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Purpose: The purpose of this study was to describe new technology assisted by 3-dimensional (3D)

image fusion of 18F-fluorodeoxyglucose (FDG)–positron emission tomography (PET)/computed tomogra-

phy (CT) and contrast-enhanced CT (CECT) for computer planning of a maxillectomy of recurrent maxil-

lary squamous cell carcinoma and defect reconstruction.

Materials and Methods: Treatment of recurrent maxillary squamous cell carcinoma usually includes

tumor resection and free flap reconstruction. FDG-PET/CT provided images of regions of abnormal

glucose uptake and thus showed metabolic tumor volume to guide tumor resection. CECT data were
used to create 3D reconstructed images of vessels to show the vascular diameters and locations, so that

the most suitable vein and artery could be selected during anastomosis of the free flap. The data from pre-

operative maxillofacial CECT scans and FDG-PET/CT imaging were imported into the navigation system

(iPlan 3.0; Brainlab, Feldkirchen, Germany). Three-dimensional image fusion between FDG-PET/CT and

CECT was accomplished using Brainlab software according to the position of the 2 skulls simulated in

the CECT image and PET/CT image, respectively. After verification of the image fusion accuracy, the 3D

reconstruction images of the metabolic tumor, vessels, and other critical structures could be visualized

within the same coordinate system. These sagittal, coronal, axial, and 3D reconstruction images were
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used to determine the virtual osteotomy sites and reconstruction plan, which was provided to the surgeon
and used for surgical navigation.

Results: The average shift of the 3D image fusion between FDG-PET/CT and CECTwas less than 1 mm.
This technique, by clearly showing the metabolic tumor volume and the most suitable vessels for anasto-

mosis, facilitated resection and reconstruction of recurrent maxillary squamous cell carcinoma.

Conclusions: We used 3D image fusion of FDG-PET/CT and CECT to successfully accomplish resection

and reconstruction of recurrent maxillary squamous cell carcinoma. This method has the potential to

improve the clinical outcomes of these challenging procedures.
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Resection of recurrent maxillary squamous cell carci-
noma (SCC) and defect reconstruction are considered

challenging procedures in the field of head and neck

reconstructive surgery. Treatment for head and neck

cancer often calls for a combined-modality approach

that includes surgery, radiation therapy, and chemo-

therapy. Local persistent or recurrent disease occurs

in 30 to 50% of patients with advanced head and

neck cancer,1,2 but the location of the recurrent
tumor can be hard to recognize because of scarring

due to the prior surgical procedure and radiotherapy.

Conventional imaging examinations such as

computed tomography (CT) and magnetic resonance

imaging are not sensitive for detecting recurrent

tumor. Recently, 18F-fluorodeoxyglucose (FDG)–

positron emission tomography (PET) has been

shown to be useful for staging of SCC of the head
and neck.3 It has high sensitivity and specificity for

the detection of nodal metastases4-6; moreover, it can

differentiate between residual or recurrent disease

and normal treatment-induced tissue changes.7 How-

ever, a major disadvantage is that it cannot identify

the exact anatomic location of the lesion.8 The combi-

nation of PET and CT has shown promise in this

respect, but unfortunately, it cannot provide necessary
information on the relationship between the lesion

and nearby critical structures.

Radical surgery and radiation therapy cause substan-

tial changes in tissue, distorting normal anatomy and

making interpretation of postoperative imaging chal-

lenging. Improved methods are needed for detecting

local recurrence and accurately locating critical struc-

tures in patients with recurrent SCC as the feasibility
and success of surgical salvage depend on knowledge

of disease extent and involvement of critical

structures.

The primary treatment for head and neck cancer

often includes radical neck dissection and radio-

therapy. During radical neck dissection, several vessels

that are commonly used for anastomosis are resected

from the root. Because of the radiotherapy, the quality
of the vessels in the specific targeting can be influ-

enced. Contrast-enhanced CT (CECT) is one method
that can help identify the critical structures near the
recurrent tumor, and importantly, it can evaluate the

position, length, and diameter of vessels targeted for

anastomoses during reconstruction.

