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Abstract

Background: Autologous bone grafts have been applied successfully to severely

atrophied maxilla via a preimplant procedure. Differences in graft incorporation at

the microscopic level can be the decisive factor in the choice between anterior iliac

crest and calvarial bone.

Purpose: To compare conversion of anterior iliac crest bone and calvarial bone

4 months after grafting of the edentulous maxilla.

Materials and methods: Twenty consecutive patients were randomly assigned to

either anterior iliac crest (n = 10) or calvarial (n = 10) bone harvesting to reconstruct

their atrophied maxillae. Biopsies were taken from both fresh bone grafts and

reconstructed maxillae after 4 months healing, at time of implant placement. Micro-

CT, histomorphometric and histological analyses were performed.

Results: Micro-CT analysis revealed that both the anterior iliac crest and calvarial

bone grafts retained their volume and bone mass after being incorporated in the

maxilla, but with a favor for calvarial bone grafts: calvarial bone grafts had a higher

mineral density before and after incorporation. Both bone grafts types were well

incorporated after 4 months of healing with preservation of bone volume and mineral

density. Although the fresh bone biopsies were similar histomorphometrically, after

4 months of graft incorporation, the osteoid percentage and osteocyte count

remained higher in the anterior iliac crest bone whereas the percentage of bone was

higher in the calvarial bone grafts compared to the anterior iliac crest bone grafts.

Conclusions: Both donor sites, that is, anterior iliac crest and calvarial bone, are well

suited to provide a reliable and stable basis for implant placement 4 months after grafting

with mineral density, porosity, and resorption rate in favor of calvarial bone grafts.
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alveolar ridge reconstruction, atrophic maxilla, autogenous bone graft, bone, bone density,
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1 | INTRODUCTION

Due to their unique osteogenic, osteoinductive and osteoconductive

properties, autologous bone grafts are still the preferred grafting

material for craniofacial reconstructions prior to placement of dental

implants.1–3 Although several sites are used to harvest autologous

bone, the properties of the grafts derived from these sites differ such

as long-term structural integrity and tissue quality.

The donor sites can be classified according to their embryological

origin, that is, endochondral or intramembranous. The iliac crest, tibia

and ribs are endochondral in origin, while the maxilla, mandible and

skull (calvaria) are intramembranous in origin.1,4 A major difference

between the two embryological origins is that the resorption rate of

intramembranous bone is less than that of endochondral bone.4,5 As a

result, intramembranous bone is presumed to have better long-term

results with regard to three-dimensional reconstructions of severely

atrophied ridges of the maxilla or mandible.

Intra-oral sites are frequently used as graft donor sites for bony

reconstructive procedures prior to implant placement, but the amount of

bone that can be harvested from the chin, mandibular ramus and maxil-

lary tuberosity is limited. The anterior iliac crest is traditionally the most

frequently used donor site for harvesting autologous bone when large

volumes are needed. The major drawbacks of iliac crest bone harvesting

are post-operative pain and gait problems, as perceived by the patients.6

The calvarium is an alternative donor site when there is a demand of

copious amounts of bone.1,5 Although calvarial bone grafting bears the

hazard of inducing severe complications, technique improvements have

made its harvesting to a safe and straightforward procedure.7–11

The success of a bone graft is mostly assessed indirectly based on

implant survival and macroscopic volumetric changes.12 Unfortunately,

qualitative and quantitative factors, such as relative volumetric changes,

mineral density, and maturation of the graft, are not within the scope of

these approaches, even though these parameters provide insight into

the long-term outcomes of the reconstruction. Current advancements

in imaging technology, however, have led to a significant improvement

in the resolution of the skeletal structural architecture in vivo and

ex vivo, thus enabling a more in-depth analysis of bony reconstructions.

Utilizing a combination of micro-CT scanning and histomorphometric

analysis facilitates the evaluation of the mineral and bioactive properties

of bone.13 Therefore, the aim of this study was to compare the material

properties and incorporation of anterior iliac crest and calvarial bone

grafts when applied to reconstruct atrophied maxillae by means of

micro-CT and histomorphometric analyses.

2 | MATERIALS AND METHODS

2.1 | Patient selection

Twenty consecutive eligible patients who were referred to the depart-

ment of Oral and Maxillofacial Surgery of the University Medical Cen-

ter Groningen (UMCG), the Netherlands, and who suffered from

problems with wearing an upper denture due to severe resorption of

the edentulous maxilla, were asked to join this study. Inclusion took

place between November 2014 and March 2016. Inclusion criteria

were an insufficient bone volume for reliable placement of dental

implants as assessed on a cone beam computed tomography (CBCT)

scan, that is, <3 mm bone height in the maxillary sinus area and

<2 mm bone width in the anterior and posterior maxilla. The patients

were randomly assigned to either the anterior iliac crest group

(n = 10) or calvarial bone group (n = 10) using computer-generated

random numbers. Also, in order to be able to harvest the calvarial

bone, the patients' parietal bone in the skull had to be at least 5 mm

thick in the area between the articular tubercle and the end of the

mastoid bone on the CBCT scan. Exclusion criteria were patients with

an American Society of Anaesthesiologists (ASA) score of III or

higher,14 a history of radiotherapy in the head and neck region, former

or current use of intravenous bisphosphonates, and previous surgery

at one of the two donor sites (iliac crest or cranium).

