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Patients with a severely atrophied maxilla pose a 
challenge for successful rehabilitation with dental 

implants. Onlay bone grafts, sinus floor elevation, and 
even vascularized fibular flaps can improve the alveolar 
conditions to support implants. However, these meth-
ods have the limitations of donor site morbidity, mul-
tiple surgical interventions, grafting complications, and 
a long healing period, which pose a burden to both pa-
tients and clinicians.1 Zygomatic implants (ZIs), devel-
oped in the early 1990s by Brånemark,2 have provided 
a far simpler approach to restore the atrophic maxilla. 
ZIs overcome the local osseous defect by engaging 
with the zygomatic bone, allowing for shortened treat-
ment time, decreased surgical morbidity, and immedi-
ate loading.3 Long-term clinical results achieved by ZIs 
have proven that they are a successful alternative for 

rehabilitating severely deficient maxilla.4 However, the 
surgical placement of ZIs is also challenging due to the 
irregular shape of the zygoma, long trajectory of ZIs, 
and limited surgical field. Slight deviations of the osteo-
tome may lead to a smaller bone-to-implant contact 
(BIC) area, which may compromise the implant stability 
or lead to more serious complications, such as orbital 
and infratemporal fossa involvement, protrusion of the 
implant apex, and failed osseointegration.5 Thus, the 
dedicated preoperative planning of ZIs and accurate 
implementation of the virtual design into surgical real-
ity are crucial.

With the development of real-time navigation sys-
tems, implants can be dynamically guided and placed 
according to the preoperative virtual design.6 ZIs that 
have an apex far away from the oral cavity particu-
larly benefit from using dynamic navigation over static 
templates.7 Recent studies have verified that real-time 
surgical navigation systems have the advantages of 
minimizing the risk of intraoperative complications and 
ensuring stable anchorage during the placement of ZIs.8

In preoperative virtual design, the entry point of the 
ZIs in the alveolar ridge is generally accepted to be in 
the second premolar or first molar area, within the bone 
contour of the maxilla.9–11 However, the determination 
of the exit point on the outer surface of the zygoma 
bone, which then defines the trajectory of the ZI, re-
mains controversial. The optimal exit point would avoid 
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vital anatomic structures and obtain a BIC area as large 
as possible.9–12

There is no generally accepted method for ZI pre-
operative planning. Uchida et al9 used the jugale (Ju) 
point, the most depressed point of the transitional 
region from the lateral margin of the zygomatico-
frontal process to the upper margin of the zygomati-
cotemporal process, as the exit point of ZIs. However, 
Takamaru et al11 pointed out that the zygomatic bone 
at the Ju point was too thin to guarantee osseointe-
gration. They recommended that the implant should 
penetrate at a more inferoanterior position than the Ju 
point. Wu et al13 took the largest internal and external 
diameters of the zygoma as the exit point, while Pu et 
al14 considered the lateral point of the largest coronal 
area of the maxillary sinus as the points for determin-
ing the trajectory of the zygomatic implants. However, 
these methods cannot precisely provide the best tra-
jectory for each patient.

Thus, the present study aimed to evaluate the clini-
cal feasibility of a novel method based on virtual ZI de-
sign via algorithm and a real-time navigation technique 
to achieve the largest potential BIC area for ZIs in the 
severely atrophied maxilla.

MATERIALS AND METHODS

Study Design and Subject Enrollment
This prospective clinical study was conducted in the 
Department of Oral Implantology at Peking Univer-
sity School and Hospital of Stomatology. The trial 
was approved by the local ethics committee (Institu-
tional Review Board of Peking University School and 
Hospital of Stomatology [Approval Number: PKUS-
SIRB-202166103]) and complied with the tenets of the 
Declaration of Helsinki. All patients signed a consent 
form before participation. 

Patients who needed ZIs to restore severely atro-
phied maxilla were recruited between December 2019 
and June 2021. The inclusion criteria were (1) a com-
pletely edentulous maxilla or terminal dentition with 
unsalvageable teeth; (2) sufficient anterior bone height 
for the placement of two standard implants, along with 
severe bone loss in the posterior maxilla that prevented 
the placement of conventional vertical or tilted im-
plants; and (3) full-arch immediate loading requested 
by the patient. The exclusion criteria were (1) untreated 
maxillary sinusitis or a maxillary sinus cyst; (2) insuffi-
cient bone in the anterior maxilla, thus requiring two 
ZIs at each side of the maxilla; (3) poor oral hygiene, lim-
ited mouth opening, heavy smoking habits (> 20 ciga-
rettes/day), pregnancy, or any history of chemotherapy 
or radiotherapy; and/or (4) local or systemic contraindi-
cations for oral surgery and implant placement.

