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Project	  Overview	  

•  Project	  Goal:	  Design	  and	  implement	  a	  method	  for	  extrapola)ng	  missing	  
anatomical	  craniofacial	  skeletal	  structure	  with	  the	  use	  of	  a	  sta)s)cal	  
shape	  model	  of	  the	  human	  cranium.	  	  
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Mo)va)on	  

•  We	  expect	  that	  the	  atlas	  based	  extrapola)on	  proposed	  by	  Chintalapani,	  
will	  have	  some	  discon)nui)es	  
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Benazzi,	  et	  al.	  Introduc)on	  

•  Comparing	  3-‐Dimensional	  Virtual	  Methods	  for	  Reconstruc)on	  in	  
Craniomaxillofacial	  Surgery	  
–  Describes	  3	  methods	  for	  reconstruc)ng	  missing	  anatomy	  as	  a	  result	  of	  a	  

virtual	  osteotomy	  for	  15	  different	  virtual	  pa)ents	  

sex, United Kingdom), with a slice thickness of 0.625
mm. Skull H14 was from the Laboratory of Anthropol-
ogy, Department of Histories and Method for the
Conservation of Cultural Heritage (University of Bolo-
gna, Bologna, Spain). The CT scan was performed at
the Radiology Department, Ravenna Hospital
(Ravenna, Italy), using the Brilliance CT 64-slice
scanner (Phillips Medical Systems, Eindhoven, The
Netherlands), with a slice thickness of 0.9 mm and
increment of 0.45 mm. Skull H15 (Fig 1) underwent
CT scanning at the Pellegrin Hospital, Bordeaux,
France, using the Brilliance CT 40-slice scanner, with
a slice thickness of 0.9 mm and increment of 0.45
mm. The gender and age distribution for the skulls is
listed in Table 1.

Digital models of the craniums were constructed
semiautomatically using threshold-based segmenta-
tion, contour extraction, and surface reconstruction
in Amira, version 5.2, software (Mercury Computer
Systems, Chelmsford, MA) and saved as an “*.stl”
model (Fig 1). Lower jaws were excluded because
they were not required during the simulation. In
Rapidform XOR (INUS Technology, Seoul, South Ko-
rea), left zygomatic virtual osteotomy was simulated
in the digital models (Fig 2). This was accomplished
by establishing 3 virtual cutting planes passing ap-
proximately through the following sutures: zygomo-
maxillary suture, frontozygomatc suture, and tempo-
ral-zygomatic suture on the zygomatic arc.

The mid-sagittal plane was defined as the best fit
plane of 8 anatomic landmarks (prosthion, subspinale,
nasion, bregma, lambda, inion, opisthion, staphylion).
Three virtual reconstruction techniques were tested,
computing the surface deviation of the reconstruc-
tion to the original skulls.

First, the right unaffected hemiface was mirrored,
and the left missing part was directly restored using
the mirrored copy without attempting any manual or
automatic alignment of the reflected part onto the left
hemiface.

Second, in Rapidform XOR, the right mirrored
hemiface was aligned to the left osteomized hemiface
using the iterative closest point, an algorithm that
minimizes the distance between 2 point clouds by the
least squares method.22,23 Accordingly, the missing
left part was replaced by the bone segment of the
aligned right mirrored hemiface.

Finally, the mirrored cranium was warped onto
the original one by applying the TPS algorithm.17,18

The basic idea of TPS in missing data estimation is the
warping of a complete reference configuration (refer-
ence model or template) onto an incomplete target
(target model) based on homologous landmarks
present in both the models, minimizing the thin plane
spline’s bending energy between the reference and
the target.24 Nevertheless, owing to the restricted
amount of the anatomic landmarks in the maxillofa-
cial region in our template, which could be further
reduced after osteotomy, it was necessary to include
semi-landmarks.18 In detail, a template including 16
anatomic landmarks and 187 semi-landmarks was de-
fined on the mirrored copy of the 15 skulls in

FIGURE 1. Skull H15. Representation of 3D surface model of
cranium; left zygomatic portion in dark gray.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 2. Skull H15. Virtual osteotomy of left zygomatic bone.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Data	  Overview	  

•  15	  CT	  scans	  of	  “dry”	  human	  skulls	  
–  9	  Male,	  6	  Female	  
–  Varying	  ages	  (18y-‐47y)	  
–  Varying	  origins	  (10	  European,	  2	  Australia,	  2	  Asia,	  1	  Africa)	  

previously defined).8 Nevertheless, other researchers
have noted the limitations of this approach, including
a bias in model reshaping according to the artistic
aptitude of the technician and its reductive utility in
certain complex situations.3

Independent of the approach, the aim of operation
planning in oral and maxillofacial surgery is an opti-
mization of the surgical result to restore function,
form, and the esthetic appearance,1,6,9,10 which is to
a certain degree connected to the correction of facial
asymmetry. To restore facial symmetry, a standard
procedure for preoperative planning is performed
using the mirroring tool for unilateral defects, recon-
structing the asymmetric portion, with its normal
counterpart working as the reference.1,3,4,9,11 Never-
theless, Metzger et al,12 after comparing the preoper-
ative planning by mirroring of the unaffected side to
the affected side with the surgical outcome, verified
that the accuracy of this approach could be influ-
enced by the natural asymmetry of the skulls. They
demonstrated that repositioning of the zygomatic
bone remains a challenge despite computer-assisted
surgery procedures. Even if some inaccuracy in sur-
gical reconstruction could be masked by the natural
asymmetry of the face, the investigators suggested
that for large defects other planning tools (eg, dy-
namic 3D deformation) should be used.

It has been well recognized that asymmetry char-
acterizes human paired and unpaired skeletal seg-
ments.13-15 In regard to the skull, in particular, facial
bones, the more asymmetric the shape, the less reli-
able is the definition of the mid-sagittal plane, which
is essential for mirroring procedures. Accordingly,
mirroring the unaffected side in more or less symmet-
ric skulls/faces could be a proper solution for bone
reconstruction, but for more asymmetric skulls/faces,
other solutions would be required.

The techniques for bone reconstruction using geo-
metric morphometric methods that were developed
in anthropology and paleoanthropology could pro-
vide valuable aid for “form and functional restoration”
in the surgical field. Using this virtual approach to
reconstruction, problems related to asymmetry, de-
formation,16 and missing data could be solved,17-20 at
the same time reducing the subjective choices of the
operator and increasing the reliability and reproduc-
ibility of the result.21

In the present study, virtual osteotomy of the left
zygomatic bone on 15 CT scans of human skulls
stored in a database was performed. The outcomes of
3 virtual reconstruction techniques were compared
with the original removed bone: 1) mirroring of the
unaffected hemiface; 2) mirroring and subsequent
registration of the unaffected hemiface onto the af-
fected side; and 3) thin plate spline (TPS) warping of
the mirrored unaffected hemiface onto the affected
side.

Materials and Methods
A total of 15 skulls were selected to simulate a

virtual osteotomy (Table 1). Skulls 1 to 9 were dried
skulls of modern Homo sapiens belonging to the col-
lection of the Department of Anthropology and Anat-
omy, University of Vienna (Vienna, Austria). The CT
scans were performed at the Radiologie 2 Medizinis-
che Universität Innsbruck (Innsbruck, Austria), using
a Siemens Somatom plus 40 scanner, with a slice
thickness of 1 mm. Skulls 10 to 13 were dried skulls of
modern Homo sapiens belonging to the collection at
the Department of Paleobiology, Museo Nacional de
Ciencas Naturales, Madrid, Spain. The CT scans were
performed at the Ruber Clinic (Madrid, Spain), using
a GE LightSpeed 16 scanner (GE Healthcare, Middle-

Table 1. LIST OF SKULLS

Label Gender
Age
(yr) Origin CT System

H1 Female 25 Europe Siemens Somatom Plus 40
H2 Male 25 Europe Siemens Somatom Plus 40
H3 Male 20 Europe Siemens Somatom Plus 40
H4 Female 20 Australia Siemens Somatom Plus 40
H5 Male 45 Australia Siemens Somatom Plus 40
H6 Female 20 Africa Siemens Somatom Plus 40
H7 Male 35 Asia Siemens Somatom Plus 40
H8 Male 35 Asia Siemens Somatom Plus 40
H9 Female 23 Europe Siemens Somatom Plus 40
H10 Male 47 Europe GE Light Speed 16
H11 Male 23 Europe GE Light Speed 16
H12 Female 30 Europe GE Light Speed 16
H13 Female 43 Europe GE Light Speed 16
H14 Male 31 Europe Brilliance CT 64-Slice by Philips
H15 Male 18 Europe Brilliance CT 40-Slice by Philips

Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Virtual	  Osteotomies	  

•  Virtual	  osteotomies	  of	  the	  leg	  zygoma)c	  bone	  performed	  on	  each	  skull	  
–  3	  cuhng	  planes	  through:	  

•  Zygomomaxillary	  suture	  
•  Frontosygoma)c	  suture	  
•  Temporal-‐zygoma)c	  suture	  

sex, United Kingdom), with a slice thickness of 0.625
mm. Skull H14 was from the Laboratory of Anthropol-
ogy, Department of Histories and Method for the
Conservation of Cultural Heritage (University of Bolo-
gna, Bologna, Spain). The CT scan was performed at
the Radiology Department, Ravenna Hospital
(Ravenna, Italy), using the Brilliance CT 64-slice
scanner (Phillips Medical Systems, Eindhoven, The
Netherlands), with a slice thickness of 0.9 mm and
increment of 0.45 mm. Skull H15 (Fig 1) underwent
CT scanning at the Pellegrin Hospital, Bordeaux,
France, using the Brilliance CT 40-slice scanner, with
a slice thickness of 0.9 mm and increment of 0.45
mm. The gender and age distribution for the skulls is
listed in Table 1.

Digital models of the craniums were constructed
semiautomatically using threshold-based segmenta-
tion, contour extraction, and surface reconstruction
in Amira, version 5.2, software (Mercury Computer
Systems, Chelmsford, MA) and saved as an “*.stl”
model (Fig 1). Lower jaws were excluded because
they were not required during the simulation. In
Rapidform XOR (INUS Technology, Seoul, South Ko-
rea), left zygomatic virtual osteotomy was simulated
in the digital models (Fig 2). This was accomplished
by establishing 3 virtual cutting planes passing ap-
proximately through the following sutures: zygomo-
maxillary suture, frontozygomatc suture, and tempo-
ral-zygomatic suture on the zygomatic arc.

The mid-sagittal plane was defined as the best fit
plane of 8 anatomic landmarks (prosthion, subspinale,
nasion, bregma, lambda, inion, opisthion, staphylion).
Three virtual reconstruction techniques were tested,
computing the surface deviation of the reconstruc-
tion to the original skulls.

First, the right unaffected hemiface was mirrored,
and the left missing part was directly restored using
the mirrored copy without attempting any manual or
automatic alignment of the reflected part onto the left
hemiface.

Second, in Rapidform XOR, the right mirrored
hemiface was aligned to the left osteomized hemiface
using the iterative closest point, an algorithm that
minimizes the distance between 2 point clouds by the
least squares method.22,23 Accordingly, the missing
left part was replaced by the bone segment of the
aligned right mirrored hemiface.

Finally, the mirrored cranium was warped onto
the original one by applying the TPS algorithm.17,18

The basic idea of TPS in missing data estimation is the
warping of a complete reference configuration (refer-
ence model or template) onto an incomplete target
(target model) based on homologous landmarks
present in both the models, minimizing the thin plane
spline’s bending energy between the reference and
the target.24 Nevertheless, owing to the restricted
amount of the anatomic landmarks in the maxillofa-
cial region in our template, which could be further
reduced after osteotomy, it was necessary to include
semi-landmarks.18 In detail, a template including 16
anatomic landmarks and 187 semi-landmarks was de-
fined on the mirrored copy of the 15 skulls in

FIGURE 1. Skull H15. Representation of 3D surface model of
cranium; left zygomatic portion in dark gray.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 2. Skull H15. Virtual osteotomy of left zygomatic bone.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Reconstruc)on	  Methods	  

•  Evaluated	  three	  approaches	  
–  Mirroring	  of	  the	  unaffected	  hemiface	  
–  Mirroring	  &	  Rigid	  Registra)on	  
–  Mirroring	  &	  Thin	  Plate	  Spline	  (TPS)	  warping	  

•  Measure	  the	  surface	  devia)on	  of	  reconstruc)on	  from	  ground	  truth	  

tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Mirrored	  Reconstruc)on	  

•  Use	  8	  anatomic	  landmarks	  to	  es)mate	  a	  best-‐fit	  mid-‐sagimal	  plane	  
•  Reflect	  the	  appropriate	  region	  about	  the	  plane	  to	  fill	  in	  the	  missing	  region	  

Edgewarp3D.25 Another software program that could
accomplish this procedure is Viewbox software
(dHAL Software, Kifissia, Greece). Curves were digi-
tized along the margin of the left orbit, the upper
margin of the right orbit, from the stephanion to the
frontotemporale, from the frontotemporale to the au-
riculare, on the lower margin of the zygomatic arc,
and on the alveolar process, resulting in a total of 73
curve semi-landmarks (Figs 3, 4, and Table 2). Addi-
tionally, 114 surface semi-landmarks were digitized
on the template (represented by the unaffected orig-
inal skull).

