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Introduction: We present our pre-operative virtual planning of complex mandibular reconstruction with
a microvascular fibular composite free flap and its harvesting using our novel cutaneous positioning
guide based on the perforator vessels for our soft tissue reconstructive surgery.
Technical report: We applied our protocol to 42 consecutive patients needing mandibular composite
reconstruction. All patients were preoperatively studied with a CTA scan to evaluate the fibular pattern of
vascularization and the perforator vessels three-dimensional path and position. Computer assisted
surgery (CAS) was performed: a skin paddle outlining guide (SPOG) was designed to reproduce the shape
and area of the planned soft tissue resection. CTA measurements and in vivo findings were compared.
After performing the CTA, we classified the viable perforators in High Perforators, Medium Perforators
and Low Perforators. The average diameter of the perforator vessels was 3 mm. The average difference
between the measurements performed on the CTA and the intra-operative measures was 1, 4 mm.

The SPOG was based on calf proximal and distal diameters. The anatomical fitting of the guide was
obtained thanks to two customized flanges that embrace circumferentially the proximal and distal
portions of the leg.

The SPOG encompassed appropriate skin/leg regions, allowing the surgeon to localise the required
perforator vessel.
Conclusions: CTA protocol appears to be a valuable approach to asses and virtually simulate composite
mandibular reconstructions. The SPOG seems to be a valuable tool to reproduce intra-operatively the
planned soft tissue area to be reconstructed.

© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Reconstruction of complex three-dimensional (3D) mandibular
defects challenges head-and-neck surgeons (Cordeiro et al., 1999),
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consensus is that the reconstructive gold standard in such
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situations is a microvascular composite fibular free flap (Kumar
et al,, 2016).

The use of computer-aided design/computer-aided
manufacturing (CAD/CAM) prior to mandibular reconstruction is
now essential (Tarsitano et al., 2014), as it allows accurate planning
and affords excellent surgical outcomes (Tarsitano et al., 2015). This
especially true when complex 3D defects are apparent; it remains
very challenging to ensure appropriate soft-tissue positioning
during composite microvascular free flap reconstruction. Moreover,
osteomyocutaneous fibular flap harvesting per se may need to be
modified intra-operatively when planning is inadequate, an aber-
rant anatomy is encountered, or the perforator vessels are not
viable to support transferred skin paddle. In such cases, it may be
necessary to explore the contralateral leg or harvest a different flap
(Garvey et al., 2012). Previously, we developed a computed to-
mography angiogram (CTA) protocol to preoperatively assess leg
vascular anatomy, the perforator vessels, and spatial localization
and disposition (Battaglia et al., 2017).

Building on this, we here present a technical report based on our
protocol for complex mandibular reconstruction using a micro-
vascular fibular composite free flap and flap harvesting using CAD/
CAM, fibular cutting guides, and a novel cutaneous positioning
guide derived by reference to the perforator vessels chosen for soft-
tissue reconstructive surgery.

2. Material and methods

We applied our technical protocol on 42 consecutive patients
(21 males and 21 females) of an average age of 51.4 years (range
11-82 years). The average follow-up period was 14.9 months
(range 1—30 months).

The study was approved by our local Ethics Committee (no: 62/
Sper/AOUBo).

2.1. Resection Planning

The resection planning included detailed bone information as
well as other tumour characteristics such as localisation, size, shape
and extension according to other previously published models
(Kraeima et al., 2015, 2018). It is best to extract this information
from multi-modality imaging: CT and MRI together because the
individual information is not enough. Information as provided by
CTs and MRIs is crucial for adequate resection planning.

Each patient was preoperatively assessed by high-resolution CT
(1, 25-mm-thick sections, 0, 625-mm reconstruction) of the head
and neck, with and without contrast enhancement, and magnetic
resonance with gadolinium.

Clinical observations and pre-operative imaging derived tumour
information were only combined with the virtual plan through the
radiologist and surgeon's interpretation. A 3D virtual model of both
the mandible and surrounding tissues is thereby available for
careful inspection and detailed resection margin planning (Fig. 1).

Determination of tumour volume and oncologic margins is ob-
tained and surgical margins were recorded according to our insti-
tutional guidelines (at least a 10 mm tumour-free margin).

