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Virtual surgical planning and computer-
aided design and manufacturing systems, 
coupled with three-dimensional printing, 

are powerful tools in reconstructive and aesthetic 
plastic surgery. The key elements are (1) analy-
sis, (2) planning, (3) virtual surgery, (4) implant 
design and production, and (5) postoperative 
analysis. The advantages of virtual surgical plan-
ning are myriad and include enhanced opera-
tive efficiency, accuracy, and reproducibility.1–10 
Furthermore, virtual surgical planning engen-
ders targeted research to foster improved clinical 
understanding, and enables creative solutions to 
achieve the best possible results.

Virtual surgical planning has traditionally empha-
sized bony manipulation, but soft-tissue analysis and 
changes are now possible and equally powerful. 
This moves beyond computed tomography–based 
soft-tissue analysis, to three-dimensional digital pho-
togrammetry to predict the subtleties of soft-tissue 
dynamics within the preoperative and postoperative 
settings.11–14 Although not formally a component of 
virtual surgical planning and computer-aided design 
and manufacturing, much research is focused on 
using three-dimensional digital photography to 
guide treatment and assess the interface between 
soft-tissue and skeletal reconstruction.15,16

As access to computed tomographic and three-
dimensional photographic imaging improves, 

virtual surgical planning and computer-aided 
design and manufacturing procedures will become 
the standard of care. The purpose of this review is 
to introduce the advantages and applications of vir-
tual surgical planning and computer-aided design 
and manufacturing technology, with focus on 
aesthetic and craniomaxillofacial plastic surgery. 
Furthermore, we discuss the utility of three-dimen-
sional photography–based soft-tissue cosmetic anal-
ysis and its applicability to virtual surgical planning.

VIRTUAL SURGICAL PLANNING AND 
COMPUTER-AIDED DESIGN AND 

MANUFACTURING TECHNOLOGY:  
AN OVERVIEW

Analysis
Virtual surgical planning begins with compre-

hensive analysis to understand the diagnosis and take 
steps toward problem-solving solutions. A computed 
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tomographic scan with appropriate parameters is 
required. The raw computed tomographic data 
are converted to structure triangulation language 
format for digital manipulation. The digital three-
dimensional structure is then comprehensively stud-
ied, measured, and objectively documented. Broadly, 
the clinical problems dealt with are typically some 
combination of (1) defect, (2) dysmorphology, and 
(3) malrelationship. Linear, angular, and volumet-
ric measurements, or overlays of “normal” anatomy, 
may be used to quantitatively understand the preop-
erative state. Once characterized, the framework is in 
place to develop surgical goals.

Planning
Endpoint goals of treatment, to address the 

underlying morphology, are next used to formulate 
the surgical plan. For example, defect reconstruc-
tion with an appropriate size/contour material can 
be trialed virtually. A mirror image of the contra-
lateral side may guide reconstruction in a unilat-
eral defect. When no normal tissue or side exists, 
an “average” anatomical overlay can demonstrate 
the requirements of reconstruction. For reposi-
tioning of present structures (e.g., fronto-orbital or 
maxillomandibular), quantitative parameters (e.g., 
cephalometrics) or relationships to nearby ana-
tomical structures (e.g., globe) will direct the mag-
nitude and spatial positioning of these movements. 
Factors of overcorrection, growth, and relapse can 
all be worked into the plan. At this point in the pro-
cess, multiple treatment strategies may be feasible 
and can be compared and contrasted in the next 
phase of virtual surgical planning.

Virtual Surgery
With clear endpoint objectives now established, 

the procedure(s) is(are) carried out within the digi-
tal space. This provides opportunity to run through 
multiple treatment strategies to determine the most 
optimal approach. Comprehensive anatomical 
examination of the reconstruction, or new location 
of repositioned bone, is also enabled. This includes 
inspection from multiple vantage points that are not 
possible intraoperatively (e.g., position of nearby 
vasculature/nerves), and recognition of unantici-
pated consequences, collisions, or problems, before 
performing the actual procedure. Once the defini-
tive virtual surgical planning has been developed, 
treatment guides or implants can next be designed 
to translate the plan to the actual operation.

Implant, Splint, and Treatment Guide Fabrication
Biocompatible implants, splints, or treatment 

guides can be fabricated based on the manipulated 

digital information. In some cases, scanned dental 
cast data are also used. An exact replica model of 
the preoperative and postoperative states can be 
produced if indicated. More critical, however, is 
creation of materials to either be part of the recon-
struction (e.g., permanent cranial implant or cus-
tom plate) or be used to achieve the intraoperative 
osteotomy location or structural position changes 
desired (e.g., temporary cutting guides or splints). 
The temporary cutting guides, jigs, or splints are 
typically only used intraoperatively and are not 
permanently implanted or a part of the definitive 
reconstruction. Multiple materials can be used, 
including biocompatible, high-grade, sterilizable 
plastic or titanium, among others. Rapid prototyp-
ing, or additive manufacturing, can aid in the pro-
duction of computer-assisted design–based files 
and includes three-dimensional printing, stereo-
lithography, selective laser sintering, and direct 
metal laser sintering.

