
Osteoporosis is a metabolic bone disease characterized
by low bone mass and microarchitectural deterioration
of bone tissue leading to enhanced bone fragility and
an increased risk of fracture.1 It is one of the most
common metabolic bone disorders in the elderly,
affecting approximately 30% of postmenopausal
women.2 Fractures involve primarily the spine, hip,
wrist, and proximal humerus. Those involving the hip
are particularly devastating, with 20% of patients dying
from their injuries. Encouragingly, there are now
multiple means of treating this condition.

The World Health Organization defines osteoporosis as
a bone mineral density (BMD) greater than 2.5 standard
deviations below the young adult mean BMD.2 Bone
mass is usually measured by determining the BMD of
trabecular or cortical bone through use of cross-sectional
imaging based on quantitative computed tomography3,4

or of the whole bone through use of dual energy x-ray
absorptiometry (DEXA).5 Because osteoporosis results
in a greater relative loss of trabecular than of cortical
bone, quantitative computed tomography provides the
better method of examination.6,7 DEXA scans, which
measure the entire bone, are usually used because they
have a lower radiation dose and are characterized by
better precision and greater ease of use.2 However, the
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costs associated with these advanced imaging tech-
niques, as well as the distribution of the equipment, limits
their usefulness for screening examinations.

There are 2 primary mechanisms of loss of trabecular
bone: rapid loss associated with osteoclastic destruction,
presenting perforations of the trabeculae, and slow bone
loss, presenting as decreased osteoblastic depositing,
which results in thinning of the bone.8-10 When bone
becomes sufficiently demineralized, skeletal fractures
occur. The age at which this critical fracture threshold is
reached depends on the maximal bone mass achieved in
early adulthood and the rate of loss with increasing age.
Other risk factors for osteoporosis include cigarette
smoking, alcohol abuse, physical inactivity, low dietary
calcium, and the presence of systemic disease, including
hyperparathyroidism and rheumatoid arthritis.11,12 There
is developing evidence that bone structure, in addition to
mass, is important in determining bone strength.9,13-16

Bone trabecular pattern can be characterized by a number
of measures, including area of the bony plates, circum-
ference of the trabeculae, number of bony and marrow
regions, thickness of trabeculae, trabecular spacing,9,17-22

and osseous fractal dimension.22-26 A means of analyzing
architectural features of the trabecular pattern from
conventional radiographs has been described.27,28

Morphologic features of the trabecular pattern of the
distal radius were measured and found to correlate with
the bone mineral density of the lumbar spine.29

With their high spatial resolution (in comparison with
that of computed tomographs), dental radiographs of the
basal and alveolar bone of osteoporotic men and women
may reveal changes in morphologic features of bone
trabeculation compared with unaffected individuals. If
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appropriate bone features that identify patients showing
early signs of osteoporosis can be found on dental radio-
graphs, then dentists will be able to provide a valuable
screening service for their patients by referring appro-
priate patients to their physicians for follow-up.

The purpose of this study was to test our hypothesis
that the morphologic features of the trabecular bone of
the maxilla and mandible differ between patients with
osteoporosis and normal control subjects.

METHODS AND MATERIAL
Custom trabecular bone morphology program

Using NIH Image software, we wrote a custom
computer program that measures morphologic features
of the trabecular architecture in digitized radio-
graphs.30 This program uses methods described both in
studies of the trabeculae of the distal radius involving

conventional radiographs27-28 and in studies of the
trabecular pattern of bone in histologic slides.18-20

To begin, the user identifies a region of interest in the
radiograph (Fig 1, A). The program is designed to
remove large-scale variations in brightness on the
image; such variations have various causes—eg, differ-
ences in thickness of the object or the presence of
partially overlapping soft tissue. To accomplish this
task, the region of interest is blurred through use of a
Gaussian filter (sigma = 35 pixels, kernel size = 33 ×
33; Fig 1, B). This step removes all fine-scale and
medium-scale structure and retains only large varia-
tions in density (low-pass filtering). The resulting
heavily blurred image is then subtracted from the orig-
inal, and 128 is added to the result at each pixel loca-
tion (Fig 1, C). This generates an image with a mean
value of 128, regardless of the initial intensity of the

Fig 1. A, Region of interest of trabecular bone from digitized radiograph of anterior maxilla. B, Result of blur-
ring of region seen in Fig 1, A. C, Result of subtracting Fig 1, B from Fig 1, A and adding 128. D, Binary
version of Fig 1, C. E, Trabecular pattern (white region of Fig 1, D) is skeletonized. F, Addition of images A
and E to visually demonstrate that skeletonized image corresponds to original trabeculae. Note that Fig 1, C
shows trabecular detail even in dark and light regions of image.
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image. The idea is that individual variations in this
image (brightness levels) then reflect particular types
of features, in this case trabeculae and marrow spaces.

