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ii. Summary

Bone sarcomas are treated by surgical resection with subsequent bone reconstruction. In these
surgeries in the LUMC, an intraoperative navigation system is used in which recently a mobile
intraoperative CT scanner was integrated for use in the operation room (OR). Although the
navigation system is designed for use in brain and spine surgery, in the LUMC it also used in
orthopaedic oncology surgery of the pelvis and the extremities.

One of the options for reconstructing a bone defect created by a tumor resection is using an
allograft. It is cut to the desired shape in order to fit in the bone defect and subsequently secured
with screws. Currently, shaping the allograft is completely based on the surgeon’s skills by using a
ruler and visual interpretation (called: freehand method). Navigated allograft reconstruction has
been described in literature but in those studies the preoperative tumor resection planning was also
used as the allograft reconstruction planning. When the resection planning is not performed
perfectly or the surgeon had to deviate from planning, the tumor resection planning will not be valid
for allograft reconstruction. Alternatively, using an intraoperative CT scanner, the bone defect can
be scanned and based on that CT scan an allograft reconstruction planning can be made. However,
this is not yet implemented in clinical practice in the LUMC.

The aim of this thesis was 1) to perform a pilot phantom study on navigated allograft reconstruction
as a first step in ultimately achieving intraoperative CT based navigated allograft reconstruction and
to compare this method to the currently used freehand method and 2) to perform a clinical
evaluation of the use of the intraoperative CT scanner in orthopaedic oncology surgery.

In the pilot phantom study, a hemicortical lateral distal femur resection was performed in two femur
Sawbones, based on the case of an actual patient that was treated in the LUMC. For each bone
defect, three conventional freehand reconstructions and three navigated reconstructions were
performed using femur Sawbones. The reconstruction planning for the navigated reconstructions
was made from an intraoperative CT scan of the bone defect. Allograft fit was assessed by
determining cortex gap volume between host and allograft. Mean gap volume for the freehand
reconstructions was 3385 mm?® compared to 2191 mm?® for the navigated reconstructions (p=0.01).

In the pilot phantom study, navigated allograft reconstruction using a reconstruction planning made
from an intraoperative CT scan of the bone defect led to smaller and more consistent cortex gap
volumes compared to conventional freehand allograft reconstruction. Implementation of this
technique in clinical practice is expected to increase allograft fit, but additional challenges have to be
solved to accomplish this, including preoperative scanning of the allograft, (semi-)automatic image
registration of the allograft with patient bone and (semi-)automatic intraoperative segmentation of
the bone defect.

Experiences with the intraoperative CT scanner during this graduation project have shown that the
intraoperative CT scanner is a substantial improvement for orthopaedic oncology surgery. Main
advantages were 1) easy, accurate registration on any anatomy, 2) visualizing the actual
intraoperative anatomy and 3) intraoperative 3D imaging (e.g. to accurately verify screw positions).
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1 Introduction

1.1 Clinical context

Patients with a primary bone tumor eligible for operative treatment are treated by resection of the
tumor and subsequent reconstruction using an autograft, allograft, endoprosthesis or a combination
of those. At the LUMC, a commercially available navigation system is available for use for the
resection of a bone tumor and/or placement of screws (Curve; BrainLAB, Feldkirchen, Germany). The
navigation system is aimed at providing the surgeon with patient image data on which the surgical
tools are visualized real-time. It is comparable to a car navigation system which shows your location
with respect to the map. The intraoperative navigation is accomplished by markers that are attached
to the treated bone of the patient and the surgical tools. The markers are tracked by an infrared
camera. The navigation system is originally developed for brain surgery, and over the last twenty
years also for spine surgery. However, at the LUMC it is also used for the resection of bone tumors in
the pelvic area and the extremities.

Imaging preparation for this orthopedic oncology surgery consists of a preoperative CT and MRI
scan. The CT scan provides information regarding the bone structures, while the MRI scan provides
information regarding the tumor (soft tissue). The tumor is segmented in the MRl scan in order to
plan the operation and image registration is performed to align the MRI and CT scan. Image
registration and surgical planning is performed using dedicated planning software (iPlan; BrainLAB,
Feldkirchen, Germany).

Before a navigated operation procedure can be started, patient anatomy needs be registered to the
preoperative image data. This can be accomplished by using paired point matching, surface
matching, or fluoro-CT matching. However, using this, the surgeon is always navigating using
preoperative data. If the anatomy of the patient changes, e.g. because of a resection, this is not
reflected in the image data. To provide the surgeon with up-to-date imaging, a mobile intraoperative
CT scanner (Airo; Mobius Imaging, Ayer, Massachusetts) was integrated with the Curve navigation
system. The Airo CT scanner can provide the surgeon with image data of the intraoperative situation.
Markers on the gantry of the CT scanner allow for a quick registration procedure.

The application of a navigation system in orthopaedic oncology surgery is reported to aid in
achieving adequate margins and increasing osteotomy accuracy [1]-[12]. One of the options for
reconstructing a bone defect created by a tumor resection is using an allograft. Allograft is donated
bone from another human being. The allograft is cut to the desired shape in order to fit in the bone
defect and subsequently secured with screws. Currently, this is completely based on the surgeon’s
skills by using a ruler and visual interpretation. However, the navigation system can also aid in the
reconstruction of the bone defect using an allograft. Navigated reconstruction of an allograft using
the same planning that was used for the tumor resection, in combination with the improved
osteotomy accuracy is reported to improve allograft fit [5], [13], [14].

1.2 Research purposes

The introduction of the mobile intraoperative CT scanner creates new possibilities in the field of
orthopaedic oncology surgery. Studies that describe navigated reconstruction of an allograft using
navigation use the preoperative tumor resection planning also for allograft reconstruction. In theory,
the allograft should then fit perfectly in the bone defect. In practice, however, the planning is not



always performed exactly as planned. Additionally, a bone tumor can progressively destruct the
bone, even after preoperative imaging was acquired, which could have implications on the
performed surgery. If the surgeon had to deviate from planning, the preoperative plan will not be
valid for allograft reconstruction. The Airo CT scanner can provide the surgeon with image data on
the created bone defect. If a surgical planning for the reconstruction can be made from this image
data, the allograft can be reconstructed using the actual geometry of the bone defect, rather than
relying on preoperative imaging.

The first study aim was to perform a pilot phantom study on navigated allograft reconstruction as a
first step in ultimately achieving intraoperative CT based navigated allograft reconstruction of the
created bone defect and to compare this method to the currently used freehand method.

The introduction of a new technique like this has consequences for the OR workflow and as with any
new technique, teething problems may occur. Therefore, the second study aim was to perform a
clinical evaluation of the use of the intraoperative CT scanner in orthopaedic oncology surgery. The
surgical workflow using the intraoperative CT scanner is compared with the workflow of
conventional navigated operation procedures. Common problems/challenges encountered in the OR
are discussed. Additionally, it is discussed whether a navigated procedure in combination with the
Airo CT scanner is a substantial improvement for orthopaedic oncology surgery over the
conventional navigation procedures.

The mentioned study aims can be translated into two research questions:

1. Does navigated allograft reconstruction using a reconstruction planning from intraoperative
CT lead to more accurate reconstruction compared to freehand allograft reconstruction?

2. Isthe new intraoperative CT scanner a substantial improvement for orthopaedic oncology
surgery, a discipline for which it was not specifically designed?

1.3 Thesis outline

This chapter contains the clinical context, the purpose of this research and a short description of the
performed work. Chapter 2 contains the theoretical background of various subjects involved in this
thesis and a review of the published literature. Chapter 3 contains a case report which describes the
first joint-saving resection of a bone sarcoma using the navigation system in combination with the
intraoperative CT scanner in the LUMC. Chapter 4 contains an article that was written about the pilot
phantom study we have performed regarding intraoperative CT based navigated allograft
reconstruction. Chapter 5 contains a clinical evaluation of the use of the intraoperative CT scanner in
orthopaedic oncology surgery. Chapter 6 summarizes the main findings of this thesis and Chapter 7
states recommendations for future research.



2 Background

2.1 Primary bone tumors

Primary bone tumors are rare and the majority of the primary bone tumors is benign. The exact
incidence of benign tumors is difficult to determine, since most are non-symptomatic [15]. On the
contrary, the incidence of malignant primary bone tumors is well documented. Approximately only
0.2% of all malignancies are bone sarcoma. Common primary malignant bone tumors are
osteosarcoma, chondrosarcoma and Ewing sarcoma, making up for more than 75% of all primary
malignant bone tumors [16], [17].

Osteosarcoma is most common at the age of 10-25 and over 50 years. It is mostly found in the
metaphysis of the long extremity bones (femur, tibia and humerus), especially around the knee [18].
Chondrosarcoma is most seen in 40-70 year olds. It commonly arises from pre-existing bony lesions
such as enchondromas or osteochondromas. Common locations for chondrosarcoma are the pelvis,
ribs, ilium, femur and humerus.

About 80% of Ewing sarcoma is found in patients under 20 years old. It is rare in patients older than
30. It is mostly found in the diaphysis or diaphyseal-metaphyseal portion of the long bones, pelvis
and ribs.

Early symptoms of malignant bone tumors include non-specific pain around a joint, not related to
activity or weight bearing. Later symptoms include swelling, restriction of movement of the limb and
pain related to activity or weight bearing. About 20% of patients present with a pathological fracture
induced by the bone tumor or an incidental finding of a suspicious bone lesion on radiographs taken
for other reasons [16].

When suspicion of a new bone lesion has risen, further investigation has to be performed for
identification of the lesion. Initial investigations include X-rays of the entire bone, including the joints
connected to the suspected bone. A MRI is performed to analyze bone lesion characteristics and
involvement of soft tissue and joints, since MRI provides excellent soft tissue imaging [19]. Among
other MRI protocols, a dynamic gadolinium enhanced MRI scan is obtained in order to assess various
parameters, such as slope, wash out and interval between start of enhancement of artery and of
lesion. Different types of tumors result in different values for these parameters [20]. If the MRI
indicates a risk of a malignant bone tumor, a biopsy is mandatory. After definitive diagnosis,
systemic staging is performed, evaluating systemic spread of the tumor.

Systemic staging involves a PET CT scan or bone scan and a CT scan of the chest to assess the
presence of a primary tumor or metastases.

2.1.1 Tumor resection

Excision of a bone tumor consists of two main parts: surgical excision of the tumor and subsequent

reconstruction of the created bone defect. Different surgical techniques can be used and important
factors in the decision for the appropriate technique include tumor type, local and systemic staging,
localization, patient age and patient choice.

In the past, amputation was a common method to resect primary malignant bone tumors.
Amputation is, for patients, a hard to accept treatment. Advances in chemotherapy and imaging
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techniques has allowed for limb-salvage surgery [21]. Improved imaging allowed the surgeon to
more accurately study the extent of the tumor, thereby preventing the need for amputation. The
most important task in performing a limb-salvage procedure is resecting the bone tumor while
maintaining adequate margins. A margin is defined adequate if it results in an acceptably low local
recurrence rate. Different types of margins are defined (Fig. 1):

e Radical
e Wide
e Marginal

e Intralesional

A radical margin is achieved if the surgeon excises the entire bony compartment in which the tumor
is located (e.g. the whole femur in Fig. 1). A wide margin is achieved when the surgeon cuts both
around the tumor tissue and the reactive tissue, called the reactive zone, effectively cutting through
healthy tissue in order to resect the tumor. A margin is marginal when the surgeon cuts around the
tumor but cuts through the reactive zone. An intralesional margin is defined when the tumor is
incised during surgery.

The treatment for benign bone tumors is in majority expectative; no treatment is given if the tumor
is non-symptomatic. Aggressive benign tumors are preferably treated by curettage, which is the
resection of the tumor by scraping the tumor tissue from or out of the bone (thereby achieving an
intralesional resection margin). The advantage of this type of surgery is that it limits intraoperative
and secondary reconstructive complications. Because bone stability is mostly preserved,
reconstruction of the bone is only for filling the defect instead of mechanical support. Curettage can
be followed by additional treatments by means of phenol or cryosurgery [22], [23]. The treatment
for bone sarcoma consists of surgery (if appropriate when taking into account any metastasis) and
neo-adjuvant and/or adjuvant therapy by means of chemotherapy and/or radiotherapy. The
combination of additional treatments next to surgery depends on the type of malighant bone tumor.

Treatment for osteosarcoma includes surgery and neo-adjuvant and adjuvant chemotherapy.
Modern surgical techniques allow limb-salvage surgery to be performed more often, thereby
reducing amputation rates. Neoadjuvant and adjuvant therapy is given to reduce or destroy the

Intralesional
Marginal
Wide
Radical —

~ e
o e e e e e

Figure 1. Different surgical margins in the resection of a bone tumor.
The bone tumor is displayed in red with a pink reactive zone around it.
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primary tumor and/or (micro)metastases. Radiotherapy is rarely used [16].

Chondrosarcoma is highly resistant to chemotherapy and radiotherapy. Despite of that,
chemotherapy is still used to treat metastatic spread. Surgical resection is the principal treatment
modality [16]. A wide excision has to be used in intermediate and high grade chondrosarcoma'’s. For
low grade chondrosarcoma’s, curettage is used more often.