Accordingly, a corresponding set of landmarks and
curve semi-landmarks was created on the target mod-
els (the original resected craniums). After manual dig-
itization of the 16 anatomic landmarks and 8 curves,
the 73 curve semi-landmarks of the reference were
automatically projected onto the respective curves
digitized on the target models. Together with the
anatomic landmarks, the curve semi-landmarks drove
the TPS warping while guiding the 114 surface semi-
landmarks closer to their position on the surface of
the model.

Semi-landmarks that corresponded to the missing
area were assigned 3 degrees of freedom (transla-
tion in x, y, and z direction), so that they were not
forced to be projected and slid on the curves or the
surface of the model. During the final sliding process,

the geometric homology for the semi-landmarks on
the curves and the surface was achieved between the
reference template and the target. This step involved
relaxing the curve semi-landmarks (sliding along tan-
gent vectors to the curve and projection on the curve)
and surface semi-landmarks (sliding along tangent
planes to the surface and projection on the surface) of
the target against the reference until the bending
energy of the resulting TPS transformation was mini-
mized.18,26 It is worthwhile to emphasize that semi-
landmarks with 3 degrees of freedom (related to the
missing part) were involved in the sliding process but
were not projected. The final outcome was a slid set
of semi-landmarks for the target model, geometrically
homologous to the semi-landmarks of the reference
template (mirrored cranium).

The 203 landmarks and semi-landmarks of the
reference and the target were imported into Amira,
version 5.2. Using the “LandmarkSurfaceWarp”
module; the surface of the reference was warped
onto the specimen with the missing zygoma accord-
ing to the landmarks and semi-landmarks of the
template, using the Bookstein transformation mode
according to the TPS interpolation.26 This mode
guarantees that the reference surface will be trans-
formed exactly to the corresponding landmarks of

FIGURE 3. Skull H15. A, Set of landmarks and curves’ semi-
landmarks defined on reference model (template). B, landmarks
and curves of semi-landmarks of template; landmarks and curve
names are listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 4. Skull H15. Landmarks and curves’ semi-landmarks of
template; landmarks and curve names listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Edgewarp3D.25 Another software program that could
accomplish this procedure is Viewbox software
(dHAL Software, Kifissia, Greece). Curves were digi-
tized along the margin of the left orbit, the upper
margin of the right orbit, from the stephanion to the
frontotemporale, from the frontotemporale to the au-
riculare, on the lower margin of the zygomatic arc,
and on the alveolar process, resulting in a total of 73
curve semi-landmarks (Figs 3, 4, and Table 2). Addi-
tionally, 114 surface semi-landmarks were digitized
on the template (represented by the unaffected orig-
inal skull).

Accordingly, a corresponding set of landmarks and
curve semi-landmarks was created on the target mod-
els (the original resected craniums). After manual dig-
itization of the 16 anatomic landmarks and 8 curves,
the 73 curve semi-landmarks of the reference were
automatically projected onto the respective curves
digitized on the target models. Together with the
anatomic landmarks, the curve semi-landmarks drove
the TPS warping while guiding the 114 surface semi-
landmarks closer to their position on the surface of
the model.

Semi-landmarks that corresponded to the missing
area were assigned 3 degrees of freedom (transla-
tion in x, y, and z direction), so that they were not
forced to be projected and slid on the curves or the
surface of the model. During the final sliding process,

the geometric homology for the semi-landmarks on
the curves and the surface was achieved between the
reference template and the target. This step involved
relaxing the curve semi-landmarks (sliding along tan-
gent vectors to the curve and projection on the curve)
and surface semi-landmarks (sliding along tangent
planes to the surface and projection on the surface) of
the target against the reference until the bending
energy of the resulting TPS transformation was mini-
mized.18,26 It is worthwhile to emphasize that semi-
landmarks with 3 degrees of freedom (related to the
missing part) were involved in the sliding process but
were not projected. The final outcome was a slid set
of semi-landmarks for the target model, geometrically
homologous to the semi-landmarks of the reference
template (mirrored cranium).

The 203 landmarks and semi-landmarks of the
reference and the target were imported into Amira,
version 5.2. Using the “LandmarkSurfaceWarp”
module; the surface of the reference was warped
onto the specimen with the missing zygoma accord-
ing to the landmarks and semi-landmarks of the
template, using the Bookstein transformation mode
according to the TPS interpolation.26 This mode
guarantees that the reference surface will be trans-
formed exactly to the corresponding landmarks of

FIGURE 3. Skull H15. A, Set of landmarks and curves’ semi-
landmarks defined on reference model (template). B, landmarks
and curves of semi-landmarks of template; landmarks and curve
names are listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 4. Skull H15. Landmarks and curves’ semi-landmarks of
template; landmarks and curve names listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

1190 3D VIRTUAL METHODS FOR CRANIOMAXILLOFACIAL RECONSTRUCTION

the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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•  Iden)fy	  anatomical	  landmarks,	  semi-‐landmarks,	  and	  curves	  on	  the	  mirror	  
surface	  and	  incomplete	  surface	  

•  Project	  the	  template	  landmarks,	  semi-‐landmarks,	  and	  curves	  from	  the	  
mirror	  surface	  onto	  the	  incomplete	  surface	  
–  Allowing	  “relaxa)on”	  of	  the	  semi-‐landmarks	  and	  curves	  

•  Warp	  the	  mirror	  template	  to	  the	  incomplete	  surface	  using	  TPS	  
interpola)on	  

Edgewarp3D.25 Another software program that could
accomplish this procedure is Viewbox software
(dHAL Software, Kifissia, Greece). Curves were digi-
tized along the margin of the left orbit, the upper
margin of the right orbit, from the stephanion to the
frontotemporale, from the frontotemporale to the au-
riculare, on the lower margin of the zygomatic arc,
and on the alveolar process, resulting in a total of 73
curve semi-landmarks (Figs 3, 4, and Table 2). Addi-
tionally, 114 surface semi-landmarks were digitized
on the template (represented by the unaffected orig-
inal skull).

Accordingly, a corresponding set of landmarks and
curve semi-landmarks was created on the target mod-
els (the original resected craniums). After manual dig-
itization of the 16 anatomic landmarks and 8 curves,
the 73 curve semi-landmarks of the reference were
automatically projected onto the respective curves
digitized on the target models. Together with the
anatomic landmarks, the curve semi-landmarks drove
the TPS warping while guiding the 114 surface semi-
landmarks closer to their position on the surface of
the model.

Semi-landmarks that corresponded to the missing
area were assigned 3 degrees of freedom (transla-
tion in x, y, and z direction), so that they were not
forced to be projected and slid on the curves or the
surface of the model. During the final sliding process,

the geometric homology for the semi-landmarks on
the curves and the surface was achieved between the
reference template and the target. This step involved
relaxing the curve semi-landmarks (sliding along tan-
gent vectors to the curve and projection on the curve)
and surface semi-landmarks (sliding along tangent
planes to the surface and projection on the surface) of
the target against the reference until the bending
energy of the resulting TPS transformation was mini-
mized.18,26 It is worthwhile to emphasize that semi-
landmarks with 3 degrees of freedom (related to the
missing part) were involved in the sliding process but
were not projected. The final outcome was a slid set
of semi-landmarks for the target model, geometrically
homologous to the semi-landmarks of the reference
template (mirrored cranium).

The 203 landmarks and semi-landmarks of the
reference and the target were imported into Amira,
version 5.2. Using the “LandmarkSurfaceWarp”
module; the surface of the reference was warped
onto the specimen with the missing zygoma accord-
ing to the landmarks and semi-landmarks of the
template, using the Bookstein transformation mode
according to the TPS interpolation.26 This mode
guarantees that the reference surface will be trans-
formed exactly to the corresponding landmarks of

FIGURE 3. Skull H15. A, Set of landmarks and curves’ semi-
landmarks defined on reference model (template). B, landmarks
and curves of semi-landmarks of template; landmarks and curve
names are listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 4. Skull H15. Landmarks and curves’ semi-landmarks of
template; landmarks and curve names listed in Table 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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tioned slightly backward compared with the original
(!0.5/!1.0 to !1.0/!1.5 mm, respectively). Similar
results were obtained for the anterior rim of the orbit
(!1.0/!1.5 mm).

The deviation measured in the maxillary region and
in the lower aspect of the zygomatic bone (!0.5/"1
mm) could have been related to the somewhat larger
size of the mirrored model in those specific areas.
This was supported by the results obtained from the
second method, in which an alignment between the
hemifaces was performed before isolating the zygo-
matic segment (Figs 7, 8). The maxillary and lower
zygomatic region of the reconstructed model were
slightly larger than the original.

Nevertheless, the overall result improved, and the
mean and SD were clearly reduced (Table 4). Com-
pared with the former reconstruction, the position of
the reconstructed bone with regard to critical areas,
such as the temporal process of the zygomatic bone,
the lateral orbital wall, and the lower orbital rim, was
noteworthy.

The results did not significantly differ when the
reconstruction was performed using the TPS interpo-
lation (Figs 9, 10, and Table 4). Nevertheless, the
continuity between the reconstruction and the origi-
nal bone near the resected areas was correctly repro-
duced.

SECOND EXAMPLE: SKULL H15
Unsatisfactory results were obtained using the mir-

roring tool for skull H15 (Figs 11, 12, and Table 4).
This certainly resulted from the larger amount of total
facial asymmetry (Table 4). Consequently, the frontal
process of the zygomatic segment deviated more than
4 mm backward from the original bone, and the
latero-orbital floor was more than 4 mm upward. A
backward position of the virtual reconstruction is also
displayed in the lower orbital rim and in the temporal
process (Figs 11, 12).

The mean distances between the reconstruction
and the original decreased when method 2 was used
(Figs 13, 14, and Table 4). The surface deviation
between the 2 compared models was reduced in both

FIGURE 6. Skull H14, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 8. Skull H14, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 5. Skull H14, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 7. Skull H14, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

1192 3D VIRTUAL METHODS FOR CRANIOMAXILLOFACIAL RECONSTRUCTION

fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

1192 3D VIRTUAL METHODS FOR CRANIOMAXILLOFACIAL RECONSTRUCTION

fected hemiface on the affected hemiface or TPS
warping of the mirrored cranium onto the original
one. There is not one solution for bone reconstruc-
tion; thus, the more reliable outcome depends on the
specific case under study. A preliminary computation
of the total individual facial asymmetry (Table 4)
could be a valid method to determine which ap-
proach could provide the best outcome. Even if the
Procrustes distance between the landmark configura-
tion of the original individual face and its reflection
accounts for the entire facial asymmetry (which could
somehow mask local asymmetric variation in specific
bone portions), this value could provide a useful tool
for selecting which reconstruction technique should
be used in each situation. Accordingly, we empha-
sized the necessity to explore this interesting topic
further.

Skull H14 is a typical example of low individual
asymmetry, in which the unaffected hemiface could
be directly used as a reference for replacing the defect

of the affected side. However, as shown in Figures 7
and 8A, preliminary alignment between the 2 models
was suggested before isolating the replacement seg-
ment.

In the second example (skull H15), the mirroring
tool failed to provide a reliable solution for recon-
struction. Even if the incorrect outcome of the mir-
roring procedure could be improved by performing
alignment between the 2 models, the result was still
unsatisfactory, particularly regarding the accuracy of
fit of the involved temporal and frontal processes. To
restore function and provide an esthetic appearance,
a reliable alternative could be TPS warping. In all
virtual simulations, models reconstructed by TPS dis-
played a small mean deviation and reduced SD with
respect to the original osteotomized model and an
adequate continuity with the original surrounding
bone (Figs 15, 16).

The approach using TPS interpolation functions
was among those used in paleoanthropology for fossil

FIGURE 14. Skull H15, basal view. Reconstruction using method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 16. Skull H15, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 13. Skull H15, anterolateral view. Reconstruction using
method 2.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 15. Skull H15, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

1192 3D VIRTUAL METHODS FOR CRANIOMAXILLOFACIAL RECONSTRUCTION

the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Results	  Summary	  

•  Rigid	  registra)on	  and	  TPS	  methods	  out	  performed	  mirroring	  significantly	  
•  TPS	  had	  the	  smallest	  standard	  devia)on	  of	  surface	  devia)ons	  from	  ground	  

truth	  
•  Rigid	  registra)on	  and	  TPS	  not	  sta)s)cally	  different	  

–  Mann-‐Whitney	  U	  test	  

2) each individual and its mirror was projected into
the shape space using a generalized Procrustes anal-
ysis.26,31 This involves translating, rescaling, and ro-
tating the landmark configurations relative to each
other to minimize the overall sum of squared dis-
tances between corresponding landmarks. The res-
caling adjusts the landmark coordinates so that
each configuration has a unit centroid size (square
root of the summed squared Euclidean distances
from all semi-landmarks to their centroid).32 3) The
total asymmetry was defined as the Procrustes dis-
tance (the square root of the sum of squared differ-
ences between the coordinates of the correspond-
ing landmarks) between the original landmark
configuration and its relabeled reflection.28 Because
after generalized Procrustes analysis, each individ-
ual is in shape space, the Procrustes distance be-
tween each individual and its mirror is rather small.
It does not necessarily describe a biologic process
but provides general information about facial asym-
metry, but the exact location of asymmetry is omit-
ted. In the present study, the Procrustes distance
between each individual and its mirror was merely
accounted as additional information that could help
to interpret the outcome of the reconstruction. For
data processing and analyses, we used software
routines written in R software.33

Finally, as an example, a more detailed description
of the outcome obtained in 2 cases with different
values of total asymmetry (skulls H14 and H15) is
provided.