The purpose of this article was to describe a new

technique of 3-dimensional (3D) image fusion of

FDG-PET/CT and CECT for computer-assisted plan-

ning of resection of recurrent maxillary SCC and

defect reconstruction.

Materials and Methods

A 46-year-old woman who had been diagnosed with

SCC of the right maxilla 2 months earlier presented to

our institution with a visible right-sided midfacial

deformity and limited mouth opening. She had under-

gone resection of a right lingual SCC 15 years ago,
when she received dissection of the right side of the

neck without reconstruction, followed by radiation

therapy (70 Gy). Distortion of anatomy due to soft tis-

sue scarring and the limited opening mouth made it

difficult to define the location and extent of the tumor

by clinical examination or CECT scans (Fig 1). An

FDG-PET/CT scan showed well-defined tracer accu-

mulation in the right skull-base region, close to the
sphenoid sinus (Fig 2). The hypermetabolic region

could be exactly localized on the co-registered CT im-

ages by matching the landmarks, but the critical struc-

tures around the tumor and the recipient vessel for

anastomosis of the free flap could not be shown on

the CT scan. Three-dimensional image fusion of FDG-

PET/CT and CECT was then successfully used to iden-

tify the tumor and the vessels in the same reference
frame; on the basis of this information, maxillary

tumor resection and reconstruction with free antero-

lateral thigh flap were accomplished.

IMAGE ACQUISITION

The patient was taken to the PET/CT suite on a
plate, with the applicators in place. PET/CT was per-

formed on a Discovery STE scanner (GE Healthcare,

Milwaukee, WI). Non–contrast-enhanced CT images

were first acquired using a 16-slice helical CT scanner



FIGURE 1. Contrast-enhanced computed tomography (CECT) scan images showing the recurrent maxillary squamous cell carcinoma.
A, Axial view of CECT. B, Sagittal view of CECT. (Fig 1 continued on next page.)
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FIGURE 1 (cont’d). C, Coronal view of CECT.
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in AutomA mode (range, 30 to 170 mA); the scan pa-

rameters were as follows: 140 keV; collimation,

3.75 mm; table feed, 17.50 mm/rotation; and slice

thickness, 2.5 mm with 2.5-mm spacing. Three-
dimensional PET images of the head and neck were

then acquired for 2.5 minutes per frame, with an over-

lap of 9 slices between frames. CT-based attenuation-

corrected PET images were reconstructed by use of a

3D iterative algorithm (VUE Point; GE Healthcare)

and displayed as a 128 � 128 matrix (3.90 �
3.90 mm; slice thickness, 3.27 mm). Finally, maxillofa-

cial CECT scans with a 1-mm slice thickness were
acquired (field of view, 20 cm; pitch, 1.0; slice,

0.75 mm; 120 kV; 280 mA).
IMAGE FUSION

PET/CT and CECT datasets were transferred to the

navigation system (iPlan 3.0; Brainlab, Feldkirchen,

Germany) as standard DICOM (Digital Imaging and

Communications in Medicine) files, and after match-

ing of the landmarks, image fusion was performed on

the workstation of the navigation system. The target
could be visualized in multiplanar image reformations,

allowing exact anatomic localization of the areas of

enhanced tracer activity on the co-registered CECT

images (Fig 3).
ACCURACY VERIFICATION

After image fusion, the PET/CT imaging and CECT
imaging were in the same reference frame. Two 3D

models of the skull were created from the PET/CT

and CECT data by the navigation system and exported

to Geomagic Studio 7 software (Raindrop Geomagic,

Durham, NC). The average shift of the skull was calcu-

lated automatically (Fig 4).

TUMOR-MAPPING TECHNIQUE OF PET/CT

This image fusion technique allowed the abnormal

uptake area to be exhibited on the CECT data. The
hypermetabolic region was marked by the object cre-

ation function of the navigation system (Fig 5).

