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ABSTRACT

Periodontal disease results in alveolar bone loss and clinical loss of

attachment. Digital subtraction radiography (DSR) and standard dental

radiographs have traditionally been used to assess alveolar bone changes in this

disease. Recently, fractal analysis, a method of assessing trabecular bone

indices, has become available. The purpose of this study is to assess if fractal

analysis can be used as a reliable method to detect the progression of alveolar

bone loss in periodontitis.

We performed a retrospective, operator-blinded study on a group of 32

periodontally healthy and a group of 31 periodontitis diseased patients.

Standardized, clinical vertical bitewing radiographs were obtained at baseline

and after an interval of 6-months of observation without standard treatments. In

addition, changes in clinical measurements including gingival index, bleeding on

probing, suppuration, probing depth, clinical attachment level, and relative

attachment level measured with an automated disk probe, were compared to the

changes in fractal analysis. Bone change, categorized as loss, no change or

gain, was assessed by DSR. For fractal analysis, radiographs were digitized by

using Epson Expression scanner (1600 model EU-35) at 1000 dpi with an 8 bit

gray scale. The region of interest was defined as a circle with a radius limited by

the Cortical border between the roots of two teeth and the alveolar crest. Fractal

dimension (FD) was calculated using the Fourier transform method.
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Our data revealed that fractal dimension was significantly different (P<

0.05) between the healthy and the diseased group of patient. In the diseased

group of patients, fractal dimension was significantly (P<0.03) associated with

radiographic bone loss by DSR, but not in the healthy group. Manual probing

depth was also significantly associated with fractal dimension (P<0.01) in the

healthy group. Comparing the different radiographic bone changes, fractal

dimension was significantly associated (P<0.03) with detected bone loss.

These data suggest that fractal analysis can differentiate between healthy

and diseased patients. In addition, fractal analysis is able to detect bone loss as

assessed by DSR.
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Utilization of Fractal Analysis as a Diagnostic Tool in the
Progression of Periodontal Disease

I. INTRODUCTION

Proper diagnosis is essential to improve the outcome of periodontal

therapy. Nearly 70% of adults in the United States have mild periodontitis with

about 15% of developing severe disease with tooth loss. The true incidence of

mandibular osteopenia in patients with chronic periodontitis is not known,

however estimates of 40% after 5-10 years of the disease have been suggested.

1

Chronic periodontitis is an inflammatory disease of bacterial etiology that

results in alveolar bone loss. Clinical manifestations of the disease include loss of

alveolar bone height, loosening of teeth, and eventually loss of teeth. 2 The risk

factors for alveolar bone loss from chronic periodontitis are not all known.

However, osteoporosis in postmenopausal women, cigarette smoking, host

response genetic factors, diseases like diabetes mellitus and

immunosuppressive disorders, and no access to dental care appear to

contribute. 2

Initial conventional treatment of periodontitis includes mechanical removal

of dental plaque and calculus by scaling and root planning. In chronic

periodontitis, a good clinical response to mechanical debridement usually occurs

with reduction in gingival inflammation, reduction in probing depths, and modest

gains in clinical attachment levels. Most patients with chronic periodontitis

respond to mechanical debridement, however some do not.
1



There are currently no well-validated tests that can identify patients with

early periodontitis or those who are about to develop subclincial periodontal

destruction. Current diagnostic tools for the progression of periodontal disease

include longitudinal comparisons of clinical attachment loss measurements and

visual assessments of increased bone loss from radiographs. These diagnostic

procedures have limited predictive ability due to their low precision and accuracy.



II. BACKGROUND ON THE DIAGNOSTIC TOOLS OF THE PROGRESSION
OF PERIODONTAL DISEASE

A. CLINICAL DIAGNOSIS

The most widely used diagnostic tool for the clinical assessment of

periodontitis is the periodontal probe. Increased probing depth and loss of

clinical attachment are pathognomonic for periodontal disease. Therefore,

pocket probing is a crucial procedure for the diagnosis of periodontal disease and

evaluation of periodontal therapy. Reduction of probing depth and gain of clinical

attachment are the major clinical criteria used to determine success of treatment.

3

Since the mid-1980s, different probe prototypes have been developed.

However, due to the variability in the probing force, reproducibility has been

difficult. It was shown that the penetration of the probe was positively correlated

with probing force. 4.5 This has been solved with the development of pressure

sensitive probes, which have a standardized controlled insertion pressure. 6.7

Automated probing systems have also been developed and tested. These

automated probes offer many solutions to the problems of conventional probing

but also introduce problems of their own. The probing elements lack tactile

sensitivity, mostly because of their independent movement. This then forces the

operator to predetermine an insertion point and angle. In addition, the use of a

fixed-force setting throughout the mouth, regardless of the site or inflammatory

status, may generate inaccurate measurements or patient discomfort. “



The computerized periodontal probe (Florida probe 8) system provide

measurements that are made electronically and transferred automatically to the

computer when a foot switch is pressed. Constant probing force is provided by

coil springs inside the probe handpiece and digital readout.

Studies of the Florida probe system have shown a high degree of

accuracy and reproducibility for probing depth and attachment level

measurements. Standard deviations of 0.5 and 0.6mm from repeated

measurements have been obtained with the system. 910

B. RADIOGRAPHIC DIAGNOSIS

Dental radiographs are the traditional method used to assess the

destruction of alveolar bone associated with periodontitis. Although radiographs

cannot accurately reflect the bony morphology buccally and lingually, they

provide useful information on interproximal bone levels. However, even at this

level, the exact topography of defects cannot be assessed accurately from

radiographs.

