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Abstract

Objective: The purpose of this study was to determine the relationships and differences in three-
dimensional (3D) bone mineral density (BMD) and microtrabecular structures between autogenous
bone grafts and their adjacent native bone after a healing period following maxillary sinus
augmentation.

Materials and methods: Nine rod-shaped human bone biopsy samples were taken from patients
receiving two-stage sinus augmentation therapy in implantation areas and analyzed using
microcomputed tomography (micro-CT). Before micro-CT scanning, two BMD phantoms were
placed near to the bone biopsy samples for executing BMD calculations of the grafted and native
bone samples. In addition, 3D structural parameters of the trabeculae were analyzed for both the
grafted and native bone, including percentage of bone volume [bone volume (BV)/tissue volume
(TV)], bone-specific surface [bone surface (BS)/BV], trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf), and structure model index
(SM1).

Results: No significant correlations with regard to BMD and trabecular-structure parameters were
found between native bone and grafted bone; however, BS/BV and Th.Pf were higher and Tb.Th
and Tb.Sp were 37.35% and 12.74% lower in grafted bone than in native bone. For grafted bone,
there were significant correlations (P < 0.05) between BMD and BV/TV, and Tb.N.

Conclusions: When using autogenous bone as a graft material, BMD and micromorphological
conditions of grafted bone were not influenced by the condition of the native bone in the maxilla.
Differences were found in surface complexity, trabecular thickness, trabecular separation, and the
connectivity of trabeculae between grafted and native bone. The BMD in grafted bone was
affected by the quantity of the trabeculae.

Dental implants have shown a high success
rate (>90%) (Eckert & Wollan 1998) in both
the mandible and maxilla. However, due to
insufficient bony support in the maxillary
sinus cavity, the posterior maxilla represents
a challenge for implant placement. A routine
procedure for improving the prognosis of
implant placement in the posterior maxilla is
sinus augmentation (Chanavaz 2000; Armand
et al. 2002). In this surgical procedure, a
small window is shaped in the lateral wall of
the maxilla, the sinus epithelium is elevated,
and a space is created that is then filled with
a grafting material. Since Boyne and James
first demonstrated the usefulness of autoge-

nous grafts in the sinus floor (Boyne & James
1980), autogenous bone has been used regu-
larly for craniofacial bone grafting to accom-
pany dental implant treatment (McAllister &
Haghighat 2007).

While various graft materials have been
developed (Garg 2004; Scarano et al. 2006),
autogenous bone graft (in block or particulate
form) remains a gold standard for sinus aug-
mentation (Del Fabbro et al. 2004). Autoge-
nous bone grafting provides a satisfactory
source of osteogenic cells without the risk of
antigenicity or crossinfection (Kaufman
2003). Its use is popular in the clinical setting

due to its osteoconductive, osteoinductive,
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Table 1. Brief definitions of the parameters of microcomputed tomography (micro-CT) analysis in this study (note: 1 pixel = 17.2 pm)

Abbreviation

Parameter (unit)

Definition

Bone mineral density BMD (g/cm3)

Percentage of bone BV/TV (%)
volume

Bone-specific surface BS/BV (1/pixel)

Trabecular thickness Tb.Th (pixel)
Trabecular number Thb.N (1/pixel)
Trabecular separation Th.Sp (pixel)

Trabecular pattern factor Th.Pf (1/pixel)

Structure model index SMI (none)

The volumetric density of calcium hydroxyapatite (in g/cm?). It is calibrated with the aid of phantoms with

known BMDs

Percentage of bone volume (BV) relative to tissue volume (TV) within a volume of interest (VOI)

Ratio of bone surface (BS) to BV; this is a useful basic index for characterizing the complexity of

structures

Mean thickness of individual trabecular bones within a VOI

The number of traversals across a trabecular bone per unit length on a linear path within a VOI

Relative spacing between individual trabecular bones within a VOI

An index of the connectivity of trabecular bone, which was developed by Hahn et al. (1992). A lower Th.Pf
signifies better-connected trabecular lattices, while a higher Tb.Pf indicates a more disconnected trabecular

structure

This relative index was derived according to the method of Hildebrand & Ruegsegger (1997). It is used to
characterize trabecular bone according to its transition from plate-like to rod-like architecture. An ideal
plate and cylinder have SMI values of 0 and 3, respectively

and osteogenic properties (Nkenke & Stelzle
2009). However, the volume of bone at the
donor site that can be harvested is limited.
The posterior the
commonly used donor site, as it has the great-
est amount of bone available (Garg 2004).

