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ABSTRACT 

Trauma-related craniofacial defects often result in facial deformity and significant 

functional limitations. The zygomaticomaxillary complex (ZMC) is a key structural 

feature, which requires surgical intervention when highly displaced because of trauma. 

Attempting to restore the displacement and ensure proper fixation with minimal scarring 

makes surgical treatment challenging. For unilateral facial trauma, creating a 3D printed 

physical model of the mirrored, unaffected side can generate an “ideal” representation of 

the postoperative affected region. These models can be used for preoperative planning and 

contouring of fixation plates and meshes. Although these models appear beneficial, their 

use is limited in time sensitive applications and quantitative investigation into their efficacy 

is lacking. We present our work demonstrating a methodology for fabricating anatomical 

models capable of same day turnaround, and a preliminary quantitative evaluation of 

postoperative deviation.  

Additionally, we present the methodology and comparison of different deviation 

metrics and their correlation to standard clinical measurements. Our findings suggest that 

anatomical models can improve the consistency of postoperative deviation but may not be 

required for every case. We also determine that the selection of deviation metric depends 

on the level of comminution of the fracture. In the future, we intend to assist the 

development a clinically relevant classification system for ZMC fractures. 
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Chapter I: Introduction and Background 
 

Zygomatic bone Anatomy and Function 

The zygomatic bone known also as zygoma or malar is a key component of the 

skull forming the upper, lateral portion of the face. It is a small “tetrapod” structure which 

has four articulations: the frontal bone, temporal bone, maxilla, and sphenoid [1], [2]. The 

diamond shape bone has a convex curvature when viewed front. It contains multiple 

foramen including the zygomaticofacial and zygomaticotemporal, which enable the 

passage of vessels and nerves. The thickness of bone varies across the complex with the 

thickness component near the zygomaticofrontal (ZF) suture and thinnest at the centroid. 

It contains four processes named for the bony articulations: frontal, temporal, maxillary, 

orbital. The frontal process is a thick wedge shape forming the later component of the orbit. 

The temporal process is long and narrow, and it is lateral component of the zygoma. The 

maxillary process is the widest process forming the articulation with the maxillary. The 

orbital process forms the lateral component of the orbital floor on the greater wing of the 

sphenoid. Being classified as an irregular bone, it contains cancellous bone wrapped by a 

thin shell of cortical bone. The material behavior of the bone has been found to be 

anisotropic which suggest a directional loading pattern [3]. 
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Figure 1: Anatomy of the zygoma or malar. Image from Gray 1918. 

The function of the zygoma includes muscle attachment and structural components. 

It serves as the muscle attachment point for the zygomaticus and the masseter. The 

zygomaticus an essential muscle for facial expression enabling the mouth to be moved 

superiorly and posteriorly to form a smile[4]. The masseter muscle is the strongest of the 

four muscles utilized in mastication. It performs the elevation of the mandible to achieve a 

closed jaw position. The zygomatic bone forms a buttress system, which supports the 

orbital rim, influences the orbital volume, serves as muscle attachment, and defines the 

malar eminence. Its contribution to the orbital rim both protects the eye from direct trauma 

and defines the orbital volume, which is critical for vision and prevention of enophthalmos. 

The malar also provides a rigid attachment point for proper articulation of the facial 

muscles. Finally, the zygoma forms the visual appearance of the cheek, which serves as an 

anatomical landmark for facial symmetry. 
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Figure 2: Muscle attachment of the midface. The zygomaticus is shown spanning over the 

masseter highlighted in red. Image from Gray 1918 

 

Zygomaticomaxillary Fractures and Treatment 

There is an estimated 180,000 facial fractures in a single year in America [5]. 

Nearly 20% of facial fractures involve the zygomatic bone. The cost of fracture reduction 

including the incidence of revision results to $3,275 [6]. Complications of these fractures 

commonly include diplopia and enophtalmos [7], [8].  In several studies, the leading causes 

of fractures has consistently been traffic accidents and assaults. Men between the ages of 

20-31 are the greatest population group to receive a fracture.  
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Figure 3: Etiology of zygomatic fractures 

 

Due to the four attachments of the zygoma, there have been classifications of the 

various types of fractures [9]. An incomplete zygomatic fracture, which is limited to a 

single site, have been classified as type A where the proceeding number indicates the 

location. When a complete monofragment zygomatic fracture has occurred in which all 

four articulations are displaced, it is classified as type B. Finally, when there is a 

multifragment zygomatic fracture, which results in the comminution of the malar, it is a 

type C fracture. 



5 

 

 

Figure 4: Zygomaticomaxillary complex isolated from the midface and highlighting the 

regions of articulation. Image from the AO Surgery Reference 

From the leading causes of facial fractures, the types of trauma involved are usually 

low and high-energy blunt impacts. The relatively thick ZF process is typically not 

fractured during low energy impacts and rarely fractured in isolation from any other 

process. The maxillary articulation is frequently fractured in both low and high-energy 

impacts possibly due to the broad and thin shape. The zygomatic arch is fractured mainly 

from lateral impacts.   

Treatment of zygomatic fractures depends on the severity of displacement. Surgical 

intervention may not be required in some cases, but fractures typically require a reduction 

and fixation. There are several methods to expose the required regions of the zygoma. A 

coronal or hemicoronal approach offers a high level of exposure but involves extensive 

planning, long incision, and possible release of nerve bundles. Lower eyelid approaches 

include subcillary, subtarsal, infraorbital rim, and transconjuctival. There is no best 

approach and it is highly dependent on the individual cases. The complications based on 
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approach include ectropion, entropion, prolonged pretarsal edema, and visible scarring. 

