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Abstract Objective Computed tomography (CT) and magnetic resonance imaging (MRI) are
crucial for preoperative assessment of the three-dimensional (3D) spatial position relation-
ships of tumor, vital vessels, brain tissue, and craniomaxillofacial bones precisely. The value
of CT-MRI-based image fusion was explored for the preoperative assessment, virtual
planning, and navigation surgery application during the treatment of communicative
tumors involved the infratemporal fossa (ITF) and middle cranial fossa.
Methods Eight patients with infratemporal-middle cranial fossa communicative
tumors (ICFCTs) were enrolled in this retrospective study. Plain CT, contrast CT, and
MRI image data were imported into a workstation for image fusion, which were used for
3D image reconstruction, virtual surgical planning, and intraoperative navigation
sequentially. Therapeutic effect was evaluated through the clinical data analysis of
ICFCT patients after CT-MRI image fusion-based navigation-guided biopsy or surgery.
Results High-quality CT-MRI image fusion and 3D reconstruction were obtained in all
eight cases. Image fusion combined with 3D image reconstruction enhanced the
preoperative assessment of ICFCT, and improved the surgical performance via virtual
planning. Definite pathological diagnosis was obtained in all four navigation-guided
core needle biopsies. Complete removal of the tumor was achieved with one exception
among the seven navigation-guided operations. Postoperative cerebrospinal fluid
leakage occurred in one patient with recurrent meningioma.
Conclusion CT-MRI image fusion combined with computer-assisted navigation man-
agement, optimized the accuracy, safety, and surgical results for core needle biopsy
and surgery of ICFCTs.
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Introduction

The infratemporal fossa (ITF) is a complex area that has an
anatomically close relationwith the middle cranial fossa and
the cavernous sinus, and this fossa is located deep to the
masseter muscle and ramus of themandible. Various tumors
occurring in this space could involve intracranial cavity
through skull base bone invasion,1,2 which are defined as
infratemporal-middle cranial fossa communicative tumors
(ICFCTs) in this article. The ITF space is neighbored to para-
pharyngeal space that contains numerous vital neurovascu-
lar structures, such as internal carotid artery (ICA), internal
jugular vein (IJV), and IX-XII cranial nerves that communi-
cate the inside and outside of the cranial cavity.3 Therefore,
there are great risks and challenges for diagnosis and treat-
ment of communicative tumors involving ITF and middle
cranial fossa.

Injuring surrounding vessels or nerves due to the ana-
tomical complexity of ICFCTs are prone to occur during the
operation. The preoperative design using image navigation
software is beneficial for analysis of the tumor character-
istics, designing of the surgical approach, and predicting the
risk of the operation in advance, which could significantly
improve the operation safety and reduce its complications. In
recent years, the application of computer-aided navigation
technology (CANT) has greatly improved the development of
surgical treatment for skull base tumor.4–6 The advantages of
CANT in communicative tumors include both the accurate
preoperative designing of core needle biopsy or tumor
removal, and reliable intraoperative navigation.7–9 Comput-
ed tomography (CT) data was frequently used for computer-
aided design and intraoperative navigation. Bony structures
and calcified lesion are easily detected by plain CT imaging,
and vessels, hemorrhage sites, and blood-supply branches of
tumor are susceptive to contrast CT. However, CT is not
sensitive for soft tissue detection, even worse in the case of
tumor with intracranial tumor extension, or recurrent, in-
terference by artifact (radioactive seeds or titanium clips)
tumors.10 For ICFCTs, magnetic resonance imaging (MRI) has
a more well-marked advantage to evaluate the anatomical
relationship between the tumor and the dura mater, brain
tissue, and the neural foramen.11–13 Bone invasion can be
detected as hypointense rim interruption on MRI.11 Mean-
while, more information about the tumor and surrounding
soft tissue could be afforded by the preoperative MRI
diagnosis.