The anticipated effect size of bone volume reduction in the calvar-

ium group compared to the anterior iliac crest group was 1.6, which is

in agreement with other studies.5,13,15–17 Using an a-priori sample size

calculator for Students t test with the anticipated effect size (Cohens d)

of 1.6 with a two-sided 5% significance level and a power of 80%, a

sample size of eight patients per group was necessary. To compensate

for error, it is reasonable to include 10 per group.

2.2 | Study approval

The study was approved by the Medical Ethical Committee (REF

NL48614.042.14) of the University Medical Center Groningen, the

Netherlands.

What is known:

• Autologous bone grafts are the gold standard for

reconstructing severely resorbed maxillae prior to implant

placement.

• Enchondral bones such as the anterior iliac crest and

mesenchymal bones such as calvarial bone are frequently

used for augmentation.

• Clinically, anterior iliac crest bone grafts seem to have a

higher resorption rate than calvarial bone grafts.

What this study adds:

• Anterior iliac crest and calvarial bone are both well suited

to provide a reliable basis for implant placement 4 months

after augmentation.

• At a microscopical level, mineral density, porosity, and

resorption rate are in favor of calvarial bone grafts.
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2.3 | Surgical procedure

A monocortical iliac crest bone graft was taken from the medial surface

of the anterior ilium using a technique that was based on the procedure

described by Kalk et al.6 The incision began 1 cm behind the anterior

superior iliac spine and continued posteriorly, following the iliac crest. It

was carried down sharply to the mid crest, dividing the mus-

culotendinous aponeurosis of the tensor muscle of the fascia lata and

the oblique abdominal muscles, without transecting any muscle fibers.

The bony ilium was exposed directly by reflecting the iliac muscle sub-

periosteally, and the donor site was exposed with a retractor. The

corticocancellous bone blocks were harvested by making two horizon-

tal and five vertical cuts. The superior horizontal cut was made mid-

crestal with a reciprocating saw. The inferior horizontal cut was made

4 cm inferior in the inner table with a curved osteotome. The horizontal

cuts were connected by verticals cuts using a reciprocating saw. After

removing the corticocancellous bone blocks, piece by piece from the

inner table, additional cancellous bone was harvested with gouges and

curettes. Care was taken not to perforate the lateral cortex.

The technique described by Schortinghuis et al7 was used to har-

vest the calvarial bone grafts. In short, after raising a full-thickness flap

from the parietal skull, the outer table graft was marked with a burr

until the diploe was encountered. A bevel was created with a bone

scraper around the calvarial outer table graft area to harvest cancellous

bone and to facilitate piece-by-piece removal of the cortical bone grafts

with a reciprocating saw. The defect in the skull was reconstructed with

bone cement (Palacos, Zimmer Biomet, Warsay, Indiana).

All the operations were performed at the UMCG by an experi-

enced oral and maxillofacial surgeon (GMR). After harvesting the iliac

crest or calvarial bone, maxillary sinus elevation surgery was performed

with the cancellous bone on both sinuses. The cortical bone grafts were

positioned on the exposed maxillary alveolar process as buccal onlay

grafts. The cancellous portion of the graft was placed facing the recipi-

ent maxilla. A maxillary sinus augmentation and buccal plating was per-

formed in all patients on both sides. If necessary, a double plating with

both a buccal and a palatinal graft was performed or bone particles

were added to gain enough bone volume. In all patients, a minimum

crest width of the alveolar process of 6 mm was strived for. The grafts

were fixed with 1.3 mm osteosynthesis screws (Synthes, Wolhusen,

Switzerland). The sharp bone edges were rounded to allow for smooth

coverage of the grafted area with the overlying mucosa. Primary wound

closure was accomplished with resorbable 4–0 polyglactine sutures

(Ethicon, Somerville, New Jersey). After a 4-month healing period, den-

tal implants (Straumann Standard SLA implants; Ø 4.1 mm, Institut

Straumann AG, Basel, Switzerland) were placed in the reconstructed

maxilla in a one-stage procedure. The wound was closed with

resorbable 4–0 polyglactine sutures (Ethicon, Somerville, New Jersey).

2.4 | Bone biopsies

Bone biopsies were obtained from the donor bone area immediately

after harvesting the fresh grafts as well as 4 months later from the

native and grafted bone in the reconstructed maxilla, whereby a small

bone wedge of the reconstructed alveolar process was taken between

two adjacent implants. The biopsies were preserved in 4% phosphate-

buffered formaldehyde solution (Klinipath BV, Duiven, the Nether-

lands) for 24 h and then stored in 70% ethanol until used for micro-

CT and histomorphometric analyses. The analysis were performed by

DEW, JS, LvR, and MAD and they were blinded for the allocation

sequence until all outcomes were assessed.

2.5 | Micro-computed tomography evaluation

All the biopsies were scanned with a high-resolution micro-CT (μCT

40, Scanco Medical AG, Brüttisellen, Switzerland). This system was cali-

brated every 2 weeks using phantoms with densities of 0, 100, 200, 400,

and 800 mg HA/cm3. Before scanning, the biopsies were fixed with syn-

thetic foam in a polyetherimide tube (inner diameter, 28.5 mm; length,

75 mm). Then the tube was filled with 70% ethanol and covered with

Parafilm M (SPI Supplies, West Chester, Pennsylvania) to prevent evapo-

ration during scanning. The scanner settings were: voltage, 70 kV; inten-

sity, 113 μA; integration time, 1000 ms; isometric resolution, 0.015 mm.