Due to the highly visible location, there is an additional challenge of avoiding and 

minimizing scarring. These constraints have caused the development of several possible 

approaches to perform a reduction and gain exposure to the site.  

 

Figure 5: Maxillary vestibular approach exposing the lower midface up to the infraorbital 

rim for reduction or fixation. Image from the AO Surgery Reference 

 

Figure 6: Carroll-Girard screw approach for reduction of the ZMC utilizing a 

subcutaneous approach. Image from the AO Surgery Reference 
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Clinical 3D Printing 

Additive manufacturing, also known as 3D printing, enables the fabrication of a 

part by the accumulation of material. This method is material efficient compared with the 

more traditional fabrication processes which start with a larger stock and remove the 

unwanted material. Additionally, this process generates less debris enabling it to be more 

easily performed in an office-like setting and following Good Manufacturing Practices 

(GMP). This method also enables higher complexity parts to be fabricated, which is a major 

advantage for generating organic shapes found in anatomy.  

 

Figure 7: Patient specific skull printed that has been filled with a lattice structure. 

 With the advancement of medical imaging, there are various modalities to obtain 

3D renderings of the anatomy of patients. This has led to the patient-specific fabrication of 

anatomical models. This methodology has been applied across various disciplines 

including plastic and reconstructive surgery. The advantages of having these models 

include more preoperative planning and training, sizing, bending, and contouring medical 

devices such as the fixation plates and mesh, intraoperative reference, patient consultation.  
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Chapter Summaries 

Chapter II: Quantitative Comparison of Using Rapid 3D Printed 

Anatomical Models for Facial Reconstruction  

 The implementation of a process for rapidly generating patient specific anatomical 

models for trauma application is described. The postoperative deviation of cases, which 

utilized these fabricated models, is compared with cases that did not use an anatomical 

model.  

Chapter III: Development of Deviation Metrics for Zygomaticomaxillary 

Complex Fractures 

 Two deviation metrics for evaluating ZMC fractures are presented and compared. 

An analysis of the correlation between these two metrics and a clinically relevant 

measurement is presented. A recommendation of how to understand these metrics and 

when to utilize them is provided. 
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Abstract 

Correction of zygomaticomaxillary complex fractures require a balance of proper 

fixation and minimal scarring. For unilateral facial trauma, creating a 3D printed physical 

model of the mirrored unaffected side can generate an “ideal” representation for post-

operation outcome. While there is an increase in clinical 3D printing, there are both limited 

trauma applications and quantitative evaluations of outcomes compared with control cases. 

This study aims to demonstrate a time sensitive application of clinical 3D printing and 

compare the postoperative deviation using a region-based analysis for cases with and 

without an anatomical model. Mirrored patient specific models for seven cases were 3D 

printed and provided to the surgeon before the procedure. A postoperative region based 

deviation was calculated for four key regions. The same deviation method was applied to 

eight non-model cases. While there was not a significant difference found between the 

average postoperative deviations between these two groups, there was a noticeable 

improvement in consistency of the interquartile range from 1.0mm to 0.3mm for the model 

group. We conclude that 3D printing for trauma applications like ZMC fractures is feasible 

and further quantitative analysis of patient-specific models is needed.   

 

Keywords: 3D anatomical models, deviation analysis, trauma 3D printing 
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Introduction 

The zygomaticomaxillary complex (ZMC) serves as a key structural component for 

the orbital cavity, muscle attachment for mastication, and defines the malar eminence. The 

ZMC is commonly involved in facial fractures, which result from vehicle crashes and 

assaults [1], [2]. Inaccurate reduction of the ZMC has complications including 

enophthalmos, trismus, and diplopia [3], [4]. A major challenge of ZMC reduction is the 

limited approaches to the site, which must balance exposure to ensure alignment and 

fixation while avoiding excessive scarring [5], [6]. While there are proposed algorithms for 

the treatment of ZMC fractures, they over generalize the specific needs of individual cases 

[7], [8] 

As 3D printing capabilities have become more readily available within the clinical 

setting, the fabrication of patient-specific printed anatomical models has grown [9]–[12]. 

There are even initial guidelines for medical 3D printing applications [13]. These 

anatomical models improve preoperative surgical planning, can be used for training tools 

and mock procedures [14], and enable shaping of implants including plates and meshes 

[15]. For unilateral trauma, a mirrored anatomical model can be used for an “ideal” 

reconstruction reference [16]–[18]. In complex facial fractures, the application of 3D 

printed models has been identified as beneficial [19]. However, a common criticism of 

additive manufacturing has been the turnaround time from scan to model [10], [11], [20]. 

This suggests that 3D printing may not be well suited for emergency trauma applications. 

Additionally, the current quantitative evaluations of patient specific anatomical models is 

lacking [9], [10]. Many studies use clinical based measurements, which are designed for 

ease of implementation and not a detailed analysis. These clinical measurements are limited 
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to a selection of ten or fewer points to evaluate the degree of asymmetry at post-operation 

[21]. The limited-point selection approach can be influenced by user bias and fails to 

capture rotational displacement error. The current evaluations also lack comparisons with 

non-model cases. Without evaluating the quantitative outcomes of non-model cases, the 

impact of the anatomical models is unclear. 

In this study, we present an application of rapid anatomical modeling for unilateral 

ZMC fracture and provide a region-based quantitative comparison against control cases. A 

trauma-based application of 3D printing in which models can be fabricated for same day 

use was developed utilizing an in-house printing service. Additionally, a region-based 

deviation analysis was performed on three separate groups of cases to understand the 

effects of using these anatomical models. The region-based deviation method is less 

susceptible to user bias and can detect improper angulation when compared with the 

conventional limited point clinical method. Subsequently, a symmetric control group was 

evaluated to compare the natural asymmetry without the presence of any trauma to a non-

model group to provide a comparison of cases treated without an anatomical model. 