iliac crest is most

Microcomputed tomography (micro-CT) is
now widely used for observing and analyzing
the internal structure of hard tissues because
it is quick, reproducible, and nondestructive
(Feldkamp et al. 1989). Many studies have
used micro-CT to obtain high-resolution
images and assess the trabecular structure of
human bone quantitatively in three dimen-
sions (Muller et al. 1998; Hildebrand et al.
1999; Fanuscu & Chang 2004). Interest in
micro-CT in the field of dental implants is
increasing; it is increasingly employed to
evaluate peri-implant bone (Sennerby et al.
2001; Rebaudi et al. 2004; Akca et al. 2006;
Morinaga et al. 2009) and has been validated
using histomorphometric results (Park et al.
2005; Stoppie et al. 2005; Cha et al. 2009).
This method also allows evaluation of the
three-dimensional (3D) architecture of grafted
bone after a period of bone healing (Trisi
et al. 2006; Chopra et al. 2009; Kon et al.
2009; Kuhl et al. 2010). However, only few
studies (Lee et al. 2007; Kon et al. 2009) have
assessed the bone formation in autogenous
bone grafts by micro-CT and none of these
studies has examined the differences in the
3D trabecular structure and bone mineral
density (BMD) of autogenous bone grafts as
compared with native bone after maxillary
sinus augmentation.

The purpose of this study was to investi-
gate the relationship between micro-CT
measurement parameters describing BMD
and 3D microtrabecular indexes (Table 1) in
autogenous bone graft and its adjacent native
bone after a healing period following maxil-
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lary sinus bone grafting. In addition, the rela-
tive effects of BMD and percentage of bone
volume (BV; BV/tissue volume, TV) on the
other trabecular-bone structures, including
bone-specific surface [bone surface (BS)/BV]
and trabecular thickness (Tb.Th)...etc. were
also evaluated.

Material and methods

Selection of patients

The cohort for this study comprised nine
patients (five men and four women aged
44-58 years) who had undergone surgery to
augment the maxillary sinus floor with
autogenous bone grafts because of insuffi-
cient height of alveolar bone to allow dental
implant placement. None of the patients had
systemic pathologies affecting immune sys-
tem functioning, noninsulin-dependent diabe-
tes mellitus, or previous history of drug
abuse. After being informed about the proce-
all of
informed consent to participate in the study.
The study protocol was approved by the
Institutional Committee of China Medical

dure, the patients gave written

University Hospital, Taichung, Taiwan

(DMR96-IRB-180 & DMR97-IRB-260).

Bone biopsy preparation

The donor sites of harvested autogeneous
bone graft were mainly from iliac crest
except one was from chin and another was
from tibia. After the augmentation surgery
and a 4- to 5-month period of autogenous
bone graft healing and maturation, nine rod-
shaped bone cores containing the native and
grafted area of bone tissue were retrieved by
trephine osteotomy (4 mm inner diameter)
from the grafted site during surgical reentry
for dental implant placement (Fig. 1). After

Fig. 1. Grafted bone biopsy sample obtained using a 4-
mm (inner diameter) trephine bur.

removal, the biopsy samples were placed in
10% neutral buffered formalin solution.

Micro-CT scanning

A high-resolution, desktop, cone-Beam
micro-CT system (SkyScan 1076, SkyScan,
Aartselaar, Belgium) was used to quantify the
BMD and other 3D microarchitecture param-
eters (Table 1). Before scanning, the bone
biopsy samples were rinsed and stored in
physiological saline solution (0.9%) within a
polypropylene tube. X-ray source was set at
49 kV and 200 pA with the aid of a 0.5-mm-
thick to optimize the

contrast, a 360° rotation, a rotation step of

aluminum filter

0.4° (2700 images per scan), three-frame aver-
aging, and an exposure time of 1180 ms. The
image resolution was fixed at a pixel size of
17.2 pm. During scanning, two BMD phan-
toms (SkyScan) that were 4 mm in diameter,
5.5 mm long, and had calcium hydroxyapa-
tite densities of 0.25 and 0.75 g/cm® were
placed near to the bone biopsy samples to aid
BMD calculation.

NRECON reconstruction software (NRecon
v.1.4.4, SkyScan) was used to create two-
dimensional, 1000 x 1000-pixel images (Fig. 2).

