
 www.PRSGlobalOpen.com 1

Related Digital Media are available in the full-text ver-
sion of the article on www.PRSGlobalOpen.com.

Disclosure: All the authors have no financial interest in 
relation to the content of this article.

Craniofacial/Pediatric

From the *Division of Plastic and Reconstructive Surgery, Yale 
University School of Medicine, New Haven, Conn.; †Department of 
Genetics, Yale University School of Medicine, New Haven, Conn.; 
and ‡Division of Plastic and Reconstructive Surgery, Mayo Clinic, 
Florida, Jacksonville, Fla.
Received for publication March 10, 2021; accepted March 26, 
2021.
Copyright © 2021 The Authors. Published by Wolters Kluwer Health, 
Inc. on behalf of The American Society of Plastic Surgeons. This 
is an open-access article distributed under the terms of the Creative 
Commons Attribution-Non Commercial-No Derivatives License 4.0 
(CCBY-NC-ND), where it is permissible to download and share the 
work provided it is properly cited. The work cannot be changed in 
any way or used commercially without permission from the journal.
DOI: 10.1097/GOX.0000000000003616

INTRODUCTION
Asymmetry is the most noticeable characteristic of 

patients with unicoronal synostosis (UCS), involving all 
the craniofacial skeleton.1 Balancing structures on the syn-
ostotic and contralateral sides is one of the primary goals 
of surgical intervention.2,3 A reliable coordinate system is 
essential in surgical planning, especially for distraction 
osteogenesis.4,5 However, defining the mid-sagittal plane 
is highly controversial for this group of patients because 
there is no exact mid-sagittal plane in the UCS skull. 
Therefore, a more representative vertical plane needs to 

be defined. Here, we propose a landmark based, virtual 
coordinate system, specifically designed for the assessment 
of asymmetrical craniofacial anatomy resulted from UCS.

METHODS
With institutional human investigation committee 

approval (no. 1101007932), preoperative CT scans of 33 
nonsyndromic UCS patients (age: 5.08 ± 4.13 months, 11 
men) were included. Three-dimensional cephalometrics 
were performed using Mimics (version 19.0; Materialise, 
Leuven, Belgium).

TECHNIQUE
The orientation of the  Frankfort horizontal (FH) 

plane, for this study purpose, was defined as an averaged 
plane of four established FH planes, using three of the 
four landmarks for each plane (ie, bilateral orbitales and 
bilateral porions). Thereafter, a mid-sagittal plane, which 
is perpendicular to the averaged FH planes, parallels to a 
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designed for assessment of asymmetrical craniofacial anatomy associated with 
unicoronal synostosis.
Method: CT scans of 33 patients with nonsyndromic unicoronal synostosis were 
included. Proposed mid-sagittal plane was compared with commonly used sagittal 
planes: (1) nasion, sella, and basion (N-S-BA); (2) midplane of bilateral frontozy-
gomatic sutures (midFZ); and (3) the skull gravity center plane, to evaluate reli-
ability and validity in the assessments of the anterior and posterior skull base.
Results: The proposed midplane is similar to the midFZ plane in describing the 
direction of the anterior skull base. However, it has less bias than the N-S-BA  
(P < 0.001), and the gravity center planes (P < 0.001). The proposed midplane 
measures the direction of the posterior skull base plane, similar to the midFZ and 
gravity center planes, but it has less measurement deviation than the N-S-BA plane  
(P < 0.001). The most protrusive point on the frontal bone in unicoronal patients 
is contralateral to the fused suture and distant from the mid-sagittal plane by 13.93 
± 4.01 mm. In addition, it is more anteriorly positioned, by 5.32 mm (P < 0.001), 
when compared with the corresponding point on the synostotic side. The upper-
most point of the supraorbital rim on the synostotic side is cephalic to that of the 
contralateral side by 4.09 mm (P < 0.001).
Conclusions: Prioritized orientation of an averaged Frankfort horizontal plane, 
followed by the location of the mid-sagittal and coronal planes, can generate a reli-
able and valid coordinate framework for the assessment of asymmetric skull shape 
in unicoronal synostosis. (Plast Reconstr Surg Glob Open 2021;9:e3616; doi: 10.1097/
GOX.0000000000003616; Published online 20 July 2021.)
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line between nasion and basion, and passes through the 
sella, was orientated. Lastly, a coronal plane passing the 
sella and simultaneously perpendicular to mid-sagittal 
plane and averaged FH plane was defined (Fig. 1).

Reliability and Validity Evaluation
Craniofacial landmarks, including the most pro-

trusive point of the frontal bone, lateral and posterior 
skull, and the relative position of landmarks on synos-
totic and contralateral side, were measured. The pro-
posed mid-sagittal plane was compared with commonly 

used middle skull planes: (1) nasion, sella, and basion 
(N-S-BA); (2) middle plane of bilateral frontozygomatic 
sutures (midFZ); and (3) the skull gravity center plane, 
in describing the anterior and posterior skull base devia-
tion (See figure 1, Supplemental Digital Content 1, 
which displays relative position of proposed mid-sagittal 
plane, N-S-BA plane, bilateral frontozygomatic sutures 
defined midplane, and gravity center plane, along with 
the relative position of skull and intracranial gravity 
centers with skull base. http://links.lww.com/PRSGO/
B664).