Postoperative Assessment: Planned versus Actual 
Results

Computed tomographic overlay of the 
planned to actual result is undertaken to deter-
mine the procedure accuracy and effectiveness. 
The actual results are morphologically compared 
to the virtual surgical planning, noting the preci-
sion and reproducibility. If an unplanned devia-
tion from the virtual surgical planned result 
occurred, questions as to the surgical execution 
should be raised. Differences in the outcome can 
be correlated with the clinical impact to deter-
mine the significance, and thoughtful inspection 
of results will lead to improved performance and 
fidelity of future outcomes.

VIRTUAL SURGICAL PLANNING AND 
COMPUTER-AIDED DESIGN AND 

MANUFACTURING TECHNOLOGIES IN 
CLINICAL PRACTICE

Case 1: Cranial Defect Reconstruction with an 
Implant and Free Tissue

Diagnosis and Analysis
A 62-year-old woman presented with a postex-

tirpative defect involving the anterior skull base 
and frontal region (Fig. 1, left). She had prior 
failed reconstructions and radiation therapy. 
Problems included obvious contour deformity, 
communication from the oral cavity to the brain, 
and exposed frontal hardware. Computed tomog-
raphy corroborated these findings, showing pre-
frontal dead space and defect location and extent, 
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with an obvious communication between the oral 
cavity and the frontal region (Fig. 1, right).

Goals and Surgical Plan
Surgical goals entailed sealing off the anterior 

cranial base from the oral cavity and restoring the 
frontotemporal contour. Both vascularized and 
alloplastic surgical interventions were deemed 
necessary. A fibula flap was chosen for the cribri-
form area, and custom lower extremity computed 
tomographic data were obtained for planning. A 
custom frontal implant was chosen for reconstruc-
tion of the forehead region.

Virtual Surgery and Implant Fabrication
The native frontal bone flap was digitally 

subtracted and a custom forehead implant devel-
oped using digital clay and premorbid computed 
tomography (Fig. 2, above, left). A digital fibular 
graft was harvested, placing flexor hallucis longus 
muscle and bone into the skull base defect and 
drawing out the pedicle to the right superficial 
temporal vessels. The custom polyetherether-
ketone implant was printed and placed on the 
patient’s skull biomodel. Cutting guides for the 
fibula graft were produced.

Comparison of Actual to Planned Results
The patient underwent the surgery as planned 

(Fig. 2, below, left), and overlays demonstrated con-
sistency between the planned and actual results. 
Comparison of preoperative and postoperative 

imaging and clinical examinations demonstrated 
significant improvement of the contour irregu-
larities and closure of the anterior cranial base 
(Fig. 2, right).

Case 2: Metopic Craniosynostosis
Diagnosis and Analysis
A 7-month-old boy presented with trigono-

cephaly and confirmed metopic suture fusion by 
computed tomographic imaging (Fig. 3), omega 
sign, and bitemporal narrowing. Three-dimen-
sional analysis revealed a diminished endocranial 
angle (<125 degrees).

Goals and Surgical Plan
Treatment goals included expansion of the 

bitemporal distance, lateral orbital advancement, 
and rounding of the forehead contour. A planned 
fronto-orbital bandeau would be split and widened 
at the midline. The endocranial angle would be 
opened to over 145 degrees (from <125 degrees). 
The expansion and advancement would be over-
corrected to offset potential decreased growth 
and/or relapse.

Virtual Surgery and Intraoperative Template 
Fabrication

The digital fronto-orbital bandeau was 
advanced, widened, and rounded (Fig. 4, left). 
The correction of trigonocephaly was gauged to 
a more obtuse endocranial angle (>145 degrees). 

Fig. 1. (Left) a 62-year-old woman demonstrating obvious postextirpative forehead, temple, and 
nasal contour defects. (Right) computed tomographic imaging showing frank communication 
between the oral cavity and frontal region (arrow). 
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The neobandeau was repositioned and expansion, 
overlap, and overall symmetry were visualized from 
all vantage points. A guide, or bandeau cradle, 
was printed three-dimensionally to this position, 
for translation intraoperatively; other guides were 
printed for the native fronto-orbital position, and 
to guide forward advancement.

Comparison of Actual to Planned Results
The patient underwent the planned procedure 

(Fig. 4, right, and Fig. 5). Comparison of planned 
to actual results demonstrated consistency.

Case 3: Midface Advancement
Diagnosis and Analysis
A 12-year-old girl presented with Crouzon 

syndrome, exorbitism, and midface deficiency. 
Computed tomographic imaging confirmed the 

dysmorphology, including midface retrusion, short 
nasal length, and an anterior crossbite (Fig. 6, left).

Goals and Surgical Plan
Surgical goals included enlarging the orbital 

cavity to correct exorbitism, improving midface 
support, opening the nasal airway, normalizing 
nasal morphology, enhancing upper lip support, 
and improving occlusal relationships using mid-
face advancement. The normal sagittal-orbital 
globe relationship was chosen to guide movement 
(Fig. 6, right).17 Given her age of 12 years, only 
minimal overcorrection would be implemented.

