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Face allotransplantation shifted the paradigm 
of facial reconstruction more than a decade 
ago.1,2 Since then, 46 facial transplantations 

have been performed worldwide, with a gradual 

increase in the complexity of the allograft and in 
the knowledge of the technique and the vascular 
anatomy.3 In 2009, Cavadas et al. transplanted 
three-fourths of a mandible that included the 
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Background: Facial allotransplantation including the temporomandibular 
joints may improve the functional outcomes in face transplant candidates who 
have lost or damaged this joint.
Methods: Linear and angular measurements were taken in 100 dry skulls and 
mandibles and in 100 three-dimensionally–reconstructed facial computed 
tomographic scans to determine the variability of the temporomandibular 
joint, glenoid fossa, and mandible. A vascular study was performed in six fresh 
cadaveric heads, followed by harvest of the face allograft in three heads. Next, 
four heads were used for mock transplantation (two donors and two recipi-
ents). The full facial allograft included four different segments: a Le Fort III, 
a mandibular tooth-bearing, and two condyle and temporomandibular joint–
bearing segments. Statistical analysis was performed using SAS software.
Results: In only one-third of the skulls, the condylar shape was symmetric 
between right and left sides. There was a wide variability in the condylar 
coronal (range, 14.3 to 23.62  mm) and sagittal dimensions (range, 5.64 to 
10.96  mm), medial intercondylar distance (range, 66.55 to 89.91  mm), and 
intercondylar angles (range, 85.27 to 166.94  degrees). This high variability 
persisted after stratification by sex, ethnicity, and age. The temporomandibular 
joint was harvested based on the branches of the superficial temporal and max-
illary arteries. The design of the allograft allowed fixation of the two condyle 
and temporomandibular joint–bearing segments to the recipient skull base, 
preserving the articular disk-condyle-fossa relationship, and differences were 
adjusted at the bilateral sagittal split osteotomy sites.
Conclusion: Procurement and transplantation of a temporomandibular 
joint–containing total face allograft is technically feasible in a cadaveric 
model.  (Plast. Reconstr. Surg. 146: 621, 2020.)
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left condyle.4 This is the only reported case that 
included part of the temporomandibular joint in 
the facial allograft. To date, there are no reported 
cases of a full face transplant including mandible 
and the temporomandibular joints. Although 
inclusion of the temporomandibular joints within 
a facial allograft has the potential to improve the 
outcomes in a selected group of patients with 
damaged or ankylosed joints, high variability of 
condylar shape, intercondylar distance, and inter-
condylar angle in the population makes the trans-
fer of temporomandibular joints between donors 
and recipients difficult.5–13 Moreover, proximity to 
important anatomical structures such as the inter-
nal carotid artery and the brain, which could be 
damaged during the harvest, with potential conse-
quences for the procurement of the other organs, 
adds further complexity to the procedure. The 
goal of this study was to design a transplant model 
that included a Le Fort III, mandible, and both 
temporomandibular joints in a cadaveric model 
that could be easily adopted in patients with dif-
ferent anatomy.

MATERIALS AND METHODS

Evaluation of the Variability of Mandible and 
Temporomandibular Joint Dimensions

Measurements in Dry Skulls and Mandibles
We selected a sample of 100 dry skulls of the 

Hamann-Todd Collection (Cleveland Museum of 
Natural History, Cleveland, Ohio). The sample 
included 50 African American and 50 European 
American skulls (each group with 25 female and 
25 male skulls) with an age range between 21 and 
65 years. Measurements were taken with a digital 
protractor (GemRed “Quick 360” Digital Angle 
Rule, Guangxi, People’s Republic of China) and 
caliper (Mitutoyo Digimatic, Mitutoyo Corp., 
Kanagawa, Japan). The shape of the condyles,14 the 
dimensions of the condyles, ramus, intercondylar 

distances,15 gonial angle, intercondylar angle, and 
condyle-symphysis angle16 were recorded. (See Fig-
ure, Supplemental Digital Content 1, which shows 
the shape of the condyle, which was evaluated in 
the horizontal, frontal, and sagittal planes (above, 
center, and below, respectively). The shape of the 
condyle was described, from left to right, as cylin-
dric, elliptical, or irregular for the horizontal plane; 
as flat, gabled, or slightly rounded for the frontal 
plane; and as convex (whole contour arched out-
ward), locally concave (some part of the contour 
arched inward), or wedged (flat anterior and pos-
terior surfaces that converged together in a wedge 
shape) in the sagittal plane, http://links.lww.com/
PRS/E156. See Figure, Supplemental Digital Con-
tent 2, which shows anatomical landmarks of the 
mandible: posterior mandibular condyle (PCo), 
anterior mandibular condyle (ACo), lateral man-
dibular condyle (LCo), medial mandibular condyle 
(MCo), superior mandible condyle (SCo), inferior 
sigmoid notch (InfSig), pogonion (Pog), posterior 
superior mandibular condyle (PSCo), and gonion 
(Go), http://links.lww.com/PRS/E157. See Figure, 
Supplemental Digital Content 3, which shows linear 
measurements of the mandible: condylar length, 
condylar width, condylar height, and lateral man-
dibular condyle to gonion (above, right, and above, 
left, respectively). Maximum mandibular width, lat-
eral mandibular condyle to gonion, maximum lat-
eral intercondylar distance, and maximum medial 
intercondylar distance (below, right, and below, left, 
respectively) are also shown, http://links.lww.com/
PRS/E158. See Figure, Supplemental Digital Con-
tent 4, which shows angular measurements of the 
mandible and condyle: the intercondylar angle 
(ICA) is measured as the angle formed by the inter-
section of the lines drawn through the long axis of 
each condyle. The condyle-symphysis angle (CSA) 
is measured as the angle formed by the intersec-
tion of lines drawn from the center of the condylar 
neck to the midline of the anterior border of the 
symphysis. The gonial angle is the angle formed 
by a line drawn tangent to the lower border of the 
mandible and a line touching the posterior border 
of the ramus at two points, one at the condyle and 
one at the gonion, http://links.lww.com/PRS/E159.] 
Dimensions of the glenoid fossae and the distances 
between the right and left fossae were measured.13

