
Eur. Radiol. (2001) 11: 1510±1515
DOI 10.1007/s003300000773 EXPERIMENTAL

Madhu K. Nair
Ali Seyedain
Richard L. Webber
Umadevi P.Nair
Nicholas P.Piesco
Sudha Agarwal
Mark P.Mooney
Hans-Göran Gröndahl

Fractal analyses of osseous
healing using Tuned Aperture Computed
Tomography images

Received: 26 May 2000
Revised: 5 October 2000
Accepted: 31 October 2000
Published online: 17 January 2001
� Springer-Verlag 2001

M. K. Nair ()) ´ U.P. Nair
Department of Oral and Maxillofacial
Radiology, School of Dental Medicine,
University of Pittsburgh, Pittsburgh,
PA 15261, USA
E-mail: mkn2@pitt.edu
Phone: +1-412-648 8632
Fax: +1-412-3 837796

A. Seyedain
Department of Periodontics,
School of Dental Medicine,
University of Pittsburgh, Pittsburgh,
PA 15261, USA

R. L.Webber
Department of Dentistry,
Wake Forest University School
of Medicine, Winston-Salem,
USA 27101

N. P.Piesco ´ S. Agarwal ´ M.P. Mooney
Department of Oral Biology,
School of Dental Medicine,
University of Pittsburgh, Pittsburgh,
PA 15261, USA

H.-G. Gröndahl
Department of Oral and Maxillofacial
Radiology, Faculty of Odontology,
Goteborg University, 405 30 Goteborg,
Sweden

Present address: M. K. Nair, G-120 Salk
Hall, 3501 Terrace Street, Pittsburgh,
PA 15261, USA

Abstract The aim of this study was
to evaluate osseous healing in man-
dibular defects using fractal analyses
on conventional radiographs and
tuned aperture computed tomogra-
phy (TACT; OrthoTACT, Instru-
mentarium Imaging, Helsinki, Fin-
land) images. Eighty test sites on the
inferior margins of rabbit mandibles
were subject to lesion induction and
treated with one of the following: no
treatment (controls); osteoblasts
only; polymer matrix only; or osteo-
blast-polymer matrix (OPM) com-
bination. Images were acquired us-
ing conventional radiography and
TACT, including unprocessed
TACT (TACT-U) and iteratively
restored TACT (TACT-IR). Heal-
ing was followed up over time and
images acquired at 3, 6, 9, and
12 weeks post-surgery. Fractal di-
mension (FD) was computed within
regions of interest in the defects us-
ing the TACT workbench. Results
were analyzed for effects produced
by imaging modality, treatment mo-
dality, time after surgery and lesion
location. Histomorphometric data
were available to assess ground
truth. Significant differences
(p < 0.0001) were noted based on
imaging modality with TACT-IR re-
cording the highest mean fractal di-
mension (MFD), followed by
TACT-U and conventional images,
in that order. Sites treated with
OPM recorded the highest MFDs
among all treatment modalities

(p < 0.0001). The highest MFD
based on time was recorded at
3 weeks and differed significantly
with 12 weeks (p < 0.035). Correla-
tion of FD with results of histomor-
phometric data was high (r = 0.79;
p < 0.001). The FD computed on
TACT-IR showed the highest corre-
lation with histomorphometric data,
thus establishing the fact TACT is a
more efficient and accurate imaging
modality for quantification of os-
seous changes within healing bony
defects.
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Introduction

Quantification of osseous changes in healing sites is a
complex and challenging procedure. Numerous tech-
niques are employed including digital subtraction using
multiple radiographic examinations acquired over a pe-
riod of time with reproducible projection geometry, ad-
vanced imaging modalities, such as, for example, quan-
titative computed tomography (QCT), MRI, and dual-
energy X-ray absorptiometry (DEXA), in order to
quantify osseous repair and regeneration. Use of these
techniques in a clinical environment is limited owing to
numerous limitations posed by each, which includes
among other things, the need to stabilize the subject for
relatively long periods of time during image acquisition,
inability to easily reproduce projection geometry, the
relatively high cost of advanced imaging, relative inac-
cessibility to the general practitioner, increased radia-
tion burden of advanced imaging, and the potential for
artifact generation. Acquisition of radiographic infor-
mation in three-dimensional volume using advanced
imaging techniques aids in appropriate non-invasive
characterization of the healing process, such as the lo-
cation, quality, and quantity of osseous tissue which re-
generates/remodels [1], but the various drawbacks of
these techniques preclude their routine use in clinical
and laboratory studies.

