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ABSTRACT

Objectives. Three-dimensional virtual surgical planning (VSP) and guided surgery has 
been proven to be an effective tool for resection and reconstruction of the mandible. 
Currently, most widely used 3D VSP approaches to mandibular resection do not include 
detailed tumour information in the VSP. This manuscript presents a strategy where the 
aim was to incorporate tumour visualisation into the 3D virtual plan. Three-dimensional 
VSP of the mandibular resections was based on the fusion of CT and MRI data which was 
subsequently applied in clinical practice.

Methods. All patients diagnosed with oral squamous cell carcinoma between 2014 
and 2017 at the University Medical Centre Groningen were included. The tumour was 
delineated on the MRI data, after which this dataset was fused with the CT bone data in 
order to construct a 3D bone and tumour model for virtual resection planning. Guided 
resections were performed and post-operative evaluation quantified the accuracy of 
the resection. The histopathological findings and patient and tumour characteristics 
were compared to those of a historical cohort (2009-2014) of conventional mandibular 
continuity resections.

Results. Twenty-four patients were included in the cohort. The average deviation from 
planned resection was found to be 2.2mm. Histopathologic analysis confirmed all 
resection planes (bone) were tumour free, compared to 96.4% in the historic cohort. 

Conclusion. MRI-CT base tumour visualisation and 3D resection planning is a safe and 
accurate method for oncologic resection of the mandible. It is an improvement on the 
current methods reported for 3D resection planning based solely on CT data.
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INTRODUCTION

Surgical removal of squamous cell carcinomas in the oral cavity close to mandibular 
bone, often necessitates a resection of the mandible. A microscopic free margin of at 
least 5mm on both sides of the resection is required according to clinical guidelines (1). 
The oncologic-surgical challenge is to perform an adequate resection with sufficient 
margin, based on the pre-operative information.

A widely used strategy for resection of mandibular malignancies includes the use of 
3D VSP and guided surgery techniques based on computed tomography (CT) data. 
Both intra-operative navigation and 3D printed surgical guides have been proven to 
provide precise translation of the 3D VSP to the surgical procedure (2-5). Once a 3D VSP 
is prepared, especially when 3D printed guides (6) are applied, it assures very accurate 
translation of that plan to the actual procedure. However, despite accurate translation 
of the VSP, it is not always clear where to plan the resection margins on the mandible 
necessitating intraoperative exploration leading to uncertainty for both the surgeon 
and patients or unnecessary wide resections.

The planning for adequate tumour removal should include detailed bone information 
as well as other tumour characteristics such as localisation, size, shape and extension 
(7). It is best to extract this information from multi-modality imaging: CT and magnetic 
resonance imaging (MRI) together because the individual information is not enough 
(8). It is reported that already a fusion 2D information of both modalities combines the 
sensitivities of CT and MRI, thereby proving the surgeon more accurate information 
regarding the tumour in relation to the surrounding structures (7, 9-12). However, a 
clear multi-modality 3D virtual model created from the combined information from 
CT (bone) and MRI (tumour) scans reduces the subjective integration aspect seen in 
2D data interpretation (8). Moreover this multi-modality CT and MRI model enables 
both virtual resection as well as reconstructive VSP. Three-dimensional surgical cutting 
guides can be designed and fabricated and then translate the VSP accurately to the 
surgical procedure.

Until recently, most 3D VSP applications were based on CT data only (4, 6). CTs are 
known to provide accurate 3D bone models, which enables accurate resection planning 
in terms of guide placement or intra-operative landmarks for navigation. However such 
planning requires additional information for optimal determination of the tumour 
margins. Clinical observations and MRI derived tumour information were only combined 
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with the virtual plan through the surgeon’s indirect interpretation. The combination of 
information with regard to localisation, extent, size and shape, as provided by CTs and 
MRIs is crucial for adequate resection planning (7, 12, 13).