Substantial volumes of alveolar bone must be destroyed before the loss is

detectable in radiographs. More than 30% of the bone mass at the alveolar crest

must be lost for a change in bone height to be recognized on a radiograph.

Therefore, radiographs will seldom reveal bone loss before a significant loss has

occurred. This low level of sensitivity is most likely due to a number of factors,

including subjectivity of the radiographic assessment; the different variables

affecting the classic radiographic technique, such as the quality of the x-ray film,
4



x-ray angulations, the direction of the beam, the x-ray source, and the exposure

and developing time; and the presence of anatomic calcified structures projected

onto the same film in which changes in the bony pattern are simultaneously

shown.

These influences can be reduced by the use of well-standardized

techniques. To standardize radiographic assessment, radiographs should be

obtained in a constant and reproducible plane using film holders with a template

containing some kind of impression material, which is placed in a constant

position on a group of teeth, and an extension arm that can be precisely attached

to both the film holder and the x-ray tube 12 and used to standardize the

technique so that the bone mass can be sequentially measured. Such

standardization in radiographic techniques has been shown to be valid in

evaluating bone changes in longitudinal studies and clinical trials. 13

Conventional dental radiographs provide a two-dimensional image of

bone, which is a three-dimensional structure. The radiographic image lags

behind the biologic changes that occur in the disease. They do not provide

information on whether bone loss is progressing or has occurred previously. To

obtain a dynamic view of the alveolar bone loss process, replicate measurements

must be performed on standardized radiographs. Analysis of the differences in

the radiographic images can thus provide a measure of the rate of bone

destruction

Subtraction radiography, a well-established technique in clinical medicine,

has been introduced as a technique to assess periodontal bone destruction. 14
5



This technique relies on the conversion of serial radiographs into digital images.

The images can then be superimposed and the resultant composite viewed on a

video screen. Changes in the density and/or volume of bone can be detected as

lighter areas (bone gain) or dark areas (bone loss). Quantitative changes in

comparison with the baseline images can be detected using an algorithm for gray

scale levels with a computer. This requires a parallelization technique to obtain a

standardized geometry and accurate superimposable radiographs. Radiographs

taken with identical exposure geometry can be scanned using a microphotometer

that determines a gray-level value for each picture point. After superimposition of

two subsequent radiographs, this technique can show differences in relative

bone mineral densities.

Studies using this technique have shown a good correlation between

changes in alveolar bone determined by subtraction radiography and attachment

level changes in periodontal patients after therapy. 15 Gröndahl and colleagues

16 using subtraction analysis, showed nearly perfect accuracy at a lesion depth

corresponding to 0.49 mm of compact bone, whereas a lesion must be at least

three times larger to be detectable with a conventional radiology technique.

Subtraction radiography has been applied to longitudinal clinical studies in

periodontal disease. Hausmann et al. detected differences in crestal bone height

of 0.87 mm with good reliability. 17 Jeffcoat et al. have shown a strong

relationship between clinical attachment loss detected using sequential

measurements made with an automated periodontal probe and bone loss

detected with digital subtraction radiography. 18
6



C. BIOCHEMICAL DIAGNOSIS

A large research effort is underway to identify potential diagnostic tests

based on host-derived factors that would enable the clinician to identify active

sites or susceptible individuals. Qualitative assessment of the components in

gingival crevicular fluid (GCF) has been suggested as a promising approach to

identify sites that are at an increased risk of developing attachment loss. 192021

22 23 One component of GCF that has recently received particular attention is

elastase, a prominent neutral protease released into GCF by neutrophils within

periodontal pockets.

Various enzymes are released from host cells during the development and

progression of periodontal infections. A variety of lysosomal enzymes capable of

lysing components of the extracellular matrix have been preliminarily examined

as possible markers for periodontal destruction. Elastase is among one of the

most promising. 24

Cross-sectional studies have shown that GCF elastase is elevated at sites

with periodontitis. 25 It also becomes elevated during the development of

experimental gingivitis. 2526 In addition, reductions in GCF elastase have been

observed after periodontal therapy in patients with periodontitis. 27. In a recent

longitudinal study of untreated periodontitis patients, Palcanis et al. 28 found that

GCF elastase levels were significantly higher at sites demonstrating progressive

loss of clinical attachment and bone over a 6-month period. They suggested that

GCF elastase may serve as a predictor of future bone and attachment loss.



D. FRACTAL ANALYSIS

Within a decade after Mandelbrot's publication of The Fractal Geometry

of Nature in 198329, the application of fractal geometry techniques have

received increasing attention. Theoretical biologists began to find fractal

organization controlling many structures throughout the human body. Associated

with every fractal object is a characteristic dimension, called the fractal dimension

(FD). Medical radiologists have shown fractal analysis to be an indicator of bone

changes. Trabecular networks of alveolar bone have been shown to have a

fractal nature that can be at least partially characterized by their fractal

dimensions. Dental researchers have suggested that fractal analysis may be a

sensitive descriptor of bone structure, may provide a diagnostic tool to objectively

characterize trabecular bone structure, and may be used to discriminate between

normal and periodontally compromised subjects. 303. The potential of fractal

analysis in clinical diagnosis of periodontal bone loss has been demonstrated

using intraoral radiographs. 32. These studies illustrate the possibility of using

fractal geometry to characterize trabecular bone and perhaps determine bone

quality, based on the premise that the cancellous portion of alveolar bone is

composed of interconnecting trabecular struts that possess an underlying

geometric regularity making it applicable to mathematical fractal patterns. Two

properties that characterize fractals are self-similarity and variation of a defined

scale. Self-similarity can be thought of as the propagation of geometric features

over many scales of observation, where an image looks the same when viewed

from different size perspectives. How features vary across scale space was
8



defined by Richardson's Law. This relationship provided mathematicians the

ability to solve for fractal dimension. Examination of objects that have the

regularity of 'self-similar' (also called scale invariance) patterns at different scales

reveal the same fundamental elements repeatedly. The repetitive pattern defines

the fractal dimension.



