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1  | INTRODUC TION

Despite the development of diameter‐reduced and short implants, 
challenging situations for proper implant placement due to advanced 
bone loss are a regular occurrence. In these situations, guided bone 
regeneration with the purpose of increasing the alveolar ridge di‐
mensions to enable a successful dental implant installation remains 

inevitable. The most widely used material for this kind of surgery is 
autogenous bone, which is currently considered the gold standard 
due to its osteoconductivity, osteoinductivity, and osteogenecity 
(Jensen & Sindet‐Pedersen, 1991; Laurencin, Khan, & El‐Amin, 2006; 
Listrom & Symington, 1988). Autogenous bone grafts can be har‐
vested intraorally from the mandibular ramus and the chin, whereas 
the iliac crest represents the most frequently used extraoral donor 
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Abstract
Objectives: The aim of this study was to compare three‐dimensional alterations fol‐
lowing the use of autogenous versus allogeneic onlay grafts for augmentation at sin‐
gle tooth defects.
Materials and methods: Alveolar bone width at specific implant sites were assessed 
using sagittal and cross‐sectional CBCT images prior grafting and at three subse‐
quent time points. Twenty‐one patients received autogenous bone blocks harvested 
from the retromolar region and another 21 patients received freeze‐dried cancellous 
allogeneic bone blocks.
Results: The vertical and horizontal dimensions did not significantly differ between 
autogenous and allogeneic bone grafts at any time point. In addition, there were no 
statistically significant differences in graft remodeling rates between autogenous 
(mean shrinkage rate after 12 months: 12.5% ± 7.8%) and allogeneic onlay grafts 
(mean shrinkage rate after 12 months: 14.4% ± 9.8%).
Conclusions: Freeze‐dried cancellous allogeneic bone blocks showed equivalent vol‐
umetric shrinkage rates as autogenous bone blocks when used for treating circum‐
scribed bone defects classified as Type‐II to Type‐IV according to the ITI‐treatment 
guide categories. Therefore, it is not necessary to over‐contour the alveolar ridge 
when using allogeneic blocks for treating single tooth defects, but to apply the same 
procedure as when using autogenous blocks.
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site (Khoury & Hanser, 2015; Khoury, Keller, & Keeve, 2017; Nkenke, 
Schultze‐Mosgau, Radespiel‐Troger, Kloss, & Neukam, 2001; Sakkas, 
Wilde, Heufelder, Winter, & Schramm, 2017).

However, harvesting an autogenous bone block is associated 
with the risk of donor site morbidity, postoperative pain, increased 
blood loss, and infections. Further disadvantages include a limited 
bone quantity and unpredictable bone quality (Nissan, Marilena, 
Gross, Mardinger, & Chaushu, 2011; Nkenke & Stelzle, 2009). In 
addition, autografts might also be subject to excessive remodel‐
ing after surgery, especially when no barrier membranes are used 
(Daugela, Cicciu, & Saulacic, 2016). Mean graft resorption of onlay 
grafts harvested from the iliac crest was reported to range between 
15% (Dreiseidler et al., 2016) and 25% (Mertens et al., 2013). Based 
on these reports, it is recommended to over‐contour the ridge with 
grafting material in order to ensure sufficient ridge volume for ade‐
quate support of the implant body and prevent the threat of expo‐
sure (Hanser & Khoury, 2016; Nkenke & Neukam, 2014).

An ideal grafting material for ridge augmentation should be easy 
to handle and apply, should have excellent biocompatibility in order 
to enable graft integration or remodeling and be a supply highly os‐
teoconductive scaffold for osteogenic cells (Aslan et al., 2016). Bone 
allografts have been demonstrated to excel other grafting materials 
with respect to the aforementioned criteria. The benefits of allo‐
geneic bone blocks include unlimited supply, decreased operative 
trauma and blood loss, absence of donor site morbidity, and ex‐
tremely low antigenic potential (Blume et al., 2017; Chavda & Levin, 
2017; Corbella, Taschieri, Francetti, Weinstein, & Del Fabbro, 2017; 
Laino, Iezzi, Piattelli, Lo Muzio, & Cicciu, 2014).

Preliminary publications on the successful clinical application of 
processed decellularized block allografts for alveolar ridge augmen‐
tation by Keith and colleagues have been followed by a multitude of 
reports underscoring their great clinical performance (Keith, 2004; 
Keith et al., 2006; Petrungaro & Amar, 2005). Although a large vol‐
ume of data on the efficacy of processed allogeneic bone blocks can 
be derived from these publications, patient collectives and the level 
of evidence in most individual publications is rather low so that there 
is an unmet need for further verification of this material (Araujo et 
al., 2013; Elangovan, Barwacz, Antonious, Swenson, & Avila‐Ortiz, 
2017). As mineralized bone allograft represents the only grafting 
material which has been demonstrated to function analogous to tra‐
ditional autogenous block grafting by multiple authors, comparative 
studies on their clinical performance in horizontal and vertical bone 
augmentation are of high scientific relevance (Al‐Abedalla et al., 
2015; Amorfini, Migliorati, Signori, Silvestrini‐Biavati, & Benedicenti, 
2014).

