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Abstract: For sinus grafting, different methods and materials are available. One possible shortcoming
of particulate bone grafts is either overfilling or augmenting the planned implant area insufficiently.
To overcome this risk and to determine the implant position prior augmentation, we present an
approach using three-dimensional printed scaffolds. A patient with a remaining anterior dentition
and bilateral severely atrophied posterior maxilla was seeking oral rehabilitation. The cone beam
computed tomography (CBCT) showed residual bone heights between one and two millimeters.
Following the three-dimensional reconstruction of the CBCT data, the positions of the implants
were determined in areas 16 and 26. Three-dimensional scaffolds adapted to the topography of the
sinus were virtually designed and printed using a calcium phosphate cement paste. Bilateral sinus
floor augmentation applying the printed scaffolds with an interconnecting porosity followed. After
nine months, a satisfying integration of the scaffolds was obvious. At the re-entry, vital bone with
sufficient blood supply was found. One implant could be placed in positions 16 and 26, respectively.
After five months, the implants could be uncovered and were provided with a temporary denture.
The application of three-dimensionally printed scaffolds from calcium phosphate cement paste seems
to be a promising technique to graft the severely atrophied posterior maxilla for the placement of
dental implants.

Keywords: calcium-phosphate scaffold; computer aided design; computer aided manufacturing;
sinus floor augmentation

1. Introduction

The grafting of large or complex shaped bony defects is still a challenge for oral
and maxillofacial surgeons. However, grafting is frequently required in order to enable
oral rehabilitation using dental implants. Recently, the application of three-dimensional
printed scaffolds has become an emerging technique for bone augmentation in the oral and
maxillofacial area [1,2]. Based on a three-dimensional data set, e.g., radiographical image
data from a cone beam computed tomography (CBCT), scaffolds are virtually designed
and generated from different materials. Thus, it is possible to reconstruct even defects of a
complex geometrical shape [3]. The most frequently used origins for scaffolds in oral bone
regeneration are allogenic, xenogenic or alloplastic [4]. While allogenic and xenogenic mate-
rials have pre-set properties, e.g., porosity and absorbability, these properties are adjustable
in alloplastic materials. A varying porosity or absorbability potentially influences cell
migration and proliferation and, thus, a more rapid ingrowth of bone into the scaffold [3].
Considering the absorbability, it was observed that a fast resorbing calcium phosphate
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bone substitute was directing the structural alterations of the host bone to vital bone tissue
in a radiographical study [5]. It was stated that the optimal degradation rate of the scaffold
is similar to the rate of osteogenesis [6]. Thus, the scaffold’s structure would be replaced
by new bone. Furthermore, porosity and pore size are crucial parameters influencing the
attachment, differentiation and proliferation of cells [3,7]. Ideally, an increased porosity
of the material enables cell proliferation via interconnective pores. On the other hand, a
higher pore size or porosity decreases the mechanical resistance [3,7]. Furthermore, the
strand orientation and tortuosity of the pore channels might influence the mechanical
stability and permeability [8,9]. A higher permeability supports cell migration and, thus,
promotes bone tissue regeneration better than straight microchannels [9]. Currently, there
is a wide variety of materials used for three-dimensional printing of scaffolds for bone
tissue engineering ranging from polymers, metals, ceramics and hydrogels to carbon-based
nanomaterials [10,11]. A disadvantage might be the necessity to process these materials
at higher temperatures, e.g., metals and ceramics. Other materials suffer from a rapid
loss of tensile strength during the degrading process, e.g., polylactides [12]. In order to
overcome these shortcomings of single materials, composites of various materials are used
for scaffold processing combining the desired properties [13].