III. PURPOSE, HYPOTHESIS AND SPECIFIC AIMS

A. PURPOSE

The purpose of this study was to determine if fractal analysis is capable of

detecting changes in trabecular pattern due to the progression of periodontal

disease.

B. HYPOTHESIS

The fractal dimension changes with the progression of periodontal

disease.

C. SPECIFIC AIMS

1) To validate the technique of fractal dimension estimation from

2)

3)

4)

radiographs and assess the technical factors affecting the assessment

of the radiographic fractal dimension. Specifically to determine the

relationship between fractal analysis and the variation in horizontal

angulation during the acquisition of dental bite-wing x-radiographs.

To determine if fractal analysis of the radiographic depiction of alveolar

bone is able to differentiate between healthy vs periodontal disease

To determine the correlation between clinical measurements of

gingival index, presence or absence of suppuration and bleeding on

probing, changes in attachment loss, probing depth, and elastase level

with fractal analysis

To determine the correlation between fractal analysis and digital

subtraction radiography

10



II MATERIALS AND METHODS

A. HORIZONTAL ANGULATION SENSITIVITY TEST

1. SKULL ROTATION SET UP

One natural skull with full compliment of upper and lower posterior teeth

was selected. A rotational stand was made to allow the skull to rotate in a small

and accurate increment with the center of rotation set at the middle of the x-ray

film placement. For accurate reproduction of film placement, a jig made with

polyvinylsilaxane in combination with XCP film holder was used. Figure 1

Figure 1 X-ray Jig and Skull Rotation Set Up

11



A piece of 3mm long, 19x25 stainless steel wire was taped to each of the

E speed film used for standardization in exposure. X-rays were taken at 15 ma 7

kvp at 6 impulses as universal setting recommended for posterior bitewings. The

x-ray beam was held constant at the 0 angle position with paralleling x-ray

technique in conjunction with XCP film holder. The skull was rotated at

increments of 0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 25, and 30 degrees.

Figure 2 This allowed for more accurate reproduction of angular measurement.

Figure 2 Horizontal rotation at A. 0 degree, B. 10 degree, and C. 25 degree

The region of interest was selected as the area between the second

premolar, the first molar, and the second molar of the left side of the skull for a

total of four sites per angle. These four sites were designated as site A, B, C,

and D. Figure 3

12



Figure 3 Selected Sites for Horizontal Angulation Test

2. FRACTAL ANALYSIS

Dental bite-wing radiographs were digitized by using Epson Expression

scanner (1600 model EU-35) at 1000 dpi with an 8 bit gray scale. A region of

interest was defined as a circle with a radius limited by the cortical border

between the roots of two teeth and the alveolar crest. Figure 4

13



Figure 4 Region of Interest at the Alveolar Crest

The two dimensional power spectrum of this region of interest was then

calculated by using the Fourier transform system on the Sun Workstation

developed by Research Systems Inc. Fourier transform measured the rate at

which textural variations occur. Rapid changes in texture were reflected as high

frequency components in the power spectrum. Figure 5 The two-dimensional

power spectrum of each region of interest was quantified by averaging over all

angles at a given distance from the origin. This decomposed the two

dimensional data into a one-dimensional graph with the x-axis showing the radial

frequency offset from the origin and the y-axis the average power at that spatial

frequency. Figure 6 Fractal dimension was then obtained by calculating the

slope of the linear portion of the logarithmic plot of the power spectrum vs spatial

14



frequency and applying the formula of 7-lslopel/2. Using this technique, the

fractal dimension fell in the range of 0.5-1.5. To compare different frequency

ranges, the slopes of frequency range of 0.7–0.99, 1.0-1.19, and 1.2-1.40 were

used to calculate the fractal dimensions. Figure 7

15



Image with Region of Interest

Fourier Transformed

Power Spectrum of Region of Interest

Figure 5 Fourier Transform Technique
16
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Figure 6

Log Frequency

General Log of Power vs Log of Frequency Curve
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3. STATISTICAL ANALYSIS

An analysis of variance t-test was used to determine if there were a

significant differences of percentage change occurred due to variations in

angulation at the level of p- 0.05. Simple regression was applied to achieve an

equation for a best fit line.

B. RETROSPECTIVE COMPARISON OF A LONGITUDINAL CLINCIAL
TRIAL

1. SUBJECT POPULATION

The study population was selected from the longitudinal clinical trial by Dr.