The purpose of this study is the retrospective evaluation of 
a novel, cancellous allogeneic bone block derived from the bone 
of femoral heads of living human donors with respect to horizon‐
tal and vertical bone gain and volume stability. These findings 
are compared to results achieved with autogenous bone blocks 
in alveolar ridge augmentation. We compared the 12‐month re‐
modeling rate of cancellous allogeneic bone blocks to the remod‐
eling rate of cortical autogenous bone blocks harvested from the 

retromolar region. To the best of our knowledge, this is the first 
longitudinal clinical study comparing freeze‐dried cancellous al‐
logeneic with autogenous bone blocks for vertical and horizontal 
alveolar ridge augmentation.

2  | MATERIAL S AND METHODS

2.1 | Patients

The study was performed in accordance with the STROBE guidelines. 
A total of 42 patients with one tooth missing and insufficient bone 
quantity for direct implant placement were enrolled into this retro‐
spective study and underwent autogenous or allogeneic bone block 
augmentation procedures. All patients were fully informed about the 
surgical procedures and treatment alternatives. The inclusion crite‐
rion was the presence of a clinically relevant bone atrophy of the 
alveolar ridge in the predominantly horizontal and/or vertical plane 
as identified by cone beam computed tomography (CBCT) para‐axial 
reconstruction images. The minimum defect size for inclusion was 
a Type‐II bone defect, defined according to the ITI‐treatment guide 
categories (Chen & Buser, 2008). Exclusion criteria consisted of a his‐
tory of radiotherapy in the head and neck region, systemic disease 
that would contraindicate oral surgery, uncontrolled periodontal dis‐
ease, bruxism, a smoking habit or alcoholism, pregnancy, psychiatric 
problems, and/or use of medications known to alter bone healing.

Prior to surgery, patients were presented with the two available 
procedures (autogenous or allogeneic bone block augmentation). 
The patients chose one of the two procedures themselves. In order 
to reduce potential sources of bias, patients were selected for each 
of the two study groups so that they did not differ in demographic, 
anamnestic or therapeutic characteristics (Table 1). After screening 
the available clinical data, 21 patients with comparable demographic 
characteristics were allocated to each group. A total of 21 patients 
received a cortical autogenous block graft and 21 patients received 
a cancellous allogeneic block graft for alveolar ridge augmentation. 

TA B L E  1   Demographic characteristics of the patient groups

Autogenous bone Allogeneic bone

Number of patients 21 21

Gender 5 males; 16 females 9 males; 12 
females

Age (mean ± stand‐
ard deviation)

46.9 ± 12.1 48.9 ± 15.3

Source of bone 
material

Harvested from 
retromolar

Freeze‐dried 
bone block

Defect 
classification

Type‐II: n = 9
Type‐III: n = 11
Type‐IV: n = 1

Type‐II: n = 14
Type‐III: n = 6
Type‐IV: n = 1

Implant diameters 
(mm; median and 
range)

4.1 (3.3–4.8) 4.1 (3.3–4.8)
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The study population comprised of 14 males and 28 females, in total 
42 patients.

2.2 | Surgical procedure

The partially edentulous patients underwent a thorough initial 
periodontal examination, including the assessment of plaque, gin‐
givitis, and probing depth. Immediately before the operation, the 
patients were instructed to rinse their mouth with 0.2% chlorhex‐
idine mouthwash for 1 min. A two‐stage approach with implant 
placement after six months of healing with surgical intervention 
performed under infiltration of local anesthetics (Ultracain DS 
forte, Sanofi‐Aventis, Vienna, Austria) was used for all patients. 
The muco‐periosteal flap was prepared by a crestal incision to‐
gether with a vertical releasing incision and gently elevated from 
the native bone tissue to allow complete visualization of the de‐
fect and surrounding bone. Any soft tissue remnants were re‐
moved from the bone surface and the native bone was perforated 
with drills during irrigation with saline to ensure vascularization of 
the block graft and the recipient site.

The autogenous and allogeneic bone blocks were both used as 
full blocks. The bone blocks were adapted to the defect morphol‐
ogy and fixated onto the host bone site using 1.5 mm osteosynthesis 
screws (Komet, Germany). Resorbable collagen membranes made 
from porcine pericardium (Jason® membrane, botiss biomaterials 
GmbH, Berlin, Germany) were used for coverage of the augmenta‐
tion sites. The muco‐periosteal flaps were repositioned with mat‐
tress and interrupted non‐resorbable sutures. An example of the 
surgical procedure is illustrated in Figure 1.

Routine postoperative care included administration of amoxi‐
cillin and clavulanic acid (625 mg, administered orally, three times 

a day for 4 days), ibuprofen (600 mg, administered orally, every 6 hr 
as needed), and mouthwash (0.2% chlorhexidine, three times daily 
for 7 days).