Ewing sarcoma is sensitive to chemotherapy, radiotherapy and surgery. Neoadjuvant chemotherapy
is important to treat metastases, which are often seen with Ewing sarcoma.

For more extensive reading about the described bone tumors and their respective treatments and
other types of bone tumors, the reader is referred to [15], [16], [24].

2.1.2 Bone defect reconstruction

After resecting the tumor while maintaining adequate margins, reconstruction of the bone defect is
required. This can be achieved using prostheses, autograft bone or allograft bone. The type of
reconstruction depends on the diagnosis, size and location of the bone defect, involvement of other
structures such as ligaments, tendons and muscles, treatment course, patient age, and patient
choice.

As primary bone tumors frequently arise near joints, resection of the joint might be necessary.
Reconstruction of the joint can be performed using an intra-articular allograft, an allograft-prosthetic
composite or an endoprosthesis. An endoprosthesis is considered the gold standard. It consists of a
stem that is inserted in the bone and connected to a prosthesis body, which is in turn connected to
an articular device. This device is connected to a stem that is inserted in the bone opposite of the
joint. Although an endoprosthesis is considered the gold standard, literature describes relatively high
revision rates caused by infection, loosening and component wear, with 50-80% survival of
endoprosthesis after 10 years [26], [27]. An endoprosthesis is therefore less suited for young
patients, since it would require several revisions throughout his or her lifetime. Sparing the joint is
therefore preferred and it is the recommended approach when considering functional outcome [25].

Autografts can be used for reconstruction but require long non-weight or partial weight bearing
periods until complete union is achieved [28]. Next to that, autografts come with the risk of donor-
site morbidity. Intercalary allografts provide superior initial stability but literature describes high
rates of failure because of non-union, pathological fracture and infection [29]. Performing a
hemicortical resection, thereby preserving continuity of the cortex, followed by inlay allograft
reconstruction is reported to result in lower complication rates [30]. A hemicortical resection with
subsequent inlay allograft reconstruction can provide a durable reconstruction, if it survives the first
three years [31]. However, it is not recommended for high-grade bone lesions because of the higher
risk of local recurrence, due to the difficulty in obtaining adequate margins. Performing hemicortical
resections in high-grade tumors may be more successful if margins can be accurately maintained.
Maintaining adequate margins can frequently be achieved in the case of diaphyseal resections, but
becomes more complicated in metaphyseal or epiphyseal resections due to the morphology (Fig. 2).

Allografts are harvested under sterile conditions and subsequently stored at -80°C. They are then
transported to a processing facility which prepares the grafts for implantation. Depending on the
facility, additional sterilization is either not performed or performed with low-dose gamma
radiation. After processing, the allografts are stored in a tissue bank at -80°C. Several measurements
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are performed by the processing facility to describe the morphology of the allograft. When an
allograft is needed, the same measurements are performed on acquired radiographs of the patient
bone and based on that, the best matching allograft is chosen. During surgery, the allograft is
thawed in saline solution with antibiotics. When the bone defect is created after resection of the
tumor, the allograft is cut to the desired shape to fit the bone defect using an oscillating saw. The
allograft is placed under compression and fixated using titanium screws and, if necessary, a titanium
plate.

Successful allograft incorporation is determined by several factors including surface contact area
between the allograft and the recipient bone [32]. Remaining gaps between the cortexes of the
allograft bone and patient bone are filled with spongiosa. However, no gaps are preferred. Cutting
an allograft bone to the desired shape is challenging in the case of a hemicortical resection,
especially in methaphyseal and epiphyseal resections were the anatomy is more complex compared
to diaphyseal resections. Next to that, the allograft bone is never an exact match of the patient
bone, making reconstruction for a proper fit more difficult.

Thus, performing a safe hemicortical resection in both low to intermediate and high-grade tumors
with a subsequent durable reconstruction consists of two main goals:

1. Accurately maintaining adequate margins
2. Inlay allograft reconstruction and placement with superior fit.

The use of intraoperative navigation and the recently introduced mobile intraoperative CT scanner
can aid in achieving these two main goals. A description of these techniques is given in section 3.2.

Epiphysis

Metaphysis

Diaphysis

Epiphyseal

Metaphysis plate

Epiphysis

Figure 2: Structure of a long bone
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2.2 Intraoperative navigation

The use of imaging techniques has allowed for preoperative evaluation of the anatomy and
pathology of the patient. It is required that the surgeon transfers this information to the operation
room in order to correctly perform the operation. To aid the surgeon, screens are placed in the OR
which display the preoperative imaging. However, the surgeon would still have to make a translation
from the imaging as seen on the computer screens to the patient which is operated on. This can be
challenging, especially in the case of complex anatomy. Therefore, it would be even more helpful to
have a real time visualization of the anatomy of the patient combined with the position and
orientation of the used objects/tools. To accomplish this, numerous navigation systems have been
introduced for use in the operating room. Its goal is to provide the surgeon accurate information
regarding the anatomy of the patient and the position of the surgical tools with respect to the
patient [33], [34]. The image data is generally provided by preoperative imaging of the patient.
Intraoperative navigation is used in several disciplines, including neurosurgery, ear, nose and throat
surgery and orthopaedic surgery [35].

2.2.1 Navigation system components

The navigation system used in the LUMC consists of a computer workstation (Curve; BrainLAB,
Feldkirchen, Germany) with two touch screen monitors, which show the image data and surgical
tools and allow user interaction. An infrared camera monitors the position of the patient and the
surgical tools. To accomplish this, tracking bodies with small reflective spheres are attached to the
patient and the surgical tools (Fig. 3). The patient tracking body (called: reference array) is attached
to the patient bone using a clamp or screws on a location that has a fixed anatomical relationship
with the target area. The tracking camera emits infrared light which is reflected by the spheres. From
this reflection the position and orientation of the tracking bodies is measured.

Figure 3: Surgical tools and the clamp-style patient
reference array with attached reflective markers for
navigation purposes.
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30 (Free) - CT

15 mm

Infine Axial . Inline Sagittal

Figure 4: The pointer tool visualized over the image data. In the upper left corner a 3D visualization is shown. In the
upper right corner the tip of the pointer is visualized, with increasing depth for each sub image. The lower left and lower
right image show axial and sagittal view, respectively. Note that the axial and sagittal views provide an inline cross
section with respect to the pointers orientation.

The visualization of the surgical tools on the image data is shown in Fig. 4. The image data is
preoperative data. When a resection is performed or when patient anatomy changes due to surgical
intervention, this will not be reflected in the image data.

To provide up-to-date imaging, recently a mobile CT scanner, Airo, is available for use in the
operating room (Mobius Imaging, Ayer, Massachusetts) which is integrated with the Curve system
(Fig. 5). The gantry houses several components including an X-Ray tube, 32-slice helical scan detector
array, high-voltage generator, air-cooling system and built-in battery pack. It is placed on a
suspension controlled drive system which allows the CT scanner to be moved by one person in and
out the OR, on battery power. The gantry can be moved over a guiding rail that is integrated into the
drive system. A radiolucent surgical table system is integrated on the drive system (TRUMPF
TruSystem 7500, Trump Inc., Farmington, Connecticut, USA). When performing a scan, the gantry
moves over its guiding rail while the surgical table system remains stationary. The scanner can
operated using the detachable module on the side of the gantry.

The most obvious advantage of an intraoperative CT scanner is the ability to image the actual
anatomy of the patient during an operation. The use of intraoperative CT is not new. However,
previously described intraoperative CT scanners often required dedicated ORs in which the CT
scanner was permanently installed. Mobile fan beam CT scanners were available but also had their
limitations including limited bore size and limited scan area [36]—[38]. For the Airo CT, any OR could

15



Figure 5: Brainlab Curve with two touch screen monitors, the infrared camera and the Airo CT scanner with
integrated table system. Image obtainted from Brainlab website.

be used, provided that the OR walls provide enough protection for the radiation. It has a large bore
size of 107 cm and a small gantry of 30.5 x 38 cm. Its helical design allows a scan volume of 50x100
cm. Intraoperative CT scans are acquired with 1.0 mm slice thickness. The Airo CT scanner is fully
integrated with the navigation system. The gantry contains five reflective markers that are tracked
by the infrared camera, which allows for fast and easy registration for navigation. The Airo CT
scanner is connected to the Curve navigation system (which is connected to the infrared camera) for
automatic transmission of the acquired scan data and automatic registration for navigation.

2.2.2 Preoperative planning

As described in section 2.1, preoperative imaging for bone tumors consists of a CT and MRI scan.
Before making an operative plan, the different scans are fused (by image registration, discussed
later). This allows the surgeon to make a planning based on both the information regarding bone
structures from the CT scan and information regarding soft tissue from the MRI scan. For the
operative plan, the surgeon is able to make objects semi-automatically and plan resection planes
and screw trajectories on the preoperative images. Additionally, the surgeon can perform the
surgery ‘virtually’, e.g. performing resections and plan subsequent reconstruction using implants.
This is especially useful in surgeries with complex anatomy, for example a tumor resection in the
pelvis. The planning with all of its objects, resection planes and screw trajectories is superimposed
on the CT and MRI scan and sent to a dedicated server. The navigation system can access this
planning in the OR from this dedicated server. During the operation, this planning can be executed,
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e.g. cutting along the planned resection planes and inserting screws or implants according to the
planned trajectories.

2.2.3 Registration for computer navigation

In order to be able to show the position of the surgical tools relative to the patient on the two
monitors, the coordinate system of the virtual representation of the patient needs to be aligned with
the local coordinate system of the patient on the operation table. The technique used to align these
coordinate systems is called registration. It is the task of finding the geometrical relationship that
aligns corresponding points in the coordinate systems [39]. In the operation room, the coordinate
system of the patient is the ‘central’ one. The coordinate system of the preoperative CT and/or MRI
scan is rotated and translated to be aligned with the patient coordinate system.

Fig. 6 shows the system setup with the involved components:

Infrared camera

Patient with attached reference array

Virtual representation (e.g. CT and/or MRI)

Surgical tool markers

Airo gantry markers (only for Airo registration for navigation procedure).

MR S

The infrared camera monitors the position of the various markers. The camera has its own
coordinate system and the locations of the markers are expressed in this coordinate system. The
reference array markers attached to the patient serve as a reference for the local patient coordinate
system. Therefore, if the patient is moved, the navigation procedure will still be accurate. Also, the
infrared camera can be moved through the operation room while the navigation maintains to be
accurate, as long as the reference array is in clear sight of the camera. Since the reference array is
the reference for the patient coordinate system, it is important that its position relative to the
patient is not altered during the registration process and during the navigated procedure. If its
position relative to the patient is altered, the registration process has to be performed again.

The BrainLAB surgical tools are calibrated from factory. Their geometry and shape is available in the
navigation system. The surgical tools are tracked by the camera using the attached markers. The
system translates the location of the markers in ‘infrared camera coordinates’ to patient
coordinates. Because they are calibrated, the geometry of these tools is known and can therefore be
visualized on the image data on the monitors. Additionally, the surgeon is able to calibrate
instruments in the OR by using an attachable tool reference tree and a calibration tool.

The gantry markers are used for the registration process: translating the intraoperative CT
coordinates to patient coordinates. This is explained in the next section.

Conventional registration methods
If not using the Airo scanner for registration, three widely used registration techniques to align the

preoperative CT and/or MRI coordinate system with the patient coordinate system are:

e Paired point matching
e Surface matching
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Figure 6: System setup with the involved components for registration for navigation purposes.

e  Fluoro-CT matching

The procedure for paired point matching involves defining at least three distinct points in the
preoperative imaging. This is usually performed by marking a set of points with the mouse cursor.
When performing the registration, the corresponding distinct points on the patient need to be
identified using a navigated pointer tool. If both sets of points are defined, the geometrical
transformation is calculated using a paired point algorithm. This method requires several user
interactions and user input which makes this method error-prone. The quality of the registration
depends on the ability of the surgeon to define the exact corresponding points (defined on the
preoperative imaging) on the patient using the pointer. To eliminate this step, improvements have
been introduced by using markers on the area to be operated on. These markers can easily be
identified both on preoperative imaging as intraoperatively using a navigated pointer. This makes
exact point-to-point matching easier, resulting in better registration accuracy. The markers can be
skin markers or pins, for example. However, this method introduces an extra surgical step — the
implementation of the markers which comes with additional risk, patient discomfort and cost [39].

With surface matching, the surgeon moves the navigated pointer along the surface of the patient, in
this case bone, thereby creating a cloud of points (surface). These points are mapped onto the
surface of the preoperative imaging. The geometrical transformation is calculated when the best fit
for the surface has been found using an iterative method [40], [41]. Surface matching obviates the
need for preoperatively determined distinct points or preoperatively implemented artificial objects.
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Although the intraoperative execution of the two methods is different, their mathematical
technique is similar. Both methods use geometrical features (points, lines, surfaces) corresponding
to the same anatomical structures to find the geometrical transformation. The only difference is that
the paired point method assumes that the correspondences between the points are known while
the surface matching method has to iteratively determine these correspondences. In other words,
the surface matching method has to ‘search’ for its corresponding surface in the preoperative image
using a similarity function to measure the ‘fit’.

