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bstract

esection of maxillary cancer often results in incomplete excision because of the tumour’s proximity to important structures such as the orbit.
o deal with this problem we prospectively investigated the feasibility of intraoperative imaging during maxillectomy to verify the planned
esection margins. In total, six patients diagnosed with maxillary cancer listed for maxillectomy were included, irrespective of the histological
ype of tumour. Before resection, an accurate intended resection volume was delineated on diagnostic images. At the end of the operation
e took a cone-beam computed tomographic (CT) scan of the treated maxilla, after which the accuracy of the resection was quantitatively

valuated by comparing the preoperative resection plan and the images acquired intraoperatively, based on the anatomy. Further resection
as then done if necessary and quantitatively evaluated with a second cone-beam CT scan. Postoperatively we compared the results of the

can with those of the histological examination. Of the six, two resections were reported pathologically as less than radical, each of which
as detected by intraoperative CT and resulted in extensions of the original resections. The mean (SD) distance between the planned and

he actual resection was 1.49 (2.78) mm. This suggests that intraoperative cone-beam CT imaging is a promising way to make an adequate
ntraoperative assessment of planned surgical margins of maxillary tumours. This allows for intraoperative resection margins to be improved,

ossibly leading to a better prognosis for the patient.
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axillary malignant neoplasms are rare with an annual inci-
ence of about 1/100,000 in most developed countries. That
s less than 1% of all neoplasms, and less than 10% of those
f the head and neck.1–3 It is often difficult to identify the
pecific site of origin of large maxillary tumours because of
he contiguity of the nasal cavities and the paranasal sinuses.

Standard examination consists of a computed tomographic

CT) scan with both bone and soft tissue windows. Next, mag-
etic resonance imaging (MRI) is useful for finding out the
xtent of the disease and for evaluation of the characteris-

blished by Elsevier Ltd. All rights reserved.
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ic perineural growth patterns.4,5 Unfortunately, most cases
resent at an advanced stage with substantial tumour tissue
nvading the surrounding bony structures and sinuses, and
esection is the mainstay of treatment for most of them.6

owever, the extent of tumour, lack of accurate up-to-date
eometric information during resection, and the anatomical
omplexity, lead to a high rate of local failure postoperatively
hat ranges from 30% to 50%.7,8 Survival in large series varies
epending on the case mix, but in general, overall five-year
urvival of around 30%–50% has been reported.3

Image-guided surgery has many applications in head and
eck surgery, ranging from the paranasal sinuses to the skull
ase and temporal bone where high precision image-guidance
elps to avoid intraoperative damage of numerous critical
tructures.9,10 Cone-beam CT has been used intraoperatively
s an imaging tool during the management of facial frac-
ures, orthognathic operations and resections of the temporal
one.11–13 There is, however, to our knowledge only one fea-
ibility study about the implementation of cone-beam CT in
ncology of the head and neck. It concerns 12 cases (max-
llectomy, mandibulectomy, and craniofacial resection) and
ndicates that intraoperative cone-beam CT has excellent spa-
ial resolution and gives detailed bony definition, whereas soft
issue differentiation was rated as satisfactory.14 Nonethe-
ess, data about the value of intraoperative cone-beam CT in
chieving tumour-free resection margins during surgery of
he head and neck are lacking.

We have therefore investigated prospectively the clinical
easibility of using intraoperative cone-beam CT imaging to
erify the intended resection margins during open maxillec-
omy for malignant neoplasms. We expected that because

axillary tumours are effectively embedded in the facial
ones, it would be possible to evaluate the completeness of the
esections within the maxilla based on intraoperative assess-
ent of the bony structures that surround the tumour with

one-beam CT.

aterial  and  methods

ntraoperative cone-beam CT scans were acquired with the
llura Xper FD20 X-ray system (Philips Healthcare), com-
ined with a carbon “Magnus” table (Maquet) designed
or intraoperative radiographic imaging. We also used an
perating-theatre-compatible computer with an software
eveloped in-house to analyse images for preparation of the
irtual resection planning, viewing, and correlation of intra-
perative cone-beam CT scans with corresponding virtual
esection plans.

tudy  design
his prospective feasibility study was reviewed and approved
y the local Medical Ethics Committee. Each patient pro-
ided written informed consent before inclusion in the study.

a
a
t
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s this was a pilot study, we did not do a power calculation
n the sample size.

