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Abstract

Objectives: Buccal bone augmentation in the esthetic zone is routinely used to
achieve optimal clinical outcomes. Nonetheless, long-term data are sparse, and it is
unknown how baseline buccal bone volume affects the retention of the augmented
volume over time.

Material and methods: This is a long-term follow-up retrospective case series. After a
preoperative computed tomography scan, implants were placed in the anterior max-
illa following guided bone regeneration, autogenous block grafting, or both. At the
follow-up, patients received a computed tomography scan and a clinical examination.
Buccal bone volume was the primary outcome. Buccal bone thickness, peri-implant,
and esthetic parameters were secondary outcomes.

Results: After a median follow-up of 6.7 years (interquartile range: 4.9-9.4), 28 im-
plants in 19 patients (median age at augmentation: 43.3 years, interquartile range:
34.4-56.7, 53% female) were followed up. Preoperative buccal bone volume at base-
line (V,) showed a moderate correlation to final buccal bone volume (V,, r, = .43) but
a strong correlation to the absolute volumetric change (AV = V.-V, r. = -.80). A linear
mixed model for V, had a large intercept of 91.39 (p < .001) and a rather small slope
of .11 for V, (p = .11). Observed differences between treatments were not statisti-
cally significant in the mixed model. V, above 105 mm?® predicted a negative volume
change (AV < 0) with a specificity of 100% and a sensitivity of 96%.

Conclusions: The results suggest higher gains in sites with lower V,, and point to a
cutoff V, above which the augmented volume is not retained long-term.
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1 | INTRODUCTION

Bone augmentation is routinely used to overcome dimensional defi-
ciencies of the alveolar ridge and achieve optimal clinical outcomes
in dental implant therapy (Jepsen et al., 2019). Success criteria of
dental implants have been expanded to include the patient's sat-
isfaction with the appearance (Papaspyridakos et al., 2012). This
importance of esthetic outcomes is especially relevant in the an-
terior maxilla (Cosyn et al., 2017). Interestingly, both clinicians and
patients are more critical toward the esthetic outcomes of the soft
tissue (i.e., pink esthetics) than of the prosthetics (i.e., white esthet-
ics) (Meijndert et al., 2007). For satisfactory soft tissue outcomes,
the buccal aspect of the alveolar ridge is of particular interest. It is
assumed that a lack of buccal bone can cause labial recession of the
soft tissue, compromising esthetic outcomes. Therefore, the high
esthetic expectations in the anterior maxilla often prompt quasi-
prophylactic buccal overcontouring at sites that might be prone to
future resorption. Resorption of the buccal bone begins shortly after
extraction (Araudjo & Lindhe, 2005). Moreover, remodeling of the al-
veolar bone continues even after augmentation (Araujo et al., 2015).
Thus, to maintain satisfactory clinical outcomes, long-term assess-
ment of buccal bone stability is highly important.

Long-term data on buccal bone stability are sparse (Lutz et al.,
2015). Until now, previous research has concentrated on linear ra-
diographic measurements of the buccal bone (Benic et al., 2012;
Buser et al., 2013; Jung et al., 2015). These one-dimensional mea-
surements, routinely performed using a single sagittal tomography
slice, might not accurately represent volumetric conditions and can
be biased by several factors, including the abutment material (Liedke
et al., 2017) and the thickness of the measured buccal bone itself
(Domic et al., 2021). Further, the effect of preoperative bone di-
mensions on long-term graft retention remains elusive. Preoperative
bone width is inversely correlated with linear bone gain following
augmentation (Naenni et al., 2019). Consequently, it is reasonable
to assume a similar correlation between preoperative bone vol-
ume and the long-term volumetric stability of the augmentation.
Nevertheless, long-term volumetric outcomes after buccal bone
augmentation remain to be investigated. It is therefore unknown
how baseline buccal bone volume affects the retention of the aug-
mented volume over time.

Understanding long-term volumetric outcomes following bone
augmentation, specifically as a function of preoperative bone vol-
ume, is of high relevance for dental implant research and clinical prac-
tice alike. Previous work has already used volumetric measurements
to evaluate short-term outcomes (i.e., up to 1 year of follow-up) after
sinus floor elevation (Kirmeier et al., 2008; Kwon et al., 2019) and
after ridge preservation (Avila-Ortiz et al., 2020). There are further
short-term volumetric data on autogenous block grafting. However,
these are largely contentious, with reported resorption after 1 year
ranging from 13% (Kloss et al., 2018) to 44% (Stricker et al., 2021). In
contrast to previous work, this study used three-dimensional radio-
graphic measurements to assess long-term outcomes in the anterior

maxilla. The specific aim was to assess whether baseline buccal bone

volume predicts long-term retention of the augmented volume. In
addition to the volumetric measurements, linear radiographic mea-
surements were performed, and clinical as well as esthetic parame-

ters were assessed.