Fig. 1. Flow chart of establishing coordinate system. Briefly, generating the averaged Frankfort horizontal plane is the initial step to estab-
lish this coordinate system, followed by orientating the mid-sagittal plane, while locating the coronal plane is the last step.

http://links.lww.com/PRSGO/B664
http://links.lww.com/PRSGO/B664


 Lu et al. • Virtual Coordinate System in UCS

3

Statistical Analysis
Bland-Altman method comparison was used to evalu-

ate the agreements between different middle skull planes 
(Prism, v.8.4.3, GraphPad Software Inc, San Diego, Calif.). 
One-way ANOVA and type 3 t-test was used for the com-
parison of the measurements. Statistical significance was 
set at a P value less than 0.05.

RESULTS

Reliability and Validity
The deviation of four individual FH planes relative to 

the averaged FH plane is 1.75 ± 1.28 degrees (P = 0.666). 
The anterior skull base deviates 11.69 ± 3.87 degrees 
from the posterior skull base. The proposed midplane 
has a similar bias (systematic error, 3.42 ± 1.10 degrees) 
as the midFZ plane in describing the direction of the 
anterior skull base. However, it has less bias than N-S-BA 
(13.00 ± 4.68 degrees, P < 0.001) and the gravity center 
planes (13.57 ± 16.66 degrees, P < 0.001). Proposed mid-
plane is similar to the midFZ and gravity center planes, 
in describing the direction of the posterior skull base, 
while it has less bias than the N-S-BA plane (P < 0.001).  
(See figure 2, Supplemental Digital Content 2, which dis-
plays a Bland-Altman plot between proposed coordinate 
system and midplane between bilateral frontozygomatic 
sutures [midFZ plane]. The midFZ plane was chosen due 
to its bias statistically second only to the proposed method, 
and its frequent use in published studies. http://links.lww.
com/PRSGO/B665.) 

Application
Based on the proposed coordinate system, the most pro-

trusive point of frontal bone is contralateral to the fused 
coronal suture, and distant from the mid-sagittal plane by 
13.93 ± 4.01 mm. It is more anteriorly displaced by 5.32 mm 
(P < 0.001), when compared with the corresponding point 

on the synostotic side. The uppermost point of the supra-
orbital rim on the synostotic side is 14.72 ± 4.84 mm lower 
than the frontal bone protruding point level, whereas the 
uppermost point of supraorbital rim on the contralateral 
side is 18.81 ± 3.95 mm lower. Therefore, the uppermost 
point of supraorbital rim on synostotic side is higher than 
that of contralateral side by 4.09 mm (P < 0.001) (Figs. 2, 3). 
(See tables, Supplemental Digital Content 3, which displays 
(a) Definition of landmarks, distances, angles, and planes 
(b) Results of Bland-Altman method comparison. No devia-
tion (zero degree) was set as golden standard. (c) Results of 
application of proposed coordinate system in craniofacial 
feature evaluation. http://links.lww.com/PRSGO/B666.)

The orbitale on the synostotic side is higher than the 
averaged FH plane, and higher than that on contralateral 
side by only 0.56 mm (P < 0.001). However, the porion on 
synostotic side is lower than the FH plane, and it is 0.86 mm  
(P < 0.001) lower than the porion on contralateral side.

The most lateral points of the skull on the synostotic 
(Ts) and contralateral sides (Tc) have a similar distance 
away from the mid-sagittal plane (P = 0.255). However, 
the Ts point is lower and more anteriorly positioned com-
pared with Tc point (P < 0.001). The most posterior point 
of the skull is 79.21 ± 8.69 mm posterior to the sella, and is 
not significantly deviated from midplane.

DISCUSSION
The mid-sagittal plane is usually the first dimension that 

is chosen for orientation in craniofacial cephalometrics. 
The midplane between bilateral frontozygomatic suture 
landmarks is frequently used to define it. Subsequently, 
the skull base plane, facial relationship planes, and the 
occlusal plane are defined in the orthogonal direction of 
the mid-sagittal plane.6,7 However, in UCS, the asymmet-
ric development of orbitofrontal morphology renders this 
method inapplicable.8 A plane that simultaneously passes 
through the nasion, basion, and sella could represent the 

Fig. 2. Relative position of proposed mid-sagittal plane, nasion-sella-Basion plane, bilateral frontozygomatic sutures defined midplane, 
and gravity center plane, along with the relative position of skull and intracranial gravity centers with skull base.

http://links.lww.com/PRSGO/B665
http://links.lww.com/PRSGO/B665
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comprehensive structure of the skull base. However, in 
UCS, the consistently twisting relationship between ante-
rior and posterior skull base results in  an oblique verti-
cal plane.9 A middle plane based on the gravity centers of 
the skull and intracranial contents also has been recom-
mended for unicoronal cases.10,11 However, skull deforma-
tion and the heavier weight of the skull than the brain has 
limited the application of this method.