A total of six adult patients who had been diagnosed
ith maxillary malignancies and listed for open maxillec-

omy were included in the study. They all had stages T2-T4
American Joint Committee on Cancer staging version 7)
on-melanomas and squamous cell carcinomas (SCC), which
eflected a typical group of patients at the time of resection.8

hey had all had CT and MRI preoperatively, after which
 patient-specific virtual resection plan of the volume to be
esected was created.

There were two phases of the study, the first of which
ocused on the development of the clinical workflow (cases
-3), and the second which was the initial clinical evaluation
f the method (cases 4-6). In the first phase, three patients
ad an intraoperative cone-beam CT scan at the end of the
tandard resection, but the scan was not applied further to
he resection. Postoperatively we made a quantitative com-
arison of the virtual resection plan and the actual resection.
uring the second phase, patients had the same procedure

s in phase I, but their resection planes could have been
xtended if the cone-beam CT had indicated that residual
umour was included in the virtual resection of that patient.
he adequacy of the extended resection was verified with a
econd intraoperative scan.

reoperative  virtual  resection  planning

atient-specific virtual resection plans were created preop-
ratively from CT and MRI scans. They were delineated
emiautomatically by the operating surgeon, and contained
etailed models of the skull, border of the tumour, and
ntended resection planes, with margins of about 10 mm from
he border of the tumour. On the day of the operation this
lan was discussed with the operating surgeon yet again, and
hown on screens in the operating theatre to allow the surgeon
o comply with the plan.

perative  stages

t the end of the initial resection, the cone-beam CT scan-
er was positioned around the head of the patient, while the
canner and the patient were covered with a sterile cover.
ubsequently, radiographic projection data were acquired
sing the “XperCT Roll” protocol (119 kV, 202 mAs), and
econstructed on an isotropic 0.656 mm voxel grid.

Next, the reconstructed cone-beam CT scan was regis-
ered on the virtual resection plan containing a delineation
icture of the tumour, planned resection planes, and the seg-
ented skull. The registration of CT images was made using

 rigid mutual-information-based algorithm, with a region
f interest placed around the area of the resection. Subse-
uently, bony structures present in the scan were segmented

nd superimposed on the preoperative virtual resection plan,
nd Hausdorff distances between the remaining bony struc-
ure and the initial tumour or resection planes were calculated.
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ig. 1. Virtual resection plan for case 1 (left), showing delineated border o
ideal” (that is, perfectly following the resection plan) and actual surgical re
one beam computed tomographic scan of the same patient, acquired at the

he output could be seen as a 3-dimensional render and 2-
imensisonal slices with visible delineation contours (Fig. 1).
f there was an overlap between the virtual resection plan
nd the remaining bones derived from the CT, we needed to
xtend the surgical resection (only in phase II). If the resec-
ion was extended, a second cone-beam CT was acquired for
erification purposes.

ostoperative  analysis  of  data

n operations on the head and neck, imaging-based correla-
ion between the original volume of tumour and the resected
art of soft tissue is hampered by low soft tissue contrast on
ntraoperative cone-beam CT and operation-related deforma-
ion and swelling of the tissue. To standardise quantitative
ssessment of resection volumes in this work, therefore, we
ecided to restrict analyses of the difference between the
ntended and the actual resection to borders of bony structures
nly.

For each patient, two measures of accuracy were cal-
ulated. The first, the Sørensen-Dice (Dice) similarity
oefficient,15 was used to calculate similarity in volume mea-
ured between the intended and the actually resected volumes
f bone according to:
ice  = 2 ∗ |volVRP∩  voltrue|
|voltrue| +  |volVRP | (1)

r
c
r

mour (red) and intended resection planes (green). This is followed by an
 respectively. The lower row contains transverse slices of the intraoperative
the operation, and recorded on the resection plan.

here |volVRP | is a “gold standard” volume, extracted as a
esult of the virtual resection planning, and |voltrue| is the
ctually resected volume.

