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ABSTRACT

Objectives. Three-dimensional virtual planning of reconstructive surgery, after 
resection, is a frequently used method for improving accuracy and predictability. 
However, when applied to malignant cases, the planning of the oncologic resection 
margins is difficult due to visualisation of tumours in the current 3D planning. 
Embedding tumour delineation on an MRI, similar to the routinely performed radio 
therapeutic contouring of tumours, is expected to provide better margin planning. 
A new software pathway was developed for embedding tumour delineation on MRI 
within the 3D virtual surgical planning. 

Methods. The software pathway was validated by the use of five bovine cadavers 
implanted with phantom tumour objects. MRI and CT images were fused and the 
tumour was delineated using radiation oncology software. This data was converted to 
the 3D virtual planning software by means of a conversion algorithm. Tumour volumes 
and localization were determined in both software stages for comparison analysis. The 
approach was applied to three clinical cases.

Results. A conversion algorithm was developed to translate the tumour delineation 
data to the 3D virtual plan environment. The average difference in volume of the 
tumours was 1.7%.

Conclusion. This study reports a validated software pathway, providing multi-modality 
image fusion for 3D virtual surgical planning.
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INTRODUCTION

The use of three-dimensional (3D) virtual planning in oncologic- oral and maxillofacial 
surgery provides more predictable outcomes in terms of tumour resection,  free 
flap placement and dental implant based prosthetic rehabilitation (1-3). 3D planned 
tumour resection using either 3D printed resection guides (4) or computer assisted 
intra operative guided resection (5) has shown to provide precision for surgeons during 
ablative procedures. Currently, reconstruction of maxillary or mandibular discontinuities, 
with vascularised free flaps, is based more and more on 3D virtual planning using 
3D printed surgical guides and/or intra operative navigation (5-10).  An increase in 
reconstructive accuracy and pre-operative insights are two examples of direct benefits 
from 3D virtually planned surgery. In order to translate this virtual planning to the actual 
surgical procedure, several methods are available. A commonly used method is the 3D 
printed, bone abutted, surgical guide, for cutting and drilling. In addition to the guided 
harvesting of the free flap, the guided insertion of implants was reported (1). Computer 
assisted Surgery (CAS) with intraoperative  navigation systems (e.g. Brainlab, Medtronic 
or Scopis) enables 3D virtual planning of tumour resection as well (11). These systems 
use intra operative skull anchored reference points for finding pre-operative marked 
points on an MRI or CT and are very accurate for maxilla resection. However, these 
systems are not validated by the manufacturer for use in the mandible due to a lack of 
a fixed reference point, although the use of CAS in mandibular resection was already 
reported (10)   

The use of a recently developed method including a patient specific fixation plate 
enables such a rigid and predictable fixation in the mandible and maxilla; both free-
flap reconstruction and implant insertion in that flap can be combined within a single 
surgical procedure (12, 13) This primary reconstructive technique has already been 
implemented for benign cases or patients with osteoradionecrosis.  When, however, 
applied to primary malignant cases, the risk of incorrect determination of the resection 
margins is a substantial clinical problem (9). The decision to extend the margins during 
the surgical procedure can imply that the surgical guides and customized fixation plate 
cannot be optimally used or are no longer serviceable.

Determination of oncologic margins is an applicable issue in primary malignant 
situations, as guidelines state that at least a ten millimetre tumour free margin is required 
in the case of erosive bone defects (14). The potential discrepancy between planned 
and actual surgical margins are caused by a lack of 3D information concerning bony 
infiltration and tumour spread derivable from computed tomography (CT) imaging. 
Hence, in current practice, the malignancy is removed during the first procedure with 
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some uncertainty about the bony marginal status; the free-flap reconstruction is then 
placed in the resected area. 3D planning allows accurate surgical resections by means 
of 3D printed surgical guides. But if the margin-planning is not performed adequately, 
the 3D planning method results in uncertainty with regard to resection margins. It may 
be necessary to revert to the conventional surgical approach during surgery, or result in 
a positive bone margin. Current 3D virtual planning is regularly based on Cone Beam CT 
(CBCT) or 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, Magnetic Resonance Imaging (MRI) is preferable to obtain more detailed soft 
tissue- and tumour expansion and invasion information (tumour delineation) (15). 
Combining both tumour expansion and invasion information as derived from MRI 
with the corresponding bone anatomy from the CT provides essential decision making 
information concerning the degraded bony tissue and thereby the localisation of 
bone resection margins. In order to combine both image modalities, image fusion is 
required. By using multi-modality image fusion and tumour delineation the oncologic 
margins can be potentially included in the 3D virtual planning. The aim of this study 
is to provide a validated software pathway for the integration of tumour margins 
into 3D virtual surgical planning for both the maxilla and mandibula. This pathway 
can enable accurate primary reconstruction, even for the insertion of dental implants 
during primary surgery in benign and malignant cases. Development of a compatibility 
algorithm which enables multimodal image fusion and margin delineation during the 
3D virtual planning is the first step. Acquiring data from animal cadavers with phantom 
tumour objects can provide an insight as to whether the developed software pathway 
is reliable and leads to reproducible margin data in 3D planning.