A cone-beam reconstruction algorithm was used to make 3D reconstruc-

tions. All the reconstructions were smoothed with a Gauss filter (0.8/1)

and segmented with a visually determined threshold of 559.2 mg

hydroxyapatite (HA)/cm3 (Figure 1). This threshold visualizes bone in the

same way as it appears on histological sections. The biopsy and transition

zone orientations were identified for each bone biopsy using per opera-

tively obtained photographs and schematic drawings of the biopsies.

The volumes of interest (VOIs) evaluations were performed by

manually tracing the contours of the entire freshly biopsied fragments

of bone. Then, three VOIs were drawn for each of the biopsies taken

from the grafted bone and native bone after 4 months: a VOI includ-

ing the entire biopsie and VOIs including only grafted and only native

bone. The tissue mineral density (TMD, mg HA/cm3), defined as the

mean mineral density of the whole volume of interest, was calculated

for each VOI. TMD can be used as a qualitative measure of the min-

eral density of compact bone. The bone mineral density (BMD, mg

HA/cm3), defined as the mean mineral density of the segmented bone

volume in the VOI, was also calculated.18 Finally, the bone volume

fraction (BVF), which is a quantitative measure defined as the ratio of

the segmented bone volume to the total volume of the VOI (%), was

assessed. In other words, BVF represents the percentage of biopsy

volume, or tissue volume, that is occupied by bone volume.

2.6 | Histology and histomorphometric analysis

After micro-CT scanning and dehydrating in ascending alcohol series,

the bone biopsies were embedded without prior decalcification in

low-temperature polymerizing methyl methacrylate (MMA, Merck

Schuchardt OHG, Hohenbrunn, Germany). The biopsies 3D-

orientations were assessed using the micro-CT reconstructions. Longi-

tudinal 5 μm thick sections were cut with a Jung K microtome
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(Reichert Jung, Heidelberg, Germany). Midsagittal histological sections

of each biopsy were stained with Goldner's trichome to distinguish

mineralized bone (green) and unmineralized osteoid tissue (red).19 Dig-

ital images of the �100 magnified sections were acquired.

First, a qualitative histological analysis was performed. The 2D-

orientation, completeness, and outstanding features, such as signs of

inflammation, were identified for each section. The orientation was

determined from the notes and photographs taken during the surgery

as well as the 3D-reconstructions made by the micro-CT-software.

The cortical bone percentage was determined for the fresh biopsies.

Regarding the biopsies taken after 4 months, the native maxillary

bone and grafted bone were identified visually. The presence and 2D

distribution of bone, osteoid, and osteocytes was measured per

section (presence and location). Bone is defined here as mineralized

bone matrix without any osteoid.20 Osteoid is bone matrix that is not

mineralized yet.20{Dempster, 2013 #11} The presence of osteoid indi-

cates new bone formation. Osteocytes are mature osteoblasts located

with their cell bodies in lacunae and with their cellular processes run-

ning through the canaliculi. They are encased by a mineral matrix and

are normally supplied by vessels lying in the bone's canal system.

Osteocytes are the mechanosensors of bone and, as such, they have

an important regulatory function in bone resorption and bone forma-

tion. The presence of vital osteocytes in the grafted bone indicates

that the canalicular system is viable and functional.21

The histomorphometry was performed by dividing the sections

into three pre-defined zones, that is, (1) the cortical zone of the graft,

which is the cortical outer side of the graft just underneath the perios-

teum; (2) the cancellous zone of the graft, which is the side of the

graft towards the alveolar process; and (3) the transitional zone, which

is the contact zone between the calvarial graft and the alveolar pro-

cess onto which the graft is fixed. Three regions of interest (ROIs)

were determined for each biopsy zone following a pre-defined pat-

tern. The mean result of each zone was used to compare the biopsies.

Histomorphometrical measurements were manually performed

for each ROI using a computer with an electronic stage table and a

Leica DC 200 digital camera. The computer software used was Leica

QWin (Leica Microsystems Image Solutions, Rijswijk, the Nether-

lands). The primary variables, in terms of the bone area, osteoid area,

and osteocyte number were determined. The percentage of bone

area, percentage of osteoid, and osteocyte number per mm2 of tissue

area were derived from these primary variables.20–22

2.7 | Statistical analysis

Data management and analysis were performed using SPSS 23.0 (IBM

SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp.,

New York). The data were tested for normal distribution with a Shiparo

Wilk-test and checked visually using a histogram with a distribution curve.

The data are presented as mean ± SD, or in case of non-normal distribu-

tion, as median and interquartile range. A dependent Students t test, or

the non-parametric paired Wilcoxon-Signed Rank test, was used to deter-

mine differences in the micro-CT parameters (tissue mineral density, bone

mineral density, and bone volume fraction) and the histomorphometric

parameters (bone percentage, osteoid percentage, osteocyte number per

volume of bone) between the fresh iliac crest and calvarial bone biopsies

and between the grafted iliac crest and calvarial bone biopsies obtained

after 4 months healing from the same patient. Also, the differences

between the grafted and native bone within each biopsy obtained after

4 months of healing, were determined as were the differences between

the fresh and 4 months grafts An independent t-test, or in case of non-

parametric data, a Mann-Whitney U test, was used to determine the dif-

ferences between both groups. A significance level of .05 was chosen for

all tests.