© 2011 John Wiley & Sons A/S
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3D trabecular-
structure
analysis

3D BMD
evaluation

Fig. 2. Two-dimensional X-ray image of the grafted bone biopsy sample (a) and its two-dimensionally reconstructed
images which were used to set the region of interest (ROI) in the grafted (upper) and native (lower) bone (b), were

used to create a three-dimensional (3D) construction model (upper) for trabecular-structure analysis and for 3D bone

mineral density (BMD) evaluation in comparison with BMD phantoms of 0.25 and 0.75 g/cm® (lower] (c).

For the reconstruction parameters, ring arti-
fact correction and smoothing were fixed at
zero and the beam hardening correction was
set at 0%. Contrast limits were applied
following SkyScan instructions. The lower
limit was zero so that the density scale had a
zero origin. The upper limit was at the top
end of the brightness spectrum, representing
the highest bone density value. After recon-
struction, the volume of interest (VOI) was
selected within the reconstructed images of
water to calibrate the standard unit of X-ray
computed tomography density (Hounsfield
unit, HU) using CTAn analysis software
(v.1.6.0, SkyScan). A similar procedure was
used to measure the HU values of two BMD
phantom rods, followed by conversion from
HU to BMD values (g/cm?®). Once the calibra-
tion of BMD against HU values
complete, the same VOI was applied to the
images of the bone biopsy samples to calcu-
late the BMD values of the grafted and native
bone. The other 3D microtrabecular parame-
ters (Table 1) were also analyzed for grafted

was

bone and native bone using CTAn including
BV/TV, BS/BV, Tb.Th, trabecular number
(Tb.N), trabecular separation (Tb.Sp), trabecu-
lar pattern factor (Tb.Pf], and the structure
model index (SMI).

Statistical and correlation analyses

All of the micro-CT measurement parame-
ters are summarized as median values and in-
terquartile ranges [25th percentile (Q1)-75th
percentile (Q3)]. The parameters between the
native bone and the grafted bone were com-
pared with Wilcoxon’s rank-sum test. The
correlations among the parameters were cal-
culated using Spearman’s rank correlation
coefficient. All of the statistical analyses
were performed using sas software (SAS v9.2,

© 2011 John Wiley & Sons A/S

SAS Institute, Cary, NC, USA). The level of
statistical significance was set at o = 0.05.

Results

Differences and correlations between the
grafted and native bone parameters

Table 2 lists the median values and inter-
quartile ranges of all measured parameters for
the grafted and native bone. Significant differ-
ences between the two bone types were
observed for four of these parameters: BS/BV,
Tb.Pf, Tb.Th, and Th.Sp (P < 0.05). BS/BV
and Tb.Pf were higher for grafted bone [0.56
(1/pixel) and 0.20 (1/pixel), respectively| than
for native bone [0.31 (1/pixel) and 0.07 (1/
pixel), respectively]. The Tb.Th and Tb.Sp
were 37.35% and 12.74% lower for the
grafted bone (7.85 pixels and 25.61 pixels)
(12.53 pixels
29.35 pixels). Correlations of these parame-

than for mnative bone and
ters between the grafted and native bone are
shown in Fig. 3. Although the BMD of the
grafted bone was weakly positively correlated
with that of native bone, the P-value by
Spearman’s rank correlation test was not sig-

nificant (P > 0.05), indicating no predictable

relationship regarding these parameters
between the grafted and native bone.

Correlations of BMD and BV/TV with other
trabecular-structure parameters

Regarding the native bone, no significant
difference was shown between the BMD and
the other trabecular-structure parameters
(Table 3). However, for grafted bone, the
BMD was significantly correlated with BV/
TV (0.73) and Th.N (0.76).

BV/TV was significantly correlated with
BS/BV (~0.90), Th.Th (0.86], Tb.N (0.86), and
Tb.Sp (—0.88) in the native bone, but not
with either Tb.Pf or SMI (Table 3). However,
all of the parameters were strongly correlated
(i.e., very significant) with BV/TV in the
grafted bone (Table 3).