However, various imagingmodalities are usually obtained
separately, and are not able to display in the same coordinate
system.14 Once various modality imaging data was integrat-
ed together, multimodal image fusion generated through
layer matching, spatial registration, and geometric transfor-
mation, could be achieved on the same spatial coordinates.15

In cases of primary, large ITF tumors, identification and
segmentation of tumor-sited images in the navigation de-
signing software using single modal image like contrast CT is
easy to accomplish.16 But great difficulty will be met during
the delineation of the communicative tumors from the
adjacent normal brain tissue using single CT data. Especially

in recurrent ICFCTs, the tumor delineation would play an
important role for the precise three-dimensional (3D) image
reconstruction and following virtual operation designing
and navigation-guided biopsy/surgery.17 The 3D spatial po-
sition relationships of tumor, vital vessels, brain tissue, and
craniomaxillofacial bones could be judged precisely using
CT-MRI fused image on the same spatial coordinate system.
The value of CT-MRI-based image fusionwas explored for the
preoperative assessment, virtual planning, and navigation
surgery application during the ICFCT treatment.

Methods

Patients
Eight patients with diagnosis of ICFCT were enrolled in this
retrospective study, at Peking University Hospital of Stoma-
tology from February 2011 to September 2018. Informed
consent was obtained from all patients and approval was
obtained from the institutional review board of the hospital.
Plain CT, contrast CT, and MRI were scanned and collected
preoperatively to perform the multimodal image fusion and
following analysis. Protocol of our clinical work is presented
in ►Fig. 1.

Image Fusion Procedure
Plain CT, contrast CT, andMRI image datawere imported into
the iPlan 3.0 software (BrainLab, Germany) to complete
image fusion. Plain CT was set as reference image to be
integrated with contrast CT and MRI, which were called
floating images in this software, respectively. The floating
images, contrast CT and MRI, were transformed and
resampled with respect to plain CT coordinate. Therefore,
they were able to be displayed in the same coordinate
system. The process was conducted by automatic image
fusion function, and perfected with manual fine-tuning
complementally, to confirm thewell-built coordinate system
based on different modal window check.18,19 The authors
qualitatively estimated the merit of the fusion by assessing
the concordance of explicit structures like before.20 The
precision of image fusion was verified by the coincidence
of eyeballs and skull bone from the axial, coronal, and sagittal
view of MRI and CT images, indicating by the smooth and
continuous evolution trending of image edges from CT to
MRI images (►Fig. 2).21

3D image Reconstruction and Virtual Planning
The reconstructed 3D modules were acquired using auto-
matic segmenting technique of the navigation design
software (iPlan 3.0, BrainLab). During the analysis of mul-
timodal image fusion data, the cranial-maxilla-facial bones
were segmented from plain CT data, ICA and IJV from
contrast CT, and a 3D tumor module from the fused CT-
MRI images. In the same spatial coordinate system, CT or
MRI data could be selected freely as needed to identify the
tumor and adjacent soft and bone tissues involved. Then,
using the functional module of the navigation design
software, the 3D modules could be rotated, perspective
transformed, and measured to observe the spatial
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positional relationship between the tumor and the adja-
cent vascular/bony structures. The optimal biopsy and/or
surgical approaches were simulated and selected after-
wards. If needed, ProPlan CMF 3.0 software was used to
design the osteotomy line, and standard tessellation lan-
guage (STL) data could be exported for 3D printed skull-
tumor model and surgical guide plates (►Fig. 3).

Navigation-Guided Biopsy and Surgery

Navigation-Guided Core Needle Biopsy
The headset was twined on the forehead stably, and the skull
reference array with reflective marker spheres was con-
nected with the headset using appropriate adapter. Surface
matching technique was used for referencing patients to the
navigation system (BrainLab), thus correlation was

Fig. 1 Protocol of computed tomography (CT)-magnetic resonance imaging (MRI) image fusion-based computer-assisted design and
navigation-guided surgery. Plain CT, contrast CT, and MRI data were imported into the design software of navigation system (iPlan 3.0, BrainLab,
Germany), and image fusion was performed for each patient preoperatively. The three-dimensional (3D) images of tumor, vital vessels, and
craniomaxillofacial bone was reconstructed for preparation of virtual operation design. Operation plan and potential risks were evaluated based
on the 3D image. Osteotomy location was designed and 3Dmodel was printed if required. Then, navigation-guided core needle biopsy or tumor-
removal surgery was performed under the navigation guidance of the CT-MRI fusion image-based virtual design.