3 | RESULTS

3.1 | Study population characteristics

The 20 participating patients were either male (9) or female (11), with

an equal distribution between the groups (Table 1). No patients were

F IGURE 1 Micro-CT scans of fresh bone biopsies and bone
biopsies obtained from edentulous maxillary alveolar processes
4 months after being reconstructed with an anterior iliac crest or
calvarial bone graft. Only bone with a mineral density of >559.2 mg
HA/cm3 is visible. (A) Fresh anterior iliac crest biopsy consisting of a
thin, dense cortical layer and a major spongious bone part. The thin
trabeculae are numerous and form a dense network. (B) Biopsy
obtained after 4 months of anterior iliac crest bone graft healing. The
right side consists of grafted bone. The compact cortex of the anterior
iliac crest can be identified based on morphology and bone density.
The native maxillary bone is more porous, contains more trabeculae,
and the cortical wall is thinner compared to the bone in the grafted
area. In this biopsy, the palatinal cortical wall is hard to identify from
this perspective. (C) A fresh calvarial bone biopsy consisting mainly of
cortical bone. The diploic bone is the more porous part of the piece.
(D) Biopsy after 4 months of healing seen from the mesial
perspective. The left side consists of grafted bone. The compact
cortex of the calvarium can be identified based on morphology and
bone density. The native maxillary bone is more porous, contains
more trabeculae, and the cortical wall is thinner compared to the bone
in the grafted area. Magnification: A and C, �40; B and D, �20;
Arrow heads: border between grafted and native bone; GB.Ct: cortical
part of grafted iliac crest or calvarial bone
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lost to follow-up. There were no smokers. The mean body mass index

was comparable in both groups.

3.2 | Clinical results

In all cases, the augmentation procedure resulted in sufficient bone

volume for implant placement at the prosthodontically preferred sites.

In each group, 44 implants were placed. One patient in each group

lost an implant because of mobility during the osseointegration phase

resulting in a 1-year implant survival rate of 97.8%.

3.3 | Biopsies

A total of 40 bone biopsies was obtained. Twenty biopsies came from

the freshly harvested bone grafts (10 per group) and 20 were taken

from the reconstructed maxillary alveolar wall of the grafted bone

after 4 months of healing (10 per group).

3.4 | Micro-CT

The original orientation and the transition zone were identified on the

3D-reconstructions of the CT scans by the same investigator (DW).

Figure 1 shows a 3D-reconstruction of fresh blocks from anterior iliac

crest and calvarial bone grafts and of a specimen harvested during

implant placement after a 4-month graft healing period.

The fresh anterior iliac crest biopsies contained a thin layer of

very dense, compact cortical bone. This compact layer merged into

the cancellous bone with a small transition zone. The numerous tra-

beculae of the cancellous bone were thin and round, extending in all

directions. The original anatomy of the anterior iliac crest was

reflected in the form of the grafts since the cortical layer was slightly

concave. In the biopsies obtained after 4 months of anterior iliac crest

bone graft healing, the transition from the grafted bone towards the

native bone could be identified by the small impression in the cortical

layer of the biopsies. Furthermore, the cancellous bone was less dense

at the junction. The grafted bone still appeared as a dense, thin corti-

cal layer at the grafted site. The cancellous bone was less dense com-

pared to the fresh anterior iliac crest bone and the orientation of the

trabeculae appeared slightly disorganized.

The fresh calvarial bone grafts demonstrated a smooth transition

from dense cortical bone towards more cancellous diploic bone. The

trabecula of the diploic part were thick and short. In the biopsies

obtained after 4 months, the grafted bone could be identified easily

based on the compact cortical bone and the morphology of the graft,

and since they looked as dense as the fresh biopsies. A more in-depth

observation of the biopsies revealed that the transition towards can-

cellous bone started similar to the fresh biopsies, but the trabeculae

had become longer and thinner towards the native maxillary bone.

Both bone types' transition area demonstrated more space between

the trabeculae, which were irregular in form and thickness indicating

remodeling of the grafted bone. Further towards the native bone, the

trabeculae remained long and thin but were more packed together.

The cortical zone of the native bone was thinner compared to the

calvarial bone.

All the biopsies underwent micro-CT analysis and the results are

depicted in Table 2. When the fresh bone graft outcomes regarding

tissue mineral density of the grafted bone (TMD), inorganic bone mass

(BMD) and volume fraction occupied by bone (BVF) were compared

with the outcomes in grafted bone obtained from the same partici-

pants after 4 months of bone graft healing, a slight decrease was seen

for TMD and BVF and an increase for BMD in the anterior iliac crest

group. However, these inter-group differences were not statistically

significant (TMD: anterior iliac crest group: Z = �1.572, P = .116, cal-

varium group: Z = �0.76, P = .445; BMD: anterior iliac crest group:

Z = �1.07, P = .285, calvarium group: Z = �1.78, P = .074; BVF:

anterior iliac crest group: Z = �.15, P = .878, calvarium group:

Z = �0.15, P = .878) (Wilcoxon-Signed Ranks test). Thus, both the

anterior iliac crest and calvarial bone grafts keep their volume and

bone mass after being incorporated in the maxilla.