Measurements in Three-Dimensionally–
Reconstructed Facial Computed Tomographic 
Scans

With approval of the institutional review 
board, 100 facial computed tomographic scans 
were selected to include 21- to 65-year-old patients 
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with no history of mandibular disease or trauma. 
Three-dimensional images of the computed tomo-
graphic scans were obtained. Measurements were 
performed using ImageJ software (50i; National 
Institutes of Health, Bethesda, Md.). Three ref-
erence planes (axial, coronal, and midsagittal) 
were established for orientation. Angular mea-
surements performed included the intercondylar 
angle, gonial angle, frontal ramal angle, lateral 
ramal angle, and the angle between the condylar 
and glenoid fossa axis (condylar angle) with the 
intermastoid line.16,17 [See Figure, Supplemental 
Digital Content 5, which shows angles measured 
in three-dimensionally–reconstructed facial com-
puted tomographic scans: frontal ramal angle 
(above, left), lateral ramal angle (above, right), con-
dylar and intercondylar angle (below, left), and 
gonial angle (below, right). Po, porion; Or, orbitale; 
Cdlat, condylion lateralis; Cdpost, condylion poste-
rius; Gopost, gonion posterius; Golat, gonion later-
alis; ICA, intercondylar angle; CA, condylar angle; 
GA, gonial angle; FRA, frontal ramal angle; LRA, 
lateral ramal angle, http://links.lww.com/PRS/
E160.]

Anatomical Study in Fresh Cadavers
In eight fresh heads, both common carotid 

arteries were injected with red latex (Carolina 
Biological, Burlington, N.C.) and dissected. In 
10 hemifaces, the external carotid artery and its 
branches were dissected. In three heads, a full-
face allograft, including a Le Fort III, a mandibu-
lar tooth-bearing segment, and two condyle and 
temporomandibular joint–bearing segments, was 
harvested (Fig.  1). Short bilateral sagittal split 
osteotomies18 were performed. Laterally, the tem-
poralis muscle was excised to expose the tempora-
lis bone. The external auditory canal was divided 
to expose the mastoid bone. A temporal bone 
craniotomy was performed. The temporal lobe 
dura was elevated along the floor of the middle 
cranial fossa. The internal carotid artery was then 
identified anteriorly at the level of the foramen 
lacerum. The bone above the horizontal portion 
of the internal carotid artery was removed until 
the genu was exposed (Fig. 2). The posterior oste-
otomy was then performed down to the carotid 
foramen (Fig. 3), to expose the vertical segment 
of the artery, through the petrous portion of the 
temporal bone, and the middle of the bony ear 
canal to include the postglenoid process in the 
flap (Fig.  4). The anterior osteotomy was per-
formed anterior to the temporomandibular joint, 
through the zygomatic arch and through the squa-
mous portion of the temporal bone anterior to 

the origin of the zygomatic process up to the fora-
men ovale, with preservation of the foramen spi-
nosum and middle meningeal artery (Fig. 2) for 
vascularization of the temporal bone. The medial 
osteotomy was next completed, between the fora-
men ovale and the exposed internal carotid artery 
(Fig.  2). Capsular attachments of the temporo-
mandibular joint and the temporomandibular 
ligament were preserved. At this point the flap, 
including the Le Fort III, the mandibular tooth-
bearing segment, and the two condyle and tem-
poromandibular joint–bearing segments, was 

Fig. 1. Facial allotransplantation illustration. A facial allograft is 
shown containing a Le Fort III, a mandibular tooth-bearing seg-
ment, and two smaller condyle and temporomandibular joint–
bearing segments. The mandibular tooth-bearing segment and 
the Le Fort III segment are vascularized by the branches of the 
facial artery. In particular, the mental arteries enter the man-
dibular tooth-bearing segment through the mental foramen, 
and the infraorbital artery enters the Le Fort III segment through 
the infraorbital foramen. The superficial temporal and maxillary 
arteries supply the two smaller condyle and temporomandibu-
lar joint–bearing segments. The external carotid arteries and 
internal jugular veins are used as the donor vessels where the 
anastomosis would be performed. This design, based on differ-
ent vessels, allows the fixation of the two smaller condyle and 
temporomandibular joint–bearing segments on the recipient 
skull base first, followed by the Le Fort III and tooth-bearing seg-
ments increasing flexibility of the inset. (Reprinted with permis-
sion, Cleveland Clinic Center for Medical Art & Photography © 
2019. All rights reserved.)
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completely raised on the branches of the external 
carotid artery (Fig. 5).

In one cadaver, resin EpoxAcast 690 (Smooth-
On, East Texas, Pa.) was injected into the common 
carotid artery. The same osteotomies to harvest 
the condyle and temporomandibular joint–bear-
ing segments were performed and the sample was 

submerged for 72 hours in pure bleach to remove 
the soft tissues.

Mock Transplantation
Four cadavers were used to simulate a full 

face and temporomandibular joint transplanta-
tion. Harvest of the full-face allograft including 

Fig. 2. Cranial view of the skull base osteotomies. The course 
of the internal carotid artery is the most important landmark 
during the harvest of the temporomandibular joint. The inter-
nal carotid artery is identified anteriorly, and it is exposed from 
anterior to posterior until the genu is identified. The vertical 
osteotomy goes through the middle of the external auditory 
meatus up to the carotid canal. The anterior osteotomy ends 
at the level of the foramen ovale. The medial osteotomy con-
nects the osteotomy at the foramen lacerum to the foramen 
ovale. The middle meningeal artery, taking off from the maxil-
lary artery and entering the skull base through the foramen spi-
nosum, is preserved for vascularization of the temporal bone. 
(Reprinted with permission, Cleveland Clinic Center for Medical 
Art & Photography © 2019. All rights reserved.)