Discussion

X-ray examination is a common clinical
method for evaluating the condition of
grafted bone prior to dental implant place-
ment. Although the X-ray-based technique is
noninvasive, it provides only low-resolution,
two-dimensional images. Histology and his-
tomorphometric techniques can be used to
examine the bone mineral quality and trabec-
ular-bone structure of grafted bone, but they
can only provide one-time measurements
that cannot be repeated on the same sample
(Gedrange et al. 2005). In addition, only a few
sections can be obtained by both X-ray and
histomorphometric methods and these two-
dimensional images may not be representa-
tive of the entire specimen. The present
study employed micro-CT and a 3D medical
image processing system (CTAN software) to
reconstruct and measure the precise 3D BMD
and trabecular-structure indexes of grafted
bone, in particular for maxillary sinus aug-
mentation. This approach might provide
more reliable information on how the autoge-
nous bone graft transforms into the trabecu-
lar structure of grafted bone by quantifying
both the BMD and the differences in BMD

Table 2. The median (interquartile range) values of micro-CT measurement parameters of native

bone and grafted bone

Variable Native bone (n = 9) Grafted bone (n = 9) P-value
BMD 0.22 (0.08-0.33) 0.12 (0.07-0.34) 0.65
BV/TV 24.44 (18.65-34.35) 15.43 (12.64-19.43) 0.05
BS/BV 0.31 (0.29-0.38) 0.56 (0.44-0.60) <0.01
Tb.Th 12.53 (10.88-13.71) 7.85 (7.46-9.16) <0.01
Tb.N 0.02 (0.02-0.02) 0.02 (0.01-0.02) 0.53
Tb.Pf 0.07 (0.04-0.09) 0.20 (0.15-0.26) 0.01
SMI 1.80 (1.67-1.87) 2.39 (2.14-2.43) 0.07
Tb.Sp 29.35 (28.59-35.01) 25.61 (20.62-27.74) 0.04

Median(interquartile range), compared using Wilcoxon’s rank-sum test.
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Fig 3. Distribution plots for BMD (a), percentage of bone [i.e., bone volume (BV)/tissue volume (TV)] (b}, bone-specific surface [bone surface (BS)/BV] (c), trabecular bone thick-
ness (Tb.Th) (d), trabecular number (Tb.N) (e), trabecular pattern factor (Tbh.Pf) (f), structure model index (SMI) (g), and trabecular separation (Tb.Sp) (h) of native bone in relation
to those of grafted bone on each bone biopsy specimen. Correlations and P-values were analyzed using Spearman’s rank correlation test.

4 | clin. Oral Impl. Res. 0,2011 / 1-6

© 2011 John Wiley & Sons A/S



Table 3. Comparison of BMD and BV/TV with the other parameters in grafted bone and native bone
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Variable BV/TV BS/BV Tb.Th Th.N Th.Pf SMI Tb.Sp
Native bone
BMD 0.51 (0.15) —0.55 (0.12) 0.55 (0.12) 0.41 (0.26) —0.41 (0.26) —0.06 (0.86) —0.45 (0.22)
BV/TV —0.90 (<0.01) 0.86 (<0.01) 0.86 (<0.01) —0.63 (0.06) —0.35 (0.35) —0.88 (<0.01)
Grafted bone
BMD 0.73 (0.02) —0.58 (0.09) 0.65 (0.05) 0.76 (0.01) —0.63 (0.06) —0.46 (0.20) —0.51 (0.15)
BV/TV —0.78 (0.01) 0.71 (0.03) 0.96 (<0.001) —0.95 (<0.001) —0.83 (<0.01) —0.76 (0.01)

Values are Spearman'’s rank correlation coefficients.

and morphological results between the
grafted bone and its adjacent native bone.
The relationships between, and differences
in BMD
indexes between grafted and native bone that
were elucidated by micro-CT are important

for two main reasons: to better understand

and other trabecular-structure

the consequences of the mineralization and
trabecular remodeling of autogenous bone
graft and for the prognosis of subsequent den-
tal implant treatment in the grafted maxil-
lary sinus. In this study, no significant
correlation (P > 0.05) was found for any of
the parameters of the grafted bone and its
adjacent native bone (Fig. 3). This result
implies that the condition of native bone in
the atrophic maxilla is unlikely to influence
the condition of the adjacent grafted bone.
Therefore, clinically, there is no need to be
concerned about the condition of the native
bone prior to maxillary sinus augmentation
surgery if an increase in bone volume in the
atrophic maxilla is necessary in patients
implant (>7 mm)
improved implantation outcome (Hagi et al.

requiring a longer for
2004). However, some clinical studies indi-
cated that the outcome of the sinus floor
augmentation may depend on the origin of
the autogeneous bone graft (Thorwarth et al.
2005; Schlegel et al. 2006; Gerressen et al.
2008; Klijn et al. 2010). They found different
host sites of autogeneous bone graft resulting
in different levels of bone volume and miner-
to the
limited availability of intraoral bone to be
harvested, autogeneous bone from iliac crest
still have to be considered as a popular graft

alization rate. Nevertheless, due

material in augmenting the atrophic maxilla
(Thorwarth et al. 2005).