The second one, the signed Hausdorff distance (Hd),16 is
 surface-based measure that was used to extract distances
etween the actual bony resection and preoperatively mea-
ured surface of the tumour or bony resection planes. This
easure illustrates inaccuracies in the surface of the volumes

nd is defined as:

d (X,  Y ) = max

{
sup
x ∈ X

inf
y ∈ Y

d (x, y) ,  sup
y ∈ Y

inf
x ∈ X

d (x, y)

}
(2)

here d (x, y) is the Euclidean distance and (x, y) are two
oints on two surfaces (X, Y) (for example, the planned, and
he resected, bony volume).

esults

hase  I

or the three patients included in this phase the operation
ollowed standard practice. Directly after the resection, a
one-beam CT scan of the resection area was acquired and

egistered to the virtual resection plan, which allowed us to
ompare the actual resected area with the planned area of
esection.
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Table 1
Comparison of the main outcomes of the study for phases one (cases 1–3) and two (cases 4–6).

Variable Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Age (years) 86 72 52 82 55 80
Type of tumour SCC SCC SCC SCC SCC SCC (VC)
Stage T4aN0M0 T4aN0M0 T4aN0M0 T4aN0M0 T4bN0M0 T2N0M0
Site of tumour Left maxilla Right maxillary

sinus
Left processus
alveolaris

Maxillary
midline

Left maxillary
sinus

Right processus
alveolaris

Volume of tumour (cm3) 16.4 5.8 28.3 12.9 11.1 2.3

Dice coefficient 0.87 0.78 0.95 0.49
0.69

0.710.76*

Hd* (mm) 2.92 (4.99) 1.68 (3.10) 0.04 (0.46) 2.93 (3.75)
0.65 (2.31)

0.77 (2.09)
1.55 (3.4)**

Hdmin (mm) −12.32 −8.28 −4.46 −11.38
−11.25 −8.32−10.62**

SCC = squamous cell carcinoma; VC = verrucous carcinoma.
∗ Hausdorff distance between intended and actual resection planes.

∗∗ After extension of the excision, verified with a second cone-beam CT scan.

Fig. 2. The absolute distance between the remaining bony structures, extracted from the cone-beam computed tomographic scan that was acquired at the end
of the operation, and the intended resection planes or preoperatively-defined border of the tumour, plotted as a colour map on the surface of the mesh.
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Fig. 3. Comparison of the intended and actually resected volumes of bone for Phase I and Phase II of the study. In the left hand column, is the signed Hausdorff
distance between actually resected and planned volumes of bone, plotted as a colour map on the surface of the remaining bone. In this case, the light green
colour of the mesh indicates complete correspondence between the planned and the actual resection, while the light-to-dark blue or yellow-to-red colours
indicate under-resection and over-resection, respectively.
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Fig. 4. Axial slices of case 5 with a squamous cell carcinoma in the left maxilla (white contour = bone, green = border of resection, red = border of tumour).
Images show the original resection plan (left row), results of the initial resection assessed with the first cone-beam tomographic scan (middle row), and
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onsiderable undersection of bony structures preoperatively included in the 

can.

All patients in phase I of the study had squamous cell carci-
omas, with or without a strong suspicion that the tumour had
nvaded the bones. The total volumes of tumour are shown
n Table 1. Intraoperative cone-beam CT-based assessment
f resection margins correlated with the histopathological
valuation in all patients.

In case 1, the intraoperative scan indicated that the medial
ide of the tumour had a resection margin that was less than
hat on the virtual plan (Fig. 1), indicating the possibility of
nvaded resection margins. However, because the patient was
ncluded in phase I of the study, we made no adjustment to the
riginal resection. Postoperatively, pathological examination
onfirmed under-resection of the tumour, and the presence of
ero resection margins at the medial border of the specimen.

The resections of cases 2 and 3 followed or exceeded their
irtual planned excisions based on intraoperative assessment
f the scans, and this was confirmed by histopathological
xamination.

Based on quantitative comparison of virtual and actual
esections, the Dice coefficient was 0.87, 0.78 and 0.95, for
ases 1, 2, and 3. The mean Hausdorff distance between the
irtual plan and the part of the bone that was actually resected
s shown in Table 1 and Fig. 2.