Fig. 3. Caudal view of the skull base osteotomies. The posterior 
osteotomy, going through the middle of the external auditory 
meatus, exposes the lateral surface of the internal carotid artery 
from the external opening up to the genu of the carotid canal. 
The foramen spinosum is included in the flap. (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photogra-
phy © 2019. All rights reserved.)

Fig. 4. Lateral view of the temporal bone and mandibular oste-
otomies. The internal carotid artery is exposed through the 
posterior osteotomy. The postglenoid process is included in 
the flap. The anterior skull base osteotomy is placed through 
the zygomatic process of the temporal bone. The condyle and 
temporomandibular joint–bearing segment is vascularized by 
branches of the superficial temporal and maxillary arteries. The 
Le Fort III and bilateral sagittal split osteotomies are also shown. 
(Reprinted with permission, Cleveland Clinic Center for Medical 
Art & Photography © 2019. All rights reserved.)

Fig. 5. Posterolateral view of a full facial cadaveric allograft. A Le 
Fort III segment, a mandibular tooth-bearing segment, and the 
two condyle and temporomandibular joint–bearing segments 
are completely harvested based on the branches of the external 
carotid artery.
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temporomandibular joints from the donor was 
performed as described earlier. A recipient defect 
was created by removing the Le Fort III segment 
and the mandible. The cartilage of the glenoid 
fossa of the recipient was completely removed. 
Next, the donor allograft was transferred to the 
recipient face. The donor temporomandibu-
lar joint was fixed to the recipient glenoid fossa, 
ensuring maximum bony contact between the 
temporal bone of the donor and recipient. Rigid 
fixation was achieved between the donor tempo-
ral bone and the zygomatic arch of the recipi-
ent’s face with two bicortical screws. The Le Fort 
III osteotomy sites were fixed at the nasion and 
lateral orbital rims. Next, the maxillomandibu-
lar fixation was performed with maximal dental 
intercuspation. Bony defects between the proxi-
mal and distal mandibular segments were bone 
grafted, to preserve the donor frontal ramal angle 
in the coronal plane, intercondylar angle in the 
axial plane, and lateral ramal angle and centric 
relation of the joint in the sagittal plane. If bigo-
nial width of the donor mandible was excessive 
compared to the recipient, the distal bone of the 
tooth-bearing segment was shaved. Plates and 
unicortical screws were used at the bilateral sagit-
tal split osteotomy sites. Donor mandibular rami 
were shortened if long. The maxillomandibular 
fixation was released and the final occlusion and 
unrestricted range of motion of the mandible was 
confirmed. Computed tomographic images of 
the donor and recipient heads were taken before 
and after the transplantation. Three-dimensional 
cephalometric analysis was performed with Dol-
phin 11.95 (Dolphin Imaging & Management 
Solutions, Chatsworth, Calif.).

Statistical Analysis
Statistical analyses were completed using SAS 

9.3 (SAS Institute, Inc., Cary, N.C.). Tests were 
two-tailed and values of p < 0.05 were consid-
ered statistically significant. The McNemar test 
was used to compare the right and left condylar 
shape. The Pearson correlation coefficient was 
used to investigate the relationship between age 
and quantitative data. The independent samples 
t test was used to assess differences between sexes, 
ethnicities, and age (older than 40 or younger 
than 40 years). A general linear model (or a 
multivariant model of repeated measures analy-
sis of variance for measurements was performed 
on both sides), with a post hoc Bonferroni cor-
rection, were used to test the combined effect 
of sex, ethnicity, age, and side on the observed 
measurements.

RESULTS

Evaluation of the Variability of Mandible and 
Temporomandibular Joint Dimensions

Condyle Shape
The most common configuration was cylindri-

cal, slightly rounded, and locally concave. [See 
Table, Supplemental Digital Content 6, which 
shows condylar shape percentages for the right 
and left condylar shapes. Condylar shapes are 
described for the horizontal, frontal, and sagittal 
planes (Solberg WK, Hansson TL, Nordström B. 
The temporomandibular joint in young adults at 
autopsy: A morphologic classification and evalu-
ation. J Oral Rehabil. 1985;12:303–321. 10.1111/
j.1365-2842.1985.tb01285.x). The first letter 
corresponds to the shape in the horizontal plane 
(E, elliptical; C, cylindrical; I, irregular), the sec-
ond letter corresponds to the shape in the fron-
tal plane (R, rounded; F, flat; G, gabled), and the 
last letter corresponds to the shape in the sagittal 
plane (C, convex; L, locally concave; W, wedged), 
http://links.lww.com/PRS/E161.] Only 33 percent 
of the patients had symmetrical right and left con-
dylar shapes in the three planes. There was a sig-
nificant difference in the shape of the right and 
left condyles in the horizontal plane (p = 0.016) 
(Tables 1 through 3).

Mandible and Skull Base Dimensions
The mean condylar coronal and sagittal dimen-

sions were 19.42 mm (range, 14.3 to 23.62 mm) 

T1-T3

Table 1.  Shapes of the Right and Left Condyle in the 
Horizontal Plane

Left*

Cylindrical Elliptical Irregular Total

Right     
 � Cylindrical 40 4 5 49
 � Elliptical 16 22 0 38
 � Irregular 4 3 6 13
 � Total 60 29 11 100
*McNemar-Bowker p = 0.016; κ = 0.450.

Table 2.  Shapes of the Right and Left Condyle in the 
Frontal Plane

Left*

Flat Gabled
Slightly  

Rounded Total

Right     
 � Flat 24 3 7 34
 � Gabled 1 1 3 5
 � Slightly rounded 10 5 46 61
 � Total 35 9 56 100
*McNemar-Bowker p = 0.566; κ = 0.458.
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and 8.28 mm (range, 5.64 to 10.96 mm), respec-
tively. The mean glenoid fossa coronal and sagit-
tal dimensions were 24.85 ± 1.69 mm and 15.46 
± 1.17 mm, respectively. The mean medial inter-
condylar distance was 78.47  mm (range, 66.55 
to 89.91 mm). There was a wide variability in the 
bigonial distance, mandibular sagittal length, and 
mandibular ramus height (Table 4). Age and sex 
both had a significant effect on the transverse 
dimension of the condyle and medial intercondy-
lar distance (Table 5).

