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ABSTRACT
Objective: To evaluate the use and osseointegration of dental implants in combination with 3D-printed hydroxyapatite (3DHA) 
blocks featuring gyroid porosity for large mandibular bone augmentation.
Methods: Mandibular lateral bone augmentation with gyroid-3DHA blocks was performed bilaterally on four female Göttingen 
minipigs. After 8 or 12 weeks of healing, a dental implant was placed into each 3DHA block. Following an additional 12-week 
healing period, the augmented sites (including 3DHA blocks and dental implants) were harvested for histological and histomor-
phometric analysis, assessing new bone formation, 3DHA integration, total bone gain, and bone-to-implant contact (BIC).
Results: Gyroid-3DHA blocks were easily fixated with screws. Dental implants were placed through the 3DHA blocks with a 
standard drilling procedure, and good primary stability was achieved. 3DHA blocks demonstrated good osseointegration with 
39.17% of new bone and a significant bone gain of 4.73 mm on average. Dental implants showed comparable BIC within the 
3DHA and into the native bone (42.79% vs. 34.17%). No significant difference was found between the healing periods.
Conclusion: This is the first study to evaluate a 3D-printed bone substitute in combination with a dental implant in an animal 
study. Gyroid-3DHA blocks and dental implants demonstrated good osseointegration, and the bone augmentation was signifi-
cant, making it a promising material for large and complex alveolar ridge augmentations.

1   |   Introduction

Dental implant placement to replace missing teeth is becom-
ing more and more frequent. Alveolar ridge augmentations are 
therefore following the same trend. Conventional techniques 
for bone augmentation include autologous block grafting 
and guided bone regeneration (GBR) with bone particulates 

(either autogenous, derived from xenogeneic origin (bovine, 
equine, porcine), or particulates from alloplastic material). 
Autologous bone grafting is often successful but unpredict-
able, linked with donor site morbidity, and of limited availabil-
ity. Additionally, the procedure requires advanced surgical 
skills. GBR with particulates and collagen membranes is effi-
cient for horizontal augmentation and socket filling. However, 
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achieving good stability of the particulates in cases requiring 
substantial vertical augmentation or large augmentation re-
mains challenging (Urban et al. 2023; Chao et al. 2017; Sanz-
Sánchez et al. 2022).

Hydroxyapatite (HA) has been studied for decades for bone re-
generation as it is the main constituent of the human bone (up to 
70%). HA osseointegration properties have been demonstrated 
repeatedly and in various anatomical locations (Hou et al. 2022; 
Wang and Yeung 2017; Kattimani et al. 2016; Mohd et al. 2022; 
Habraken et  al.  2016). Most of the time, HA bone substitutes 
are made of deproteinized bovine bone (Ferraz 2023) and pro-
vided in particulate shape, which does not adequately address 
the need for stability in vertical bone augmentation (Urban 
et  al.  2023; Vaquette et  al.  2022). Deproteinized bovine bone 
blocks fail to solve the issue also due to their high fragility im-
pairing their fixation and their heterogeneity (Zecha et al. 2011; 
James et  al.  2020). Therefore, synthetic HA blocks have been 
studied in the past to overcome these challenges, offering bet-
ter stability. However, these HA blocks were usually associated 
with failure due to their lack of osseointegration, especially in-
side the block (Piecuch et al.  1990; Hupp and McKenna 1988; 
Alyahya and Swennen 2019), a consequence of inadequate po-
rosity. Those blocks had an average pore size of 50 to 300 μm 
(Yoshikawa et  al.  2008; White and Shors  1986; Cottrell and 
Wolford 1998) and pore interconnections of 40 μm (Yoshikawa 
et al. 2008). However, it has been demonstrated that macropores 
smaller than 100 μm can induce non-mineralized osteoid or fi-
brous tissue formation (Abbasi et al. 2020). It is recommended to 
have macropores of at least 400 μm to not limit the size of blood 
vessels (Bai et  al.  2011) and preferably close to 650 to 800 μm 
in order to have homogeneous bone distribution throughout the 
scaffold (Abbasi et al. 2020; Mantila Roosa et al. 2010). Pore in-
terconnections shall also be superior to 100 μm to enable good 
vascularisation of the scaffold, and the larger the interconnec-
tion, the larger the blood vessels (Li et al. 2022; Bai et al. 2010).