Preoperative Virtual Design with Algorithm
This study used a preoperative planning software (IVSP 
Image) with a built-in novel algorithm to find the trajec-
tory of the ZIs with optimal BIC area. The procedure is 
described as follows:

1.	 Virtual zygoma bone construction: Prior to planning, 
four to six miniscrews were placed and adequately 
distributed in the maxilla for image registration based 
on the general guidelines of navigation surgery in 
cases of complete edentulism by West et al.15 Then, 
preoperative CBCT (i-CAT FLX, Imaging Sciences 
International, 120 kVp, 5 mA, 16 × 13 cm) was 
performed. DICOM data were obtained and imported 
into the planning software. The virtual zygoma 
models were created in STL format. 

2.	 Entry point determination: Anatomical landmarks 
were used to determine the ZI entry point in the oral 
cavity. The position between the line tangent to the 
lateral margin of the infraorbital foramen andthe 
zygomaticoalveolar process was selected, which 
equates to the second premolar or first molar area. 
Then, a 5 mm palatal shift from the buccal margin of the 
alveolar ridge was determined as the entry point.9–11

3.	 Virtual ZI creation: The virtual ZI models of each 
length (30, 32.5, 35, 37.5, 40, 42.5, 45, 47.5, 50, and 
52.5 mm) were constructed via scanning (3Shape 
E4) the real ZIs (Brånemark System Zygoma TiUnite, 
Nobel Biocare) and methods of reverse engineering. 

4.	 Optimal surgical design calculation: After obtaining 
the virtual zygoma bone model, the coordinates 
of the corresponding entry point, and the virtual 
ZI models, the preoperative planning software 
calculated and determined the length and trajectory 
of the ZI that would achieve the largest BIC area. 
The algorithm in the software is based on the 
enumeration method, and the details are as follows:
a.	 Trajectory enumeration: The facial surface of the 

STL-formatted zygoma bone was constructed 
using triangular patches. The coordinate 
of each vertex of the triangular patch was 
extracted. The rays, which were made starting 
from the predefined entry point and crossed 
each vertex on the facial surface of zygoma 
bone, represented all possible ZI trajectories 
(Fig 1a).

b.	 Surgical design enumeration: All possible 
trajectories starting from the entry point, when 
combined with all 10 ZI model types (from 
35 mm to 52.5 mm, with 2.5-mm intervals), 
stand for all possible surgical designs (Fig 1b).

c.	 Virtual simulation and design exclusion: All 
surgical designs were virtually simulated. The 
designs in which the ZI was less than 1 mm from 
the orbit or infratemporal fossa or extruding 
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more than 0.5 mm out of the facial surface of the 
zygoma were excluded (Fig 1c).

d.	 Optimal surgical design determination: An 
intersectional Boolean operation was performed 
between the ZI model and the zygoma model 
in each surgical design. The surface area of the 
intersectional part was calculated as the value 
of the BIC area. By enumerating all surgical 
simulations, the one with the largest BIC area was 
chosen as the optimal surgical design (Fig 1d).

Transfer of the Preoperative Plan to the 
Navigation System
In order to accurately implement the ZI surgery accord-
ing to the preoperative design, the three-dimensional 
ZI position generated by the planning software needed 
to be transferred to the navigation system.

In brief, the preoperatively placed fiducial markers 
(miniscrews) were used to register the preoperative 
plan in the navigation system (Dcarer Implant Dynamic 
Navigation, DHC-DI2). Specifically, the ZIs and fiducial 
markers were exported as an STL file from the planning 
software, and the STL file and CBCT data were then im-
ported into the navigation system. Lastly, paired-point 
registration of the markers was used to align the presur-
gical plan with the CBCT of the patient (Fig 2). After this, 
the navigation surgery was able to be followed.