The patients were recalled at monthly intervals for a period of 
6 months to detect possible complications, such as infection, pain, 
discomfort, graft exposure, and graft mobility. Graft stability was 
assessed at the time of dental implant placement. At re‐entry of the 
surgical site, a crestal incision was placed along the initial incision 
line in order to prevent the formation of additional scar tissue as a 
result of installing the implant.

2.3 | Autogenous bone augmentation

Bone blocks were harvested from the external oblique line of the 
mandible with piezo surgery. At the donor site, a paramarginal inci‐
sion was made in the molar area if teeth were present, or on top of the 
alveolar crest in the case of an edentulous ridge. A full‐thickness flap 
was elevated, exposing the external oblique ridge and the lateral as‐
pect of the ramus as well as the lateral aspect of the mandibular body.

The osteotomy cuts were prepared with a piezoelectric instru‐
ment (Piezomed, W&H Dentalwerk, Bürmoos, Austria). The block 
was removed with a straight, thin chisel without the need for ham‐
mering. The flap was sutured using single sutures. The autogenous 
bone blocks were adapted to the defect site and then grafted in 
combination with autogenous bone particles scraped from the same 
lamina (Khoury & Hanser, 2015; Khoury et al., 2017).

2.4 | Allogeneic bone augmentation

maxgraft® allogeneic bone blocks (botiss biomaterials GmbH) are 
made from cancellous bone from explanted femoral heads provided 

F I G U R E  1   Example of an allogeneic bone augmentation in a patient with a Type‐III bone defect of the alveolar ridge. (a) Situation before 
augmentation; (b) Situation directly after augmentation; (c) Situation before implantation, 6 months after augmentation; (d) Situation after 
implantation; (e) Final situation, 12 months after implantation

(a)

(d) (e)

(b) (c)
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by living donors subjected to hip arthroplasty treatment. Following an 
assessment of the donor’s health status, the femoral heads are for‐
warded to a tissue bank where they are split, cleaned, degreased in 
an ultrasonic bath, and wet‐chemically purified in order to remove all 
living cells and potential contaminants. Subsequent lyophilization of 
the bone material ensures long‐term storability at room temperature, 
while gamma irradiation is applied for the terminal sterilization. Due 
to the molecular and morphological similarities to the patient’s own 
bone, the final allograft product, which consists of mineralized human 
collagen, exhibits ideal osteoconductive capacities that qualify this 
material for the application in guided bone regeneration (GBR) proce‐
dures (Otto, Kleye, Burian, Ehrenfeld, & Cornelius, 2017). The grafting 

procedure with allogeneic bone grafts was done analogous to that 
with autogenous bone blocks so that the cancellous allogeneic blocks 
were also adapted to the defect situation and fixed onto the ridge with 
osteosynthesis screws.

2.5 | Implants

Every patient received one titanium implant per augmented region. 
The inserted implants were from Straumann (n = 35; Type SLActive®; 
Straumann Holding AG, Basel, Switzerland), bredent (n = 6; blueSKY; 
bredent medical GmbH & Co.KG, Senden, Germany) and BIOMET 3i 
(n = 1; BIOMET 3i; Munich; Germany).

F I G U R E  2   Radiographic evaluation of an alveolar ridge defect before (a) and 6 months after (b) augmentation. The green line at the left 
side corresponds to the vertical height of the bone in the defect area before augmentation. The green lines at the right side correspond 
to the defect depth at the apical, at the middle, and at the cervical level before augmentation. The same measurements were taken after 
augmentation, at 6 and at 12 months after surgery

(a)

(b)
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2.6 | Radiographic analyses

Every patient was subjected to three‐dimensional x‐ray diagnostics 
(CBCT), followed by computer‐aided planning of the augmentation and 
subsequent implantation. In total four CBCTs were recorded for each 
patient, one before treatment, one directly after augmentation, one 
after 6 months of healing, and one after 12 months. At each time point, 
the alveolar bone levels were measured in their height, width, and 
depth at the cervical level, the middle height of the defect, and at the 
apical level. An illustration of the measured regions is shown in Figure 2.

The CBCT machine used to acquire all images was the Carestream 
CS 9300 (Carestream Health Inc.). The imaging parameters were 
set with a dose of 120 mGy cm2, tube current of 18.66 mAs, and a 
voxel size of 90 μm × 90 μm × 90 μm. The selected field of view was 
5 cm × 5 cm. Data from the scans were saved in the Digital Imaging 
and Communications in Medicine (DICOM) format and recon‐
structed with the Carestream implant planning software program.