Virtual Surgery and Intraoperative Splint 
Fabrication

Multiple surgical possibilities to meet these goals 
were digitally considered: Le Fort III alone; Le Fort 

Fig. 2. (Above, left) simulated implant and cranial base fibular graft (outlined in red). (Below, left) 
Intraoperative frontal implant placement and (right) preoperative three-dimensional photo-
graph with postoperative three-dimensional photograph silhouette overlay demonstrating 
improved facial contour.
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I with malar augmentation; segmentalized Le Fort 
III into Le Fort II and zygoma components; or Le 
Fort III with Le Fort I (Fig. 7, above). A single-stage 

Le Fort III procedure was decided on. Nonana-
tomical digital cuts allowed for ease of planning 
(of note, exact osteotomies in the precise planned 
location can be performed, if desired). The Le Fort 

Fig. 3. a 7-month-old boy presented with trigonocephaly 
with confirmed closure of the metopic suture on computed 
tomography. 

Fig. 4. (Left) virtual surgical simulation of the fronto-orbital bandeau advancement and expansion. (Right) Intraopera-
tive photograph of the reconstructed frontal bone and cranial vault. 

Fig. 5. Immediate postoperative computed tomography–based 
three-dimensional reconstruction.
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III segment was virtually moved in space based on 
reference points, morphology, and experience. The 
segment was advanced and lengthened to achieve 
normal relationships at the anterior cornea to the 
inferolateral and lateral orbit. Overall midface sup-
port, nasal length, and occlusion were also taken 
into consideration. The final position was then 
assessed for symmetry, and comparison to the origi-
nal and to norms. The magnitude of movement 
was then measured along multiple locations. Based 
on this virtual surgical planning position, a custom 
occlusal splint was fabricated with a slot to allow an 
endotracheal tube to pass through to avoid require-
ment for intraoperative endotracheal tube change.3

Comparison of Actual to Planned Results
Postoperative analysis demonstrated consis-

tency between the planned and actual results and 
improvement in clinical examination (Fig. 7).

Case 4: Mandibular Distraction
Diagnosis and Analysis
A 1-month-old patient presented with Pierre 

Robin sequence. Clinical and three-dimensional 
analysis showed severe microretrognathia, glos-
soptosis, and cleft palate (Fig. 8). The airway space 
on sagittal view was narrowed because of tongue 
position, as a function of the retruded mandible.

Goals and Surgical Plan
The goals were to (1) open the airway and ame-

liorate obstructive apnea; and (2) regenerate man-
dibular bone stock during distraction osteogenesis, 
with overcorrected mandibular body length.

Virtual Surgery and Intraoperative Guide 
Fabrication

Osteotomy location, device selection, and vec-
tor were all inspected using virtual surgical plan-
ning (Fig. 9). Position of tooth buds, inferior 
alveolar nerve, and lingula guided the approach. 
The type, length, and vector of device were cho-
sen based on computed tomographic measure-
ments and surgeon experience and preference. 
The distal segment was anteriorly positioned to 
the goal location, and the device position and tra-
jectory were reverse-engineered back to the start-
ing point. Symmetry and midline positions were 
taken into account. Cutting guides were prefabri-
cated to fit onto the inferior mandibular border 
to orient the corticotomy position and register the 
corresponding hole and footplate location of the 
chosen distractor.

Comparison of Actual to Planned Results
Distraction occurred over 10 days. Preopera-

tive and postoperative comparison demonstrated 
increased mandibular length, enlarged airway, 
and an anterior crossbite (Fig. 10).

Case 5: Mandibular Reconstruction
Diagnosis and Analysis
A 42-year-old man presented with comminu-

tion and avulsive loss of maxillomandibular struc-
ture following gunshot wound. Three-dimensional 
analysis demonstrated central defect of the man-
dible with absence of the central and left maxillary 
alveolus (Fig. 11, left). We previously stabilized the 

Fig. 6. (Left) a 12-year-old girl with crouzon syndrome demonstrated typical features of the disorder, including 
midface deficiency, ocular proptosis, and hypertelorism. (Right) computed tomographic image demonstrating 
preoperative and planned sagittal orbital-globe relationship (green outline). 
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nasal-orbital-midface regions, with both rigid fixa-
tion and a dental splint to hold the mandibular 
proximal segments in an overexpanded fashion 
(to prevent central soft-tissue contracture and col-
lapse). Dimensions of the defect were measured.

Goals and Surgical Plan
The initial reconstructive goal was to correct 

the central mandibular defect. The proximal seg-
ments would be properly positioned in space and 
the intervening central mandibular defect would 
be reconstructed with a vascularized fibula in 
segments.

Virtual Surgery and Intraoperative Guide 
Fabrication

A stock, similar sized mandible was overlaid 
to provide a template for digital reconstruction. 

Such overlay aids in determining the number 
of fibular segments, their size, orientation, and 
wedge ostectomies required (Fig. 11, right). A 
model of the patient’s reconstructed mandible 
was printed for direct visualization before the 
procedure. Once finalized, a dental splint to 
facilitate intraoperative proximal segment and 
graft positioning, a fibular harvesting guide 
(from the patient’s lower extremity computed 
tomographic angiography scan), and prebent 
hardware fixation plate were fabricated (Fig. 12, 
above, left).

Comparison of Actual to Planned Results
Postoperative analysis of planned and actual 

results demonstrated consistency (Fig. 12, below, 
left, and right).