The image is then made binary, thresholding on a
brightness value of 128 and thus segmenting the image
into components that visually (radiographically)
approximate the trabeculae and marrow (Fig 1, D). The
resultant image is eroded and dilated once to reduce
noise. The image of the trabeculae is then inverted to
make the trabeculae and then skeletonized—that is,
eroded until only the central line of pixels remains (Fig
1, E). Superimposition of the skeletonized trabecular
image on the original image of the bone demonstrates
that the skeletal structure studied corresponds to the
trabeculae of the original image (Fig 1, F).

We analyzed the binary and skeletonized images to
determine the morphologic features of the selected area
of the radiograph. Trabecular area represents the total
number of black pixels in the binary image divided by
the total number of pixels in the region of interest. The
periphery represents the total number of pixels on the
outer border of the trabeculae in binary images,
presented as a proportion of the total area of the trabec-
ulae or of the total region of interest. In the skele-

tonized image, we computed the total length of the
skeletonized trabeculae (total number of black pixels),
the number of terminal points (free ends, ie, black
pixels each having only 1 adjacent black pixel), and the
number of branch points (crossing points, ie, black
pixels each having 3 or more adjacent black pixels).
These parameters are expressed as a proportion of
trabecular length, area, and perimeter. The marrow area
was similarly examined by inverting the image
(making the marrow area black) and then skeletonizing
the resultant image to its core marrow structure.

Patients
Osteoporotic patients were identified at the UCLA

Osteoporosis Center. Each of these patients had BMDs of
the spine and hip measured through use of a DEXA scan.
Those consenting individuals with BMD values greater
than 2.5 SDs below the mean for young women for at
least 1 site and having no sites less than 1 SD below
normal at other sites were defined as having osteoporosis
for the purposes of this study. From this patient pool we
obtained intraoral radiographs for 11 patients (mean age,
63.1 years). The exposure factors were unknown. Radio-
graphs were also collected from 12 control patients seek-
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Table I. Summary statistics: maxilla

Anterior maxilla Posterior maxilla

Osteoporosis Control Osteoporosis Control

Morphologic feature n = 10 SD n = 12 SD P value n = 5 SD n = 7 SD P value

Trabeculae
Trabecular area/total area 0.49 0.04 0.54 0.04 .006* 0.48 0.03 0.52 0.03 .036*
Periphery/total area 0.21 0.03 0.25 0.03 .004* 0.23 0.03 0.27 0.02 .061
Periphery/trabecular area 0.42 0.05 0.47 0.04 .050 0.49 0.05 0.52 0.04 .225
Length/trabecular area 0.15 0.01 0.15 0.01 .698 0.15 0.01 0.15 0.01 .988
Length/total area 0.07 0.01 0.08 0.01 .028* 0.07 0.01 0.08 0.01 .243
Terminal points/sq cm 632 169 894 195 .003* 840 182 1154 152 .014*
Terminal points/length 0.16 0.03 0.20 0.03 .006* 0.21 0.04 0.27 0.03 .026*
Terminal points/periphery 0.05 0.01 0.06 0.01 .007* 0.06 0.01 0.08 0.00 .004*
Terminal points/trabecular area 0.02 0.01 0.03 0.01 .011* 0.03 0.01 0.04 0.00 .030*
Branch points/sq cm 265 50 309 52 .059 236 54 239 55 .935
Branch points/length 0.07 0.01 0.07 0.01 .280 0.06 0.01 0.05 0.01 .300
Branch points/periphery 0.02 0.00 0.02 0.00 .462 0.02 0.00 0.02 0.00 .278
Branch points/trabecular area 0.01 0.00 0.01 0.00 .390 0.01 0.00 0.01 0.00 .467
Branch points/terminal points 0.44 0.09 0.36 0.08 .036* 0.29 0.07 0.21 0.06 .078

