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Summary: Three-dimensional analysis and planning is a powerful tool in plastic and reconstructive surgery, enabling improved diagnosis, patient education
and communication, and intraoperative transfer to achieve the best possible
results. Three-dimensional planning can increase efficiency and accuracy, and
entails five core components: (1) analysis, (2) planning, (3) virtual surgery,
(4) three-dimensional printing, and (5) comparison of planned to actual results. The purpose of this article is to provide an overview of three-dimensional
virtual planning and to provide a framework for applying these systems to
clinical practice. (Plast. Reconstr. Surg. 137: 603e, 2016.)
CLINICAL QUESTION/LEVEL OF EVIDENCE: Therapeutic, V.

V

irtual surgical planning and computeraided design and manufacturing systems,
coupled with three-dimensional printing,
are powerful tools in reconstructive and aesthetic
plastic surgery. The key elements are (1) analysis, (2) planning, (3) virtual surgery, (4) implant
design and production, and (5) postoperative
analysis. The advantages of virtual surgical planning are myriad and include enhanced operative efficiency, accuracy, and reproducibility.1–10
Furthermore, virtual surgical planning engenders targeted research to foster improved clinical
understanding, and enables creative solutions to
achieve the best possible results.
Virtual surgical planning has traditionally emphasized 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 photogrammetry 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 threedimensional photographic imaging improves,
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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 virtual surgical planning and computer-aided design
and manufacturing technology, with focus on
aesthetic and craniomaxillofacial plastic surgery.
Furthermore, we discuss the utility of three-dimensional photography–based soft-tissue cosmetic analysis 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 comprehensive 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 threedimensional structure is then comprehensively studied, 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 volumetric measurements, or overlays of “normal” anatomy,
may be used to quantitatively understand the preoperative 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 reconstruction with an appropriate size/contour material can
be trialed virtually. A mirror image of the contralateral side may guide reconstruction in a unilateral defect. When no normal tissue or side exists,
an “average” anatomical overlay can demonstrate
the requirements of reconstruction. For repositioning of present structures (e.g., fronto-orbital or
maxillomandibular), quantitative parameters (e.g.,
cephalometrics) or relationships to nearby anatomical structures (e.g., globe) will direct the magnitude and spatial positioning of these movements.
Factors of overcorrection, growth, and relapse can
all be worked into the plan. At this point in the process, 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 digital 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 unanticipated consequences, collisions, or problems, before
performing the actual procedure. Once the definitive 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 reconstruction (e.g., permanent cranial implant or custom 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 prototyping, or additive manufacturing, can aid in the production of computer-assisted design–based files
and includes three-dimensional printing, stereolithography, 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 determine the procedure accuracy and effectiveness.
The actual results are morphologically compared
to the virtual surgical planning, noting the precision and reproducibility. If an unplanned deviation 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 determine 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 postextirpative 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 tomography corroborated these findings, showing prefrontal dead space and defect location and extent,
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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).

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 cribriform area, and custom lower extremity computed
tomographic data were obtained for planning. A
custom frontal implant was chosen for reconstruction of the forehead region.
Virtual Surgery and Implant Fabrication
The native frontal bone flap was digitally
subtracted and a custom forehead implant developed 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 polyetheretherketone 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 consistency between the planned and actual results.
Comparison of preoperative and postoperative

imaging and clinical examinations demonstrated
significant improvement of the contour irregularities and closure of the anterior cranial base
(Fig. 2, right).
Case 2: Metopic Craniosynostosis
Diagnosis and Analysis
A 7-month-old boy presented with trigonocephaly and confirmed metopic suture fusion by
computed tomographic imaging (Fig. 3), omega
sign, and bitemporal narrowing. Three-dimensional 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 overcorrected 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).
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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 photograph with postoperative three-dimensional photograph silhouette overlay demonstrating
improved facial contour.

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

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

Fig. 5. Immediate postoperative computed tomography–based
three-dimensional reconstruction.

Le Fort III procedure was decided on. Nonanatomical 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. 4. (Left) Virtual surgical simulation of the fronto-orbital bandeau advancement and expansion. (Right) Intraoperative photograph of the reconstructed frontal bone and cranial vault.
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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).

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 support, nasal length, and occlusion were also taken
into consideration. The final position was then
assessed for symmetry, and comparison to the original 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 requirement for intraoperative endotracheal tube change.3
Comparison of Actual to Planned Results
Postoperative analysis demonstrated consistency 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, glossoptosis, 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 ameliorate obstructive apnea; and (2) regenerate mandibular bone stock during distraction osteogenesis,
with overcorrected mandibular body length.

Virtual Surgery and Intraoperative Guide
Fabrication
Osteotomy location, device selection, and vector were all inspected using virtual surgical planning (Fig. 9). Position of tooth buds, inferior
alveolar nerve, and lingula guided the approach.
The type, length, and vector of device were chosen based on computed tomographic measurements and surgeon experience and preference.
The distal segment was anteriorly positioned to
the goal location, and the device position and trajectory were reverse-engineered back to the starting point. Symmetry and midline positions were
taken into account. Cutting guides were prefabricated 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. Preoperative 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 comminution and avulsive loss of maxillomandibular structure following gunshot wound. Three-dimensional
analysis demonstrated central defect of the mandible with absence of the central and left maxillary
alveolus (Fig. 11, left). We previously stabilized the
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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.