THREE-DIMENSIONAL CT IMAGING OF VESSELS

During the image fusion procedure, preoperative

maxillofacial CECT data were imported into iPlan

3.0 software. Bilateral cervical vessels, the mandible,

and the maxilla were marked using the navigation

software. The 3D reconstruction images of vessels

clearly showed the vascular diameters and locations,
which helped select the most suitable vein and ar-

tery for anastomosis and defined the relationship be-

tween the recurrent tumor and critical structures.

The right internal jugular vein had been sacrificed



FIGURE2. F-18 fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomography (CT) scan showingwell-defined tracer
accumulation in the right skull-base region, close to the sphenoid sinus. A, Axial view of FDG-PET/CT. B, Sagittal view of FDG-PET/CT. (Fig 2
continued on next page.)
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FIGURE 3. Image fusion of 18F-fluorodeoxyglucose–positron emission tomography/computed tomography and contrast-enhanced computed
tomography on the workstation of the navigation system (iPlan 3.0).

Yu et al. Computer-Assisted Planning of Maxillectomy. J Oral Maxillofac Surg 2017.

FIGURE 2 (cont’d). C, Coronal view of FDG-PET/CT.
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FIGURE 4. Accuracy verification of image fusion of 18F-fluorodeoxyglucose–positron emission tomography/computed tomography by Geo-
magic Studio 7 software.

Yu et al. Computer-Assisted Planning of Maxillectomy. J Oral Maxillofac Surg 2017.

YU ET AL 1301.e7
during the previous surgical procedure, but on the
left side, the veins and arteries were in good condi-

tion; they were marked and prepared for anasto-

mosis. Tumor mapping by PET/CT showed that the

recurrent tumor was not close to the right internal

carotid artery (Fig 6).
VIRTUAL PLANNING

SurgiCase CMF (Materialise, Leuven, Belgium) was

used for surgical planning. CECT data of the maxillo-

facial skeleton were imported into SurgiCase CMF,
and 3D virtual models of the maxilla and mandible

were created. The virtual model of the tumor and

maxilla created by the navigation system also was im-

ported into SurgiCase CMF as standard stereolitho-

graph files. The registration function was used to

accurately determine tumor position. With the posi-

tion of these 2 maxillae fixed, the position of the tu-

mor in the CECT image was determined. Maxillary
osteotomies were completed according to the extent

of the tumor (Fig 7). The position of the osteotomy

line and other details were provided to the surgeon.

The information could be imported into the naviga-

tion system and used for navigation surgery. The

flow diagram in Figure 8 shows the process of 3D im-

age fusion of FDG-PET/CT and CECT.

Ethical approval was given for our study (document
No. PKUSSIRB-201522051). This study features a hu-

man patient, and we confirm that we have read the

Helsinki Declaration and have followed the guidelines

in this investigation.
Results

In our patient, the left facial vein and artery were

used for anastomosis with the donor vessels through

the soft palate and parapharyngeal space (Fig 9). Path-

ologic examination showed negative tumor margins,

and the free anterolateral thigh flap survived success-

fully, without any complications. The shift of the 3D

image fusion between FDG-PET/CT and CECT was

0.77 � 0.53 mm. Our technique could precisely visu-
alize the metabolic tumor volume and reconstruct

the recipient vessels to accomplish resection and

reconstruction of recurrent maxillary SCC.
Discussion

Treatment of recurrent maxillary SCC is challenging

because tissue distortion as a result of previous sur-

gery and radiotherapy makes accurate identification

of the tumor and the relationship to nearby critical
structures difficult. To overcome this problem, we at-

tempted a new technique of 3D image fusion of FDG-

PET/CT and CECT for computer-assisted planning

of resection of recurrent maxillary SCC and defect

reconstruction in a 46-year-old woman.