Marrow
Marrow area/total area 0.51 0.04 0.46 0.04 .006* 0.52 0.03 0.48 0.03 .036*
Length/marrow area 0.19 0.03 0.24 0.02 .003* 0.22 0.03 0.26 0.02 .033*
Length/total area 0.10 0.01 0.11 0.01 .065 0.11 0.01 0.12 0.01 .147
Terminal points/sq cm 484 139 728 186 .002* 589 166 812 116 .037*
Terminal points/length 0.09 0.02 0.12 0.03 .004* 0.09 0.02 0.12 0.02 .052
Terminal points/marrow area 0.02 0.01 0.03 0.01 .002* 0.02 0.01 0.03 0.01 .029*
Branch points/sq cm 462 98 529 70 .089 576 70 633 98 .267
Branch points/length 0.08 0.01 0.09 0.01 .156 0.09 0.00 0.09 0.01 .620
Branch points/marrow area 0.02 0.00 0.02 0.00 .007* 0.02 0.00 0.02 0.00 .058
Branch points/terminal points 0.99 0.17 0.77 0.23 .022* 1.03 0.23 0.80 0.18 .101

*P ≤ .05.



ing general dental care and having no history of osteo-
porosis (mean age, 39.3 years). These radiographs were
exposed at 70 kVp, 15 mA, and variable exposure time
through use of Ektaspeed Plus film (Kodak). Informed
consent was obtained from all subjects in the study.

Radiographs
All periapical radiographs from osteoporotic and

control patients were digitized at 600 dpi on an Afga
Arcus II scanner. Because of the possibility of alter-
ations in the trabecular pattern as a result of odonto-
genic factors, we selected sites as remote from the
dentition as possible. Images of basal bone in the ante-
rior regions and alveolar bone in the posterior regions
were selected from the following sites: (1) anterior
maxilla superior to the apices of the incisors; (2) ante-
rior mandible inferior to the incisors; (3) posterior
maxilla posterior to the last molar and inferior to the
maxillary sinus; and (4) posterior mandible posterior to
the last molar and superior to the inferior alveolar
nerve canal. In each instance an effort was made to
select as large a region as possible, the apices of teeth
being avoided. The sites were individually analyzed
through use of the program described.

Statistical analysis

The mean values for each of the parameters listed in
Tables I and II were determined for the osteoporotic
and control groups by anatomical site. Because of the
large number of predictor variables and comparisons
relative to the sample sizes, we used a principal compo-
nents analysis to summarize the number of predictors
to four in each anatomical region. A Hotelling T2 test
was then used on these 4 variables to determine
whether the overall mean differences in outcome at
each of the 4 sites were beyond chance. The means
were compared by means of the Student t test through
use of a 2-tailed distribution and 2 samples of unequal
variance. Significance was defined as P ≤ .05.

Because this was an exploratory study, we also
performed a multivariate analysis using classification
trees. The Cox-Snell R2 was used to estimate the propor-
tion of disease variation explained by the predictors.

RESULTS
Table I presents summary statistics for the morphologic

features found in the trabeculae of the maxilla; Table II
shows the findings in the mandible. Compared with
control individuals, patients with osteoporosis demon-
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Table II. Summary statistics: mandible