All patients needed single‐site or single‐implant treatments. All 
measurements were made on parasagittal sections perpendicular to 
the longitudinal axis of the adjacent teeth. The CBCT was oriented 
transversally through the teeth neighboring the defect in such a 
way that the nerve canal of the tooth, which was mesial to the de‐
fect region, was clearly visible. The nerve canal of the mesial tooth 
was defined as an anatomic reproducible landmark and a straight line 
was drawn through the middle of the defect region between the two 
neighboring teeth. The mesial tooth was used as a reference for the 
apical and the crestal bone levels. The distances were obtained using 
a software ruler. The same anatomic landmarks and distances were 
used for measurements on CBCT at the defined time intervals. The 
following measurements were taken (Figures 3 and 4):

• Defect height (mm): distance between the apical and crestal bone 
level in the middle of the defect region; represented by line “h” in 
Figure 4.

• Apical defect width (mm): distance between the apical root tips of 
the neighboring teeth; represented by line “e” in Figure 4.

• Defect width in the middle zone (mm): distance between the roots 
of the neighboring teeth in the middle of the defect height; repre‐
sented by line “d” in Figure 4.

• Cervical defect width (mm): distance between the crestal bone 
levels of the neighboring teeth; represented by line “a” in Figure 4.

• Apical defect depth (mm): distance between the labial/buccal and 
palatal edges of the jaw crest at the level of the apical tips of the 
neighboring teeth, but in the middle of the defect area; repre‐
sented by line “f” in Figure 4.

• Defect depth in the middle zone (mm): distance between the la‐
bial/buccal and palatal edges of the jaw crest at the level of the 
middle zone; represented by line “c” in Figure 4.

• Cervical defect depth (mm): distance between the labial/buccal 
and palatal edges of the jaw crest at the cervical level; repre‐
sented by line “b” in Figure 4.

F I G U R E  3   3D‐Model for visualizing our mathematical approach 
for calculating the volume of the defect

F I G U R E  4   2‐D Model for visualizing our mathematical approach for calculating the volume of the defect. The lines correspond to the 
defect widths and depths as described in the section “Radiographic analyses”
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2.7 | Mathematics and statistics

Based on the radiographic measurements, the graft volume was in‐
ferred as the sum of the volumes of two superimposed four‐sided 
rectangular frustums of pyramids. The formula for obtaining the vol‐
ume of one pyramid trunk is: Vpyramid trunk=

g

3
⋅

�

B+P+
√

B ⋅P
�

, where 
g is the height of the truncated pyramid, B is the base area, and P is 
the peak area.

The two pyramid trunks are depicted in Figure 4. The formula for 
obtaining the volume of the entire defect was therefore:

Statistical analyses were performed with IBM SPSS (version 
23; International Business Machines Corp., Armonk, NY, USA). For 
a graphical condensation of data, the software GraphPad Prism (La 
Jolla, CA, USA) was applied. For descriptive statistics, mean values 
and standard deviations were calculated. For a statistical power cal‐
culation, we made the following assumptions: the average resorption 
rate for autogenous grafts from the calvarium was 8.44% (SD 3.64), 
while the average resorption rate for grafts from the iliac crest was 
24.16% (SD 8.47) (Mertens et al., 2013). Since the allogeneic mate‐
rial that we used was cancellous bone from explanted femoral heads, 
and since cancellous bone is also harvested from the iliac crest for 

autogenous bone augmentation, we assumed that the resorption rate 
of allogeneic material used in this study was similar to the resorption 
rate from the iliac crest. With these assumptions, we had statistical 
power of 100% to detect clinically relevant differences between the 
two study groups with 21 patients each and with a level of signifi‐
cance of 5%.

Pearson’s chi‐squared test was applied to sets of unpaired cate‐
gorical data to evaluate the likelihood that any observed difference 
between the sets was due to chance. An independent sample t test 
was used when two separate sets of independent and identically dis‐
tributed samples were obtained, and their population means were 
compared to each other.

For determining the intra‐rater reliability, 70 distance measure‐
ments as described in the section “Radiographic analyses” were 
repeated six months after the first measurement. To assess the 
intra‐rater reliability in this test–retest setting, the Pearson’s prod‐
uct‐moment correlation coefficient was determined. In addition, a 
paired sample t test was applied to compare the results from the first 
measurement to the results from the second measurement.

In order to validate our approach of inferring the graft volume, 
we also determined the volume of the graft in the area of the aug‐
mentation site using the program CoDiagnostix9 (Dental Wings, 
Straumann Holding AG) for 10 randomly selected patients. The seg‐
mentation of the area was based on the inclusion of all Hounsfield 
Units in the area and led to the determination of the volume in ml. 

Vdefect=
h

6
⋅

�

a ⋅b+c ⋅d+
√

a ⋅b ⋅c ⋅d
�

+
h

6
⋅

�

c ⋅d+e ⋅ f+
√

c ⋅d ⋅e ⋅ f
�

F I G U R E  5   Scatterplot of measurement pairs with the graft volume in ml, assessed with the pyramid trunk approach, on the x‐axis and 
with the graft volume in ml, assessed with the Hounsfield units approach, on the y‐axis. The line corresponds to the regression with the 
Hounsfield units approach as depending and the pyramid trunk approach as independent variable
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The region of interest had to be selected manually. The volume was 
then determined in ml by the program CoDiagnostix9.