Gary Armitage (University of California, San Francisco) in 1994 in an effort to

evaluate elastase as a marker for the progression of periodontitis. 39 Subjects

consisted of 63 patients with an average age of 37.1 + 12.8 (SD) years with a

range of 23 to 67 years. Patients were categorized as either “healthy" or

“diseased" depending on whether or not they showed evidence of clinical

attachment loss and radiographic evidence of bone loss. Healthy patients were

considered those in whom most teeth showed no radiographic evidence of bone

loss and little or no clinical attachment loss (i.e., * 1 mm). Diseased patients had

to have a minimum of 3 sites with radiographic evidence of 30-60% bone loss

and probing depths of > 5 mm. A total of 32 healthy patients with an average

age of 28.8 + 5.4 years (range 23 to 47 years) were selected. A total of 31

diseased patients, with an average age of 45.6 + 12.5 years (range 25 to 67

years), were included in the study. None of the patients had undergone

19



periodontal therapy in the past year. Patients were not included in the study

population if they had taken antibiotics, steroids, or nonsteroidal anti

inflammatory agents within the past 3 months. Patients who required

premedication with antibiotics for routine periodontal examinations were

excluded.

2. STUDY DESIGN

Five sites in each patient were monitored over a 6-month period at the

following time intervals: baseline, 2 weeks, 2 months, and 6 months.

Immediately after the baseline examinations, each patient received a

supragingival scaling and polishing. Patients were asked to follow their usual oral

hygiene procedures through out the study. No other periodontal therapy was

administered during the 6-month observation period. Clinical measurements

consisted of the presence or absence of suppuration upon digital pressure,

gingival index, and gingival bleeding index. Probing depth and clinical

attachment loss were then measured with a periodontal probe calibrated with

Williams markings. The presence or absence of bleeding on probing was

recorded immediately after the sites were probed. Finally, relative attachment

levels were measured twice, using the double pass method, with an electronic

constant-force, computer-linked Florida(6) probe having a 0.1 mm resolution. All

examinations were performed by Dr. Gary Armitage.

At the baseline and 6-month visits, standardized vertical bite-wing

radiographs were taken of the study teeth by the same operator. The

20



radiographs were standardized by having the patient's head positioned in a

cephalostat and a long focal-spot-to-film distance technique. No other

periodontal therapy was administered during the 6-month observation period.

Subtraction radiography was used as a measurement of change between

baseline and 6-month observation with two investigators grading each site semi

quantitatively as demonstrating one of the following: 1) no change; 2) bone gain;

or 3) bone loss.

3. SELECTION CRITERIA

For the purpose of this study, the operator was blinded when selecting

qualifying vertical bite-wings for fractal analysis.

Exclusion criteria:

1) root proximity less than 2 mm

2) missing adjacent posterior teeth

3) unable to define region of interest clearly in one set of films

4) new interproximal restorations extending beyond CEJ at 6

month evaluation

5) distortion due to angulation change

As a result, a total of 169 sites were chosen. The operator was unblinded

after obtaining the fractal dimension for each site. 117 sites were from the

healthy population. 52 sites were from the diseased.

4. FRACTAL ANALYSIS

Same as described above

21



5. STATISTICAL ANALYSIS

After unblinding, descriptive statistics (means, standard deviations,

standard errors, and ranges) were computed for each clinical assessment: 1)

Fractal dimension at frequency 0.7-0.99, 1.0-1.19, and 1.2-1.4; 2) gingival index;

3) suppuration; and 4) bleeding on probing. In these computations, dichotomized

values (0=absence; 1=presence) were used for bleeding on probing and

suppuration, so that sample means represent the prevalence of the conditions.

To adjust for the clustering of multiple tooth sites within each patient, all

statistical significance levels were computed within generalized estimating

equation (GEE) models. This methodology permitted the estimation of odds

ratios for each risk factor, adjusted for the predictive effects of all other factors in

the model.

Differences between the distribution of these clinical factors in healthy and

diseased patients were also assessed by a GEE model-based z test. The

association between bone loss progression, adjusted for all other baseline

clinical factors and the within-patient clustering of teeth, was investigated within a

GEE multiple logistic regression framework.

For a comparison between fractal analysis and digital subtraction

radiography in the diagnosis of the progression of periodontal disease, a

negative change in fractal dimension over a 6-month observation period was

used as a criterion of a decrease in bone density and disease progression.

22



To calculate the correlation between changes in fractal dimension with the

changes in bleeding on probing and radiographic bone loss as detected by digital

subtraction radiography, Spearman's correlation was used.

23



V. RESULTS

A. HORIZONTAL ANGULATION SENSITIVITY TEST

The horizontal angulation test in this study demonstrated that on the

average there was a difference of up to 2% in fractal dimension change as the

angulation increased at a 2.5 degree increment. Fractal dimension changed

significantly (p<0.05) with angular change up to 25 degrees depending on the

frequency range. The frequency ranges tested did not conclude superiority of

one over the other as out of the four sites studied, none of them were significant

at all three frequency ranges. However, they were significant two out of the three

frequency ranges tested. Table I Figure 8

24
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2.572.5452.5252.552.6352.782.752.952.822.6652.692.695 7.52.5752.52.542.4952.62.882.812.972.742.6252.752.775 102.562.5152.522.4952.6652.8752.8452.7852.6652.642.843.0125 12.52.5852.5752.5252.6752.6652.92.8352.662.7152.652.9652.98 152.6052.5352.5452.652.692.862.752.5352.6952.593.01.12.97 17.52.5852.542.552.632.6552.842.7952.582.7552.652.9752.97 202.6352.5752.5452.642.6652.872.772.582.712.623.03652.925 252.592.5952.5553.01352.6752.832.8252.9852.642.6853.0273.057
P
value0.0080.0500.0540.0080.0400.0400.008