Materials and methods 

3D Model Generation and Anatomical Model Fabrication 

The fabrication process described by Figure 8 began with a pre-operation spiral 

CT scan (Siemens Somatom Definition Flash) obtained at 0.625 mm axial slice thickness. 

DICOM (Digital Imaging and Communications in Medicine) images from the scanner were 

imported into Mimics (Research v21.0, Materialise) for segmentation of the skull. A mask 

was created using the “Bone CT” threshold (226-3071 HU) was used to isolate the bone 

material from the surrounding soft tissue. The mask was manually edited to remove 
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artifacts caused by the presence of hardware and isolate the skull from the mandible. A 3D 

object of the skull only mask was generated and exported as a standard tessellation (STL) 

file. This STL file was imported into Geomagic (2014, 3D Systems) in which a smoothing 

operation was performed. An anatomical coordinate system was manually established 

using anatomical landmarks, and following the LPS (Left, Posterior, Superior) convention 

as shown in Figure 9. This also established the medial, sagittal, and coronal planes. 

 

Figure 8: Fabrication process of anatomical models for unilateral trauma 

 

Figure 9: Anatomical coordinate system defined on 3D model 
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The intact contralateral side was isolated and a mirror function across the medial 

plane was performed in Geomagic. The skull model was further isolated approximately 

superiorly 30 mm of the orbit, inferiorly to include a portion of the upper dentition, and 

posteriorly to include the full zygomatic arch. This isolated region comfortably within the 

3D printing workspace of 141x79x326 mm. A final conditioning of the model was 

performed using Netfabb Premium (2019, Autodesk) for 3D printing. The finalized model 

was uploaded to the web-based Carbon3D printing software in which the desired print 

orientation was configured. Once the model was placed onto the build platform, the first 

print layer was examined to ensure the entire surface was present. For several models, an 

additional trim within Geomagic of the superior portion was required to generate a 

complete first layer. Supports were added to the part where the overhang angle exceeded 

40°. Additionally, a unique identifying label was added to the model. The model was then 

printed using Carbon3D’s urethane methacrylate material. Post-processing of the print 

included removal of uncured resin using isopropyl alcohol (99% concentration) and 

exposure of a UV flood light on each side. The completed model was then delivered to the 

surgical team for pre-operative planning including marking key regions on the model, 

fracture locations, pre-shaping plates, and test drilling. 
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Figure 10: Top Left: Fabricated mirrored anatomical model of the unaffected side. 

Fractures are marked on the anatomical model. Top Right: Fixation plates are curved onto 

the anatomical model and test fixated to the model. Bottom: A postoperative CT scan 

showing the fixation plates in near identical location as planned on the anatomical model. 

 

Post-operational CT scans were collected at 0.625 mm axial slice thickness. 

Segmentation for the bone used the same bone threshold. The fixation plates were isolated 

using the “Hardware” threshold and removed from the bone mask. A manual segmentation 

was performed to remove hardware artifacts. After the mandible was isolated from the 

skull, a 3D digital object was created and exported as an STL file. The STL was imported 

into Geomagic where the same smoothing tool was applied. Isolation of the ZMC was 

performed the same as the pre-operation model. The post-operation model and mirrored 
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model were aligned to the pre-operation model using Geomagic’s best-fit alignment. This 

resulted in all three digital objects in the same orientation, which allowed the same 

anatomical coordinate system to be used. 

Regional Deviation Analysis 

 

Figure 11: Defining the four regions considered for the deviation analysis 

Four critical anatomic regions were manually identified in the computational 

anatomic model in Geomagic as shown in Figure 11. These regions included the 

zygomaticofrontal suture (ZF), zygomaticosphenoid (ZS), superior zygomaticomaxillary 

(ZM1), inferior zygomaticomaxillary (ZM2). Using Control (3D Systems), a 3D deviation 

between a test (i.e. post-operative or control subject skull) and reference (i.e. pre-operative 

mirror) object was performed. The deviation algorithm iterated through each point of the 

test object and calculated the shortest 3D distance to the reference object. To evaluate the 

post-operative error with reference to the pre-operative contralateral geometry, the defined 

region of the anatomical model was selected as the test object and the pre-operation model 
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was selected as the reference object. This ensured every point within the defined region 

would have a defined deviation value. This deviation measurement was repeated with the 

post-operational model as the reference object. A Python script was integrated with 

Geomagic to perform semi-automation of the deviation analysis. An example of the ZF 

deviation calculation is shown in Figure 12. A maximum limit of 5 mm was applied to the 

deviations to limit erroneous deviation estimates. Without this limit, the test region may 

report distances that connect different bony regions. Values beyond this limit was set to 

the maximum of 5 mm. Deviation of the regions are represented as root-mean-square value. 

Additionally, the regions were considered both separately and combined. The resultant, 

left, posterior, and superior deviations were reported. A one-sided t-test was performed on 

the deviations pre- and post-operation. A two-sided t-test was used between the model and 

non-model groups. 

 

Figure 12: 3D deviation example of the ideal placement zygomaticofrontal (ZF) anatomical 

region (green) to the preoperative model (gray). Left: The green object represents the ZF 

anatomical region. It consists of numerous points. Right: Each line is the minimum distance 

from the ZF to a point on the preoperative model 
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Results 

3D Model Generation and Anatomical Model Fabrication 

Seven anatomical model cases (n=7) were considered in this study. The age distribution 

consisted of a single pediatric case with the remaining cases ranging from 31 to 41 years 

old. The average manual processing time required 1.5 hours and the average printing time 

was 3 hours. Models were printed at 100% scale. The anatomical models required one-to-

two day turnaround time from receiving the CT scan. The same plastic surgeon performed 

all surgical cases for the model group. The non-model group of eight cases (n=8) was 

obtained retrospectively seeking unilateral fractures of the ZMC in which a pre-operative 

and post-operative CT scan was obtained. The age distribution of the non-model group 

ranged from 30 to 58 years of age. These operations were performed by multiple surgeons. 