Results
The mean and SD between the reconstructed sur-

faces and the original surface of the 15 resected zy-
gomatic bones are listed in Table 4. Small mean values
and the attendant reduced SDs established the criteria
for the success of correct reconstructions.

The mirror method had larger mean and SD values
than the other methods (Table 4), even if the differ-
ence in the mean values between the paired groups
was not statistically significant (P ! .05). The SD
obtained for method 1 differed significantly from that
for method 2 (P " .0037) or method 3 (P " .0001).
When the comparison was between methods 2 and 3,
the results were not significant, even if near to the
statistically significant level (P # .075).

The individual facial asymmetry (Table 4) is related
to the entire face and could mask the real amount of
asymmetry present in the specific facial bone. Never-
theless, our results suggest that high individual asym-
metry values (such as those obtained for skulls H2 and
H15) should induce larger mean or SD values in the
reconstruction using the mirroring tool.

FIRST EXAMPLE: SKULL H14
Skull H14 was characterized by low total facial

asymmetry (Table 4). By mirroring the unaffected side
without attempting any additional correction of the
mirrored model position, the deviation between the
original and mirrored surface was $1 to %1.5 mm
(Figs 5, 6). In the frontal and temporal process of the
zygomatic bone, the reconstructed model was posi-

Table 4. INDIVIDUAL ASYMMETRY,* MEAN,† AND STANDARD DEVIATION OF RECONSTRUCTIONS COMPARED
WITH ORIGINAL LEFT ZYGOMATIC BONE‡

List of Skulls Total Asymmetry

Mirror Mirror Registered TPS Warping

Mean SD Mean SD Mean SD

H1 0.00432 %0.497 0.903 %0.032 0.482 %0.142 0.453
H2 0.00837 %0.557 1.411 0.101 0.902 %0.385 0.429
H3 0.00482 0.317 1.105 0.166 0.535 %0.679 0.514
H4 0.00619 %0.249 1.204 %0.047 0.502 0.387 0.402
H5 0.00703 %0.847 1.282 %0.186 0.970 0.342 0.766
H6 0.00477 %0.453 1.425 %0.467 1.254 %0.108 0.714
H7 0.00464 %0.033 0.815 0.142 0.767 0.481 0.499
H8 0.00526 0.078 1.125 0.605 0.836 0.072 0.622
H9 0.00554 0.352 1.551 0.071 0.628 %0.254 0.781
H10 0.00613 1.308 0.478 0.179 0.465 %0.011 0.429
H11 0.00747 %0.861 0.918 %0.113 0.395 0.133 0.352
H12 0.00467 1.602 0.669 %0.268 0.633 0.034 0.387
H13 0.00515 %0.772 0.718 %0.089 0.361 %0.041 0.307
H14 0.00433 %0.352 0.843 %0.044 0.579 %0.280 0.746
H15 0.00746 %1.458 2.085 %0.715 0.993 %0.295 0.627

*Total asymmetry computed as Procrustes distance (original skull [i] % mirror individual [i]).
†Negative sign underlines that average deviation of reconstruction was backward displaced compared with original bone.
‡Measurements in millimeters.

Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial Reconstruction. J Oral Maxillofac Surg 2011.
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the lateral orbital wall (less than !2 mm) and the
temporal process (about !1 mm) of the zygomatic
bone. Similarly, the deviation was decreased in the
latero-orbital floor (less than "2.5 mm). Nevertheless,
differences between the original bone and the recon-
struction persisted, for example in the inferior margin
of the zygomatic bone (Figs 13, 14).

The best outcome was clearly provided using
method 3 (Figs 15, 16, and Table 4). The deviation
was generally reduced by !0.5/"0.5 mm (about "1
mm in the latero-orbital floor), and a smooth continu-
ity in the contact area between the reconstruction
and the original cranium was achieved. This was one
of the major contributions provided by the TPS-based
reconstruction. For all 15 skulls (and hence not lim-
ited to skulls H14 and H15), the contact area between
the reconstructed bone and the original bone was
always more continuous than that provided by the
mirror or mirror-registered tool.

Discussion
Function and esthetic restoration are the basic

goals of craniomaxillofacial reconstruction.1,9 As men-

tioned by some research that studied attractive-
ness34,35 and regarding the general principle followed
by surgeons, restoration of a symmetric shape could
improve the outward appearance and hence provide
a remarkable contribution to the quality of life. It is
also obvious that functional restoration does not de-
pend on this assumption, because it is possible to
restore functionality without following strict symmet-
ric intentions. Esthetics, in contrast, is somewhat as-
sociated with symmetry. We are aware that the hu-
man craniofacial anatomy is characterized by a certain
degree of asymmetry (both skeletal and soft tissue).
More precisely, the degree of interindividual variation
is high. This concept is fundamental to reconstruction
purposes.

In general, we have verified that the mirroring tool
is not always the correct solution for zygomatic bone
reconstruction, mainly when the individual face is
highly asymmetric. More precise outcomes can be
provided by either registration of the mirrored unaf-

FIGURE 10. Skull H14, basal view. Reconstruction using method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 12. Skull H15, basal view. Reconstruction using method 1.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 9. Skull H14, anterolateral view. Reconstruction using
method 3.
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.

FIGURE 11. Skull H15, anterolateral view. Reconstruction using
method 1. Color map illustrating distance between reconstruction
and original model (in millimeters).
Benazzi and Senck. 3D Virtual Methods for Craniomaxillofacial
Reconstruction. J Oral Maxillofac Surg 2011.
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Benazzi,	  et	  al.	  Applica)on	  to	  our	  Project	  

•  The	  rigid	  registra)on	  method	  proposed	  is	  analogous	  to	  using	  the	  atlas	  
based	  extrapola)on	  proposed	  by	  Chintalapani	  

•  Ager	  performing	  atlas-‐to-‐pa)ent	  registra)on,	  we	  can	  use	  the	  TPS	  warping	  
procedure	  to	  “smoothly”	  incorporate	  the	  missing	  anatomy	  from	  the	  atlas	  

•  Will	  require	  the	  manual	  iden)fica)on	  of	  anatomical	  landmarks,	  semi-‐
landmarks,	  and	  curves	  on	  the	  pa)ent	  and	  registered	  atlas	  instance	  

•  Edgewarp	  3D:	  Free	  sogware	  provided	  by	  Bookstein,	  et	  al.	  implements	  this	  
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•  Poisson	  Surface	  Reconstruc)on	  
•  Surface	  reconstruc)on	  from	  oriented	  points	  

–  Noisy	  sensor	  data	  from	  mul)ple	  scans	  
–  Global	  solu)on	  

•  Implicit	  func)on	  approach	  
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Abstract

We show that surface reconstruction from oriented points can be cast as a spatial Poisson problem. This Poisson

formulation considers all the points at once, without resorting to heuristic spatial partitioning or blending, and

is therefore highly resilient to data noise. Unlike radial basis function schemes, our Poisson approach allows a

hierarchy of locally supported basis functions, and therefore the solution reduces to a well conditioned sparse

linear system. We describe a spatially adaptive multiscale algorithm whose time and space complexities are pro-

portional to the size of the reconstructed model. Experimenting with publicly available scan data, we demonstrate

reconstruction of surfaces with greater detail than previously achievable.

1. Introduction

Reconstructing 3D surfaces from point samples is a well
studied problem in computer graphics. It allows fitting of
scanned data, filling of surface holes, and remeshing of ex-
isting models. We provide a novel approach that expresses
surface reconstruction as the solution to a Poisson equation.

Like much previous work (Section 2), we approach the
problem of surface reconstruction using an implicit function
framework. Specifically, like [Kaz05] we compute a 3D in-

dicator function χ (defined as 1 at points inside the model,
and 0 at points outside), and then obtain the reconstructed
surface by extracting an appropriate isosurface.

Our key insight is that there is an integral relationship be-
tween oriented points sampled from the surface of a model
and the indicator function of the model. Specifically, the gra-
dient of the indicator function is a vector field that is zero
almost everywhere (since the indicator function is constant
almost everywhere), except at points near the surface, where
it is equal to the inward surface normal. Thus, the oriented
point samples can be viewed as samples of the gradient of
the model’s indicator function (Figure 1).

The problem of computing the indicator function thus re-
duces to inverting the gradient operator, i.e. finding the scalar
function χ whose gradient best approximates a vector field
V⃗ defined by the samples, i.e. minχ ∥∇χ − V⃗∥. If we apply
the divergence operator, this variational problem transforms
into a standard Poisson problem: compute the scalar func-
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Figure 1: Intuitive illustration of Poisson reconstruction in 2D.

tion χ whose Laplacian (divergence of gradient) equals the
divergence of the vector field V⃗ ,

∆χ ≡ ∇ ·∇χ = ∇ ·V⃗ .

We will make these definitions precise in Sections 3 and 4.

Formulating surface reconstruction as a Poisson problem
offers a number of advantages. Many implicit surface fitting
methods segment the data into regions for local fitting, and
further combine these local approximations using blending
functions. In contrast, Poisson reconstruction is a global so-
lution that considers all the data at once, without resorting
to heuristic partitioning or blending. Thus, like radial basis
function (RBF) approaches, Poisson reconstruction creates
very smooth surfaces that robustly approximate noisy data.
But, whereas ideal RBFs are globally supported and non-
decaying, the Poisson problem admits a hierarchy of locally

supported functions, and therefore its solution reduces to a
well-conditioned sparse linear system.

c⃝ The Eurographics Association 2006.
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Figure 6: Reconstructions of the “Happy Buddha” model using

VRIP (left) and Poisson reconstruction (right).

the region tend to sample at near-grazing angles resulting
in noisy position and normal estimates. Consequently, fixed-
resolution reconstruction schemes such as the FFT-based ap-
proach (b) introduce high-frequency noise in these regions.
In contrast, our method (c), which adapts both the scale and
the variance of the samples’ contributions, fits a smoother re-
construction to these regions, without sacrificing fidelity in
areas of dense sampling (e.g. the region highlighted in blue).

Limitation of our approach A limitation of our method
is that it does not incorporate information associated with
the acquisition modality. Figure 6 shows an example of this
in the reconstruction at the base of the Buddha. Since there
are no samples between the two feet, our method (right)
connects the two regions. In contrast, the ability to use sec-
ondary information such as line of sight allows VRIP (left)
to perform the space carving necessary to disconnect the two
feet, resulting in a more accurate reconstruction.

5.3. Performance and Scalability

Table 1 summarizes the temporal and spatial efficiency of
our algorithm on the “dragon” model, and indicates that the

Figure 7: Reconstruction of samples from the region around the

left eye of the David model (a), using the fixed-resolution FFT ap-

proach (b), and Poisson reconstruction (c).

memory and time requirements of our algorithm are roughly
quadratic in the resolution. Thus, as we increase the oc-
tree depth by one, we find that the running time, the mem-
ory overhead, and the number of output triangles increases
roughly by a factor of four.

Tree Depth Time Peak Memory # of Tris.
7 6 19 21,000
8 26 75 90,244
9 126 155 374,868

10 633 699 1,516,806

Table 1: The running time (in seconds), the peak memory usage (in

megabytes), and the number of triangles in the reconstructed model

for the different depth reconstructions of the dragon model. A kernel

depth of 6 was used for density estimation.

The running time and memory performance of our method
in reconstructing the Stanford Bunny at a depth of 9 is com-
pared to the performance of related methods in Table 2. Al-
though in this experiment, our method is neither fastest nor
most memory efficient, its quadratic nature makes it scalable
to higher resolution reconstructions. As an example, Fig-
ure 8 shows a reconstruction of the head of Michelangelo’s
David at a depth of 11 from a set of 215,613,477 samples.
The reconstruction was computed in 1.9 hours and 5.2GB
of RAM, generating a 16,328,329 triangle model. Trying
to compute an equivalent reconstruction with methods such
as the FFT approach would require constructing two voxel
grids at a resolution of 20483 and would require in excess of
100GB of memory.

c⃝ The Eurographics Association 2006.
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Figure 6: Reconstructions of the “Happy Buddha” model using

VRIP (left) and Poisson reconstruction (right).

the region tend to sample at near-grazing angles resulting
in noisy position and normal estimates. Consequently, fixed-
resolution reconstruction schemes such as the FFT-based ap-
proach (b) introduce high-frequency noise in these regions.
In contrast, our method (c), which adapts both the scale and
the variance of the samples’ contributions, fits a smoother re-
construction to these regions, without sacrificing fidelity in
areas of dense sampling (e.g. the region highlighted in blue).