For comparing the two different procedures of determining the 
graft volume, and for an assessment of concordance of intraindivid‐
ual measurement values, we generated a scatterplot of the measured 
points and a Bland–Altman Plot (Bland & Altman, 1986, 1999 ) and 
calculated the bias‐corrected concordance correlation coefficient 
(Koch & Spörl, 2007). A one‐sample t test was applied for testing the 
null hypothesis that the mean value of the difference between the 
two measurement techniques was equal to 0.

3  | RESULTS

All patients were followed for up to 12 months. There were no 
signs of infection, wound dehiscence, block graft exposure, or other 
 postoperative complications during the healing period following 
bone augmentation. At the time of implant placement, all autog‐
enous and allogeneic bone blocks were successfully integrated into 
the recipient site. In all patients, the grafted bone remained stable 
during drilling and implant placement, without graft separation, and 
all implants were successfully stabilized and restored three months 
after implant placement. All patients received a fixed implant‐sup‐
ported single crown. No implant was lost after loading during 
follow‐up.

The intra‐rater reliability, assessed as Pearson’s product‐moment 
correlation coefficient, was 0.964 (p < 0.001). The average differ‐
ence between first and second measurement was 0.11 ± 0.87 mm 
(p = 0.268), corresponding to an average intra‐rater error of 1.6%.

There was a good agreement between the two measurement 
techniques for assessing the graft volume (the pyramid trunk ap‐
proach and the Hounsfield units approach), as can be seen in 
Figure 5. The bias‐corrected concordance correlation coefficient 
between the two different measurement techniques was 0.756, 
indicating a very strong heuristic agreement (Koch & Spörl, 2007). 
The mean difference between the two different measurement tech‐
niques	 was	 −0.1414	 (95%‐confidence	 interval	 of	 the	 difference:	
−0.237	to	−0.045),	as	can	be	seen	in	Figure	6.	The	mean	value	of	the	
difference differed significantly from 0 on the basis of a one‐sample 
t test, thereby indicating the presence of a fixed bias.

3.1 | Demographics

The demographic characteristics of the study population are sum‐
marized in Table 1. Gender was distributed evenly between the two 
study groups (chi‐squared test; p = 0.326). The bone defects were 
classified as Type‐II (non‐self‐containing dehiscence defect with 
bone eminences next to adjacent teeth) for 23 patients, as Type‐III 
(combined horizontal and vertical defect) for 17 patients, and as 
Type‐IV (through‐and‐through‐defect) for two patients according to 

F I G U R E  6   Bland–Altman plot for the comparison of the two measurement techniques for assessing the graft volume. The differences 
between the two techniques were plotted against the averages of the two techniques. Horizontal lines were drawn at the mean difference, 
and at the limits of agreement, which were defined as the mean difference plus and minus 1.96 times the standard deviation of the 
differences
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the ITI‐treatment guide categories (Chen & Buser, 2008). There was 
no significant difference in the distribution of bone defects between 
the two study groups (chi‐squared test; p = 0.278). The patients 
were on average 48.0 ± 13.7 years old. There was no significant dif‐
ference in age between the two study populations (t test, p = 0.642). 
The implants varied in diameter between 3.3–4.8 mm, with an aver‐
age diameter of 4.0 mm and no significant difference in diameter size 
between the two study populations (t test, p = 0.464).

3.2 | Vertical gain

The mean vertical increase directly after augmentation was 
1.4 ± 2.2 mm for autogenous blocks and 0.7 ± 1.4 mm for allogeneic 
blocks. There were no statistically significant differences between 
autogenous and allogeneic bone grafts in the vertical gain after 
augmentation, after 6 months or 12 months (Table 2). The vertical 
dimensions did not differ significantly between autogenous and al‐
logeneic bone grafts at any point in time (Figure 7 and Supporting 
Information Table S1).

3.3 | Horizontal gain

The mean horizontal gain at the apical level after augmentation was 
1.6 ± 1.5 mm for autogenous grafts and 2.6 ± 2.5 mm for allogeneic 
blocks. There were no statistically significant differences between 

autogenous and allogenic bone grafts in the horizontal gain at the apical 
level after augmentation, after 6 months or after 12 months (Table 3).

The mean horizontal gain at the cervical level after augmentation 
was 5.6 ± 1.5 mm for autogenous grafts and 5.5 ± 1.3 mm for alloge‐
neic blocks. There were no statistically significant differences between 
autogenous and allogeneic bone grafts in the horizontal gain at the 
cervical level after augmentation, after 6 months or after 12 months 
(Table 4) and horizontal dimensions did not differ significantly between 
autogenous and allogeneic bone grafts at any point in time (Figure 8, 
Supporting Information Table S3–S8).