The symmetry group was found by patients without fracture of the ZMC that had an axial 

CT scan of the ZMC region. 

Region Deviation Analysis 

The following table shows the average number of points considered for the deviation 

analysis of each region of the model and non-model groups.  

Table 1: Average number of points defining each of the four regions 

Region Average Points Surface Area (mm3) 

ZF 675 172 

ZM1 318 128 

ZM2 469 110 

ZS 758 283 
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Figure 13 shows an example contour plot from a specific individual case in which 

the higher intensity of color (reds) indicates greater deviation. This specific case shows a 

noticeable improvement of deviation of the orbital wall in the post-operation. Figure 14 

shows the resultant deviation for all four regions combined between the three groups. The 

model and non-model group of the pre- and post-operation deviation are represented with 

whisker plots while the symmetrical group average and one standard deviation is shown 

with a solid and dashed horizontal line.  

 

Figure 13: Contour plot showing the preoperative and postoperative deviations of an 

individual case 

 

Both model and non-model groups showed a significant difference from pre-

operation to post-operation using a one-sided t-test (p=0.012, 0.016).  Using a two-sided t-

test there was not a significant difference found between the post-operation resultant 

deviations founds of the non-model and model group. There was a notable reduction in the 

inner-quartile range (IQR) from 1.3mm to 0.3mm. To account for the uneven levels of pre-
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operation deviation, Figure 15 shows the relative changes in deviation between the non-

model and model group. Figure 16 shows the resultant deviation of the individual regions. 

 

Figure 14: Resultant deviation for all three groups combined. The green solid and dash line 

are the mean and one standard deviation of the symmetry group. The preoperative and 

postoperative of the non-model and model group are shown using a whisker boxplot. 

 

Figure 15: Relative improvements of the postoperative deviation is show 
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Figure 16: Comparison of the postoperative deviations of the individual regions 

 

Discussion 

This study aimed to demonstrate the feasibility of 3D printing for a trauma 

application and apply a more detailed quantitative deviation comparing the use of 

anatomical models. To achieve the rapid turnaround for the anatomical models, an in-house 

and quality printer was required. Due to the growing usage of additive manufacturing and 

cost-effectiveness of printers, it is realistic for medical centers to have this service 

available. An additional component of this method was the access and knowledge of the 

software packages used (Mimics and Geomagic Studio). These applications are user 

friendly and not outside the capability of a trained technician or medical student. Currently, 

the only clinically approved software for 3D printing is limited to Mimics. The fabrication 

of mirrored models is possible using only Mimics. However, Geomagic was utilized for 

the more advance deviation analysis tools provided. The segmentation time could be 
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further reduced with automation or scripting of the bone isolation, anatomical plane 

alignment, mirroring, and smoothing of the model. The printing time is expected to 

decrease with the advancement of new 3D printing methods and materials. 

The deviation analysis used a region-based approach to avoid human biased versus a 

limited point selection. Defining a region required a minimal amount of additional time 

and was able to utilize a much greater amount of points and surface area for deviation 

analysis. While this deviation metric is sensitive. Using the scripting interface of 

Geomagic, automated the remainder of the deviation analysis.  

A majority of the deviation occurred from the superior zygomaticomaxillary 

region. This may correlate with findings that the infraorbital rim is comminuted in 60% of 

fractures leading to more deviation of individual fragments. For the control group, this 

region had the largest post-operation deviation in the coronal plane with the 

superior/inferior placement.  

The smallest amount of deviation variability occurred in the zygomaticosphenoid 

region. This may be due to the size of this region, which contained the greatest number of 

points compared to the other regions. Due to its location, this region is expected to have a 

highly direct influence on the orbital volume. Surgeons may be paying special attention to 

this region, as affecting vision is one of the more serious complications of this operation. 

The results suggest that the role of anatomical models may not affect the overall average 

accuracy but to improve consistency. These results show it may not be necessary for every 

procedure that a model be generated, but left up to either a classification system or the 

surgeon to decide when it would be beneficial. Additionally, it may be utilized as a tool for 

surgeons who wish to improve on consistency of outcomes. 
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Although two control groups were utilized, these were retrospectively obtained 

from various surgeons. As this method is more established and the need for more 

rigorous evaluations of patient-specific model is shown, a randomized trial with the same 

set of surgeons for each group could further validate these initial findings and better 

establish the role of anatomical models for facial trauma surgeries. 
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Appendix A 

 

 

Figure A 1: Pre- and postoperative resultant deviation for the non-model and model groups 
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Figure A 2: Pre- and postoperative left/right deviation for the non-model and model groups 
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Figure A 3: Pre- and postoperative posterior/anterior deviation for the non-model and 

model groups 
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Figure A 4: Pre- and postoperative superior/inferior deviation for the non-model and model 

groups 



31 

 

References 

[1] C. Ungari, F. Filiaci, E. Riccardi, C. Rinna, and G. Iannetti, “Etiology and incidence 

of zygomatic fracture: A retrospectiwe study related to a series of 642 patients,” Eur. 

Rev. Med. Pharmacol. Sci., vol. 16, no. 11, pp. 1559–1562, 2012. 

[2] E. Ellis, A. El-Attar, and K. F. Moos, “An Analysis of 2,067 cases of zygomatico-

orbital fracture,” J. Oral Maxillofac. Surg., vol. 43, no. 6, pp. 417–428, Jun. 1985. 