A material having shown its suitability for the three-dimensional printing of scaffolds
for bone regeneration is calcium phosphate cement (CPC) [14]. Calcium phosphate cements
are defined as hydraulic cements consisting of one or more calcium orthophosphate pow-
ders and a liquid phase [15]. CPC can be of a pasty consistency and cures at considerably
low temperatures such as room or body temperature at a nearly neutral pH-value [16]. The
material is bioactive and osteoconductive which means that it provides a scaffold for the mi-
gration and proliferation of osteoblasts [17]. Additionally, it shows a slow biodegradability
resulting in a high volume stability over years [18]. An advantage of CPC is its moldability
and printability enabling the modification of the basic material [17,19]. Furthermore, cal-
cium phosphate cements can be used as a carrier for certain agents in order to stimulate
bone regeneration [20,21]. Due to these properties, the material has shown its suitability
for three-dimensional printing for clinical applications in several studies yet [3,5,22,23].

Sinus floor augmentation is an established and predictable procedure to graft bone in
the posterior maxilla [24]. A variety of grafting methods and materials is available [25]. The
ideal grafting material offers volume stability, offers sufficient filling of the subantral space
and enables new bone ingrowth [26,27]. Furthermore, it should allow the insertion of dental
implants with a sufficient primary stability after the healing period [28]. Rarely, the disloca-
tion of substitute particles might occur which increases the postoperative morbidity [29].
One possibility to overcome this potential dislocation might be the application of scaffolds
for sinus floor augmentation. In a case series, three-dimensionally milled scaffolds made
from hydroxyapatite were used for bilateral sinus floor augmentation [30]. However, when
inserting hydroxyapatite scaffolds from coralline origin, no adjustment of the porosity or
mechanical stability is possible. Thus, scaffolds made from calcium phosphate cement
seem to be a promising option for the augmentation of the maxillary sinus.

To the best of our knowledge, this is the first case where three-dimensional printed
scaffolds made from calcium phosphate cement paste with interconnecting porosity were
used for sinus grafting. The aim of the presented case was to examine the proof of principle
for the clinical application of three-dimensional printed calcium phosphate cement scaffolds
for sinus grafting.

2. Case Presentation

The case of a 62-year-old male patient seeking a better retention of his partial remov-
able denture in the maxilla is presented. His medical history contained an atrial fibrillation
and a cardiac arrhythmia. The routine medication was composed of rivaroxaban 20 mg
daily. There were no allergies.

The initial intraoral findings showed a remaining dentition in the maxilla containing
the anterior teeth from canine to canine and the second premolar on the right. A horizontal
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bone loss up to the median third of the tooth roots was clinically obvious. Furthermore,
gingival recessions on the facial site of the anterior teeth were detected. The left lateral
incisor and canine were provided with dental crowns including a retainer for the removable
partial denture. The removable partial denture was replacing the first premolar and the
first and second molar on the right side. On the left side, both premolars and molars were
replaced. The base of the denture was not covering the palatal area. Retentions were fixed
on the second right premolar and on the left canine. In the mandible, only the first molars
on both sides were missing without being replaced. The probing depths were slightly
increased. The mucosal tissues showed no abnormalities.

Following the clinical examination, a cone beam computed tomography (Accuitomo,
J. Morita Corporation, Osaka, Japan) of the maxilla was performed. The parameters
were as following: field of view: 80 x 80 mm, voxel size: 0.16 mm, tube voltage: 87 kV,
current: 8 mA. The data were saved as Digital Imaging and Communications in Medicine
(DICOM) format. The radiographical findings elucidated a vertical bone dimension of
2-3 mm bilaterally in the posterior maxilla. On both sides, the maxillary sinuses showed
no signs of inflammation or residual roots. The patient was informed that the insertion of
dental implants would require a bilateral sinus augmentation procedure. Furthermore, the
potential methods for sinus floor augmentation were discussed extensively. Figure 1 shows
an overview of the workflow.