Different algorithms are available to find the geometrical transformation for paired points matching,
ranging from iterative methods to analytical, direct methods using singular value decomposition, for
example. The most frequently used algorithm for surface matching is the iterative closest point
algorithm [42]. The algorithms will not be further discussed in this thesis. For further reading about
these different algorithms and (image) registration in general, the reader is referred to [43]-[46].
Note that the techniques used for image registration (image fusion) are generally different from the
techniques used for registration for navigation purposes.

Fluoro-based matching was introduced as a less invasive method [47]. Generally, fluoro-based
matching can be divided into two main categories: feature-based methods and intensity-based
methods [39]. Feature-based registration requires segmentation from the fluoro image, a process
that is difficult to achieve automatically. Additionally, segmentation errors can lead to registration
errors. Intensity-based matching compares the calibrated fluoro images with a digitally
reconstructed radiograph (DRR). The DRR is reconstructed from the preoperative CT volume by
simulating X-ray projections [48]. The main challenge in this method lies in the similarity measure,
which measures the quality of the alignment. The intensity-based method requires more
computation time due to the DRR computation, but results in a more accurate registration [39]. Over
the years, other methods have been proposed for fluoro-CT matching and the subject is still actively
researched [49]-[51].

Intraoperative CT registration method

The introduction of intraoperative CT facilitated a new registration technique. Reflective markers are
placed on the gantry of the CT scanner. The CT scanner can be considered a calibrated instrument
for which the spatial relationship between the geometry of the gantry markers and the scanned
volume is known. When the gantry is in start position to perform a CT scan, the infrared camera
tracks the position of the gantry markers and the reference array on the patient. Since the CT
scanner is calibrated and the patient coordinate system is defined by the reference array, the
rotation and translation matrix can be calculated. When the CT scan is acquired subsequently, the
local coordinate system of the scan is rotated and translated using that matrix in order to align it
with the patient coordinate system. This method allows for quick and accurate registration and no
selection of distinct points, no invasive preparation and no segmentation is required [36], [37]. Not
only does it allow for quick registration, the actual anatomical situation can be accurately assessed in
the OR instead of relying on preoperative imaging.
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Four registration methods for navigation purposes have now been described:

e Paired point matching
e Surface matching

e  Fluoro-CT matching

e Intraoperative CT

Paired point matching, surface matching and fluoro-CT matching all use the preoperative CT and/or
MRI scan, directly registering the coordinate systems of these scans with the patient coordinate
system. Since the planning (if one is made) is attached to this preoperative data, the navigated
surgical procedure can be started after registration. When the intraoperative CT is used for
registration, the coordinate systems of the preoperative CT and/or MRI scans are not yet aligned
with the patient coordinate system. The intraoperatively acquired CT scan is aligned with the patient
coordinate system. Performing image registration to align the preoperative CT and/or MRI scans
with the intraoperatively acquired CT scan will thus align the preoperative CT and/or MRI scans with
the patient coordinate system. To perform this, an image registration workflow has been integrated
in the navigation software. The user has to select a region of interest for the volume that needs to
be registered and then roughly align the two scans. The navigation software will then calculate the
exact alignment of the images. Image registration is only needed if the surgeon decides to use
preoperative imaging (with planning, e.g.). Otherwise, the surgeon can perform the navigated
procedure using the intraoperatively acquired CT scan.
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2.3 Image registration

In order to analyze and compare different images, the images need to be spatially aligned. This
process is called image registration and it is frequently used in medical image processing. It is the
task of finding the spatial one-to-one mapping from the voxels in one image to voxels in the other
image. At LKEB, Elastix is mainly used for image registration, a toolbox for rigid and nonrigid
registrations of images. Therefore, the descriptions given in this section are related to image
registration with Elastix and are mainly based on the Elastix manual® and the corresponding
published literature [52]. Since image registration plays a significant role in this thesis, this section
contains an introduction to image registration with descriptions of the involved mathematical
representations and methods. For more extensive reading on image registration, the reader is
referred to [43]-[46].

Two images are involved in the registration process: the fixed image I-(x) and the moving image
I,;(x). Each image is defined on its own spatial domain. The goal is to find the transformation that
makes I, (x) spatially aligned to I-(x). The transformation is defined as a mapping from the fixed
image to the moving image. In order to obtain the best possible alignment of two images, the
problem is mathematically described as follows:

—~

T, = arngin C(T; I, 1y) (3.1)

in which T is the transformation, u the parameterization and C the cost function. As can be deduced
from the equation, a parameterized transformation is used. An overview of nonparametric methods
can be found in [53]. The parameterization contains the available transformations. In other words,
the number of possible transformations (e.g. translation, rotation, scaling, shearing) is limited by the
parameterization.

The goal is to find a transformation using the parameterization u that yields the minimum value for
the cost function C. Equation 3.1 can therefore be rewritten as follows:

p=argminC(u; I, 1) (3.2)
n

The cost function consists of two parts, and is defined as follows:
C(T;Ip, 1) = =S(T; I, I1y) +yP(T) (3.3)

In which S is the similarity measure, P the penalty term or regularization and y the ratio between
similarity and regularity. Several regularization types are available and its function is to constrain T
in case of non-rigid registrations. For further reading the reader is referred to the Elastix manual and
[54]. For the similarity measure, different metrics are available, which are described in section 2.3.1.

2.3.1 Metrics
Different metrics are supported by Elastix, of which the following are feasible in this thesis:

! Available at: http://elastix.isi.uu.nl/doxygen/index.html
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e Sum of squared differences (SSD)

e Normalized correlation coefficient (NCC)
e Mutual information (Ml)

e Normalized mutual information (NMl)

For the mathematical representation of these metrics the reader is referred to the Elastix manual.
SSD compares the intensity for each voxel to voxel mapping and is therefore only suited for images
with equal intensity distribution, such as images of the same modality. NCC also uses the intensity
values for each voxel to voxel mapping, but assumes a linear relation between the two. It is
therefore less strict and can be used more often. Ml assumes a relation between the probability
distribution of the intensities between the two images. This makes this metric suited for both mono-
modal and multi-modal applications (e.g. registration of a CT and MRI image). Normalized mutual
information is, just like Ml, suited for multi-modal applications.

2.3.2 Sampler

To evaluate the quality of the registration, the metrics described in section 2.3.1 are used. Until now,
in the formula’s, x represented the voxels in the image. However, it might not be necessary to
include all the voxels of the image in the calculation of the metrics. The evaluation of only a part of
the voxels in the image might be sufficient and will decrease the calculation time. Several methods
are available in Elastix.

Full
All voxels will be selected.

Grid

The sampler places a grid over the image and selects the coordinates of the grid as the voxels used
for the metric. This is basically downsampling. The user can select the size of the grid, which is
basically a downsampling factor.

Random
Random voxels will be selected. The number of voxels that will be selected can be specified.

Random coordinate
The same as random, but now non-voxel locations can also be selected (e.g. between two voxels).
The grey value for the non-voxel location will be calculated by interpolation.

2.3.3 Interpolator

To solve equation 3.1, the location of the moving image with respect to the fixed image is evaluated
at different locations. This can lead to evaluation at non-voxel positions (between voxels). In order to
obtain grey values for the non-voxel locations, different interpolators can be used.

Closest neighbor
The pixel value of the closest neighbor voxel will be used.
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Linear interpolation
The grey value for the non-voxel location is calculated using the average of the surrounding voxels.
The weight of each surrounding voxel values is inversely proportional to the voxel distance.

N-th order B-spline
The higher the order, the better the quality, but the longer the computation time. Closest neighbor
and linear interpolation are also of this category, with N=0 and N=1, respectively.

2.3.4 Transformations
Several transformations can be used in order to spatially align the two images. The transformations
that can be used to align the images can be defined by the user.

Rigid transformation
A rigid transformation allows rotation and translation to align the two involved images. A rigid

transformation is defined as:

T,(x)=R(x—c)+t+c (3.4)

With R the rotation matrix, t the translation vector and ¢ the center of rotation.

The parametrization u consists of the elements of the rotation matrix and the translation vector. In
the case of a 3D registration, the parametrization u consists of 6 parameters and is thus defined as:

I’l = [gx: 93/592' tx' ty' tZ]T (3'5)

Affine transformation
An affine transformation allows rotation, translation, scaling and shearing of the image. An affine
transformation is defined as:

T,(x)=A(x—c)+t+c (3.6)

With A a matrix. The parameterization consists of the elements of matrix A and the translation
vector. In the case of a 3D registration, the parametrization u consists of 12 parameters and is thus
defined as:

_ T
K = [aq11,a42, 013, 21032, Az3, 31, A3, 33, by, Ly, U] (3.7)
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Non-rigid transformation

Non-rigid transformation allows for deformation of the image to fit the other image. This is for
example useful when using atlas segmentation. Using non-rigid transformations, the atlas image (or
multiple atlas images) can be deformed in order to fit the image of the patient. A commonly used
non-rigid registration method is the B-spline non-rigid registration. It uses a uniform grid of control
points, which is ‘put on’ the image, either 2D or 3D (Fig. 7). The control points are moved around in
order to deform the image. The spacing between the control points determines the density of the
grid, which determines the locality of the transformations. Large grid spacing results in alignment (by
deformation) of larger structures while small grid spacing will result in refinement of the
deformation of the smaller structures in the image. ldeally, the non-rigid registration is performed
using gradually decreasing grid spacing for every resolution (multi-grid). For initial alignment, a non-
rigid registration has to be preceded by a rigid or affine registration.

The parameters of u are formed by the control point displacements. The number of control points
thus determines the number of parameters of u. The number of control points depends on the

image size and the grid spacing.

For an extensive description on the involved parameters in B-spline non-rigid registration, the reader
is referred to the Elastix manual.

In Fig. 7 the described transformations are visualized.

L
)
\
/.
)

\
|

Figure 7: Different transformations visualized with an overlayed grid for clarification. (A) fixed image, (B) moving image,
(C) only translation, (D) rigid transformation, (E) affine transformation and (F) B-spline non-rigid transformation. Images
obtained from the Elastix manual.
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2.3.5 Optimizer
To solve equation 3.1, an iterative method is used, which can be defined as follows:

Hps1 = W +apdy, k=0,1,2,..,, (3.8)

With dj, the ‘search direction’ and a;, the step size. This iterative method ‘looks for’ the values of u
that yield the lowest cost function. The number of iterations k is user-defined. Different
optimization routines can be used, but these will not be described in this thesis. For an overview of
different optimization routines the reader is referred to Klein et al. [55]. The optimization method
that will be used in this thesis is the one that is suggested as default in Klein et al.: the adaptive
stochastic gradient descent [52], [56].

2.3.6 Multi-resolution

Elastix uses a multi-resolution strategy. This means that early in the registration process images with
lower complexity are used, which enhances the chance of a successful registration. This can be
accomplished by smoothing and/or downsampling the images. A series of images with increasing
amount of smoothing is called a scale space. Smoothing of the images lowers complexity of the
images, while down sampling also lowers the amount of data.

Elastix provides three different multi-resolution strategies:

e Gaussian pyramid: applies smoothing and down sampling
e (Gaussian scale space: applies smoothing, no down sampling
e Shrinking pyramid: no smoothing, only down sampling.

What method to use also depends on the sampler that is being used. When using a full sampler, and
thus selecting all the pixels in the image for the similarity measure, it can be useful to downsample
the image early in the registration process to speed up the process. When using the random
sampler, this is not necessary, since it will always select the same number of (user-specified) voxels.

In summary, the most important parameters that need to be defined for each rigid or affine
registration are:

e Transformation

e Metric

e Sampling strategy

e Interpolation method

e Optimization method

e Multi-resolution strategy

The settings of these parameters depend on the involved images that need to be registered.

25



3 Joint-preserving excision of an osteosarcoma of the distal femur
using intraoperative navigation and intraoperative CT: a case

report

R.P.J. van den Ende? P.D.S. Dijkstras*

! eiden University Medical Center, Department of Radiology, Division of Image Processing, Leiden, the Netherlands

2University of Twente, MIRA institute for Biomedical Technology and Technical Medicine, Enschede, the Netherlands

3Leiden University Medical Center, Department of Orthopaedic Surgery, Leiden, The Netherlands

Abstract

Navigation guidance in orthopaedic oncology surgery is reported to aid in establishing more accurate margins

and increased osteotomy accuracy. Recently, a mobile intraoperative CT scanner was integrated with the

navigation system. Its main advantages are automatic registration for navigation and the ability to image the

patient intraoperatively. We report on a successfully performed joint-preserving hemicortical resection of a

high-grade osteosarcoma of the epiphyseal distal femur using intraoperative navigation and intraoperative CT

with subsequent allograft reconstruction.