Fig. 2 Demonstration of preoperative image fusion. (A) An ill-defined and slightly high-density soft tissue mass with bony destruction (arrow)
demonstrated on axial computed tomography (CT) scan. (B) A well-defined low signal intensity mass compressing the temporal lobe (arrow)
showed onT1-weighted MRI image. (C) CT andMRI image fusion was performed. Box shows the coincidence of eyeball contour and adjacent bony
boundaries from CT and MRI images, indicating the smooth and continuous evolution trend of image edges from CT (outside of box) to MR
images (inside of box).
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established between the face surface data and the preopera-
tive imaging information to obtain real-time interaction. The
core needle biopsy instrument (BARD, MG1522) was
concatenated to another skull reference array via a designed
mental adapter, and integrated into the same coordinate
system directed by instrument calibration matrix. The
designed puncture site was located with the help of naviga-
tion pointer. The core puncture needle passed through the
puncture site to arrive at the boundary of the tumor and the
normal tissue via the guidance of the navigation monitor.
Several repeated biopsies should be performed to get definite
diagnosis.22

Navigation-Guided Surgery
The skull reference base connectedwith skull reference array
was fixed on the affected side of the parietal bone.23 Regis-
tration procedure was same with above. According to the
preoperative design, the tumor was exposed under the
guidance of navigation pointer. The tumor was removed
under the protection of the vital neurovascular structures,
and the guarantee of the operation safety. It was required to
use the navigation pointer to confirm the tumor was
completely removed without significant structures injury,
before completing the operation (►Fig. 4A, B).

Image Analysis for Confirmation of Tumor Resection
One week after the operation, postoperative CT image data
was imported to the BrainLab software to compare with

preoperative image data for confirmation of tumor resection.
For patients involving osteotomy, the postoperative and
preoperative 3D models of the skull exported from the
BrainLab software were compared using Geomagic Studio
software to determine whether the osteotomy design from
virtual planning was consistent with the actual osteotomy
position. The average deviation of the bone structures was
calculated automatically (►Fig. 4C).

Results

General Clinical Dada
The clinical data of eight patients with ICFCT is shown in
►Table 1. There were 4 males and 4 females, with the mean
age of 42 (21–61) years. Four of the patients had recurrent
tumors and four had primary ones. The clinical symptoms
consisted of swelling of auriculotemporal area in five cases,
pain and limited mouth opening in four cases, respectively,
and one case of temporal skin numbness and hearing loss.
Some patients presented with two or more of the above
symptoms. After referring to preoperative imaging data, the
averagemaximumdiameter of the tumor was approximately
4.34 cm, and the maximum diameter of the skull base bone
defect was approximately 1.73 cm. The tumors of four
patients originated from the temporomandibular joint, three
cases originated from the ITF space, and one case with the
intracranial meninges extension into ITF space due to me-
ningioma recurrence.

Fig. 3 Three-dimensional (3D) model reconstruction and virtual planning. (A) The trajectory path design of navigation-guided core needle
biopsy. (B) Lateral temporal craniotomy was designed for intracranial part removal of the lesion. (C) Zygomatic osteotomy was designed for
extracranial part removal of the lesion. (D) 3D model with skull, tumor and vessels, and surgical guide plate (orange) were printed. Blue color
column indicates the internal jugular vein (IJV), and red color column indicates the internal carotid artery (ICA). The inset shows the 3D image of
the overall skull-tumor-vessel model derived from fusion imaging.
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Surgery and Pathology Information
The surgical plan designing derived from CT-MRI image
fusion technique is easily displayed in 3D mode, and has
great value for computer-aided navigation operation, preop-
eratively. The surgeon acquired the vital information of
accurate 3D visual orientation and identification of vital
anatomical structures (such as ICA, IJV, and brain tissue)
preoperatively and intraoperatively, that would prevent the
frequent iatrogenic trauma to the adjacent normal tissues via
the real-time navigation.

