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Adequate bone volume is a require-
ment for successful placement of
dental implants and their long-term
retention.” Where bone is lacking,
bone grafts and artificial materials
such as hydroxyapatite have been
used to increase volume.? A novel
approach to induce new bone
growth may be the application of
proteins that modulate wound heal-
ing. In particular, bone morpho-
genetic protein-2 (BMP-2) demon-
strates potential for stimulating de
novo bone formation.3 While the effi-
cacy of recombinant human BMP-2
(rhBMP-2) has been evaluated in
basic science and animal studies,
only a few human trials have been
completed.*¢ The latter employed
clinical examination, linear measure-
ments on plain film and computer-
ized tomography (CT) scans, and
radiographic photodensitometry.6=?
The disadvantage of these evalua-
tion modalities is that they provide a
linear measurement versus a volume
calculation. The use of CT scans to
measure the volume of a region of
interest (ROI), for example, of a
tumor in the liver (Fiorellini et al,
unpublished data; and others'®1"), is
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Fig 1a Case treated with rhBMP-2/ACS:
preoperative photograph.

Fig 1b (right) Panoramic radiograph
shows periodontal involvement of maxil-
lary left central incisor.

Fig 1c (far right)  Intraoperative view
shows large buccal wall defect following
tooth extraction.

Fig 1d (left) Intraoperative view with well-established. Using them to mea-
rhBMP-2/ACS in place.

sure the bone volume of extraction
Fig 1e (below) Intraoperative view 4 sockets poses a unique problem—
months posttreatment shows restoration of the absence of at least one bound-
buccal wall. ary, namely the alveolar crest. As
bone volume has been considered
among the most important factors
for successful implant-supported
restoration, this article reports the
development and use of CT scan
methods for the measurement of
bone volume changes in extraction

sites treated with rhBMP-2.

Method and materials

Data for this study were gathered
retrospectively from one center (20
subjects) of an 80-subject multicen-
ter trial.’> The trial had been
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X-ray tube

Detector array

approved by the institutional review
boards of each of the participating
centers. Subjects who required local
alveolar ridge augmentation were
treated with rhBMP-2/absorbable
collagen sponge (ACS) carrier for
buccal wall defects following maxil-
lary tooth extraction (Fig 1). Subjects
were randomized in a 2:1:1 ratio to
receive rhBMP-2/ACS (0.75 or 1.50
mg/mL), placebo (ACS alone), orno
treatment. Each patient underwent
pre- and postoperative CT scans,
which were obtained at baseline
(within 4 days following study treat-
ment) and 4 months following study
treatment. The protocol included
standardization of the CT scans as
follows: (1) the hard palate was posi-
tioned in a plane perpendicular to
the table; (2) the thickness of the
slices was fixed; (3) the number of
slices was fixed; and (4) the gantry
was tilted to O degrees.

As the purpose of the present
study was to calculate the difference
in volume between two identical

Fig 2 (left) Typical fan-shaped x-ray
beam in CT scanner.

Fig 3 (right) Different patient positions
during examinations taken at different
times, eg, pre- and postoperative, result in
slices with the same numbers covering dif-
ferent regions. Consequently, one cannot
rely on the slice numbers to determine
area or volume of bone in a given region.

ROls, it had to be certain that the
regions selected were in fact as iden-
tical as possible. Although the expo-
sure of the CT scans during the orig-
inal study had been standardized,
the images were further standard-
ized so that the CT examiner could
consistently define the ROls.
Simplant (version 6.0, Columbia
Scientific) was used to analyze the
CT scan images and calculate bone
volume (cm3).

Standardizing region of interest

Modern CT scanners use a fan-
shaped beam (Fig 2). If, however,
during successive CT examinations,
a subjectis not placed in exactly the
same position, specific cross-sec-
tional slice numbers will cover dif-
ferent regions of the anatomy.
Referring to Fig 3, assume that one
wished to compare the pre- and
postoperative bone volume in the
region covered by slice numbers

Slice 65

Slice 86
. post " post

t

Slice, 84
pre

Slice 63 pre Slice 84
post post

63, and 84, ; on the postoperative

films, one would have to use slices
65__and 86

post post*
possible to rely on the slice num-

It was therefore not

bers as presented on the CT films.
To compensate for these slight
variations, an artificial fan that
resulted in a reproducible field of
view was created. To establish the
mesial and distal boundaries, the
original axial slices were viewed,
starting from the most coronal slice.
The first axial slice where an
anatomic landmark, usually a pulp
chamber, was clearly represented
and for which a corresponding post-
operative axial slice could be located
was selected. After defining this ini-
tial landmark (maxillary right second
premolar), a straight line was drawn
from the palatal aspect of the pulp
chamber to the palatal aspect of the
pulp chamber of a second landmark,
in this case the maxillary left second
premolar (Fig 4). The line was
bisected, establishing a midpoint
from which a straight line was drawn,
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Fig4 Establishing mesial and distal
boundaries of a region. Line drawn from
palatal aspect of pulp chamber of maxillary
right second premolar to palatal aspect of
pulp chamber of left second premolar
serves as starting point. Line is bisected;
from the bisecting point, a straight line
passes through a point on each tooth just
mesial and just distal to extraction site.