Fractal analysis [2, 3] is yet another technique to
quantify bone formation through evaluation of the
complexity of bone, which in turn serves as an indicator
of the level of structural organization. The higher the
fractal dimension, the more the morphological com-
plexity at the ultra-structural level [2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18]. Analyses of fractal dimen-
sion has been correlated with the strength of bone in
previous studies [5, 6, 7, 14, 15, 16, 18], and therefore we
decided to evaluate the fractal dimension of healing
sites on rabbit mandibles which were subject to de-
structive bony lesion induction and various treatment
modalities, using tuned aperture computed tomography
(TACT; OrthoTACT, Instrumentarium Imaging, Hel-
sinki, Finland) images.

The TACT technique is a reconstruction algorithm
that utilizes multiple two-dimensional conventional
projections acquired with differing geometries, to form
three-dimensional image databases which can then be
processed to view in static or video mode. The higher
diagnostic efficacy of TACT over conventional radio-
graphic techniques, with respect to numerous other
clinical applications [1, 19, 20, 21, 22, 23, 24, 25, 26], was
the basis for such an investigation. It differs from the
existing modalities cited previously in that it computes
the 3D representation by using information acquired
from known fiducial relationships that exist in the 2D
projections themselves. This contrasts with the conven-
tional method wherein a majority of the drawbacks as-

sociated with advanced imaging modalities, such as the
need to stabilize the region of interest during image ac-
quisition, the prohibitive cost of a QCT examination,
and the radiation dose involved, are not issues to con-
tend with while using TACT. Reconstruction is facili-
tated through the use of known fiduciary relationships
that exist within the conventional 2D images. The radi-
ation dose can be prorated among the number of indi-
vidual 2D projections acquired digitally, to not exceed a
comparable dose required to expose a film-based image
of the region of interest.

This study explored the use of fractal analyses on
TACT images, for evaluation of the healing process
within regions of interest (ROI) contained by mechani-
cally induced osseous defects in the mandibles of rab-
bits, which had been subject to different treatment mo-
dalities. Pilot studies done at this institution by the same
investigators using representative specimen samples
drawn from the experimental sample pool had shown
promise of an impressive performance of this imaging
modality, in comparison with conventional 2D radio-
graphs, with ground truth determined histomorpho-
metrically. Specifically, data computed from fractal
analyses of the ROIs were evaluated. The null hypoth-
eses for this study were that: (a) no statistically signifi-
cant correlation exists between the fractal dimension of
the ROI encompassing the defect and osseous integra-
tion across all imaging modalities, as determined by a
histological examination, and no statistically significant
difference exists between the fractal dimensions of the
different ROIs, with respect to the treatment modali-
ties; (b) the time elapsed post-surgery; and (c) the loca-
tion (anterior and posterior) and side (right and left) of
the mandible, as evaluated from displays using all im-
aging modalities.

Materials and methods

Lesion induction

Artificially induced surgical defects were selected over passive
models utilizing natural lesions because the former can be stan-
dardized and does not vary with respect to etiology. A total of 80
lesions were induced in 20 New Zealand rabbits (Myrtle Rabbitry,
Pittsburgh, Pa., USA) along the inferior margin of the mandible.
Each rabbit received four defects, two on each side of the mandi-
ble, one anteriorly and the other posteriorly. The lesion configu-
ration was standardized across all sites. Previous studies had re-
vealed that two-walled defects in rabbit mandibles, 5 mm or larger
in size, failed to heal over a period of 52 weeks post-surgery [29,
30]. Our pilot studies, using a polymer matrix as the scaffolding to
induce repair of the defects (Atrix Laboratories, Fort Collins,
Colorado), resulted in resolution of even 8-mm (transverse diam-
eter) defects in approximately 12 weeks. Therefore, this study uti-
lized two-walled defects, 8 mm in width and 8±10 mm apart along
the inferior mandibular margin, induced with a slow-speed straight
fissure bur by one of the investigators. Furthermore, the investi-
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gation involved evaluation of the healing process over a relatively
shorter period of time (3±12 weeks). Following lesion induction,
each experimental site was subject to one of four randomly as-
signed treatments: (a) no treatment (served as controls); (b) poly-
mer matrix (Atrix Laboratories, Fort Collins, Colorado) alone; (c)
polymer matrix with osteoblasts grown in vitro (OPM); and (d)
osteoblasts in suspension grown in vitro without the polymer ma-
trix as scaffold. Care was taken not to repeat any single treatment
modality per specimen studied. The overlying tissue surrounding
each defect was carefully sutured to maintain stability of any graft
materials. The rabbits resumed normal life following the surgery.
Groups of rabbits were sacrificed following a post-surgical healing
period of 3, 6, 9, or 12 weeks, using an overdose of Nembutal. Di-
rect digital radiography was performed on each specimen to serve
as diagnostic images for lesion analyses. Ground truth was estab-
lished using histomorphometric techniques.