Fig. 7. (Above) virtual surgical simulation of le Fort III (left) and actual postoperative computed 
tomography–based three-dimensional image (right). (Below) Postoperative clinical examination 
at more than 12 months demonstrating significant improvement in midfacial volume.
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Fig. 8. a 1-month-old boy presented with a mandibular retrusion. computed tomographic scan dem-
onstrated a hypoplastic mandible. 

Fig. 9. virtual surgical simulation demonstrating distractor placement 
with visualization of the nerves and tooth buds. 

Fig. 10. Postoperative computed tomographic scan and clinical examination demonstrated mandibular 
overcorrection and airway enlargement.
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Fig. 12. (Above, left) harvested and fashioned fibular graft before inset. (Below, left) Planned and (right) actual 
results of the neomandible.

Fig. 11. (Left) a 42-year-old man sustained a traumatic gunshot wound with comminution and avulsive loss of the 
maxillomandibular structure as revealed by computed tomography–based three-dimensional volume-rendered 
imaging. (Right) virtual surgical planning of a neomandible using a microvascular fibular bone flap; a “normative” 
mandible was superimposed to help guide the planning process (red). 
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Case 6: Orthognathic Surgery
Diagnosis and Analysis
A 24-year-old patient presented with midface 

hypoplasia, class III malocclusion, mandibular 
asymmetry, and nasal deformity (Fig. 13). Three-
dimensional imaging confirmed the clinical obser-
vations and allowed for quantitative analysis.

Goals and Surgical Plan
Cephalometrics and gestalt analysis corrobo-

rated the malpositions in space and the extent of 
the deformity. Proper maxillomandibular posi-
tions and occlusal relationships with correction 
of asymmetry and cant were the surgical goals. Le 
Fort I advancement and sagittal split with rotation 
was determined to be required; chin advancement 
by means of genioplasty was also planned (Fig. 14, 
left), and a staged rhinoplasty would be performed 
to address the nasal deformity.

Virtual Surgery and Splint Fabrication
Virtual surgical planning and bony movements 

were visualized in light of soft-tissue positions, 
and postmovement cephalometrics were double-
checked. Occlusal splints were made to achieve 
the desired movements, based on scanned dental 
casts set in occlusion. A mandible-first sequence 
was implemented with the intermediate splint. 
The final splint was generated to incorporate the 
maxillary movement.

Comparison of Actual to Planned Results
Postoperative analysis demonstrated enhanced 

midface fullness and balanced facial harmony, with 
a symmetric chin and improved lip support; how-
ever, the relative nasal tip support and columellar 
dimensions, as anticipated, did not improve. Four 
months later, the patient underwent rhinoplasty 
(Fig. 14).

DISCUSSION
Translation of a preoperative plan to the 

actual surgery has long been recognized as critical 
to achieve the best possible results. Radiographic 
cephalometry is perhaps the first example of 
using pretreatment imaging to gauge and guide 
intervention. “Normative” cephalometric val-
ues, though imperfect, can direct treatment and 
improve aesthetic and functional outcomes, and 
permit assessment of long-term stability, growth, 
and relapse. However, the traditional two-dimen-
sional nature, with tracing paper “cutouts,” is 
prone to landmark error and overlap of struc-
tures, and does not allow complex three-dimen-
sional movements or the ability to print splints. In 

addition, there is less emphasis on other craniofa-
cial regions, and the ability to assess volumes and 
soft tissues is limited.

The origins of three-dimensional data acqui-
sition and computer-aided design and manufac-
turing technology stem from innovations in the 
automotive and aerospace industries. Fueled by 
the desire for improved accuracy and fidelity in 
surgical results, this technology, in combination 
with computed tomographic imaging modali-
ties, has enabled reconstructive surgeons the 
ability to visualize anatomy with respect to spatial 
dimensions and tissue types (bone, soft tissue, 
and dentition).1,18–20 Virtual surgical planning and 
computer-aided design and manufacturing tech-
nologies are powerful tools, with vast applicability 
extending beyond orthognathic and craniofacial 
reconstruction to complex reconstructions of the 
head and neck, trunk, and extremities, with bony, 
soft-tissue, and aesthetic considerations in all spa-
tial dimensions.

Three-dimensional analysis and virtual surgical 
planning allow for (1) consideration of preopera-
tive morphology and diagnosis; (2) manipulation 
of the digital anatomy in space; (3) finalizing a 
virtual surgical plan; (4) manufacturing of guides, 
splints, or implants to precisely translate the vir-
tual to the actual procedure; and (5) assessment 
of actual to planned results. These tenets can be 
applied across the spectrum of problems in recon-
structive surgery, including bony and soft-tissue 
defects, dysmorphology, and malposition/malre-
lationship. Importantly, computer-aided design 
and manufacturing technologies have enabled 
accurate transfer of the digital plan intraopera-
tively, using jigs, guides, and implants in both allo-
plastic and autologous-based techniques.3,4,7–10,21

Cranial defect reconstruction represents one 
of the earliest applications for computer-aided 
design and manufacturing–produced biocom-
patible custom implants. Polyetheretherketone, 
ceramic, titanium, and other materials have been 
used for this indication.22–25 Digital creation of 
the implant can be facilitated by superimposing 
a “normal” skull or the unaffected, contralateral 
side (if possible) over the defect for a hand-in-
glove type fit. More recently, planning of vascu-
larized tissue transfer to the cranial region has 
become possible, using virtual surgical planning, 
when indicated.26 As our case example demon-
strated, a combination of both modalities can be 
effectively planned in unison for complex cranio-
facial defects (Figs. 1 and 2).