The primary outcome is a validated software pathway for comparison of the measured 
volume of the phantom tumour objects before and after the translation; the final aim is 
surgical plan software.

MATERIAL AND METHODS

In this study a validated software pathway was developed for combination of image 
fusion, oncologic margin delineation, 3D virtual planning of the resection and 3D 
planned reconstruction of the defect. Figure 1 represents a schematic overview of the 
software pathway. The already available software architecture of both the department 
of radiation oncology and the 3D planning centre in the hospital was used. The Mirada 
(Mirada Medical, Oxford Centre for Innovation, United Kingdom) software was used for 
the data fusion and margin delineation. The 3D virtual surgical planning was performed 
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with the Pro Plan CMF 2.0 (Materialise, Leuven) software. To translate the 3D tumour 
volume determined in the MRI to the 3D plan based on the CT file, a compatibility 
algorithm was developed by Matlab (Mathworks, Natick, Massachusetts, USA). 

Figure 1: Schematic overview of software pathway.

A series of five bovine cadaver mandibles were used to test and validate the software 
pathway. A standardised phantom tumour, in the shape of a plastic sphere filled with 
a solution of barium sulphite and water, represented a malignancy. The phantom 
tumours were fixed onto the cadaver jaws at different locations with two-component 
dental impression paste (Provil Novo Putty®, Heraeus Kulzer GmbH,Hanau, Germany), 
as illustrated in Figure 2. All the cadavers with the phantom tumours were CT scanned 
(Siemens AG Somatom Sensation 64) and MRI modalities (Siemens Magnetom Aera, 
1.5 Tesla). Regular head and neck protocols were used for the CT imaging and MRI 
sequences. In addition to the 3D MRI sequence, the regular protocol, T1 vibe tra-
isotrophic, was used as a comparison.

Manual global positioning of the MRI images, projected onto the CT images, was 
performed for data fusion. This is a standard technique in image fusion and is typically 
supported by radiotherapeutic planning software. This was followed by automatic 
rigid registration with a focus on the selected region of interest including the phantom 
tumour and surrounding tissues. The image fusion was visually inspected in order to 
detect any mismatches after the fusion process.

Delineation of the gross tumour volume (GTV) was performed by a contouring brush 
tool in the software. The phantom object, being a spherical object, enabled straight 
forward contouring. The sphere was amply selected on the MRI images. The contour was 
decreased with an automated shrinkage tool until the exact borders of the phantom 
were found; then the total volume of the GTV was registered, as presented in Figure 
3. The delineation of the entire object was visually inspected again on both the MRI 
and CT images. The CT dataset was then exported together with a radio therapeutic 
structure set (RTSS)-file of the contour. 
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Figure 2: Picture of the bovine cadaver set-up, including the phantom tumour object (enlarged 
image).

Figure 3: A.) Fusion of MRI (red) and CT (grey) data of bovine cadaver. B.) Fused images. C.) 
Delineation of phantom tumour object (green).

Both the RTSS-file and the CT dataset were combined using the developed compatibility 
algorithm. The algorithm produces a digital image and helps in the communication 
between the medicine (DICOM)-file and the CT images as well as the information from 
the RTSS-files and thus functions as the basis for the 3D virtual surgical planning. 
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To determine the validity of this software pathway, the volumes calculated in the 
Mirada- and Pro Plan software were compared using a ratio. The average ratio of the 
five samples quantified the accuracy of volume representation after completion of the 
software pathway.