[3] M. J. Chi, M. Ku, K. H. Shin, and S. Baek, “An Analysis of 733 Surgically Treated 

Blowout Fractures,” Ophthalmologica, vol. 224, no. 3, pp. 167–175, 2010. 

[4] D. Meslemani and R. M. Kellman, “Zygomaticomaxillary Complex Fractures,” 

Arch. Facial Plast. Surg., vol. 14, no. 1, p. 62, Jan. 2012. 

[5] R. Siy, J. D. Meaike, and L. H. Hollier, “Open reduction and internal fixation of 

zygomaticomaxillary complex fracture,” in Operative Dictations in Plastic and 

Reconstructive Surgery, Cham: Springer International Publishing, 2016, pp. 265–

268. 

[6] B. S. Santosh and G. Giraddi, “Transconjunctival Preseptal Approach for Orbital 

Floor and Infraorbital Rim Fracture.” 

[7] E. Ellis and D. Perez, “An algorithm for the treatment of isolated zygomatico-orbital 

fractures,” J. Oral Maxillofac. Surg., vol. 72, no. 10, pp. 1975–1983, Oct. 2014. 

[8] E. Lee, K. Mohan, J. Koshy, and L. Hollier, “Optimizing the Surgical Management 

of Zygomaticomaxillary Complex Fractures,” Semin. Plast. Surg., vol. 24, no. 04, 

pp. 389–397, Nov. 2010. 



32 

 

[9] P. Tack, J. Victor, P. Gemmel, and L. Annemans, “3D-printing techniques in a 

medical setting: a systematic literature review,” Biomed. Eng. Online, vol. 15, no. 

1, p. 115, Dec. 2016. 

[10] R. Olszewski, “Three-dimensional rapid prototyping models in cranio-maxillofacial 

surgery: systematic review and new clinical applications.” 

[11] F. Rengier et al., “3D printing based on imaging data: review of medical 

applications,” Int. J. Comput. Assist. Radiol. Surg., vol. 5, no. 4, pp. 335–341, Jul. 

2010. 

[12] A. Marro, T. Bandukwala, and W. Mak, “Three-Dimensional Printing and Medical 

Imaging: A Review of the Methods and Applications,” Curr. Probl. Diagn. Radiol., 

vol. 45, no. 1, pp. 2–9, Jan. 2016. 

[13] L. Chepelev et al., “Radiological Society of North America (RSNA) 3D printing 

Special Interest Group (SIG): guidelines for medical 3D printing and 

appropriateness for clinical scenarios,” 3D Print. Med., vol. 4, no. 1, p. 11, Dec. 

2018. 

[14] R. L. Scawn, A. Foster, B. W. Lee, D. O. Kikkawa, and B. S. Korn, “Customised 

3D Printing: An Innovative Training Tool for the Next Generation of Orbital 

Surgeons,” Orbit, vol. 34, no. 4, pp. 216–219, Jul. 2015. 

[15] D. Dreizin, A. J. Nam, J. Hirsch, and M. P. Bernstein, “New and emerging patient-

centered CT imaging and image-guided treatment paradigms for maxillofacial 

trauma,” Emerg. Radiol., vol. 25, no. 5, pp. 533–545, Oct. 2018. 



33 

 

[16] S. W. Park, J. W. Choi, K. S. Koh, and T. S. Oh, “Mirror-Imaged Rapid Prototype 

Skull Model and Pre-Molded Synthetic Scaffold to Achieve Optimal Orbital Cavity 

Reconstruction,” J. Oral Maxillofac. Surg., vol. 73, no. 8, pp. 1540–1553, 2015. 

[17] J. W. Choi and N. Kim, Clinical application of three-dimensional printing 

technology in craniofacial plastic surgery, vol. 42, no. 3. Korean Society of Plastic 

and Reconstructive Surgeons, 2015, pp. 267–277. 

[18] U. Klammert, U. Gbureck, E. Vorndran, J. Rödiger, P. Meyer-Marcotty, and A. C. 

Kübler, “3D powder printed calcium phosphate implants for reconstruction of 

cranial and maxillofacial defects,” J. Cranio-Maxillofacial Surg., vol. 38, no. 8, pp. 

565–570, Dec. 2010. 

[19] L. Chepelev et al., “Radiological Society of North America (RSNA) 3D printing 

Special Interest Group (SIG): guidelines for medical 3D printing and 

appropriateness for clinical scenarios,” 3D Print. Med., vol. 4, no. 1, 2018. 

[20] N. Martelli et al., “Advantages and disadvantages of 3-dimensional printing in 

surgery: A systematic review,” Surgery, vol. 159, no. 6, pp. 1485–1500, Jun. 2016. 

[21] W. Z. Li, M. C. Zhang, S. P. Li, L. T. Zhang, and Y. Huang, “Application of 

computer-aided three-dimensional skull model with rapid prototyping technique in 

repair of zygomatico-orbito-maxillary complex fracture,” Int. J. Med. Robot. 

Comput. Assist. Surg., vol. 5, no. 2, pp. 158–163, Jun. 2009. 

 

 



34 

 

Chapter III: Development of Deviation Metrics for 

Zygomaticomaxillary Complex Fractures 
 

Scotty Chung1, Chris Runyan2, Philip Brown1 
1Virginia Tech – Wake Forest University School of Biomedical Engineering and 

Sciences, Winston-Salem, NC 
2Wake Forest Baptist Health, Winston-Salem, NC 

  



35 

 

Abstract 

The zygomaticomaxillary complex (ZMC) serves as a key component in the facial 

structure support system. Existing classifications of ZMC fractures are limited and are not 

well correlated with patient outcomes. Toward identifying a meaningful classification 

system, this work invested the application of deviation metrics to ZMC fractures. We 

evaluated two different deviation metrics and provided their relationship with orbital 

volume measurements with fifteen non-comminuted cases (n=15). We obtained pre- and 

postoperative CT scans from all patients, which were then segmented. The segmented 

models underwent a “3D-Deviation” and “Best-Fit” deviation method. Additionally, an 

estimate of the pre, post, and non-trauma orbital volume was calculated from the CT scans. 