2.2. CTA of the leg

All CTA scans were obtained by the same radiologist using the
same image-acquisition protocol. We used a 64-slice multi-detector
CT scanner (Lightspeed VCT LS Advantage, General Electric Medical
Systems); the parameters were 120 kV, maximum 300 maA, pitch
0.5, rotation time 0.8 s, table speed 40 mm/rotation, slice thickness
0.6 mm, collimation 0.6 mm, and matrix size 512 x 512. Initial
scouting images were acquired to determine scan volumes. All
scans proceeded in the antegrade direction (both legs simulta-
neously) from above the knee to the foot. We scheduled baseline
non-contrast acquisition and arterial-phase scanning for all cases;
venous phase scans (after 60 s of delay) were acquired for a few
patients exhibiting flow delays or changes. We employed the bolus
tracking technique; we identified when contrast medium filled the
leg vessels of interest. Scanning commenced when the enhance-
ment peak appeared. Each region of interest (ROI) in terms of vessel
filling was fixed at a particular point, generally in the distal, su-
perficial femoral artery or the proximal popliteal artery; the ROI
was centred within the artery of choice and sized to include only
the arterial lumen. A non-ionic contrast medium (350 mg iodine/
mL; Xenetix 350 Guerbet or lomeron 350 Bracco; volume
100—120 mL) was power-injected at a maximal flow rate of 4.5 or
5.0 mL/s into an antecubital vein via a 20-gauge needle, and CTA
typically lasted 40 s. The amount of contrast medium injected
depended on examination duration and flow rate. Multi-planar 3D
reconstructions (maximum intensity projections [MIPs] and
volume-rendered (VR) reconstructions) were created. Various post-
processing techniques facilitated the interpretation of axial images,
identification of fine vessels, and measurement of pedicle lengths
and diameters.

2.3. CAD-CAM protocol

The CAD/CAM protocol commenced with processing of Digital
Imaging and Communications in Medicine (DICOM) files from
head-and-neck CT and donor-site CTA using MIMICS software
(Materialise, Leuven, Belgium) to obtain virtual 3D models allow-
ing surgical planning, including radical resection of malignancies.

Fig. 1. Example of the planned volume for tumour resection obtained using the D2P™ software (3D Systems) on pre-operative MRI (A, B) and CT scan (C). A: Segmented tumour
volume; B: Tumour borders definition on MRI; C: Bone resection planning on 3D model from patient CT scan.
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Fig. 2. The resected soft-tissue surface is outlined during resection planning (A) and transferred, with the correct shape and area, to the skin of the 3D virtual donor leg model (B).

For unilateral defects, a mirroring function was used to ensure
a symmetrical anatomical outcome. When secondary re-
constructions were planned, we sought to maximally restore the
original anatomy by reference to the CT scan of the native
mandible, when available or otherwise, using a library mandible
affording optimal dental occlusion. As for resection, we simulated
reconstruction using the 3D DICOM rendering of the donor site.
The customized reconstructive titanium plate that would support
the fibular osteomyocutaneous free flap was designed by thick-
ening the outer surface of the healthy side of the mandible. In this
way, it was possible to obtain an ideal aesthetic contour and avoid
bone deformities. Each plate was fixed to the native mandible
using the 2.4 locking system. This phase of planning was per-
formed by surgeons (aided by a dedicated engineer) using Geo-
magic Freeform-Plus software (3D Systems, Rock Hill, South
Carolina, USA). Resection cutting guides and osteotomy guides for
bony free flaps were planned with the aid of TRIMATIC software
(Materialise). The virtual planning files were validated by the
surgeons and verified with the aid of MAGICS software (Materi-
alise). Solid-to-layer (STL) files were then used for plate manu-
facture (Sintac srl, Trento, Italy) via direct metal laser sintering
(DMLS M280 system; Electro-Optical Systems GmbH, Krailling,
Germany) layer by layer (Leiggener et al., 2009). Similarly, the STL
files of the cutting and osteotomy guides were printed using the
SLS FORMIGA P110 system (Electro-Optical Systems GmbH). We
also designed customised cutting guides for bony free flaps to
allow for precise osseous segmentation. Each osteotomy cutting
guide considered the position of the perforator vessel to be used in
soft-tissue reconstruction. We estimated the surface of the esti-
mated soft tissues resection and we outlined this surface on the
skin of the 3D donor leg model (Fig. 2); customised cutting guides
based on calf proximal and distal diameters were then created. The
anatomical fitting of the guide on patient's calf is obtained thanks
to the shape of guide itself: two customized flanges embrace cir-
cumferentially the proximal and distal portions of the leg.

In addition, the skin paddle outline guides (SPOGs) encom-
passed appropriate skin/leg regions, allowing the surgeon to
localise the required perforator vessel (Fig. 3).