Real-Time Navigated Surgery and Postoperative 
Follow-up
All surgeries were performed under intravenous seda-
tion. Any remaining teeth in the maxilla were extracted. 
A slight palatal incision and vertical releasing incisions 

were performed. The full-thickness flap was elevated to 
expose the anterolateral wall of the maxillary sinus. The 
sinus membrane was elevated when the implant went 
through the sinus, and membrane integration was 
maintained as much as possible. After image registra-
tion according to the fiducial markers, the osteotomy 
and ZI placement were monitored using a real-time 
navigation system according to the manual provided 
by the manufacturer. The navigation tolerance was set 
at a distance of 0.5 mm and an angle of 2 degrees. Mul-
tiunit abutments were connected, and the soft tissue 
flap was closed. A postoperative CBCT scan was then 
performed. Immediate restoration was achieved within 
24 hours (Fig 3). All patients were given 5-day prescrip-
tions of antibiotics, analgesics, and a mouth rinse solu-
tion (chlorhexidine 0.12%).

For postoperative follow-up, all patients with full-
arch provisional restorations were routinely revisited 
to monitor the healing process after 1 week, 1 month, 
3 months, and 6 months. Biologic and technical compli-
cations were recorded.

Measurements
The preoperative plan and postoperative CBCT data 
were three-dimensionally superimposed. To facilitate 
these measurements, the center line and tip of the 
ZI were manually identified, and the postoperative 
CBCT scans of the ZIs were replaced with a reverse-
engineered virtual implant model. With the centerlines, 
ZI models, and models of the corresponding zygoma 
(Fig 4), the following parameters were measured in the 
graphics processing software (Mimics Research 21.0, 
Materialise):

Fig 1    (a) Trajectory enumeration by con-
necting the entry point with all vertices on 
the facial surface of the zygoma bone. (For 
illustration, the triangles on the zygoma have 
been reduced). (b) Surgical design enumera-
tion by combining all trajectories with the 
10 types of ZI length. (c) Virtual simulations 
and designs with approximation to the or-
bit, the infratemporal fossa, or extrusion of 
more than 0.5 mm out of the facial surface 
of zygoma were excluded. (d) The simulation 
with the largest BIC was determined to be the 
surgical design.

a b

c d
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Fig 2    (a) ZIs with the fiducial markers ex-
ported as STL file from planning software. (b) 
Importing the STL file into navigation system. 
(c) Paired-point registration. (d) Preoperative 
plan in the navigation system.

a b

c d

a b

d e

c

f

Fig 3    (a) Reflection of the flap and bone window opened for surgical access. (b) Osteotomy under the guidance of the real-time navigation 
system. (c) ZI insertion. (d) Soft tissue closure with the healing caps placed. (e) Immediate full-arch restoration. (f) Section of the postoperative 
CBCT scan.

a b c

Fig 4    (a) Planned implant and center line. (b) Placed implant and center line, which was then replaced by a virtual ZI model. (c) The virtual 
models of the zygoma bone, planned ZI, and placed ZI.

Planned
Placed
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•	 Area BIC (A-BIC, mm2): The A-BIC was defined as the 
surface area of ZI engaged with the zygoma. For 
the measurements, the intersection of the zygoma 
and the ZIs were obtained via Boolean operation. 
The surface areas of both the planned and placed 
intersections of the zygoma and implant were 
obtained (Fig 5).

•	 Linear BIC (L-BIC, mm): According to the method 
proposed by Hung et al,10 the linear BIC was defined 
as the average linear value of BIC lengths on the 
facial and temporal sides of the zygoma in a two-
dimensional slice (Fig 6).

•	 Implant exit section: Following the method 
of Rigolizzo et al,16 the external surface of the 
zygomatic bone was divided into 13 sections, as 
shown in Fig 7. The sections where the exit point of 
each ZI was located were then recorded.

•	 Distance from the implant to the infraorbital margin 
(DIO, mm) and to the infratemporal fossa (DIT, mm): 
The shortest distance from the ZI to the infraorbital 
margin was recorded as the DIO. The shortest 
distance from the ZI to the infratemporal fossa was 
recorded as the DIT. If the implant entered the orbit 
or infratemporal fossa, the value was recorded as 
0 mm.