Image acquisition

Imaging was accomplished using the X-ray source (OP-100, In-
strumentarium Imaging, Finland) of a panoramic imaging unit for
ease of use. The specimens were positioned on an imaging plat-
form and imaged using appropriate exposure parameters as deter-
mined by pilot studies. The diagnostic task was to visualize and be
able to trace the normal anatomic landmarks in the region, which
included the inferior margin of the mandible, periodontal ligament
space of the teeth in the field of view, the trabecular pattern of
normal bone peripheral to the defects, and the margins of the le-
sion. Exposure parameters used for digital image acquisition were
70 kVp, 15 mA, and 0.13 s at a focal spot to object distance of
40 cm. The projection geometry was varied between 9� and 20� to
either side of the orthogonal projection geometry axis [22, 23, 25,
26] to acquire eight more images for TACT reconstruction. A fi-
duciary reference of 1.5 mm in transverse diameter (Beekley,
Bristol, Conn., USA) was placed 3 mm buccal to the outer curva-
ture of the mandible in order for the algorithm to reconstruct the
image of the ROI in 3D.

All digital images were acquired using the Schick (CDR Com-
puted Dental Radiography) system (Schick Technologies, Long
Island City, NY). A no. 2 charge coupled device sensor was
mounted on the lingual side of the mandible to be imaged and
maintained in position using a precision instrument (Rinn Corpo-
ration, Elgin, Ill.). The OP100 unit was equipped with the TACT
imaging program (OrthoTACT, Instrumentarium Imaging, Hel-
sinki, Finland) which facilitated controlled exposures using differ-
ent loci in space along a circular path limited to a range of motion
that would optimize complete image capture by the sensor. These
images were saved as uncompressed tif (tagged image format)
files. Image reconstruction was accomplished using the TACT
workbench and the stack of 3D image slices served as the second
imaging modality for evaluation. This was called unprocessed
TACT (TACT-U). Additionally, iterative restoration (a deblurring
technique) was used sequentially to adjacent slices to remove to-
mosynthetic artifacts. This served as the third imaging modality for
purposes of this investigation and was known as iteratively re-
stored TACT images (TACT-IR). Iterative restoration has been
shown to improve the diagnostic accuracy of TACT images with
respect to numerous other diagnostic tasks [19, 22, 24, 26, 27].
Fractal analyses was carried out on images acquired using three
imaging modalities: (a) conventional 2D direct digital images; (b)
TACT-U; and (c) TACT-IR.

All TACT images were viewed interactively as a series of slices
oriented from buccal to lingual. All images were assigned unique
alphanumeric identity numbers by one of the investigators (A.S.)

and randomized for viewing. The observer was blinded as to the
nature of treatment done at each site, the duration after surgery,
and the results of the histomorphometric analyses. Slices of TACT-
U and TACT-IR images through comparable planes were used for
evaluation across all specimens. All images were histogram equal-
ized using a reference image and an ROI was selected based on the
configuration of the defect as it appeared on the images. Fractal
analyses were carried out for each of the different ROIs using the
power spectrum method employed by the TACT workbench.
Thirty-two-bit complex floating point representations of the ROIs
(3 � 32 pixels) that were cropped were subject to 2D fast Fourier
transform (FFT), followed by plotting the log of the magnitude vs
the log of each frequency component that was generated by the
FFT. A regression line was then fitted to this plot. The slope of this
line (a negative value) is used to generate a fractal dimension for
each of the ROIs. All regression lines had correlation coefficients
that exceeded 0.97. The fractal dimension, slope of the regression
line, and correlation of the slope to the data were recorded. The
entire process was repeated four times in each of the experimental
and control sites by the observer and the average of the four read-
ings was used for analyses. This process was repeated after a period
of 2 weeks to get a second average measure to test for differences
based on the observer sessions separated by a period of time. In-
traclass correlation coefficient computed to evaluate intra-observ-
er agreement was 0.86 with respect to the selection of the ROIs on
all images indicating good intra-observer reliability.