Once the bovine setup was validated, the same software pathway was applied to a series 
of three clinical cases to validate the procedure for use in clinical practice. Delineation of 
the tumour after image fusion provided segmentation of the tumour in the 3D virtual 
planning. Determination of resection margins of the maxilla/mandible was performed 
based on the 3D visualisation of the tumour. Figure 4 represents a 3D virtual model 
of an example case with the resection margins, coloured in blue, derived from the 3D 
projected model of the tumour. 

Figure 4: Three-dimensional virtual model of CT bovine cadaver data, including a segmentation 
of phantom tumour object (yellow) and an example resection margins.
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RESULTS

A compatibility algorithm was developed to combine data fusion and 3D virtual planning 
software. This algorithm, as part of the 3D software pathway, enabled the combination 
of radio therapeutic data fusion- and tumour delineation (Mirada) principles with 3D 
virtual surgical planning (Pro Plan).

In more detail, the algorithm introduces a voxel-highlight on the CT image for every 
voxel coordinate present in the RTSS-file. This means a highlight for every selected 
voxel within the GTV delineation. The highlight was achieved by increasing the value 
(in Hounsfield units) of the corresponding voxels, to a maximum distinctive white value 
(baseline value +2500 HU). This enabled distinctive visibility of the delineated GTV on 
the newly created DICOM file. The tumour was segmented in Pro Plan as a separate 3D 
object, and the volume was measured using the volume tool.

The objective was to determine whether the delineated volume in Mirada had been 
altered while converting the volume, using the compatibility algorithm, to the 3D virtual 
planning environment. This study validated the developed software pathway by means 
of pre and post comparisons of the phantom tumour volumes on the five cadavers. 
The mean variation in volume of the compared measurement points was 1.7%. Table 
1 presents the compared measured volumes of each of the phantom tumour objects.

Table 1: Results of volume measurements after initial tumour delineation (Mirada) and after 
conversion to a 3D virtual model (Proplan).

Tumour 1 Tumour 2 Tumour 3 Tumour 4 Tumour 5 Mean SD

Mirada (cm3)  33,90  33,40  33,80  33,00  33,90 

Simplant (cm3)  34,40  34,40  34,16  33,20  33,00 

Difference (%)  1,45  2,91  1,05  0,60  2,73  1,75  0,91

The CT images were obtained using regular head and neck protocols, as described in 
the method section. Regarding the MRI images, the regular head and neck sequences as 
well as the 3D vibe sequence were used. The initial tumour delineation was performed 
on the T1- TSE images. The same delineation was also performed on the T1-vibe tra-
isotrophic sequence for comparison purposes, but this had no influence on the 
delineation of the phantom objects. 
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Application of the procedure to a (first) clinical case, ameloblastoma in the maxilla, 
resulted in a comparable difference in delineated volume, 1.7%, as represented in 
Figure 5. Two additional cases, with a squamous cell carcinoma invading the mandible, 
are represented in figure 6. Postoperative analysis, based on a post-operative CT scan, 
showed that the reconstruction was performed according to the 3D virtual planning. 
Figure 7 shows an example of a 3D representation of the post-operative result, using 
the first case with the ameloblastoma. The pathology report confirmed tumour free-
margins of the resection, and thereby complete tumour removal based on a guided 
resection.

Figure 5: A.) Tumour delineation on MRI imaging. B.) Projection of tumour area on CT images 
C.) 3D model of with the delineated tumour in green. D.) The resection margins determined, in 
blue. E.) Guide design for resection. F.) Reconstructive plan with fibula including dental implants, 
represented by the yellow cones.
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Figure 6: A.) First example of a case with mandible related malignancy, tumour delineated in green 
and oncologic margins in blue. B.) A second case example with a mandibula related malignancy. 

Figure 7: A 3D representation of the post-operative resection-result (yellow) superimposed on a 
3D model of the planned resection (blue).
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DISCUSSION

A reliable software pathway for pre-operative integration of oncologic resection 
margins was realised by this study with a deviation of only 1.7 % in volume. The use of 
five cadavers with phantom tumour objects provides a validation for the delineation of 
tumours and this information, as an enhanced DICOM data set, can be used for surgical 
and consequently for reconstructive plans. 