3D-Imaging (CT/CBCT)

Planning of dental implants Analysis of defect area

Scaffold design
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Figure 1. Schematic overview of the workflow in clockwise direction starting top left. Acquisition of

the three-dimensional radiographic data (upper left). Planning of the position of the dental implants
with yellow contour indicating the planned implant and the corresponding sleeve (upper center).
Analysis of the defect size and topography (upper right). Virtual design of the scaffold (center
right). Virtual check of the designed scaffold with yellow contour indicating the planned implant
and the corresponding sleeve, light blue contour indicating the planned scaffold and brown contour
indicating the pristine bone in the transversal plane; coronary plane is indicated by the red arrows
(lower right). Manufacturing of the scaffolds (lower center). Check of the designed scaffold in a
three-dimensional model of the defect situation (center left). Clinical application of the scaffold in the
patient (lower left).

After the informed consent of the patient, the design of the scaffolds was started. In
the sense of backward planning, the planning of the prosthetic structure was first per-
formed using the Organical Dental Implant software (Organical CAD/CAM GmbH, Berlin,
Germany). One dental implant with a length of approximately 10 mm and a diameter of
4.5 mm was planned for the replacement of the first molar on each side. Based on this
planning, the design of the scaffold followed. For this purpose, the position and dimensions
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of the scaffolds that were planned to be inserted were determined in consultation with
the surgeons. Digital models and screenshots were used to visualize the desired regions.
The models and screenshots were created applying the Organical Dental Implant software
(Organical CAD/CAM GmbH, Berlin, Germany). Subsequently, the design of three dif-
ferent alternatives considering the shape of the scaffold was carried out. The design was
created using SolidWorks software of Dassault Systemes (SolidWorks Deutschland GmbH,
Miinchen, Germany) in combination with CTinA software, a framework developed by the
Chair of Virtual Product Engineering (VPE) with a software solution for processing CT data
for virtual product development. CTinA was used to process the data during the design
process, such as local segmentation of regions of interest, and to derive design feature
elements from the imaging data. This data and information were then transferred to the
SolidWorks design program via a software interface. The designed alternatives differed
in the spatial shape, the height and the geometric design of the cranial side since this
surface has no bone contact but is in contact to the Schneiderian membrane. Thus, a design
had to be found that would not damage this vulnerable structure. A close cooperation
between engineers and surgeons was required. Following an interdisciplinary discussion,
the final design of the scaffolds was found. The scaffolds had a height of approximately
10 mm. Thus, the planned dental implant would be fully inserted into the scaffold structure.
In addition, functional elements were integrated, e.g., a cavity for inserting the fixation
screw having a diameter of 2 mm. The cavity was positioned along the planned axis of
the dental implants. The transfer of the planning data from the Organical Dental Implant
software to the CTinA software was performed via a software interface developed by VPE.
Furthermore, pockets with a size of approximately 2 x 3 mm were integrated laterally
enabling simple handling with tweezers during surgery (Figure 2).

(b)

Figure 2. Scaffold for grafting the left maxillary sinus. (a) Lateral aspect with black arrows depicting

the grooves for the tweezers. (b) The structure of the calcium phosphate strains and the cavity for the
fixation screws are clearly visible.

Subsequently, the data were sent to the manufacturer (INNOTERE GmbH, 01445
Radebeul, Germany) for the production of the scaffolds.

The manufacturing process of the scaffolds was completely based on the workflow
similar to the CE-labeled class 3 medical device product family. Therefore, the validity
of the applied materials, equipment and processes was proven. The calcium phosphate
cement paste was prepared as described previously [31]. The three-dimensional printing
was carried out using a custom-designed 3D printer in a controlled clean room environment.
The common xyz-table was modified with a VIEWEG pneumatic system (VIEWEG GmbH
- Dosier- und Mischtechnik, Kranzberg, Germany) working with sterile air to extrude the
cement which was filled into 10cc Nordson cartridges (Nordson, Westlake, OH, USA). The
documentation was embedded in a DIN EN ISO 13485 Quality Management System. Before
use, the substrate structures were chemically sterilized. The reference between the dosage
needle (steel, 330 pm diameter, Nordson, Westlake, OH, USA) and the support structure
was established. The three-dimensional printing was carried out at a head speed of up
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to 8 mm/s. The scaffold design was based on a typical strand distance of double strand
diameter resulting in a gap similar to the strand diameter. The meandering layers with
an orthogonal direction and an ABAB layer pattern resulted in a pore size of 330 um size,
which were interconnecting in all directions. The samples were exposed to a high relative
humidity to induce cement setting over seven days. The hardened scaffolds were removed
from the support structures and rinsed in acetone for carrier liquid removal and drying.
The dried scaffolds were double-packed in Tyvek bags and Co-60 gamma-irradiated at
35 kGy (STERIS Synergy Health, Radeberg, Germany). The quality inspection before final
release included analysis for overall shape, weight, porosity and compressive strength.