Virtual surgical planning in cranial vault 
remodeling for craniosynostosis also has benefits. 
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Surgical simulation and creation of an individual-
ized template and cutting guides allow for accu-
rate planning in cranial vault remodeling. The 
digitized bone segments are repositioned based 
on described normal angles or distances, and 

can be overcorrected in position to account for 
growth disturbances or relapse.4,5,27–29 The use of 
intraoperative computer-aided design and manu-
facturing bandeau templates has demonstrated 
enhanced reproducibility and accuracy over 

Fig. 13. (Left) Photograph and (right) three-dimensional volume-rendered computed tomographic 
image of a 24-year-old woman with lateral mandibular deviation, midface deficiency, class III maloc-
clusion, and nasal deformity. 

Fig. 14. (Left) Photograph of the patient at more than 6 months postoperatively after undergoing the 
planned procedure and a septorhinoplasty to improve nasal support. note significant improvement 
in midfacial volume and maxillomandibular alignment without facial asymmetry or a nasal defor-
mity. (Right) Three-dimensional volume-rendered computed tomographic image of a planned le 
Fort I with advancement and sagittal split osteotomy and chin advancement genioplasty. 
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traditional, non–template-based surgical recon-
struction.30 An alternative to custom bandeau cre-
ation is a stock “average” bandeau cradle to assist 
in repositioning of segments based on age- and 
sex-specific pediatric skull measurements and 
models31 or other standardized templates (i.e., 
Marchac forehead template).

Planning mandibular distraction osteogenesis 
for retrognathia-based airway obstruction in infants 
and young children also benefits from computer-
aided design and manufacturing. Virtual surgical 
planning allows for consideration of device type, 
osteotomy location and orientation, presence of 
tooth buds and anatomical structures, distraction 
length and vector, and soft-tissue changes. Recent 
studies have demonstrated usefulness in vector 
planning and operative guide position, with rea-
sonable predictability in distraction length, using 
virtual surgical planning for mandibular distrac-
tion.32–34 Ongoing research to better character-
ize mandibular morphology and predict airway 
changes following distraction will provide objective 
goals to guide surgical treatment and outcomes.35–39

Reconstruction of facial defects following soft-
tissue and bony extirpation carries both functional 
and aesthetic considerations. Large composite 
mandibular defects are typically reconstructed 
with vascularized tissue, such as the fibula free flap, 
especially when postsurgical irradiation is contem-
plated. Free-hand fashioning of the bone segments 
and reconstruction plate is possible but prone to 
gross inaccuracies. Virtual surgical planning allows 
for precise defect creation for the resection, which 
then permits planning of the exact dimensions 
needed for reconstruction. The peroneal pedicle 
is visualized on lower extremity computed tomo-
graphic angiography, and the number and orien-
tation of fibular bone segments, with intervening 
wedge osteotomies, can be planned digitally, and 
the resultant remaining pedicle length can be mea-
sured. Cutting guides are created to ensure the 
digital plan is accurately carried out in situ. Impor-
tantly, a prebent reconstruction plate (or a custom 
milled plate is also possible)40 is created based on 
the native mandibular and fibular anatomy to be 
used in the construct. In preoperative cases with an 
expansile or erosive lesion, the orientation of the 
fibula construct and required segments are deter-
mined by overlaying a mirror image mandible, or 
superimposing a normal, similar size mandible, if 
no such mirror image exists (Fig. 13, right). Com-
puter-aided design and manufacturing planning 
ensures proper neomandibular anatomical align-
ment (including occlusal and condylar relation-
ships), function, and cosmesis. Multiple studies 

have demonstrated a marked benefit with virtual 
surgical planning and computer-aided design 
and manufacturing technologies in fibula free 
flap–based mandibular reconstruction, including 
enhanced operative precision and accuracy and 
decreased ischemia and operative time.9,10,41–43 Vir-
tual surgical planning and computer-aided design 
and manufacturing–based mandibular reconstruc-
tion also facilitates the introduction of immediate 
osseointegrated dental implants into the neoman-
dibular bony construct.44