A comparison of both groups' micro-CT parameter outcomes

showed that fresh calvarial bone had a higher tissue density value

TABLE 1 Characteristics of the calvarial and anterior iliac crest groups

Anterior iliac crest bone Calvarial bone Students t test

n = 10 n = 10 t P

Gender

Female 6 5 �0.43 .673

Male 4 5

Mean SD Mean SD

Age at implant placement (years) 63.5 7.0 65.9 8.7 �0.67 .509

BMI (kg/m2) 28.5 6.13 30.6 7.9 0.64 .532

Time between augmentation and placement of implants

(years)

0.4 0.1 0.5 0.2 �1.63 .120

Number of implants placed 44 44

Abbreviations: BMI, body mass index; SD, standard deviation of the mean.
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(BMD, Mann-Whitney U test, U = 11.00, P = .002) and a higher frac-

tion of the volume that is occupied by bone (BVF, Mann-Whitney

U test, U = 25.00, P = .049) than the anterior iliac crest bone. After

4 months of graft healing, the tissue mineral density, the inorganic

mass and the bone volume fraction had higher values in calvarial bone

(TMD, Mann-Whitney U test, U = 14.50, P = .007; BMD, Mann-

Whitney U test, U = 22.00, P = .035; BVF, Mann-Whitney U test,

U = 7.00, P = .001). In other words, inorganic tissue density was

higher in calvarial bone before and after graft incorporation.

The two groups' native maxillary bone TMD, BMD, and BVF out-

comes did not differ (Mann-Whitney U test, TMD: U = 35.00,

P = .414; BMD: U = 35.50, P = .438; BVF: U = 32.00, P = .288). Fur-

thermore, irrespective of the type of graft, the native bone's TMD,

BMD, and BVF values were lower compared to those measured in the

grafted bone. It seems that since the TMD, BMD, and BVF had

decreased after 4 months of graft incorporation, the grafted bone

had adapted to the maxillary bone.

3.5 | Histology

The sections with fresh anterior iliac crest consisted of highly mineral-

ized bony tissue, appearing dark green in the histological sections

(Figure 2). The sections contained a dense cortical layer and an adja-

cent network of numerous thin trabeculae surrounding fatty tissue.

The transition area from the compact cortex towards the spongious

bone was irregular and abrupt. Osteoid, appearing as clear red lines

adjacent to green, mineralized bone, was present throughout the sec-

tions, as were osteocytes, which were visible as dark dots within the

white lacunae in the mineralized bone.

The fresh calvaria sections appeared dark green as well. The sec-

tions mostly contained mostly dense cortical bone, but several

sections showed both cortical and diploic bone, with a smooth transi-

tion from one to the other bone type. The diploic bone consisted of

short, thick trabeculae. Numerous osteocyte lacunae were visible

throughout the sections (Figure 2). In the sections obtained from biop-

sies taken after 4 months of healing, the original alveolar process,

transition zone and grafted bone could still be identified from the

bone morphology, irrespective of bone maturation. Several trabeculae

were present at the transition zone between the grafted and native

bone. These trabeculae connected the two bony parts, thus rep-

resenting new bone formation. The trabeculae at the transition zone

were thin and irregular, and appeared more like maxillary bone. Next

to these trabeculae, soft, mostly fat tissue was seen between the graft

and the native bone, and sometimes signs of inflammation were

observed. Moreover, poorly mineralized bony tissue was observed,

possibly the result of adding cancellous bone particles to fill the gaps

between the grafted and native bone. Apart from mineralized bone

tissue, osteoid was highly present in the transition zones (Figure 2B,

F). Osteocytes were seen throughout the biopsies, but they were

more concentrated in the transition zone and cancellous parts of the

grafted bone than in the cortical part of the graft. In the biopsies

taken at later time points, the osteocytes were more evenly distrib-

uted throughout the grafts indicating further maturation of the bone.

3.6 | Histomorphometry

Histomorphometry was used to measure the cortical part and the can-

cellous zone of the graft, and the transition zone between the graft

and the alveolar process. It was possible to set the nine ROIs following

the pre-defined pattern in 16 out of the 20 biopsies taken after

4 months. In two biopsies, one per group, only two ROIs per zone

could be set. Another two biopsies, again one per group, could not be

measured due to inadequate orientation of the sectioning.