The reconstructive flap was then virtually transferred to its ul-
timate position, together with soft tissue (Fig. 4). Moreover, we
ensured that the pedicle length was always adequate to allow the
flap to attain the neck vessels to be used for microvascular
anastomosis.

2.4. Surgical technique

To intraoperatively reproduce the planned resection, mandib-
ular cutting guides (additively printed in polyamide) were posi-
tioned as virtually planned. All patients underwent reconstructions
using osteomyocutaneous microvascular fibular free flaps. Flap

Fig. 3. Design of the skin paddle-outlining guide (SPOG). The desired shape is outlined
on the skin of the leg model, and the guide is then designed by reference to the calf
proximal and distal diameters.

Fig. 4. Virtual placement of the osteomyocutaneous microvascular fibular free flap
supported by a customised reconstructive plate. The soft tissue is virtually positioned
in the final setting.

harvesting commenced with marking of the fibular head and the
lateral malleolus and then by connecting these points with dots
drawn on the skin. The skin paddle shape and position (centred on
the CTA-identified perforator vessel) was also marked on the skin
using the SPOG device as preoperatively planned (Fig. 5). This
customised skin cutting guide was based on calf proximal and distal
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Fig. 5. Intraoperative use of the SPOG. A: Virtual planning of the skin paddle and SPOG design. B: Intraoperative positioning of the SPOG; a good fit to the calf is apparent. C:

Outlining the shape of the skin paddle required for reconstruction.

diameters. The anatomical fitting of the guide on patient's calf is
obtained thanks to the shape of guide itself: two customized
flanges embrace circumferentially the proximal and distal portions
of the leg. In addition, the SPOGs encompassed appropriate skin/leg
regions, allowing the surgeon to localise the required perforator
vessel. After outlining the skin paddle shape and surface using the
SPOG, the guide was removed and an incision was created over the
posterior intermuscular septum along a previously marked line.
The skin was then incised as dictated by the SPOG, anteriorly over
the peroneus muscle, approximately 2 cm above the lateral mal-
leolus, and over the fibula. The guide allowed the surgeon to po-
sition the skin paddle exactly as pre-planned. Harvesting then
proceeded along the posterior intermuscular septum; the common
peroneal nerve was located and preserved below the head of the
fibula. On anterior elevation of the skin paddle, the perforator was
identified, and the accuracy of preoperative localisation double-
checked as described above (Video 1). After incision of the ante-
rior intermuscular septum and dissection of the extensor digitorum
and hallucis longus muscles, the fibula was identified and bluntly
dissected. The fibular cutting guide was then positioned, as pre-
planned, centred on the perforator vessel of the skin paddle. The
guide was fixed to the fibula using 2.0 mono-cortical screws.
Proximal and distal osteotomies were performed on the opposite
side of the pedicle using an oscillating saw. The peroneal artery and
vein were identified, ligated, cut distally, and the flap was then
detached. The cutting guide allowed accurate bone segmentation,
as pre-planned. Also, the holes in the fibular cutting guides were in
the same locations as those of the reconstructive plates, allowing
the surgeon to correctly and rapidly place bony segments during
reconstruction.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jcms.2018.11.018.

3. Results

3.1. CTA donor site evaluation and perforator vessels accuracy
assessment

CTA was used to reveal all major arteries of the calf and foot,
including the popliteal, anterior tibial, posterior tibial, peroneal,
and dorsalis pedis arteries. The dominant and patent arterial supply
to the pedal arch was identified. All images were reviewed in terms
of arterial abnormalities (stenosis or occlusion) and/or aberrant
anatomy. Any anomaly (any earlier fracture; a benign or malignant
lesion; and/or soft tissue, muscular, or subcutaneous change) was
reported.

CTA was used to locate all viable perforator vessels, their sources
on the peroneal artery (Fig. 6A), and to measure the distances be-
tween its subcutaneous projection and the middle point of the head
of the fibula and of the external malleolus (Fig. 6B).

The anatomical distribution of viable perforator vessels in 84
legs studied via CTA was identified and reported on a coronal leg
reconstruction. The perforator vessels distribution was classified
into three categories in relation to the distance from the external
malleolus: low perforators (between 10 and 15 cm), medium per-
forators (between 15 and 20 cm), high perforators (between 20 and
25 cm). The pattern of distribution revealed three peaks. For the
right legs, a rate of 42% of perforator vessels was classified as low
perforators (LPs); a rate of 23% as medium perforators (MPs); a rate
of 35% as high perforators (HPs). For the left legs, rates of 44%, 29%,
27% were reported for LPs, MPs, and HPs respectively (Fig. 7).