0.17940.31460.32940.00010.002 -

Table
I

P-valuefortheEffectof
HorizontalRotation
onFractalDimension
atThreeFrequencyRanges
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Figure 8 Regression plot of change in fractal dimension versus degree of
horizontal rotation

B. RETROSPECTIVE COMPARISON OF A LONGITUDINAL CLINCIAL
TRIAL

1. HEALTHY VERSUS DISEASED AT BASELINE

As expected, at baseline the diseased group of patients had significantly

(P<0.0001) higher gingival index score and bleeding on probing. Only the

diseased group exhibited suppuration due to essence of diagnosis. Only 10/117

(9%) of the sites in the healthy group bled upon probing, whereas 36/52 (69%) of

the sites in the diseased group did. Fractal dimension for the healthy and

diseased group were significantly different at frequency range of 0.7 (P<0.0268)

and 1.2 (P<0.0441). Table II
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-
Diseased(53sitesfrom20patients)|Healthy(118sitesfrom30
patients) VariableRange
|

Mean
|
SDSERangeMean
|

SD
|

SE
|

P-value FractalDimensionFreq0.72.41to2.89
||
2.58
||
0.10
||
0.01
||
2.3to2.952.620.15
||

0.01
||

0.0268 FractalDimension
atFreq
1
2.48to3.04
||

2.75
||

0.17
||

0.02
||

2.39to3.06
||

2.76
||

0.17
||

0.02
||

0.7470 FractalDimension
atFreq1.22.57to3.26
||

2.85
||

0.12
||

0.02
||

2.66to3.36
||

2.890.12
||

0.01
||

0.0441 GingivalIndex
0to21.30
||

0.64
||

0.09
0to20.08
||

0.30
||

0.03
||

<.0001 Suppuration
0to10.25
||

0.43
||

0.06
Oto0OOO*

Bleeding
onprobingAbsent32%92%<.0001

Present
|
68%8%

*P-valuewasnotcomputedsinceonlydiseasedpatientsexhibitedsuppuration
Table
Il
ClinicalAssessments
andFractalDimension
fortheSitesStudied
inthe
PeriodontallyHealthyand

DiseasedPatientGroups
at
Baseline
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2. INCIDENCE OF DISEASE PROGRESSION

The incidence of disease progression depended on the threshold and

method used to determine periodontal damage. For the healthy group of

patients, the automated probe detected the same number of sites, 8/117 (6.8%),

with losses of > 1 mm as the manual probe. When the threshold of > 2 mm of

attachment loss was used, no sites in the healthy patients had a loss with either

the automated nor the manual probe. The subtraction radiography detected

6/117 (5.1%) sites that developed bone loss. Using a negative change in the

fractal dimension as the criteria of decrease in bone density, 55/117 (47.0%)

sites of the healthy group exhibited a negative fractal dimension change at

frequency range of 0.7–0.99, 36/117 (30.8%) sites at frequency range of 1.0-1.19,

and 33/117 (28.2%) at frequency range of 1.2-1.4.

For the diseased group of patients, the manual probe detected a slightly

higher percentage of sites with progression than the automated probe. At a

threshold of > 2 mm of attachment loss, both the automated and the manual

probe registered 5/52 (9.2%) sites with loss. The automated probe picked up

3/52 (5.8%) sites with a loss of > 3 mm of attachment, whereas the manual probe

registered 0/52 (0%) sites. With subtraction radiographic analysis, 23/52 (44.2%)

sites were judged to have an increase in bone loss during the 6-month

observation period. Followed the same pattern as for healthy patients, the fractal

analysis registered a higher number of sites showing a negative fractal

dimension change at frequency range of 0.7–0.99 compared to 1.2-1.4. Table III

Figure 9 Figure 10
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--
No.of
AutomatedProbeManualProbeRadiographicFractalDimension

GroupPatients
>1.0mm>2.0mm>3.0mm>1.0mm>2.0mm>3.0mmBoneLoss0.71.01.2 Healthy308/117O/117O/1178/117O/117O/1176/11755/11736/11733/117

6.80%0%0%6.80%0%0%5.10%47.00%30.80%28.20%

Diseased
2010/525/523/52
1
1/525/520/5223/5232/5231/5229/52

19.20%9.60%5.80%21.20%9.60%0%44.20%62.50%59.60%55.80%

Table
||
Incidence
of
DiseaseProgression
inStudySitesfromBaseline
to
6-MonthVisitAccording
to

ThresholdandMethod
of
Assessment
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3. RELATIONSHIP BETWEEN FRACTAL DIMENSION AND DISEASE
PROGRESSION

In the healthy group of patients, the clinical assessment of manual probing

was statistically significant with fractal dimension change at the frequency range

of 0.7. On the other hand, there was a significant relationship between fractal

dimension and radiographic bone loss by digital subtraction radiography in all

three frequency ranges in the diseased group of patients at P* 0.05. Figure 11

It was also significant at the frequency range of 1.2 in the healthy group of

patients. Table IV

Healthy Diseased
Fractal Dimension: 2.67 Fractal Dimension: 2.55

Figure 11 Healthy vs Diseased with Corresponding Fractal Dimension
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Diseased Health

9TOUD (53 sites from 20 patients) (118 sites from 30 patients)
Freq Change in Variables r-value p-value” r-value p-value”