Three-Dimensional Facial Computed 
Tomographic Scans

The mean frontal ramal angle was 
78.18  degrees (range, 70.28 to 88.25  degrees) 
(Table  6). There was a significant difference 
between the right and left sides (p = 0.015) and 
male and female sexes (p = 0.003). Significant 
differences between ethnicities were found for 
all the parameters except for frontal ramal angle 
(Table  7). The axes of the condyle and glenoid 
fossa were always parallel. The condylar angle 
and intercondylar angle were very variable: mean, 
21.98 degrees (range, 5.83 to 48.64 degrees) and 
135.64 degrees (range, 85.27 to 166.94 degrees), 
respectively (Fig. 6 and Table 6).

Linear Measurements and Angles 
A high variability in the different linear mea-

surements and angles was present even after strati-
fication by sex, ethnicity, and age. Increased age 
(41 to 65 years versus 21 to 40 years) significantly 
correlated with an increased intercondylar dis-
tance (MCo–MCo and LCo–LCo) in all subgroups 
except in the male Caucasian subgroup (Table 8).

Anatomical Study in Fresh Cadavers
The temporomandibular joint capsule was 

richly vascularized in all specimens. Posteriorly 
and laterally, most of the branches came directly 
from the superficial temporal artery and/or the 
transverse facial artery (Fig.  7). Medially and 

anteriorly, branches were given by the maxillary 
artery directly, and/or by the middle meningeal, 
the masseteric, the deep temporal, and the tym-
panic arteries (Fig.  8). The temporal bone was 
always vascularized by the middle meningeal artery 
(Fig. 9). The diameter of the terminal branches 
ranged between 0.3 to 0.4 and 0.7 to 0.8 mm.

Table 3.  Shapes of the Right and Left Condyle in the 
Sagittal Plane

Left*

Convex
Locally  

Concave Wedge Total

Right     
 � Convex 18 12 3 33
 � Locally concave 13 27 5 45
 � Wedge 4 10 8 22
 � Total 35 49 16 100
*McNemar-Bowker p = 0.604; κ = 0.253.

Table 4.  Descriptive Statistics for All Parameters 
Measured in Dry Skulls and Mandibles*

Value (mm)

MCo–LCo  
 � Average ± SD 19.42 ± 1.90
 � Range 14.3–23.62
FTR  
 � Average ± SD 24.85 ± 1.69
 � Range  20.69–31.27
PCo–ACo  
 � Average ± SD 8.28 ± 1.15
 � Range  5.64–10.96
FAP  
 � Average ± SD 15.46 ± 1.17
 � Range  10.97–19.99
CoHt  
 � Average ± SD 20.15 ± 2.87
 � Range  13.42–28.73
ICA  
 � Average ± SD 140.42 ± 10.09
 � Range  118.9–162.5
LCo–LCo  
 � Average ± SD 115.17 ± 6.48
 � Range  98.02–128.00
LFD  
 � Average ± SD 116.69 ± 5.86
 � Range  101.65–129.08
MCo–MCo  
 � Average ± SD 78.47 ± 4.88
 � Range  66.55–89.91
MFD  
 � Average ± SD 71.36 ± 4.40
 � Range  60.52–82.76
Go–Go  
 � Average ± SD 95.13 ± 6.80
 � Range  82.70–115.33
CSA  
 � Average ± SD 64.46±5.61
 � Range  53.4–77.1
Pog–PSCo  
 � Average ± SD 124.75 ± 6.55
 � Range  108.01–137.48
LCo–Go  
 � Average ± SD 55.25±7.93
 � Range  37.35–72.16
GA  
 � Average ± SD 124.37 ± 7.09
 � Range  107.45–147.45
MCo–LCo, condylar width; FTR, transverse fossa dimension; PCo–
ACo, condylar length; FAP, anteroposterior fossa dimension; CoHt, 
condylar height; ICA, intercondylar angle; LCo–LCo, maximum 
lateral intercondylar distance; LFD, lateral fossa–to–lateral fossa dis-
tance; MCo–MCo, maximum medial intercondylar distance; MFD, 
medial fossa–to–medial fossa distance; Go–Go, maximum mandib-
ular width; CSA, condyle-symphysis angle; Pog–PSCo, pogonion to 
condyle; LCo–Go, lateral mandibular condyle to gonion; GA, gonial 
angle.
*Values are in millimeters.
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The harvest of the allograft took 4 hours. The 
Le Fort III and the mandibular tooth-bearing seg-
ments were vascularized by branches of the facial 
arteries, and the two condyle and temporoman-
dibular joint–bearing segments were vascularized 
by branches of the superficial temporal and max-
illary arteries, pedicled on the bilateral external 
carotid arteries. The internal carotid artery was 
never damaged.

Mock Transplantation
Both transplants took 7.5 hours. The inter-

condylar distance (LCo–LCo) increased in both 
transplants (12.7 and 5.2 mm), as did the bigonial 

distance (1.6 mm and 9.4 mm) compared to the 
recipient. The intercondylar angle decreased 
21.5 degrees in the first transplant and increased 
6 degrees in the second transplant compared to 
the donor. The frontal ramal angle decreased 
in both transplants compared to the donor (5.6 
and 7  degrees, respectively), as did the lateral 
ramal angle (37.5 and 3.5 degrees, respectively). 
In the first transplant, 8-mm shortening of the 
pogonion-to-condyle distance and counterclock-
wise rotation of the occlusal plane resulted in 
a 4.7-degree decrease in sella-nasion–A point 
angle and a 9.8-degree increase in sella-nasion–
B point angle compared to the recipient. In the 
second transplant, 5.3-mm shortening of the 

Table 5.  Summary of Effects of Side, Sex, Ethnicity, and Age in Measurements Performed in Dry Skulls and 
Mandibles

Measurement Difference (95% CI) Age  
Effect

Post Hoc Analysis: Interactions  
and Effects (p < 0.05)Side Sex Ethnicity

MCo-LCo, 
mm

NS 1.74  
(1.09–2.39)