3.2. Accuracy of the transfer of the virtual planning to the clinical
situation

Accuracy of the transfer of the virtual planning to the clinical
situation was evaluated as the correspondence between pre-
operative planning and post-operative CT-scan. It reflects the
reproducibility of the planning thanks to the cutting guides realized
based on CTA. The STL files used for virtual planning and the STL
files of the post-operative CT scan were imported into an open
source mesh processing software tool (MeshLab; Visual Computing
Lab, ISTI-CNR, Pisa Italy). The two meshes obtained were first
aligned taking into consideration fixed reference landmarks on the
virtual planning and postoperative CT scan (such as the screw holes
on the plate or plate surface) to obtain the most accurate three-
dimensional overlap. The software automatically overlapped the
STL files based on these parameters.

Once the overlapping was complete, the accuracy of the
reconstruction was assessed using the automated Hausdorff dis-
tance function of the software, setting the postoperative mesh as
the target mesh (Fig. 8).

In this way, it was possible to calculate the minimum,
maximum, and average error for each reconstruction as the dif-
ference between post-operative mesh and virtual planning, exactly
in the same way and with the same settings.

The data were registered using Microsoft Excel 2013 (Microsoft
Corp., Redmond, WA, USA). The average minimum error, the
average maximum error, and the average mean error were calcu-
lated for our series of mandibular reconstructions.

The average mean error for the bony reconstruction was 1 mm
(range 0.4—2.46 mm).
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Fig. 6. Perforator vessels localization on CTA. A: perforator source from the peroneal artery and its path to the subcutaneous tissues visualized on axial plane. B: assessment of the
distances between perforator vessel subcutaneous projection and the middle point of the head of the fibula and of the external malleolus, visualized on coronal plane.
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Fig. 7. Quantitative distributions of viable perforator vessels in 84 legs studied via CTA.
Three peaks are evident: high perforators (HPs; orange), medium perforators (MPs;
yellow), and low perforators (LPs; green).

3.3. Surgical reconstructive outcomes

Reconstructive outcomes were evaluated as donor site and flap
complications. Time needed for flap segmentation and insetting
was registered. The start-off time point was defined as the moment
when reconstruction could begin (when the osteotomies were
performed on the raised fibula). The endpoint was when the
reconstruction plate was screwed to the proximal segments of the
mandible and the fibular skin paddle was in place.

We harvested 36 osteomyocutaneous microvascular fibular free
flaps. We encountered no intra-operative pedicle damage. No

contralateral leg exploration was needed. No additional micro-
vascular salvage flap was harvested. No perforator vessel was
damaged during skin paddle harvesting. No postoperative donor
site complication was encountered.

The mean reconstructive time (time needed for flap segmen-
tation and insetting) was 36.5 (range, 23—45) min. When the mean
reconstructive time was broken down to time per segment, a
fibular segment took 10 min.

4. Discussion

Reconstruction of 3D complex mandibular defects remains
very challenging; the mandible is critical in terms of aesthetics,
social interactions, and functionality (Kumar et al., 2016). CAD/
CAM mandibular reconstruction has improved planning, preci-
sion, and the operative time (Wilde et al., 2015; Tarsitano et al.,
2018). The 3D additive printing of cutting guides and recon-
structive plates has greatly improved surgical outcomes
(Tarsitano et al., 2014). Although planning software is constantly
updated, soft-tissue simulation remains imprecise. It is difficult
to assess the required size of the skin paddle to be harvested with
the fibular free flap. Also, poor planning, an aberrant anatomy,
and an inadequate soft-tissue perforator vessel may force
exploration of the contralateral leg or the choice of a different
flap (Garvey et al., 2012). Many imaging techniques (e.g. tradi-
tional angiography) have been used in efforts to reduce donor
site complications. As CTA is highly accurate and non-invasive,
CTA is now the gold standard for pre-operative lower leg
assessment (Ribuffo et al., 2010). Other imaging protocols more
accurately reveal the soft tissues of the leg, but they do so less
reliably for bone, rendering additional imaging assessments
necessary (Holzle et al., 2011).