•	 Deviation of the real-time navigated surgery: 
Discrepancies between the planned and placed 
implants. Entry deviation (mm): distance between 
the entry points. Exit deviation (mm): distance 
between the exit points. Angular deviation 
(degrees): angle of long axes (Fig 8).

Statistical Analysis
The A-BIC, L-BIC, DIO, and DIT were described as mean 
and SD values, then compared between the planned 
and placed ZIs. Normally distributed values were com-
pared using paired t test, while nonnormally distributed 
values were analyzed using Wilcoxon signed rank test. 
The percentages of the planned and placed ZI exit sec-
tions were counted, and the deviations of the real-time 
navigated implant surgery were recorded. All statistical 
analyses were performed using SPSS version 24.0. A 
P value of < .05 was considered significant.

a b

Fig 5    (a) Boolean operation to find the in-
tersection between the zygoma and the ZI. 
(b) The BIC area, as automatically calculated 
by the software.

Fig 6    Linear BIC measurement of the ZI in two dimensions.

BIC1

BIC2

Fig 7    The facial surface of the zygoma was manually divided into  
13 sections to record the exit position of ZI.

Fig 8    Schematic illustration of the deviations.

Exit deviation

Entry deviation

Angle deviation
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RESULTS

A total of 11 eligible patients (7 terminal dentition and 
4 completely edentulous patients) were recruited, and 
21 ZIs were placed according to the aforementioned 
protocol. The clinicodemographic characteristics of 
the patients are summarized in Table 1. All ZIs survived 
to the end of the 6-month follow-up period. At 3 to 
6 months postoperation, 2 patients developed a frac-
ture of the temporary acrylic prosthesis, and another 
participant experienced loosening of the abutment 
screws. The provisional prostheses were repaired, and 
the loosening screws were retightened. The healing 
process was uneventful. All 11 patients received defini-
tive prostheses at 6 months postoperation.

The values of A-BIC were 242.55 ± 79.08 mm3 for the 
planned implant and 210.30 ± 82.34 mm3 for the placed 
implant, while the L-BIC were 16.73 ± 4.61 mm and 
15.17 ± 4.67 mm, respectively. Significant differences 
were found between these two parameters (P < .05). The 
DIO and DIT were 8.74 ± 5.42 mm and 1.28 ± 0.33 mm 
in the planned implants and 10.31 ± 3.58 mm and 
1.36 ± 1.00 mm in the placed implants, respectively. No 
significant differences were found (P > .05; Table 2).

Section 9 was the most frequently exited section in 
the planned (42.86%) and placed (47.62%) ZIs. (Table 3)

Comparing the preoperative plan with the navi-
gated placed implant, the mean entry deviation was 
2.31 ± 1.26 mm, the exit deviation was 3.41 ± 1.77 mm, 
and the angular deviation was 3.06 ± 1.68 degrees 
(Table 4).

DISCUSSION

ZIs overcome the limitations of the standard methods 
of rehabilitating severely atrophied maxillae, but they 
are challenging to place surgically, and current meth-
ods cannot accurately find the optimal trajectory for in-
dividual patients. This study proposed a novel method 
to facilitate ZIs by achieving preferable BIC area. The re-
sults showed that with the new preoperative planning 
method and the assistance of a real-time navigation 
system, all ZIs gained reliable BIC and survived to the 
end of the 6-month follow-up period. 

Zygomas have a unique shape, and the thickness and 
length of the zygoma vary between individuals. Accord-
ingly, efforts have been made to detect the most prom-
ising region for the placement of ZIs. CBCT and cadaver 
studies found that zygomas are thickest in sections 5, 8, 
and 9, and this is where the ZI should be placed.10,16 The 
results of the present study were consistent with those 
findings. The exit section of the planned and placed 
ZIs did not differ due to the use of real-time naviga-
tion. Two-thirds of the ZIs penetrated at the center and 

Table 1  �Demographic and Medical Characteristics 
of the Recruited Patients

Characteristics

Gender
Men
Women

 
6
5

Age (y)
Mean
Range

 
56

44–71

Maxillary status
Completely edentulous
Potentially edentulous

 
4
7

ZI length (mm)
35
40
42.5
45
47.5
50
52.5

 
2
5
2
4
2
3
3

Table 2  �Parameters of the Planned and Placed 
Implant Groups

Parameters Planned implant Placed implant P value

A-BIC (mm2) 242.55 ± 79.08
(153.55–406.03)

210.30 ± 82.34
(90.65–404.75)

.000***

L-BIC (mm) 16.73 ± 4.61
(11.13–26.41)

15.17 ± 4.67
(8.94–26.84)

.006**

DIO (mm) 8.74 ± 5.42
(1.04–18.35)

10.31 ± 3.58
(2.52–16.19)

.108

DIT (mm) 1.28 ± 0.33
(0.94–1.60)

1.36 ± 1.00
(0.24–3.35)

.737 

Values are presented as mean ± SD (range).
**P < .01.
***P < .001.