2 | MATERIAL AND METHODS

2.1 | Study design and participants

This long-term retrospective consecutive case series was designed
and conducted in accordance with the Declaration of Helsinki and its
subsequent revisions (World Medical Association, 2013). The Ethics
Committee of the Medical University of Vienna approved the study
protocol (No 1562/2017). To be considered for this study, patients
had to receive at least one dental implant (details shown in Table S1)
in the anterior maxilla (in the region from canine to canine) with buc-
cal bone augmentation according to one of three protocols: guided
bone regeneration, autogenous block augmentation, or a combina-
tion of both techniques. For guided bone regeneration, autogenous
cortical bone was mixed 1:1 with deproteinized bovine bone matrix
(Bio-Oss®, Geistlich, Wolhusen, Switzerland) and the graft was
covered by a resorbable collagen membrane (Bio-Gide®, Geistlich,
Wolhusen, Switzerland ); the implant was placed in the same surgery.
For block augmentation, autogenous blocks were harvested from ei-
ther the mandibular retromolar area or the iliac crest and fixed in
place using fixation screws; the implant was placed after 6 months
of healing. Implants were allowed submucosal healing for 4 months.
Surgeries took place between 2007 and 2016 at the Department of
Oral Surgery of the Medical University of Vienna, University Clinic
of Dentistry. Patients with edentulous jaws as well as patients with
either treatment for a peri-implant disease or implant loss were not
considered. To be included in this study, patients had to have com-
plete baseline three-dimensional radiographic data available and
participate in the long-term follow-up examination, to which all eligi-
ble patients were invited. All patients involved had provided their in-
formed consent prior to inclusion in the study. Results are reported
in accordance with STROBE criteria (von Elm et al., 2008).

2.2 | Data acquisition and measurements

Preoperative CT scans of all patients were performed (Somatom
Sensation 4, Siemens) at 120 kV and 80 mAs with a slice thickness
of 0.5 mm to serve as baseline (i.e., before augmentation) measure-
ments. Approximately 7 years later, as part of this study, a follow-up
CT scan was performed of all patients using the same settings, fol-
lowed by a full clinical examination. Prior to analysis, all recorded
data were pseudonymized by consecutive numbering of the speci-
mens. The primary outcome of this study was buccal bone volume,
measured in cubic millimeters. Prior to radiographic analysis, pseu-
donymized CT scans were exported as DICOM files. The DICOM
files were then transferred to a workstation running Windows 10
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using Java Runtime Environment 1.8.0_172 (64 bit) and checked for
possible misalignments or other errors.

For the volumetric measurements, the region containing the
implant was contained in a three-dimensional side view 22 mm in
width, 40 mm in height, and 5.9 mm in depth. This side view en-
closed 59 sagittal slices resulting in a slice thickness of 100 pm. The
bony contours, the implant axis, as well as the normal line to the
implant axis were first marked up in the sagittal slice crossing the
implant center (Figure 1a). Next, the region of interest (ROI) was
defined by including 15 slices each in mesial and distal directions.
Approximately every fifth slice was then annotated as described,
resulting in a mean distance of 500 pm between annotated slices.
Markups were interpolated for the slices between two annotated
slices. Next, the area bound by the bony contours, the implant axis,
and the normal line to the implant axis was measured in all 30 slices.
Finally, the buccal bone volume in the ROl was calculated as the sum
of the measured areas multiplied by the slice thickness.

Next, post- and preoperative scans were registered to enable
baseline buccal bone volume measurement. First, a line was drawn
parallel to the buccal bone surface at the implant site with the cen-

ter of the line in the center of the implant. This line was rotated by

FIGURE 1 Radiographic measurements. (a) First, the slice
crossing the implant center was identified on the follow-up
radiograph. Then, the bony contour (light blue line) was marked
up. Finally, the implant axis (red line) was determined along with
the normal line to the implant axis (dark blue line), the implant
apex being the point of tangency. The region of interest was
defined by including 15 slices each in mesial and distal directions.
Approximately every fifth slice was then annotated as described,
the markup was interpolated between two annotated slices.
Finally, the area of interest (light blue area), defined between

bony contour, implant axis, and normal line, was measured in all
slices. Buccal volume was calculated as the sum of the measured
areas multiplied by the slice thickness. AOI, area of interest; BC,
bony contour; IA, implant axis; nlA, normal line to implant axis.