Navigation-guided core needle biopsies were performed
based on multimodal image fusion technique in four pri-
mary cases, with definite pathological diagnosis. Naviga-
tion-guided surgery was the treatment method for all four
recurrent cases and three of the primary cases. Stereotactic
intensity radiation therapy was selected for another case,
for the impossibility of radical resection due to extensive
distribution and ICA involvement. Of the seven cases with
navigation-guided surgery, lateral approach (auricular-tem-
poral incision) was used in four cases, inferior approach
(lower lip split and mandible swing) in two cases, and
maxillary-fronto-temporal approach in one case.24 The
tumors were all completely resected except one that was
trigeminal schwannoma that had extension to the cavern-
ous sinus. Pathological diagnosis of all patients is presented
in ►Table 1.

Postoperative Evaluation, Complication, and
Following-Up Investigation
All navigation-guided core biopsies or surgeries were
performed successfully. Postoperative image analysis
showed that there was no obvious tumor mass left in all
cases. The standard deviation from three osteotomy cases
was 0.37�0.32, 0.41�0.37, and 0.42�0.33mm. There was
one case of recurrent meningioma with cerebrospinal fluid
leakage postoperatively due to the dura mater injury, and
was resolved after spinal cerebrospinal fluid drainage. Other
patients recovered well without any major complication,
and were discharged approximately 1 week after surgery.
The follow-up time ranged from 10 to 102 months, and the
median follow-up time was 16 months. Image examination
was performed periodically (3/6/12 months) postoperation
to evaluate whether the tumor recurred. One patient with
synovial chondromatosis relapsed after 3 years of first
operation, and the pathological diagnosis was synovial
sarcoma in repeated surgery. The remaining patients have
no signs of recurrence up till now.

Case Report
A 54-year-old female patient came to our unit for consulta-
tion, due to the chief complaint of the right facial skin
numbness for 6 months (case 1). A soft tissue lump with
heterogeneous density in right ITF was displayed on CT

Fig. 4 Navigation-guided surgery implementation to manage infratemporal-middle cranial fossa communicative tumor (ICFCT) and accuracy
verification. (A) Temporal craniotomy performed precisely using the surgical guide plate (arrow). The inset shows surgical guide plate loaded on
stereoscopic model. (B) The navigation pointer was used to ascertain the tumor had been completely removed at the end of operation. (C)
Accuracy verification of the operation by Geomagic Studio software.
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images. The oval foramen contour and right side of the
pituitary fossa was devastated seriously, with incomplete
skull base bone. The boundary was not legible between the
mass, temporal lobe, and hypophysis. The MRI T2-weighted
image showed a 2.9 cm�3.4 cm�5.5 cm mass on the right
skull base, with clear boundary but uneven internal signal.
The intracranial part of the tumor was adjacent to brain
temporal lobe, and the dura mater seemed intact. After
fusion of CT and MRI images, we evaluated the tumor
properties and visually analyzed the spatial position rela-
tionship between the tumor and surrounding cranial-max-
illofacial bone, ICA/IJV, and brain tissue via reconstructed 3D
images on BrainLab software. Meanwhile, the surgical plan
was designed and assessed for the potential intraoperative
risks. The tumor was removed with the guidance of naviga-
tion, usingmandibulotomy swing approach. Intracranial part
of the tumor was removed under the guidance of navigation
system as well as the endoscopic system to ascertain the
full degree of tumor resection (►Fig. 5). Only flimsy capsule
close to the temporal lobe was left for guarantee of the intact
dura mater. The pathological diagnosis was manifested to be
schwannoma. No obvious tumor mass was found in postop-
erative CT image (►Fig. 6). After 17 months’ follow-up, the
patient’s complaintwas significantly relieved, and no explicit
signs of recurrence were found on imaging examination.