3.1 Casereport

In the past two decades, numerous navigation
systems
accurate planning and surgery
disciplines, including neurosurgery, ENT surgery
and orthopaedic surgery. Intraoperative
navigation can aid in establishing more
accurate margins and increased osteotomy
accuracy in orthopaedic oncology surgery [1]-
[8]. Cartieux et al. report significantly increased
cutting accuracy in a phantom study with 23
operators each performing four freehand cuts
(average 11.2 mm accuracy) and four navigated
(average 2.8 accuracy) [8].
Additionally, intraoperative navigation can be
used for allograft reconstruction, which, in
combination with the improved osteotomy
accuracy, is reported to aid in improved
allograft fit [5], [13], [14]. In our institution, a
commercially available navigation system is
used (Curve; BrainLAB, Feldkirchen, Germany),
in which recently a mobile CT scanner (Airo;
Mobius Imaging, Ayer, Massachusetts) was
integrated for use in the OR. To our knowledge,
no literature is yet available describing the

have been introduced to obtain

in several

cuts mm
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intraoperative use of this specific CT scanner in
resection and reconstruction in orthopaedic
oncology. This report describes our first
experience with the intraoperative CT scanner
in an orthopaedic oncology surgery of the distal
femur; a patient with a high grade conventional
distal femur,
treated with en-bloc resection using navigation
and intraoperative CT with subsequent allograft
reconstruction.

osteosarcoma of the lateral

A 19-year-old, otherwise healthy
presented with increasing pain of the lateral
right knee for three months. Palpation of the
right painful the
anterolateral part of the knee was swollen.
Conventional radiographs
relatively well-defined expansile osteolytic
bone lesion. Magnetic resonance imaging (MRI)
demonstrated a heterogeneous T1 iso- to
hyperintense and T2 hyperintense eccentric
bone lesion of the metaphysis, dimensions 6 x
3 x 4 cm, with profound periosteal reaction and
invasion into the soft tissue, suspected for

man

lateral knee was and

demonstrated a



osteosarcoma (Fig. 8). Preoperative CT-guided
core needle biopsy confirmed a high grade
conventional osteosarcoma. Staging included a
thorax CT scan and bone scintigraphy, which
demonstrated no other suspected lesions.
Treatment plan consisted of neoadjuvant
chemotherapy, surgical resection and adjuvant
chemotherapy according to the European and
American Osteosarcoma Study Group
(EURAMOS). After discussing the surgical
options, risks, benefits and alternatives at a

Figure 8: (A) Coronal and (B) axial slices of the T1 weighted MRI. (C) Axial slice of the T2 weighted MRI.

multidisciplinary meeting and with the patient,
a joint-preserving excision of the osteosarcoma
followed by allograft
chosen.

reconstruction was

Preoperative preparation included a CT (1.0
mm slice thickness) and MRI (5.0mm slice
thickness, 1.5T) scan. Using iPlan (BrainLAB,
Feldkirchen, Germany), the CT and MRI scans
were fused, the tumor was segmented semi-
automatically and the area to be resected was

Figure 9: Setup of the operating room during surgery.



Figure 10: (A) axial, (B) sagittal and (C) coronal slice of the bone defect, as acquired by the intraoperative CT.

planned. The image data and planning were
uploaded to a dedicated server and then
transferred to the computer workstation in the
operation room. The operating room setup is
shown in Fig. 9. The intraoperative CT scanner
has a large bore size of 107cm, a slim gantry of
30.5 x 38cm, and an integrated surgical table
system (TruSystem 7500; Trumpf Medical,
Ditzingen, Germany). The CT scanner can be
operated using the detachable module on the
side of the scanner (Fig. 9). When a scan is
performed, the gantry moves on its guiding rail
to the appropriate location while the patient
table remains stationary. The navigation system
consists of a computer workstation with two
touch screen monitors, which show the image

data and surgical tools and allow user
interaction. An infrared camera monitors the
position of the patient and the

instrumentation. To accomplish this, tracking
bodies with small reflective spheres are
attached to the patient and the
instrumentation. The camera emits infrared
light which is reflected by the spheres and the
position and orientation of the tracking body is
measured. Additionally, reflective markers are
integrated in the gantry of the CT scanner for
registration purposes. During the scan
procedure for registration, the infrared camera
tracks the position of both the markers on the
reference array attached to the patient and the
markers on the gantry, which allows for
automatic registration for navigation.
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The patient was placed feet first towards the CT
supine position. After
approach of the distal femur, two threaded
pins were inserted into the cortex on
approximately two-third of the femur, on which
the tracking body with the reflective spheres
was attached. The CT scan was performed,
reconstructed and automatically sent from the
the computer
Registration was performed automatically and
registration was verified using a
navigated pointer. Subsequently, the
intraoperative image was fused with the
preoperative imaging containing the planning
in order to use the planning during navigated
surgery. The navigated resection of the tumor
was performed by using the navigated pointer
and an oscillating saw. The cortex was cut
around the preoperatively planned resection
area. Subsequently, a navigated chisel was used
to further excise the tumor. A CT scan was
acquired for assessment of resection margins
(Fig. 10). Macroscopic evaluation of the
resected specimen was performed by a
pathologist. After approval that the resection
margins were without macroscopic tumor
involvement, allograft
started. For this, a fresh, frozen cadaver femur
(BISLIFE, Leiden, Netherlands) was used, which
was reconstructed using an oscillating saw to
match the created bone defect. When allograft
geometry and proper inlay position was verified
with a mobile C-arm with a flat-panel detector
(ziehm Vision FD Vario 3D;Ziehm Imaging,
Nuernberg, Germany),

scanner in lateral

scanner to workstation.

correct

reconstruction was

a titanium femoral



Figure 11: Resected specimen, minimal tumor margin was 1.4 cm.

locking plate osteosynthesis (Litos Gmbh,
Ahrensburg, Germany) was fixated in order to
compress the allograft in the remaining bone.
The small osseous gaping was filled with
morselized spongiosa of the remaining allograft
condyle.

Regarding the time we have spent with
intraoperative navigation and intraoperative
CT: Reference array placement four minutes;
CT scan procedure 24 minutes; registration for
navigation three minutes, including verification
using the navigated pointer; of
preoperative and intraoperative imaging 11
minutes, mainly due to the fact that the shifted
patella influenced the accuracy. This was solved
by selecting a smaller region of interest,
excluding the patella. Resection of the tumor
took 1 hour and 59 minutes.

fusion

Final pathology demonstrated a high grade
conventional osteosarcoma with wide margins
(minimal tumor margin was 1.4 cm, Fig. 11).

At 9-month follow-up, full weight bearing is
achieved without complaints of pain, an X-ray
of the allograft shows partial fusion (Fig. 12).
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3.2 Discussion

Osteosarcoma is the most common primary
tumor of the bone [24]. It tends to arise
predominantly in younger people (10-25 years)
and older people (60-75 years), mostly in the
metaphyses of the long extremity bones,
especially around the knee [18]. The standard
treatment for high grade osteosarcoma is en-
bloc resection along with neoadjuvant and
adjuvant chemotherapy. In daily practice,
patients with a high grade bone sarcoma of the
distal metaphyseal or epiphyseal femur are
treated with complete resection of the distal
femur and  reconstruction  using an
endoprosthesis which sacrifices the knee joint
[18]. However, endoprostheses are related to
relatively high complication rates because of
loosening, infection, stem fracture, dislocation
and component wear [26], [27]. Preserving the
joint is therefore preferred, e.g. by performing
a segmental However,
reconstruction using a intercalary autograft
requires long non-weight bearing periods and
can cause donor-site morbidity [28]. For
intercalary allografts, high complication rates
are reported, including fracture, nonunion and
[29].
preserves cortex continuity and excellent
complication rates are reported after inlay
allograft reconstruction [30]. Therefore, in this

resection.

infection A hemicortical resection



Figure 12: X-ray at 5 months after surgery.

case, it was chosen to perform a navigation-

assisted hemicortical resection with

subsequent inlay allograft reconstruction.

When excising the tumor, at least marginal
margins be maintained,
inadequate margins are
significantly higher risk of local recurrence [57].
To achieve adequate margins can be a
challenge in the case of metaphyseal or
epiphyseal resections due to the morphology.
The introduction of intraoperative navigation
has allowed for guided osteotomy and guided
placement of instrumentation.
preoperative CT and MRI, the surgeon can
observe the location and extent of the tumor in
the bone and soft tissues and make an
plan [19]. This plan and
intraoperative navigation enables the surgeon
to avoid critical structures and ensures that the
orientation and depth of the instrumentation is

need to since

related to a

By fusing

operative
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adequate for accurate resection of the tumor.
The reported increased accuracy in achieving
adequate margins and accurate osteotomies
enable the surgeon to perform join-preserving
surgery in tumors located in the metaphysis

[1]-(8].

The main advantage of the intraoperative CT
scanner is the ability to image the patient
during the surgical procedure, which provides
the actual situation, rather than relying on
preoperative imaging. This is of paramount
importance when using navigation, where the
image data is a key element of orientation.
Furthermore, imaging of the bone after the
resection is especially useful when using
intraoperative  navigation  for  allograft
reconstruction. In previously published papers
regarding navigated allograft reconstruction,
the desired 3D model of the reconstruction was
based on preoperative imaging and the
preoperative plan [5], [13], [14]. When using
intraoperative CT, the patient can be imaged
after the tumor is resected, thereby imaging
the actual geometry of the bone defect. If
segmentation of the bone defect is performed
directly after CT acquisition, this segmentation
could be used as a planning for navigated
allograft reconstruction. This will most likely
improve the accuracy of the allograft fit to the
host bone and is especially useful if the surgeon
had to deviate from the preoperative plan.

Geller et al. suggested several optimizations for
navigation guided surgery with intraoperative
CT, including an easier registration process and
the ability to merge preoperative planning with
intraoperative progress [58]. The registration
process in this case required only several
minutes. After performing the CT scan, no
additional input of the surgeon was required to
complete the registration. Fusion of the CT scan
performed in the OR with preoperative data
was also performed, but this required the
selection of a region of interest. There is



currently no feedback concerning the accuracy
of this fusion.

A disadvantage of intraoperative CT is that the
operative procedure has to be interrupted in
order to perform a scan. The staff has to move
behind lead glass panels to protect them from
radiation during the scan procedure. In this
case, two lead-glass panels were placed in the
operating room. Performing the CT scan and
registration took about 27 minutes, because
initially the geometry of the markers on the
gantry was not recognized by the navigation
system. To solve this, the scan workflow on the
restarted. The
workflow of the scan and registration is simple
and (without system errors) this can be
performed in less than 10 minutes. Despite this
interruption, the fully automated registration is

computer workstation was
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valuable and is expected to enhance the
workflow  during compared
conventional registration methods such as
fluoro-matching, surface matching and paired
points matching.

surgery, to

In summary, this is the first report of a patient
with a high grade osteosarcoma of the distal
femur, in whom we successfully retained the
knee joint, after navigation-guided surgery
accompanied by intraoperative CT with
subsequent inlay allograft reconstruction. In
addition to resections  using
intraoperative navigation, the intraoperative CT
scanner offers a possible
navigated allograft reconstruction by providing
intraoperative imaging of the actual bone
defect.

accurate

improvement in
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Abstract

Introduction: The use of intraoperative navigation in orthopaedic oncology is suggested to aid in accurate
tumor resection and achieving adequate margins. Additionally, navigated allograft reconstruction is suggested
to improve allograft fit and contact area. However, in published studies, the tumor resection planning is also
used for allograft reconstruction. Deviation from planning in tumor resection will make it invalid for allograft
reconstruction. This can be resolved by making a reconstruction planning from an intraoperative CT scan. The
purpose of this study was to evaluate whether navigated allograft reconstruction using an intraoperative CT-
based reconstruction model is more accurate than freehand allograft reconstruction (without navigation), thus
leading to a better fit.

Methods: In two femur Sawbones, a hemicortical lateral distal femur resection was performed. For each bone
defect, three freehand reconstructions and three navigated reconstructions were performed using femur
Sawbones. The reconstruction planning for the navigated reconstructions was made from an intraoperative CT
scan of the bone defect. Allograft fit was assessed by determining cortex gap volume between host and
allograft.

Results: Mean gap volume for the freehand reconstructions was 3385 mm® (range 2355-4422, 6=783)
compared to 2191 mm® (range 1832-2437, 0=218) for the navigated reconstructions (p=0.01).

Conclusion: In this pilot phantom study, navigated allograft reconstruction using a reconstruction planning
made from an intraoperative CT scan of the bone defect led to lower and more consistent cortex gap volumes
compared to freehand allograft reconstruction.

4.1 Introduction vascularized fibular autograft comes with a
Primary bone tumors, especially osteosarcoma, substantial risk of fracture until solid union is
tend to arise predominantly in young people achieved, which therefore requires long non-
aged 10-25 years [15], [18], [24]. As they mostly weight-bearing recovery. Intercalary allografts
arise in close proximity to joints, resection of have superior initial stability, but suffer from
adjacent joints is often necessitated. high rates of non-union [29]. A hemicortical
Endoprostheses are generally considered the resection followed by inlay allograft
gold standard for joint replacement. However, reconstruction offers several advantages over a
endoprostheses are related to a relatively high segmental resection including preservation of
revision rate due to component wear, host bone continuity and a larger potential
loosening and infection [26], [27]. Saving the graft-host contact surface. Published studies
adjacent joint using a segmental or suggest that an increase in bone contact area
hemicortical resection is therefore favorable. between graft and patient bone may improve
Reconstruction of a segmental resection using a graft incorporation [5], [14], [32], [59].
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Figure 13: Images of the case on which the experiment is based. (A) Coronal and (B) axial slices of the T1 weighted MRI.
(C) Axial slice of the T2 weighted MRI.