0.74  
(0.00–1.48)  
(p = 0.051)

R = 0.19  
(p = 0.06)

Interaction side plus sex plus ethnicity 
Effect of age, sex, and ethnicity

FTR, mm NS 1.15  
(0.50–1.80)

0.93  
(0.26–1.61)

NS Interaction age and side 
Effect of sex and ethnicity

PCo-ACo, 
mm

NS 0.44  
(0.04–0.84)  
(p = 0.057)

0.85  
(0.45–1.25)

NS No interactions 
Effect of sex and ethnicity

FAP NS NS NS NS No interactions
No effects

CoHt, mm NS 2.04  
(0.94–3.14)

NS NS Interaction side and sex and ethnicity
Effect of sex 

ICA, deg NA NS 5.25  
(1.36–9.13)

NS No interactions
Effect ethnicity

LCo–LCo, 
mm

NA 5.87  
(3.57–8.17)

NS R = 0.393  
(p < 0.001)

Interaction sex plus ethnicity
Effect age and sex

LFD, mm NA 6.79  
(4.88–8.70)

NS NS No interactions
Effect of sex

MCo–MCo, 
mm

NA 2.13  
(0.23–4.03)

NS R = 0.404  
(p < 0.001)

No interactions
Effect age and sex

MFD, mm NA 3.27  
(1.64–4.90)

NS R = 0.216  
(p = 0.031)

Interaction sex and ethnicity
Effect age and sex

GO–GO, 
mm 

NA 7.72  
(5.48–9.96)

2.91  
(0.24–5.57)

NS No interactions
Effect sex and ethnicity

CSA, deg NA NS 3.04  
(0.88–5.19)

NS No interactions
Effect ethnicity

Pog–PSCo, 
mm

0.63  
(0.13–1.13)

8.74  
(6.90–10.63)

NS NS No interactions
Effect of sex

LCo – Go, 
mm

NS 7.74  
(10.38–5.11)

3.59  
(0.48–6.71)

NS No interactions
Effect of sex and ethnicity

GA, deg 0 .97  
(0.28–1.67)

3.91  
(1.23–6.58)

3.03  
(−0.02 to 6.09)

NS Interaction side and ethnicity, and side and 
gender and ethnicity

Effect of age and ethnicity
LCo–LCo, maximum lateral intercondylar distance; NS, not significant; FTR, transverse fossa dimension; PCo–ACo, condylar length; FAP, 
anteroposterior fossa dimension; CoHt, condylar height; ICA, intercondylar angle; NA, not applicable; LCo–LCo, maximum lateral intercon-
dylar distance; LFD, lateral fossa–to–lateral fossa distance; MCo–MCo, maximum medial intercondylar distance; MFD, medial fossa–to–medial 
fossa distance; Go–Go, maximum mandibular width; CSA, condyle-symphysis angle; Pog–PSCo, pogonion to condyle; LCo–Go, lateral man-
dibular condyle to gonion; GA, gonial angle.
*Differences between the right and left sides (paired t test), and the effects of age [Pearson correlation coefficient (R)], sex, and ethnicity 
(independent samples t test) on measurements in dry skulls and mandibles. Post hoc analyses were performed using multivariant model of 
repeated measures analysis of variance for parameters measured on both sides, and a general linear model was performed for the rest of 
parameters to determine whether there were interactions between side, sex, ethnicity, and age. Post hoc comparisons were performed with the 
Bonferroni correction applied to the means estimated by the studied model. Only significant differences or values of p close to significance 
are shown.
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pogonion-to-condyle distance and clockwise rota-
tion of the occlusal plane caused a 12.3-degree 
and an 11.5-degree decrease in sella-nasion–A 
point angle and sella-nasion–B point angle com-
pared to the recipient (Table  9). Facial angles 
in the first and second transplants were 180 and 
182 degrees, respectively. The range of motion for 
mouth opening was 40 mm and smooth in the first 
cadaver. The second cadaver achieved Angle class 
1 occlusion and the lateral excursion was 10 mm, 
protrusion was 5  mm, and interincisal distance 
was 45 mm (Fig. 10). [See Video (online), which 
shows an animation of the three-dimensionally–
reconstructed facial computed tomographic scan 
after the second mock transplantation. Frontal, 

oblique, lateral, and caudal views show the range 
of motion of the mandible. The donor temporo-
mandibular joint is secured on top of the recipi-
ent glenoid fossa. Two bicortical screws are used 
for fixation of the donor temporal bone to the 
recipient zygomatic arch to avoid any violation of 
the temporomandibular joint.]

DISCUSSION
A normal temporomandibular joint is typified 

by the following functional characteristics: the 
ability of articulating surfaces to move painlessly 
within a required range of motion, proper load 
distribution, stability during function, and support 
for the dentition in an interdigitated occlusal posi-
tion.19 The structure of the temporomandibular 
joint appears to be very sensitive to any functional 
loading. Any factor that changes the biomechan-
ics of the temporomandibular joint or masticatory 
system can provoke its remodeling and change its 
structure.20–22 For these reasons, alterations in the 
condylar position from surgery can lead to maloc-
clusion associated with the risk of early relapse23 
and the development of temporomandibular 
disorders.24–26

Therefore, proper harvest and fixation of the 
two donor condyle and temporomandibular joint–
bearing segments with the Le Fort III and the 
mandibular tooth-bearing segment become key 
steps during facial transplantation. Based on their 
extensive experience with orthognathic surgery, 
Epker and Wylie insisted that the maintenance of 
the normal presurgical anatomical position of the 
mandibular condyles and contiguous proximal 

Table 6.  Descriptive Statistics for All Parameters 
Measured on the Three-Dimensional Computed 
Tomographic Scans

Value (deg)

FRA  
 � Average ± SD 78.18 ± 3.67
 � Range  70.28–88.25
LRA  
 � Average ± SD 82.17 ± 5.46
 � Range 70.44–96.66
GA  
 � Average ± SD 122.47 ± 7.21
 � Range  107.51–136.98
CA  
 � Average ± SD 21.98 ± 8.02
 � Range  5.83–48.64
ICA  
 � Average ± SD 135.64 ± 15.34
 � Range  85.27–166.94
FTR, transverse fossa dimension; LRA, lateral ramal angle; GA, 
gonial angle; CA, condylar angle; ICA, intercondylar angle.