(b) The buccal bony contour was marked up on the preoperative
radiographs. The implant axis and the normal line were transposed
to the preoperative radiographs. Buccal bone area was measured
analogously to the postoperative radiographs. AOI, area of interest;
BC, bony contour; IA’, transposed implant axis; nlA’, transposed
normal line to implant axis

90° and the stack resliced using an isotropic resolution of 100 um
px ! parallel to this line with the center of the implant at the center
of this new stack. For each patient, two landmarks were manually
identified which could be located on all scans and the stacks were
rotated and translated so that these landmarks are as closely aligned
as possible. To further improve the alignment, a region was manually
selected which did not exhibit major changes between time points
and aligned using the Correct 3D Drift tool. This region included
part of the sinus floor and the bone buccal of the sinus, cranial of
the implant. The implant axis and the normal line to the implant axis
were transposed from the post- to the preoperative scans and the
bony contour was marked up as described (Figure 1b). Next, the
area bound by the bony contours, the transposed implant axis, and
the transposed normal line to the implant axis was measured in all
30 slices. As in the postoperative scans, the buccal bone volume in
the ROl was calculated as the sum of the measured areas multiplied
by the slice thickness. All measurements were performed using Fiji
(Schindelin et al., 2012). The workflow of volumetric measurements
is shown in Figure S1.

The secondary outcomes of this study were linear radiographic,
periodontal, and esthetic parameters. For the linear radiographic
measurements, the sagittal slices in the middle of the implant diam-
eter were used. Buccal bone thickness was measured at distances
of 2, 4 and 6 mm from the implant shoulder, perpendicular to the
implant axis. Periodontal parameters included probing pocket depth,
clinical attachment loss, as well as width of attached gingiva, and
were assessed at the clinical examination using a CP12 periodon-
tal probe. Esthetic parameters included the Pink Esthetic Score
(FUrhauser et al., 2005) as well as the Papilla Presence Index (Jemt,
1997), and were assessed using standardized photographs (exposure
time: 1/200 s, aperture: f/22, focal length: 100 mm) taken at the
clinical examination (Canon EOS 5D Mark Il with EF 100 mm /2.8 L
Macro IS USM and Macro Ring Lite MR-14EX Il, all Canon).

2.3 | Statistical analysis

The sample included every eligible patient that participated in
the study. Data were first collected in a spreadsheet (Excel 16.54
for Mac, Microsoft Corporation) and checked for possible errors.
Consequently, the dataset was analyzed using Prism (Version
9.2.0, GraphPad Software) as well as the R statistical computing
environment (Version 4.1.2, R Core Team). All recorded param-
eters were assessed in a descriptive manner. The relationship be-
tween baseline and final buccal bone volumes was analyzed using
the Spearman correlation. The Spearman correlation was also
used to analyze the relationship between final buccal bone vol-
ume and thickness. A linear mixed model was fitted for the final
buccal bone volume using the baseline buccal bone volume as well
as treatment groups as fixed effects (scored dichotomously for
both guided bone regeneration and autologous block augmenta-
tion) and the patient as a random effect. The level of significance
was set at a = 0.05. The mixed model suggested to consider a
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cutoff score for buccal bone volume at baseline to predict long-
term retention of the augmented volume. Specificity and sensitiv-
ity were calculated with respect to increase or decrease of buccal

bone volume.

3 | RESULTS

3.1 | Subject characteristics

After a median follow-up of 6.7 years (interquartile range: 4.9-9.4),
a total of 28 implants in 19 patients (median age at augmentation:
43.3 years, interquartile range: 34.4-56.7, 53% female) were in-
cluded in this study. Of all patients, 12 (63%) indicated to be non-
smokers, compared to 7 (37%) smokers with a median of 7.9 pack
years. Regarding comorbidities, 4 patients (21%) reported cardiovas-
cular disease, 1 patient (5%) reported an antiresorptive agent follow-
ing oncological treatment, and 1 patient (5%) reported psychotropic
medication.

Of all implants, 5 (18%) were placed following guided bone
regeneration, 12 (43%) were placed following autogenous block
grafting, and 11 (39%) were placed following a combination of both
techniques. Regarding prosthetics, 26 (93%) implants were restored
with single crowns and 2 (7%) with a bridge. Of all prosthetic res-
torations, 26 (93%) positions were screw-retained and 2 (7%) were
cemented. All 28 implants (100%) survived through follow-up. All 19
patients (100%) had sufficient molar support on both sides. A total
of 9 (32%) crowns were in infraocclusion. Subject and implant char-
acteristics are discussed in Table 1.