Both deviation metrics had correlation with orbital volume changes; however, the best-fit 

method was more robust and is more intuitive to understand. We hope to continue 

exploring the significance of these deviation metrics and hope to be able to achieve a 

meaningful classification of ZMC fractures.  

Keywords: zygocomaxillary fractures, deviation analysis, classification  
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Introduction 

The zygomaticomaxillary complex (ZMC) serves as a key component in the facial 

structure support system. This complex articulates with four other regions of the skull that 

forms a buttress system that defines the infraorbital rim and cheek. It additionally serves 

as the muscle attachment point for the masseter and zygomaticus that play a role in 

mastication and facial expression. A ZMC fracture typically occurs along one or more of 

these articulations. Complications from improper ZMC correction include enophthalmos, 

diploplia, and trismus [1], [2]. Surgical treatment for this procedure is challenging due to 

numerous approaches that can be utilized [3], and the high level of visibility for this site 

[3], [4]. The selection of treatment has to balance not only the level of exposure with 

assuring proper fixation, but the economic cost of secondary treatment as well [5]. 

 There has been thorough and modern investigation for orbital fractures which has 

resulted in several classification schemes [6]–[10]. This attention is warranted due to the 

significant impact of complications to the orbit. ZMC fractures affect the orbit and are 

evening known as zygomatico-orbital. However, there are limited classification systems 

for these fractures. The most reference classification scheme has not been widely adopted 

or utilized in a significant analysis [11]. A major challenge of current classifications 

systems focus on the location of fracture but do not account for the severity or direction of 

the deviation. Additionally, there is limited clinical significance of the classification. For 

instance, there is not a long-term patient outcome or suggested treatment method given the 

classification of injury. The current algorithms for treatment utilize overly broad categories 

to automate a treatment strategy [12], [13] 
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Before developing a classification system, a more rigorous evaluation of ZMC 

fractures could be beneficial. The structure of the tetrapod-shape implies that there are four 

sides to consider [14]. These might be selected directly as the regions of interest, but the 

temporal articulation along the zygomatic arch is often not an area of high concern, and the 

maxilla articulation spans large enough to connect both the infraorbital rim and maxilla. 

Based on this, we defined the zygomaticofrontal (ZF), zygomaticosphenoid (ZS), superior 

zygomaticomaillary lying on the infraorbital rim (ZM1), and inferior zygomaticomaillary 

(ZM2) to be our regions of interest. The deviation of these regions may occur in not only 

three translational directions, but also rotate about the three anatomical axes as well. While 

these regions are all attached in a non-comminuted fracture, they still each have an 

independent amount of translational deviation. This suggests they should be evaluated 

separately. 

Manual measurements of deviation are highly subjective when a single point is 

used. An improvement to this method would be the inclusion of an identifiable anatomical 

region. By using a more established landmark and increasing the number of points in 

consideration, the amount of bias is reduced. More standardized locations to evaluate the 

deviation ensures repeatability from future studies.  Additionally, this may enable more 

automation such as atlas-based segmentation to identify these regions [15]–[17]. The 

selection of numerous points reduces the impact of error from individual points.  

There are several methods of using a region-based approach to determine the 

amount of deviation. Starting with an ideal template in place and the assumption that the 

model for comparison is close to the template, the minimum distance between the template 

and model can be determined. This assumption is applicable to post-operative cases. An 
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alternative method uses the assumption that the ZMC is not comminuted. The entire ZMC 

of the template can be best fit to the displaced but intact ZMC of the model. Then the 

recorded transformation can be evaluated for each of the individual regions. This method 

can capture large motions if the ZMC remains intact. 

This study explores region-based deviation metrics by demonstrating and 

comparing two different approaches. We aim to demonstrate an initial implementation of 

region-based deviation metric with a comparison to orbital volume to further explore and 

understand ZMC fractures. 

Method 

Fifteen cases of ZMC non-comminuted fractures were evaluated with the following 

methods. For each of these cases, a pre-operative axial CT scan at 0.625mm slice thickness 

was obtained. The DICOM of these scans were imported into Mimics v21.0 Research for 

segmentation. The “Bone CT” mask (226-3071 HU) was applied which isolated the bony 

region of the skull. Artifacts from the scan were manually removed and the mandible was 

disconnected from the skull. From Mimics, a 3D digital object was generated and exported 

as a STL file. This model was then imported into Geomagic Control. Within Geomagic, 

the anatomical coordinate system was established using landmarks as reference. The 

coordinate system followed a Lateral, Posterior, Superior direction for the X, Y, and Z 

direction respectively. The contralateral side was isolated and mirrored across the median 

plane.  

The entire mirrored model was aligned to the pre-op scan using a best-fit algorithm. 

Occasionally, an initial N-point alignment was performed to align the model to a rough 
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approximation. Then the best-fit function would be applied. Four regions defined along the 

suture lines were manually defined on the mirrored model are shown in Figure 17. 