Limitation of our approach A limitation of our method
is that it does not incorporate information associated with
the acquisition modality. Figure 6 shows an example of this
in the reconstruction at the base of the Buddha. Since there
are no samples between the two feet, our method (right)
connects the two regions. In contrast, the ability to use sec-
ondary information such as line of sight allows VRIP (left)
to perform the space carving necessary to disconnect the two
feet, resulting in a more accurate reconstruction.

5.3. Performance and Scalability

Table 1 summarizes the temporal and spatial efficiency of
our algorithm on the “dragon” model, and indicates that the

Figure 7: Reconstruction of samples from the region around the

left eye of the David model (a), using the fixed-resolution FFT ap-

proach (b), and Poisson reconstruction (c).

memory and time requirements of our algorithm are roughly
quadratic in the resolution. Thus, as we increase the oc-
tree depth by one, we find that the running time, the mem-
ory overhead, and the number of output triangles increases
roughly by a factor of four.

Tree Depth Time Peak Memory # of Tris.
7 6 19 21,000
8 26 75 90,244
9 126 155 374,868

10 633 699 1,516,806

Table 1: The running time (in seconds), the peak memory usage (in

megabytes), and the number of triangles in the reconstructed model

for the different depth reconstructions of the dragon model. A kernel

depth of 6 was used for density estimation.

The running time and memory performance of our method
in reconstructing the Stanford Bunny at a depth of 9 is com-
pared to the performance of related methods in Table 2. Al-
though in this experiment, our method is neither fastest nor
most memory efficient, its quadratic nature makes it scalable
to higher resolution reconstructions. As an example, Fig-
ure 8 shows a reconstruction of the head of Michelangelo’s
David at a depth of 11 from a set of 215,613,477 samples.
The reconstruction was computed in 1.9 hours and 5.2GB
of RAM, generating a 16,328,329 triangle model. Trying
to compute an equivalent reconstruction with methods such
as the FFT approach would require constructing two voxel
grids at a resolution of 20483 and would require in excess of
100GB of memory.
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Kazhdan,	  et	  al.	  Some	  Math	  

•  General	  idea	  is	  to	  super-‐sample	  the	  oriented	  points	  into	  a	  vector	  field	  

•  Find	  the	  best	  fit	  indicator	  func)on,	  such	  that	  its	  gradient	  is	  equal	  to	  the	  
vector	  field	  

Source:	  Kazhdan,	  et	  al.	  Poisson	  Surface	  Reconstruc)on	  
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3. Our Poisson reconstruction approach

The input data S is a set of samples s∈ S, each consisting of a
point s.p and an inward-facing normal s.N⃗, assumed to lie on
or near the surface ∂M of an unknown model M. Our goal is
to reconstruct a watertight, triangulated approximation to the
surface by approximating the indicator function of the model
and extracting the isosurface, as illustrated in Figure 2.

The key challenge is to accurately compute the indicator
function from the samples. In this section, we derive a rela-
tionship between the gradient of the indicator function and
an integral of the surface normal field. We then approximate
this surface integral by a summation over the given oriented
point samples. Finally, we reconstruct the indicator function
from this gradient field as a Poisson problem.

Defining the gradient field Because the indicator function
is a piecewise constant function, explicit computation of its
gradient field would result in a vector field with unbounded
values at the surface boundary. To avoid this, we convolve
the indicator function with a smoothing filter and consider
the gradient field of the smoothed function. The following
lemma formalizes the relationship between the gradient of
the smoothed indicator function and the surface normal field.

Lemma: Given a solid M with boundary ∂M, let χM de-
note the indicator function of M, N⃗∂M(p) be the inward
surface normal at p ∈ ∂M, F̃(q) be a smoothing filter, and
F̃p(q) = F̃(q−p) its translation to the point p. The gradient
of the smoothed indicator function is equal to the vector field
obtained by smoothing the surface normal field:

∇
(
χM ∗ F̃

)
(q0) =

∫

∂M
F̃p(q0)N⃗∂M(p)d p. (1)

Proof: To prove this, we show equality for each of the com-
ponents of the vector field. Computing the partial derivative
of the smoothed indicator function with respect to x, we get:

∂

∂x

∣∣∣∣
q0

(
χM ∗ F̃

)
=

∂

∂x

∣∣∣∣
q=q0

∫

M
F̃(q− p)d p

=
∫

M

(
−

∂

∂x
F̃(q0 − p)

)
d p

= −
∫

M
∇ ·

(
F̃(q0 − p),0,0

)
d p

=
∫

∂M

〈(
F̃p(q0),0,0

)
, N⃗∂M(p)

〉
d p.

(The first equality follows from the fact that χM is equal to
zero outside of M and one inside. The second follows from
the fact that (∂/∂q)F̃(q− p) = −(∂/∂ p)F̃(q− p). The last
follows from the Divergence Theorem.)

A similar argument shows that the y-, and z-components
of the two sides are equal, thereby completing the proof. !

Approximating the gradient field Of course, we cannot
evaluate the surface integral since we do not yet know the

Figure 2: Points from scans of the “Armadillo Man” model (left),

our Poisson surface reconstruction (right), and a visualization of the

indicator function (middle) along a plane through the 3D volume.

surface geometry. However, the input set of oriented points
provides precisely enough information to approximate the
integral with a discrete summation. Specifically, using the
point set S to partition ∂M into distinct patches Ps ⊂ ∂M,
we can approximate the integral over a patch Ps by the value
at point sample s.p, scaled by the area of the patch:

∇(χM ∗ F̃)(q) = ∑
s∈S

∫

Ps

F̃p(q)N⃗∂M(p)d p

≈ ∑
s∈S

|Ps| F̃s.p(q) s.N⃗ ≡ V⃗ (q).
(2)

It should be noted that though Equation 1 is true for any
smoothing filter F̃ , in practice, care must be taken in choos-
ing the filter. In particular, we would like the filter to satisfy
two conditions. On the one hand, it should be sufficiently
narrow so that we do not over-smooth the data. And on the
other hand, it should be wide enough so that the integral over
Ps is well approximated by the value at s.p scaled by the
patch area. A good choice of filter that balances these two
requirements is a Gaussian whose variance is on the order of
the sampling resolution.

Solving the Poisson problem Having formed a vector field
V⃗ , we want to solve for the function χ̃ such that ∇χ̃ = V⃗ .
However, V⃗ is generally not integrable (i.e. it is not curl-
free), so an exact solution does not generally exist. To find
the best least-squares approximate solution, we apply the di-
vergence operator to form the Poisson equation

∆χ̃ = ∇ ·V⃗ .

In the next section, we describe our implementation of
these steps in more detail.

4. Implementation

We first present our reconstruction algorithm under the as-
sumption that the point samples are uniformly distributed
over the model surface. We define a space of functions with
high resolution near the surface of the model and coarser
resolution away from it, express the vector field V⃗ as a linear
sum of functions in this space, set up and solve the Poisson
equation, and extract an isosurface of the resulting indicator
function. We then extend our algorithm to address the case
of non-uniformly sampled points.

c⃝ The Eurographics Association 2006.
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3. Our Poisson reconstruction approach

The input data S is a set of samples s∈ S, each consisting of a
point s.p and an inward-facing normal s.N⃗, assumed to lie on
or near the surface ∂M of an unknown model M. Our goal is
to reconstruct a watertight, triangulated approximation to the
surface by approximating the indicator function of the model
and extracting the isosurface, as illustrated in Figure 2.

The key challenge is to accurately compute the indicator
function from the samples. In this section, we derive a rela-
tionship between the gradient of the indicator function and
an integral of the surface normal field. We then approximate
this surface integral by a summation over the given oriented
point samples. Finally, we reconstruct the indicator function
from this gradient field as a Poisson problem.

Defining the gradient field Because the indicator function
is a piecewise constant function, explicit computation of its
gradient field would result in a vector field with unbounded
values at the surface boundary. To avoid this, we convolve
the indicator function with a smoothing filter and consider
the gradient field of the smoothed function. The following
lemma formalizes the relationship between the gradient of
the smoothed indicator function and the surface normal field.

Lemma: Given a solid M with boundary ∂M, let χM de-
note the indicator function of M, N⃗∂M(p) be the inward
surface normal at p ∈ ∂M, F̃(q) be a smoothing filter, and
F̃p(q) = F̃(q−p) its translation to the point p. The gradient
of the smoothed indicator function is equal to the vector field
obtained by smoothing the surface normal field:

∇
(
χM ∗ F̃

)
(q0) =

∫

∂M
F̃p(q0)N⃗∂M(p)d p. (1)

Proof: To prove this, we show equality for each of the com-
ponents of the vector field. Computing the partial derivative
of the smoothed indicator function with respect to x, we get:

∂
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∫
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, N⃗∂M(p)

〉
d p.

(The first equality follows from the fact that χM is equal to
zero outside of M and one inside. The second follows from
the fact that (∂/∂q)F̃(q− p) = −(∂/∂ p)F̃(q− p). The last
follows from the Divergence Theorem.)

A similar argument shows that the y-, and z-components
of the two sides are equal, thereby completing the proof. !

Approximating the gradient field Of course, we cannot
evaluate the surface integral since we do not yet know the

Figure 2: Points from scans of the “Armadillo Man” model (left),

our Poisson surface reconstruction (right), and a visualization of the

indicator function (middle) along a plane through the 3D volume.

surface geometry. However, the input set of oriented points
provides precisely enough information to approximate the
integral with a discrete summation. Specifically, using the
point set S to partition ∂M into distinct patches Ps ⊂ ∂M,
we can approximate the integral over a patch Ps by the value
at point sample s.p, scaled by the area of the patch:

∇(χM ∗ F̃)(q) = ∑
s∈S

∫

Ps

F̃p(q)N⃗∂M(p)d p

≈ ∑
s∈S

|Ps| F̃s.p(q) s.N⃗ ≡ V⃗ (q).
(2)

It should be noted that though Equation 1 is true for any
smoothing filter F̃ , in practice, care must be taken in choos-
ing the filter. In particular, we would like the filter to satisfy
two conditions. On the one hand, it should be sufficiently
narrow so that we do not over-smooth the data. And on the
other hand, it should be wide enough so that the integral over
Ps is well approximated by the value at s.p scaled by the
patch area. A good choice of filter that balances these two
requirements is a Gaussian whose variance is on the order of
the sampling resolution.

Solving the Poisson problem Having formed a vector field
V⃗ , we want to solve for the function χ̃ such that ∇χ̃ = V⃗ .
However, V⃗ is generally not integrable (i.e. it is not curl-
free), so an exact solution does not generally exist. To find
the best least-squares approximate solution, we apply the di-
vergence operator to form the Poisson equation

∆χ̃ = ∇ ·V⃗ .

In the next section, we describe our implementation of
these steps in more detail.

4. Implementation

We first present our reconstruction algorithm under the as-
sumption that the point samples are uniformly distributed
over the model surface. We define a space of functions with
high resolution near the surface of the model and coarser
resolution away from it, express the vector field V⃗ as a linear
sum of functions in this space, set up and solve the Poisson
equation, and extract an isosurface of the resulting indicator
function. We then extend our algorithm to address the case
of non-uniformly sampled points.
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3. Our Poisson reconstruction approach

The input data S is a set of samples s∈ S, each consisting of a
point s.p and an inward-facing normal s.N⃗, assumed to lie on
or near the surface ∂M of an unknown model M. Our goal is
to reconstruct a watertight, triangulated approximation to the
surface by approximating the indicator function of the model
and extracting the isosurface, as illustrated in Figure 2.

The key challenge is to accurately compute the indicator
function from the samples. In this section, we derive a rela-
tionship between the gradient of the indicator function and
an integral of the surface normal field. We then approximate
this surface integral by a summation over the given oriented
point samples. Finally, we reconstruct the indicator function
from this gradient field as a Poisson problem.

Defining the gradient field Because the indicator function
is a piecewise constant function, explicit computation of its
gradient field would result in a vector field with unbounded
values at the surface boundary. To avoid this, we convolve
the indicator function with a smoothing filter and consider
the gradient field of the smoothed function. The following
lemma formalizes the relationship between the gradient of
the smoothed indicator function and the surface normal field.