FDG-PET has recently been shown to be very useful

for staging of head and neck cancer,3 as it can identify

the primary lesion, nodal involvement, distant metas-
tasis, and secondary tumors. It has high sensitivity

and specificity in detection of nodal metastases4,6,9

and can differentiate residual or recurrent disease

from normal treatment-induced tissue changes.7



FIGURE 5. Tumor mapping according to the hypermetabolic region by the object creation function of the navigation system (iPlan 3.0). A,
Three-dimensional simulation showing the relationship between the tumor and maxilla. B, Axial view of tumor mapping. (Fig 5 continued
on next page.)
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FIGURE 5 (cont’d). C, Sagittal view of tumor mapping. D, Coronal view of tumor mapping.
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Combined PET-CT scanning has been introduced

recently; it provides anatomic information from the

CT scan in conjunctionwith the functional information
from the PET scan. Historically, PET has not been as

effective for T classification as it has been for nodal stag-

ing, primarily because it does not provide anatomic



FIGURE 6. Computed tomography 3-dimensional imaging of vessels from contrast-enhanced computed tomography data. A, Three-
dimensional simulation showing the relationship among the vessels, tumor, and maxilla. B, Axial view of vessel imaging. (Fig 6 continued
on next page.)
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FIGURE 6 (cont’d). C, Sagittal view of vessel imaging. D, Coronal view of vessel imaging.
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information. PET-CT, on the other hand, provides

critical structural anatomic information about the

tumor and its relationship to adjacent soft tissue and
surrounding bone, muscle, and cartilage. It allows

functional imaging to become a component of radia-

tion treatment planning. The fused image provides



FIGURE 7. Simulation of virtual osteotomy on SurgiCase workstation. A, Three-dimensional simulation showing the osteotomy line of the hard
palate. B, Three-dimensional simulation showing the suborbital osteotomy line. (Fig 7 continued on next page.)
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FIGURE 7 (cont’d). C, Three-dimensional simulation showing the zygomatic osteotomy line.
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the anatomic delineationof the tumor, aswell as biolog-
ical information, which is useful for identifying target

volumes.10,11

FDG-PET combined with CT is now an important

tool for oncologic staging and response assessment.10

In one study, the combination of FDG-PET/CT with
FIGURE 8. Flow diagram for 3-dimensional image fusion of 18F-fluorod
enhanced CT for computer-assisted planning of maxillectomy of recurrent

Yu et al. Computer-Assisted Planning of Maxillectomy. J Oral Maxillofac
native CTenabled accurate diagnosis of 93% of lesions
in 90% of patients with head and neck cancers.11 An

increased glucose metabolic rate is characteristic of

most malignant cells and shows the biochemical differ-

ences betweenmalignant and normal tissue.12 Amajor

disadvantage of FDG-PET, however, is that it yields only
eoxyglucose–positron emission tomography (PET)/CT and contrast-
maxillary squamous cell carcinoma and defect reconstruction.

Surg 2017.



FIGURE 9. Intraoperative photograph of patient showing the soft
palate and parapharyngeal space used to connect donor vessels
to the left facial vein and artery.

Yu et al. Computer-Assisted Planning of Maxillectomy. J Oral Max-
illofac Surg 2017.
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limited information on the anatomic location of the

lesion. To resolve this problem, we decided to use

PET/CT image fusion not only as a diagnostic tool,

but also as a reference imaging modality for image-
guided tumor mapping.

Although PET/CT, with the near synchronous image

acquisition and exact co-registration of anatomic and

metabolic data, enables accurate anatomic localization

of PETabnormalities and more confident PET interpre-

tations, it provides little information regarding the ves-

sels around the tumor region. Especially for recurrent

tumor, the metabolic tumor and the critical vessels
around the tumor cannot appear at the same time in

the same imaging examination. For this reason, com-

bined PET/CT and CECT can address this problem.

For the patient in this study, the extent of the recur-

rent tumor was difficult to identify withmagnetic reso-

nance imaging/CECT, but the vessels around the

tumor could be well demonstrated. With 3D image

fusion of FDG-PET/CT and CECT, the extent of the
recurrent tumor and the vessels around the tumor

can be visualized in the same reference frame, and

this can be used for the virtual plan and naviga-

tion surgery.