In phase I, all operative steps were finished within
0 minutes, including the sterile operative cone-beam CT
can, registration of the scan to the virtual plan, and assess-

ent of planned resection margins on bony structures.
esults of intraoperative assessments of the margins showed

r
r
o

n plan, as well as the assessment of the extended resection with the second

irect correlation with the histopathological picture, which
ndicating possible transition to phase II of the study.

hase  II

n the second phase, intraoperative cone-beam CT scans were
ssessed in real time, with the goal of finding out the minimal
istance between the virtual plan and the actual resection
lanes.

Intraoperative cone-beam CT scans of cases 4 and 6
ndicated clear resection margins, so no further excision
as required. These results correlated with the pathological

eports.
Case 5 showed smaller than intended margins at various

ites (one medial and two ventral), which led to extension
f the resections (Figs. 3 and 4). After the extension, a sec-
nd cone-beam CT scan showed general improvement in the
ony margins on the medial and one ventral side. However,
here was still a smaller than intended resection margin at the
econd ventral location (Fig. 4) so the ventral margins were
xtended, and the operation ended. Because we had a limit
f two intraoperative scans/patient in the protocol, no scan
as acquired after the second extended resection. The pathol-
gy report confirmed invaded resection margins of the initial

esection at three sides indicated by the first scan, and the
eport confirmed residual invasion of the resection margins
n the ventral side of the secondary resection specimen.
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The quantitative evaluations of cases in phase II by the
ice index are shown in Table 1 and Figs. 3 and 4.

iscussion

s the first step of the study, a detailed virtual resection
lan that contained bony structures, tumour, and the intended
esection border was created for each patient (Fig. 1). Subse-
uently, the resection was evaluated by comparing the actual
esection planes with the original plan based on dissected
ony structures (Figs. 2 and 4). If resection of bones included
n the delineation of the tumour was incomplete, the borders
ere extended. Among the six patients reported here, two
athologically incomplete resections were reported, each of
hich was detected by intraoperative cone-beam CT (cases

 and 5, Figs. 1 and 4).
The study design required intraoperative acquisition of a

terile cone-beam CT scan, which can extend the total dura-
ion of the procedure. However, we were able to fulfill all the
ntraoperative steps within 10 minutes, and with an accept-
ble radiation exposure of less than 2mSv.17,18 We think
hat our work illustrates a promising method for detection
f incompletely-resected tumours that allows for improve-
ent of resection margins intraoperatively and may lead to a

etter prognosis for patients.6,14,19,20

The quantitative assessment of resections that is achieved
ith our method allows the surgeon to evaluate actual resec-

ions accurately. Although surgeons were trying to resect each
umour exactly according to the virtual plan, they achieved
nly a mean (SD) of 75% (15%) volume overlap between
he planned and the actual resection. All the surgeons were
urprised by the extent of the variations between their orig-
nal plan and the actual excision, indicating that there is a
eed for image-guidance during oncological operations in
he head and neck. Similar results have been encountered
n interventional radiological applications of cone-beam CT
cans.21

Because the soft tissue contrast was poor in the cone-beam
T images, all resections were analysed using bony structures
nly, while information about soft tissue margins was not
vailable. Of course, evaluation of resection based on bony
natomy provides information only about the extent of the
esection. Nevertheless, because maxillary malignancies are
ffectively embedded into facial bones, assessment of bony
tructures can provide sufficient guidance during resection.

Naturally, our method has a few limitations that affect the
ccuracy and, in some cases, clinical relevance of the method.
irst, accuracy of delineations used for preoperative surgical
lanning can be hampered by poor visualisation of the tumour
n diagnostic images (such as artefacts from dental fillings).
econdly, accuracy of the method will be ultimately affected
y interobserver variation of delineations as a result of man-

al segmentation of the tumours. Although this effect was
ot studied for surgical planning, various studies in radio-
herapy have reported considerable interobserver variations

1
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n manually-defined treatment plans,19,22 an effect that can be
ignificantly reduced by automating the segmentation.23,24

onclusion

ntraoperative cone-beam CT scans have shown that they can
dequately detect inadequate resections margins in the max-
lla, which will allow for immediate adjustment of the extent
f the resection.
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