There were no significant differences between the bone percent-

age, osteoid percentage, or osteocyte number over bone area of the

fresh bone graft biopsies (Table 3). Then, the median bone percentage

in the anterior iliac crest group sections decreased significantly from

51.5% (IQR 46.3–56.7%) in the fresh biopsies to 27.5% (IQR 25.1–

TABLE 2 Microcomputed tomography analysis of tissue mineral density (TMD), bone mineral density (BMD) and bone volume fraction (BVF)
in biopsies taken from fresh anterior iliac crest and calvarial bone grafts and from reconstructed maxillary alveolar ridges with either of these bone
grafts 4 months after reconstruction and prior to implant placement

Fresh bone biopsies (n = 20) Healed reconstructed alveolar process biopsies (n = 20)

Anterior iliac crest Calvarium
Mann-Whitney
U test Anterior iliac crest Calvarium

Mann-Whitney
U test

Median (IQR) Median (IQR) U P Median (IQR) Median (IQR) U P

TMD

(mgHA/cm3)

399.3 (341.2–814.4) 743.6 (500.1–889.6) 22.0 .329a 365.2 (264.5–530.6) 509.9 (372.4–621.9) 14.5 .007

BMD

(mgHA/cm3)

860.8 (819.2–887.9) 1028.4 (987.7–1112.1) 11.0 .002a 892.9 (832.8–943.0) 929.6 (877.7–956.9) 22.0 .035b

BVF (%) 39.3 (13.7–61.6) 69.4 (69.4–79.1) 25.0 .049a 38.7 (21.3–52.0) 47.5 (33.2–60.6) 7.0 .01b

Abbreviation: IQR, interquartile range.
aSignificant difference between freshly harvested calvarium and anterior iliac crest bone obtained at bone graft harvesting surgery, P < .05, Mann-Whitney

U test.
bSignificant difference between calvarium and anterior iliac crest bone grafts obtained after 4 months of healing, P < .05, Mann-Whitney U test.
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38.5%) in the biopsies taken 4 months later (Wilcoxon-Signed Rank

test, Z = �2.24, P = .025). The median osteoid percentage increased

significantly from 0.3% (IQR 0.1–0.6%) to 1.1% (IQR 0.6–1.5%)

(Wilcoxon-Signed Rank test, Z = �2.38, P = .017) and the median

number of osteocytes over bone volume increased significantly from

114 (IQR 90–190) to 369 (IQR 284–402) (Wilcoxon-Signed Rank test,

F IGURE 2 Histologic sections of biopsies obtained from edentulous patients whose maxilla were reconstructed with either anterior iliac crest
or calvarial bone grafts: fresh anterior iliac crest and calvarial bone biopsies and biopsies from the maxillary alveolar ridge, 4 months post
reconstruction surgery. (A) Fresh anterior iliac crest bone showing dense cortical bone (Ct) and several thick trabeculae (Tb) on the right where
the copious amount of cancellous trabecular bone (Cn) starts. (B) Biopsy 4 months after grafting the native maxillary bone (NB; right) with
anterior iliac crest bone (GB; left). The cortical part of the anterior iliac crest bone is denser compared to the native bone. Crossing trabeculae are
scarce between the native and grafted bones and non-mineralized connective tissue is present. (C) Detail of (A), containing cortical bone with
osteocytes (Ot). (D) Detail of (B), taken from the border between the grafted and native bones, including osteoid (O) and osteocytes (Ot).
(E) Detail of (B), taken from the cortical part of the grafted bone, including osteoid (O) and osteocytes (Ot). (F) A fresh calvarial bone graft biopsy
demonstrating a thick and dense cortical layer (Ct) with a smooth transition towards cancellous diploic bone months after grafting. The border
between the grafted and native bone has disappeared, and there is more homogenous mineralized, hard bone tissue visible throughout the
section compared to the section obtained after 4 months of graft healing. (G) Biopsy 4 months after grafting the native maxillary bone (NB; right)
with anterior iliac crest bone (GB; left). The cortical part of the calvarial bone is denser compared to the native bone. Several crossing trabeculae
are present between the native bone and grafted bone and non-mineralized connective tissue is present. (H), (I), and (J): Details of, respectively,
(F) and (G). Staining: Goldner's trichome to distinguish mineralized bone tissue (green) and unmineralized osteoid (red). All the bone biopsies are
from one patient, showing the progression from fresh calvarial bone towards a healed, reconstructed alveolar process. Magnification: A and B
�20, C and D �100. AP: alveolar process; Cn: cancellous zone of grafted bone; Ct: cortical zone of grafted bone; GB: grafted (anterior iliac crest
or calvarial) bone; NB: native (maxillary) bone; O: osteoid; Ot: osteocyte; Tb: trabecula; Tz: transition zone between grafted and native bone
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Z = �2.24, P = .025.) In the calvarium group, the median bone per-

centage decreased from 51.2% (IQR 46.0–69.5%) in fresh biopsies to

49.7% (IQR 42.1–57.7%) in biopsies taken at 4 months (Wilcoxon-

Signed Rank test, Z = �1.15, P = .249), the median osteoid percent-

age increased from 0.44% (IQR 0.1–0.84%) to 1.3% (IQR 0.5–1.9%)

(Wilcoxon-Signed Rank test, Z = 1.57, P = .116 and the number of

osteocytes over bone volume also increased somewhat, from

215 (IQR 64–273) to 278 (IQR 239–370) (Wilcoxon-Signed Rank test,

Z = �1.78, P = .075).

There were no significant differences between the bone percent-

age, osteoid percentage or osteocyte number over bone area in the

fresh bone graft biopsies. On comparing the two groups' sections

obtained 4 months post reconstruction, the bone percentage in the

transition zones was significantly higher in the calvarium bone graft

group (median (IQR) bone percentages in the transition zone: 45.5

(IQR 40.2–50.5)% for the calvarium group and 25.2(IQR 25.2–38.0)%

for the anterior iliac crest group; Mann-Whitney U test: U = 4.50,

P = .004). There were no significant differences between the other

histomorphometry outcomes, but what stood out was that the osteo-

cyte number over bone volume was clearly higher in all the anterior

iliac crest group's section zones (median OcN/Ba in entire sections:

302 (IQR 231–428) per mm2 for the calvarium group and 399 (223–

437) per mm2 for the anterior iliac crest group; Mann-Whitney U test,

U = 22.00, P = .293; Table 3).