Lemma: Given a solid M with boundary ∂M, let χM de-
note the indicator function of M, N⃗∂M(p) be the inward
surface normal at p ∈ ∂M, F̃(q) be a smoothing filter, and
F̃p(q) = F̃(q−p) its translation to the point p. The gradient
of the smoothed indicator function is equal to the vector field
obtained by smoothing the surface normal field:

∇
(
χM ∗ F̃

)
(q0) =

∫

∂M
F̃p(q0)N⃗∂M(p)d p. (1)

Proof: To prove this, we show equality for each of the com-
ponents of the vector field. Computing the partial derivative
of the smoothed indicator function with respect to x, we get:
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(The first equality follows from the fact that χM is equal to
zero outside of M and one inside. The second follows from
the fact that (∂/∂q)F̃(q− p) = −(∂/∂ p)F̃(q− p). The last
follows from the Divergence Theorem.)

A similar argument shows that the y-, and z-components
of the two sides are equal, thereby completing the proof. !

Approximating the gradient field Of course, we cannot
evaluate the surface integral since we do not yet know the
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our Poisson surface reconstruction (right), and a visualization of the

indicator function (middle) along a plane through the 3D volume.

surface geometry. However, the input set of oriented points
provides precisely enough information to approximate the
integral with a discrete summation. Specifically, using the
point set S to partition ∂M into distinct patches Ps ⊂ ∂M,
we can approximate the integral over a patch Ps by the value
at point sample s.p, scaled by the area of the patch:

∇(χM ∗ F̃)(q) = ∑
s∈S

∫

Ps

F̃p(q)N⃗∂M(p)d p

≈ ∑
s∈S

|Ps| F̃s.p(q) s.N⃗ ≡ V⃗ (q).
(2)

It should be noted that though Equation 1 is true for any
smoothing filter F̃ , in practice, care must be taken in choos-
ing the filter. In particular, we would like the filter to satisfy
two conditions. On the one hand, it should be sufficiently
narrow so that we do not over-smooth the data. And on the
other hand, it should be wide enough so that the integral over
Ps is well approximated by the value at s.p scaled by the
patch area. A good choice of filter that balances these two
requirements is a Gaussian whose variance is on the order of
the sampling resolution.

Solving the Poisson problem Having formed a vector field
V⃗ , we want to solve for the function χ̃ such that ∇χ̃ = V⃗ .
However, V⃗ is generally not integrable (i.e. it is not curl-
free), so an exact solution does not generally exist. To find
the best least-squares approximate solution, we apply the di-
vergence operator to form the Poisson equation

∆χ̃ = ∇ ·V⃗ .

In the next section, we describe our implementation of
these steps in more detail.

4. Implementation

We first present our reconstruction algorithm under the as-
sumption that the point samples are uniformly distributed
over the model surface. We define a space of functions with
high resolution near the surface of the model and coarser
resolution away from it, express the vector field V⃗ as a linear
sum of functions in this space, set up and solve the Poisson
equation, and extract an isosurface of the resulting indicator
function. We then extend our algorithm to address the case
of non-uniformly sampled points.
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4.1. Problem Discretization

First, we must choose the space of functions in which to dis-
cretize the problem. The most straightforward approach is
to start with a regular 3D grid [Kaz05], but such a uniform
structure becomes impractical for fine-detail reconstruction,
since the dimension of the space is cubic in the resolution
while the number of surface triangles grows quadratically.

Fortunately, an accurate representation of the implicit
function is only necessary near the reconstructed surface.
This motivates the use of an adaptive octree both to repre-
sent the implicit function and to solve the Poisson system
(e.g. [GKS02,LGF04]). Specifically, we use the positions of
the sample points to define an octree O and associate a func-
tion Fo to each node o ∈ O of the tree, choosing the tree and
the functions so that the following conditions are satisfied:

1. The vector field V⃗ can be precisely and efficiently repre-
sented as the linear sum of the Fo.

2. The matrix representation of the Poisson equation, ex-
pressed in terms of the Fo can be solved efficiently.

3. A representation of the indicator function as the sum of
the Fo can be precisely and efficiently evaluated near the
surface of the model.

Defining the function space Given a set of point samples
S and a maximum tree depth D, we define the octree O to be
the minimal octree with the property that every point sample
falls into a leaf node at depth D.

Next, we define a space of functions obtained as the span
of translates and scales of a fixed, unit-integral, base func-
tion F : R3 → R. For every node o ∈ O , we set Fo to be the
unit-integral “node function” centered about the node o and
stretched by the size of o:

Fo(q) ≡ F

(
q−o.c

o.w

)
1

o.w3 .

where o.c and o.w are the center and width of node o.

This space of functions FO,F ≡ Span{Fo} has a multires-
olution structure similar to that of traditional wavelet repre-
sentations. Finer nodes are associated with higher-frequency
functions, and the function representation becomes more
precise as we near the surface.

Selecting a base function In selecting a base function F ,
our goal is to choose a function so that the vector field V⃗ ,
defined in Equation 2, can be precisely and efficiently repre-
sented as the linear sum of the node functions {Fo}.

If we were to replace the position of each sample with the
center of the leaf node containing it, the vector field V⃗ could
be efficiently expressed as the linear sum of {Fo} by setting:

F(q) = F̃
( q

2D

)
.

This way, each sample would contribute a single term (the
normal vector) to the coefficient corresponding to its leaf’s

node function. Since the sampling width is 2−D and the sam-
ples all fall into leaf nodes of depth D, the error arising from
the clamping can never be too big (at most, on the order of
half the sampling width). In the next section, we show how
the error can be further reduced by using trilinear interpola-
tion to allow for sub-node precision.

Finally, since a maximum tree depth of D corresponds to a
sampling width of 2−D, the smoothing filter should approxi-
mate a Gaussian with variance on the order of 2−D. Thus, F

should approximate a Gaussian with unit-variance.

For efficiency, we approximate the unit-variance Gaussian
by a compactly supported function so that (1) the resulting
Divergence and Laplacian operators are sparse and (2) the
evaluation of a function expressed as the linear sum of Fo at
some point q only requires summing over the nodes o ∈ O

that are close to q. Thus, we set F to be the n-th convolution
of a box filter with itself resulting in the base function F :

F(x,y,z)≡ (B(x)B(y)B(z))∗n with B(t)=

{
1 |t| < 0.5
0 otherwise

Note that as n is increased, F more closely approximates
a Gaussian and its support grows larger; in our implemen-
tation we use a piecewise quadratic approximation with
n = 3. Therefore, the function F is supported on the domain
[-1.5,1.5]3 and, for the basis function of any octree node,
there are at most 53-1 = 124 other nodes at the same depth
whose functions overlap with it.

4.2. Vector Field Definition

To allow for sub-node precision, we avoid clamping a sam-
ple’s position to the center of the containing leaf node and
instead use trilinear interpolation to distribute the sample
across the eight nearest nodes. Thus, we define our approxi-
mation to the gradient field of the indicator function as:

V⃗ (q) ≡ ∑
s∈S

∑
o∈NgbrD(s)

αo,sFo(q)s.N⃗ (3)

where NgbrD(s) are the eight depth-D nodes closest to s.p
and {αo,s} are the trilinear interpolation weights. (If the
neighbors are not in the tree, we refine it to include them.)

Since the samples are uniform, we can assume that the
area of a patch Ps is constant and V⃗ is a good approxima-
tion, up to a multiplicative constant, of the gradient of the
smoothed indicator function. We will show that the choice
of multiplicative constant does not affect the reconstruction.

4.3. Poisson Solution

Having defined the vector field V⃗ , we would like to solve for
the function χ̃ ∈ FO,F such that the gradient of χ̃ is closest
to V⃗ , i.e. a solution to the Poisson equation ∆χ̃ = ∇ ·V⃗ .

One challenge of solving for χ̃ is that though χ̃ and the
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4.1. Problem Discretization

First, we must choose the space of functions in which to dis-
cretize the problem. The most straightforward approach is
to start with a regular 3D grid [Kaz05], but such a uniform
structure becomes impractical for fine-detail reconstruction,
since the dimension of the space is cubic in the resolution
while the number of surface triangles grows quadratically.

Fortunately, an accurate representation of the implicit
function is only necessary near the reconstructed surface.
This motivates the use of an adaptive octree both to repre-
sent the implicit function and to solve the Poisson system
(e.g. [GKS02,LGF04]). Specifically, we use the positions of
the sample points to define an octree O and associate a func-
tion Fo to each node o ∈ O of the tree, choosing the tree and
the functions so that the following conditions are satisfied:

1. The vector field V⃗ can be precisely and efficiently repre-
sented as the linear sum of the Fo.

2. The matrix representation of the Poisson equation, ex-
pressed in terms of the Fo can be solved efficiently.

3. A representation of the indicator function as the sum of
the Fo can be precisely and efficiently evaluated near the
surface of the model.

Defining the function space Given a set of point samples
S and a maximum tree depth D, we define the octree O to be
the minimal octree with the property that every point sample
falls into a leaf node at depth D.

Next, we define a space of functions obtained as the span
of translates and scales of a fixed, unit-integral, base func-
tion F : R3 → R. For every node o ∈ O , we set Fo to be the
unit-integral “node function” centered about the node o and
stretched by the size of o:

Fo(q) ≡ F

(
q−o.c

o.w

)
1

o.w3 .

where o.c and o.w are the center and width of node o.

This space of functions FO,F ≡ Span{Fo} has a multires-
olution structure similar to that of traditional wavelet repre-
sentations. Finer nodes are associated with higher-frequency
functions, and the function representation becomes more
precise as we near the surface.

Selecting a base function In selecting a base function F ,
our goal is to choose a function so that the vector field V⃗ ,
defined in Equation 2, can be precisely and efficiently repre-
sented as the linear sum of the node functions {Fo}.

If we were to replace the position of each sample with the
center of the leaf node containing it, the vector field V⃗ could
be efficiently expressed as the linear sum of {Fo} by setting:

F(q) = F̃
( q

2D

)
.

This way, each sample would contribute a single term (the
normal vector) to the coefficient corresponding to its leaf’s

node function. Since the sampling width is 2−D and the sam-
ples all fall into leaf nodes of depth D, the error arising from
the clamping can never be too big (at most, on the order of
half the sampling width). In the next section, we show how
the error can be further reduced by using trilinear interpola-
tion to allow for sub-node precision.

Finally, since a maximum tree depth of D corresponds to a
sampling width of 2−D, the smoothing filter should approxi-
mate a Gaussian with variance on the order of 2−D. Thus, F

should approximate a Gaussian with unit-variance.

For efficiency, we approximate the unit-variance Gaussian
by a compactly supported function so that (1) the resulting
Divergence and Laplacian operators are sparse and (2) the
evaluation of a function expressed as the linear sum of Fo at
some point q only requires summing over the nodes o ∈ O

that are close to q. Thus, we set F to be the n-th convolution
of a box filter with itself resulting in the base function F :

F(x,y,z)≡ (B(x)B(y)B(z))∗n with B(t)=

{
1 |t| < 0.5
0 otherwise

Note that as n is increased, F more closely approximates
a Gaussian and its support grows larger; in our implemen-
tation we use a piecewise quadratic approximation with
n = 3. Therefore, the function F is supported on the domain
[-1.5,1.5]3 and, for the basis function of any octree node,
there are at most 53-1 = 124 other nodes at the same depth
whose functions overlap with it.

4.2. Vector Field Definition

To allow for sub-node precision, we avoid clamping a sam-
ple’s position to the center of the containing leaf node and
instead use trilinear interpolation to distribute the sample
across the eight nearest nodes. Thus, we define our approxi-
mation to the gradient field of the indicator function as:

V⃗ (q) ≡ ∑
s∈S

∑
o∈NgbrD(s)

αo,sFo(q)s.N⃗ (3)

where NgbrD(s) are the eight depth-D nodes closest to s.p
and {αo,s} are the trilinear interpolation weights. (If the
neighbors are not in the tree, we refine it to include them.)

Since the samples are uniform, we can assume that the
area of a patch Ps is constant and V⃗ is a good approxima-
tion, up to a multiplicative constant, of the gradient of the
smoothed indicator function. We will show that the choice
of multiplicative constant does not affect the reconstruction.

4.3. Poisson Solution

Having defined the vector field V⃗ , we would like to solve for
the function χ̃ ∈ FO,F such that the gradient of χ̃ is closest
to V⃗ , i.e. a solution to the Poisson equation ∆χ̃ = ∇ ·V⃗ .

One challenge of solving for χ̃ is that though χ̃ and the
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4.1. Problem Discretization

First, we must choose the space of functions in which to dis-
cretize the problem. The most straightforward approach is
to start with a regular 3D grid [Kaz05], but such a uniform
structure becomes impractical for fine-detail reconstruction,
since the dimension of the space is cubic in the resolution
while the number of surface triangles grows quadratically.

Fortunately, an accurate representation of the implicit
function is only necessary near the reconstructed surface.
This motivates the use of an adaptive octree both to repre-
sent the implicit function and to solve the Poisson system
(e.g. [GKS02,LGF04]). Specifically, we use the positions of
the sample points to define an octree O and associate a func-
tion Fo to each node o ∈ O of the tree, choosing the tree and
the functions so that the following conditions are satisfied:

1. The vector field V⃗ can be precisely and efficiently repre-
sented as the linear sum of the Fo.

2. The matrix representation of the Poisson equation, ex-
pressed in terms of the Fo can be solved efficiently.

3. A representation of the indicator function as the sum of
the Fo can be precisely and efficiently evaluated near the
surface of the model.