3.2 | Radiographic parameters

To assess long-term changes in buccal bone volume, quantitative
CT measurements were compared between baseline and follow-up.
Baseline and final buccal bone volumes showed a moderate positive
correlation (rS = .43). Baseline buccal bone volume further showed a
strong negative correlation to the change in volume, defined as the
difference of the two measured volumes (r, = -.80; Figure 2). These
descriptive observations are reflected in the results from the mixed
model analysis, where the estimated intercept was 91.39 (p < .001)
was rather large, whereas the increase of final buccal bone volume
with increasing baseline buccal bone volume gave a fairly moderate
slope of .11 (p = .11).

The mean change in buccal bone volume was 20.9 + 52.8 mm®
following guided bone regeneration, 35.9 + 44.0 mm® following au-
togenous block grafting, and 48.2 + 49.7 mm? following a combina-
tion of both (Figure S2). In the mixed model, the differences between
methods of augmentation were not statistically significant, though
this might be due to a lack of power given the rather small sample
size. A combination of both treatments yielded on average 7.6 mm®
more volume than guided bone regeneration alone (p = .68) and
15.1 mm® more than autologous block augmentation alone (p = .33).

There was further a strong correlation between final buccal bone
volume and thickness at the 6 mm (r, = .64) distance, a medium cor-
relation at the 4 mm distance (r, = .56), as well as a weak correlation
at the 2 mm distance (r, = .32) measured from the implant shoulder
(Figure S3). All measured correlations appeared to be independent
of augmentation technique.

Finally, the mixed model suggested that for patients with larger
baseline buccal bone volume no further improvement from the
treatment can be expected. The exact cutoff will depend on the
treatment and an estimator will not be particularly reliable given
the rather small sample size. However, for the purpose of illustra-
tion we consider a cutoff point of 105 mm?, which corresponds to
the point where in the mixed model no improvement is observed for
the reference group (for different treatments the cutoff point would
then become somewhat larger). Sites were categorized based on net
loss (i.e., lower final volume than baseline volume). Mean baseline
buccal bone volume was 158 + 21 mm? in the five sites with and
58 + 35 mm?® in the 23 sites without net loss. Using baseline buccal
bone volume above 105 mm® to predict net loss results in a specific-
ity of 100% and a sensitivity of 96% (Figure 3).

In summary, there was a correlation between baseline and final
buccal bone volumes. Further, a cutoff was estimated above which
the augmented volume was not retained long-term. This finding was
corroborated by the linear mixed model.

3.3 | Peri-implant and esthetic parameters

To further assess long-term outcomes after buccal bone aug-
mentation in the esthetic zone, a clinical examination was
performed at follow-up. Parameters recorded at the clini-
cal examination were analyzed in a descriptive manner. Peri-
implant parameters are reported as means and standard
deviations. At follow-up, patients showed a full-mouth plaque
score of 7% + 7% and a full-mouth bleeding score of 5% + 9%.
Probing pocket depth, measured at six sites per implant, was
2.6 + 0.4 mm following guided bone regeneration, 3.4 + 0.6 mm
following autogenous block grafting, and 2.9 + 0.8 mm follow-
ing a combination of both. Clinical attachment loss, measured
at six sites per implant, was 3.4 + 1.1 mm following guided bone
regeneration, 4.7 + 1.4 mm following autogenous block graft-
ing, and 4.0 + 2.0 mm following a combination of both. Width
of keratinized gingiva, measured at three sites per implant, was
5.7 + 1.3 mm following guided bone regeneration, 4.7 + 3.5 mm
following autogenous block grafting, and 5.0 + 1.6 mm follow-
ing a combination of both (Figure 4).

Esthetic parameters are reported as medians and interquar-
tile ranges. The Pink Esthetic Score was 12.5 (4.3-13.5) following
guided bone regeneration, 10.0 (8.8-11.5) following autogenous
block grafting, and 8.0 (2.9-11.6) following a combination of both.
The Papilla Presence Index was 2.3 (0.9-2.8) following guided bone
regeneration, 2.0 (1.4-2.5) following autogenous block grafting, and
1.7 (0.4-2.5) following a combination of both (Figure 5).
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TABLE 1 Subject and implant characteristics

Patient parameters

Sex
Female
Male

Smoking
Non-smoker
Smoker

Comorbidity & medication
Cardiovascular disease
Antiresorptive treatment

Psychotropic medication
Implant parameters

Augmentation technique
Guided bone regeneration
Autogenous block grafting
Both

Prosthetic restoration
Single crown
Bridge

Retention
Screw-retained
Cemented

Occlusion
Normal occlusion

Infraocclusion
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FIGURE 2 Changes in buccal bone volume. (a) Buccal bone volume showed a moderate correlation between baseline (i.e., before
augmentation) and follow-up after a median of 6.7 years (r, = .43). (b) Buccal bone volume further showed a strong correlation to the
volumetric change to follow-up (i.e., the difference of the two volumes, r, = -.80). Both appeared to be independent of the treatment
allocation. All r-values using the Spearman correlation. GBR, guided bone regeneration