Thus, all the fresh bone biopsies' histomorphometric outcome

values were similar. During the 4-month healing period, the median

bone percentage decreased, whereas the median osteoid percentage

and number of osteocytes increased in both groups and the changes

were of statistical significance in the anterior iliac crest group (bone

percentage, anterior iliac crest group: Z = 2.24, P = .025 and calvar-

ium group: Z = �1.15, P = .25; osteoid percentage, anterior iliac crest

group: Z = �2.38, P = .116; number of osteocytes per bone area:

anterior iliac crest group: Z = 2.24, P = .025; Z = �0.73, P = .463).

After 4 months of graft incorporation, the amount of bone per graft

TABLE 3 Histomorphometric analysis of bone percentage (Bp), osteoid percentage (Op), and osteocyte number per volume (OcN/Ba) in
biopsies from fresh harvested bone grafts and from the grafted sites after 4 months in the patients undergoing reconstruction of the edentulous
maxilla prior to implant placement

Anterior iliac crest bone Calvarium Mann-Whitney U testa

Median (IQR) Median (IQR) U P

Fresh bone graft N = 10 N = 10

All regions combined Bp (%) 51.5 (46.3–56.7) 51.2 (46.0–69.5) 37.0 .790

Op (%) 0.3 (0.1–0.6) 0.44 (0.1–0.8) 34.0 .594

OcN/Ba (1/mm2) 114 (90–190) 215 (64–273) 30.0 .374

Cortical bone Bp (%) 68.3 (58.3–79.7) 59.9 (37.4–79.7) 29.0 .328

Op (%) 0.1 (0.2–0.5) 0.2 (0.3–1.0) 31.0 .423

OcN/Ba (1/mm2) 98 (107–117) 126 (57–201) 34.0 .594

Trabecular bone Bp (%) 33.7 (24.0–55.8) 37.4 (28.6–59.6) 33.5 .563

Op (%) 0.1 (0.0–0.6) 0.15 (0.35–1.0) 35.0 .651

OcN/Ba (1/mm2) 101.9 (80.4–164.3) 127 (57–201) 32.0 .477

Grafted bone after 4 months of healing N = 8 N = 8

All regions combined Bp (%) 27.5 (25.1–38.5) 49.7 (42.1–57.7) 5.0 .005b

Op (%) 1.1 (0.6–1.5) 1.3 (0.5–1.9) 27.0 .600

OcN/Ba (1/mm2) 369 (284–402) 278 (239–370) 22.0 .293

Cortical bone of graft Bp (%) 45.6 (22.6–54.3) 51.9 (49.2–59.2) 16.0 .093

Op (%) 1.0 (0.5–1.7) 1.7 (0.4–2.3) 30.0 .834

OcN/Ba (1/mm2) 399 (223–437) 302 (231–438) 27.0 .599

Cancellous bone of graft Bp (%) 34.8 (15.8–45.7) 50.2 (28.8–61.7) 15.0 .074

Op (%) 0.5 (0.1–1.7) 1.7 (0.4–2.3) 26.0 .528

OcN/Ba (1/mm2) 318 (116–427) 234 (195–405) 34.0 .847

Transition zone Bp (%) 36.5 (25.2–38.0) 45.5 (40.2–50.5) 4.0 .003b

Op (%) 1.0% (0.8–1.3%) 0.6% (0.4–2.4%) 26.0 .528

OcN/Ba (1/mm2) 284 (93–410) 258 (90–190) 14.0 .065

Abbreviation: IQR, interquartile range.
aEquality of the median between the anterior iliac crest and calvarial bone grafts after 4 months of healing using a Mann-Whitney U test.
bSignificant difference between Bp, Op, or OcN/Ba measured in the cortical bone, cancellous bone, or transition zone between of grafted bone and native

maxillary bone, in sections obtained from participants' from the anterior iliac crest group and calvarial bone graft group.

8 WORTMANN ET AL.



volume was higher, and the number of osteocytes per volume of bone

was lower, in the calvarial bone graft compared to the anterior iliac

crest bone graft group (Table 3).

4 | DISCUSSION

This study revealed that the histomorphological and radiographic

characteristics make both graft types very suitable for pre-implant

graft procedures, showing that (i) both bone graft types become well

incorporated after 4 months of healing. The bone volume and mineral

density are well preserved, the grafted bone is well connected to the

native bone and the grafts are vital and showed signs of new bone

formation; (ii) calvarial bone grafts are less porous, have a higher vol-

ume of mineralized tissue, and showed less resorption over time com-

pared to anterior iliac crest bone grafts; (iii) anterior iliac crest bone

grafts show a higher percentage of a osteoid and higher number of

osteocytes per bone volume compared to calvarial bone grafts.