Fig7 Following segmentation of the
axial slices and upon display of the cross-
sections, it became apparent that differing
amounts of bone had been included
beyond the apices on pre- and postopera-
tive slices. This had to be corrected for.

Fig5 Establishing mesial and distal
boundaries on postoperative scans. The
series of lines and angles established on
the preoperative views are reproduced on
the postoperative slices.

passing through a point on each
tooth (eg, pulp chamber, mesial tip
of incisal border) just mesial and just
distal to the extraction site. In the
case illustrated, these were the max-
illary right central and the left lateral
incisors. Another line was drawn
from the midpoint and tangent to
the mesial aspect of the maxillary
right central incisor. On the axial view
of the postoperative CT scan, corre-
sponding landmarks to the first pre-
operative slices were identified, and
similar lines were drawn (Fig 5).
These lines and the angles formed
by them defined an artificial CT fan
that was consistent and delineated
the mesiodistal boundaries of the
ROI. Using a Simplant tool option,
this fan was applied to the more api-
cal axial slices, both pre- and post-
operative, until air space was
reached and no bone was present.

Once the fan had been applied
in the axial slices, axial slices were
chosen for analysis. Viewing the axial

Fig 6 \Volume of bone in region of inter-
est is calculated on each axial slice by
manual segmentation. Bone outlined by
the operator is colored red.

slices starting from the most coronal
one, a slice in the ROl where bone
was first observed was chosen. Each
consecutive axial slice was viewed
until no bone was visible. Using the
Simplant manual segmentation tool,
the outline of the bone was traced on
the selected axial slices. Tracing the
outline of the bone seen in these
axial slices ensured that structures
from the most coronal aspect of the
alveolar defect until slightly beyond
the most apical boundary were
included. With the aid of the
Simplant volume tool, the volume of
bone was calculated in each axial
slice (Fig 6).

To reduce the possibility of
including soft tissue rather than bone
volume, a thresholding technique
was applied. The software was
directed to include only those pixels
that had values greater than 150
Hounsfield units, the number typi-
cally used in clinical practice as the
threshold for bone. After tracing all
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Fig 8a (left)

Fig 8b (below)

the axial slices and applying the

threshold, the total amount of bone
volume in the ROl was obtained.
After the mesial and distal bor-
ders had been defined and the
bone on the selected axial slices
traced, the corresponding cross-sec-
tional slices were displayed. On the
latter, it became evident that bone
above the apex of the tooth, and
thus outside the ROI, had been
included. Furthermore, there was
not a consistent superior (apical)
border between the pre- and post-
operative slices, meaning that the
ROI had been defined differently
(Fig 7). Using the cross-sectional
images, the superior margin was
standardized. Beginning with the

preoperative slices, two consistently
reproducible bony landmarks were
chosen on one particular slice. The
landmarks had to be identifiable in
the corresponding postoperative
cross-sectional images. Typically, the
anterior nasal spine and palatal mar-
gin of the incisive canal were sel-
ected. A line was drawn from the
spine downward and palatally to-
ward the incisive canal. The line so
drawn and the angle so obtained
defined the upper limit of the ROI
(Fig 8).

Using the same landmarks, a
similar line was drawn in each post-
operative cross-sectional slice. The
line was initially drawn on the post-
operative slice that corresponded

Defining superior limit of region of interest. Typically,
anterior nasal spine and palatal margin of incisive canal were
selected as the boundary. This is well-illustrated in slice 62.

Slices following complete manual segmentation
and definition of superior border.

most closely with the first preopera-

tive cross-sectional slice. Because of
slightly different positions of the
patient during the scanning proce-
dures, there was a difference in
angulation between the pre- and
postoperative lines. It was arbitrarily
decided that if the difference was
greater than 5 degrees, the patient
would be excluded from the studly.
No case exceeded this limit. The
angle obtained in the selected post-
operative view was applied to all
postoperative cross-sectional slices.
The bone above the newly created
superior margin was removed on the
cross-sectional slices, and the
Simplant software recalculated the
volume of bone.
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S ¢ (mL)* was evaluated using the Kruskal-
able ntraoperator error im Wallis test.