Table 7.  Summary of the Effect of Side, Sex, Ethnicity, and Age on Facial Three-Dimensional Computed 
Tomographic Scan Measurements

Mean Measurement Difference (95% CI) 

Age Effect
Post Hoc Analysis: 
Interactions and Side Sex Ethnicity

FRA, mm 0.76 (0.15–1.36) 2.18 (0.79–3.58) NS NS No interactions
Effect of sex, side

LRA, deg NS NS 4.32 (2.28–3.37) R = −0.215  
(p = 0.032)

No interactions
Effect of ethnicity

GA, deg NS NS 3.91 (1.07–6.73) NS No interactions
Effect ethnicity

CA, deg NS NS 5.38 (2.31–8.44) R = 0.202  
(p = 0.043)

No interactions
Effect of ethnicity

ICA NS NS 10.67 (4.83–16.50) NS No interactions
Effect of ethnicity

FRA, frontal ramal angle; LRA, lateral ramal angle; GA, gonial angle; CA, condylar angle; ICA, intracondylar angle; NS, not significant.
*This table summarizes the differences between the right and left sides (paired t test), and the effects of age [Pearson correlation coefficient 
(R)], sex, and ethnicity (independent samples t test) on measurements performed on facial three-dimensional computed tomographic scans. 
Post hoc analyses were performed using multivariant model of repeated measures analysis of variance for parameters measured on both sides, 
and a general linear model was performed for the rest of parameters to determine whether there was interaction between side, sex, ethnicity, 
and age. Post hoc comparisons were performed with the Bonferroni correction applied to the means estimated by the studied model. Only 
significant differences or values of p close to significance are shown.

https://doi.org/10.1097/PRS.0000000000007069
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Fig. 6. Caudal views of three-dimensionally–reconstructed facial computed tomographic scans. These 
two individuals show a major difference in their intercondylar angles and axes of the glenoid fossas. This 
is one of the reasons why a hybrid joint between a recipient skull base and donor condylar head will not 
work. This mismatch would cause condylar sagging, reabsorption, relapse, temporomandibular joint 
arthritis, and malocclusion.

Table 8.  Age Effect in African American Women, Caucasian Women, African American Men, and Caucasian Men

Average ± SD (Range)

R (Pearson) p (t test)21–40 Yr 41–65 Yr

African American women     
 � MCo–LCo, mm 18.44 ± 1.67 (15.39–21.04) 19.41 ± 1.85 (16.17–22.9) 0.230 0.207
 � PCo–ACo, mm 8.65 ± 0.70 (7.55–9.86) 8.47 ± 1.17 (5.72–10.44) −0.136 0.681
 � ICA, deg 134.86 ± 6.77 (125–149.3) 137.55 ± 8.07 (125.7–148.1) 0.021 0.406
 � LCo–LCo, mm 111.12 ± 6.36 (99.84–117.96) 115.36 ± 5.59 (103.52–123.29) 0.410† (p = 0.04) 0.097
 � MCo–MCo, mm 76.32 ± 4.33 (68.66–81.47) 78.36 ± 3.54 (73.11–84.77) 0.407† (p = 0.04) 0.214
 � FRA (CT scan), deg 77.64 ± 3.81 (71.22–82.48) 75.46 ± 2.51 (70.42–78.68) −0.339 0.104
 � LRA (CT scan), deg 83.18 ± 6.97 (73.29–96.34) 84.56 ± 5.87 (77.88–95.36) 0.111 0.593
Caucasian women     
 � MCo–LCo, mm 17.56 ± 1.82 (14.3–19.82) 18.41 ± 1.58 (16.79–21.15) 0.220 0.223
 � PCo–ACo, mm 7.56 ± 1.46 (5.79–10.22) 7.60 ± 1.02 (5.64–9.28) 0.006 0.927
 � ICA, deg 140.95 ± 10.98 (120.4–157.7) 144.43 ± 11.51 (119.3–160.3) 0.163 0.451
 � LCo–LCo, mm 107.38 ± 6.24 (98.02–117.39) 113.19 ± 5.90 (103.93–123.3) 0.464† (p = 0.02) 0.026†
 � MCo–MCo, mm 74.72 ± 5.18 (66.55–82.31) 79.11 ± 4.95 (71.97–88.13) 0.471† (p = 0.02) 0.042†
 � FRA (CT scan), deg 78.21 ± 2.74 (75.23–82.29) 77.21 ± 3.17 (73.25–85.65) −0.141 0.453
 � LRA (CT scan), deg 81.92 ± 5.69 (73.88–90.86) 79.44 ± 3.07 (73.72–86.26) −0.298 0.201
African American men     
 � MCo–LCo, mm 19.93 ± 1.42 (17.43–21.4) 20.90 ± 1.77 (17.97–23.62) 0.381 0.159
 � PCo–ACo, mm 8.48 ± 1.34 (7.01–10.96) 9.14 ± 0.74 (7.83–10.67) 0.330 0.125
 � ICA, deg 137.14 ± 8.55 (120.7–150.1) 140.26 ± 7.54 (128–151.4) 0.117 0.347
 � LCo–LCo, mm 113.83 ± 5.72 (104.61–120.57) 120.02 ± 3.52 (114.19–124.11) 0.633† (p < 0.001) 0.003†
 � MCo–MCo, mm 76.05 ± 4.68 (67.07–81.51) 80.49 ± 4.52 (71.97–88.02) 0.442† (p = 0.03) 0.026†
 � FRA (CT scan), deg 79.86 ± 3.76 (72.38–88.25) 78.82 ± 3.05 (72.27–82.26) −0.114 0.485
 � LRA (CT scan), deg 84.77 ± 5.55 (75.46–96.66) 84.50 ± 2.52 (81.76–90.29) −0.256 0.893
Caucasian men     
 � MCo – LCo (mm) 20.08 ±1.64 (17.69–22.5) 20.04 ±1.38 (16.83–22.58) 0.026 0.939
 � PCo – ACo (mm) 8.24 ± 1.01 (6.76–10.13) 8.04 ± 0.99 (6.73–10.7) −0.107 0.638
 � ICA (°) 140.28 ± 15.03 (118.9–160.1) 145.13 ± 9.38 (130.7–162.5) 0.261 0.329
 � LCo-LCo (mm) 117.40 ± 4.53 (111.77–123.46) 119.50 ± 4.64 (109.65–128) 0.306 0.275
 � MCo –   MCo (mm) 78.74 ± 3.76 (71.25–82.94) 81.43 ± 5.14 (73.7–89.91) 0.360 0.170
 � FRA (CT scan), deg 79.73 ± 4.09 (70.28–83.72) 78.73 ± 4.19 (72.99–87.50) −0.185 0.555
 � LRA (CT scan), deg 80.69 ± 4.50 (71.52–89.00) 78.08 ± 4.76 (70.44–87.94) −0.432† (p = 0.03) 0.173
MCo–LCo, condylar width; PCo–ACo, condylar length; ICA, intercondylar angle; LCo–LCo, maximum lateral intercondylar distance; MCo–
MCo, maximum medial intercondylar distance; FRA, frontal ramal angle; LRA, lateral ramal angle.
*Comparison of measurements (Pearson correlation coefficient and t test) in the different subpopulations according to the different ages 
(aged 21–40 yr vs. 41–65 yr). 
†Statistically significant.
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mandibular ramal segment was very important 
to ensure the stability of the surgical result, to 
reduce the adverse effects on the temporoman-
dibular joint, and to improve the masticatory 
function.27 For the above reasons, we designed a 
full facial allograft including four different seg-
ments: a Le Fort III, a mandibular tooth-bearing 