Next, a model of the patient’s maxilla was printed in order to evaluate the suitability
of the scaffolds and to determine the extent of the access cavities. Before performing
the clinical surgery, a model surgery was carried out using the resin model. The resin
model was based on a segmentation performed in the Organical Dental Implant software.
The extracted surface model was then prepared in the software Geomagic Studio 2012
(3D Systems GmbH, Moerfelden-Walldorf, Germany). The model was three-dimensional
printed on an FDM Vantage S printer (Stratasys GmbH, Rheinmiinster, Germany). The
material used was PC-ISO, a biocompatible polycarbonate material (Stratasys GmbH,
Rheinmiinster, Germany).

Next, the bilateral sinus floor elevation was performed using the calcium-phosphate
scaffolds. All surgeries were performed according to the department’s standard in local
anesthesia using Ultracain DS (Sanofi Aventis Deutschland, Frankfurt, Germany). Fol-
lowing a crestal incision with a mesial relief incision, a mucoperiosteal flap was elevated.
The access cavities were prepared using a piezosurgery device (Piezosurgery® 3, mectron
Deutschland Vertrieb, KoIln, Germany). The resulting bone lid was deflected cranially and
remained pedicled on the Schneiderian membrane (Figure 3). On the left side, a small rup-
ture of the Schneiderian membrane occurred which was sutured with absorbable material
(Vicryl 5-0, Johnson & Johnson Medical GmbH, Ethicon Deutschland, Norderstedt, Ger-
many). Subsequently, the calcium-phosphate scaffolds were placed in the sub-antral space
and fixed with each one micro screw (1.5 x 7 mm; Gebriider Martin, Tuttlingen, Germany).
The scaffold in the right maxilla was measuring approximately 10 x 10 x 8 mm and in the
left maxilla 10 x 14 x 8.5 mm, respectively. After the repositioning of the mucoperiosteal
flap, the wound closure was performed using non-absorbable sutures (Prolene monofil 5-0,
Johnson & Johnson Medical GmbH, Ethicon Deutschland, Norderstedt, Germany). Ibupro-
fen was administered as analgesic. The postoperative behavioral instructions contained the
application of cool packs, a liquid diet and the use of decongestant nasal spray. In order to
examine the correct position of the scaffolds, a postoperative CBCT was performed.

Figure 3. The intra-operative situs after fixation of the scaffold in the left maxillary sinus with a
fixation screw on the crestal bone. The access bone lid is deflected into the maxillary sinus.

After a healing period of nine months, the re-entry for implant insertion was performed
in local anesthesia. After the bilateral crestal incision and the elevation of a mucoperiosteal
flap, the micro screws could be removed without problems. In order to obtain a tissue
biopsy for histological analysis of the augmented site, the implant cavities in regions 16 and
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26 were prepared using a trephine drill of 3 mm outer diameter (Hager & Meisinger, Neuss,
Germany) for the pilot cavity. Subsequently, the implant cavities were prepared according
to the manufacturer’s protocol, and each one implant of 11.5 mm length (SIC invent AG,
Basel, Switzerland) was inserted in regions 16, 24 and 26. All implants achieved a sulfficient
primary stability. The mucoperiosteal flaps were repositioned, and the wound closure was
performed with non-absorbable sutures (Prolene monofil 5-0, Johnson & Johnson Medical
GmbH, Ethicon Deutschland, Norderstedt, Germany).