0.7–0.99 Electronic probing. 0.015 0.839 -0.005 0.960

Gingival Index 0.061 0.671 0.109 0.115

Manual probing 0.186 0.170 0.271 0.017

Suppuration 0.221 0.266

Bleeding on probing" -0.032 0.712 0.041 0.681

Radiographic Bone Loss” 0.429 0.010 0.110 O. 198

1.0-1.19 |Electronic probing -0. 196 0.190 -0. 114 0.222

Gingival Index 0.109 0.512 -0.024 0.759

Manual probing -0.189 0.312 0.220 0.073

Suppuration -0.058 0.700

Bleeding on probing" -0.107 0.289 0.058 0.586

Radiographic Bone Loss” 0.350 0.030 0.091 0.375

1.2-1.4 |Electronic probing 0.108 0.376 0.032 0.784

Gingival Index 0.083 0.635 0.065 0.432

Manual probing 0.291 0.090 0.045 0.675

Suppuration -0.022 0.795

Bleeding on probing" 0.011 0.957 0.035 0.792

Radiographic Bone Loss” 0.257 0.030 0.182 0.040

* Correlation coefficients for change in bleeding on probing and radiographic bone loss
with changes in fractal dimension were calculated using Spearman's correlation

** P-values were calculated by GEE to compensate multiple sites from same patients

Table IV Correlation Between Changes in Clinical Variables and Fractal
Dimension
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4. RELATIONSHIP BETWEEN FRACTAL DIMENSION AND RADIOGRAPHIC
BONE CHANGES

When radiographic evidence of bone change was used as the criterion for

disease progression, the mean change of fractal dimension during the 6-month

observation showed a statistically significant association with radiographic bone

loss at frequency range 0.7–0.99 and 1.0-1.19 of the total population. There was

a significant difference in fractal dimension measurement between radiographic

detection of bone loss versus no change at all three frequency ranges. Table V

Table V also showed the mean fractal dimension change corresponding to

each of the radiographic bone change at the three different frequency ranges.

Fractal dimension change associated with a no change in radiography straddled

around zero with a narrow 95% confidence interval ranging from a positive to a

negative change in fractal dimension.
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RadiographicBoneSignificant
FrequencyChangeMean"SE*_|95%ConfidenceInterval"
|

p-value”Difference” 0.7Loss-0.059
||
0.019(-0.097,-0.021)0.0352
|

LossvsNoChange

NoChange0.003
||

0.010(-0.015,0.022)LossvsGain
Gain0.035
||

0.030(-0.023,0.093)

1
Loss-0.058
||

0.018(-0.094,-0.023)0.0137
||

LossvsNoChange
|

NoChange0.019
||

0.015(-0.011,0.048)
Gain-0.059
||

0.075(-0.206,0.087) Loss-0.047
||

0.016(-0.079,-0.014)0.0667_|Loss
vsNoChange

1.2NoChange–0.001
||

0.008(-0.016,0.014)

Gain0.030
||

0.025-0.019,0.079

*

Mean,standarderrors,and95%confidenceinterval
ofmeanchangeswerecalculated
byGEE to

compensate
formultipletoothsitesinonepatient

***
Significantdifferences
in
meanchanges
in
fractalnumbersbetweenthreedigitalsubtraction

**
P-valueswerecalculatedwiththe
adjustment
ofgroupeffects groupswerecalculated

byGEEwithBonferroniadjustment
forP-value
of0.05

Table
V
Change
in
FractalDimension
for
RadiographicBoneChange
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When a negative change in the fractal dimension was considered as a

criteria for disease progression, an interesting result arose when compared with

the radiographic bone change as detected by digital subtraction radiography. In

the healthy group, 50% (3/6) of the loss detected by radiography corresponded to

a negative change in fractal dimension. In the diseased group, 91% (21/23) of

bone loss in radiography corresponded to a negative fractal dimension. On the

other hand, 48% (51/106) of no change in bone radiography corresponded to a

negative change in fractal dimension. This was also true with the diseased group

when a no change in bone density was found in the radiograph. There were

minimal sites that have gained bone density in a 6-month observation period in

both the diseased and the healthy group.

Radiographic Bone Change

Group Loss No Change Gain

Healthy 50% (3/6) 48% (51/106) 20% (1/5)

Diseased 91% (21/23) 48% (13/27) 50% (1/2)

Combined Total 83% (24/29 48% (64/133 29% (2/7

Table VI Percentage of Sites Corresponding to a Negative Change in
Fractal Dimension with Radiographic Bone Change in 6-month
Observation Period
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5. SPECIFICITY AND SENSITIVITY

Utilizing the receiver operating characteristic (ROC) curve, one can test

the sensitivity and specificity of fractal analysis by knowing the false positive and

true positive rates. The ROC curve plots all possible pairs for global assessment

of diagnostic ability independent of cutoff values for the assignment of the

positive and negative results. The summary statistic is the area under the curve.

The area under the curve for frequency range 0.7 and 1.0 are similar with a

standard deviation of 0.07 and 0.08 respectively. The area under the curve for

frequency range 1.2 is 0.65 with a standard deviation of 0.07. Figure 11 Table

VII

- -

Frequency Area Under the STD 95% C.I.
Curve

0.7 0.74 0.07 (0.59, 0.86)
1 0.74 0.08 (0.57, 0.88)

1.2 0.65 0.07 0.51, 0.78

Table VII Area Under the ROC Curve for Change in Fractal Numbers and
Subtraction Radiographic Bone Loss

There is no significant difference in sensitivity or specificity between the

three different frequency ranges. The P-value is 0.95 when comparing frequency

range of 0.7 to 1.0. Comparing frequency range of 0.7 to 1.2, the P-value is

0.412. Lastly, the comparison between frequency range of 1.0 and 1.2 yielded a

P-value of 0.488. Table VIII
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Frequency P-value