The wuse of intraoperative in
orthopaedic oncology surgery is suggested to
aid in accurate tumor resection and achieving
margins [1]-[8]. The
osteotomy accuracy may help the surgeon to
gain confidence in performing a joint-saving
hemicortical resection in epiphyseal bone
tumors. Next to that, the navigation system
could also be used for allograft reconstruction.
Navigated allograft reconstruction is suggested
to improve allograft fit and contact area [5],
[13], [60]. Published used the
preoperative resection planning for allograft
reconstruction. However, if deviation from
preoperative plan was the
resection perfectly performed
according to plan, the preoperative plan will
not be valid for allograft reconstruction. This
could be resolved by using
intraoperative imaging. In our institution, a
commercially available navigation system is
(Curve; BrainLAB, Feldkirchen,
Germany), in which a mobile CT scanner (Airo;
Mobius Imaging, Ayer, Massachusetts) was
integrated for use in the OR. This allows
imaging of the osseous defect after resection of
the tumor. A reconstruction model can be
made the intraoperative imaging,
resembling the actual osseous defect, which
be
reconstruction of the allograft.

navigation

adequate increased

studies

necessary or

was not

however

being used

from

can used for navigation-assisted

Currently,
based
measurements using a ruler and the surgeon’s

allograft  reconstruction is on
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visual judgement (so called: freehand allograft
reconstruction).

The purpose of this study was to evaluate
navigated allograft
an

reconstruction

CT-based
reconstruction model is more accurate than
freehand allograft reconstruction, thus leading
to a better fit.

whether

using intraoperative

4.2 Materials & methods

Navigation system

The navigation system consists of a computer
workstation with two touch screen monitors,
which show the image data and the surgical
tools. An infrared camera monitors the position
of the tracking spheres on the patient and
surgical tools. The intraoperative CT scanner is
integrated with the navigation system and
equipped with tracking spheres on the gantry
for automatic registration purposes. The gantry
is placed on a battery powered drive system
which allows it to be transported to the OR, by
one person. It has a large bore size of 107cm, a
slim gantry of 30.5 x 38cm, and an integrated
radiolucent surgical table system (TruSystem
7500; Trumpf Medical, Ditzingen, Germany).
While scanning, the gantry will move over its
guiding rail, while the table remains stationary.

Experiment
Foam cortical shell femur Sawbones (Pacific
Research Laboratories, Vashon, Washington)



were used, which were all identical in shape.
The experiment was based on the case of an
actual patient who was treated at our
department for osteosarcoma of the distal
femur (Fig. 13) [61]. On two Sawbones, a tumor
resection based on that case was performed,
resulting in a bone defect. For each bone

defect, three navigated allograft
reconstructions and three freehand allograft
reconstructions were performed by an

experienced orthopaedic surgeon (PDSD). Thus,
2 Sawbones were considered host sawbones
(resembling a patient) and 12 Sawbones were
considered allografts.

For each reconstruction, the required time was
measured. It is defined from the moment the
surgeon started marking the osteotomies until
the moment a satisfactory reconstruction was
achieved. That means that for the navigated
reconstruction, this excludes the time needed
for scanning the bone defect, making the
reconstruction planning, attachment of the
reference array to the allograft Sawbone,
registration for navigation and image fusion
with preoperative imaging with attached
reconstruction planning.

Freehand allograft reconstruction

For the freehand allograft reconstruction, the
host bone with the bone defect was placed on
the patient table. The surgeon was not allowed
to perform actions that would not be possible
intraoperatively, e.g. picking up the bone. The

surgeon marked the reconstruction
osteotomies on the allograft bone and
performed the reconstruction wusing an

oscillating saw. The reconstruction was refined
until a best fit was obtained.

Navigated allograft reconstruction

Fig. 14 contains a diagram with the steps
involved in making the reconstruction planning
and navigated allograft reconstruction. The
following CT scans were involved in making the
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reconstruction planning and navigated allograft
reconstruction (shown in green in Fig. 14):

e Preoperative CT scan: allograft

e Intraoperative CT scan: bone defect

e Intraoperative CT scan for registration
for navigation: allograft

After the bone defect was created,
intraoperative CT scan was acquired to image
the bone defect (Fig. 14.a). This scan was
iPlan and fused with the
preoperative allograft CT scan (Fig. 14.b). The
reconstruction  planning made by
subtracting the threshold segmentation of the
host Sawbone with bone defect from the
threshold segmentation of the allograft
Sawbone (Fig. 14.c). This results
segmentation of the bone defect, which was
used as a reconstruction planning. Because the
scans are fused, the reconstruction planning is
attached to both scans. The preoperative
allograft CT scan with attached reconstruction
planning was then transferred to the Curve (Fig.
14.d). The reconstruction planning was used for
all navigated reconstructions of their respective
bone defect. That means that Fig 14.a-d was
performed once for each bone defect.

an

transferred to

was

in a

To perform the allograft reconstruction, the
reference array was attached to the allograft
Sawbone on an appropriate location on the
area to be used for reconstruction (Fig. 14.e).
This will maintain reliable navigation at all
times, even after the reconstructed graft is
detached from the complete femur. After that,
an intraoperative navigated CT scan was
performed followed by automatic registration
for navigation (Fig. 14.f).

Image registration was performed on the Curve
to fuse this scan with the preoperative allograft
CT scan with attached planning (Fig. 14.g).
Subsequently, the navigated allograft
reconstruction was performed according to the
reconstruction planning (Fig. 14.h). This was



Creation of reconstruction planning
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Preoperative
allograft scan
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scan with reconstruction planning
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e. Attach reference array
to allograft Sawbone

\ 4

Sawbone
Allograft with attached
reference array

f. Navigated
intraoperative
CT scan

CcT
Allograft registration for navigation

scan with
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1
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pointer and oscillating saw

Figure 14: Diagram showing the involved steps to create the reconstruction planning and

perform the navigated reconstruction.
achieved by marking osteotomies using a
the navigated pointer. The
osteotomies were then performed using an
oscillating After navigated
reconstruction, the shape of the allograft was
further refined without navigation using the
oscillating saw until a best fit was obtained.

marker and

saw. initial

Allograft fit analysis

Each reconstructed allograft was fitted and
secured in the bone defect and a CT scan of
each fitted allograft was acquired for further
analysis. Allograft fit was quantified by semi-
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automatically segmenting the gaps between
host and allograft cortices, thereby obtaining a
gap volume.

To perform the segmentation, three CT scans
were used (shown in green in Fig. 15):

e CT scan of intact host bone (for each
host bone)

e CT scan of host bone with bone defect
(for each host bone)

e CT scan of host bone with bone defect
and fitted allograft



Preparation
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a. Threshold segmentation
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e. Region
growing

-

f. Manual
editing using
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c. Non-rigid
registration
of intact
host bone
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Figure 15: Segmentation steps to semi-automatically segment the volume between host cortex

and allograft cortex.

Preparation

Before any gap volumes are segmented, the
host bone cortex and allograft cortex need to
be segmented. Only applying a threshold did
not suffice for cortex segmentation. Therefore,
the threshold cortex segmentations were

manually edited using ITK-SNAP (Fig. 15.a), a

publicly available

software program

for

segmentation of structures in medical images.



The following cortices were segmented semi-
automatically and stored as an atlas (shown in
red in Fig. 15):

e |ntact host bone cortex
e Host bone cortex with bone defect
e Allograft cortex

It is unknown beforehand what the exact
dimensions of the allograft will be. The actual
allograft reconstruction might be somewhat
smaller or somewhat larger than the bone
defect due to surgical inaccuracy. Therefore,
the allograft cortex atlas is a little larger than
the bone defect and it is expected that the
actual allograft cortex will fit in this atlas.

Atlas registration and gap segmentation (for
each reconstruction)

The created atlases were used to segment the
host and allograft cortices on the acquired CT
of fitted by
performing image registration using Elastix
[52]. Elastix parameters of the registrations are
included in appendix A.

scan each reconstruction

The atlas of the host bone cortex with bone
defect was registered in order to segment the
host bone cortex (Fig 15.b).

Subsequently, the allograft cortex atlas was
registered the allograft
segmented. (Fig. 15.b; shown in detail in Fig.
16). To accomplish this, the host bone cortex is
removed by using the registered host bone
cortex atlas (Fig. 16.a). Then, the allograft
cortex atlas can be registered to the allograft
cortex (Fig. 16.b). The atlas is now registered,
but the outer edges of the allograft cortex need
to be defined. To do this, the allograft cortex is
roughly segmented using a threshold (Fig. 16.c).
Subsequently, an AND-operation is performed
with the threshold segmentation and the
registered allograft cortex atlas (Fig. 16.d). In
the resulting image, the largest object is
selected to remove segmentation errors (Fig.

and cortex was
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16.e). Finally, the registered host bone cortex
atlas and the segmented allograft cortex are
combined using an OR operation. The gaps are
now clearly visible, but need to be segmented.

Gap segmentation is achieved by performing a
B-spline non-rigid registration of the intact host
bone cortex with the combined segmented
host allograft (Fig. 15.c).
Subsequently, the combined allograft and host
cortices image is subtracted from the non-rigid
registered intact host bone cortex image (Fig.
15.d). Gap volumes can be interrupted when
cortices are too close to each other and small
segmentation errors are present. To remove
segmentation errors and segment the gap
volumes, seed points are manually placed in
the gap volume at several places for region
growing (Fig 15.e).
remaining segmentation errors were
performed using ITK-SNAP (Fig. 15.f). To
investigate the effect of the manual corrections
on the final gap volume, this step was
performed twice by one observer.

and cortices

Manual corrections of

Statistical analysis

Statistical analysis was performed using SPSS
Statistics 21. To compare the fit of the
navigated reconstructed allografts with the
freehand reconstructed allografts, a Mann-
Whitney-Wilcoxon test was used. Intra-user
variability in determining the gap volumes was
calculated using the
coefficient. The level of statistical significance
was set to 0.05 for all statistical analyses.

intraclass correlation

4.3 Results
Cortex-gap  volumes
durations are noted in Table 1 and illustrated in

and reconstruction
Fig. 17. Mean gap volume for the freehand
reconstructions was 3385 mm?® (range 2355-
4422, 0=783) compared to 2191 mm? (range
1832-2437, 0=218) the navigated
reconstructions (p=0.01). This was 2030 mm?
compared to 4006 mm? for bone defect 1 and
2352 mm® compared to 2765 mm?® for bone

for



cT
Reconstruction

e

Atlas

Host bone cortex atlas (registered

to reconstruction CT)

=
4

cortex using
bone cortex

a. Remove host

host
atlas

Atlas
Allograft cortex

| =

c. Threshold
segmentation

b. Rigid registration

of atlas

(binary result)

d. AND operation

a:

‘ e. Select largest object | ‘ f. OR-operation

Figure 16: Allograft cortex segmentation

defect 2. These were not significant but it has
to be noted that there were only three
reconstructions for each method for each bone
defect. Mean difference in determining gap
volumes was 18 mm? (range: -149 —135, ¢
86). Intraclass correlation coefficient was 0.99.

Mean reconstruction duration was 7.8 minutes
for the freehand reconstructions and 18.5
minutes for the navigated reconstructions.
Making the reconstruction planning took 40
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minutes for bone defect 1 and 30 minutes for
bone defect 2. This included the transfer of CT
data from the CT scanner to the planning
software and from the planning software to the
navigation system. Registration for navigation
navigated reconstructions was performed in 7-
10 minutes, including fusion with preoperative
data containing the planning. Attachment of
the reference array was performed in 1-2
minutes.



Table 1: Volume of cortex gap and required reconstruction time for each reconstruction

Freehand reconstruction Navigated reconstruction
Bone | Cortex gap volume Reconstruction Cortex gap volume Reconstruction
defect | (mm?) duration (minutes) (mm?) duration (minutes)
3743 8 1832 20
1 3855 12 2069 18
4422 7 2189 27
2355 6 2437 18
2 | 2626 7 2357 15
3313 7 2263 13
4.4 Discussion reconstructions is limited, which might

This phantom study demonstrates the use of
intraoperative CT navigated allograft
reconstruction, using the actual geometry of
the bone defect, rather than relying on the
preoperative planning. The gap volumes
produced by the navigated reconstructions
were smaller and more consistent compared to
the freehand reconstructions. Next to the
smaller  gap the  navigated
reconstructions were easier to fit in the bone
defect and it was easier to determine the best
fit. The gap volumes for the freehand
reconstructions of bone defect
considerably lower compared to bone defect 1.
It is unclear what the causes for these
differences are. However, some suggestions
can be made. First, the number of performed

in
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contribute to this discrepancy. Second, the
freehand reconstructions of the two bone
defects were performed on separate days,
although no apparent differences in test setup
were noted. Third, although both tumor
resections were similar, the created bone
defects were slightly different. This may have
had the difficulty of the
reconstruction.

influence on

One freehand reconstruction required more
compared the
reconstructions. During

other freehand
this  particular
reconstruction it became apparent that there
was an error in delivery. That Sawbone was no
but a

consisting of only cortex-like material. This

time to
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Figure 17: Graph charts showing the gap volume and the reconstruction duration for each reconstruction.
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made it more difficult for the surgeon to
perform a reconstruction and to detach the
graft from the complete Sawbone. Because an
alternative Sawbone was not available, it was
chosen to include it in the study. We believe
the difference in material did not have an
influence on the final fit of the reconstructed
graft. The navigated
required more time compared to the freehand
The longer
times are mainly because the surgeon has to
determine the osteotomies using the navigated
pointer, which can be time consuming,
especially since the reconstruction planning did
not only contain straight osteotomies but also
curved osteotomies (at the condyles).

reconstructions all

reconstructions. reconstruction

Several studies have been published about
navigation-assisted reconstruction of allograft
bone. Aponte-tinao et al. analyzed 69 patients
with bone tumors of the extremities who were
treated with resection and subsequent allograft
reconstruction (47 intercalary, 18 osteoarticular
and 4 allograft prosthetic composites). The
planning for the reconstruction of the allograft
was made before the operation. Although no
control group was present in their study, their
non-union and infection rates appear to be
lower than they previously reported [5], [62],
[63]. Docquier et al. report a tumor resection in
the pelvis  with navigated  allograft
reconstruction. They planned both the
resection and the allograft reconstruction
before the surgery [13]. Gerbers et al. report
four patients they performed
hemicortical resections followed by navigated
allograft reconstruction. All allografts were
reported to be well-aligned and with good bone
contact, except for one allograft [60]. Wu et al.
mention the use of navigation-guidance for
allograft reconstruction using a preoperative
plan, but do not report on their experiences
[64]. All described studies have in common that
the same planning was used for both the
resection and the allograft reconstruction. If
the planning was not executed perfectly or the

on which

40

surgeon had to deviate from planning, it will
not be valid for allograft reconstruction.