The histological samples were fixed in 4% formaldehyde for 48 h. After dehydra-
tion in a graded series of ethanol, the specimens were embedded in methylmethacrylate
(Technovit 9100 NEU, Heraeus Kulzer, Wehrheim, Germany). Longitudinal sections of
100 pm thickness in oro-vestibular direction were produced using Donath’s sawing and
grinding technique [32]. The central section of each specimen was chosen for evaluation.
After polishing, the sections were stained using the Masson-Goldner trichrome staining.
Subsequently, the specimens were imaged using a light microscope (Olympus BX 61, Olym-
pus Deutschland, Hamburg, Germany). Using an automatic scanning table (Marzhauser,
Wetzlar, Germany), six images per trephine core were scanned with a 4 x 10-fold magnifi-
cation and fused to one image. The images were analyzed histologically regarding bone
formation and foreign body reactions.

After a healing period of five months, the second stage implant surgery for uncovering
the implants followed. In local anesthesia (Ultracain DS, Sanofi Aventis Deutschland,
Frankfurt, Germany), a palatal incision was performed, and the mucosal flaps were de-
flected to uncover the implants. Healing abutments (SIC 3.3 X 4 mm and 3.3 X 3 mm,
SIC invent AG, Basel, Switzerland) were fixed. Wound closure again was performed with
non-absorbable sutures (Prolene monofil 5-0, Johnson & Johnson Medical GmbH, Ethicon
Deutschland, Norderstedt, Germany). Postoperatively, a panoramic radiograph was carried
out to examine the osseointegration of the implants.

Subsequently, the abutments of the implants were integrated in the partial removable
denture to increase the number of support structures. Thus, a sufficient retention of the
prosthesis was achieved.

3. Outcome
3.1. Handling of the Scaffolds and Clinical Outcome

During the surgery, the manageability of the scaffolds was sound. Due to the grooves
on the vestibular side, the scaffolds could be handled and hold in place during their fixation
by using a pair of tweezers (Figure 1). From the consistency, the scaffolds appeared brittle.
Thus, the screws used for fixation of the scaffolds had to be of a reduced diameter in order
to avoid cracking of the scaffolds.

After the insertion of the scaffolds, a slight swelling was obvious bilaterally. However,
the swelling appeared to be soft indicating a post-operative edema. The wound healing
was without abnormalities; no dehiscences or fistula were detectible. The patient reported
no intense pain. No clinical signs of a sinusitis or nasal congestions were obvious. Thus, the
sutures could be removed after 14 days. The healing period of the scaffolds was without
any abnormal finding.

After a healing period of nine months, the bony sites showed no sign of osteolysis. The
fixations screws were partly covered by bone. The structure of the scaffolds with obvious
ingrowth of vital bone appeared less brittle compared to the insertion of the scaffolds
(Figure 4). When obtaining the trephine cores, the material of the scaffolds appeared more
solid than the pristine bone. The implant insertion was possible with a sufficient primary
stability. No rupture of the Schneiderian membrane could be detected. After 14 days, the
wounds were without any sign of swelling or inflammation. Thus, the sutures could be
removed. During a check-up appointment three months after implant insertion, the cover
screw of the implant in the right maxilla was exposed. However, the surrounding mucosa
showed no signs of inflammation.
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Figure 4. Clinical outcome. At the time of re-entry for implant insertion, the scaffolds showed a
sufficient osseointegration without any signs of inflammation. The fixation screw was covered by
bone (*). The structure of the scaffold is visible at the lateral aspect of the sinus wall (black arrow).

At the re-entry for the uncovering of the implants, the implants were clinically suf-
ficiently integrated and showed no sign of inflammation or loosening. After insertion
of the healing abutments, no abnormalities could be observed. Therefore, the implant
abutments could be sufficiently used as additional support for the partial dental prosthesis
in the maxilla.