0.7. VS 1.0 0.95

0.7. VS 1.2 0.412

1.0 vs 1.2 0.488

Table VIII Comparison of Area Under the ROC Curve Between Three
Different Frequency Ranges
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VI. DISCUSSION

A. TECHNICAL FACTORS AFFECTING THE ASSESSMENT OF
RADIOGRAPHIC FRACTAL DIMENSION

While many studies appear to support our results (decreases in the fractal

dimension correspond to decreased bone density), 31 34 35 36 others do not. 32

37 38 Chen et al. 39 addressed some of the technical challenges in fractal

analysis of trabecular patterns from projection radiographs. In a noiseless

environment, one would expect fractal dimension to increase with increasing

complexity of an imaged structure. Chen et al. believe that image noise (white or

nonwhite), which may include noise associated with quantum, film-screen

system, and film digitization, has high complexity, or non-self-similarity (highest

fractal dimension). Superimposition of the bone structure acts to mask the

complexity of the underlying noise, thus it may reduce the estimated fractal

dimension in the image by introduction of structural order. This may explain why

there have been conflicting data in the other studies regarding how the fractal

dimension should vary with bone density/bone texture. Another factor is that

different techniques were used to estimate fractal dimension, including caliper,

box-counting, and power spectral methods, and these different methods used to

estimate fractal dimension may not agree. 40 Other factors that make

comparison of fractal dimension from different studies difficult include the

populations studied, the selection of the bone to be analyzed, and the region of

interest placement and size all can confound the investigation. 39
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1. HORIZONTAL ANGULATION

In this study, bitewing radiographs were chosen because in general, they

are thought to be superior to the periapical radiographs from the standpoint of

minimizing angulation error. This is because bitewing radiographs are taken with

the beam entering fairly parallel to the occlusal plane thus minimizing the

angulation problems associated with the vertical component of periapical films.

Ruttiman el al. 32 studied the effect of projection angulation on the obtained

fractal dimension in vitro and found that a 5-degree deviation of the beam source

mesially or distally had no significant effect on the fractal dimension. On the

contrary, the horizontal angulation sensitivity test in this study demonstrated that

on the average there was a difference of up to 2% in fractal dimension change as

the angulation increased at a 2.5 degree increment. Southard et al. also found

that varying the angulation at 5 degrees for every bone sample, fractal

dimension changed significantly (p<0.0189) with angular change 34 The

magnification of difference in fractal dimension could be additive when the

margin of error in angulation increases. Therefore, it is important to standardize

the x-ray technique in order to minimize horizontal angulation error in bitewing

radiography.

2. VARIATION IN SIZE AND LOCATION OF REGION OF INTEREST

Chen et al 39 also reported on the effect of the size of the region of

interest and data windowing on fractal dimension. They found that reducing the

size of the region of interest without reducing resolution has the effect of larger
40



dependence of computed fractal dimension on the higher frequencies in the

power spectrum. Therefore, fractal dimension in noncorrected regions will

decrease as the size of the region of interest decreases. In the current study, a

region of interest was defined as a circle with a radius limited by the cortical

border between the roots of two teeth and the alveolar crest. The size of the

region of interest thus is not a fixed area between the two roots. Our region of

interest was significantly smaller compared to previous studies of fractal analysis

on dental radiographs. 3031 32 34 To see if there were any dependence of the

frequency ranges on the size of region of interest, three different frequency

ranges were chosen. ROC analysis revealed no difference in the area

underneath the curve between the frequency range of 0.7–0.99 and 1.0-1.19.

Whereas, frequency range of 1.2-1.4 had a slightly smaller area underneath the

curve. There was no statistically significant differences between the three

different frequency ranges in sensitivity and specificity. Therefore there is

probably no dependence of higher or lower frequency ranges in fractal analysis.

One thing to note was that one of the exclusion criteria for this study was to

eliminate radiographs that have root proximity of less than 2 mm. This may limit

the number of sites that may have region of interest small enough that could

affect the overall fractal dimension reading.

Previous studies have shown that fractal dimension could vary with

respect to the location of region of interest in the different areas of the mouth.

Kasrovið1 reported that fractal dimension of trabecular bone varies significantly

between the anterior and posterior regions of the jaw, and that of the maxillary
41



and mandibular region. In this study, all of the sites were in the posterior region

of the jaw with approximately equal distribution of number of sites in the maxilla

and mandible. To adjust for the clustering of multiple tooth sites within each

patient, all statistical significance levels were computed within generalized

estimating equation (GEE) models. This methodology permitted the estimation

of odds ratios for each risk factor, adjusted for the predictive effects of all other

factors in the model. Therefore, any difference between the location of region of

interest surveyed could be negated through the GEE statistic model analysis.

B. FRACTAL DIMENSION OF HEALTHY VERSUS DISEASED

Comparing fractal dimension of the healthy group of patients with that of

the diseased group, a statistically significant difference between the two groups

was noted. The diseased group of patients on the average revealed a smaller

fractal dimension compared with that of the healthy group. Fractal dimension

generally increases with increase in complexity of the structure and in this case

with increased bone density. With disease, the trabecular network of bone within

a selected region of interest is disturbed and the region appears more diffuse and

sparse. Therefore, a region of interest taken from a healthy site appears more

complex than that of a diseased site because the intact trabecular pattern of

healthy bone results in greater complexity. This is in accordance with our

findings from this longitudinal clinical study. Fractal dimensions obtained from

regions of interest taken from healthy subjects were higher in value as compared

with those obtained from the subjects with periodontal disease.