Table 3  Percentage of the Implant Exit Section 

Section Planned implant Placed implant

10 4.76 4.76

9 42.86 47.62

8 9.52 9.52

6 14.29 9.52

5 28.57 28.57

Table 4  �Total Mean ± SD Deviations of the Real-
Time Navigated Surgery (mm)

Entry deviation Exit deviation Angle deviation

2.31 ± 1.26 3.41 ± 1.77 3.06 ± 1.68
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posterosuperior regions, corresponding to sections 5 
and 9. However, one-third of ZIs in the present study ob-
tained the largest BICs in a section other than the center 
or posterosuperior region. This means that the tradi-
tional methods of choosing the ZI trajectory, which are 
based on certain penetrating regions or locations of the 
zygoma, might miss the optimal plan due to individu-
alized zygoma anatomy. With the advantages of digital 
techniques, a computer algorithm based on enumera-
tion was used to determine the optimal ZI position in 
the present study. With certain prerequisites, all of the 
possible designs, with different trajectories and implant 
lengths, were virtually simulated, and the BIC areas were 
calculated. The exclusive design with the largest BIC 
area was chosen as the preoperative plan. This approach 
can theoretically acquire the optimal ZI position even 
when considering the anatomical variations of different 
zygomas. To the best knowledge of the authors, this has 
not yet been reported.

BIC has been established as an important factor that 
influences the initial and long-term stability of implants. 
Linear BIC measurements of ZIs in two dimensions have 
been reported in previous studies. In a study of 77 pa-
tients with 173 ZIs by Balshi et al,17 the average L-BIC was 
15.3 mm. Wanget al8 reported an L-BIC of 14.9 ± 3.7 mm 
in 4 patients with 8 implants. In the present study, the 
L-BIC of 21 ZIs reached 15.17 ± 4.67 mm, which is not 
obviously better than the results in the previous studies. 
This might be explained by ethnic differences. Previous 
studies have demonstrated morphologic zygomatic dif-
ferences between various ethnic groups.18 High cheek 
bones, or a projecting zygoma, which imply a more 
curved zygomatic bone and a correspondingly short zy-
goma penetration distance, are strongly associated with 
Asian people.19 These ethnic differences might be a pos-
sible explanation for why the present L-BIC results were 
not better than those of previous studies, which did not 
use any planning algorithms. The L-BIC of the planned 
ZIs was 16.72 ± 4.61 mm, which was significantly higher 
than that of the placed implant. This deviation might 
have been caused by the navigation process. The ad-
equate L-BIC values for successful osseointegration and 
immediate loading of ZIs are still unclear.8

The L-BIC was acquired in a two-dimensional slice, 
which might be inaccurate for representing the actual 
surface area embedded in the zygoma bone.20 In this 
study, the BIC area could be easily measured using volu-
metric imaging software. The planned and placed BIC 
areas were 242.55 ± 79.08 mm2 and 210.30 ± 82.34 mm2, 
respectively. This discrepancy may also be attributed to 
deviations that occurred during the navigated steps. 
The A-BIC, calculated from three-dimensional data, 
seems to be more reasonable than the two-dimension-
al linear measurement. However, this parameter has not 
yet been reported in the literature.