The roots of virtual surgical planning origi-
nate from orthognathic surgery. Much research 
therefore exists focused on improving orthogna-
thic aesthetic and functional outcomes with virtual 
surgical planning.1,2,20 Virtual surgical planning in 
orthognathic surgery permits the surgeon to take 
the dentoskeletal and soft tissues into consideration 
during the preoperative evaluation and adjust cant, 
yaw, roll, or other asymmetries in all planes of space. 
Planned postoperative occlusion is a critical factor 
in these cases, but virtual surgical planning allows 
the plan and result to move far beyond “occlusal-
only” treatment plans.45 Traditionally, splints are 
fabricated from dental casts to help guide dento-
skeletal alignment; however, computer-aided design 
and manufacturing–generated cutting guides and 
patient-specific positioning guides for maxillary 
repositioning have been shown to be viable options 
over intermediate splints.46,47 [See Figure, Supple-
mental Digital Content 1, which shows splint fab-
rication and use in virtual surgical planning. (Left) 
Three-dimensional volume-rendered computed 
tomographic images of the craniofacial skeleton of 
a young male Apert syndrome patient with planned 
occlusal splint in place with addition of an inverted 
U-shaped groove within the splint along the upper 
maxillary component to permit oral endotracheal 
intubation. (Above, right) Intraoral view and maxil-
lary/mandibular views with dental impressions of 
the virtual surgical planning–generated occlusal 
splint, http://links.lww.com/PRS/B623.] Splint fab-
rication is based on computed tomographic data 
fused with digital dental models (either scanned 
stone casts, or structure triangulation language 
models), and printed based on the intermediate 
and final occlusal position as described previously.3 
In addition, virtual surgical planning permits a more 
streamlined approach to complex cases involving a 
mandible-first sequence, segmental double-jaw pro-
cedures, or surgery-first approaches.

Despite the many advantages of virtual surgi-
cal planning, disadvantages may exist. Critics tout 
the increased upfront cost of planning (although 
this is likely offset by reduced operative time).43 

http://links.lww.com/PRS/B623
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In addition, in cases where the defect to be recon-
structed proves larger than the plan (e.g., a larger 
resection performed because of positive margins), 
the exact planned dimensions of the reconstruc-
tion will require alteration. As a result, the authors 
typically wait for the final defect size to be created 
before definitive graft shaping. In these instances, 
the reconstruction is extended beyond the guide 
to enable these changes. Typically, if a prebent 
plate is used, the extent of the new dimensions 
can be marked and transferred.

Soft-tissue simulations for cosmetic predictions 
and assessment of results are also powerful appli-
cations of three-dimensional technology, although 
objective data have been lacking. Roostaeian and 
Adams reported a strong correlation between preop-
erative simulations and actual postoperative breast 
volumes.48 The simulations also prove to increase 
the patient conversion to surgery, and enhance 
their overall experience.48 Modules and predictions 
are possible for face lift, facial augmentation, genio-
plasty, rhinoplasty, breast lift, and abdominoplasty as 
well. These tools are effective communication tools 
and, if used properly, can provide a realistic sense of 
actual results. Precise, mathematical algorithms are 
not possible, relating to soft-tissue response alone. 
However, when bony movements are involved, the 
fusion of computed tomographic data and three-
dimensional photographs will permit improved 
morphologic understanding. (See Figure, Supple-
mental Digital Content 2, which presents a case 
illustrating the use of preoperative virtual surgical 
planning for aesthetic breast surgery, http://links.
lww.com/PRS/B624.)

Predicting the soft-tissue response to soft-tis-
sue and skeletal manipulation is the next horizon 
in virtual surgical planning technology. To date, 
the utility of surgical simulations with the use 
of virtual surgical planning is limited given the 
complexity and unpredictable nature of soft tis-
sues. In particular, surgical simulation algorithms 
aimed at predicting lip movement in response to 
orthognathic surgery have mostly been in the two-
dimensional sphere and have shown only limited 
predictability.13,14 The combination and interplay 
of three-dimensional computed tomography and 
three-dimensional photogrammetry have proven 
to be useful for characterizing the soft-tissue 
changes in response to orthognathic surgery.15,16

As technologies advance, soft-tissue surgical 
simulations will become an integral part of virtual 
surgical planning to enhance outcomes and provide 
greater communication between the physician and 
patient. With this comes the challenge of balancing 
both the patient’s needs and realistic expectations.

CONCLUSIONS
Three-dimensional analysis and planning is 

a powerful tool in plastic and reconstructive sur-
gery. The five core components of three-dimen-
sional analysis and planning include (1) analysis, 
(2) planning, (3) virtual surgery, (4) three-dimen-
sional printing, and (5) comparison of planned to 
actual results. Despite the many advantages of this 
technology, it cannot replace a surgeon’s clinical 
judgment or technical skill, and does not guar-
antee an ideal or perfect result. However, when 
properly implemented, virtual surgical planning 
and computer-aided design and manufacturing 
technology enhances efficiency, accuracy, repro-
ducibility, and creativity in aesthetic and cranio-
maxillofacial plastic surgery.

Derek M. Steinbacher, M.D., D.M.D.
Yale Plastic and Reconstructive Surgery

3rd Floor, Boardman Building
330 Cedar Street

New Haven, Conn. 06520
derek.steinbacher@yale.edu

ACkNOWLEDGMENT
This work was supported by the Charles Ohse Grant, 

Yale University School of Medicine, Department of Surgery.

REFERENCES
 1. Gateno J, Teichgraeber JF, Xia JJ. Three-dimensional surgi-

cal planning for maxillary and midface distraction osteogen-
esis. J Craniofac Surg. 2003;14:833–839.

 2. Hirsch DL, Garfein ES, Christensen AM, Weimer KA, 
Saddeh PB, Levine JP. Use of computer-aided design and 
computer-aided manufacturing to produce orthognathically 
ideal surgical outcomes: A paradigm shift in head and neck 
reconstruction. J Oral Maxillofac Surg. 2009;67:2115–2122.

 3. Chang CC, Steinbacher DM. Novel splint allowing concur-
rent midface and occlusal control during orotracheal intuba-
tion. J Craniofac Surg. 2012;23:571–572.