J.J.,
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C. RELATIONSHIP BETWEEN FRACTAL DIMENSION AND CLINICAL
MEASUREMENTS

We also evaluated the association between clinical measurements and

fractal dimension. There was no statistically significant relationship between

gingival index, presence or absence of suppuration, and bleeding on probing with

changes in fractal dimension. However, these clinical measurements do not give

an accurate prediction of the changes in trabecular bone but only the disease

stage of the soft tissue gingiva, whereas fractal analysis is used to detect

trabecular bone change. This may explain why there was a weak correlation

between these clinical measurements with fractal analysis.

On the other hand, periodontal probing and radiographs measure two

separate, but probably related, components of the progression of periodontitis.

One provides an estimate of the detachment of soft tissue from the root surface

and the other measures loss of bone mineral density. Since manual probes have

a relatively high measurement error, a change of 2 to 3 mm in clinical attachment

level had to be detected before one could be certain that progression had

actually occurred. 3 2 1 In the current study we found a poor match-up between

the manual periodontal probe, automated probe and subtraction radiography and

fractal analysis in identification of progressing sites. The discrepancies between

the manual probe and subtraction radiography in identifying progressing sites

could probably be explained by the high threshold for progression (> 2 mm

change) required by the manual probe. Although the automated probe has

increased resolution over the manual probe, a site measured with the automated
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probe was not considered active until at least 1 mm of relative attachment loss

occurred. In contrast, subtraction radiography detected progression of bone loss

with as little as 0.1 mm change. In addition, in the untreated periodontitis

patients there were heavy deposits of subgingival calculus, which may have

interfered with insertion of the instrument to the full apical extent of the pockets.

The observation that a slightly higher percentage of progressing sites was

detected with the manual probe than with the automated probe is consistent with

this suggestion, since it is easier to manipulate a manual probe past subgingival

calculus than it is with an automated probe with its reduced tactile sensitivity.

D. RELATIONSHIP BETWEEN FRACTAL DIMENSION AND RADIOGRAPHIC
BONE CHANGES

Digital subtraction radiography has been regarded as the gold standard in

detecting the progression of periodontitis due to its ability to detect as little as a

5% change in bone density over time. 4128 Both Palcanis et al. 28and Deas et

al. 41 found that approximately 38% of the sites that they monitored in untreated

periodontitis patients showed increased loss of alveolar bone within 6 to 9

months. In this study, the high incidence of progression (44% of the sites in

diseased population) over the 6-month observation period agrees with the

findings of other recent studies in which bone loss as detected by subtraction

radiography was used as the criterion for progression. 2841 Using a negative

change in the fractal dimension as the criterion for disease progression, 91% of

the sites that have lost additional bone as detected by digital subtraction
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radiography corresponded to those that demonstrated a negative change in

fractal dimension in periodontitis patients. The statistically significant association

between digital subtraction radiography and fractal analysis indicated fractal

analysis as a promising diagnostic tool in detecting the progression of bone loss.

In comparison with different bone changes detected by digital subtraction

radiography with changes in fractal dimension, there was a statistically significant

association in mean changes of fractal dimension with detected bone loss. The

fractal analysis was more sensitive in detecting bone loss than no change or a

gain in bone density. This makes sense because the loss in bone density is at a

greater magnitude than the amount of gain in a 6 month observation period

without treatment, especially in a periodontally involved subject. The number of

subjects experiencing a gain in bone density was too small to make any

conclusive remarks. In terms of no change in bone density as concluded by

subtraction radiography, 48% of the corresponding sites resulted in a negative

change in fractal dimension. This was true in both the healthy and the diseased

group of subjects. When looking at the mean change range of fractal dimension

associated with a no change in subtraction radiography, it ranged from —0.001 to

0.003 for the three frequencies tested. This showed that there was a small range

of fractal dimension change clustered right around zero. The association also

suggested that there may be close to a 50/50 chance that a fractal dimension

change may be either negative or positive. Because the range of mean change

was so small, one could conclude that any fractal dimension change within the

45



mean range, either a positive or a negative change, may indicate a no change in

bone density as detected by subtraction radiography.

E. FUTURE OUTLOOK

It is important to consider that this was a preliminary study where the

application of fractal analysis on dental bitewing radiographs was being explored.

The definition of bone loss as detected by the fractal analysis in this study was a

negative change in the 6-month observation. As seen with the fractal dimension

changes associated with a no change in bone density described by subtraction

radiography, the range included a small deviation in the negative zone as well as

the positive zone. A more practical clinical application of fractal analysis for the

future would be to define the exact range of fractal dimension associated with

histomorphic evidence of different bone changes. There are several fractal

techniques that are available but only the power spectrum technique has been

applied in this study. Whether this technique is superior for this type of analysis,

or whether other fractal techniques would yield the same results requires further

investigation. Finally, inherent digitization factors and noise associated with the

analysis need to be better understood and further investigated.
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VII. CONCLUSIONS

1. Fractal analysis is sensitive to the horizontal angulation change in bitewing

radiography. It is important to have a well standardized x-ray technique to

minimize errors in fractal dimension calculation as a result of angulation

change.

2. Fractal analysis can differentiate between healthy and diseased patients.

3. Fractal analysis is able to detect bone loss as assessed by digital subtraction

radiography.

4. Fractal analysis is a promising diagnostic tool in detecting the progression of

bone loss.
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