Histomorphometry

The animals were killed using an overdose of Nembutal, following
which the mandibular blocks were removed and fixed in 10 %
neutral buffered formalin, before decalcifying them in 10% formic
acid for histological examination. The tissues were then embedded
in paraffin and sectioned sagittally and axially, so that each defect
could be visualized in its entirety. Each representative section was
6±8 mm thick and included the lesion in its entirety. Histomor-
phometric analyses were done in a randomized manner by a single
investigator, who was a microbiologist, after staining them with
hematoxylin and eosin. The observer was blinded as to the nature
of treatment to which each specimen had been subjected and the
time elapsed after surgery. The sections were scored on a scale of
0±10, in which 0 represented no bone formation at all and 10 rep-
resented complete filling of the defect by osseous tissue.

Statistics

Multifactorial repeated analyses of variance (ANOVA) were con-
ducted with the fractal dimension being the dependent variable.
The categorical variables evaluated were treatment modality, im-
aging modality, side of mandible (left or right), site (anterior or
posterior), and time elapsed post-surgery. Alpha was preset at 0.05.
Post hoc tests using Tukey's Honestly Significant Difference anal-
yses were further carried out where ANOVA revealed signifi-
cance.

Results

Computation of the ANOVA revealed a statistically
significant difference in the fractal dimension based on
the treatment modality (p < 0.0001), imaging modality
(p < 0.0001), time after surgery (p < 0.035), and location
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(p < 0.05). No significant higher-order interactions were
noted. Post hoc tests of fractal dimensions using Tukey's
analyses revealed a statistically significant difference
between fractal dimensions measured at the following
sites: those treated with the polymer matrix (higher
fractal dimension, HFD) and controls (p < 0.0005) at all
times and across all imaging modalities; polymer matrix
(HFD) and osteoblasts alone (p < 0.002); and osteo-
blast-polymer matrix delivery system (HFD) and all
other sites except those treated with the polymer scaf-
folding alone (p < 0.04). In addition, a potential effect
on the fractal dimension of the ROIs caused by imaging
modalities was noted, with TACT-IR images recording a
significantly higher fractal dimension (FD) than TACT-
U and 2D projections (p < 0.0001). Additionally, all
TACT images had a higher FD compared with 2D im-
ages (p < 0.0001). Evaluating the effect of the elapsed
time post-surgery on the fractal dimension measures
revealed a statistically significant difference in the FD
between sites evaluated at 3 and 12 weeks, with a higher
FD being recorded at 3 weeks. Location-wise, the mean
FD value for all sites located anteriorly recorded a low-
er value than the posterior sites, across all imaging and
treatment modalities.

Table 1 depicts the distribution of the mean fractal
dimension for each of the treatment categories, image
types, and time after surgery. The mean FD is highest
for sites that were treated with a combination of the
polymer matrix and osteoblasts, followed by matrix
alone, and osteoblasts alone, with the lowest FD re-
corded for the control sites.

Among the image types (Table 1), the mean fractal
dimension (MFD) decreased in the following order:
TACT-IR; TACT-U; and 2D digital images. The fractal
dimension for the sites evaluated 3 weeks post-surgery
recorded the highest mean value with the FD decreasing
to 2.0 by the end of week 12.

The highest mean FD was recorded with TACT-IR
and came from the polymer matrix-osteoblast treated
sites, as was noticed with both of the other imaging mo-
dalities also (Table 2). Tables 3 and 4 illustrate the vari-
ation of the mean FDs with various pairwise compari-
sons involving imaging modality, treatment modality
and time elapsed post-surgery.

Discussion

This study showed that variations in healing patterns as
detected histomorphologically did correlate significant-
ly with observations derived radiographically from in
vivo specimens using TACT.

The potential of iteratively restored TACT images to
detect and quantify bony changes within ROIs cannot
be discounted as the imaging modality uses conven-
tional 2D radiographs to reconstruct images in 3D,
thereby permitting examination of the radiographed
tissue volume as tomographic slices. The FDs computed
from TACT-IR provided the most correlation with the
histomorphometric data, followed by TACT-U and
conventional radiographs.

Histogram equalization of all images used in the
study ensured that any variables that may have con-
founded the analyses were considered. In any case, it
seems apparent that detectable healing effects are de-
termined equally by the experimental conditions un-
derlying lesion management and the period over which
healing was evaluated under the experimental condi-
tions imposed by this investigation. The differences in
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Table 1 The mean and standard deviation of fractal dimensions
based on imaging modality, treatment modality, and time after
surgery. FD fractal dimension; TACT-IR Tuned Aperture Com-
puted Tomography� iteratively restored images; TACT-U unpro-
cessed Tuned Aperture Computed Tomography� images

Main effect Type of effect Mean FD SD

Treatment None 1.991 0.090
Polymer matrix only 2.039 0.119
Osteoblasts only 1.992 0.094
Osteoblast-polymer matrix 2.059 0.114