Anterior mandible Posterior mandible

Osteoporosis Control Osteoporosis Control

Morphologic feature n = 9 SD n = 11 SD P value n = 7 SD n = 10 SD P value

Trabeculae
Trabecular area/total area 0.51 0.07 0.56 0.03 .075 0.48 0.06 0.54 0.03 .048*
Periphery/total area 0.23 0.06 0.28 0.04 .051 0.23 0.03 0.29 0.03 .005*
Periphery/trabecular area 0.46 0.06 0.51 0.06 .080 0.48 0.03 0.53 0.04 .007*
Length/trabecular area 0.15 0.01 0.15 0.01 .169 0.14 0.01 0.15 0.01 .127
Length/total area 0.07 0.02 0.09 0.01 .078 0.07 0.01 0.08 0.00 .056
Terminal points/sq cm 831 274 1080 260 .054 815 208 1150 182 .005*
Terminal points/length 0.20 0.03 0.23 0.04 .114 0.21 0.03 0.26 0.04 .010*
Terminal points/periphery 0.06 0.01 0.07 0.01 .166 0.06 0.01 0.07 0.01 .018*
Terminal points/trabecular area 0.03 0.01 0.03 0.01 .089 0.03 0.01 0.04 0.00 .006*
Branch points/sq cm 276 76 324 23 .102 242 72 276 50 .309
Branch points/length 0.07 0.01 0.07 0.00 .337 0.06 0.01 0.06 0.01 .921
Branch points/periphery 0.02 0.00 0.02 0.00 .900 0.02 0.00 0.02 0.00 .668
Branch points/trabecular area 0.01 0.00 0.01 0.00 .184 0.01 0.00 0.01 0.00 .615
Branch points/terminal points 0.34 0.07 0.32 0.10 .588 0.30 0.05 0.25 0.08 .124

Marrow
Marrow area/total area 0.49 0.07 0.44 0.03 .075 0.52 0.06 0.46 0.03 .048*
Length/marrow area 0.22 0.04 0.26 0.03 .059 0.22 0.04 0.26 0.02 .031*
Length/total area 0.11 0.01 0.11 0.01 .155 0.11 0.01 0.12 0.01 .125
Terminal points/sq cm 635 258 862 200 .047* 572 190 851 127 .007*
Terminal points/length 0.10 0.04 0.14 0.03 .047* 0.09 0.03 0.13 0.02 .010*
Terminal points/marrow area 0.02 0.01 0.04 0.01 .046* 0.02 0.01 0.03 0.01 .010*
Branch points/sq cm 541 49 566 67 .347 595 86 604 62 .828
Branch points/length 0.09 0.00 0.09 0.01 .798 0.09 0.01 0.09 0.01 .219
Branch points/marrow area 0.02 0.00 0.02 0.00 .078 0.02 0.00 0.02 0.00 .208
Branch points/terminal points 0.997 0.42 0.69 0.18 .072 1.12 0.29 0.73 0.15 .011*

*P ≤ .05.



strate a reduction in the area of trabeculae and length of
the periphery of the trabeculae bone in the region of
interest. There is also a reduction in the complexity of the
trabecular pattern of osteoporotic patients in comparison
with control individuals, as shown by a reduction in the
number of terminal points, considered either as an
absolute count per area or as a function of skeletal length,
length of periphery of trabeculae, or trabecular area. The
marrow pattern is similar in that there is a corresponding
increase in marrow area but also a general reduction in
marrow complexity, as shown by a reduction in the
number of terminal points. This pattern is consistent
throughout the jaws. The number of branch points, either
in absolute terms or as a function of trabecular periphery,
length, or area, does not differ between patients with
osteoporosis and control individuals. However, with
regard to the P values in Tables I and II, because the
Hotelling T2 is only significant in the anterior maxilla and
the posterior mandible, the nominally significant P
values in the posterior maxilla and anterior mandible are
likely to be artifacts of repeated significance testing and
the low sample size. Tables I and II should thus be
regarded as more descriptive in nature.

Table III shows the results of the principal compo-
nents analysis. For each anatomical location, 4 vari-
ables were developed that accounted for 98% of the
variance. The Hotelling T2 test showed that statistically
significant differences between osteoporotic patients
and controls individuals are found in the anterior
maxilla and the posterior mandible.

Although this was an exploratory study, we performed
a multivariate analysis using classification trees. The
classification tree is shown in Fig 2. The subjects are first
divided into 2 groups according to the ratio of the number
of terminal points to the number of periphery pixels in
the anterior maxilla (greater or less than 0.0605). One
group consists of only 8 control individuals; the second
group is mixed. The latter group is then divided
according to the number of periphery pixels per trabec-
ular area pixel in the posterior mandible (greater or less
than 0.5178) into 2 groups, one consisting of only 3
control individuals and the other consisting of all the
patients with osteoporosis and 2 control individuals. This
simple algorithm thus correctly categorized 23 (92%) of

the 25 study subjects. The Cox-Snell R2 statistic was
0.81; that is, approximately 81% of the variation of
disease was accounted for by the tree. However, this esti-
mate may be too high because of the small sample size.