 4. Diluna ML, Steinbacher DM. Simulated fronto-orbital 
advancement achieves reproducible results in metopic syn-
ostosis. J Craniofac Surg. 2012;23:e231–e234.

 5. Shah A, Patel A, Steinbacher DM. Simulated frontoor-
bital advancement and intraoperative templates enhance 
reproducibility in craniosynostosis. Plast Reconstr Surg. 
2012;129:1011e–1012e.

 6. Saad A, Winters R, Wise MW, Dupin CL, St Hilaire H. Virtual 
surgical planning in complex composite maxillofacial recon-
struction. Plast Reconstr Surg. 2013;132:626–633.

 7. Barrera JE. Virtual surgical planning improves surgical 
outcome measures in obstructive sleep apnea surgery. 
Laryngoscope 2014;124:1259–1266.

 8. Kim DS, Woo SY, Yang HJ, et al. An integrated orthogna-
thic surgery system for virtual planning and image-guided 
transfer without intermediate splint. J Craniomaxillofac Surg. 
2014;42:2010–2017.

 9. Metzler P, Geiger EJ, Alcon A, Ma X, Steinbacher DM. 
Three-dimensional virtual surgery accuracy for free fibula 

http://links.lww.com/PRS/B624
http://links.lww.com/PRS/B624
mailto:derek.steinbacher@yale.edu


Copyright © 2016 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

616e

Plastic and Reconstructive Surgery • March 2016

mandibular reconstruction: Planned versus actual results.  
J Oral Maxillofac Surg. 2014;72:2601–2612.

 10. Stirling Craig E, Yuhasz M, Shah A, et al. Simulated surgery 
and cutting guides enhance spatial positioning in free fibu-
lar mandibular reconstruction. Microsurgery 2015;35:29–33.

 11. Heike CL, Upson K, Stuhaug E, Weinberg SM. 3D digital ste-
reophotogrammetry: A practical guide to facial image acqui-
sition. Head Face Med. 2010;6:18.

 12. Tzou CH, Artner NM, Pona I, et al. Comparison of three-
dimensional surface-imaging systems. J Plast Reconstr Aesthet 
Surg. 2014;67:489–497.

 13. Kaipatur NR, Flores-Mir C. Accuracy of computer programs 
in predicting orthognathic surgery soft tissue response.  
J Oral Maxillofac Surg. 2009;67:751–759.

 14. Nadjmi N, Defrancq E, Mollemans W, Hemelen GV, Bergé 
S. Quantitative validation of a computer-aided maxillofacial 
planning system, focusing on soft tissue deformations. Ann 
Maxillofac Surg. 2014;4:171–175.

 15. Metzler P, Geiger EJ, Chang CC, Sirisoontorn I, Steinbacher DM. 
Assessment of three-dimensional nasolabial response to Le Fort 
I advancement. J Plast Reconstr Aesthet Surg. 2014;67:756–763.

 16. Metzler P, Geiger EJ, Chang CC, Steinbacher DM. Surgically 
assisted maxillary expansion imparts three-dimensional 
nasal change. J Oral Maxillofac Surg. 2014;72:2005–2014.

 17. Mulliken JB, Godwin SL, Pracharktam N, Altobelli DE. The 
concept of the sagittal orbital-globe relationship in craniofa-
cial surgery. Plast Reconstr Surg. 1996;97:700–706.

 18. Altobelli DE, Kikinis R, Mulliken JB, Cline H, Lorensen W, 
Jolesz F. Computer-assisted three-dimensional planning in 
craniofacial surgery. Plast Reconstr Surg. 1993;92:576–585; dis-
cussion 586.

 19. Vannier MW, Marsh JL. Three-dimensional imaging, surgical 
planning, and image-guided therapy. Radiol Clin North Am. 
1996;34:545–563.

 20. Xia J, Ip HH, Samman N, et al. Computer-assisted three-
dimensional surgical planning and simulation: 3D virtual 
osteotomy. Int J Oral Maxillofac Surg. 2000;29:11–17.

 21. Stokbro K, Aagaard E, Torkov P, Bell RB, Thygesen T. Virtual 
planning in orthognathic surgery. Int J Oral Maxillofac Surg. 
2014;43:957–965.

 22. Cabraja M, Klein M, Lehmann TN. Long-term results fol-
lowing titanium cranioplasty of large skull defects. Neurosurg 
Focus 2009;26:E10.

 23. Cui J, Chen L, Guan X, Ye L, Wang H, Liu L. Surgical planning, 
three-dimensional model surgery and preshaped implants 
in treatment of bilateral craniomaxillofacial post-traumatic 
deformities. J Oral Maxillofac Surg. 2014;72:1138.e1–1138.14.

 24. Jardini AL, Larosa MA, Maciel Filho R, et al. Cranial recon-
struction: 3D biomodel and custom-built implant cre-
ated using additive manufacturing. J Craniomaxillofac Surg. 
2014;42:1877–1884.

 25. Kung WM, Chen ST, Lin CH, Lu YM, Chen TH, Lin MS. 
Verifying three-dimensional skull model reconstruction 
using cranial index of symmetry. PLoS One 2013;8:e74267.