According to the 3D-reconstructed image
of the bone biopsy material (upper panel in
Fig. 2c), it is clear that the morphology of the
trabecular structure of the grafted bone is
different from that of the native bone. The
findings listed in Table 2 confirm this obser-
vation and demonstrate that Tb.Th and Tb.
Sp are significantly lower and Tb.Pf and BS/
BV are significantly higher in grafted bone
than in native bone. This makes sense for
the grafted bone, as trabeculae are thin (upper

© 2011 John Wiley & Sons A/S

panel in Fig. 2b) and stay close to each other
and more disconnected trabecular bone may
occur, resulting in highly complex trabecular
structures. As Tb.Th and Tb.Pf are indexes
that reflect the status of the trabecular archi-
tecture and both values are lower in grafted
bone than in native bone from the atrophic
maxilla, the immediate loading of an implant
may not be an appropriate treatment follow-
ing sinus augmentation. The lower stiffness
of the grafted bone may increase the stress
levels in the alveolar ridge around the
implant (Huang et al. 2008).

Significant and strong correlations between
BV/TV and BS/BV, Tb.Th, Tb.N, and Tb.Sp
were found in native bone (Table 3). The
close relationship between BV/TV and the
trabecular structure is perhaps understand-
able, as with more thick and dense trabecu-
lae, not only is the complexity of the
trabecular structure reduced but the BV/TV
would be increased. Our results also suggest
that the size and number of individual tra-
beculae are sensitive to the volume of the
native bone present. That is, a loss of bone
volume may affect the Tb.Th and Tb.N,
resulting in a weak bone structure that is not
suitable for dental or orthodontic implant
placement.

With regard to the grafted bone, a positive
relationship of BMD was observed with BV/
TV and Tb.N (Table 3). This finding concurs
with those of an animal study (Elsubeihi &
Heersche 2004), in which it was reported that
during healing following tooth extraction, the
process of alveolar bone generation and
remodeling resulted in a significant positive
correlation between BMD and total BV. In
this study,
found between BV/TV and some indexes of
(e.g, Tb.N, Tb.Th).
Therefore, improving BMD of the grafted
bone might also take into consideration the
BV-related changes in the quantity (Tb.N) and
quality (Tb.Th) of the thus
improving the likelihood of the structure of

strong correlations were also

trabecular structure

trabeculae,

grafted bone of maxillary sinus augmentation.

One of the limitations of this study is the
small sample. Although our patient evalua-
tion was objective and patients were carefully

assessed to ensure that they were without
physiological disease, a larger sample is
required to strengthen the statistical power.
However, we do believe that the present find-
ings are worthwhile and can be regarded as a
general principle and thus useful to clini-
although autogenous
bone is believed to be a gold standard for

cians. Furthermore,
bone augmentation, there are some factors
that may influence the bone remodeling and
mineralization of autogenous bone grafts, for
example gender, particle size (Kon et al.
2009) and location of the donor site (Thor-
warth et al. 2005; Schlegel et al. 2006; Gerr-
2008; Klijn 2010).
Therefore, further clinical studies are needed

essen et al. et al.
to elucidate the detailed mechanisms under-
lying the effect of these factors on the BMD

and morphology of trabeculae.

Conclusions

Within the limitations of the present study,
the following conclusions can be drawn:

1. In grafted bone, the surface complexity
and thickness (i.e., BS/BV and Tb.Th) of
trabeculaec were higher and the connec-
tivity and spacing between individual
trabecular bon (i.e., Tb.Pf and Tb.Sp) was
lower than in native bone.

2. No significant correlations with regard to
BMD and the trabecular structures were
evident between the native and grafted
bone. The clinical implication of this
result may be that the condition of native
bone in the atrophic maxilla would not
influence the condition of its adjacent
grafted bone if patients with poor maxil-
lary bone quality need sinus augmenta-
tion prior to dental implant placement.

3. A positive correlation between BMD and
BV/TV was found in grafted bone. An
explanation for this relationship may be
changes in the quantity of the trabeculae.
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