A fusion of CT and MRI images enables direct interpretation and visualisation of tumour 
margins. A 3D virtual model of both the mandible and tumour is thereby available for 
careful inspection and detailed resection margin planning.

A fusion of these modalities is already being performed routinely within e.g. the field of 
radiation oncology (14), as well as for several surgical applications in the field of orbital, 
pelvic and skull base region tumour surgery (7, 15, 16).  In order to include the multi-
modality image fusion in the workflow for 3D VSP of resection margins, a pathway was 
developed by Kraeima et al. (2015). (13). Comparable methods are available for data 
fusion and integration in the 3D VSP environment (17, 18).

Current routine 3D VSP and resection using 3D printed guides usually only includes CT 
visualisation, which can lead to inaccurate margin planning due to a lack of 3D tumour 
information. 

This prospective cohort study aims to not only provide a method for detailed resection 
margin planning, based on a hybrid model using combined CT and MRI visualisation of 
the tumour and surrounding structures, but also for safety, in terms of tumour free bone 
margins and accuracy of the developed pathway which can be evaluated in a clinical 
setting. The patient and tumour characteristics are compared with an historical cohort 
from the 2009-2014 period with CT based planning only.

MATERIALS AND METHODS

A cohort of patients, referred to the department of oral and maxillofacial surgery at the 
UMCG between 2014 and 2017, each with an oral squamous cell carcinoma that require 
treatment by means of a continuity resection of the mandible was included in this 
study. Only patients who completed the diagnostic CT and MRI workup were included 
in this study’s 3D analysis. Patients were excluded if they were unable to undergo an MRI 
or if their data was not suitable for radiologic diagnostics, due to artefacts (movement, 
scattering) or other patient related factors (e.g. claustrophobia, logistics (unable to lie 
still).

Before starting this study protocol, approval was received from the Medical Ethical 
Board, file number: M14.160224
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Data acquisition
Each patient underwent diagnostic work-up consisting of both a CT and MRI of the head 
& neck region according to the clinical protocol. Different types of CT scanners were 
used for these clinically indicated CT scans (SOMATOM Force, SOMATOM Definition 
Flash, SOMATOM Definition Dual Source, SOMATOM Sensation 64, SOMATOM Definition 
AS, Siemens Healthineers, Erlangen, Germany). The CT scan protocol was comparable 
for all patients consisting of thin reconstructed slices (≤ 1mm) of soft tissue and bone 
algorithm series after intravenous administration of an iodinated contrast agent 
(Iomeron 350, Bracco Imaging, Italy). 

MRI scans were performed by either a 1.5T scanner (MAGNETOM Aera, Siemens 
Healthineers, Erlangen, Germany) or a 3T scanner (MAGNETOM Prisma, MAGNETOM 
Skyra, Siemens Healthineers, Erlangen, Germany ). The routine protocol consisted of  
T1 and T2 weighted sequences, T2 fat suppressed  sequences, and T1 fat suppressed 
sequences after intravenous administration of a gadolinium-based contrast agent  
(Dotarem, Guerbet, France). The 3T routine protocol also included diffusion weighted 
sequences. No additional sequences where obtained for the 3D virtual planning 
workflow. 

Three-dimensional VSP
The pathway, represented in Figure 1, for 3D VSP utilizes the hospital’s existing software 
architecture. The Mirada® (Mirada Medical, Oxford Centre for Innovation, United 
Kingdom), software package was used for the radiotherapy (RT) planning. CT and MRI 
data fusion and gross tumour volume (GTV) delineation was performed by a technical 
physician (J.K.). The radiologist (B.D.) then carefully checked, adjusted and approved 
the GTV using both CT and MRI data. The involved radiologist had, at the time of GTV 
approval, already assessed the CT and MRI data, and completed the clinical report.