With the emergence of CAD/CAM technologies, new possibilities 
have arisen. Subtractive manufacturing, like a 5-axis computer-
controlled milling machine, allows producing patient-specific 
HA blocks (Luongo et al. 2016; Mangano et al. 2022; Mangano 
et al. 2015). However, this technology does not improve the HA 
block porosity. On the other hand, ceramic additive manufac-
turing enables overcoming these HA block limitations by pro-
viding to the scaffold a controlled interconnected macroporous 
structure (Vaquette et al. 2022). Several studies on the optimal 
macroporosity structure for osseointegration have been con-
ducted with particular attention to the triply periodic minimal 
surface (TPMS) structures (Maevskaia et  al.  2024; Maevskaia 
et al. 2023). The latter provide an ideal balance between poros-
ity and mechanical strength (Montazerian et al.  2017), have a 
surface curvature similar to trabecular bone (Charbonnier 
et al. 2020) and facilitate angiogenesis (Wu et al. 2022). Among 
the TPMS, gyroids have demonstrated superior results in ver-
tical bone growth compared to particulates and lattice struc-
tures (van Hede et al. 2022) and faster mineralization compared 
to bovine bone blocks (Bouakaz et  al.  2023). In addition, the 
gyroid 3D-printed HA (gyroid-3DHA) has already proven to 
be effective in clinical use for maxillofacial bone apposition, 
such as mandibular angle and zygomatic bone augmentations 
(Systermans et al. 2024; Verbist et al. 2024).

Gyroid-3DHA could also greatly benefit patients with challeng-
ing alveolar ridge augmentations: those with severe vertical 
bone loss, individuals needing both bone reconstruction and 
implants after trauma or tumour removal, and patients with 
previous failed bone grafts where conventional methods were 
inadequate. The ability to customize graft geometry based on 
patient anatomy and dental implant planning, while maintain-
ing consistent internal architecture, could allow surgeons to 
address complex three-dimensional defects that are currently 
difficult to reconstruct.

While the final purpose of alveolar bone augmentation is the 
placement and osseointegration of a dental implant, all studies 
on 3D printed calcium-phosphate based materials for alveolar 
bone augmentation focus only on the osseointegration of the 3D-
printed graft (Mohd et al. 2022).

In the present pilot study, we aim to evaluate the complete clin-
ical situation. We designed a pilot study starting from 3DHA 
grafting up to the osseointegration of the dental implant. We 
investigated the fixation and osseointegration of the gyroid-
3DHA, the placement of a dental implant through the 3DHA, 
and the dental implant bone-to-implant contact (BIC) within 
the grafted area. Additionally, since the gyroid-3DHA scaffold 
holds significant potential for complex bone augmentation, we 
designed an animal study mimicking a situation where only one 
surface provides bone contact.

2   |   Material and Methods

2.1   |   Ethical Considerations

The animal research was in accordance with Directive 2010/63/
EU, the current Belgian regulation on lab animal protec-
tion, and ARRIVE guidelines. The study protocol was ap-
proved by the CER Groupe Ethical Committee under reference 
PS-2022-CER-002.

2.2   |   Animals and Anaesthesia

The study included four female Göttingen minipigs of 2 years old 
and a weight from 37 to 44 kg. Animals were acclimatized for at 
least 2 weeks prior to the first surgery. Body weight was moni-
tored at arrival, before surgeries, and then every 2 weeks until 
euthanasia. Clinical examinations were performed at arrival, 
before surgeries, and once a week until euthanasia. Special care 
was paid to the skin and soft tissues around the surgical sites. 
Animals were fed with a standard diet (pellet food) and water 
ad libitum. During the 3 days following surgery, the animals re-
ceived a daily intramuscular injection of Meloxicam (0.4 mg/kg).

All surgeries were conducted under general anaesthesia. 
Intramuscular injection of Buprenorphine (30 μg/kg) was ad-
ministered 30 min prior to surgery. General anaesthesia was 
induced by an intramuscular injection of Xylazine (2 mg/kg), 
Ketamine (2.2 mg/kg), and Zoletil (4.4 mg/kg). After induction, 
anaesthesia was maintained with 3%–4% isoflurane. To compen-
sate for any liquid loss during surgery and prevent dehydration, 
a physiological serum perfusion (10 mL/kg) was administered.
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2.3   |   Study Design

Study design is illustrated in Figure 1. One 3DHA block was placed 
on each side of the mandibula of all animals, identified by L for left 
and R for right. First healing period (T1) was either 8 or 12 weeks. 
Second healing (T2) period was fixed to 12 weeks (Figure 1).