3.4 | Remodeling

The overall volume gain after augmentation was 543.9 ± 431.5 mm3 
for autogenous grafts and 508.1 ± 187.3 mm3 for allogeneic blocks. 
There were no statistically significant differences between autog‐
enous and allogeneic bone grafts in the overall volume gain after 
augmentation, after 6 or 12 months (Table 5).

After 6 months, there was no significant difference in the vertical 
graft remodeling rate between autogenous grafts (mean percentage of 
graft shrinkage: 3.9% ± 5.6%) and allogeneic blocks (mean percentage 
of graft shrinkage: 4.2% ± 5.5%) and in the horizontal graft remodeling 
rate (autogenous: 5.3% ± 6.2%; allogeneic: 4.4% ± 7.1%) (Table 6). Also 
after 12 months, there was no significant difference in the vertical 
graft remodeling rate between autogenous blocks (mean percentage 
of graft shrinkage: 5.7% ± 5.6%) and allogeneic blocks (mean percent‐
age of graft shrinkage: 5.9% ± 6.1%) or in the horizontal graft remodel‐
ing rate (autogenous: 6.3% ± 6.2%; allogeneic: 4.8% ± 7.2%) (Table 6).

Based on the volume of the bone graft that was assessed imme‐
diately after augmentation and on the volumes that were measured 
after 6 and 12 months (Figure 9 and Supporting Information Table 
S2), the mean percentage of graft shrinkage was calculated. After 
6 months, there was no significant difference in the volumetric graft 
remodeling rate between autogenous blocks (mean percentage of 
graft shrinkage: 9.1% ± 7.3%) and allogeneic blocks (mean percent‐
age of graft shrinkage: 11.4% ± 9.7%) (Table 6). Also after 12 months, 
there was no significant difference in the three‐dimensional graft 
remodeling rate between autogenous blocks (mean percentage of 
graft shrinkage: 12.5% ± 7.8%) and allogeneic blocks (mean percent‐
age of graft shrinkage: 14.4% ± 9.8%) (Table 6).

4  | DISCUSSION

The present study evaluated horizontal and vertical bone gain and 
bone remodeling rates at 6 and at 12 months after alveolar ridge 

Vertical gain (mm) compared to the 
defect height before therapy Autogenous bone Allogeneic bone p‐Value

Vertical gain after augmentation 1.4 ± 2.2 0.7 ± 1.4 0.184

Vertical gain after 6 months 1.0 ± 1.9 0.2 ± 1.2 0.110

Vertical gain after 12 months 0.8 ± 1.9 0.1 ± 1.2 0.110

TA B L E  2   Vertical gain in relation to the 
defect before therapy at three time points

F I G U R E  7   Comparison of defect heights before therapy, post 
augmentation, after 6 months and after 12 months
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augmentation with both autogenous bone blocks harvested from 
the external oblique line of the mandible and with allogeneic bone 
blocks.

Remodeling of the alveolar ridge is a multifactorial process re‐
sulting from a combination of anatomical, metabolic, genetic, and 
biomechanical factors (Larsson et al., 2016; Masaki, Nakamoto, 
Mukaibo, Kondo, & Hosokawa, 2015; Sundar, Jayesh, & Hussain, 
2015). These factors vary from person to person, and the numer‐
ous contributions from multiple different factors account for the 
differences in remodeling between individuals (Lyford, Mills, Knapp, 
Scheyer, & Mellonig, 2003). Alveolar bone augmentation includes 
measures for maintaining and protecting the residual crest and in‐
creasing the height and/or width of the alveolar bone. According to 
the latest research, several bone block augmentation techniques 
have been described to enable appropriate implant positioning 
(Iglhaut et al., 2014; Roccuzzo, Savoini, Dalmasso, & Ramieri, 2017; 
Schwarz, Mihatovic, Ghanaati, & Becker, 2017; Spin‐Neto et al., 
2015; Strietzel, Reichart, & Graf, 2007).

Although autogenous bone block grafting yields satisfactory re‐
sults, this technique is associated with disadvantages such as pro‐
longed operation times, limited graft acquisition, risk for damage 
to adjacent teeth, neurosensory deficits, donor area flap exposure, 
bleeding, and infection (Esposito et al., 2009a, 2009b ). Because of 
these disadvantages, there is an increased need for alternative graft‐
ing materials that show lower morbidity and easy application. Since 
their introduction into dentistry, allogeneic bone blocks have been 
demonstrated to be capable of overcoming many of the disadvan‐
tages of autogenous block grafting, especially complications associ‐
ated with the donor site (Esposito et al., 2009a; Horowitz, Holtzclaw, 
& Rosen, 2012).