Allografts are stored in deep freeze storage.
Acquiring a preoperative CT scan of the fresh
frozen allograft may include an additional
freeze/thaw cycle. This may not present a
significant drawback, recent studies
evaluated biomechanical properties after up to
eight freeze/thaw cycles and demonstrate little
to no effect in fibular allograft bone and bone-
patellar tendon-bone allograft [65], [66].

since

The method used in this study might not
represent the actual
practice. In this study, two CT scans are
required intraoperatively: one for imaging of
the bone defect and one for registration for
navigation of the allograft bone. In clinical
practice, this would mean that the patient is
subjected to two additional CT scans compared
to freehand allograft
practice, registration for navigation of the
allograft bone should be performed using
paired point matching or surface matching. We
did not do this in our phantom study, since the
paired point matching and surface matching
method of the navigation system are designed
for spine only and therefore cumbersome to
perform on other structures.

workflow in clinical

reconstruction. In

Intraoperative creation of the reconstruction
planning was performed using iPlan. This was
time-consuming and it is expected that it will
require even more time in a clinical situation, in
which the bones are more difficult to segment
and more manual drawing is probably required.
Required time may decrease with increased
experience, but no data is currently available to

support this. Alternatively, methods to
automatically segment the bone defect may be
developed in order to improve surgical
workflow.

Achieving the best reconstruction possible not

only involves precise resection and



reconstruction, but already begins with the
of the appropriate allograft.
Currently, a 2D template method is used for
allograft selection. However, published studies
on 3D allograft selection
environment have reported benefits for pelvis
and femur [67]—[70]. It might be beneficial to
create a local allograft CT database, as
described in Ritacco et al. and Wu et al. [64],
[71]. This could be achieved by routinely
acquiring CT scans of the allografts that return
from the processing facility before local deep
freeze storage. Using a shape matching
algorithm, the best allograft can then be
selected based on 3D data of the allograft and
the patient [64], [67], [71].

selection

in a virtual

Some limitations of our study need to be
mentioned.

The reconstructions in this study were
performed under ideal conditions. The
Sawbones were in full clear view without
overlying soft-tissue obstruction. This made it
easier to check during a test fit where the
allograft needed to be refined in order to
achieve the best fit.

All Sawbones were exactly the same
shape, which made the reconstructions less
complicated compared to clinical practice,
especially in determining what area of the
allograft to use to fit in the bone defect. It is
expected that differences in gap volumes will
be larger when graft bones are used with
different anatomy compared to the host bone.
Additionally, it is also expected that freehand
It will be
more difficult to determine what exact part of
the allograft will lead to the best fit in the
created bone defect. In contrast, it is expected
that the navigated
require more time as it still involves the same

reconstruction duration increases.

reconstruction will not
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procedure: drawing osteotomies according to a
planning. It is that
navigated reconstruction will require the same

therefore expected

or less time compared to freehand
reconstructions in more complex
reconstructions.

The number of performed

reconstructions was small which makes it
difficult to draw conclusions from the observed
results. In future (phantom) tests, the number
of reconstructions should be higher to increase
statistical power and to observe whether the
same results will be achieved.

Finally, all reconstructions
performed by one operator. To determine
variability between operators and to exclude
any bias, multiple operators should be included

in future (phantom) tests.

were

This pilot study is a first step in realizing
navigated allograft using
intraoperative CT. Due to the limitations of this
study, a more extensive (phantom) test should
be performed to further evaluate the potential
challenges navigated allograft
reconstruction combination with the
intraoperative CT scanner. This test should
include host and graft bones with different
anatomy, a higher number of reconstructions

reconstructions

and in

in

and multiple operators.

4.5 Conclusion

In this pilot phantom study, navigated allograft
reconstruction using a reconstruction planning
made from an intraoperative CT scan of the
bone defect led to smaller and more consistent
cortex gap volumes compared to freehand
allograft reconstruction.



5 Evaluation of the clinical use of the Airo CT scanner

To facilitate intraoperative navigation, a computer workstation, the Curve, is available in the OR.
Navigated surgery has been used for several years in the LUMC using paired point matching, surface
matching or fluoro-matching to register patient anatomy to preoperative imaging. Because the
surgeon has to use preoperative images to navigate on, intraoperative anatomical changes will not
be reflected. To provide the surgeon with up-to-date information, the Airo CT scanner was
integrated with the Curve system for use in the OR. The Curve and the Airo CT scanner are described
in section 2.2.1.

The Airo CT scanner was available in the LUMC from October 2014. To date, orthopaedic surgery has
performed 16 navigated procedures in 15 patients in combination with the Airo CT scanner. It has
been used in nine tumor resections, one tumor biopsy, two deformity corrections (Bechterew and
fibrous dysplasia, excluding one revision) and three trauma cases (Table 2). Although the aim of this
thesis is orthopaedic oncology surgery, it was chosen to include the trauma cases because
spondylodesis (the fixation of multiple spinal levels using screws and rods) is often also performed in
tumor cases in the spine.

This chapter is aimed at evaluating the clinical use of the Airo CT scanner in orthopaedic surgery. OR
workflow, common problems/errors and their solutions, comparison with conventional methods and
(potential) improvements are discussed.

5.1 OR workflow

A workflow diagram of the main preparation for surgery and workflow diagrams of the available
registration methods are presented in Appendix C to show the differences in OR workflow between
the use of the Airo CT and conventional methods for registration. The descriptions below are guided
by the workflow diagrams.

Table 2: Performed Airo procedures from October 2014 to August 2015. iCTs = intraoperative CTs, ED = Effective Dose

Case Age Sex  ORdate Pathology Location iCTs ED (mSv)
01 19 M 29-10-2014 Osteosarcoma right distal femur 2 0,3
02 41 M 4-2-2015 Giant Cell Tumor S1, S2 3 21,3
03 40 M 9-2-2015 Sarcoma (osteo/chondro)  costa 9 right, T9 2 26,6
04 41 M 26-2-2015 Ewing sarcoma L1 2 19,7
05 37 M 4-3-2015 Chondrosarcoma right ilium wing 2 26,5
06 15 M 9-3-2015 Chondroblastoma left distal femur 1 0,2
07 16 M 18-3-2015 Fibrous dysplasia left femur 4 1,5
08 60 M 20-4-2015 Bechterew, fracture L3 L3 3 34,5

28-4-2015 Bechterew, screw revision L1 L2 4 72,1
09 43 F 20-4-2015 Biopsy unknown tumor T8 2 13,8
10 59 F 8-6-2015 Chondrosarcoma T10,T11, T12 2 31,0
11 64 M 3-7-2015 Trauma, fracture T4,77,T8 3 30,2
12 54 M 13-7-2015 Ewing sarcoma 0. Naviculare, left 3 0,4
13 55 M 13-7-2015 Trauma, fracture T4 3 32,6
14 70 F 21-7-2015 Trauma, fracture T5 4 42,5
15 47 F 3-8-2015 Osteosarcoma left distal femur 1 0,3
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Preparation

The scanner has to be prepared in order to use it in the OR together with the Curve navigation
system. Since the CT scanner is not routinely used every day, it first needs to be transported from its
storage location to the other side of the OR complex. This generally takes about 5-15 minutes,
depending on the experience of the ‘driver’. The Airo CT scanner has to be placed in the OR
according to the OR setup that is always used in orthopaedic surgery (Appendix B1 and B2). We
believe this to be a convenient setup as it divides the OR in two sides: the anesthesiologist and
radiographer on one side and the sterile surgical team on the other side. This is convenient when
performing a scan procedure, having all sterile personnel behind one lead glass panel and remaining
personnel behind the other lead glass panel. Care has to be taken to ensure that the gantry is able to
move outside the down flow area when not being used.

Before the scanner can be used, an emergency stop test and a warm-up scan have to be performed.
These can be performed directly after the scanner is placed in the OR, connected to the power
socket and prepared for scanning (rotating the gantry and homing the tilt). The scanner also shows
that a gain calibration has to be performed. Before the gain calibration can be performed, the
detectors need to warm up for which a fixed counter of 30 minutes is used. During this time, the
patient cannot be transported into the OR, since the patient will then be exposed to the radiation
emitted during the gain calibration.

Scan procedure

After attachment of the reference array to the patient bone, a navigated CT scan can be acquired.
The workflow for the scan procedure can be started using the Curve (by selecting ‘new Airo scan’) or
the Airo detachable module (‘new scan’). When the scan workflow is started, all staff in the OR will
take place behind the lead glass panels with exception of the radiographer, the anesthesiologist and
the surgeon. The radiographer performs the workflow on the detachable module of the Airo:
selecting patient weight, patient orientation and which body part will be scanned. After that, the
start- and end-position of the gantry is defined by the radiographer according to the surgeon’s
instructions, using the laser on the gantry. If chosen to perform a scout scan, the scout scan can now
be performed using the selected start and end point (radiographer, surgeon and anesthesiologist
position themselves behind lead glass panels). After that, the range of the 3D scan can be selected
on the scanogram. Just before the 3D scan is acquired, the markers on the gantry and the markers
on the reference array have to be in camera view. The Curve uses the positions of these markers to
calculate the registration for navigation. After the anesthesiologist stops patient breathing (if
necessary, depending on what part of the patient is scanned), the 3D scan is acquiered. When the
scan is completed, patient breathing is continued and the acquired scan is transferred from the Airo
to the Curve navigation system, which automatically starts the navigation workflow. In this
workflow, preoperative data (with planning) can be fused to the acquired intraoperative CT scan.
Subsequently, the surgeon checks for correct navigation with a navigated pointer and the operation
procedure can be continued. A non-navigated 3D scan (for screw position verification, for example)
is acquired in the same way. In that case, however, the reflective markers on the gantry and the
reference array (if still attached) do not have to be in camera view.

Learning curve
The duration of the scan procedure has been substantially reduced since the introduction of the Airo

CT scanner. The duration of the ‘scan procedure’ is defined as the time between the start of the scan
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Figure 18: Scan duration times for several operations procedures in
several cases.

workflow on the detachable module and the end of 3D scan acquisition. The scan procedure
duration was recorded for 18 of 42 performed scans. As shown in Fig. 18, scan duration time is
reduced since the introduction of the Airo CT scanner. Average scan time was reduced to about 3-4
minutes, if no system errors were present. The red bars indicate scans with use of a scanogram, the
blue bars indicate scans without use of a scanogram.

The shorter scan times are achieved because the scanogram is no longer used and the radiographers
become more experienced over time. Skipping the scanogram saves time because the scanogram is
not acquired by the scanner, no selection of 3D scan area on the small detachable module is
required and a common unknown system error (bug) often arising in the scanogram workflow will
not occur. Additionally, the radiographers become more experienced over time and are more
confident in performing the workflow on the detachable module and moving the gantry over the
guiding rail, while paying attention that enough clearance is available to surrounding objects
(anesthesia hardware, wires, hoses).

5.2 Common problems, challenges, errors & solutions

As with any new technique, its introduction in clinical practice may come with several challenges,
problems and bugs: both hardware-based and software-based. These challenges, problems and bugs
are described in this section, along with an explanation (if known) and solution.

Gain calibration

The Airo CT scanner prompts on every startup that a gain calibration has to be performed. However,
this is not necessary as once in a week or two weeks is sufficient. Since both the Department of
Radiology and the Department of Orthopeadic Surgery were not aware of this, the scanner was
always gain calibrated before every first operation of the day. Especially when the operation
procedure for which Airo is used is not the first one in the OR that day, delays were often
encountered. It is therefore recommended to perform the gain calibration once a week on a
scheduled moment, for example every Monday morning before the first operation procedure.
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In the first seven procedures we performed, the gain calibration mostly failed, without reported
reason or ‘severity’ of the failure. When this happens, it is advised to acquire a CT scan of any object
to check whether the acquired scan looks normal. When a complete detector row, for example, was
broken, this would clearly be noticeable in the acquired CT scan. BrainLAB replaced a detector row
and since then, we have not experienced any failures in the gain calibration anymore. Despite the
failed gain calibrations in the first seven procedures, the Airo CT scanner was used without image
quality problems.