The major differences between both donor sites lie in the mineral

density, bone percentage, osteoid percentage and osteocyte number

of the grafts. The calvarial grafts show a higher mineral density mea-

sured with micro-CT and a higher percentage of bone per tissue sur-

face as shown by histomorphometry, which corresponds with the

thick cortical layer and overall dense structure calvarial bone is known

for. Anterior iliac crest bone contained more osteoid and a higher

number of osteocytes after 4 months healing. This reflects a high met-

abolic activity in anterior iliac crest bone grafts. These outcomes sug-

gest that the number of osteocytes per volume in anterior iliac crest

does not add to bone mass preservation when compared to calvarial

bone, since the calvarial bone grafts showed less decrease in bone

percentage without an increase in osteoid or osteocyte number. It is

therefore hypothesized that on the long term, calvarial bone grafts

show less resorption compared to anterior iliac crest grafts.

This hypothesis is supported by previous clinical studies which

have shown more bone resorption in anterior iliac crest bone grafts

compared to calvarial bone grafts.5,23 The three-dimensional volume

reduction after reconstructions with iliac crest bone ranges from

24%24 after 6 months to 60%12 after 1 year. When calvarial bone

grafts are used, the resorption is reported to be 0–15%,12 viz., 8.44%

after 6 months,24 and 10%25 to 19.2%2 after 1 year. These observa-

tions are in line with differences we found between both graft types

at baseline and 4 months after grafting in terms of mineral density,

bone percentage and metabolic activity. Higher volume preservation

of the alveolar bone after augmentation using calvarial grafts com-

pared to using anterior iliac crest grafts should be taken into account

in clinical decision making, as it might benefit the prosthetic outcomes

of the procedure.

The higher number of osteocytes in combination with lower bone

mass and mineral density in anterior iliac crest bone compared to cal-

varial bone matches with previously described differences in flat bone

and long bone osteocyte networks that arise from adapting to differ-

ent physiological loading patterns, which suggest different networks

activities.26 In other words, the bone percentage of bone after

4 months of graft incorporation might result from the specific features

of the osteocytes instead of the number of these cells per volume of

bone. Osteocytes are mechanosensitive cells that play a key role in

bone remodeling, facilitating an increase or decrease in bone resorp-

tion and formation depending on the prevailing loading condi-

tions.27,28 Previous studies have suggested that differences in the fate

of the endochondral and intramembranous bone grafts are caused by

differences in osteocyte function whereby the to specific

mechanosensitive features of the local osteocytes in the parietal skull

bone means it has efficient physiological load bearing and volume

maintenance properties despite its relative mechanical disuse.27,28

Possibly, calvarial osteocytes have the ability to successfully orches-

trate bone apposition and resorption even after transplantation,27,28

resulting in proper incorporation of a viable graft in combination with

the preservation of its material properties. This theory seems to fit

the findings in our study since the morphology of the grafted calvarial

bone had only changed slightly during the healing period. In other

words, the previously described higher metabolic activity of anterior

iliac crest compared to calvarial bone,5,12,23 is likely to result from dif-

ferences in osteocyte functioning rather than osteocyte number. This

theory explains the previously described clinical findings supporting

the hypothesized long term volume preservation seen in calvarial

bone grafts. Furthermore, as osteocytes seem to play a key role in the

fate of reconstructed alveolar ridges, future research on these proce-

dures should focus on the optimal use of osteocytes.

The current micro-CT analyses demonstrated that both types of

bone graft adapt to the native maxillary bone, as their features in

terms of mineral density and porosity changed towards values mea-

sured in native bone. However, both graft types continued to show

favorable features in terms of strength when compared to native max-

illary bone. Previous research suggests that after a longer healing

period, calvarial bone grafts still show favorable features that are as

least as favorable as native bone when it comes to bone density, bone

mass and bone volume.29 Long-term studies on a larger scale are

needed to further analyze the functioning of bone grafts compared to

native maxillary bone, in terms of bone volume and bone strength as

this has consequences for the placement of implants for prosthodon-

tic rehabilitation.

In the quest to an ideal bone graft, the current study is of great

value due to its randomized controlled design. This design allows for

thorough comparison of both bone grafts despite their differences in

anatomical location and subsequent burdens the bone was exposed

to before harvesting. Both groups were equal in age distribution,

male/female ratio and presence of known comorbidities.

The current study analyzed effects after 4 months of healing in

terms of bone mineral density and microscopic bone volume. In clini-

cal decision making, long term evaluations on macroscopic alveolar

crest volume, implant survival and prosthetic outcomes should be

included. Medium term studies on bone volume resorption report

that, in line with the current results, anterior iliac crest shows a higher

resorption rate than calvarial bone.5,12,17,25,30–33 However, it the out-

comes might converse to some extent with time as anterior iliac crest

has a steep initial resorption curve which flattens after several months
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whereas calvarial bone shows a more gradual resorption pattern.17 To

answer questions on differences in clinical outcomes, an analysis on

macroscopic bone volume, for example by means of CBCT imaging, is

needed.

In conclusion, the results of this study show that both donor sites,

that is, anterior iliac crest and calvarial bone, are both well suited to

provide a reliable and stable basis for implant placement 4 months

after grafting with mineral density, porosity, and resorption rate being

in favor of calvarial bone grafts. Future studies with a longer follow-

up period are needed to test the hypothesis that calvarial bone grafts

will show less resorption on the long term, therefore providing a more

favorable and more durable outcome from a prosthodontic point

of view.
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