Image TACT-U 2.028 0.061
TACT-IR 2.066 0.132
2D digital images 1.967 0.091

Location Anterior 2.0134 0.118
Posterior 2.0322 0.112

Time 3 weeks 2.046 0.100
6 weeks 2.014 0.118
9 weeks 2.024 0.112
12 weeks 2.000 0.101

Imaging vs treatment modality Controls Polymer
matrix

Osteoblasts Polymer
matrix-osteoblasts

2D digital radiographs 1.951 1.993 1.940 1.996
(0.058) (0.076) (0.055) (0.055)

TACT-IR 2.048 2.119 2.030 2.168
(0.117) (0.138) (0.113) (0.160)

TACT-U 1.972 2.066 2.010 2.066
(0.063) (0.102) (0.084) (0.082)

Table 2 Interaction between
imaging modality and treat-
ment modality: mean FD val-
ues (standard deviations in pa-
rentheses)



fractal dimension computed based on treatment modal-
ities are attributed to the presence/absence of a scaf-
folding to hold the osteoblasts in place. The scaffolding
provided by the polymer matrix appears to enhance
bridging of the defect in some way as was indicated by
the relatively high FD values noted in instances where
the matrix was employed. There was increased bone
formation in these areas as was confirmed histomor-
phometrically even at the 3-week post-surgery period.
Osteoblasts by themselves could not effectively enhance
the structural integrity of the healing osseous tissue ap-
preciably, but in conjunction with good scaffolding, the
best results were obtained.

The relatively high MFD recorded at 3 weeks post-
surgery probably indicates that the greatest amount of
structural complexity was evident at 3 weeks, and that
remodeling probably resulted in a loss of FD subse-
quently. The higher fractal dimension recorded in the
posterior mandibular defects could probably be attrib-
uted to the masticatory pattern seen in these rabbits,
with more bone complexity seen in areas of increased
bone stimulation.

New bone formation detected as part of the healing
and remodeling process at all sites by histomorphomet-
ric analyses correlated with the computation of the FD
of the same regions in radiometric studies using TACT.
Fractal dimension and the results of the histomorpho-
metric analyses were positively correlated indicating
that a healing site exhibiting a high FD was likely to
have a higher osseous content with better structural
integrity (Pearson's correlation coefficient: r = 0.79;
p < 0.001).

We believe that this study establishes the potential of
TACT to quantify healing in osseous defects, thus pro-
viding alternatives to QCT and other advanced imaging
methods [9, 10, 11, 12, 13, 14, 15, 18, 19, 20, 21]. The
TACT technique does not require expensive equipment
and can be easily employed in routine clinical and labo-
ratory settings without having to standardize or main-
tain rigid projection geometry. Studies using conven-
tional film-based 2D radiographs as the basis images for
3D reconstruction using TACT have produced impres-
sive results, too [1, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].

In conclusion, TACT has been shown to be a reliable
and accurate method for facilitating noninvasive quan-
titative assessment of osseous healing in rabbit mandi-
bles and warrants more studies comparing it with other
advanced imaging modalities routinely in use for this
purpose. The TACT technique can thus be used in the
clinical setting to monitor and quantify osseous healing
in patients, without having to resort to expensive and
relatively inaccessible advanced imaging modalities that
require immobilization of the ROI, and the potential for
artifact generation.
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Time after surgery vs imaging
modality

3 weeks 6 weeks 9 weeks 12 weeks

2D digital radiographs 1.970 1.965 1.965 1.971
(0.049) (0.069) (0.057) (0.083)

TACT-IR 2.133 2.066 2.074 2.002
(0.090) (0.158) (0.143) (0.105)

TACT-U 2.036 2.012 2.038 2.028
(0.082) (0.090) (0.083) (0.110)

Table 3 Interaction between
imaging modality and time af-
ter surgery: mean FD values
(standard deviations in paren-
theses)

Time after surgery vs treatment
modality

3 weeks 6 weeks 9 weeks 12 weeks

Controls 1.986 2.018 2.006 1.950
(0.087) (0.127) (0.087) (0.054)

Polymer matrix 2.079 2.032 2.032 2.015
(0.120) (0.072) (0.039) (0.122)

Osteoblasts 2.030 1.960 2.005 1.978
(0.058) (0.099) (0.116) (0.075)

Polymer matrix-osteoblasts 2.090 2.048 2.055 2.059
(0.012) (0.152) (0.116) (0.113)

Table 4 Interaction between
treatment modality and time
after surgery: mean FD values
(standard deviations in paren-
theses)
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