 

Figure 17: Four key regions selected to track 

3D Deviation of Regions 

A 3D deviation was performed on each of the individual regions. The deviation 

algorithm from Geomagic Control required a test and reference object to be identified. The 

function returned the shortest 3D distance from every point on the test object to a point on 

the reference object that is under a specified maximum distance. An example of the 3D 

deviation is shown in Figure 18. If there is no point within the maximum distance, the 

value was set to the maximum amount. Using all the points of the region, the RMS of the 

deviation values were calculated. Additionally, we calculated the RMS value of all the 

regions combined. 
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Figure 18: Demonstration of the 3D deviation metric on the ZF 

Best Fit ZMC 

An alternative approach using a best-fit approach was utilized as well. The 

preoperative and mirrored model were duplicated and aligned with the world coordinate 

system to remove the need of a transformation between the world and anatomical 

coordinate system. Then the entire ZMC was isolated and saved as a new object. Using an 

axial top view, the ZMC became trivial to isolate as shown in Figure 19. The ZMC’s home 

position and orientation was established to its current position.  

 

Figure 19: Isolation of the ZMC using a top axial view. The components within the box 

become selected as shown in red and then deleted leaving an isolated ZMC. 
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Then the ZMC was aligned with the pre-operative scan by Geomagic’s Best Fit 

function, which is an implementation of an iterative closest point method. An example 

orientation of the ZMC is shown in Figure 20. The transformation matrix from the best-fit 

algorithm is then recorded. After the alignment was achieved, each of the individual 

regions were evaluated for the individual translation and rotation by applying this 

transformation matrix to each point. 

 

Figure 20: Left: The anatomical model's isolated ZMC (purple) at home position. Right: 

After best fit alignment of the ZMC to the preoperative model 

The transformation matrix, 𝑇𝑝𝑟𝑒
𝑎 , is a 4x4 matrix containing the rotational and 

translational components that represent the deviation of the ZMC. The rotational 

component 𝑅𝑝𝑟𝑒
𝑎 , is a 3x3 matrix and the translational component 𝑡𝑝𝑟𝑒

𝑎 , is a 3D vector. An 

equation representation of the transformation matrix and the operation applied to each set 

of points representing an anatomical region �̂�𝑎, is as follows,  

 

𝑇𝑝𝑟𝑒
𝑎 ≡ [

𝑅𝑝𝑟𝑒
𝑎 𝑡𝑝𝑟𝑒

𝑎

000 1
] 

( 1 ) 

 𝑇𝑝𝑟𝑒
𝑎 �̂�𝑎 = �̂�𝑝𝑟𝑒 ( 2 ). 
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To use the transformation matrix directly, the points are considered a 4D array with the last 

element being a one so that the translational component is applied to this point as well. If 

only the rotations of the transformation was desired, the final element would be set to zero.  

Orbit Volume Measurements 

Orbital volume calculations were based on previously validated method with a small 

additional modification [18]. The Fill Hole and Wrap operations were applied to the orbital 

mask and 3D object respectively. This ensured that small holes within the 3D orbit object 

would not cause underestimation of the orbital volume. The modified procedure is provided 

as follows, 

1. Soft tissue mask was created using threshold between -200 and 100 HU. 

2. Mask was duplicated and the orbital volume from an axial view was removed.  

3. Boolean operation between 1 and 2 generated an initial orbital volume mask. 

4. Mask was refined utilizing bony landmarks and from all three views. 

5. Fill hole was applied to the orbital mask. 

6. Solid object was generated from the orbital volume mask. 

7. A wrap was performed on the final generated object 

The linear correlations between the 3D deviation metric, best-fit deviation, and orbital 

volume were calculated using a Pearson correlation. 
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Figure 21: Orbital volume calculation for the preoperative side. The purple object is the 

final wrapped solid in which the volume is calculated. 

 

Results 

The following two tables shows the correlation coefficient with significance of the 3D 

metric and best-fit value and the preoperative orbital volume. The 3D metric table 

includes the four individual regions and all four combined. The best-fit table not only has 

the three possible deviation values but also three rotational values as well. 
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Table 2: Preoperative correlation of averaged 3D metric for all patients and Orbital 

Volume 

REGION DIRECTION PEARSON 

COEFFICIENT 

P-VALUE 

ALL Left 0.553 0.062  
Posterior 0.564 0.056  
Superior 0.574 0.051  
Resultant 0.584 0.046* 

ZF Left 0.407 0.189  
Posterior 0.714 0.009**  
Superior 0.752 0.005**  
Resultant 0.481 0.113 

ZM1 Left 0.497 0.100  
Posterior 0.469 0.124  
Superior 0.532 0.075  
Resultant 0.478 0.116 

ZM2 Left 0.138 0.669  
Posterior 0.217 0.499  
Superior 0.159 0.623  
Resultant 0.214 0.505 

ZS Left 0.812 0.001**  
Posterior 0.749 0.005**  
Superior 0.808 0.001**  
Resultant 0.771 0.003** 
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Table 3: Preoperative correlation of the best-fit metric to orbital volume 

REGION DIRECTION PEARSON 

COEFFICIENT 

P-VALUE 

All Left Rot. -0.37288 0.466 

 Posterior Rot. 0.658809 0.154 

 Superior Rot. -0.37969 0.457 

ZF Left -0.50369 0.308  
Posterior -0.5609 0.246  
Superior -0.11088 0.834  
Resultant -0.61004 0.198 

ZM1 Left -0.61246 0.196  
Posterior -0.6539 0.158  
Superior -0.74834 0.087*  
Resultant -0.53577 0.273 

ZM2 Left -0.80605 0.052  
Posterior -0.72897 0.100  
Superior -0.57879 0.228  
Resultant -0.356 0.488 

ZS Left -0.7411 0.091*  
Posterior -0.65929 0.154  
Superior -0.64968 0.162  
Resultant -0.5631 0.244 

 

The orbital volume measurements of the individual cases are displayed in Figure 

22. The non-trauma group refers to the unaffected side and was measured from the 

preoperative CT scan. The unaffected side in the postoperative scan was not recorded. An 

example of the deviation vector that is generated by the best-fit method is shown in Figure 

23. This vector generated used the calculated transformation matrix applied to a user-

selected point using Eq. (2). Individual correlation plots between orbital volume and 

deviation metrics are provided in Appendix B. 
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Figure 22: Difference of the pre- and post-operative orbital volume and the contralateral side.  