2.4   |   Scaffold

All gyroid-3DHA blocks were manufactured by CERHUM SA 
(Liège, Belgium). They are made of pure hydroxyapatite and 
have a fully interconnected gyroid porous structure. The man-
ufacturing, including the porosity design, the additive manu-
facturing process, and the post-treatment, has been previously 
described (Bouakaz et al. 2023). Each 3DHA block underwent 
steam sterilization (134°C, 18 min) prior to surgery.

The 3DHA block was designed to fit all minipigs' mandibles. A 
custom-made design for each minipig could have been created 
based on scans and with the 3D-printing manufacturing process 
previously described (Systermans et al. 2024). However, it was 
not necessary for the present animal model as the minipigs pres-
ent a flat surface on the mandibular angle. The standardized 
volume of the 3DHA block was 1200 mm2, its dimensions are 

20 mm × 12 mm × 5 mm, as depicted in Figure 1. Gyroid-3DHA 
blocks were designed with two holes for osteosynthesis screws. 
Sufficient space was left in between the screws to be able to 
place a dental implant without removing the screws.

2.5   |   Surgical Procedures

All surgeries were performed in an operating room, ensuring 
aseptic conditions.

2.5.1   |   T0—Bone Graft Placement

Lateral augmentation was performed on both sides of the man-
dible for each minipig. The lateral and inferior mandibular 
borders were exposed through a submandibular skin incision. 
The soft tissue was dissected to expose the lateral surface of the 
mandible. A flat surface, away from the dental roots, was iden-
tified. The cortical bone was perforated using a small round bur 
under saline solution irrigation. Perforations were not standard-
ized across surgeries. Fixation holes were drilled through the 
pilot holes already present in the gyroid-3DHA block. (Figure 1) 
Osteosynthesis screws (Ø 2 mm, length 7 mm) were placed in the 
planned holes.

FIGURE 1    |    Schematic representation of the animal model including the 3DHA size, bone augmentation location, fixation, and healing periods.
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The gyroid-3DHA block was covered with a resorbable collagen 
membrane (Collprotect, Straumann) fixed with four titanium 
pins (length 3 mm, Straumann). The surgical site was closed by 
interrupted sutures in four layers (periosteum, muscle, subcuta-
neous tissue, and skin) with Vicryl 3–0.

2.5.2   |   T1—Dental Implant Placement

A similar incision and dissection were performed to expose the 
3DHA block. Implant bed preparation was done in the centre of 
the 3DHA block first with a needle drill (Ø 1.6 mm, Straumann), 
then widened with successive pilot drills (Ø 2.2 mm, Ø 2.8 mm, 
Straumann) and a twist drill (Ø 3.5 mm, Straumann). No im-
plant tapping device was used.

A dental implant (Ø 4.1 mm, RN, SLA 8 mm, Roxolid, Straumann) 
was inserted with a maximum torque of 35 Ncm as recommended 
by the manufacturer, and a closure cap was placed.

Additionally, a trephine biopsy of the 3DHA was performed 
when possible (four specimens out of eight: specimens 1R, 2L, 
4L, and 4R). This was done in order to confirm the presence of 
bone at the time of dental implant placement.

The surgical site was closed by interrupted sutures on four lay-
ers (periosteum, muscle, subcutaneous tissue, and skin) with 
Vicryl 3–0.

2.5.3   |   T2—Euthanasia

Euthanasia was performed by pentobarbital injection under 
general anaesthesia. After the sacrifice of the animals, the man-
dible was excised, and the left and right hemi-mandibles were 
separated with a band saw.

2.6   |   Histological Preparation

Samples were placed in 4% formaldehyde directly after har-
vesting. After complete fixation, samples were dehydrated in a 
graded series of alcohol and embedded in Spurr resin. Screws 
and dental implants were not removed.

Slide preparation was performed by laser microtomy 
(TissueSurgeon, LLS ROWIAK LaserLabSolutions), as described 
by (Kunert-Keil et  al.  2019). The obtained slides were undecal-
cified sections perpendicular to the bone surface in the mesio–
distal direction, crossing both screws and the dental implant. 
Haematoxylin-eosin and McNeal staining were performed.