DISCUSSION
The data presented in this report support the hypothesis

that patients with osteoporosis have an altered trabecular
pattern in the jaws compared with control individuals. It
is known that osteoporosis results in reduction of bone
mineral density of the mandible.24,31-41 Other studies
have also demonstrated alterations of the trabecular
pattern in demineralized human maxilla25,42; our study
extends these findings in the jaws to include structural
alterations of the trabecular pattern in patients with osteo-
porosis. Geraets et al27,29 have shown that these trabec-
ular changes in the distal radius correlate with bone
mineral density in the lumbar spine; the changes in
trabecular architecture are consistent with the changes in
the jaws described in our study. This suggests that cancel-
lous bone in the jaws may respond similarly to other
cancellous bone in patients with osteoporosis.

Comparable changes in the architecture of trabecular
bone in patients with osteoporosis and in normal aging
have been reported in the iliac crest,17,18,20,43-45 femoral
neck,46 vertebrae,21,47-50 and distal radius.27,29 Indeed,
Croucher et al18 have argued that because the architec-
tural changes in patients with osteoporosis correlate with
the cancellous bone area and the pattern of changes is
the same as that seen in normal aging, primary osteo-
porosis is the result of greater biologic aging rather than
a specific disease process. Regardless of the cause
(increasing age or disease), patients with osteoporosis
show a decrease in the area of cancellous bone and in the
number and thickness of trabecular plates. Typically
there is also a decrease in architectural complexity, as
demonstrated in this study by a decrease in the number
of terminal points per unit area and as a function of
trabecular area, periphery, and skeletal length. It is note-
worthy that in this study the number of trabecular
terminal points per square centimeter is reduced in
patients with osteoporosis compared with control indi-
viduals, whereas the number of branch points per square
centimeter is not. It is probable that the number of
terminal points better reflects the fine structure of the
trabeculae that is most readily resorbed with osteo-
porosis while the measures of branch points reflect the
core trabecular structure, less readily altered by osteo-
porosis. Similarly, the length of the skeletonized trabec-
ulae, another measure of the core trabecular structure,
also does not distinguish between these 2 groups.

The measures of the trabecular architecture in the
jaws reported here are essentially independent of the
orientation of the x-ray beam with respect to the
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Table III. Multiple comparisons correction

No. of Variance
observations/ accounted Hotelling

Location group for (%) F-statistic P value

Anterior maxilla 22 97.7 3.93 .019
Posterior maxilla 12 97.7 3.39 .221
Anterior mandible 20 98.6 1.15 .369
Posterior mandible 17 98.4 5.06 .013



patient, and many are also independent of the optical
density of the original radiograph over the diagnostic
range.51 There is still an opportunity to further opti-
mize the characterization of the trabecular and marrow
components of the bone. In particular, the specific
sequence of erosion and dilation used to smooth the
image, as well as the brightness threshold value
selected to make the image binary, has a substantive
influence on the image appearance. These and other
parameters need to be examined in greater detail.

It is of particular significance that the data in this
study were collected from conventional dental radio-
graphs made by community dentists in the course of
routine dental care. Such images typically have a great
range in density and contrast because of variations in
exposure conditions, patient, and film procession
conditions. Because of this we are specifically inter-
ested in assays that do not directly consider the optical
density of bone on radiographs. This situation is not
aided by the use of direct digital imaging, as the same
variables pertaining to exposure and the patient apply.
Rather, the key is to develop an assay that examines
intrinsic morphologic features of the trabecular bone
that are essentially independent of exposure and
processing variables. Such an assay is appropriate for
use in general dental offices. No special means were
used to standardize exposure or processing conditions,
and no stepwedge or other such device is needed for
image standardization or calibration. As dental offices
move to digital imaging, either through direct capture
or indirectly by digitization of radiographs, it is easy to
imagine development of a module that will analyze the
trabecular pattern of bone of all images. Such a process

is well suited as a screening examination, as it could be
performed on a large number of patients through use of
radiographs already collected for diagnostic purposes.