4 | DISCUSSION

the volumetric gains of augmentation decreased. Further, some

The focus of this study was set on how baseline buccal bone volume
affects long-term retention of the augmented volume over time. The
main finding is that after a median of 6.7 years, preoperative buccal
bone volume correlated negatively with the volumetric change to fol-
low-up. That means with increasing buccal bone volume at baseline,

sites with high baseline buccal bone volume even showed a lower
volume at follow-up than at baseline. A linear mixed model quanti-
fied this relationship and was used to motivate a cutoff of 105 mm?®
for baseline buccal bone volume. After categorizing sites based on
net loss, one could observe that augmenting sites above this cut-
off baseline buccal bone volume did not result in any improvement
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(specificity = 100%), whereas for sites below this threshold there
was only one without improvement (sensitivity = 96%). Taken to-
gether, the findings point to a higher therapeutic potential of aug-
mentation in sites with lower baseline buccal bone volume.

The volumetric findings of this study relate to previous work
showing long-term linear stability of augmented buccal bone (Buser
et al., 2013; Jung et al., 2015). The negative correlation between
baseline bone volume and volumetric gain also supports previous
work showing a similar negative correlation between baseline thick-
ness and linear gain (Naenni et al., 2019). In this study, there was
further a moderate correlation between baseline and final buccal
bone volumes. It should be noted that two-dimensional radiographic
measurements are prone to inaccuracy if the thickness of the buc-
cal bone is less than 1 mm (Domic et al., 2021). In our sample, this
primarily affected the linear measurements 2 mm apically from the
implant shoulder (Figure S3a). No intergroup analyses between dif-
ferent techniques were performed in this study; the current state
of knowledge suggests that radiographic, peri-implant, and esthetic
parameters are largely comparable among different augmentation
techniques (Jepsen et al., 2019).

The clinical relevance of these findings is twofold. First, the data
support for the first time not only linear, but volumetric long-term
graft retention following buccal bone augmentation. In particular,
the data suggest a high potential for augmentation in sites with low
preoperative buccal bone volume (Figure 2b). Second, the data point
to a threshold in preoperative buccal bone volume above which a net
loss of volume to follow-up could be measured. This cutoff value of
105 mm?® suggests that overcontouring more than clinically reason-
able might be redundant as the augmented volume is not retained
long-term. Importantly, this finding should be interpreted with
caution based on the low number of sites that showed net loss to
follow-up (Figure 3a). In addition, it should be noted that the exact
number figure of the cutoff volume is a function of how the ROl is
defined. Thus, it is not the value of 105 mm?® but the existence of a
cutoff volume per se that is clinically relevant. In sum, the findings of
this long-term study largely support the clinical success of current
bone augmentation practices in the esthetic zone.

The strength of this study lies in the quality of the dataset based
on three-dimensional radiographic measurements as well as the high
median follow-up of 6.7 years. The main limitation of this study is
its relatively small sample size, which is nevertheless comparable to
previous studies (Lutz et al., 2015; Stricker et al., 2021). The sample
size also rendered the study underpowered to perform intergroup
analyses between different augmentation techniques. Further,
the augmented volume was not standardized because of the ret-
rospective design of this study. Beside the baseline and long-term
follow-up measurements, some of the patients had CT scans approx-
imately 1 year after augmentation. Only 17 of the 28 implants have
this data. As only complete data were used for this study, results
from these CT scans were not included in the analysis. Nevertheless,

a mean gain of 88.3 + 52.3 mm?® between the baseline and 1-year

measurements suggests a similar augmented volume for the cohort.
In addition, while the esthetic zone is of high subjective relevance to
patients, this study did not assess patient-reported outcomes. These
limitations also identify opportunities for future research. Ideally, a
prospective clinical study with a large sample size and equal distri-
bution of patients between various treatments should be performed
to further assess long-term outcomes after bone augmentation in
the esthetic zone. Further, while all CT scans in this study were per-
formed with a low-dose protocol with an effective dose of approx-
imately 120 uSv (Laky et al., 2013), future research into this area
should consider using cone beam CT to further reduce radiation

exposure.

5 | CONCLUSION

Within the limitations of this study, the results suggest higher long-
term gains in sites with a lower baseline buccal bone volume and
point to a cutoff above which the augmented volume is not retained

long-term.
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