The concept of using the software with regular protocols for both MRI sequences and 
CT scans should not increase the workload of the imaging resources. The phantom 
tumour objects were relatively easy to delineate due to the symmetrical spherical 
shape but improved scanning protocols may be required to translate actual oral cancer 
malignancies with irregular shapes. These protocols could include a 3D sequence in 
order to gain additional detailed information on the z-axis. In this study, additional 
T1-vibe tra-isotropic sequence scans were made. During the tumour delineation the 
regular T1-TSE- sequence provided sufficient information, and there was no direct need 
for 3D sequences in the case of these phantom tumour objects. Finding the optimal 
scan protocols for head and neck oncology was not within the scope of this study, 
therefore the validated approach of tumour delineation within the radiation oncology 
principles was utilized.

The volumes of the phantom tumours did not correspond 100% when measured by both 
software entities. Despite the careful delineation, small areas outside the delineated 
volume may have been included in the high-threshold segmentations of the 3D object 
volumes due to contrast deposits at the bottom of the phantom. However, this did not 
interfere with the purpose of our study since the objective was to see whether defined 
volumes would be altered on an MRI by the new software approach.

Due to the conversion algorithm, multiple combinations of software  packages can 
be used. Therefore this method does not require the purchasing of a specific software 
package. Alternatives can be found in the navigation systems as well (e.g. Medtronic, 
Brainlab, Scopis), these have other (dis) advantages in terms of guided implant 
placement and tumour delineation. Several software packages are commercially 
available which provide efficient image fusion and/or tumour delineation features (e.g. 
I-plan, Brainlab or Eclipse, Varian Medical Systems ). Application of these packages are 
reported for head and neck treatment planning as well (10, 16) . Multidisciplinary 3D 
virtual planning, based on navigational planning was reported in combination with 
postoperative radio therapeutic planning by Bittermann et al. (17), as well combining 
different software packages. Compared to this study method, these examples provide 
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efficient solutions for mainly the maxilla, and no validated solution for the mandibular 
malignancies due to lack of fixed reference points.  Secondly, the method described in 
this study enables multidisciplinary 3D virtual surgical planning, including single phase 
resection  reconstruction and insertion of dental implants, within the existing software 
architecture using essential 3D printed surgical guides. The alternative software 
packages do not meet the requirements for treatment planning including accurate, 
guided dental implant insertion(13) and therefore do not provide an all-in-one solution 
which favours the prosthetic rehabilitation for the patient. 

Combining physiological information derived from the MRI with the corresponding 
anatomy from the CT images for tumour delineation in the head and neck area has been 
reported (18). It was demonstrated that tumour delineation on MRI/CT scans can be 
performed with acceptable precision, although the MRI margins  can be overestimated 
(19). In essence, our approach is not different from tumour delineation routinely 
performed by radiation-oncologists (20). However, the use of such radio therapeutic 
principles for pre-operative 3D surgical planning of oncologic resection margins, 
reconstruction planning (including dental implants) and translation by surgical guides 
has not been reported to our knowledge. Current applications of 3D virtual surgical 
planning of primary resections in the maxilla or mandible including reconstructions 
with insertion of dental implants are restricted to benign cases. Several authors state 
that the exact determination of oncologic margins for malignant cases restricts the 
application of this 3D virtual planning concept in the primary situation (21, 22). This study 
demonstrated that primary 3D virtual planning of resection margins in oncologic cases 
can be included in regular 3D virtual planning. The inclusion of the resection margins in 
the 3D virtual plan will result in a single surgical procedure, with added benefits in terms 
of predictability and accuracy and being able to place dental implants during a single 
procedure. Other authors have described the placement of dental implants in free flaps 
prior to radiation therapy. One might debate if this is feasible in terms of survival of the 
flap. These results prompted us to design a clinical study based on the 3D planning 
principle, aiming for added value for patients.

CONCLUSION

This study reports a validated software pathway, providing multi-modality image fusion 
for 3D virtual surgical planning.

The all-in-one resection and reconstruction approach is applicable to malignant cases 
whereby soft-tissue information derived from MRI scans is included in the 3D virtual 
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planning and the region of interest is carefully examined clinically. This study provides 
application of the all-in-one approach to larger target groups, including malignancies, 
with a decrease of the risk for irradical bone margins. 
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