2.7   |   Histopathologic and Histomorphometric 
Analysis

Histopathologic and histomorphometric analyses were con-
ducted on specimens harvested at T2 with a digital microscope 
(Olympus BX43). Polarizing light was used to differentiate native 
lamellar bone and newly formed woven bone. Semiquantitative 
scoring was performed on inflammation, foreign body reaction, 

granulocytes, lymphocytes, macrophages, giant cells, fibrosis, 
new bone formation, remodelling (osteoblasts/osteoclasts), re-
sorption, (osteo-)necrosis, and vascular changes. The scoring 
scale is: 0 = not present, + = mildly pronounced, ++ = moder-
ately pronounced, +++ = severely pronounced.

Histomorphometric measurements were conducted with 
CellSens software (Olympus, Hamburg, Germany) and QuPath 
(Bankhead et al. 2017). The parameters measured are:

–	 Total bone gain: the distance between the native bone 
surface and the highest new bone location perpendicularly 
to the native bone surface.

–	 Scaffold area: Augmented surface minus the screws and 
dental implant areas (Figure 2).
○	 New bone area: the surface colonized by new bone 

within the scaffold area.
○	 3DHA area: surface occupied by the gyroid-3DHA scaf-

fold within the scaffold area.
○	 Non-mineralized tissue area: surface occupied by soft 

tissues, bone marrow, fibrous tissue within the scaffold 
area.

–	 Bone ingrowth: bone surface percentage within the porosi-
ties of the 3DHA.

–	 Bone-to-implant contact (BIC): the percentage of the dental 
implant surface in direct contact with bone at the micro-
scopic level as the quantitative measurement of its osseo-
integration. BIC was measured over the full length of the 
dental implant (Total BIC) and distinguished between the 
area inside the 3D HA blocks (BIC—3DHA) and the area 
within the native bone (BIC—Native bone) (Figure 2).

2.8   |   Statistical Analysis

As a feasibility pilot study, a formal sample size calculation was 
not achievable. Instead, four animals (eight surgical sites) were 

bone ingrowth =

new bone area

scaffold area − 3DHA area

FIGURE 2    |    Schematic representations of the regions of interest of 
the histomorphometric analysis. Transversal section of the scaffold area 
crossing the dental implant and both screws.
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used, providing adequate preliminary data while adhering to 
ethical standards.

Descriptive statistics were performed on histomorphometric 
measurements, including mean +/− standard deviation. Data 
set normality was verified with the Shapiro–Wilk test. t-tests 
were performed using Prism v10.4.1 (GraphPad) whenever re-
quired and possible. For all analyses, differences at p < 0.05 were 
considered statistically significant.

3   |   Results

3.1   |   Clinical Assessment

Surgeries and postoperative healing were uneventful for all 
animals for both surgeries. All gyroid-3DHA blocks were suc-
cessfully placed with 2 screws and a coverage membrane 
(Figure 3A,B). No breakage of the 3DHA blocks was observed. 
At T1, new bone was visible through the pores of the graft and 
sometimes on top of it (Figure 3C). Dental implants were placed 
at T1 according to standard protocol with good primary reten-
tion; 35 Ncm was reached for all (Figure 3D).

One animal (#3) developed a cough and acute dyspnea and died 
prematurely at T1 + 6 weeks. The absence of any link between 
the surgery and graft material was confirmed by autopsy.

3.2   |   Descriptive Histology and Semi-Quantitative 
Histopathology

Biopsies were conducted at T1 on four specimens, only for qual-
itative assessment of bone ingrowth. Biopsies of specimens 2 L, 
4 L, and 4 R confirmed the presence of bone inside the 3DHA 
at the time of dental implantation and already significant bone 

growth (Figure 4A). Biopsy of specimen 1 R indicated the pres-
ence of a severe inflammatory reaction.