Discussion

Complex and varied pathological types of communicative
tumors could occur between the ITF and the middle cranial
fossa. Formost communicative tumors, radical resection is the
most effective treatment. However, the anatomical structure
of the ITF-skull base area is complex and the ITF position
locates very deep.25 The communicative tumors of ITF are not
obvious inearlystage, andthetumorsizebecomesmuch larger
when discovered. During the tumor removal procedure, both
theprotectionof thecranial nerves, vitalvessels (suchas ICAor
IJV), and the ascertainment of intact dura mater to avoid
cerebrospinal fluid leakage or brain tissue damage need
careful identification.17 Radical resection of the tumor and
protection of vital surrounded structures hold equal roles for
the optimal ICFCT treatment. Accurate preoperative diagnosis,
comprehensive evaluation, and safe operation plan as well as
reliable intraoperative navigation are critical to the well-off
removal of this type tumor.

For ICFCTs, based on the CT andMRI image fusion, not only
the consistency and preliminary diagnosis of the diseased
tissue could be judged, but also the integration of their
respective advantages could be achieved for the purpose of
better computer-aided design. Using computer-aided naviga-
tion designing software, 3D reconstruction of craniomaxillo-
facial bones, ICA, IJV, tumor contour, and brain tissue could be
sequentially obtained, for more intuitive and comprehensive
evaluation of the relationship between the tumor and sur-
rounding structures bysurgeons.26Furthermore, fused images
provide more understanding about the original ICFCT loca-
tion.21 Design of the optimistic biopsy trajectory path, simu-
lation of surgical approach, and osteotomy position thatTa
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Fig. 5 A 54-year-old female patient complained with the right facial skin numbness for half a year. (A) An ill-defined communicative soft tissue
tumor bridged the right infratemporal fossa and middle cranial fossa (arrow) showed on plain CT image. (B) A heterogeneous high signal mass
with clear boundary (dotted line) demonstrated on T2-weighted MRI image. (C) Vital vessels such as the internal carotid artery (ICA) (top right
dotted line) and internal jugular vein (IJV) (bottom left dotted line) showed clearly on contrast CT scan. The inset shows the boxed region
magnified. (D) The precision of multimodal image fusion was verified. The contours of eyeball and adjacent bony structures were well coincident
between the CT outside of box and MRI images (inside of box). (E) Three-dimensional (3D) images of the tumor, craniomaxillofacial bone (60%
opacity setting), ICA, and IJV generated from CT-MRI fusion data. The inset shows the superior view of the 3D skull-tumor image. (F) The tumor
(top arrow) and lingual nerve (bottom arrow) were exposed by mandibular swing approach. The inset shows the overall surgical operation field.

Fig. 6 Fusion images of preoperation and postoperation in the same reference frame. (A–C) Preoperative contrast CT, plain CT, and MRI image.
Asterisk indicates the tumor area. (D) No obvious tumor mass was found in postoperative CT image. The interspace was occupied by muscles and
other soft tissues (asterisk).
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benefit for tumor removal can also be obtained using the
navigation software.27,28

To enhance the precision of the operation planning, the
accuracy of multimodal image fusion is critical, which
depends on many factors, including the quality and reso-
lution of the primary image data, the autofusion algorithm,
and the thickness of image scanning slice.20,29 The Brain-
Lab planning software and its image fusion function has
been routinely used in numerous hospitals around the
world and assisted physicians in the creation of treatment
plans for radiotherapy and neurosurgery.14,20,30,31 The
average image registration accuracy has been evaluated
that it is below 1mm within the intracranial cavity for
typical CT-MRI image registrations.18 The automated fu-
sion function was evaluated by the authors qualitatively.
Previous studies have indicated the common practice that
experienced surgeons often fine-tune the image fusion if
there were any discrepancy with the automated function
and the method was proved to have favorable applicability
and high accuracy.18–20,32 It is reported that in the prereq-
uisite of consistent imaging setting and fusion algorithm,
the thinner and closer the thickness of imaging scanning
slice in different methods, the better is the image fusion
accuracy.30

Contrast CT and MRI are the first choice for the diagnosis
and preoperative evaluation of ICFCT, and function mutually
to each other via their respective advantages. At the same
time, the incorporated multimodal image fusion combined
with reliable navigation technology is beneficial for improv-
ing the accuracy and safety of core needle biopsy and surgical
treatment for ICFCT.
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