Definitive surgical resection of locally advanced

SCC of the head and neck frequently results in com-

plex bone and soft tissue defects, but these can be reli-

ably repaired with free tissue transfer reconstruction
with microvascular anastomosis. Comprehensive

treatment of advanced head and neck cancers

frequently mandates the use of definitive or adjuvant

external beam radiation therapy (XRT). However, radi-

ation therapy can damage small vessels and adversely
affect microvascular anastomoses. Specifically, XRT

causes diminished smooth muscle density, endothelial

cell dehiscence, and vessel wall fibrosis.13,14 Krag

et al15 showed that administering XRT to recipient ves-

sels in rabbits before surgery markedly increased free

flap failure rates. Studies by other groups have not sup-

ported these findings,16,17 and controversy still

persists as to the exact effect of XRT on the rate and
severity of local surgical bed complications after free

tissue transfers.18

Survival of the flap relies on successful vessel anasto-

mosis, which makes it paramount to optimize

anatomic orientation and minimize torsion or kink-

ing.19 Many studies have reported a significant associ-

ation between previous surgery and anastomosis

insufficiencies.20-22 In recurrent maxillary SCC,
reconstruction can be challenging because of the

soft tissue scarring and absence of suitable recipient

vessels as a result of previous surgery and

radiotherapy. Combined free flaps and flow-through

or chain-link flaps have been recommended as alterna-

tive approaches for bone and oral linings in secondary

reconstruction, particularly for patients in whom suit-

able recipient vessels in the facial region cannot be
identified.23,24 Keles et al25 defined the different

courses and percentages of the hepatic artery detected

during preoperative evaluation of living liver donors

using multidetector CT angiography.

The patient in our study had undergone tumor

resection followed by radiation therapy 15 years

earlier, and the right internal jugular vein and facial

and lingual arteries were blocked. This left us with 3
options: 1) choose the ipsilateral superficial temporal

vessels as the recipient vessels, 2) go through the ipsi-

lateral submandibular and submental space, or 3)

choose the left facial artery and vessel for anastomosis

through the soft palate and parapharyngeal space.

Three-dimensional CT images of blood vessels were

acquired to determine the most suitable recipient ves-

sels with regard to position and diameter. The right su-
perficial temporal artery was reconstructed by the

software, but the diameter and position were not fit

for anastomosis with the lateral femoral circumflex ar-

tery. Las et al26 found that free flaps anastomosed to

the superficial temporal artery had a 4.4 times greater

risk of total flap necrosis. Although this artery is easily

accessible because of its superficial location, its diam-

eter may be insufficient and vasospasm may easily
develop. For scalp reconstruction, however, we prefer

superficial temporal vessels as the recipient vessels

because of their proximity. To prevent insufficient

flow, these vessels must be dissected farther proximal

into the parotid gland in front of the tragus, where

their caliber in general is large.26 Most complications

of free fibular flap reconstruction involve vascular

compromise, and evaluation of the vascular anatomy
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can potentially minimize these complications. CTangi-

ography data have been reported to be particularly

useful.27,28 In our patient, 3D CT images of blood

vessels were acquired to determine the most suitable

recipient vessels with regard to position and

diameter. Visualization of the vessels can help the

surgeon select suitable vessels for anastomosis and

estimate the approximate length of the vessel
pedicle, thus avoiding the need for placing multiple

incisions for exposure. In our patient, the diameter

and position of the right superficial temporal artery

were not fit for anastomosis with the lateral femoral

circumflex artery, and the vessel pedicle of the left

submandibular vessels was too short to permit

connection between the right maxilla and the left

submandible by the conventional methods. We
therefore chose the left facial artery and vessel for

anastomosis through the soft palate and

parapharyngeal space. This channel is considered

the first choice for accommodation of the vessel

pedicles as it considerably shortens the distance

between the right maxilla and the left submandible.

In this article we have described a new method for

resection and reconstruction of recurrent maxillary
SCC using 3D image fusion of FDG-PET/CT and

CECT. The method can be used for anatomic localiza-

tion of the recurrent cancer, critical nearby structures,

and the recipient vessel for reconstruction. This

method has the potential to improve clinical outcomes

in patients with recurrent maxillary SCC.
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