Aslan and colleagues reported a mean percentage of vertical 
graft resorption of 5.4% following the use of a cortical block allograft 
for augmentation of the alveolar ridge after 5 months of healing 

(Aslan et al., 2016). This percentage is nearly exactly the same value 
as found in our analysis for vertical graft shrinkage. Pereira and 
colleagues found that the mean horizontal bone resorption of cor‐
tico‐cancellous fresh‐frozen allogeneic bone blocks between the 
augmentation procedure and re‐entry for implantation was approxi‐
mately 7.1% (Pereira et al., 2015). Spin‐Neto and colleagues reported 
an average horizontal graft resorption of 8.3% at 6–8 months after 
cortico‐cancellous fresh‐frozen block bone allograft placement 
(Spin‐Neto et al., 2015). These values are considerably higher than 
the values we found for the freeze‐dried cancellous allogeneic bone 
blocks (2.0%) and the cortical autogenous bone blocks (3.1%).

Concerning the low vertical graft resorption rate observed here, 
it is necessary to highlight that the amount of vertical bone gain in 
our study was rather limited (~1 mm). This means that the percent‐
age of vertical bone resorption has to be interpreted with caution. 
Resorption of vertical bone augmentations with larger heights of 
~5 mm will probably show far higher resorption rates (Mertens et 
al., 2013).

The application of cancellous freeze‐dried bone blocks, how‐
ever, has also been associated with complications such as incision 
line opening, or perforations of the mucosa, leading in some cases 
to infections accompanied by partial or total block loss (Chaushu, 
Mardinger, Peleg, Ghelfan, & Nissan, 2010). These incidences have 
already been described in a preliminary study on allogeneic block 
grafting by Keith and colleagues, who reported seven block allograft 
failures and seven dehiscences in 82 augmentation sites, whereby 
the authors noted that the leading cause for graft failure was im‐
proper graft adaptation leading to mucosal irrigation and infections 
(Keith et al., 2006). Several authors reported higher rates of com‐
plications regarding allogeneic block augmentations in the poste‐
rior mandible (Nissan, Ghelfan, Mardinger, Calderon, & Chaushu, 
2011; Novell et al., 2012). It is worth mentioning that within the 
limitation of the present study, no surgical complications have been 

Horizontal apical gain 
(mm) Autogenous bone Allogeneic bone p‐Value

Apical gain after 
augmentation

1.6 ± 1.5 2.6 ± 2.5 0.092

Apical gain after 
6 months

1.2 ± 1.4 2.1 ± 2.4 0.147

Apical gain after 
12 months

1.0 ± 1.4 1.9 ± 2.4 0.128

TA B L E  3   Horizontal gain compared to 
the apical defect depth before therapy at 
three time points

Horizontal cervical gain 
(mm) Autogenous bone Allogeneic bone p‐Value

Cervical gain after 
augmentation

5.6 ± 1.5 5.5 ± 1.3 0.928

Cervical gain after 
6 months

5.2 ± 1.6 5.2 ± 1.4 0.975

Cervical gain after 
12 months

5.1 ± 1.5 5.2 ± 1.4 0.931

TA B L E  4   Horizontal gain compared to 
the cervical defect depth before therapy 
at three time points
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observed, neither with autogenous blocks, nor when using alloge‐
neic blocks. Though this is rather an ideal than a regular situation in 
clinical practice, overall complication rates with the application of 
allogeneic bone blocks found in the literature are also very low and 
concordant with excellent success and survival rates (Araujo et al., 
2013; Monje et al., 2014; Motamedian, Khojaste, & Khojasteh, 2016; 
Nissan, Ghelfan, et al., 2011). Additionally, the long‐term experience 
of the practitioner in guided bone regeneration as well as the pre‐
dominantly horizontal augmentation in the present study may have 
contributed to reducing the risk of postoperative complications 
(Esposito et al., 2009a, 2009b ).

To the best of our knowledge, our study is the first to compare 
the overall three‐dimensional remodeling rate of allogeneic and au‐
togenous bone blocks for alveolar ridge augmentation over a period 
of 12 months. Despite the fact that the freeze‐dried allogeneic bone 
blocks were of cancellous bone structure, while the autogenous 
onlay grafts were of cortical bone structure, the remodeling rates 
were equal over the study period. This observation has two import‐
ant consequences for alveolar ridge augmentation: first, we could 
demonstrate that freeze‐dried cancellous allogeneic bone blocks 
are comparable in their mid‐term performance to autogenous bone 
blocks. Secondly, we conclude that it is not necessary to massively 
over‐contour the augmentation site when using allogeneic bone 
blocks for treating single tooth gaps, but to apply the same proce‐
dure of contouring as when using autogenous cortical bone blocks.

One limitation of our study is that we compared cancellous al‐
logeneic bone blocks with cortical autogenous bone blocks, while a 
comparison of cortical autogenous bone blocks and cortical alloge‐
neic bone blocks would have been more appropriate with respect 
to the materials used. Nowadays, cancellous bone blocks predomi‐
nantly being used in European countries, since they can be obtained 
from living donors, whereas the cortical fraction of femoral heads 
is insufficient for cortical blocks, so that multi‐organ donors would 
be required. Histomorphometric studies on fresh‐frozen allogeneic 
cortical bone blocks indicated a high percentage of avital tissue 
within these grafts (Spin‐Neto et al., 2015), whereas histomorpho‐
metric evaluations of cancellous allogenic bone blocks showed ex‐
cellent new tissue formation and fast remodeling (Blume et al., 2017; 
Chaushu et al., 2010; Nissan, Marilena, et al., 2011).