Semi-quantitative analysis of the specimens at T2 is presented in 
Table 1. New bone formation is found inside every gyroid-3DHA 
specimen. Woven bone is found in direct contact with the 3DHA 
and in contact with the native lamellar bone (Figure 4B). The di-
rect bone contact between the 3DHA and the new bone, without 
any fibrous interface, demonstrates the good osseointegration of 
the bone graft. Notably, the new bone formation and bone remod-
elling are the highest for animal #4, with the longer follow-up pe-
riod (T1 + T2), while the fibrosis level is the lowest. Active bone 
remodelling is highlighted by the presence of multiple cement 
lines and repeated detections of numerous osteoblasts in all spec-
imens (Figure 4C). Numerous vascular proliferations are evident 
throughout the entire bone-grafted area (Figure  4D). Bone is 
found in direct contact with the dental implant within the scaf-
fold area (Figure 4E). In some locations, connective tissues are 
also found in direct contact with the dental implant (Figure 4F). 
Active bone formation towards the dental implant is indicated by 
the presence of numerous osteoblasts (Figure 4F,G).

Adjacent to the soft tissue (at the top of the grafted area), there 
is an inflammatory reaction attributed to the normal healing 
of the soft tissues. However, in one specimen (1R), the inflam-
matory reaction infiltrated the 3DHA. This specimen also pre-
sented signs of bone necrosis. This necrosis was caused by the 
inflammation and originated in the surrounding soft tissue. It 
took place prior to the dental implant placement, as indicated by 
the biopsy of specimen 1R.

3.3   |   Histomorphometric Analysis

Histomorphometric measurements of all specimens are pre-
sented in Table  2, including animal #3 who died prematurely 

FIGURE 3    |    Intra-operative pictures at T0 (A, B) and T1 (C, D). (A) 3DHA fixed with 2 screws. (B) Collagen membrane covering the graft. 
(C) Osseointegrated 3DHA after the first healing period. New bone is visible macroscopically on the 3DHA surface. (D) Dental implant placed inside 
the 3DHA.
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and specimen #1R which presented necrosis. Means are calcu-
lated with and without those specimens in Table 2.

3.3.1   |   Total Bone Gain

For all except one (1R), the new bone ingrowth reached at least 
4 mm of bone augmentation, and in some specimens, it exceeded 
the 3DHA and peaked at 5.44 mm. Figure 5A illustrates the bone 
gain across all specimens.

3.3.2   |   Bone and Non-Mineralized Tissue Areas

The following data refers to the situation when specimen 1R 
is excluded (see Table 2 for all specimens' data). The gyroid-
3DHA occupies 41.83% of the surface. The new bone covers 
on average 39.17% of the scaffold area while non-mineralized 
tissues represent 19%. The bone ingrowth within the 3DHA 
is on average 67.53%. Bone growth is uninterrupted, start-
ing from the native bone contact surface and uniformly dis-
tributed over the cross-section. Non-mineralized tissues are 

FIGURE 4    |    Histological sections. (A) Biopsy sagittal section at T1 (McNeal staining; specimen 4R). (B) Native bone and scaffold area interface 
(polarized light). (C) Bone remodelling highlighted by cement lines (black arrows) and numerous osteoblasts (McNeal staining). (D) Bloods vessels 
inside the new bone (blue arrows) (HE staining). (E) Transversal section of the scaffold area highlighting the vertical bone gain, the dental implant 
placement, and the screws. Interface between dental implant and new bone are enlarged (McNeal staining; specimen 2R). (F) Transversal section of 
the scaffold area of the dental implant with enlarged view of dental implant—new bone interface (McNeal staining; specimen 3R). (G) Enlarged view 
of dental implant—new bone interface (HE staining; specimen 3R). Yellow arrows indicate osteoblasts and bone growth towards the dental implant. 
Legend: ‘X’: 3DHA; ‘#’: New bone (woven bone); ‘ = ’: Native cortical bone; ‘Y’: Dental implant; ‘Z’: Osteosynthesis screws.
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mostly constituted of soft tissues located at the top of the bone 
graft and connective tissue preferably located around the 
dental implant neck. The tissue distribution is illustrated in 
Figure 5B,C.

3.3.3   |   Bone-To-Implant Contact

BIC percentages in the 3DHA area, in the native and over the 
full length of the dental implants, are presented in Table  2. 
Overall, the BIC is slightly higher in the 3DHA (42.79%) com-
pared to the native bone (34.17%), but the difference is not statis-
tically significant.