The fusion of the CT and MRI data enabled projection of the delineated GTV onto the 
CT as well. Next, the CT data and a radio therapeutic structure set (RTSS), which is a 
standard file type produced for RT planning, containing the delineation data, were 
exported. The data was converted using a validated tool (13), into the 3D VSP by the 
Pro Plan CMF 2.1 software (Materialise, Leuven, Belgium). The multi-modality 3D model 
was obtained from the dataset from both the MRI (tumour) from the CT (mandible), 
for virtual resection planning (Figure 1). A resection was planned and authorised, in 
accordance with oncologic guidelines, by a multi-disciplinary oncology body. Surgical 
cutting guides were designed and fabricated (Materialise, Leuven, Belgium) for every 
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case. Intra operative guide placement was performed by the surgeon who was involved 
in the planning process, whereby supportive visual documentation of the planned 
guide position was always present in the operating room. 

Figure 1: Schematic overview of the CT and MRI-based 3D VSP workflow

Historical cohort of bone resection margins
The number of free/non-free bone resections, i.e., segmental mandibular resections, 
was determined through comparative analysis of historical data of a local cohort. 
Patients who were registered between 2009 and 2014 in a database for mandibular 
resection were selected. Only mandibular continuity resections were included; marginal 
resections were excluded. The pathologist’s report was used to assess whether the 
resection planes of the bone where tumour free. In our centre, histopathology reports 
use a standardised list of histopathological features including the status of the bone 
margins.

Outcome measures: 
The primary outcome of this study is the number of histopathologically confirmed free 
bone margins, compared to a retrospective cohort of non-guided resections. A tumour-
positive bone margin is considered a failure. Another noted failure is when the surgeon 
decides not to use the 3D printed guide because e.g., the resection plane would be too 
close to the tumour.

A secondary outcome measure for the multi-modality 3D planned series is the resection 
accuracy in millimetres. Post-operative evaluation of resection accuracy was performed 
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by comparing the routine post-operative CT data to the 3D VSP. This CT data was 
obtained before any adjuvant (radiation) therapy was started, usually within two weeks 
after surgery depending on the patients recovery. Regarding accuracy assessment of the 
resection planes, and thereby the planned resection margins, the executed resection 
planes were identified on the post-operative CT data. Also the mandible segments, that 
remained after the performed resection, were identified and converted to 3D models.  

The data from the 3D VSP and post-operative models were compared in 3D, after the 
corresponding models were aligned using the iterative closest point principle (19) in 
Geomagic Studio (3D Systems, rock Hill USA). As the surgical guides physically support 
the saw mainly on the buccal side of the mandible, both buccal and lingual deviations 
had to be identified, providing a complete quantification of resection accuracy. 

A deviation from the planning was defined as the difference between landmarks, in 
millimetres. The landmarks  from the standardised view of both the buccal and lingual 
side of the mandible fragments, as well as the centre points of the resection planes were 
defined and included in the analysis; see Figure 2. 

Figure 2: landmarks for comparison of planning and post-operative results
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Two independent observers identified the osteotomy planes and the landmarks, in 
order to maintain the inter-observer reliability.

Statistics
Data analysis was performed using IBM SPSS statistics version 23 (IBM corp., Armonk, NY, 
USA). Both the mean and standard deviation were calculated for the difference between 
planned and performed resection, based on the selected landmarks. Differences 
between both groups were defined as the Euclidean distance between landmarks. 

The inter-observer variability was supported by the intra class coefficient (ICC) 
calculation. A value of <0.40 is reported as poor, 0.4-0.59 fair, 0.60-0.74 good and 0.75-
1.00 as excellent (20).

RESULTS

Primary outcome
A total of 34 patients were referred for oral SCC treatment, involving mandibular 
resection. Of these patients, 24 patients fulfilled the inclusion criteria (N=24). Ten 
patients were excluded due to insufficient MRI data (N=7) or logistic issues (N=3), such 
as insufficient time to obtain 3D printed guides.

The comparison of the study cohort with historical data is presented in Table 1. Note 
that both groups show a comparable distribution of patient and tumour characteristics 
in terms of pTNM-stage, bone invasion and received post-operative radiation therapy 
(PORT). The number of non-free, histo-pathologic confirmed bone margins was zero 
(0/24) in the study cohort, in comparison to 2/55 in the historical cohort. 