Another limitation of our study is that we performed pre‐
dominantly horizontal augmentation procedures. Defects span‐
ning a singular tooth are less prone to complications and can be 
successfully treated with a variety of techniques and materials. 
However, a recently published meta‐analysis, which evaluated 
the bone gain with respect to the applied materials (autogenous, 
allogeneic, xenogeneic, alloplastic) and their form (granules vs. 
blocks), reported a mean horizontal bone gain for all granules of 

F I G U R E  8   Comparison of horizontal defect depths before 
therapy, post augmentation, after 6 and 12 months at the apical 
level (a), in the middle of the vertical defect height (b), and at 
cervical level (c) [Colour figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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3.7 ± 1.2 mm, whereas the mean horizontal bone gain for bone 
blocks was 4.5 ± 1.2 mm (Troeltzsch et al., 2016). The gain in hor‐
izontal dimensions in our study was above 5 mm for each group at 
each measurement point. This substantiates the decision for using 
allogenic bone blocks, as clinical evidence demonstrated these to 
be the best alternative to autogenous block harvesting regarding 
the defect dimensions presented here. Although other materials 
and techniques like titan meshes or split jaw approaches are also 
qualified for extensive augmentations, these procedures are nota‐
bly more invasive and require the application of autogenous bone 
granules in most instances.

A possible weakness of our study is that we did not exactly deter‐
mine the defect volume, but approximated it. Our approach of rep‐
resenting the defect volume as the sum of two truncated pyramids 

is derived from a generalization of the Stone‐Weierstrass approxi‐
mation theorem. In mathematical analysis, the Weierstrass approx‐
imation theorem states that every continuous function defined on 
a closed interval [a, b] can be uniformly approximated as closely as 
desired by a polynomial function. In this sense, we measured three 
points (at the cervical level, in the middle of the defect and at the 
apical level) for the contour of the defect on four edges, and then 
connected these three points to a polygon. This results in a shape that 
can be represented as two stacked pyramid stumps. Since the defects 
were very small in height (on average 1 mm), only a very small error is 
made by the piecewise linearization of the actual function.

In order to validate our method, we selected ten patients and mea‐
sured the volume also with the computer program CoDiagnostix9. 
The two measurement methods showed a high agreement, indicat‐
ing that the two procedures could be applied in an exchangeable 
manner. The pyramid approach gave a volume that was on aver‐
age 0.14 ml less than the volume obtained with the Hounsfield ap‐
proach. This difference was systematic. However, since all defect 
volumes were calculated in the same way in both study groups, it 
can be assumed that we did not introduce a bias that affected the 
main outcome of the study.

5  | CONCLUSION

The quintessence of the study presented here is that freeze‐dried 
cancellous allogeneic bone blocks are equivalent to autogenous 
bone blocks regarding their volumetric graft remodeling rates for 
treating single tooth defects classified as Type‐II to Type‐IV accord‐
ing to the ITI‐treatment guide categories. However, the long‐term 
effects need further systematic evaluation. Finally, the avoidance of 

Graft shrinkage Autogenous bone Allogeneic bone p‐Value

Vertical graft shrinkage at 
6 months

3.9% ± 5.6% 4.2% ± 5.5% 0.850

Vertical graft shrinkage at 
12 months

5.7% ± 5.6% 5.9% ± 6.1% 0.877

Horizontal cervical graft 
shrinkage at 6 months

5.3% ± 6.2% 4.4% ± 7.1% 0.902

Horizontal cervical graft 
shrinkage at 12 months

6.3% ± 6.2% 4.8% ± 7.2% 0.706

Overall graft shrinkage at 
6 months

9.1% ± 7.3% 11.4% ± 9.7% 0.390

Overall graft shrinkage at 
12 months

12.5% ± 7.8% 14.4% ± 9.8% 0.486

TA B L E  6   Average percentages of graft 
shrinkage

F I G U R E  9   Comparison of the defect volumes before therapy, 
post augmentation, after 6 and 12 months

Volume gain (mm3) compared to the 
defect volume before therapy Autogenous bone Allogeneic bone p‐Value

Volume gain after augmentation 543.9 ± 431.5 508.1 ± 187.3 0.729

Volume gain after 6 months 455.7 ± 354.4 411.1 ± 159.4 0.602

Volume gain after 12 months 423.4 ± 326.8 385.9 ± 147.3 0.635

TA B L E  5   Volume gain in relation to the 
defect before therapy at three time points
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donor site morbidity and unlimited availability is an undisputed ad‐
vantage of the application of allogeneic bone blocks.
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