Regarding the impact of the first healing periods (T1), no 
noteworthy difference is noticeable between 8 and 12 weeks. 
However, reduced healing time after dental implant place-
ment (T2), as it is the case for specimens 3L and 3R, led to 
an incomplete osseointegration of the dental implant (low 

Total BIC), which is mostly surrounded by connective tissue 
(Figure 4F).

4   |   Discussion

The present pilot study aimed at assessing the 3DHA for its abil-
ity to promote lateral bone augmentation in a chronic defect, the 
possibility of placing a dental implant, and its osseointegration. 
For the first time, the dental implant osseointegration inside a 
3D-printed bone graft has been evaluated.

We demonstrated the feasibility of placing a dental implant in-
side the 3DHA with the conventional hard bone drilling proto-
col as in native bone. This ability is important since, in clinical 
practice, dental implants can be placed across both native bone 
and bone substitute material. In addition, no fracture of the 
3DHA occurred during drilling. Although the fragility of the ce-
ramic scaffold is frequently reported in the literature (Wang and 
Yeung 2017; James et al. 2020; Piecuch et al. 1990), its mechani-
cal strength improves significantly once the porous structure is 
filled with new bone (Tamai et al. 2002). This study shows that 
osseointegrated 3DHA provides sufficient mechanical integrity 
to withstand drilling and dental implant placement.

In the few previous studies investigating both dental implants 
and bone substitutes, the placement is either simultaneous (le 
Thieu et al. 2021; Wen et al. 2017; Catros et al. 2020) or staged 
(Doi et al. 2016; Mihatovic et al. 2020; Antunes et al. 2013). The 
present study falls into the second category. Notably, these prior 
studies often involved a cylindrical-type defect below the critical 
size (Doi et al. 2016; Mihatovic et al. 2020; Antunes et al. 2013), in 
an acute phase and supporting spontaneous healing (Mihatovic 
et  al.  2020). The bone substitute's ability to support good and 
rapid osseointegration is therefore not evaluated.

In contrast, one of the most challenging situations in oral bone 
augmentation is a chronic defect with minimal native bone 
contact. This study was designed to replicate such a condition. 
While cylindrical-type defects have four lateral walls intact, the 
two-wall defect model removes both lingual and vestibular walls 
(de Carvalho et al. 2024). In comparison, the model used in the 
present study represents a chronic defect with only a lateral bone 
wall (and no others). Although, in our model, there is a possible 
bias due to the anatomical location allowing periosteal-driven 
bone formation (Aludden et al. 2020), the situation is still a worst 
case compared to an acute 1-, 2-, 3-, or 4-wall defect.

The volume of the graft in the present study is two to six times 
bigger than most other studies. The 3DHA thickness was de-
fined to have a significant part of the dental implant inside the 
grafted area and be representative of the clinical situation of 
vertical alveolar bone augmentation. The size of the 3DHA was 
determined by the space required for placing two screws and 
one dental implant, which correspond to a usual clinical situa-
tion of large bone augmentation. The total volume of the 3DHA 
block was 1200 mm3 while others report less than 200 mm3 in 
case of a cylindrical-type defect (Mihatovic et  al.  2020) and a 
maximum of up to 500 mm3 for the biggest appositions (Aludden 
et al. 2020; Carrel et al. 2016).

FIGURE 5    |    (A) Graphical representation of total bone gain across 
all specimens. (B) Histological view of specimen #2R (HE staining). 
(C) Schematic representation of the bone and non-mineralized tissues 
location throughout the scaffold area with the screws and dental im-
plant (in grey).
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The minipig is a frequently used animal model for alveolar bone 
augmentation and dental implantation studies due to its simi-
larities with human mandibular anatomy and bone remodelling 
rate (Zhang et al.  2021; Blanc-Sylvestre et al.  2021). However, 
in contrast to dogs, it is difficult to maintain good oral hygiene 
with minipigs, and post-operative healing may be jeopardized 
(Zhang et al. 2021; Blanc-Sylvestre et al. 2021). In the subman-
dibular skin incision model described in the present study and 
also by others (Aludden et al. 2020; van Oirschot et al. 2022), 
complications such as wound dehiscence and exposure caused 
by insufficient oral post-operative care do not arise. However, 
the anatomical location, being the mandibular bone, remains 
representative of oral bone augmentation, contrary to the femo-
ral bone chosen by others (Doi et al. 2016) to test dental implants.