Secondary outcome
Post-operative analysis of the accuracy of the resection was performed on all 24 3D 
cases which, however only included 47/48 of the resection planes. This was due to the 
failure of 1 guide, which the surgeon had chosen not to use.

The analysis of the resection planes, after surface-based alignment of the planned- and 
post-operative models, resulted in an average, absolute, deviation of 2.2mm (SD 2.04).  
23 of the 47 cutting planes were found to be closer to the tumour than planned. Table 2 
presents the deviation between planning and post-operative result per case, where the 
deviation between the buccal and lingual side as well as the cranial and caudal areas 
of the mandible are differentiated. Table 2 presents the time available for 3D VSP and 
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Table 1. Patient and tumour characteristics of historic cohort (2009-2014) and 3D cohort (2014-
2017)

Conventional (n = 55) 3D Cohort (n = 24)

Gender (%) Male 36 (65.5) 15 (62.5)

Female 19 (34.5) 9 (37.5)

Age (years) Mean (SD) 69.7 (10.8) 68.7 (8.9)

pT (%) T1 2 (3.6) -

T2 5 (9.1) 3 (12.5)

T3 6 (10.9) -

T4 42  (76.4) 21 (87.5)

pN (%) N0 33 (60) 13 (54.2)

N1 10 (18.2) 4 (16.7)

N2a - 1 (4.2)

N2b 9 (16.4) 4 (16.7)

N2c 3 (5.5) 2 (8.3)

pM (%) M0 52 (94.5) 24 (100)

M1 3 (5.5) -

Bone invasion (%) Positive 40 (72,7) 20 (83.3)

Negative 15 (27,3) 4 (16.7)

BM (%) Positive 2 (3.6) -

Negative 53 (96.4) 24 (100)

STM (%) Clear (>5mm) 13 (23.6) 1 (4.2)

Close (1-5) 24 (43.6) 17 (70.8)

Involved (<1mm) 18 (32.7) 6 (25)

PORT (%) No 14 (25,5) 6 (25)

yes 41 (74,5) 18 (75)

Used abbreviations: p=pathologic; BM= bone margin; STM= soft tissue margin; PORT= post operative radiotherapy
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Table 2. Diagnostic and treatment outcomes of 3D virtual planned patients
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Current status