segment, and two condyle and temporomandibu-
lar joint–bearing segments. This design allowed 
the fixation of the two condyles and temporoman-
dibular joint–bearing segments first, with preser-
vation of the donor articular disk-condyle-fossa 
relationship. This was achieved during the fixa-
tion of the donor temporomandibular joint onto 

Fig. 7. Posterolateral vascularization of the condyle. This cadaver 
was injected in the external carotid artery with red colored latex. 
The condyle is vascularized posterior and laterally by branches that 
come directly from the superficial temporal artery (STA) and the 
transverse facial artery (TFA). EC, external carotid artery, SCM, ster-
nocleidomastoid muscle.

Fig. 8. Vascularization of the temporomandibular joint. Posterior 
view from the mandibular angle to the temporomandibular joint 
(including the temporal bone) in a cadaver injected with red colored 
latex. Two branches arising from the superficial temporal artery 
(STA) and one branch from the middle meningeal artery (MMA) sup-
ply the temporomandibular joint. There were also three branches 
arising directly from the maxillary artery (MA) in this specimen that 
are not seen from this projection. EC, external carotid artery.
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the recipient skull base with preservation of the 
donor condylar angle in the axial plane, frontal 
ramal angle in the coronal plane and lateral ramal 
angle, and centric relation in the sagittal plane 
overall preventing medial or lateral inclination of 
the ramus, axial torquing, and condylar sagging of 
the temporomandibular joint. A similar concept is 
used during temporomandibular joint total joint 
replacement where the fossa component of the 
prosthesis is inserted on top of the recipient gle-
noid fossa and stabilized to the zygomatic arch.28,29 
Once the Le Fort III segment was plated and the 
maxillomandibular fixation was applied, any bony 

discrepancy between the tooth-bearing and the 
condylar-bearing fragments was addressed with 
either bone grafts or by shaving the bone inter-
ferences, to avoid any tridimensional change of 
the temporomandibular joint. Considering that 
30  mm was the difference between the minimal 
and maximal intercondylar distance in our study, 
an adjustment of at most 15 mm at each bilateral 
sagittal split osteotomy site was sufficient to match 
any donor and recipient. This technique prevents 
modification of the condylar position and can 
be used independently from the anatomy of the 
donor and recipient.8,12,13,30–32 Furthermore, this 

Fig. 9. Vascularization of the skull base. This specimen was injected 
with resin in the common carotid artery and was then submerged 
for 72 hours in pure bleach. The middle meningeal artery (MMA) is 
shown entering the skull base through the foramen spinosum and 
suppling the temporal bone with its branches. EC, external carotid 
artery; IC, internal carotid artery; MA, maxillary artery.

Table 9.  Measurements in Donors, Recipients, and Hybrid Faces after Mock Transplantation

Parameters in Donors, Recipients, and Transplant Simulations

 Donor 1 Recipient 1 Transplant 1 Donor 2 Recipient 2 Transplant 2

LCo–LCo, mm 120.2 117.9 130.6 120.1 115.3 120.5
LFD, mm 125.2 120.4 125.6 120.6 118.9 147.7
MCo–MCo, mm 93.4 83.4 106.9 83.3 82.1 81.5
MFD, mm 82.9 75.5 79.6 77.6 71.6 79.3
Go–Go, mm 89.5 89.9 91.5 95.5 93.1 102.5
CSA, deg 77.2 71.9 77.6 71.6 61.4 72.9
Pg–PSCo, mm 110.2 121.3 113.3 117.7 112.1 106.8
LCo–Go, mm 53 51.4 52.6 53.1 52.3 43.9
ICA, deg 122.5 142 101 147 123 153
CA, deg 28.75 19 39.5 16.5 28.5 13.5
FRA, deg 76.1 76.9 70.5 79.9 77.4 72.9
LRA, deg 98 93 60.5 86.5 77.5 83.0
GA, deg 120.7 123.1 122.9 124.4 131.8 121.9
SNA, deg 87.1 90.8 86.1 89.7 85.9 73.6
SNB, deg 82.1 83.2 93.0 82.7 84.6 73.1
Facial angle (G′-Sn′-Pg′) 165 160.5 180 171 163 182
LCo–LCo, maximum lateral intercondylar distance; LFD, lateral fossa–to–lateral fossa distance; MCo–MCo, maximum medial intercondylar 
distance; MFD, medial fossa–to–medial fossa distance; Go–Go, maximum mandibular width; CSA, condyle-symphysis angle; Pog-PSCo, pogo-
nion to condyle; LCo–Go, lateral mandibular condyle to gonion; ICA, intercondylar angle; CA, condylar angle; GA, gonial angle; FRA, frontal 
ramal angle; LRA, lateral ramal angle; GA, gonial angle; SNA, sella-nasion–A point angle; SNB, sella-nasion–B point angle; Facial angle (G′-
Sn′-Pg′), soft-tissue glabella-subnasale-pogonion angle.
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technique can be used for unicondylar or bicon-
dylar face transplantation in the setting of tem-
poromandibular joint destruction and ankylosis.33