Goals and Surgical Plan
The initial reconstructive goal was to correct
the central mandibular defect. The proximal segments would be properly positioned in space and
the intervening central mandibular defect would
be reconstructed with a vascularized fibula in
segments.

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).

Virtual Surgery and Intraoperative Guide
Fabrication
A stock, similar sized mandible was overlaid
to provide a template for digital reconstruction.

Comparison of Actual to Planned Results
Postoperative analysis of planned and actual
results demonstrated consistency (Fig. 12, below,
left, and right).

nasal-orbital-midface regions, with both rigid fixation and a dental splint to hold the mandibular
proximal segments in an overexpanded fashion
(to prevent central soft-tissue contracture and collapse). Dimensions of the defect were measured.
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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. 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).

Fig. 12. (Above, left) Harvested and fashioned fibular graft before inset. (Below, left) Planned and (right) actual
results of the neomandible.
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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). Threedimensional imaging confirmed the clinical observations and allowed for quantitative analysis.
Goals and Surgical Plan
Cephalometrics and gestalt analysis corroborated the malpositions in space and the extent of
the deformity. Proper maxillomandibular positions 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 doublechecked. 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; however, 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 values, 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-dimensional nature, with tracing paper “cutouts,” is
prone to landmark error and overlap of structures, and does not allow complex three-dimensional movements or the ability to print splints. In

addition, there is less emphasis on other craniofacial regions, and the ability to assess volumes and
soft tissues is limited.
The origins of three-dimensional data acquisition and computer-aided design and manufacturing 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 modalities, 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 technologies 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 spatial dimensions.
Three-dimensional analysis and virtual surgical
planning allow for (1) consideration of preoperative 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 virtual to the actual procedure; and (5) assessment
of actual to planned results. These tenets can be
applied across the spectrum of problems in reconstructive surgery, including bony and soft-tissue
defects, dysmorphology, and malposition/malrelationship. Importantly, computer-aided design
and manufacturing technologies have enabled
accurate transfer of the digital plan intraoperatively, using jigs, guides, and implants in both alloplastic 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 biocompatible 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-inglove type fit. More recently, planning of vascularized tissue transfer to the cranial region has
become possible, using virtual surgical planning,
when indicated.26 As our case example demonstrated, a combination of both modalities can be
effectively planned in unison for complex craniofacial defects (Figs. 1 and 2).
Virtual surgical planning in cranial vault
remodeling for craniosynostosis also has benefits.
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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 malocclusion, 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 deformity. (Right) Three-dimensional volume-rendered computed tomographic image of a planned Le
Fort I with advancement and sagittal split osteotomy and chin advancement genioplasty.

Surgical simulation and creation of an individualized template and cutting guides allow for accurate 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 manufacturing bandeau templates has demonstrated
enhanced reproducibility and accuracy over
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traditional, non–template-based surgical reconstruction.30 An alternative to custom bandeau creation 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 computeraided 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 reasonable predictability in distraction length, using
virtual surgical planning for mandibular distraction.32–34 Ongoing research to better characterize 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 softtissue 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 contemplated. 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 tomographic angiography, and the number and orientation of fibular bone segments, with intervening
wedge osteotomies, can be planned digitally, and
the resultant remaining pedicle length can be measured. Cutting guides are created to ensure the
digital plan is accurately carried out in situ. Importantly, 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 determined by overlaying a mirror image mandible, or
superimposing a normal, similar size mandible, if
no such mirror image exists (Fig. 13, right). Computer-aided design and manufacturing planning
ensures proper neomandibular anatomical alignment (including occlusal and condylar relationships), 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 Virtual surgical planning and computer-aided design
and manufacturing–based mandibular reconstruction also facilitates the introduction of immediate
osseointegrated dental implants into the neomandibular bony construct.44
The roots of virtual surgical planning originate from orthognathic surgery. Much research
therefore exists focused on improving orthognathic 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 “occlusalonly” treatment plans.45 Traditionally, splints are
fabricated from dental casts to help guide dentoskeletal 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, Supplemental Digital Content 1, which shows splint fabrication 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 maxillary/mandibular views with dental impressions of
the virtual surgical planning–generated occlusal
splint, http://links.lww.com/PRS/B623.] Splint fabrication 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 procedures, or surgery-first approaches.
Despite the many advantages of virtual surgical planning, disadvantages may exist. Critics tout
the increased upfront cost of planning (although
this is likely offset by reduced operative time).43
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In addition, in cases where the defect to be reconstructed proves larger than the plan (e.g., a larger
resection performed because of positive margins),
the exact planned dimensions of the reconstruction 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 applications of three-dimensional technology, although
objective data have been lacking. Roostaeian and
Adams reported a strong correlation between preoperative 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, genioplasty, 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 threedimensional photographs will permit improved
morphologic understanding. (See Figure, Supplemental 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-tissue 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 tissues. In particular, surgical simulation algorithms
aimed at predicting lip movement in response to
orthognathic surgery have mostly been in the twodimensional 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 surgery. The five core components of three-dimensional analysis and planning include (1) analysis,
(2) planning, (3) virtual surgery, (4) three-dimensional 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 guarantee an ideal or perfect result. However, when
properly implemented, virtual surgical planning
and computer-aided design and manufacturing
technology enhances efficiency, accuracy, reproducibility, and creativity in aesthetic and craniomaxillofacial plastic surgery.
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