Defining the function space Given a set of point samples
S and a maximum tree depth D, we define the octree O to be
the minimal octree with the property that every point sample
falls into a leaf node at depth D.

Next, we define a space of functions obtained as the span
of translates and scales of a fixed, unit-integral, base func-
tion F : R3 → R. For every node o ∈ O , we set Fo to be the
unit-integral “node function” centered about the node o and
stretched by the size of o:

Fo(q) ≡ F

(
q−o.c

o.w

)
1

o.w3 .

where o.c and o.w are the center and width of node o.

This space of functions FO,F ≡ Span{Fo} has a multires-
olution structure similar to that of traditional wavelet repre-
sentations. Finer nodes are associated with higher-frequency
functions, and the function representation becomes more
precise as we near the surface.

Selecting a base function In selecting a base function F ,
our goal is to choose a function so that the vector field V⃗ ,
defined in Equation 2, can be precisely and efficiently repre-
sented as the linear sum of the node functions {Fo}.

If we were to replace the position of each sample with the
center of the leaf node containing it, the vector field V⃗ could
be efficiently expressed as the linear sum of {Fo} by setting:

F(q) = F̃
( q

2D

)
.

This way, each sample would contribute a single term (the
normal vector) to the coefficient corresponding to its leaf’s

node function. Since the sampling width is 2−D and the sam-
ples all fall into leaf nodes of depth D, the error arising from
the clamping can never be too big (at most, on the order of
half the sampling width). In the next section, we show how
the error can be further reduced by using trilinear interpola-
tion to allow for sub-node precision.

Finally, since a maximum tree depth of D corresponds to a
sampling width of 2−D, the smoothing filter should approxi-
mate a Gaussian with variance on the order of 2−D. Thus, F

should approximate a Gaussian with unit-variance.

For efficiency, we approximate the unit-variance Gaussian
by a compactly supported function so that (1) the resulting
Divergence and Laplacian operators are sparse and (2) the
evaluation of a function expressed as the linear sum of Fo at
some point q only requires summing over the nodes o ∈ O

that are close to q. Thus, we set F to be the n-th convolution
of a box filter with itself resulting in the base function F :

F(x,y,z)≡ (B(x)B(y)B(z))∗n with B(t)=

{
1 |t| < 0.5
0 otherwise

Note that as n is increased, F more closely approximates
a Gaussian and its support grows larger; in our implemen-
tation we use a piecewise quadratic approximation with
n = 3. Therefore, the function F is supported on the domain
[-1.5,1.5]3 and, for the basis function of any octree node,
there are at most 53-1 = 124 other nodes at the same depth
whose functions overlap with it.

4.2. Vector Field Definition

To allow for sub-node precision, we avoid clamping a sam-
ple’s position to the center of the containing leaf node and
instead use trilinear interpolation to distribute the sample
across the eight nearest nodes. Thus, we define our approxi-
mation to the gradient field of the indicator function as:

V⃗ (q) ≡ ∑
s∈S

∑
o∈NgbrD(s)

αo,sFo(q)s.N⃗ (3)

where NgbrD(s) are the eight depth-D nodes closest to s.p
and {αo,s} are the trilinear interpolation weights. (If the
neighbors are not in the tree, we refine it to include them.)

Since the samples are uniform, we can assume that the
area of a patch Ps is constant and V⃗ is a good approxima-
tion, up to a multiplicative constant, of the gradient of the
smoothed indicator function. We will show that the choice
of multiplicative constant does not affect the reconstruction.

4.3. Poisson Solution

Having defined the vector field V⃗ , we would like to solve for
the function χ̃ ∈ FO,F such that the gradient of χ̃ is closest
to V⃗ , i.e. a solution to the Poisson equation ∆χ̃ = ∇ ·V⃗ .

One challenge of solving for χ̃ is that though χ̃ and the
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coordinate functions of V⃗ are in the space FO,F it is not
necessarily the case that the functions ∆χ̃ and ∇ ·V⃗ are.

To address this issue, we need to solve for the function χ̃
such that the projection of ∆χ̃ onto the space FO,F is closest
to the projection of ∇ · V⃗ . Since, in general, the functions
Fo do not form an orthonormal basis, solving this problem
directly is expensive. However, we can simplify the problem
by solving for the function χ̃ minimizing:

∑
o∈O

∥∥∥⟨∆χ̃ −∇ ·V⃗ ,Fo⟩
∥∥∥

2
= ∑

o∈O

∥∥∥⟨∆χ̃,Fo⟩−⟨∇ ·V⃗ ,Fo⟩
∥∥∥

2
.

Thus given the |O|-dimensional vector v whose o-th coordi-
nate is vo = ⟨∇ · V⃗ ,Fo⟩, the goal is to solve for the function
χ̃ such that the vector obtained by projecting the Laplacian
of χ̃ onto each of the Fo is as close to v as possible.

To express this in matrix form, let χ̃ = ∑o xoFo, so that
we are solving for the vector x ∈R|O|. Then, let us define the
|O|× |O| matrix L such that Lx returns the dot product of the
Laplacian with each of the Fo. Specifically, for all o,o′ ∈ O ,
the (o,o′)-th entry of L is set to:

Lo,o′ ≡

〈
∂ 2Fo

∂x2 ,Fo′

〉
+

〈
∂ 2Fo

∂y2 ,Fo′

〉
+

〈
∂ 2Fo

∂ z2 ,Fo′

〉
.

Thus, solving for χ̃ amounts to finding

min
x∈R|O|

∥Lx− v∥2.

Note that the matrix L is sparse and symmetric. (Sparse
because the Fo are compactly supported, and symmetric be-
cause

∫
f ′′g = −

∫
f ′g′.) Furthermore, there is an inherent

multiresolution structure on FO,F , so we use an approach
similar to the multigrid approach in [GKS02], solving the
restriction Ld of L to the space spanned by the depth d func-
tions (using a conjugate gradient solver) and projecting the
fixed-depth solution back onto FO,F to update the residual.

Addressing memory concerns In practice, as the depth in-
creases, the matrix Ld becomes larger and it may not be prac-
tical to store it in memory. Although the number of entries in
a column of Ld is bounded by a constant, the constant value
can be large. For example, even using a piecewise quadratic
base function F , we end up with as many as 125 non-zero
entries in a column, resulting in a memory requirement that
is 125 times larger than the size of the octree.

To address this issue, we augment our solver with a block
Gauss-Seidel solver. That is, we decompose the d-th dimen-
sional space into overlapping regions and solve the restric-
tion of Ld to these different regions, projecting the local so-
lutions back into the d-dimensional space and updating the
residuals. By choosing the number of regions to be a func-
tion of the depth d, we ensure that the size of the matrix used
by the solver never exceeds a desired memory threshold.

4.4. Isosurface Extraction

In order to obtain a reconstructed surface ∂M̃, it is necessary
to first select an isovalue and then extract the corresponding
isosurface from the computed indicator function.

We choose the isovalue so that the extracted surface
closely approximates the positions of the input samples. We
do this by evaluating χ̃ at the sample positions and use the
average of the values for isosurface extraction:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

1
|S| ∑

s∈S

χ̃(s.p).

This choice of isovalue has the property that scaling χ̃ does
not change the isosurface. Thus, knowing the vector field V⃗

up to a multiplicative constant provides sufficient informa-
tion for reconstructing the surface.

To extract the isosurface from the indicator function, we
use a method similar to previous adaptations of the March-
ing Cubes [LC87] to octree representations (e.g. [WG92,
SFYC96, WKE99]). However, due to the nonconforming
properties of our tree, we modify the reconstruction ap-
proach slightly, defining the positions of zero-crossings
along an edge in terms of the zero-crossings computed by
the finest level nodes adjacent to the edge. In the case that an
edge of a leaf node has more than one zero-crossing associ-
ated to it, the node is subdivided. As in previous approaches,
we avoid cracks arising when coarser nodes share a face with
finer ones by projecting the isocurve segments from the faces
of finer nodes onto the face of the coarser one.

4.5. Non-uniform Samples

We now extend our method to the case of non-uniformly dis-
tributed point samples. As in [Kaz05], our approach is to es-
timate the local sampling density, and scale the contribution
of each point accordingly. However, rather than simply scal-
ing the magnitude of a fixed-width kernel associated with
each point, we additionally adapt the kernel width. This re-
sults in a reconstruction that maintains sharp features in ar-
eas of dense sampling and provides a smooth fit in sparsely
sampled regions.

Estimating local sampling density Following the ap-
proach of [Kaz05], we implement the density computation
using a kernel density estimator [Par62]. The approach is to
estimate the number of points in a neighborhood of a sam-
ple by “splatting” the samples into a 3D grid, convolving the
“splatting” function with a smoothing filter, and evaluating
the convolution at each of the sample points.

We implement the convolution in a manner similar to
Equation 3. Given a depth D̂ ≤ D we set the density esti-
mator to be the sum of node functions at depth D̂:

WD̂(q) ≡ ∑
s∈S

∑
o∈NgbrD̂(s)

αo,sFo(q).
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coordinate functions of V⃗ are in the space FO,F it is not
necessarily the case that the functions ∆χ̃ and ∇ ·V⃗ are.

To address this issue, we need to solve for the function χ̃
such that the projection of ∆χ̃ onto the space FO,F is closest
to the projection of ∇ · V⃗ . Since, in general, the functions
Fo do not form an orthonormal basis, solving this problem
directly is expensive. However, we can simplify the problem
by solving for the function χ̃ minimizing:

∑
o∈O

∥∥∥⟨∆χ̃ −∇ ·V⃗ ,Fo⟩
∥∥∥

2
= ∑

o∈O

∥∥∥⟨∆χ̃,Fo⟩−⟨∇ ·V⃗ ,Fo⟩
∥∥∥

2
.

Thus given the |O|-dimensional vector v whose o-th coordi-
nate is vo = ⟨∇ · V⃗ ,Fo⟩, the goal is to solve for the function
χ̃ such that the vector obtained by projecting the Laplacian
of χ̃ onto each of the Fo is as close to v as possible.

To express this in matrix form, let χ̃ = ∑o xoFo, so that
we are solving for the vector x ∈R|O|. Then, let us define the
|O|× |O| matrix L such that Lx returns the dot product of the
Laplacian with each of the Fo. Specifically, for all o,o′ ∈ O ,
the (o,o′)-th entry of L is set to:

Lo,o′ ≡

〈
∂ 2Fo

∂x2 ,Fo′

〉
+

〈
∂ 2Fo

∂y2 ,Fo′

〉
+

〈
∂ 2Fo

∂ z2 ,Fo′

〉
.

Thus, solving for χ̃ amounts to finding

min
x∈R|O|

∥Lx− v∥2.

Note that the matrix L is sparse and symmetric. (Sparse
because the Fo are compactly supported, and symmetric be-
cause

∫
f ′′g = −

∫
f ′g′.) Furthermore, there is an inherent

multiresolution structure on FO,F , so we use an approach
similar to the multigrid approach in [GKS02], solving the
restriction Ld of L to the space spanned by the depth d func-
tions (using a conjugate gradient solver) and projecting the
fixed-depth solution back onto FO,F to update the residual.

Addressing memory concerns In practice, as the depth in-
creases, the matrix Ld becomes larger and it may not be prac-
tical to store it in memory. Although the number of entries in
a column of Ld is bounded by a constant, the constant value
can be large. For example, even using a piecewise quadratic
base function F , we end up with as many as 125 non-zero
entries in a column, resulting in a memory requirement that
is 125 times larger than the size of the octree.

To address this issue, we augment our solver with a block
Gauss-Seidel solver. That is, we decompose the d-th dimen-
sional space into overlapping regions and solve the restric-
tion of Ld to these different regions, projecting the local so-
lutions back into the d-dimensional space and updating the
residuals. By choosing the number of regions to be a func-
tion of the depth d, we ensure that the size of the matrix used
by the solver never exceeds a desired memory threshold.

4.4. Isosurface Extraction

In order to obtain a reconstructed surface ∂M̃, it is necessary
to first select an isovalue and then extract the corresponding
isosurface from the computed indicator function.

We choose the isovalue so that the extracted surface
closely approximates the positions of the input samples. We
do this by evaluating χ̃ at the sample positions and use the
average of the values for isosurface extraction:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

1
|S| ∑

s∈S

χ̃(s.p).

This choice of isovalue has the property that scaling χ̃ does
not change the isosurface. Thus, knowing the vector field V⃗

up to a multiplicative constant provides sufficient informa-
tion for reconstructing the surface.