Patient Measurement 1 Measurement 2 Measurement 3

RL 0.09 0.09 0.08

EMC 0.07 0.07 0.08 Results

EL 0.12 0.14 0.13

P> 400, With the Simplant program, a total

of 40 CT studies (20 pre- and 20
postoperative) were evaluated.

) - . Patients in the radiographic stud
Lt 1 [ Comparison of indirect and direct measurements (mL) . Jrap y
. A % consisted of 12 men and 8 women,
to validate the indirect method i
with a mean age of 53.2 years.

Indirect Direct Absolute The mean new bone volumes

Patient measurement measurement difference forthe treatment groups were 0.104
EJH 0.1 0.12 0.01 cm? (standard deviation [SD] 0.063)
m,\NA g;; 8;? 88; for the untreated group, 0.084 cm?
LA 0:08 0208 0:00 (SD 0.044) for the group treated with
RHH 0.06 0.07 001 rhBMP-2 at a concentration of 0.00
Mean 0.134 0.140 mg/mL, 0.106 cm3 (SD 0.033) for the
Standard deviation 0.090 0.097 group treated with rhBMP-2 at a

*P > .125.

Validation of indirect CT volume
measurements

To establish whether the methodol-
ogy employed was reasonably accu-
rate, a direct measurement of new
bone volume that formed within a
socket was performed. Five cases in
which it appeared that new bone was
readily identifiable were selected.
The operator manually segmented
the new bone in each postoperative
CT image. The Simplant software cal-
culated this bone volume. The results
for the five cases were compared
with the volume measurements using
the indirect technique.

Statistical analysis

Using the Statistical Analysis System
(SAS Institute), descriptive statistics
were calculated for the change in
bone volume, with the patient as
the unit of measure. Treatment
groups were compared using the
Kruskal-Wallis and Wilcoxon rank-
sum tests. Direct and indirect vol-
ume measurements were compared
using the Wilcoxon signed ranks
test. To evaluate intraexaminer error,
the examiner measured preopera-
tive images from three randomly
selected study cases. The examiner
repeated this procedure for all
images three times, with a new ran-
domized order. Intraoperator error

concentration of 0.75 mg/mL, and
0.192 cm?® (SD 0.064) for the group
treated with rhBMP-2 at a concen-
tration of 1.50 mg/mL. There was a
statistically significant difference in
bone formation between subjects
treated with rhBMP-2 at a concen-
tration of 1.50 mg/mL compared
with each of the other groups (P <
.050). There was no statistically sig-
nificant difference in bone volume
between any of the other groups.
None of the groups showed a loss in
bone volume.

The means of the three mea-
surements performed to evaluate
intraoperator error were 0.086 cm?
(SD 0.006) for the first patient, 0.073
cm?3 (SD 0.006) for the second
patient, and 0.097 cm3 (SD 0.029) for
the third patient (Table 1). There
were no statistically significant dif-
ferences between any of the three
means. The mean for the indirect
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measurement method was 0.134
cm3 and 0.140 cm?3 for the direct
method (Table 2). The mean ab-
solute difference between the mea-
surements was 0.010 cm?3 (SD 0.007).
There was no statistically significant
difference between the two tech-
niques.

Discussion

Short of reentry into the site, radi-
ography offers the best way to deter-
mine the efficacy of ridge augmen-
tation materials. The utility of
radiography depends on the nature
of the examination. For example,
periapical films by themselves pro-
vide limited information and are thus
frequently combined with subtrac-
tion radiography.’® Advanced imag-
ing modalities such as CT, especially
three-dimensional CT, when com-
bined with subtraction radiography,
provide the best information. Three-
dimensional subtraction radiogra-
phy, however, is expensive and not
readily available everywhere, or
access may be restricted.

CT measurements of the total
volume of large organs are well-
described. Heymsfield et al'" estab-
lished that the area of an organ slice
can be calculated using a standard
grid printed on the film. Because the
width between slices is known, the
volume of an organ slice can be cal-
culated as area multiplied by width.
Others'? used CT on phantoms, dog
kidneys in vivo, and human spleens
before splenectomy to calculate
cross-sectional areas. Volumes were
then determined with each of four

mathematic integration techniques.
Volume estimations were compared
to volumes determined by water dis-
placement. Moss et al'® measured
the volume of canine livers and kid-
neys by CT. They showed that organ
volume determination by CT is a
rapid and simple procedure accu-
rate to + 5% of the organ volume as
measured by the water displace-
ment technique. Individual mea-
surements are reproducible to within
* 3%. Using spiral CT on phantoms,
Tiitola et al'* estimated the volume
of tumors. Those authors document
that computer-based methods to
measure volume are reliable and
especially recommend their use for
film readers with limited radiologic
experience.