 

Figure 23: Deviation vector generated from the best-fit method displayed on the 

preoperative object. The vector considers all three anatomical planes. 
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Discussion 

3D Deviation 

The strongest correlations between the 3D metric and orbital volume was found 

from the ZS region. Due to the ZS defining the lateral orbital wall, it is logical that deviation 

in this region would directly affect the orbital volume measurements. Additionally, all three 

deviation directions for the ZS deviation appear to have similar coefficient to the orbital 

volume measurement. The ZF is the only other region suggested to have a correlation with 

the orbital volume measurement but only for the posterior and superior displacement. Out 

of the articulations, the ZF is one of the most robust due to its size and shape indicating 

that large displacement would be less common. We believe that the lack of correlation 

between the lateral ZF displacements could be due to our small sample size not capturing 

fractures with lateral ZF displacements.  

  A limitation of this deviation metric is the lack of directionality. While the metric 

can be divided into three anatomical planes, this metric is unable to distinguish between a 

left and right deviation for example. This is due to the loss of sign when performing the 

RMS. If just the average value were to be utilized, the metric may no longer be able to 

detect rotation of the region as demonstrated on a simplified example in Figure 24 and 

selecting the sign of points that exceed the maximum deviation value would be impossible.  
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Figure 24: A simplified example showing the loss of rotation detection. If just the average 

deviation value is utilized, this example would report zero deviation. When using the RMS, 

a deviation value of 7.07 is returned instead. 

 

 Another challenge of the 3D deviation approach is the selection of a critical 

deviation value. This subjective selection of 5 mm may not be appropriate for every case. 

In cases where the true value exceeds the maximum, this metric will underreport the 

deviation. Selecting a maximum value too large however, will incorrectly over report the 

amount of deviation. This dilemma is especially noticeable in the preoperative 

comparison where a large range of deviation values can occur. For the postoperative 

evaluations, a maximum level of deviation can be assumed in which the selection of 

maximum deviation becomes more straightforward.  

Best-Fit ZMC 

The largest advantage of the best-fit method is the direction is provided with the 

deviation metric. By maintaining the sign of the deviation, a more direct and obvious 

meaning of the deviation value is obtained. These deviation values can even be drawn as a 
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vector onto an individual case. This approach also avoids the need to select a subjective 

critical maximum value and add artificial values when large deviations are present.  

 This method also provides three additional values of rotation about the three 

anatomical axes. A common deviation pattern from frontal impacts is an internal rotation 

of the ZMC about the ZF. While the 3D deviation metric can hint at this type of deviation, 

the best-fit method returns the rotation directly in units of degrees. This measurement is 

known as angulation in clinical terms and it is not commonly investigated for ZMC 

fractures.  

 The best-fit method uses the entire ZMC to evaluate the transformation matrix that 

is then applied to the individual regions. This assumes that these regions are rigidly 

attached together. In comminuted fractures where the ZMC has been broken into segments, 

this assumption no longer works. Similar to the 3D deviation, this assumption may become 

valid again at the postoperative stage.  

 Our current implementation of this best-fit method requires additional steps 

compared to the 3D deviation. In addition to defining the regions of interest, the ZMC also 

has to be isolated and then fitted to the reference object. However, many of these can be 

semi- or fully automated. Both methods suffer from the manual segmentation being the 

bottleneck and could greatly benefit from the use of automated segmentation to identify 

anatomical regions.  

Conclusion 

 In this study, we have described the methodology of two potential deviation metrics 

for evaluating ZMC fractures. A correlation to a common clinical measurement was 

provided and the metrics provided some preliminary insight into different types of ZMC 
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fractures. Additionally, a correlation between the two metrics indicates that they may be 

able to provide different information about ZMC fractures. Due to the clinical relevance, 

additional angulation information, and ability to capture large deviation, the best-fit method 

is currently recommended for non-comminuted fractures. Only under small deviations and 

a comminuted fracture is the 3D deviation method suggested. Future directions include 

further development and automation of these deviation metrics and their application to a 

larger population size with the inclusion of long-term patient outcomes in hopes of 

identifying a significant classification of ZMC fractures.  
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Figure B 1: Linear regression of the 3D metric for each of the anatomical regions in all three 

directions and combined into a resultant as well. 
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CONCLUSION 

We have presented an application of rapid patient-specific anatomical fabrication, 

which better represents the current speed of additive manufacturing. The major advantage 

of using an in-house printing service is the availability of communication between the 

surgical and engineering team. As clinical printing increases and becomes more integrated, 

it seems important that the surgical team may need to consider the inclusion of a fabrication 

team representative as well.  

From our initial evaluation of cases that used anatomical models, it was found that 

the improvements of deviation might be a reduction in variability of outcomes. The 

fabrication of a model for every case may be unnecessary and wasteful. Evaluation of each 

individual case to determine when to use an anatomical model is the current 

recommendation. Further investigations into more rigorously designed studies are 

necessary to have appropriate guidelines for when to use these models.  

Numerous possible deviation metrics can be applied to ZMC fractures. We have 

developed the methodology and provided initial comparisons of two region-based 

deviation metrics. A demonstration of applying these metrics to explore the clinical orbital 

volume measurement offered insight into a grouping of ZMC fractures. For future 

directions, we intend to improve and develop these metrics while also applying them to a 

larger clinical study to better understand long-term outcomes and development of a ZMC 

classification system.  
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