 26. Brown EN, Yuan N, Stanwix M, Rodriguez ED, Dorafshar 
AH. Frontal sinus mucocele development in an adult patient 
with Apert syndrome. J Craniofac Surg. 2013;24:321–323.

 27. Beckett JS, Chadha P, Persing JA, Steinbacher DM. 
Classification of trigonocephaly in metopic synostosis. Plast 
Reconstr Surg. 2012;130:442e–447e.

 28. Beckett JS, Persing JA, Steinbacher DM. Bilateral orbital 
dysmorphology in unicoronal synostosis. Plast Reconstr Surg. 
2013;131:125–130.

 29. Ezaldein HH, Metzler P, Persing JA, Steinbacher DM. Three-
dimensional orbital dysmorphology in metopic synostosis.  
J Plast Reconstr Aesthet Surg. 2014;67:900–905.

 30. Khechoyan DY, Saber NR, Burge J, et al. Surgical outcomes 
in craniosynostosis reconstruction: The use of prefabricated 
templates in cranial vault remodelling. J Plast Reconstr Aesthet 
Surg. 2014;67:9–16.

 31. Saber NR, Phillips J, Looi T, et al. Generation of normative 
pediatric skull models for use in cranial vault remodeling 
procedures. Childs Nerv Syst. 2012;28:405–410.

 32. Chen Y, Niu F, Yu B, Liu J, Wang M, Gui L. Three-dimensional 
preoperative design of distraction osteogenesis for hemifa-
cial microsomia. J Craniofac Surg. 2014;25:184–188.

 33. Sun H, Li B, Zhao Z, Zhang L, Shen SG, Wang X. Error 
analysis of a CAD/CAM method for unidirectional mandib-
ular distraction osteogenesis in the treatment of hemifacial 
microsomia. Br J Oral Maxillofac Surg. 2013;51:892–897.

 34. Doscher ME, Garfein ES, Bent J, Tepper OM. Neonatal 
mandibular distraction osteogenesis: Converting virtual 
surgical planning into an operative reality. Int J Pediatr 
Otorhinolaryngol. 2014;78:381–384.

 35. Pfaff MJ, Metzler P, Kim Y, Steinbacher DM. Mandibular vol-
umetric increase following distraction osteogenesis. J Plast 
Reconstr Aesthet Surg. 2014;67:1209–1214.

 36. Steinbacher DM, Bartlett SP. Relation of the mandibular 
body and ramus in Treacher Collins syndrome. J Craniofac 
Surg. 2011;22:302–305.

 37. Steinbacher DM, Gougoutas A, Bartlett SP. An analysis of 
mandibular volume in hemifacial microsomia. Plast Reconstr 
Surg. 2011;127:2407–2412.

 38. Tahiri Y, Viezel-Mathieu A, Aldekhayel S, Lee J, Gilardino 
M. The effectiveness of mandibular distraction in improving 
airway obstruction in the pediatric population. Plast Reconstr 
Surg. 2014;133:352e–359e.

 39. Travieso R, Terner J, Chang C, et al. Mandibular volumet-
ric comparison of treacher collins syndrome and hemifacial 
microsomia. Plast Reconstr Surg. 2012;129:749e–751e.

 40. Matros E, Santamaria E, Cordeiro PG. Standardized tem-
plates for shaping the fibula free flap in mandible recon-
struction. J Reconstr Microsurg. 2013;29:619–622.

 41. Succo G, Berrone M, Battiston B, et al. Step-by-step surgi-
cal technique for mandibular reconstruction with fibular 
free flap: Application of digital technology in virtual surgical 
planning. Eur Arch Otorhinolaryngol. 2015;272:1491–1501.

 42. Seruya M, Fisher M, Rodriguez ED. Computer-assisted ver-
sus conventional free fibula flap technique for craniofacial 
reconstruction: An outcomes comparison. Plast Reconstr Surg. 
2013;132:1219–1228.

 43. Hanasono MM, Skoracki RJ. Computer-assisted design and 
rapid prototype modeling in microvascular mandible recon-
struction. Laryngoscope 2013;123:597–604.

 44. Avraham T, Franco P, Brecht LE, et al. Functional outcomes 
of virtually planned free fibula flap reconstruction of the 
mandible. Plast Reconstr Surg. 2014;134:628e–634e.

 45. Adolphs N, Liu W, Keeve E, Hoffmeister B. RapidSplint: 
Virtual splint generation for orthognathic surgery. Results of 
a pilot series. Comput Aided Surg. 2014;19:20–28.

 46. Li B, Zhang L, Sun H, Yuan J, Shen SG, Wang X. A novel 
method of computer aided orthognathic surgery using 
individual CAD/CAM templates: A combination of oste-
otomy and repositioning guides. Br J Oral Maxillofac Surg. 
2013;51:e239–e244.

 47. Gander T, Bredell M, Eliades T, Rucker M, Essig H. 
Splintless orthognathic surgery: A novel technique using 
patient-specific implants (PSI). J Craniomaxillofac Surg. 
2015;43:319–322.

 48. Roostaeian J, Adams WP Jr. Three-dimensional imaging for 
breast augmentation: Is this technology providing accurate 
simulations? Aesthet Surg J. 2014;34:857–875.