Techniques to measure bone
volume in the jaws have not been
well-described. The aim of the pre-
sent study was to use CT scans typ-
ically used in implant planning to
measure the change in bone volume
in buccal wall defects in the maxilla
following tooth extraction and treat-
ment with hBMP-2. As we wished to
measure the change in size of alve-
olar defects pre- and postoperative,
ideally we would have liked to mea-
sure the size of the defects them-
selves. However, the lack of one or
more borders created certain diffi-
culties. One way of dealing with the
missing crestal cortex is to define
the defect by simply connecting the
buccal and palatal crestal cortices,
but this can make the interpretation
of the data extremely difficult and of
little or no use, as illustrated in Fig 9.

We overcame our inability to
define the defect directly by ignoring
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Patient A / Patient B

Fig 9 Missing crestal cortex poses a
unique problem when attempting to mea-
sure volume of a defined region. If, eg,
one compares the alveolar defect in
patient A with that in patient B by simply
connecting buccal and palatal crestal cor-
tices, defect in patient A would measure
larger than that in patient B, although
patient A will clearly have more bone if
both defects fill following treatment.

its dimensions and measuring the
absolute amount of bone change in
an ROI that was larger than, but
included, the extraction site. The
same region was selected on both
the pre- and postoperative CT scans.
We assumed that the only change in
bone volume that would occur
within the region selected was in the
area of the extraction socket, making
it possible to measure the absolute
change in bone volume following
treatment (Fig 10), while still meeting
our primary objective, determining
the efficacy of BMP.

Comparison of the direct and
indirect measurement techniques

Fig 10 As it is not possible to directly mea-
sure the size of a defect missing a border,
change in bone volume within the socket is
calculated by selecting a region larger than,
but including, the extraction site. Same
region of interest is selected pre- (V,) and
postoperative (V). Assuming that the only
change in bone volume within the region
selected occurs within the extraction socket,
absolute change in bone volume can be
measured irrespective of defect shape.

showed the latter method to be
reliable. As measuring the volume
of new bone directly is faster than
the indirect method, one might
assume that it ought to be the
method of choice. We did not use
it because, at the outset of the
study, we did not know whether
some sites would lose bone. If that
had happened, we would have had
to measure a negative—bone that
had been lost and could not be
seen on the postoperative images
when viewed in isolation from the
preoperative images (Fig 11). In
that case, we would have had to
resort to the indirect method.

Fig 11  Cross-sectional image through
anterior maxilla illustrates why indirect
method was used to measure bone vol-
ume; solid blue line = preoperative ridge;
dotted black line = postoperative ridge;
red area = bone that was lost. Had the
direct method been used, volume of
hatched region would have had to be
measured on a postoperative image that
did not show the preoperative ridge.

While the method described
here is not likely to be used by the
practicing clinician, it is useful in the
clinical research setting to evaluate
the efficacy of bone augmentation
procedures. The method provides a
means to measure small changes in
bone volume in areas where it may
be difficult or impossible to define
the boundaries of the area in ques-
tion. Such difficulties are likely to be
encountered, for example, in cases
in which extraction sockets are
treated immediately following ex-
traction, thus destroying the outline
of the natural socket.
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Conclusion

The 1.5 mg/mL rhBMP-2 dose was
able to induce bone growth in buc-
cal wall defects in the maxilla fol-
lowing tooth extraction. Although
the methodologies used were ade-
quate to detect differences in bone
volume between treatment groups,
the following additional recommen-
dations can be incorporated into
future studies. The use of the same
CT equipment during all examina-
tions, calibrated CT technicians, and
laser light locators to ensure consis-
tent patient positioning during the
pre- and postoperative CT exami-
nations would greatly standardize
the procedure. Potential patient
movement could be minimized
through multidetector CT machines
that can perform a study rapidly. A
stent that can maintain a fixed and
consistent position of the jaw, espe-
cially the mobile mandible, would
be helpful. The establishment of a
gold standard against which to mea-
sure the radiographic results and effi-
cacy of ridge augmentation is highly
desirable. Such a standard would
involve direct pre- and postoperative
measurement of the defect by filling
it with an appropriate material and
determining the volume from the
amount of material used.
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