DIO and DIT are two parameters related to the safety 
of ZIs. The DIOs in the present study, 8.74 ± 5.42 mm in 
the virtual plan and 10.31 mm ± 3.58 mm in the placed 
ZIs, were adequately safe to avoid any orbit engage-
ment. The DITs were 1.28 ± 0.33 mm and 1.36 ± 1.00 mm 
in the planned and placed ZIs, respectively, which indi-
cated that ZIs were generally close to the infratemporal 
fossa. This may be due to the nature of the zygomatic 
anatomy. The thickness of the zygoma near the infra-
temporal fossa gradually decreases to a range of only 
1.8 to 6.1 mm.11 In addition, the apical diameter of the 
ZI is approximately 2.5 mm, which makes the tip of the 
implant easy to be near—or even enter—the infratem-
poral fossa, especially when the implant angle is too low 
or the implant length is too long.9 In the present study, 
two ZIs partially penetrated the infratemporal fossa, but 
no serious complications were observed. There have 
been no reports of serious complications caused by ZIs 
penetrating the infratemporal fossa. Some authors have 
even suggested that ZIs could partially intrude into the 
infratemporal fossa and then penetrate through the zy-
gomatic arch to obtain more cortical bone anchorage.21 
However, drilling into the temporal fossa increases the 
risk of bleeding and hematoma, which have been cate-
gorized as intraoperative complications by many works 
in the literature.9,10,22

Deviations in the navigated surgery can be caused 
by many factors, including technical error, registration 
error, application error, and human error.23 The total 
deviation can be measured by combining preoperative 
and postoperative CBCT images. The results of navi-
gated deviations in the present study demonstrated 
an entry deviation of 2.31 ± 1.26 mm, an exit devia-
tion of 3.41 ± 1.77 mm, and an angular deviation of 
3.05 ± 1.68 degrees. These values appear to be generally 
larger than previously reported deviations, such as those 
by Hung et al7 in 2017 (entry deviation = 1.35 ± 0.75 mm; 
exit deviation = 2.15 ± 0.95 mm; and angular deviation 
= 2.05 ± 1.02 degrees), Hung et al24 in 2016 (entry devi-
ation = 1.07 ± 0.15 mm; exit deviation = 1.20 ± 0.46 mm; 
and angular deviation = 1.37 ± 0.91 degrees), and Xiao-
jun et al25 in 2009 (entry deviation = 1.36 ± 0.59 mm; 
exit deviation = 1.57 ± 0.59 mm; and angular devia-
tion = 4.10 ± 0.90 degrees). This may be due to differ-
ences in navigation systems or surgeon experience 
with these systems. The deviations in the navigated sur-
gery may be a main factor leading to a lower placed BIC 
than planned BIC in the present study. 

Immediate full-arch loading is one of the most signif-
icant advantages of ZIs over traditional methods, such 
as sinus grafting or short implants, in rehabilitating 
severely resorbed maxillae.3 Insufficient initial stability 
impedes the immediate restoration of ZIs, which could 
also prevent the uneventful osseointegration of ZIs. A 
systematic review reported that the majority of failed 
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ZIs occur during the 6-month osseointegration phase.26 
In the present study, all 21 ZIs were immediately load-
ed due to favorable primary stability and survived to 
the 6-month follow-up. The novel approach of virtual 
planning using an algorithm and real-time navigation 
system might contribute to the short-term success. 
However, it is important to remember that rehabilita-
tion with ZIs requires more than just initial stability and 
adequate BIC. Meticulous pretreatment evaluation, 
thorough exploration of local anatomy, surgeon experi-
ence, and patient hygiene ability are all critical to the 
long-term success of ZIs.

This study proposed a new preoperative plan al-
gorithm that could theoretically determine the best 
ZI trajectory for individualized patient treatment, 
considering the implant-zygoma bone contact area. 
The virtual design was then realized using a real-time 
implant-navigation system. The feasibility of this ap-
proach was preliminarily evaluated based on clinical 
and radiographic outcomes. However, there are some 
limitations of this study: (1) a short follow-up time of 
only 6 months, despite the fact that long-term results 
are required to reliably assess the predictability of the 
technique; (2) the lack of a control group to determine 
whether this method is superior to traditional methods; 
and (3) a relatively small number of participants, which 
is not sufficient to provide convincing evidence. Further 
studies are needed to verify this technique.

CONCLUSIONS

This novel virtual planning algorithm can find the po-
tential optimal trajectory for ZIs during preoperative 
planning. A real-time navigation system facilitates 
transference of the plan and acquisition of a prefer-
able BIC area in real surgery. The actual positions of the 
placed ZIs were slightly deviated from the ideal due to 
navigation errors.
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