, 26] and all articles in

the second cluster used the caliper method [25, 27, 29]. A

significant association was only found in the method for

calculating FD and the first and second clusters. This result

may be related to the number of studies with the same

authors in these clusters.

In some articles, the FD increased in postmenopausal

women [24], osteoporotic patients [26, 28], and patients

with a thinner and severely eroded mandibular cortex [26,

32]. Conversely, some previous studies showed a strong

correlation between simulated osteoporosis in the maxillae

and decreased FD [25], and also for decreased FD with low

BMD [33–37]. In addition, we found some articles in

which the FD on the jaw bones was not related to the

density of the spine, hip, or radius [29], or the FD did not

differ significantly between normal and osteoporotic

patients [30, 31].

The conflicting results of the clinical studies have been

mentioned previously in the literature [42]. However, the

small sample sizes in the above three studies that found no

relationship between FD and low BMD should be

emphasized. Moreover, two of these studies were per-

formed in younger populations [29, 31], while BMD was

only measured in the lumbar spine in the other study [30].

Most of the clinical studies were in the third cluster,

which primarily consisted of studies that used the box-

counting method to calculate FD on panoramic radio-

graphs. In our review, only three studies evaluated FD on

the mandibular cortical bone, with different methodologies

for selecting the cortex [32, 35, 37]. The first of these

studies showed a significant difference in the mean FD of

the mandibular cortex for groups of patients classified as

C1, C2, and C3 by the MCI index [32]. Nevertheless, BMD

was not evaluated in that study. Other authors found a

decreased FD on the mandibular cortex in patients with low

BMD [36]. A recent study found that the odds of having

lower mean values for the mandibular cortical width and

FD on the cortical bone were higher in osteoporotic patients

[37]. These results may be explained by resorption of the

inferior border of the mandibular cortical bone, which is

often seen in patients with low BMD [34, 38, 39].

The conflicting data regarding trabecular bone, as sug-

gested by some authors, may be explained by anatomicalT
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variations, discrepancies in the imaging methods used to

obtain two-dimensional or three-dimensional bone images,

differences in selecting the areas to be measured, and/or

differences in techniques for measuring FD [42]. Further, a

recent study suggested that the performance of FD on the

cortical bone was different from that of FD on the tra-

becular bone in women [37]. The same authors stated that

cortical bone measurements might be considered as auxil-

iary tools to referring patients for DXA examinations,

while the FD on the mandibular trabecular bone still cannot

be used as an osteoporosis predictor [37]. However, in the

most recent studies, a tendency toward a reduction in the

FD on trabecular bone was seen in patients with osteopo-

rosis compared with individuals with normal BMD [33–

37]. This may explain the significant association found in

our systematic review between the variable relationship

between FD and low BMD and the clusters. The FD on

cortical and trabecular bone should be further investigated

with a view to use for osteoporosis screening.

Our systematic review also showed that some clinical

studies used different imaging modalities such as intraoral

radiography [24, 26, 28–30], panoramic radiography [26,

28, 30–32, 34–37], and CBCT [33]. Therefore, comparison

of the results in these studies was difficult, as FD can only

be reliably compared when using imaging modalities at the

same spatial resolution [43]. Each imaging modality may

have its own non-linear artifacts such as sampling fre-

quency, noise, and spatial resolution. A previous study also

verified that FD values estimated from digitized films on

radiographs of rat bones were significantly greater than

those produced by direct digital images [44]. Regarding our

sample of studies, digitized forms of conventional dental

radiographs (intraoral or panoramic) were generally used.

This means that the FD may have been overestimated in

most studies. FD analysis of CBCT images warrants further

investigation, as only one study used this imaging

modality.

Many methods exist for measuring FD, and each method

has its own theoretical basis. This fact often leads to the

acquisition of different dimensions based on different

methods for the same feature [5]. The most commonly used

procedure for calculating FD on dental radiographs was the

box-counting method, probably because of its simplicity

and availability [30–37]. When using the box-counting

Fig. 2 Panoramic image

provided to illustrate the

variability in the sizes and

locations of the ROIs in the

previous clinical studies. The

ROIs marked with an asterisk

were selected on intraoral

radiographs

Fig. 3 Dendrogram showing the dissimilarity in the clusters of the

selected articles (cophenetic correlation coefficient = 0.80)
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method for calculating FD, the studies generally used

ImageJ software, a public domain program that can be

downloaded from http://rsb.info.nih.gov/ij/. In fractal ana-

lysis, a box-counting algorithm is mainly used to quantify

the trabecular pattern by counting the trabecular bone and

bone marrow interface. The method also assesses the

boundary of the trabecular bone and bone marrow, and a

higher box-counting value indicates a more complex

structure [4]. However, the results of the selected studies

using the box-counting method were not in line with the

above-mentioned statement.

Although fractals are very useful, calculation of quan-

titative properties like the FD is elusive and challenging.

Therefore, several attempts have been made to investigate

the reliability of FD estimation with different algorithms

applied to different fractal functions [45]. Despite being the

most commonly used procedure, the box-counting method

has several limitations, such as the difficulty in obtaining

error bounds [46], possibility of overestimation or under-

estimation [45], construction of empty boxes, box-size

dependency of the FD computation, grid effect, and pro-

cess of signal binarization required for this method [5]. The

box-counting method may not cover the image surface very

well, and hence cannot capture the FD for a rough-textured

surface [2]. Further, disadvantages of the box-counting

dimension are the choice of initial and final sizes of the

magnification factor and the longer time required for

computation [47].

Some authors have demonstrated that large systematic

errors can occur for a variety of estimator techniques, such

as the box-counting method and power spectrum method,

over a wide range of input FD values. When applied to

Takagi and Brownian motion curves, these authors dem-

onstrated the roles of resolution and quantization as limit-

ing factors in the estimation process [45]. Since no

estimators work well universally, the best outcome is to

observe and explain the relative discrepancies of all esti-

mators simultaneously to gain insights [42]. Therefore,

further radiographic studies should be performed with

combinations of different estimators at a standardized

resolution to minimize the aforementioned limitations.

Our study has strengths and limitations. Owing to the

scarcity and heterogeneity of relevant studies in the liter-

ature, it was not possible to perform a meta-analysis of the

data in the selected studies. Consequently, it was decided to

select the variables that could influence the dissimilarities

found in the few published studies. Regarding the choice of

areas to be analyzed by FD, the sizes and locations of the

ROIs were extremely variable in the studies, and were not

included in the hierarchical clustering analysis. Some

Fig. 4 Relationships between

the variables and the clusters.

a Kind of study (in vitro, in vivo

with patients, in vivo with

animals). b Relationship

between FD and low BMD

(increase in FD, decrease in FD,

absence of change/correlation).

c Method for calculating FD

(power spectrum method,

caliper method, box-counting

method, dilation method).

d Kind of digital image (direct

using digital technologies/

receptors, indirect using analog

techniques/scanned images).

e Kind of dental radiography

(intraoral, extraoral, intraoral

and extraoral, and CBCT)
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authors described that absolute ROI placement might not

be necessary, since the FD values determined from ROIs

on digital radiographic images of alveolar bone were

insensitive to small variations in X-ray exposure, beam

alignment, and ROI position [48].

In conclusion, this review has highlighted directions in

which further research could help to determine the poten-

tial of detecting low BMD in patients based on FD analysis

of dental radiographs. However, the kind of study, method

for calculating FD, relationship between FD and low BMD,

and imaging modality should be better standardized to

minimize the controversies found in published studies.

Future studies may also clarify the differences in perfor-

mance between FD on the cortical and trabecular bone for

osteoporosis screening.
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