3.2. Radiographical Outcome

Directly after the insertion of the bone substitute, the cone beam computed tomography
confirmed the correct position of the scaffolds according to the planned position. On the
left side, a slight gap between the palatal bone wall and the scaffold was observed. The
bone lids used to access the sinuses were located on the cranial site of the scaffolds. As a
consequence of the small perforation of the Schneiderian membrane, a level of liquid was
obvious in the left maxillary sinus whereas on the right side a slight swelling was observed
(Figure 5a).

After the healing period of 9 months, no signs of inflammation were found in both
maxillary sinuses. The scaffolds showed a sufficient integration into the host bone without
any sign for osteolysis or sequestration. The bone lids were still located on the cranial site
of the scaffolds appearing similar to Underwood septa. No sign of loosening or dislocation
of the fixations screws was found (Figure 5b).

Following the uncovering of the implants, the panoramic radiograph showed a suffi-
cient osseointegration of all implants. No sign of an inflammation of the maxillary sinuses
was found. The scaffolds were found to be sufficiently osseointegrated. No osteolytic areas
could be observed (Figure 5c).

Figure 5. Cont.
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Figure 5. Radiographical outcome (a) Sagittal plane of the left maxillary sinus directly after augmen-
tation. An air-fluid-level of blood is visible after a small perforation of the Schneiderian membrane.
The scaffold is tightly fixed to the host bone by the screw. (b) Sagittal plane of the left maxillary
sinus prior to implant placement. The scaffold is showing sufficient osseointegration. The bone lid is
visible cranial of the scaffold. No sign of inflammation or mucosal swelling is detectable in the sinus.
(c) Panoramic radiograph after implant uncovering. A sufficient osseointegration of the scaffolds and
the dental implants without any signs of peri-implant osteolysis is obvious. No sign of inflammation
of the maxillary sinuses is detectable.

3.3. Histological Outcome

The trephine core showed dense structures of the bone substitute in close contact to
mature bone. In the contact area between the bone substitute and the mature bone, zones
of osteoid deposition could be found. At the margins of the trephine core, formations of
connective tissue were obvious which were proceeding with thin extensions to the center.
No formation of inflamed or necrotic tissue could be found in the trephine core (Figure 6a).

A\

Figure 6. Histologic specimen of region 26 (Masson-Goldner staining). (a) Trephine core showing the
close contact between the vital bone and the scaffold with a denser structure in the cranial area of
the core (Magnification: 10-fold). (b) Detail showing the close contact between bone (*) and scaffold
material (+) without a gap (Magnification: 40-fold).

When looking at the contact area between the bone substitute and the bone with an
increased magnification, osteons could be found. No gap between the substitute and the
new formed bone was obvious indicating a sufficient integration of the substitute material
(Figure 6b). Signs of resorption of the substitute material could not be observed at the time
of implant placement.

4. Discussion

In the presented case, three-dimensionally printed calcium phosphate scaffolds were
used to graft the maxillary sinus bilaterally in order to obtain a sufficient bone volume for
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the insertion of dental implants. Clinically, bone grafting and implant insertion were not
showing any sign of complications. Besides post-operative swelling and pain which were
easily treatable with ibuprofen, no side-effects could be observed.