1 34 26 Y Y Y 0,7 0,7 9,2 CRT Y 1050 Died of disease

2 41 37 Y Y Y 2,1 1,8 6,7 RT Y 1064 Alive no disease

3 28 23 N Y Y 1,1 1,7 6,9 CRT Y 1015 Second primary

4 43 39 N Y Y 3,1 2,9 7,9 RT Y 992 Alive no disease

5 34 19 Y Y Y 3,8 2 26,7 CRT Y 973 Alive no disease

6 30 26 N N Y 3,4 2,4 9,5 RT Y 945 Died of disease

7 44    84* Y Y Y 0,8 0,9 7,9 - Y 777 Alive no disease

8 27 23 Y Y Y 2,7 2,5 4,8 RT Y 707 Alive no disease

9 34 30 Y Y Y 2,2 2,3 15,4 RT Y 700 Alive no disease

10 48 43 Y Y Y 1,6 2,7 7,0 RT Y 630 Alive no disease

11 43 32 Y Y Y 2,7 3,6 29,0 CRT Y 621 Alive no disease

12 35 30 N Y N 1,7 1 2,5 CRT Y 532 Died of distant 
metastasis

13 40 46 Y Y Y 2,5 2,2 10,6 RT Y 498 Alive no disease

14 22 19 Y Y Y 5,4 4,1 4,2 RT Y 509 Alive no disease

15 34 27 Y Y Y 2,6 2,5 11,4 - Y 455 Alive no disease

16 27 16 Y Y Y 2,1 2 3,9 - Y 441 Alive no disease

17 27 15 Y Y Y 1 1,1 7,7 RT Y 427 Alive no disease

18 28 26 Y Y Y 3,1 3,2 7,1 - Y 399 Alive no disease

19 34 36 Y Y Y 1,8 2,4 11,5 RT Y 364 Alive no disease

20 41 34 Y Y Y 2 1,9 9,7 CRT Y 315 Alive no disease

21 48 29 Y Y Y 2,6 3,3 14,0 - Y 413 Alive no disease

22 27 19 Y Y Y 2 1,9 12,2 CRT Y 406 Alive no disease

23 27 19 N N Y 0,5 0,7 6,5 - Y 189 Alive no disease

24 47 33 Y Y Y 0,7 0,9 6,1 - Y 168 Alive no disease

Average 35 28 2,2 2,1 9,9 608

SD 8 8 2,1 2 6,2 271

*For this case an older MRI-scan, made for a diagnostic procedure was used.
Abbreviations used: RT= radiotherapy; CRT= chemoradiotherapy; RM= resection margin (pathological confirmation); 
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manufacturing of the guides, as presented in the 3rd column: time between the date of 
the MRI and the surgical intervention. The diagnostic findings with regard to suspected 
bone invasion are presented in column 4 and 5. Pathological finding with regards to 
bone margins are presented in column 11.

Inter observer variation
The post-operative osteotomy planes where identified on the post-operative CT data by 
two independent observers (RS and JK). The mean deviation between the centre-points 
of the osteotomy planes was found to be 1.3mm in both the antero-posterior and 
latero-medial direction. The corresponding ICC was found to be 0.99, with no significant 
differences between the observers. 

As presented in Table 2, most of the patients had received postoperative radiotherapy 
(17/24) and 21 of the 24 patients were, at the time of writing, still alive without disease, 
with an average follow-up of 608 days. The volume of the delineated tumour was 
calculated, as this is associated with overall survival (21). The average volume was 9.9 
cm3, as presented in column 9 of Table 2.

DISCUSSION

This study shows that integrating 3D tumour volume into 3D VSP of mandibular 
resections is a safe method. The bone resections were accurate as no non-free bone 
margins were found in this group. Post-operative evaluation of the accuracy presented 
an average deviation of 2.2 mm. This did not compromise the bone margins.  

The use of a multi-modality CT and MRI model was found to be very helpful in planning, 
together with, the available information with regard to tumour size, extent, location 
and relation to bone and other structures, an adequate resection margin (7). The 
method described in this study enables data fusion using the already available software 
architecture of the hospital. It is an easily accessible method that can be applied in other 
clinics as well, especially as no additional software packages need to be purchased. Our 
workflow utilized of the radiation oncology department’s software (Mirada®) combined 
with the virtual planning software (Proplan® CMF), only requiring the transfer of 
standardised data formats. These formats are DICOM, RTSS and STL-files.

Expansion of the multi-modality model is unelaborate, e.g., PET data can be included as 
a third modality. The Loeffelbein et al. (2014) study reported the beneficial use of PET- 
MRI fusion in head and neck malignancies (22). The use of PET is not an integral part of 
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the standard in surgical planning protocol of tumour removal in the UMCG, however it 
was added to the multi-modality model in one case (presented in Figure 3), in which the 
MRI information about the tumour margin was inconclusive. As PET was not part of the 
study workflow, this case was not included in the study cohort and was not included in 
the data analysis.

Figure 3: Overview of an example case with PET-MRI-CT data fusion (first column) and the 
delineation of the tumour, followed by resection- and reconstruction planning (second column)

The fusion of the CT and MRI data, as well as the tumour delineation and 3D resection 
planning can be performed by a technical physician. This provides an objective measure 
for tumour margin resection planning, because the 3D volume can be quantified from 
the CT and MRI data. This is followed by resection planning according to standardised 
margins agreements, as a solution to earlier reported difficulties of pre-operative 
virtual margin planning (23). Technical physicians are new healthcare professionals; 
they combine both medical and technical expertise in order to improve treatment with 
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medical technology. The authors believe that by integrating this professional into the 
workflow, the process becomes more efficient and no external commercial partners are 
required for 3D VSP.