In the present study, new bone tissue covered 39.17% of the 
grafted area. This is largely superior to the porous hydroxyap-
atite blocks used in the past in maxillofacial surgeries. For the 
latter, values reported 4.7–16.4 months post-surgery are 48.5% of 
hydroxyapatite matrix, 18% of new bone, and 33.5% of soft tissue 
(Cottrell and Wolford 1998). The difference can be explained by 
the optimized porosity of the gyroid-3DHA blocks. Its fully in-
terconnected and larger pores (Bouakaz et al. 2023) ensure good 
vascularisation and faster and homogeneous osseointegration.

Bone ingrowth is also satisfying but slightly lower than the 82% 
previously reported by Aludden et al.  (2020) after 20 weeks in 
a similar anatomical location in a minipig study. However, in 
Aludden et al.'s study, no dental implant was placed, which is 
a more favourable situation. Nevertheless, the non-mineralized 
tissue amounts are within the same range, namely 3%–27% 
(Aludden et  al.  2020). And, similarly to (Wen et  al.  2017), in-
flammation was observed in the soft tissue but not found inside 
the new bone, for all specimens except 1R.

Although healing periods before dental implant placement 
vary greatly between minipig studies (from 8 to 32 weeks in 
post-extraction models), 12 weeks is the most frequent duration 
(Musskopf et al. 2022). In addition, specifically in the staged im-
plant placement model, the only reported minipig study is based 
on 12 weeks of healing (Mihatovic et al. 2020). Since previous 
studies (van Hede et al. 2022; Bouakaz et al. 2023) demonstrated 
rapid and superior osseointegration properties of gyroid-3DHA 
bone grafts, investigating a shorter healing period of 8 weeks 
was of particular interest. In the present study, no difference in 
BIC was observed between healing periods of 8 and 12 weeks, 
suggesting that a reduced healing duration before dental im-
plant placement could be feasible when using the gyroid-3DHA 
block. However, due to the significant variability observed in 
BIC measurements, further studies with larger sample sizes are 
necessary to confirm this finding.

Compared to other studies involving a graft material, BIC mea-
surements reported in the present study are similar, highlight-
ing a good osseointegration of the dental implant inside the 
3DHA bone graft. For instance, Doi et al. reported a BIC of 34.7% 
after 12 weeks in dog femurs (Doi et al. 2016), whereas Wen et al. 
found a BIC of 33.3% after 9 weeks in the mandibular bone of 
minipigs in their control group without BMP-2 (Wen et al. 2017). 
Conversely, Mihatovic et al. reported higher BIC values ranging 
from 73.38% to 84.11% after an 8-week healing period; however, 

their study involved non-critical size, four-wall bone defects, and 
notably, the bone substitute material had significantly resorbed 
(remaining material ranged from 9.2% to 14.04%) (Mihatovic 
et al. 2020).

Unfortunately, the comparison cannot be brought further due to 
the differences in animal models, size of graft, and type of de-
fects. Therefore, in order to have an objective assessment of the 
3DHA performance, we decided to compare the dental implant 
BIC in the native bone (dental implant tip) and inside the 3DHA. 
We have demonstrated a similar BIC in the 3DHA compared to 
the native bone area. This confirms that the gyroid-3DHA can 
successfully support dental implants' osseointegration.

As expected, specimen 1R, presenting severe inflammation and 
osteonecrosis, is also associated with a low BIC. But surpris-
ingly, although specimen 2 L presents a high graft osseointegra-
tion (40.68% of new bone), the dental implant is surrounded by 
connective tissue in large areas, and the BIC is low, especially at 
the tip inside the native bone. Notably, the dental implant tip is 
also surrounded by a pronounced mononuclear inflammatory 
reaction (Table 1).

Of note, one dental implant failed to osseointegrate inside the 
3DHA (1R) due to bone graft necrosis caused by inflammation. 
The exact cause of the inflammation is unknown but could 
be explained by excessive pressure on the minipig cheek area 
(Aludden et al. 2020). Surprisingly, another dental implant pre-
sented a low BIC inside a well-integrated bone graft (specimen 
2 L, new bone area: 40.68%, BIC: 20.86%) and even a lower BIC in 
the native bone (2.49%). This suggests poor osseointegration un-
related to the graft material. The dental implant is surrounded 
by connective tissue in large areas, and the dental implant tip is 
also surrounded by a pronounced mononuclear inflammatory 
reaction, potentially due to contact with the mandibular canal. 
Other factors, like thermal osteonecrosis during drilling or mi-
cromovements, may have disrupted the healing phase, hinder-
ing dental implant osseointegration.