An advantage of the application of scaffolds is the precise fitting into the defect. Thus,
a dislocation of the grafting material, which might occur when no membrane is used, seems
unlikely [29]. However, considering the printing tolerance, the error in our case is much
higher compared to another similar set-up where a three-dimensional milled scaffold was
used. In the examination of Mangano et al., a cutting accuracy of 25 um was stated [30].
In the present case, the three-dimensional printing of the scaffolds was carried out with
a printing accuracy of 330 um limited by the diameter of the printing needle. However,
when adding the errors of the workflow, a higher inaccuracy will occur. The voxel size of
the CBCT is stated with 0.16 mm cumulating to an effective error of 0.32 mm. Additionally,
an offset of 0.1 mm for the printing was setup in order to avoid a poor fit due to, e.g., bone
spikes. Thus, in the worst case a total workflow error of 0.75 mm is possible. However,
the clinical impact of this error is questionable as the scaffold is inserted by a surgeon
and a positioning error of less than 1 mm can be considered as sufficient [33]. Moreover,
the scaffold was fixed tightly to the adjacent bone by a fixation screw enabling a close
bone-scaffold-contact and, thus, a sufficient healing. Furthermore, the fixation with the
screw keeps the scaffold in place. One shortcoming in handling the scaffold was the brittle
consistency, potentially increasing the risk of cracking when tightening the fixation screws.
However, by printing the cavity for the screw in a slightly oversized dimension, this flaw
was overcome in the presented case. No crack or fracture of the scaffolds was detected
during the surgery. One possible weak point might be the accessibility of the fixation
screw, certainly when the grafting area is in the posterior maxilla, or the mouth opening is
hampered. In this case, a sufficient fixation of the scaffold might not be possible. However,
this issue can be solved by angulating the screw cavity which is simply feasible as the three-
dimensional, virtual planning offers a great freedom in the design of geometry and shape.
Another advantage might be the possibility to adjust the pore size of the scaffold material.
The pore has a crucial impact on cell migration into the scaffold and proliferation [3,7]. By
varying the pore size, an increased cell migration and proliferation and, thus, a faster bone
ingrowth into the scaffold might be possible. This could allow reduced the healing time
and, therefore, a shortened treatment period for the patient. When applicating customized
scaffolds from xenogeneic origin, the pore size is pre-set and cannot not be adjusted [30].
This might hamper cell migration and osseintegration of the scaffolds. Furthermore, an
adaptation to varying loads in different regions of the oral and maxillofacial area is not
possible. This might be a disadvantage as scaffolds might not be suitable for grafting in the
mandible and maxilla. Herein, there might be an advantage when using three-dimensional
printing, where the pore size can be adjusted to biological and mechanical requirements
which are differing in non-load-bearing regions, e.g., maxillary sinus and load-bearing areas
in the mandible [3]. Considering the varying stress, additional tests for scaffolds seem to be
important in order to analyze the long-term stability certainly of absorbable scaffolds [34].
In an in vitro setting, it was found that porous magnesium scaffolds show an increased
fatigue when being immersed in simulated body fluids [34]. However, the applied scaffolds
were showing a much higher pore size with 800 pm compared to the 330 um in our case.
Furthermore, the sub-antral space can be considered as non-load bearing.

A recent histomorphometric analysis of human biopsies demonstrated that the packing
density might affect the bone regeneration in sinus floor augmentation using particulate
material [35]. It was shown that high packing density led to a reduced integration of the
bone substitute particles. When using a scaffold, the pore size is adjustable in order to
optimize the bone ingrowth [3]. Furthermore, an inhomogeneous packing density using
particulate bone substitute, that possibly leads to a varying pattern of integration of the
granules, can be avoided. However, when analyzing the bone ingrowth into the scaffolds,
a pronounced bone ingrowth was obvious at the contact area between the scaffold and
the host bone. This finding is in line with the results of Iezzi et al. who observed a higher
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integration and a pronounced new bone formation into a three-dimensional printed scaffold
consisting of hydroxyapatite and tricalcium phosphate at the contact area to the host bone
in a sheep model [35,36]. This observation is explainable by the ingrowths of blood vessels
which are delivering growths factors enabling cell migration into the scaffold. Furthermore,
a study inserting hydroxyapatite scaffolds with a pore size of 300 um in the maxillary sinus
of thirteen patients showed bone ingrowth into the interconnecting pores after three months
of healing [37]. This seems to be a promising result in order to shorten the healing time for
calcium phosphate cement scaffolds. The pore size with 300 pm is comparable to the pore
size used in the presented case with 330 um and seems to promote bone ingrowth [37].