In this study, 3D printed cutting guides were chosen for precise translation of the 3D VSP 
to the surgical procedure. Reported alternatives, for example intraoperative navigation 
(24) are also appropriate. The aim is to resect the tumour precise based on both CT and 
MRI data, whereby the translation medium is not restricted to 3D printed guides only. 
However regarding mandibular resections, the use of intraoperative navigation is not 
preferred, as the mandible is a mobile structure.  Therefore the required reference-array 
with reflective markers, as part of the navigation set-up, cannot be applied accurately. 
It would be an alternative to 3D printed guides in case of a tumour resection  in relation 
to the maxilla.

The the post-operative results in this study are found to be comparable to other reports 
of resection accuracy, in terms of the actual deviation from the planned resection (6, 
25). Note that the aim of this comparison is to describe the accuracy of the translation 
instrument, the 3D printed guide, and the performed osteotomy, not the planning of 
the resection margins itself based on CT-only or CT and MRI. 

Both the 3D and historic groups demonstrated that histopathologically confirmed 
involved soft tissue margins (<1mm margin to tumour) were found in 25% and 32.7% 
of the cases respectively, mainly representing the deep margins, see also Table 1. 
Comparable percentages were reported by Smits et al. describing 2 large cohorts in 
other Dutch academic medical centres as well as a report by Tarsitano et al. (2017) (26, 
27). In our cohort 2/24 patients, at the time of writing, have died from a local recurrence 
of the tumour, one from distant metastasis and one from a second primary tumour. 
These results seem to be in concordance with other reported survival data (26).  

In this study, the average time between the date of the MRI scan and the surgical 
procedure was 28 days. Guidelines from the Dutch society for head and neck oncology 
(1) prescribe a maximum of 30 days between diagnosis and treatment of the malignancy. 
As all the included cases were highly complex, some delay can be expected. This study 
demonstrates that all the resection cases not treated within 30 days, but up to 46 days 
after diagnosis, also resulted in tumour free bone margins.
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The fusion of image data, obtained from different modalities, introduces an inaccuracy. 
This was reported by several studies (7, 16, 28-30), with an average error of 1-2mm but 
manual registration, or optimisation after automatic co-registration, result in more 
accurate multi-modality models. 

To obviate the inaccuracy, introduced by multi-modality data fusion, a 3D resection 
planning based solely on MRI could be a next step. The role of CT in this workflow is 
mainly to enable accurate 3D bone modelling within the hybrid model; this could 
be explored for MRI segmentation as well. The UMCG is already working with bone-
optimised MRI sequences, for 3D segmentation of the mandible. If the fusion of CT and 
MRI is superfluous, the resection workflow is optimised further.

By means of this study, patients diagnosed with head and neck cancer, for whom a 
segmental mandibular resection is required, can receive an accurate resection without 
additional diagnostic load. The easily accessible workflow that was developed and 
implemented for this study can be adjusted to the local situation in other hospitals. 
Several software packages are available for data fusion, tumour delineation and 3D 
resection planning. The message is that: a combination of available diagnostic and 3D 
VSP modalities should be applied to optimise decision making for oncologic resection 
planning whereby the tumour can be safely resected on the application of  guided 
surgery. 

CONCLUSION

A series of 24 patients was treated using the multi-modality CT and MRI combined 
workflow for 3D resection margin planning. This resulted in zero non-free bone margins 
and accurate resection of the tumours (2.2mm). This study provides an integrated 
workflow for resection planning that substantively uses the available routine diagnostic 
work-up. Ultimately, this is a safe and accurate method for 3D VSP of mandibular 
resections and can be incorporated in oncologic guidelines. 
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