Initiation of the scan workflow

The scan procedure workflow can be started in two ways: on the Curve or on the Airo CT scanner.
Both systems need to be aware that a navigated scan will be acquired. However, while already going
through the workflow on the Airo, the Curve will not be triggered until halfway through the
workflow. If (for some reason) on the Curve ‘new Airo scan’ is selected, it seems that a mismatch
occured: when the scan is performed and sent to the Curve, it will not recognize the CT scan as a
navigated CT scan. BrainLAB has confirmed this error after evaluation of the logs and the acquired CT
scan. When the Curve does not recognize the navigated CT scan, end the ‘current treatment’-
procedure on the Curve and start a ‘new treatment’-procedure (without patient selection). If the
acquired CT scan is now transferred from the Airo to the Curve, the navigation workflow will
automatically be started and the scan will be recognized as a navigated scan. We have experienced
this problem in 6 of 16 performed procedures.

Visualization of the scanogram

If it is chosen to perform a scanogram before the actual 3D scan, the scanogram cannot be
transferred to the Curve in order to view it on one of the monitors. Instead, the surgeon has to view
the scanogram on the small detachable unit and determine from that small view what the scan area
has to be for the 3D scan that will subsequently be acquired. BrainLAB will include transfer of the
scanogram to the Curve in the next update (expected October 2015).

Error in scanogram part of scan workflow

Just before, during, or just after the scanogram step in the scan workflow, an unexpected system
error randomly appears and the CT scanner has to be restarted. This is reported to BrainLAB,
acknowledged and it will be fixed in the next update (expected October 2015).

Recognition of reflective sphere geometry

In two of sixteen procedures, we encountered a problem with the recognition of the reflective
sphere geometry of any object, e.g. the reference array. All reflective spheres are displayed on the
Curve system but flicker intermittently and are not recognized as an object. This seems to be caused
by reflective spheres that are not clean enough. After cleaning the reflective spheres thoroughly, the
problem was solved. This also explains the longer scan duration time in case 15 (Fig. 18).

Separate C-arm needed for placement of implant

When placing an implant (e.g. a cage in the spine), its placement has to be verified. Normally, this is
performed using a C-arm. Since a correct cage position is difficult to achieve, several verifications
often need to be performed. Acquiring an intraoperative CT scan for each verification would be time
consuming and patient radiation dose would become too high. However, there is barely enough
room for a C-arm in an OR in which the Curve and the Airo are also positioned. This makes
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verification using a C-arm a cumbersome procedure. It would be useful if the Airo CT scanner was
able to perform the verification by for instance performing a scanogram. However, up till now, this is
not implemented in the scanner options. When implemented, the user should be able to select the
angle at which the scanogram is acquired and the result should be visualized on the monitors of the
Curve system.

5.3 Comparison with conventional registration methods

5.3.1 Registration and preparation

In this section, a comparison of the registration methods is given in terms of required preparation
and performing the registration. The descriptions for each of these registration methods are already
given in section 3.2.3. As with any described registration method, the registration is performed after
attachment of the reference array to the patient.

Paired point matching

Paired point matching requires selection of points on preoperative data after which these points are
defined on the patient using a navigated pointer. A minimum of four points has to be selected and in
practice minimal eight points are usually used.

For paired point matching, only the Curve and the infrared camera have to be prepared. During the
registration procedure, all OR staff can remain at their position. Paired point matching is easier to
perform in vertebras, for example, where anatomical landmarks are clearly present. However, in
long bones for example, it is more difficult to select the appropriate points on the patient. Although
paired points matching requires less preparation, it is expected that in orthopaedic oncology
procedures on the femur or pelvis for example, the actual registration will be more time consuming
compared to registration using Airo.

Surface matching
Surface matching requires the selection of a surface on preoperative data after which the
corresponding surface on the patient is tracked using a navigated pointer.

For surface matching, only the Curve and the infrared camera have to be prepared. During the
registration procedure, all OR staff can remain at their position. The downside of this method in the
Curve navigation system is the fact that it can only be used for registration of pedicles, for which its
effectiveness has been proven. We have tried to use it for registration of the pelvis or femur, but it is
not guaranteed to be successful. Especially when using this system for orthopaedic (oncology)
surgery, other structures as the femur or pelvis have to be registered. Because the registration of
structures other than pedicles is not supported, it is recommended to use fluoro-matching or the
Airo for registration for navigation in those structures.

Fluoro matching
With fluoro matching, registration for navigation is performed by acquiring two images, one anterior

and one oblique, while the x-spot is placed on the patient.

When using fluoro matching, the Curve, infrared camera and a fluoroscopic device have to be
prepared. All OR personnel can remain at their positions but need to be protected against the
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emitted radiation during image acquisition by wearing lead aprons. Fluoro-matching can provide
registration for navigation on any anatomical location. However, it is expected that the registration
for navigation using the Airo scanner requires less time.

5.3.2 Radiation exposure

Possible long-term deleterious health risks associated with low-dose radiation exposures remain
unclear [72]-[74]. However, it is the surgeon’s responsibility to strive for as low as reasonably
achievable (ALARA) radiation exposure. To assess radiation exposure in the procedures in this study,
the dose length product (DLP) for each scan of each patient was obtained. To calculate the effective
dose, the normalized effective dose per DLP conversion factors were used (0.019 for chest, 0.017 for
abdomen and pelvis and 0.0008 for legs) [75]. The number of scans and total effective dose for each
procedure are noted in Table 2.

A total of 42 scans were performed in 16 procedures on 15 patients. Average numbers of scans was
2.6 (range 1 —4). In some procedures, more scans were acquired than normally necessary, because
of three reasons:

e Loss of navigation accuracy (three extra scans)
In case 2, 9 and 14 an additional registration for navigation scan had to be performed
because of inaccuracy of the navigation. This accounted for an additional effective dose of
7.1, 11.1 and 9.9 mSy, respectively. In case 2, the reason was unknown. In case 7 and 14 it
was caused by inadequate fixation of the reference array. In all cases, the additional
registration for navigation was successful and remained accurate for the rest of the
procedure.

e Metal artifacts (two extra scans)
In case 8, two additional scans were required. This accounted for an additional effective
dose of 27.9 mSv. In the first scan, the image was severely distorted by artifacts. Not
knowing what the cause was, another CT scan was acquired, hoping that it would be
successful. After the second distorted CT scan, it was discovered that a special cushion
containing metal was used to place the patient in proper position. This cushion is normally
not used, which is probably why it took two CT scans until this was discovered.

e Software error (two extra scans)
In case 7, two extra CT scans were acquired. This accounted for an additional effective dose
of 0.7 mSv. The first registration scan in case 7 was not recognized as a navigated scan. This
error is described in section 5.2. At the time of case 7 we did not know yet how to fix this
issue without acquiring an extra CT scan. Therefore, an extra CT scan was acquired.
However, the extra CT scan was also not recognized as a navigated scan and the surgeon
decided to abort the navigation procedure and continued the operation without navigation.

The calculated patient dose for the performed procedures in our study was compared to other
studies. Only studies were found that evaluated radiation exposure in pedicle screw placement in
spine surgery. To make a fair comparison, only the spine procedures with screw placements in our
study were included (case 2, 4, 8, 10, 11, 13 and 14). Additional scans that were required because of
loss of accuracy and metal artifacts were excluded. This results in an average effective dose of 29.9
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mSv (range 14.2 — 44.2), an effective dose per single level of 7.3 mSv (range 3.8 — 14.7) and 2.5
(range 2-3) intraoperative CT scans per patient.

Lee et al. reported a mean effective dose of 15.8 mSv (range 9.4 — 27.2) using intraoperative CT in 37
patients for transpedicular screw fixation to treat unstable thoracic and lumbar spine fractures [76].
Effective dose per single level was 2.7 mSv and the average number of intraoperative CT scans per
patient was 2.1 (range 2 — 3). The number of scans and average effective dose in our study is higher
compared to the study of Lee et al. The difference might be explained by different scan parameters,
which were not mentioned in their study. Additionally, when reviewing the acquired intraoperative
CT scans in our study, scan acquisition length was sometimes substantially longer than imaging of
the involved vertebras would require. It is unknown why such large scans were acquired. To
potentially reduce radiation dose, it should be researched why such large scans were acquired and if
this was performed on purpose.

The use of intraoperative CT results in higher radiation doses compared to conventional methods of
pedicle screw placement: both the freehand 2D fluoroscopy-guided technique and the navigated
technique with fluoro-matching. Bronsard et al. reported average effective doses of 0.55 and 1.51
mSv in freehand open screw placement and freehand percutaneous screw placement, respectively
[77]. Villard et al. report a mean dose area product of 1885 cGy-cm? for the freehand 2D
fluoroscopy-guided technique and 887 cGy-cm” for the navigated technique [78]. No effective dose
calculations were given. Effective dose conversion factors in mSv/Gy/cm? vary according to the
anatomic region the X-ray was acquired: frontal thoracic spine = 0.27, lateral thoracic spine = 0.1,
frontal lumbar spine = 0.21, lateral lumbar spine = 0.13 [77]. Using these dose conversion factors, an
average effective dose range can be calculated in which the real average effective dose must be. The
reported average dose area products of Villard et al. would then result in 1.88 —5.09 mSv for the
freehand technique and 0.89 — 2.39 mSv for the navigated technique. No data was present on the
effective dose per single level in both studies. The described comparisons are noted in Table 3. Note
that for the studies without intraoperative CT, a postoperative CT scan has to be acquired to verify
screw positions, adding to the reported effective doses.

Although patient groups, indications and techniques differ between the mentioned studies, above
comparisons show the order of magnitude of radiation exposure of conventional methods. The
comparisons are only made for the spine procedures in our study (both trauma and tumor cases). It
is difficult to compare the remaining tumor procedures to other studies as indications and
techniques vary widely.

Table 3: Average effective doses per procedure reported by other studies compared to this study. iCT = intraoperative CT

Freehand with 2D Navigation with
Study fluoroscopy guidance fluoroscopy Navigation with iCT
Lee et al. - - 15.8 mSv
Bronsard etal. 0.55-1.51 mSv - -
Villard et al. 1.88 - 5.09 mSv 0.89-239mSv -
This study - - 29.9 mSv
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Typically, during spine procedures with subsequent screw fixation, two or three CT scans are
acquired: one for registration for navigation, one for verification of the K-wires (if used) and one for
verification of final screw positions. It has to be noted that the CT for verification of final screw
positions would otherwise have been performed postoperatively. That means that only the scan
forregistration for navigation and the optional scan for verification of K-wires should be considered
added radiation exposure as a consequence of using intraoperative CT in pedicle screw placement.

5.4 Substantial improvement for orthopaedic oncology surgery?

The added value of a navigation system in orthopaedic oncology surgery is well established. Is the
introduction of the Airo CT scanner also of added value for orthopaedic oncology surgery? The three
main advantages of the Airo CT scanner are:

e Easy automatic registration for navigation
e The ability to visualize current anatomy during surgery
e The ability to acquire image data in 3D instead of 2D

These advantages are useful during certain orthopaedic oncology surgeries and applications.

Easy automatic registration for navigation

Conventional registration methods have been described (paired point matching, surface matching
and fluoro matching). The BrainLAB software was designed for brain and spine surgery and
orthopeadic surgery is not supported. This makes conventional registration methods sometimes
unsuited for registration of pelvis, tibia or femur, for example. With the Airo, registration on any
anatomical location can be performed without problems. Next to that, it is easy to perform and after
acquiring the navigated intraoperative CT scan, registration for navigation is automatically
completed.

The ability to visualize current anatomy during surgery

Allograft reconstruction

Included in this thesis is an article about a pilot phantom study about navigated allograft
reconstruction using intraoperative CT. Although the actual clinical application of navigated allograft
reconstruction using the intraoperative CT is not yet implemented, it is considered a potential
substantial improvement over conventional reconstruction methods mentioned in literature and
currently used in the LUMC.

Spine

Using navigation in spine procedures should be performed with caution when using preoperative
image data. Preoperative CT scans are often acquired in supine position while the patient on the OR
table is positioned in prone position. The anatomical relationships between vertebras differ between
the two positions. When using navigation with conventional registration methods, the surgeon has
to perform registration for each one or two pedicles in order to maintain reliable navigation. With
the Airo CT, the intraoperatively acquired CT scan can be used for navigation, which reflects the
exact patient position on the operation table.

Screw placement evaluation
Conventionally, CT imaging of screw positions is performed the day after surgery. However, if any of
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the screws is misplaced, the surgeon has two options: accept the misplacement or perform revision.
The last option requires extra surgery. When placing screws under navigation guidance using
intraoperative CT, depending on the method and location, screw placement is verified twice: once
after placement of the K-wires (if used) and once after final screw placement. This is considered a
substantial improvement, being able to accurately spot any screw misplacement and revise it
directly. This can reduce the need for a second operation for revision of misplaced screws [76].