When using pre-designed scaffolds for sinus floor grafting, an extended access cavity
to the sinus is necessary increasing the invasiveness of the surgery. Compared to the crestal
approach for sinus floor augmentation, this increased invasiveness is a disadvantage. On
the other hand, for the application of the crestal approach, a residual bone height more than
five millimeters showed a higher predictability of success [38]. This bone height was not
available in the presented case. Thus, the crestal approach would have not been a sufficient
option. Likewise, the application of the lateral window technique was described as safe,
and post-operative complications are rare when performed by experienced surgeons [39].
This technique was applied in the presented case without any complications which is
similar to a case series applying custom milled scaffolds made from hydroxyapatite for
bilateral sinus augmentation [30]. The difficulty might be finding the correct localization of
the access cavity in order not to oversize the bone lid. However, when virtually designing
the scaffolds shape, a cutting guide in the shape of the bone lid can be manufactured using
the same data set as it was conducted by Mangano et al. [30]. The application of cutting
guides in order to determine resection margins, and the size and shape of free fibular flaps
are widely established [40-42]. Additionally, the use of cutting guides for the access bone
lid when performing enucleation of large mandible cysts was demonstrated as helpful [43].

Considering the healing time, nine months for scaffold integration is within the time
period comparable to bone grafting with other substitute materials for sinus floor augmen-
tation [44]. In their systematic review, healing times between 4.5 and 13.5 months were
analyzed without a significant additional gain of new bone formation after 9 months [44].
However, regarding the extend of the grafted volumes, we decided to prolongate the heal-
ing time in order to obtain a sufficient osseointegrated scaffold. In further investigations,
a reduction of the healing time for the scaffold should be examined as a healing time
of five months was found to be sufficient considering clinical, histomorphometric and
microradiographic parameters using conventional materials [45].

Summarizing, the application of scaffolds made of calcium phosphate cement paste
was promising in the presented case. However, the results have to be interpreted with
caution. As always in the presentation of single cases it is difficult to predict how the
scaffolds would perform in varying individuals. In order to elucidate the performance
in a broader population, examinations which include more patients are necessary. Next,
scaffolds used for sinus grafting are allowed to heal without any mobility. Thus, our results
considering the uneventful healing might be different when applying the scaffolds in the
mandible where the scaffolds are exposed to a higher mechanical stress due to muscle
tension and the torsion of the mandibular bone itself [46]. This stress might lead to an
exposure of the scaffold and, thus, potentially to an infection as it was observed in a study
where milled scaffolds made of synthetic hydroxyapatite/beta-tricalcium phosphate were
applied [47]. In order to evaluate the influence of the location on scaffold integration, further
studies with different grafting sites are necessary. Additionally, only one scaffold design
was tested in our case. As the pore size, the strand orientation and the tortuosity have shown
to have an influence on the permeability and, thus, on cell migration and proliferation,
further examinations seem to be necessary in order to find an ideal design [8,9].
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5. Conclusions

In the presented case, three-dimensional printed scaffolds made of a calcium phos-
phate cement paste seemed to be a valuable method for extended sinus grafting enabling
a subsequent insertion of dental implants. The workflow in the presented experimental
setting proved sufficient from the image acquisition to the production and sterilization of
the scaffolds. The clinical application was easily manageable for an experienced surgeon.
Furthermore, the healing of the scaffolds and the dental implants was uneventful indicating
a sufficient biocompatibility of the material. Summarizing, the presented approach seems
to be a promising method for the sinus grafting. However, the application of the scaffolds
in a wider clinical setting has to be examined considering the suitability for daily use,
the workflow of diagnostic and scaffold production in dentist’s surgery and the patients’
acceptance for this kind of graft. A simplification of the workflow has to be focused on
in order to promote the suitability for daily use. Furthermore, variations in the scaffold’s
porosity and long-term examinations of the resorption characteristics are needed in order
to optimize stability and the bone ingrowth.
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