We recently assessed the accuracy of our CTA protocol in terms
of anatomical vascular variations in donor legs and, particularly, in
terms of visualisation of cutaneous perforators of the peroneal
artery (Battaglia et al., 2017). We 3D-rendered the perforator
vessels using appropriate thresholding; we created osteotomy
guides reflecting the chosen perforators, reducing the risk of
vascular damage during skin paddle harvesting. Here, we (pro-
spectively) found that our CAD/CAM workflow also aided in skin
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Fig. 8. Superimposition between virtual surgical planning (white colour) and post-operative CT (red colour) in frontal and lateral view. The accuracy of the reconstruction was
assessed using the automated Hausdorff distance function of the software, setting the postoperative mesh as the target mesh.

paddle planning. During this workflow, we simulated cutaneous or
intra-oral extensions of soft tissue defects, transferred these to 3D
leg models in terms of the required contours, and designed SPOGs
by reference to the chosen perforator vessels; the SPOGs reflected
the required paddle shapes and contouring. Thus, we reduced the
accidental perforator damage associated with post-detachment
flap remodelling. Moreover, flap placement time was reduced
and it was unnecessary to perform significant adjustment of
paddle shape, with respect to the SPOG design. Regarding flap
segmentation and insetting time, data obtained from our series
confirm the results previously published in 2016 (Tarsitano et al.,
2016). Indeed, fibular cutting guide and SPOG have the potential
not only to reduce surgical time but also to reduce ischaemic time
for the fibular flap. This was clearly demonstrated in the present
study by the fact that the mean reconstructive time (time needed
for flap segmentation and insetting) was 36.5 (range, 23—45) min.
Differently, the mean reconstructive time for freehand re-
constructions, reported in the literature, was 63.8 (range, 45—79)
minutes (Tarsitano et al., 2016).

However, our recent experience revealed as some limits in
terms of soft tissues reconstruction accuracy could exist. In
particular, virtual surgical planning of soft tissue resection could be
affected by a potential bias: the risk of incorrect determination of
the resection margins is a substantial clinical problem (Tarsitano
et al.,, 2017). The decision to extend the margins during the surgi-
cal procedure, due to positive frozen sections, can imply that the
surgical guides and customized fixation plate cannot be optimally
used or are no longer serviceable. The potential discrepancy be-
tween planned and actual surgical margins is potentially caused by
a lack of 3D information concerning tumour spread in soft tissues
derivable from CT imaging. Current 3D virtual planning is regularly
based on CT images. With CT imaging, the bony structures are
segmented and included in the 3D virtual plan.

However, because of the inherent properties of the acquisition
device, MRl is preferable, to obtain more detailed soft tissue as well
as tumour expansion and invasion information (tumour delinea-
tion) (Kraeima et al., 2018). Combining both tumour expansion and
invasion information as derived from MRI with the corresponding
bone anatomy from the CT provides essential decision-making in-
formation concerning the degraded bony tissue and thereby the
localisation of resection margins. By using multimodality image
staging and tumour delineation, the oncologic margins can be
potentially included in the 3D virtual planning.

This method significantly reduces the risk of inaccuracy in terms
of soft tissues reconstruction planning. In fact, in our experience, it
was never necessary to revert to the conventional surgical
approach during surgery or modify the resection planning.

Another concern that we encountered during the use of the
SPOG was the potential risk to have an incorrect positioning due to
the rotation of the guide around the longitudinal axis of the leg.

Although the SPOG has two customized flanges embracing the leg,
an estimated rotational error, ranging between 1 and 2 mm, has
been observed in our case series. However, this kind of error did not
appear to have a clinical impact on the accuracy of the guide in
terms of perforator vessel identification and skin paddle's shape
harvesting.

Finally, regarding the anatomical pattern of perforator vessels
identified on CTA, we classified the vessels of the 84 legs studied
into high, medium, and low perforators. The perforator vessels
distribution revealed as the majority of the vessels (approximately
40% of the total) were localized in the inferior portion of the leg
(between 10 and 15 cm from the external malleolus). The
remaining vessels were recorded as medium perforators (between
15 and 20 cm from the external malleolus) and high perforators
(between 20 and 25 cm from the external malleolus).

To the best of our knowledge, no prior “in vivo” study has
developed such a classification. However, although our in-
novations are useful in terms of composite reconstruction, pre-
operative soft tissues planning of both the resected region and
the donor site remains challenging and needs further technolog-
ical improvements.

5. Conclusion

CTA was useful for assessing and virtually simulating mandib-
ular reconstruction using an osteomyocutaneous microvascular
fibular free flap. Intra-operatively, the SPOG is a useful tool to
identify the soft tissue to be harvested. However, pre-operative soft
tissue virtual resection planning remains challenging. A multi-
centre study is required to explore whether use of our SPOG
reproducibly aids reconstruction of intra-oral and cutaneous soft
tissues.
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