The propensity for the anterior maxilla to be the most
sensitive site for distinguishing osteoporotic patients
from controls is most likely a consequence of the rela-
tively large amount of trabecular bone and the relatively
low cortical bone thickness at this site.52 The ratio of
trabecular to cortical bone is higher in the maxilla
because of the relatively dense buccal and lingual
cortical plates of the mandible. The skeleton as a whole
is composed of approximately 80% cortical bone and
20% trabecular bone.53 The appendicular skeleton is
largely cortical bone, whereas trabecular bone predom-
inates in the vertebral bodies of the spine. Because of its
high surface area–to–volume ratio, the trabecular bone
is believed to have an 8-fold higher turnover rate than
cortical bone and to be highly responsive to metabolic
stimuli. The clinical and epidemiologic finding that
osteoporotic fractures occur first in the vertebral bodies
and distal radius, sites that are predominately trabecular
bone, substantiate physiologic studies of early loss of
trabecular bone.53 This observation is of particular
interest to our project because the maxillary and
mandibular alveolar bones are rich in trabecular bone,
particularly in the anterior regions. It must be recog-
nized, however, that it is not clear what structures give
rise to the trabecular pattern seen on dental radiographs.
Bender and Seltzer54 showed that removal of cancellous
bone from the posterior region of cadaver mandibles did
not alter the radiographic appearance of the trabeculae.
It was only when the endosteal surface of the cortical
bone was removed that the radiographic image was
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Fig 2.  Classification tree shows separation of patients with osteoporosis from control individuals. First step
identifies individuals with more than 0.0605 terminal points per periphery pixel in anterior maxilla; second
step separates individuals with more than 0.5178 periphery pixels per trabecular area pixel in posterior
mandible. This algorithm results in correct classification of 23/25 subjects.



altered. This finding may not hold true in the maxilla,
however, as there the cortical bone is thinner and the
cancellous bone more dense. Accordingly, the actual
source of the radiographic trabecular pattern studied in
this report, cancellous or endosteal cortical bone, may
vary with anatomical region.

This exploratory study has limitations that restrict the
scope of its conclusions. First, the sample size was
small. More patients need to be investigated to gain a
better understanding of the intrapatient and interpatient
variability of the parameters measured. Furthermore, all
patients in this study were women; no data from men
has been collected. In addition, the medical histories of
the patients with osteoporosis, other than their BMD
findings, are unknown. For instance, it is not known
how many years have elapsed since menopause or
whether the patients are taking hormone replacement
therapy. Social factors such as extent of smoking and
alcohol consumption, amount of exercise, and nutri-
tional supplements are also not known. Thus, although
our results suggest that patients with osteoporosis have
differences in the morphologic structure of their trabec-
ular bone, more work is necessary to substantiate these
findings in well-defined patient populations in which
the conditions mentioned are controlled for.

Our goal is to identify a sensitive and specific
screening tool that can be used prospectively to identify
individuals with osteoporosis to initiate therapy and
forestall or prevent osteoporosis and its disabling conse-
quences. Individual rather than population-based risk
assessment is designed to assist a clinician in evaluating
a patient’s disease risk. Individual risk assessment is
clearly indicated when identification of risk and imple-
mentation of appropriate preventive measures can effec-
tively help a patient avoid future health problems.
Currently there is considerable overlap among the range
of values of the morphologic features between controls
and patients with osteoporosis. Eventually we wish to
identify combinations of morphologic features so that
individual risk estimates for osteoporosis can be
assigned. Such information would allow dentists to
effectively screen a large fraction of the population for
osteoporosis and to selectively refer appropriate patients
to their physicians for appropriate care. This mechanism
of referral may well identify a patient before his or her
first fracture. It will also expand the range of services
dentists can provide their patients.

APPENDIX
Erosion. Removal of pixels from the edges of
objects in a binary image, where contiguous black
areas in the image are considered objects and back-
ground is assumed to be white. A pixel is removed
(set to white) if 4 or more of its 8 neighbors are

white. Erosion separates objects that are touching
and removes isolated pixels.30

Dilation. Addition of pixels to the edges of objects
in binary images. A pixel is added (set to black) if 4
or more of its 8 neighbors are black. Dilation
connects discontinuous objects and fills in holes.30

Gaussian filtration. Blurring accomplished
through use of a 33 × 33 pixel kernel. The weights
in each pixel were chosen to simulate a Gaussian
distribution. We elected to use a kernel with an SD
(sigma) of 35 pixels—ie, the radius containing 68%
of the integrated magnitude of the coefficients.55

Skeletonization. Repeated removal of pixels from
the edges of objects in a binary image until they are
reduced to single pixel–wide skeletons.30
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