Yale et al. described 32 different composite man-
dibular condyle types in 2950 samples studied.8 In a 
study by Solberg et al.,14 39 percent of the temporo-
mandibular joints displayed mild to marked devia-
tion in form in all three components of the joint 
and disk displacement in 12 percent. A high vari-
ability of the intercondylar distance and angle has 
been also reported.13,30–32 In this study, 24 different 
condylar head configurations were found, and after 
stratification of the condylar and mandibular mea-
surements by age, sex, ethnicity, and side, there was 
still a high variability between the subpopulations.

Transplantation of the intact donor mandible 
with bilateral condyles to the recipient skull base 
by creating a hybrid temporomandibular joint as 
described by Khavanin et al.34,35 has several limita-
tions considering the high anatomical variability 
found in our study even after stratification by sex, 
age, and race. Differences in the condyle shape, 
size, intercondylar distance, angle, violation of the 
capsule, and lubricant mechanism would cause a 
high risk for ankylosis of the joint. Resuspension 
of the condyle with a suture from the glenoid fossa 
would reduce the movement from a gliding and 
hinging joint to a pure hinging joint around the 
insertion of the suture. Furthermore, reduction of 

the donor condyle into a recipient skull base with 
different intercondylar distances and angles, based 
on the “condylar window” as suggested, would cre-
ate localized compressive and/or tensile forces that 
will predominate in different areas of the condyle.36 
Peripheral condylar sagging would occur with the 
condyle positioned inferiorly with peripheral con-
tact with the fossa while the teeth are in occlusion. 
Delayed occlusal relapse would occur as a result 
of condylar resorption or change in its shape.37 As 
the condyles progressively reabsorb, the mandible 
would progressively retrude, affecting adversely 
both the mechanical function of the joint and the 
occlusion.19,21 Cavadas et al.4 reported only 10-mm 
mandible excursion at 16 months postoperatively 
after mandible and unilateral condylar transplan-
tation, which confirms the above limitations. In 
another study by Khavanin et al.,35 procurement 
of an allograft as a contiguous unit, including the 
mandible, temporal bone, and midface maintain-
ing the zygomatic arch, was described. Again, a 
difference in the intercondylar distance and the 
gnathic index13 between the donor and recipient 
would increase the inset difficulty. Details on inclu-
sion of the temporal bone were also not reported.

The intracranial approach to the temporo-
mandibular joint, described here, includes a wide 
temporal craniectomy to have a better exposure 
of the joint from above to visualize and preserve 
the route of the internal carotid artery. Complete 
exposure of the internal carotid artery to access 
critical cranial base structures through the petro-
sal bone is well described in the neurosurgery lit-
erature, and we used a similar technique.38,39

Vascularization of the temporomandibular 
joint was found to be rich and provided by branches 
of the middle meningeal artery, superficial tempo-
ral, transverse facial, maxillary, masseteric branch, 
and/or deep temporal arteries. These findings are 
in agreement with recent publications describing 
an arterial quadrangle formed by the superficial 
temporal (posterior), the posterior deep tem-
poral and the masseteric arteries (anterior), and 
the maxillary (medial) and the transverse facial 
arteries (lateral) around the condyle.40–44 We previ-
ously reported that after the injection of contrast 
in the homolateral facial artery, contrast was pres-
ent in only 66.7 percent of the condyles.45 The two 
condyle and temporomandibular joint–bearing 
segments were therefore harvested based on the 
terminal branches of the external carotid artery 
(superficial temporal and maxillary artery up to 
the middle meningeal artery) to improve vascu-
larization and freedom during inset. The Le Fort 
III and mandibular tooth-bearing segments were 

Fig. 10. Three-dimensionally–reconstructed computed tomo-
graphic scan of the second mock transplantation. The tem-
poromandibular joint is secured onto the recipient skull base. 
The condylar angle was preserved and the condyle is in centric 
relation. Bone grafts were used between the tooth-bearing frag-
ment and two condyle and temporomandibular joint–bearing 
segments to avoid modification of the frontal ramal angle.
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pedicled on the facial arteries, which has been 
reported clinically to be reliable.45–48

The transplantation procedure proved to be 
feasible based on this design, with good range of 
motion of the mandible. An increase in the inter-
condylar distance and the bigonial angle is to be 
expected after the operation. The bilateral sagit-
tal split and Le Fort III osteotomies allowed us to 
modify the occlusal plane as routinely performed 
during orthognathic procedures.49

CONCLUSIONS
This study was performed in a cadaveric model 

and focused mainly on the bony and vascular 
aspects of the temporomandibular joint transplan-
tation. Inherent limitations of this study are reli-
ability of the vascularization findings because of 
the possible variability of the injection technique 
and inability of a cadaver model to truly assess tem-
poromandibular joint dynamics and occlusion in 
addition to long-term adverse outcomes such as 
ankylosis and trismus. Future studies regarding the 
dynamics of mastication following face transplanta-
tion including the temporomandibular joints are 
warranted. Temporomandibular joint–containing 
total face allograft procurement and transplanta-
tion was technically feasible in this cadaveric model.
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