Here, we changed the sequence to build a coordi-
nate system of a skull, starting from the FH plane, given 
its reliability in the vertical direction.12 Conventionally, 
the right porion, right orbitale, and left orbitale are 
used to locate the FH plane.13 However, the actual direc-
tion of this plane is influenced by the variation in height 
imposed by the UCS. Coronal synostosis increases the 
depth of middle cranial fossa.14 Consequently, the 
porion on the synostotic side is lower (as observed in this 
study). A higher positioned orbitale on the synostotic 
side has been observed as well. However, the proposed 
coordinate system takes the average of FH planes, to bal-
ance the asymmetric skull. This coordinate system also 
enables evaluation of the extreme values of skull shape, 
such as the distance of the prominence and retrusion of 
frontal bone on contralateral and synostotic sides. This 
may be needed information for optimal frontal shape 
correction.

CONCLUSION
Prioritized orientation of the averaged FH plane, then 

locating the mid-sagittal plane and the coronal plane, can 
generate a reliable and valid coordinate system for the 
assessment on asymmetric skulls resulting from unicoro-
nal synostosis.

John A. Persing, MD 
Division of Plastic and Reconstructive Surgery 

Department of Surgery 
Yale School of Medicine

330 Cedar Street 
3rd floor Boardman Building 

New Haven, CT 06520 
E-mail: john.persing@yale.edu

REFERENCES
 1. Mazzaferro DM, Wes AM, Naran S, et al. A volumetric and cranio-

metric analysis of cranial base differences in unicoronal cranio-
synostosis. J Craniofac Surg. 2017;28:1725–1729. 

 2. Wes AM, Mazzaferro D, Naran S, et al. Nasal root deviation in 
unicoronal craniosynostosis: A craniometric analysis of early 
and late postoperative outcomes. J Craniofac Surg. 2017;28: 
1220–1223. 

 3. Gabrick KS, Wu RT, Singh A, et al. Assessing facial asymmetry in 
postoperative patients with unilateral coronal craniosynostosis. J 
Craniofac Surg. 2020;31:1000–1005. 

 4. Tahiri Y, Swanson JW, Taylor JA. Distraction osteogenesis 
versus conventional fronto-orbital advancement for the 
treatment of unilateral coronal synostosis: A comparison of peri-
operative morbidity and short-term outcomes. J Craniofac Surg. 
2015;26:1904–1908. 

Fig. 3. Illustration of applying proposed coordinate system in cra-
niofacial feature evaluation.

mailto:john.persing@yale.edu


 Lu et al. • Virtual Coordinate System in UCS

5

 5. McCarthy JG, Glasberg SB, Cutting CB, et al. Twenty-year experi-
ence with early surgery for craniosynostosis: I. Isolated craniofa-
cial synostosis–results and unsolved problems. Plast Reconstr Surg. 
1995;96:272–283. 

 6. Lu X, Forte AJ, Sawh-Martinez R, et al. Temporal evaluation of 
craniofacial relationships in apert syndrome. J Craniofac Surg. 
2019;30:317–325. 

 7. Lu X, Forte AJ, Sawh-Martinez R, et al. Facial malformation in 
Crouzon’s Syndrome is consistent with cranial base development 
in time and space. Plast Reconstr Surg Glob Open. 2018;6:e1963. 

 8. Liu MT, Khechoyan DY, Susarla SM, et al. Evolution of bandeau 
shape, orbital morphology, and craniofacial twist after fronto-
orbital advancement for isolated unilateral coronal synosto-
sis: A case-control study of 2-year outcomes. Plast Reconstr Surg. 
2019;143:1703–1711. 

 9. Baweja K, Sun AH, Sawh-Martinez R, et al. Temporal progression 
of craniofacial dysmorphology in unilateral coronal synostosis: A 
mechanistic hypothesis. J Craniofac Surg. 2018;29:1174–1180. 

 10. Bozkurt S, Borghi A, Jeelani O, et al. Computational evaluation 
of potential correction methods for unicoronal craniosynostosis. 
J Craniofac Surg. 2020;31:692–696. 

 11. Borghi A, Rodgers W, Schievano S, et al. Proof of concept study 
for the design, manufacturing, and testing of a patient-specific 
shape memory device for treatment of unicoronal craniosynos-
tosis. J Craniofac Surg. 2018;29:45–48. 

 12. Hofmann E, Fimmers R, Schmid M, et al. Landmarks of 
the Frankfort horizontal plane: Reliability in a three-dimen-
sional Cartesian coordinate system. J Orofac Orthop. 2016;77: 
373–383. 

 13. Sonneveld KA, Mai PT, Hardigan PC, et al. Theoretical basis 
for virtual skull orientation according to three-dimensional 
Frankfort Horizontal plane for computer-aided surgical simula-
tion. J Craniofac Surg. 2019;30:1902–1905. 

 14. Lu X, Forte AJ, Steinbacher DM, et al. Respective roles of cra-
niosynostosis and syndromic influences on cranial fossa develop-
ment. Plast Reconstr Surg. 2021;in press.