To extract the isosurface from the indicator function, we
use a method similar to previous adaptations of the March-
ing Cubes [LC87] to octree representations (e.g. [WG92,
SFYC96, WKE99]). However, due to the nonconforming
properties of our tree, we modify the reconstruction ap-
proach slightly, defining the positions of zero-crossings
along an edge in terms of the zero-crossings computed by
the finest level nodes adjacent to the edge. In the case that an
edge of a leaf node has more than one zero-crossing associ-
ated to it, the node is subdivided. As in previous approaches,
we avoid cracks arising when coarser nodes share a face with
finer ones by projecting the isocurve segments from the faces
of finer nodes onto the face of the coarser one.

4.5. Non-uniform Samples

We now extend our method to the case of non-uniformly dis-
tributed point samples. As in [Kaz05], our approach is to es-
timate the local sampling density, and scale the contribution
of each point accordingly. However, rather than simply scal-
ing the magnitude of a fixed-width kernel associated with
each point, we additionally adapt the kernel width. This re-
sults in a reconstruction that maintains sharp features in ar-
eas of dense sampling and provides a smooth fit in sparsely
sampled regions.

Estimating local sampling density Following the ap-
proach of [Kaz05], we implement the density computation
using a kernel density estimator [Par62]. The approach is to
estimate the number of points in a neighborhood of a sam-
ple by “splatting” the samples into a 3D grid, convolving the
“splatting” function with a smoothing filter, and evaluating
the convolution at each of the sample points.

We implement the convolution in a manner similar to
Equation 3. Given a depth D̂ ≤ D we set the density esti-
mator to be the sum of node functions at depth D̂:

WD̂(q) ≡ ∑
s∈S

∑
o∈NgbrD̂(s)

αo,sFo(q).
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coordinate functions of V⃗ are in the space FO,F it is not
necessarily the case that the functions ∆χ̃ and ∇ ·V⃗ are.

To address this issue, we need to solve for the function χ̃
such that the projection of ∆χ̃ onto the space FO,F is closest
to the projection of ∇ · V⃗ . Since, in general, the functions
Fo do not form an orthonormal basis, solving this problem
directly is expensive. However, we can simplify the problem
by solving for the function χ̃ minimizing:

∑
o∈O

∥∥∥⟨∆χ̃ −∇ ·V⃗ ,Fo⟩
∥∥∥

2
= ∑

o∈O

∥∥∥⟨∆χ̃,Fo⟩−⟨∇ ·V⃗ ,Fo⟩
∥∥∥

2
.

Thus given the |O|-dimensional vector v whose o-th coordi-
nate is vo = ⟨∇ · V⃗ ,Fo⟩, the goal is to solve for the function
χ̃ such that the vector obtained by projecting the Laplacian
of χ̃ onto each of the Fo is as close to v as possible.

To express this in matrix form, let χ̃ = ∑o xoFo, so that
we are solving for the vector x ∈R|O|. Then, let us define the
|O|× |O| matrix L such that Lx returns the dot product of the
Laplacian with each of the Fo. Specifically, for all o,o′ ∈ O ,
the (o,o′)-th entry of L is set to:

Lo,o′ ≡

〈
∂ 2Fo

∂x2 ,Fo′

〉
+

〈
∂ 2Fo

∂y2 ,Fo′

〉
+

〈
∂ 2Fo

∂ z2 ,Fo′

〉
.

Thus, solving for χ̃ amounts to finding

min
x∈R|O|

∥Lx− v∥2.

Note that the matrix L is sparse and symmetric. (Sparse
because the Fo are compactly supported, and symmetric be-
cause

∫
f ′′g = −

∫
f ′g′.) Furthermore, there is an inherent

multiresolution structure on FO,F , so we use an approach
similar to the multigrid approach in [GKS02], solving the
restriction Ld of L to the space spanned by the depth d func-
tions (using a conjugate gradient solver) and projecting the
fixed-depth solution back onto FO,F to update the residual.

Addressing memory concerns In practice, as the depth in-
creases, the matrix Ld becomes larger and it may not be prac-
tical to store it in memory. Although the number of entries in
a column of Ld is bounded by a constant, the constant value
can be large. For example, even using a piecewise quadratic
base function F , we end up with as many as 125 non-zero
entries in a column, resulting in a memory requirement that
is 125 times larger than the size of the octree.

To address this issue, we augment our solver with a block
Gauss-Seidel solver. That is, we decompose the d-th dimen-
sional space into overlapping regions and solve the restric-
tion of Ld to these different regions, projecting the local so-
lutions back into the d-dimensional space and updating the
residuals. By choosing the number of regions to be a func-
tion of the depth d, we ensure that the size of the matrix used
by the solver never exceeds a desired memory threshold.

4.4. Isosurface Extraction

In order to obtain a reconstructed surface ∂M̃, it is necessary
to first select an isovalue and then extract the corresponding
isosurface from the computed indicator function.

We choose the isovalue so that the extracted surface
closely approximates the positions of the input samples. We
do this by evaluating χ̃ at the sample positions and use the
average of the values for isosurface extraction:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

1
|S| ∑

s∈S

χ̃(s.p).

This choice of isovalue has the property that scaling χ̃ does
not change the isosurface. Thus, knowing the vector field V⃗

up to a multiplicative constant provides sufficient informa-
tion for reconstructing the surface.

To extract the isosurface from the indicator function, we
use a method similar to previous adaptations of the March-
ing Cubes [LC87] to octree representations (e.g. [WG92,
SFYC96, WKE99]). However, due to the nonconforming
properties of our tree, we modify the reconstruction ap-
proach slightly, defining the positions of zero-crossings
along an edge in terms of the zero-crossings computed by
the finest level nodes adjacent to the edge. In the case that an
edge of a leaf node has more than one zero-crossing associ-
ated to it, the node is subdivided. As in previous approaches,
we avoid cracks arising when coarser nodes share a face with
finer ones by projecting the isocurve segments from the faces
of finer nodes onto the face of the coarser one.

4.5. Non-uniform Samples

We now extend our method to the case of non-uniformly dis-
tributed point samples. As in [Kaz05], our approach is to es-
timate the local sampling density, and scale the contribution
of each point accordingly. However, rather than simply scal-
ing the magnitude of a fixed-width kernel associated with
each point, we additionally adapt the kernel width. This re-
sults in a reconstruction that maintains sharp features in ar-
eas of dense sampling and provides a smooth fit in sparsely
sampled regions.

Estimating local sampling density Following the ap-
proach of [Kaz05], we implement the density computation
using a kernel density estimator [Par62]. The approach is to
estimate the number of points in a neighborhood of a sam-
ple by “splatting” the samples into a 3D grid, convolving the
“splatting” function with a smoothing filter, and evaluating
the convolution at each of the sample points.

We implement the convolution in a manner similar to
Equation 3. Given a depth D̂ ≤ D we set the density esti-
mator to be the sum of node functions at depth D̂:

WD̂(q) ≡ ∑
s∈S

∑
o∈NgbrD̂(s)

αo,sFo(q).
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coordinate functions of V⃗ are in the space FO,F it is not
necessarily the case that the functions ∆χ̃ and ∇ ·V⃗ are.

To address this issue, we need to solve for the function χ̃
such that the projection of ∆χ̃ onto the space FO,F is closest
to the projection of ∇ · V⃗ . Since, in general, the functions
Fo do not form an orthonormal basis, solving this problem
directly is expensive. However, we can simplify the problem
by solving for the function χ̃ minimizing:

∑
o∈O

∥∥∥⟨∆χ̃ −∇ ·V⃗ ,Fo⟩
∥∥∥

2
= ∑

o∈O

∥∥∥⟨∆χ̃,Fo⟩−⟨∇ ·V⃗ ,Fo⟩
∥∥∥

2
.

Thus given the |O|-dimensional vector v whose o-th coordi-
nate is vo = ⟨∇ · V⃗ ,Fo⟩, the goal is to solve for the function
χ̃ such that the vector obtained by projecting the Laplacian
of χ̃ onto each of the Fo is as close to v as possible.

To express this in matrix form, let χ̃ = ∑o xoFo, so that
we are solving for the vector x ∈R|O|. Then, let us define the
|O|× |O| matrix L such that Lx returns the dot product of the
Laplacian with each of the Fo. Specifically, for all o,o′ ∈ O ,
the (o,o′)-th entry of L is set to:

Lo,o′ ≡

〈
∂ 2Fo

∂x2 ,Fo′

〉
+

〈
∂ 2Fo

∂y2 ,Fo′

〉
+

〈
∂ 2Fo

∂ z2 ,Fo′

〉
.

Thus, solving for χ̃ amounts to finding

min
x∈R|O|

∥Lx− v∥2.

Note that the matrix L is sparse and symmetric. (Sparse
because the Fo are compactly supported, and symmetric be-
cause

∫
f ′′g = −

∫
f ′g′.) Furthermore, there is an inherent

multiresolution structure on FO,F , so we use an approach
similar to the multigrid approach in [GKS02], solving the
restriction Ld of L to the space spanned by the depth d func-
tions (using a conjugate gradient solver) and projecting the
fixed-depth solution back onto FO,F to update the residual.

Addressing memory concerns In practice, as the depth in-
creases, the matrix Ld becomes larger and it may not be prac-
tical to store it in memory. Although the number of entries in
a column of Ld is bounded by a constant, the constant value
can be large. For example, even using a piecewise quadratic
base function F , we end up with as many as 125 non-zero
entries in a column, resulting in a memory requirement that
is 125 times larger than the size of the octree.

To address this issue, we augment our solver with a block
Gauss-Seidel solver. That is, we decompose the d-th dimen-
sional space into overlapping regions and solve the restric-
tion of Ld to these different regions, projecting the local so-
lutions back into the d-dimensional space and updating the
residuals. By choosing the number of regions to be a func-
tion of the depth d, we ensure that the size of the matrix used
by the solver never exceeds a desired memory threshold.

4.4. Isosurface Extraction

In order to obtain a reconstructed surface ∂M̃, it is necessary
to first select an isovalue and then extract the corresponding
isosurface from the computed indicator function.

We choose the isovalue so that the extracted surface
closely approximates the positions of the input samples. We
do this by evaluating χ̃ at the sample positions and use the
average of the values for isosurface extraction:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

1
|S| ∑

s∈S

χ̃(s.p).

This choice of isovalue has the property that scaling χ̃ does
not change the isosurface. Thus, knowing the vector field V⃗

up to a multiplicative constant provides sufficient informa-
tion for reconstructing the surface.

To extract the isosurface from the indicator function, we
use a method similar to previous adaptations of the March-
ing Cubes [LC87] to octree representations (e.g. [WG92,
SFYC96, WKE99]). However, due to the nonconforming
properties of our tree, we modify the reconstruction ap-
proach slightly, defining the positions of zero-crossings
along an edge in terms of the zero-crossings computed by
the finest level nodes adjacent to the edge. In the case that an
edge of a leaf node has more than one zero-crossing associ-
ated to it, the node is subdivided. As in previous approaches,
we avoid cracks arising when coarser nodes share a face with
finer ones by projecting the isocurve segments from the faces
of finer nodes onto the face of the coarser one.

4.5. Non-uniform Samples

We now extend our method to the case of non-uniformly dis-
tributed point samples. As in [Kaz05], our approach is to es-
timate the local sampling density, and scale the contribution
of each point accordingly. However, rather than simply scal-
ing the magnitude of a fixed-width kernel associated with
each point, we additionally adapt the kernel width. This re-
sults in a reconstruction that maintains sharp features in ar-
eas of dense sampling and provides a smooth fit in sparsely
sampled regions.

Estimating local sampling density Following the ap-
proach of [Kaz05], we implement the density computation
using a kernel density estimator [Par62]. The approach is to
estimate the number of points in a neighborhood of a sam-
ple by “splatting” the samples into a 3D grid, convolving the
“splatting” function with a smoothing filter, and evaluating
the convolution at each of the sample points.

We implement the convolution in a manner similar to
Equation 3. Given a depth D̂ ≤ D we set the density esti-
mator to be the sum of node functions at depth D̂:

WD̂(q) ≡ ∑
s∈S

∑
o∈NgbrD̂(s)

αo,sFo(q).
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Since octree nodes at lower resolution are associated with
functions that approximate Gaussians of larger width, the
parameter D̂ provides away for specifying the locality of the
density estimation, with smaller values of D̂ giving sampling
density estimates over larger regions.

Computing the vector field Using the density estimator,
we modify the summation in Equation 3 so that each sam-
ple’s contribution is proportional to its associated area on the
surface. Specifically, using the fact that the area is inversely
proportional to sampling density, we set:

V⃗ (q) ≡ ∑
s∈S

1
WD̂(s.p) ∑

o∈NgbrD(s)

αo,sFo(q).

However, adapting only the magnitudes of the sample
contributions results in poor noise filtering in sparsely sam-
pled regions as demonstrated later in Figure 7. Therefore,
we additionally adapt the width of the smoothing filter F̃ to
the local sampling density. Adapting the filter width lets us
retain fine detail in regions of dense sampling, while smooth-
ing out noise in regions of sparse sampling.