Dental implants with reduced T2 healing time, such as speci-
mens 3L and 3R with 6 weeks instead of 12 weeks, have a lower 
BIC compared to the other specimens. Notably, connective tis-
sue is found around the dental implant without any inflamma-
tory reaction. It is therefore assumed that this corresponds to 
immature bone formation and full osseointegration would have 
been achieved with a complete healing time. In fact, active bone 
formation by way of numerous osteoblasts is visible next to the 
dental implant and connective tissue (Figure 4G).

Overall, the animal model used in the present study was more 
ambitious than previous studies by combining a chronic defect 
with only a lateral bone wall, a significantly bigger bone graft, 
and shorter healing periods. But this pilot study presents some 
limitations as well. The small sample size (n = 4), including the 
premature loss of one animal, reduces statistical power and lim-
its conclusions about healing duration. The anatomical site used, 
while convenient, does not fully replicate the oral environment. 
The absence of a control group prevents direct comparison with 
standard graft materials. Employing tissue-level implants rather 
than bone-level implants likely led to underestimated bone-to-
implant contact. In fact, the tissue-level implant neck is smooth 
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to prevent bone tissue attachments, and part of this neck was 
inside the 3DHA grafts. Finally, the use of standardized grafts 
does not showcase the full potential of personalized 3D-printed 
designs.

Patient-specific bone grafts in alveolar bone augmentation bring 
several advantages such as good bone contacts, precise augmen-
tation according to dental implantation planning, and faster sur-
geries (Mangano et al. 2022). The clinical use must also consider 
current higher manufacturing costs of these patient-specific 
solutions. But these may be offset by potential benefits like re-
duced operating time, fewer complications, and faster healing. 
Manufacturing costs are also expected to decrease as the tech-
nology matures and production scales up.

Currently, only a few clinical case series of patient-specific 
grafts in the form of 3D-milled HA blocks (Luongo et al. 2016; 
Mangano et al. 2022) or allografts (Kloss et al. 2023) have been 
reported for alveolar ridge augmentation. Regarding 3D-printed 
ceramic grafts, a few recent case reports have been published 
(Johansson et al. 2024; Perez et al. 2023; Schönegg et al. 2024). 
However, these cases are currently limited to horizontal bone 
augmentation and do not capture the full potential of 3D-printed 
bone grafts.

To investigate further the gyroid-3DHA, a comparative study 
with an intra-oral defect previously healed and implying a verti-
cal augmentation could be set up. CT scan prior to bone augmen-
tation surgery should be performed to enable customized design 
of the bone graft. It is important to examine closer patient-specific 
gyroid-3DHA blocks to better highlight its critical advantages in 
alveolar bone augmentation. Ultimately fixation of the 3DHA di-
rectly with the dental implant could be investigated also.

Overall, this study's outcomes reveal valuable potential for 
clinical practice, particularly benefiting patients who require 
extensive alveolar ridge reconstruction prior to implant place-
ment. The combination of customizable graft geometries with 
predictable implant integration could significantly enhance out-
comes for challenging cases lacking effective treatment alterna-
tives. Although larger-scale comparative studies are required to 
further substantiate these preliminary findings, this pilot study 
lays the groundwork for innovative alveolar ridge augmentation. 
Integrating digital planning, 3D-printing technology, and con-
ventional implant techniques represents a promising advance-
ment in reconstructive dental surgery.

5   |   Conclusion

In conclusion, to the best of our knowledge, it is the first time 
a 3D-printed bone substitute is studied together with a dental 
implant in an animal study. The present pilot study confirms 
the great potential of gyroid-3DHA for alveolar bone augmen-
tation. Compatibility with standard dental implant protocols is 
confirmed and clinically relevant. Comparable bone-to-implant 
contact was observed between dental implant in 3DHA and 
native bone (42.79% vs. 34.17%). Results achieved after only 
8 weeks of healing suggest potential for faster clinical proto-
cols. However, further investigation is needed to overcome the 

limitations of this pilot study, mainly the small sample size and 
the absence of a control group.
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