The ability to acquire image data in 3D instead of 2D

CT imaging is the gold standard for confirmation of screw positions [79]. Especially in the case of
pedicle screws, (intraoperative) plain antero-posterior and lateral radiographs or 3D fluoroscopy
insufficiently verifies screw positions [76], [79]. Especially in the case of screw placement in complex
anatomy like thoracic vertebras or the pelvis, screw positions can be verified more accurately using
the Airo CT scanner.

In the case of extensive oedema, for instance after trauma, the use of a C-arm to place screws can
be problematic. The image will not be of sufficient quality due to the oedema. Operations might
therefore be postponed until oedema is reduced or disappeared. Using the Airo CT scanner, this is
not considered a problem and the operation can be performed.

It has to be noted that the image quality produced by the Airo scanner was not evaluated in this
thesis. Scan parameters are pre-defined according to selected patient weight and body part to be
scanned. The operator can choose from three reconstruction kernels: soft, standard or sharp. No
manual editing of scan parameters or reconstruction options was possible.

In summary, the use of the Airo CT is considered a substantial improvement for orthopaedic
oncology surgery. The main advantages of easy automatic registration for navigation, visualizing the
current anatomical situation and superior 3D image quality are beneficial in tumor resection,
allograft reconstruction and screw placement in spine, pelvis and extremities. However, this comes
with the disadvantage of higher patient radiation dose.
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6 Conclusion
The two research questions formulated in the introduction of this thesis were:

1. Does navigated allograft reconstruction using a reconstruction planning from intraoperative
CT lead to more accurate allograft reconstructions compared to freehand allograft
reconstruction?

2. Isthe new intraoperative CT scanner a substantial improvement for orthopaedic oncology
surgery, a discipline for which it was not specifically designed?

1.

According to the results in the pilot phantom study, navigated allograft reconstruction using a
reconstruction planning made from an intraoperative CT scan leads to lower and more consistent
cortex gap volumes, thus leading to a better allograft fit, compared to freehand allograft
reconstruction. The use of an intraoperative CT scanner enables the surgeon to reconstruct the
allograft based on intraoperative imaging of the bone defect. This is considered an advantage over
the navigated methods used in other studies.

However, as it was a pilot study, the number of reconstructions was limited. A more extensive
(phantom) test should be performed to further evaluate the potential and challenges in navigated
allograft reconstruction in combination with the intraoperative CT scanner. This (phantom) test
should include host and graft bones with different anatomy, a higher number of reconstructions and
multiple operators.

Additionally, implementation of this method in a clinical setting involves some challenges, including
preoperative imaging of the allograft bone, intraoperative (semi)automatic segmentation of the
bone defect and (semi)automatic registration two anatomically different bones (allograft and patient
bone).

2.
Based on the experiences to date with the Airo CT scanner in orthopaedic oncology surgery, the Airo
CT scanner is considered a substantial improvement. We benefitted especially from:

- Easy, accurate registration on any anatomy

- Visualizing the actual intraoperative anatomy (e.g. for navigation on the spine or screw
placement after tumor resection)

- Intraoperative 3D imaging (e.g. for intraoperative screw position verification, making direct
revision possible).

However, this comes with the disadvantage of higher patient radiation dose and additional

preparation. Also, surgical workflow is obstructed when acquiring a CT scan. However, this was
performed in only 3-4 minutes in the last four cases and it is not considered a problem.
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7 Recommendations

7.1 Navigated allograft reconstruction

The pilot study included in this thesis has several limitations that are mentioned in the discussion of
the article. It is recommended to perform an additional phantom test to further evaluate the
potential and challenges of navigated allograft reconstruction in combination with the intraoperative
CT scanner. It is recommended that an additional Sawbone study includes:

e  Multiple operators
e Sawbones with different anatomy
e More reconstructions per bone defect

It is expected that navigated allograft reconstruction is more accurate in the additional Sawbone
test, especially when including Sawbones with different anatomy. Eventually implementing
navigated allograft reconstruction using a reconstruction planning made from intraoperative CT in
the clinical practice involves several challenges. Regarding navigated allograft reconstruction and its
implementation in clinical practice, the following recommendations are made:

Acquiring a CT scan of the allograft

A scan of the allograft has to be available in order to match it with the patient bone. This is the most
important challenge because without an allograft scan, the reconstruction planning cannot be used.
In summary, the reconstruction planning is made by segmenting the bone defect (the bone defect
segmentation is the reconstruction planning) and transferring this reconstruction planning to the
allograft scan which is fused for a best fit to the patient bone.

Acquiring the allograft scan can be accomplished in two different ways, each having its advantages
and disadvantages:

e Acquire allograft scan preoperatively
e Acquire allograft scan intraoperatively together with the bone defect scan

Acquiring the allograft scan preoperatively involves logistical challenges as the allograft bone is
stored in deep freeze. However, acquiring the allograft scan preoperatively gives the surgeon more
time to fuse the allograft scan with the patient bone to find the best fit. If the allograft scans are to
be acquired preoperatively, methods to scan the allograft bone must be developed, taking logistical
challenges and allograft properties (stored in deep freeze) into account.

The allograft bone can also be scanned together with the bone defect, intraoperatively. This means
that after the scan is acquired and transported to iPlan, the patient bone and the allograft bone have
to be segmented and stored in separate CT scans. Those separate CT scans can then be used to fuse
the patient bone with the allograft bone. The reconstruction planning can be made and attached to
the allograft scan. An advantage of this method is that the allograft does not have to be outside
deep freeze storage before the operation. A disadvantage of this method is that the patient bone
with bone defect and the allograft bone have to be segmented and stored in different CT scans,
which costs valuable operation time. Additionally, the surgeon will have limited time to determine
the image fusion that will result in the best fit, if no automatic algorithms are available.

52



If no automatic fusion algorithm is present, it is recommended to acquire the allograft bone CT scan
preoperatively. OR workflow will then not be further obstructed by the manual image fusion of two
anatomically different bones in addition to making the reconstruction planning.

Allograft registration for navigation

In the pilot phantom study, registration of the allograft Sawbone was performed using the Airo CT
scanner. However, performing registration for navigation of the allograft bone using the Airo CT
would mean additional patient radiation dose. Registration of the allograft bone should therefore be
performed using one of the conventional registration methods. Surface matching would be
cumbersome as the workflow in the Curve is only suited for registration of vertebras. Fluoro-
matching would require an additional device in the OR: the C-arm. Therefore, paired point matching
is in this case the best suited conventional registration method. Accurate paired point matching on
the allograft bone could for instance be achieved by creating small cortex defects with a drill or by
using other markers that are easily identifiable, both on CT imaging and with a navigated pointer.

Making the reconstruction planning

Making the reconstruction planning in the pilot phantom study was not difficult, because
segmentation of the Sawbones was performed using a threshold without problems. However,
intraoperative patient image data contains blood, soft tissue and absorption materials which all
make the (visual) segmentation harder to perform. Completely drawing the reconstruction planning
manually will be time consuming. It is therefore recommended to develop (semi-)automatic
segmentation methods that can be used intraoperatively. This would benefit OR workflow.

Allograft CT database

When routinely performing navigated allograft reconstruction in combination with the Airo CT
scanner it is recommended to create an allograft CT database. More accurate matching algorithms
than the current 2D template method can be developed and used, improving the anatomical match
between patient bone and allograft bone, thereby potentially improving allograft fit. Allograft bones
should be routinely scanned for creation of the database, e.g. after return from the processing
facility.

Automatic matching algorithm

An automatic matching algorithm should then be developed to select the best fitting allograft from
the allograft CT database. Automatic algorithms are reported to select better fitting allografts
compared to manual allograft selection. The automatic algorithm could also be used to match the
allograft with the patient bone intraoperatively in order to transfer the reconstruction planning to
the allograft CT.

7.2 Use of the Airo CT scanner

Preparation

It is recommended that the operation procedures in which Airo will be used are planned at the start
of the day. The night shift can place the scanner in the OR and the radiographer can prepare the
scanner early before the patient is ready to be brought in the OR. This will save time as this prevents
transportation and preparation of the Airo in-between operations.
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Gain calibration

It is recommended that the gain calibration is no longer performed before every operation, as it
involves 30 minutes warm-up time and can therefore cause delays in OR workflow. It is
recommended to schedule a weekly or two-weekly moment to perform the gain calibration.

Initiation of scan workflow

It is recommended that the feature ‘new Airo scan’ on the Curve is not used. When an Airo scan has
to be performed, the workflow on the detachable control module should be started and this
workflow will automatically trigger the Curve to prepare for registration for navigation. Using the
‘new Airo scan’ function on the Curve while already performing the workflow on the detachable
control module could result in the Curve not recognizing the acquired intraoperative CT scan as a
navigated CT scan.

No scanogram

It is recommended to not use the scanogram as this will save time and scan area can mostly be
accurately determined using the laser on the scanner. Additionally, it will prevent previously
described errors present in the software.

Indications for Airo use

It is recommended that Airo CT scanner will routinely be included in orthopaedic oncology surgeries
in which navigation is used (tumor resections in the spine, pelvis and extremities with subsequent
reconstruction). Our experiences with the registration method were promising as accurate
registration was performed on any anatomy and it is considered a substantial improvement over
conventional registration methods. Additionally, the surgeon is able to perform the navigated
procedure using image data of the actual current anatomy, rather than relying on preoperative
image data. Finally, if screws were used for reconstruction, screw positions can accurately be
verified intraoperatively, making direct revision possible. This may reduce additional revision
surgeries.
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9 Appendices
9.1 Appendix A: Analysis of allograft fit, elastix parameters

9.1.1 Appendix Al: Rigid registrations - Sawbone scans
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(FixedImageDimension 3)
(MovinglmageDimension 3)
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(Transform "EulerTransform'™)
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(AutomaticTransforminitialization "true™)
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(NumberOfHistogramBins 32)
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9.1.2 Appendix A2: Rigid registrations - atlases
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9.1.3 Appendix A3: Non-rigid registration - atlas
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9.2 Appendix B: OR setups
Appendix B1 and B2 contain the OR setups for head first procedures and a feet first procedures,
respectively.

Displayed in the OR setup image:

e Airo and integrated table system (black)
e Patient (blue)

e Operator (Op)

e Instrument assistant (Ins)

e Operator assistant (Aio)

e Assistant (As)

e Anesthesiologist (An)

e Curve system (green)

e Infrafred camera (C) (green)

e Surgical instruments (purple)

e Anesthesiologist hardware (red)
e Lead glass panels (yellow)
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9.2.1 Appendix B1: OR setup, head first

This OR setup is used during operation procedures on low-thoracic spine, lumbar spine, pelvis,
sacrum and upper extremities. During the scan procedure, the operator, instrument assistant and
operator assistant will move behind the large lead glass panel. The anesthesiologist, assistant and
radiographer will move behind the small lead glass panel.
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9.2.2 Appendix B2: OR setup, feet first
This OR setup is used during operation procedures on pelvis, sacrum and lower extremities. During
the scan procedure, the operator, instrument assistant and operator assistant will move behind the

large lead glass panel. The anesthesiologist, assistant and radiographer will move behind the small
lead glass panel.
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9.3 Appendix C: Workflows navigated procedure

In appendix C1, the preparation for any navigated procedure, regardless of registration method, is
shown. The orange blocks represent the different registration methods, with each their own
workflow, shown in appendix C2 to C5.

In the workflows, the shape of each block defines its type:

Object
o Process Data Workflow Endpoint

Several preparations are mentioned. Short descriptions of these preparations are given below:

Preparation curve
The preparation of the curve involves connecting power supply and ground cable, booting it and
loading preoperative patient data by connecting it to the hospital network using an UTP cable.

Preparation infrared camera
Preparation of the infrared camera involves placing it in a suitable spot within the OR and connecting
it to the Curve.

Preparation Airo
Preparation of the Airo involves:

- Transport from storage to the OR

- Correct positioning in the OR

- Lowering the system onto the floor

- Rotating the gantry in the appropriate direction (gantry markers facing the camera)
- Connecting power supply and ground cable

- Connecting UTP cable to the Curve

- Connecting UTP cable to hospital network

- Performing an emergency stop test, warm-up scan and gain calibration (if indicated)
- Mounting the patient table

- Retrieving patient data from the hospital network

Preparation fluoroscopy device
Preparation of the fluoroscopy device involves:

- Transportation from storage to the OR

- Connecting power supply and ground cable
- Connecting communication cable to Curve
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9.3.1 Appendix C1: General navigation preparation

Preparation curve

Preparation infrared
camera
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Attach reference Reference array
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preoperative
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Attached patient Surgical tool
preoperative reference array markers
imaging

Navigated operation
procedure
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9.3.2 Appendix C2: Registration workflow paired point matching
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9.3.3 Appendix C3: Registration workflow surface matching

Input

Fused L Patient on Attached patient Surgical tool
. . Preparation infrared .
Preparation Curve preoperative operation table reference array markers
camera
CT and MRI
Yy
Segment bone to
create surface  <——————

model

Select midline, left
and right part of
vertebral body on
3D visualization of
preoperative data

Track surface of
midline, left and
right of vertebral

body using the
pointer. Denote 20
points.

./' - .
i Registration \,

{

\ complete /

70



9.3.4 Appendix C4: Registration workflow fluoro-CT matching
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9.3.5 Appendix C5: Registration workflow Airo
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