Using the fact that node functions at smaller depths corre-
spond to wider smoothing filters, we define

V⃗ (q) ≡ ∑
s∈S

1
WD̂(s.p) ∑

o∈NgbrDepth(s.p)(s)

αo,sFo(q).

In this definition, Depth(s.p) represents the desired depth of
a sample point s ∈ S. It is defined by computing the average
sampling density W over all of the samples and setting:

Depth(s.p) ≡ min
(
D,D+ log4(WD̂(s.p)/W )

)

so that the width of the smoothing filter with which s con-
tributes to V⃗ is proportional to the radius of its associated
surface patch Ps.

Selecting an isovalue Finally, we modify the surface ex-
traction step by selecting an isovalue which is the weighted
average of the values of χ̃ at the sample positions:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

∑ 1
WD̂(s.p) χ̃(s.p)

∑ 1
WD̂(s.p)

.

5. Results

To evaluate our method we conducted a series of experi-
ments. Our goal was to address three separate questions:
How well does the algorithm reconstruct surfaces? How
does it compare to other reconstruction methods? And, what
are its performance characteristics?

Much practical motivation for surface reconstruction de-
rives from 3D scanning, so we have focused our experiments
on the reconstruction of 3D models from real-world data.

5.1. Resolution

We first consider the effects of the maximum octree depth
on the reconstructed surface.

Figure 3 shows our reconstruction results for the “dragon”
model at octree depths 6, 8, and 10. (In the context of recon-
struction on a regular grid, this would correspond to reso-
lutions of 643, 2563, and 10243, respectively.) As the tree
depth is increased, higher-resolution functions are used to fit
the indicator function, and consequently the reconstructions
capture finer detail. For example, the scales of the dragon,
which are too fine to be captured at the coarsest resolution
begin appearing and become more sharply pronounced as
the octree depth is increased.

Figure 3: Reconstructions of the dragon model at octree depths 6

(top), 8 (middle), and 10 (bottom).

5.2. Comparison to Previous Work

We compare the results of our reconstruction algorithm
to the results obtained using Power Crust [ACK01], Ro-
bust Cocone [DG04], Fast Radial Basis Functions (Fas-
tRBF) [CBC∗01], Multi-Level Partition of Unity Implicits
(MPU) [OBA∗03], Surface Reconstruction from Unorga-
nized Points [HDD∗92], Volumetric Range Image Process-
ing (VRIP) [CL96], and the FFT-based method of [Kaz05].
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Since octree nodes at lower resolution are associated with
functions that approximate Gaussians of larger width, the
parameter D̂ provides away for specifying the locality of the
density estimation, with smaller values of D̂ giving sampling
density estimates over larger regions.

Computing the vector field Using the density estimator,
we modify the summation in Equation 3 so that each sam-
ple’s contribution is proportional to its associated area on the
surface. Specifically, using the fact that the area is inversely
proportional to sampling density, we set:

V⃗ (q) ≡ ∑
s∈S

1
WD̂(s.p) ∑

o∈NgbrD(s)

αo,sFo(q).

However, adapting only the magnitudes of the sample
contributions results in poor noise filtering in sparsely sam-
pled regions as demonstrated later in Figure 7. Therefore,
we additionally adapt the width of the smoothing filter F̃ to
the local sampling density. Adapting the filter width lets us
retain fine detail in regions of dense sampling, while smooth-
ing out noise in regions of sparse sampling.

Using the fact that node functions at smaller depths corre-
spond to wider smoothing filters, we define

V⃗ (q) ≡ ∑
s∈S

1
WD̂(s.p) ∑

o∈NgbrDepth(s.p)(s)

αo,sFo(q).

In this definition, Depth(s.p) represents the desired depth of
a sample point s ∈ S. It is defined by computing the average
sampling density W over all of the samples and setting:

Depth(s.p) ≡ min
(
D,D+ log4(WD̂(s.p)/W )

)

so that the width of the smoothing filter with which s con-
tributes to V⃗ is proportional to the radius of its associated
surface patch Ps.

Selecting an isovalue Finally, we modify the surface ex-
traction step by selecting an isovalue which is the weighted
average of the values of χ̃ at the sample positions:

∂M̃ ≡ {q ∈ R
3 ∣∣ χ̃(q) = γ} with γ =

∑ 1
WD̂(s.p) χ̃(s.p)
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.

5. Results

To evaluate our method we conducted a series of experi-
ments. Our goal was to address three separate questions:
How well does the algorithm reconstruct surfaces? How
does it compare to other reconstruction methods? And, what
are its performance characteristics?

Much practical motivation for surface reconstruction de-
rives from 3D scanning, so we have focused our experiments
on the reconstruction of 3D models from real-world data.

5.1. Resolution

We first consider the effects of the maximum octree depth
on the reconstructed surface.

Figure 3 shows our reconstruction results for the “dragon”
model at octree depths 6, 8, and 10. (In the context of recon-
struction on a regular grid, this would correspond to reso-
lutions of 643, 2563, and 10243, respectively.) As the tree
depth is increased, higher-resolution functions are used to fit
the indicator function, and consequently the reconstructions
capture finer detail. For example, the scales of the dragon,
which are too fine to be captured at the coarsest resolution
begin appearing and become more sharply pronounced as
the octree depth is increased.

Figure 3: Reconstructions of the dragon model at octree depths 6

(top), 8 (middle), and 10 (bottom).

5.2. Comparison to Previous Work

We compare the results of our reconstruction algorithm
to the results obtained using Power Crust [ACK01], Ro-
bust Cocone [DG04], Fast Radial Basis Functions (Fas-
tRBF) [CBC∗01], Multi-Level Partition of Unity Implicits
(MPU) [OBA∗03], Surface Reconstruction from Unorga-
nized Points [HDD∗92], Volumetric Range Image Process-
ing (VRIP) [CL96], and the FFT-based method of [Kaz05].
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Figure 6: Reconstructions of the “Happy Buddha” model using

VRIP (left) and Poisson reconstruction (right).

the region tend to sample at near-grazing angles resulting
in noisy position and normal estimates. Consequently, fixed-
resolution reconstruction schemes such as the FFT-based ap-
proach (b) introduce high-frequency noise in these regions.
In contrast, our method (c), which adapts both the scale and
the variance of the samples’ contributions, fits a smoother re-
construction to these regions, without sacrificing fidelity in
areas of dense sampling (e.g. the region highlighted in blue).

Limitation of our approach A limitation of our method
is that it does not incorporate information associated with
the acquisition modality. Figure 6 shows an example of this
in the reconstruction at the base of the Buddha. Since there
are no samples between the two feet, our method (right)
connects the two regions. In contrast, the ability to use sec-
ondary information such as line of sight allows VRIP (left)
to perform the space carving necessary to disconnect the two
feet, resulting in a more accurate reconstruction.

5.3. Performance and Scalability

Table 1 summarizes the temporal and spatial efficiency of
our algorithm on the “dragon” model, and indicates that the

Figure 7: Reconstruction of samples from the region around the

left eye of the David model (a), using the fixed-resolution FFT ap-

proach (b), and Poisson reconstruction (c).

memory and time requirements of our algorithm are roughly
quadratic in the resolution. Thus, as we increase the oc-
tree depth by one, we find that the running time, the mem-
ory overhead, and the number of output triangles increases
roughly by a factor of four.

Tree Depth Time Peak Memory # of Tris.
7 6 19 21,000
8 26 75 90,244
9 126 155 374,868

10 633 699 1,516,806

Table 1: The running time (in seconds), the peak memory usage (in

megabytes), and the number of triangles in the reconstructed model

for the different depth reconstructions of the dragon model. A kernel

depth of 6 was used for density estimation.

The running time and memory performance of our method
in reconstructing the Stanford Bunny at a depth of 9 is com-
pared to the performance of related methods in Table 2. Al-
though in this experiment, our method is neither fastest nor
most memory efficient, its quadratic nature makes it scalable
to higher resolution reconstructions. As an example, Fig-
ure 8 shows a reconstruction of the head of Michelangelo’s
David at a depth of 11 from a set of 215,613,477 samples.
The reconstruction was computed in 1.9 hours and 5.2GB
of RAM, generating a 16,328,329 triangle model. Trying
to compute an equivalent reconstruction with methods such
as the FFT approach would require constructing two voxel
grids at a resolution of 20483 and would require in excess of
100GB of memory.
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Figure 6: Reconstructions of the “Happy Buddha” model using

VRIP (left) and Poisson reconstruction (right).
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memory and time requirements of our algorithm are roughly
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ory overhead, and the number of output triangles increases
roughly by a factor of four.

Tree Depth Time Peak Memory # of Tris.
7 6 19 21,000
8 26 75 90,244
9 126 155 374,868

10 633 699 1,516,806

Table 1: The running time (in seconds), the peak memory usage (in

megabytes), and the number of triangles in the reconstructed model

for the different depth reconstructions of the dragon model. A kernel

depth of 6 was used for density estimation.
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Figure 8: Several images of the reconstruction of the head of Michelangelo’s David, obtained running our algorithm with a maximum tree

depth of 11. The ability to reconstruct the head at such a high resolution allows us to make out the fine features in the model such as the inset

iris, the drill marks in the hair, the chip on the eyelid, and the creases around the nose and mouth.

Method Time Peak Memory # of Tris.
Power Crust 380 2653 554,332
Robust Cocone 892 544 272,662
FastRBF 4919 796 1,798,154
MPU 28 260 925,240
Hoppe et al 1992 70 330 950,562
VRIP 86 186 1,038,055
FFT 125 1684 910,320
Poisson 263 310 911,390

Table 2: The running time (in seconds), the peak memory usage

(in megabytes), and the number of triangles in the reconstructed

surface of the Stanford Bunny generated by the different methods.

6. Conclusion

We have shown that surface reconstruction can be expressed
as a Poisson problem, which seeks the indicator function that
best agrees with a set of noisy, non-uniform observations,
and we have demonstrated that this approach can robustly
recover fine detail from noisy real-world scans.

There are several avenues for future work:
• Extend the approach to exploit sample confidence values.

• Incorporate line-of-sight information from the scanning
process into the solution process.

• Extend the system to allow out-of-core processing for
huge datasets.
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“Sliding”	  Semi-‐landmarks	  
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Figure 4 – Landmarks (red), curve semilandmarks (orange), and surface semilandmarks (blue) on a modern human cranium. A: Semilandmarks are allowed to slide along tangents
(curves), and tangent planes (surfaces) so as to minimize the thin-plate spline bending energy between this specimen and the Procrustes average shape of the sample. B: After sliding,
the semilandmarks are projected back onto the surface. Arrows connect semilandmarks before and after sliding. In this example, the positions of the semilandmarks change only subtly.

and semilandmarks to approximate the respective tangent planes. After

each sliding step the slid semilandmarks can be projected back onto the

curves or surfaces to ensure that they stay on the form. Whether or not

this projection step is necessary depends on the complexity of the curve,

the number of semilandmarks, and the amount of sliding. Fig. 4A

shows the tangents for each curve semilandmark (orange spheres), and

the two tangent vectors for each surface semilandmark (blue spheres).

Fig. 4B visualizes the semilandmarks before and after sliding (minim-

izing bending energy) in a sample of Homo sapiens crania; it is evident

that in this example the position of the semilandmarks only changes

subtly.

Procrustes sliding vs. bending energy sliding
As mentioned above, there are two alternative computational ap-

proaches to sliding semilandmarks. In both approaches the semiland-

marks slide so as to minimize shape differences between each speci-

men and the average shape in the sample. That is, shape variation due

only to the arbitrary spacing of semilandmarks is reduced. The two

approaches differ in the way shape differences are quantified, and so,

in what is being minimized. In the most common approach, the one

originally published by Bookstein (1997) and Gunz et al. (2005), the

bending energy between all specimens and the average shape is min-

imized by the iterative sliding. Alternatively, it has been suggested to

minimize Procrustes distance instead of bending energy (Fig. 5).

Minimizing bending energy is the optimal solution for producing

transformation grids between specimens because both techniques are

based on the TPS formalism. Bending energy only takes into account

local shape deformation; uniform shape differences such as stretching

and shearing have no effect on bending energy and the sliding process.

Minimizing Procrustes distance, which is faster to compute than min-

imizing bending energy, is a least-squares procedure and more closely

resembles the usual sum-of-squares decomposition in statistics. The

most important difference, however, is the notion of homology impli-

cit in the two approaches. Bending energy is based on all landmarks

and semilandmarks and the “smoothness” of the shape deformation as

a whole. All semilandmarks slide together and are influenced by the

anatomical landmarks. When minimizing Procrustes distance, by con-

trast, each semilandmark slides separately and, apart from the common

Procrustes superimposition, the sliding is not influenced by the other

landmarks and semilandmarks. For instance, when minimizing Pro-

Figure 5 – Procrustes superimposition of 46 modern human crania. A: Semilandmarks were allowed to slide so as to minimize thin-plate spline bending energy between each specimen
and the Procrustes average shape (blue curves). B: Semilandmarks were allowed to slide so as to mimize the Procrustes distance between each specimen and the Procrustes average
shape.
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