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Article Title

Surgivisio® and O-arm®02 cone beam CT mobile systems for guidance of lumbar spine surgery:

Comparison of patient radiation dose

Abstract

Purpose: To compare patient radiation doses in cone beam computed tomography (CBCT) of two
mobile systems used for navigation-assisted mini-invasive orthopedic surgery: O-arm®02 and

Surgivisio®.

Methods: The study focused on imaging of the spine. Thermoluminescent dosimeters were used to
measure organs and effective doses (ED) during CBCT. An ionization-chamber and a solid-state sensor
were used to measure the incident air-kerma (K)) at the center of the CBCT field-of-view and K; during
2D-imaging, respectively. The PCXMC software was used to calculate patient ED in 2D and CBCT

configurations. The image quality in CBCT was evaluated with the CATPHAN phantom.

Results: The experimental ED estimate for the low-dose 3D-modes was 2.41 and 0.35 mSv with O-
arm®02 (Low Dose 3D-small-abdomen) and Surgivisio® (3DSU-91 images), respectively. PCXMC results
were consistent: 1.54 and 0.30 mSv. Organ doses were 5 to 12 times lower with Surgivisio®. K; at
patient skin were comparable on lateral 2D-imaging (0.5 mGy), but lower with 0O-arm®02 on
anteroposterior (0.3 versus 0.9 mGy). Both systems show poor low contrast resolution and similar high

contrast spatial resolution (7 line-pairs/cm).

Conclusions: This study is the first to evaluate patient ED and organ doses with Surgivisio®. A
significant difference in organs doses was observed between the CBCT systems. The study
demonstrates that Surgivisio® used on spine delivers approximately five to six times less patient ED,
compared to 0-arm®02, in low dose 3D-modes. Doses in 2D-mode preceding CBCT were higher with

Surgivisio®, but negligible compared to CBCT doses under the experimental conditions tested.
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Abbreviations and acronyms

ABMKk: fraction of active bone marrow
AP: antero-posterior

CBCT: cone beam computed tomography
CTDI: computed tomography dose index
DAP: dose-area product

DLP: dose-length product

Drov: dose to the field of view

ED: effective dose

FDD: focus to detector distance

FOV: field of view

FRD: focus to reference point distance
FSD: focus to skin distance

Ki: incident air-kerma

TLD: thermoluminescent dosimeter

Wt: tissue weighting factor

3DO: 3D Orbital

3DSU: 3D Spine universal

3D-iK-SPX1: 3D imaging Kit SPX1



1 Introduction

Navigation-assisted mini-invasive orthopedic, trauma and neuro-surgery technics have become
essential all over the world. Navigation based on intraoperative 3D-imaging shows proof of increased
accuracy, time saving, stressless behavior for surgeons [1-3]. Nowadays, many companies in the field
of orthopedics and neurosurgery propose intraoperative CT scan to guide percutaneous trajectories as
brain stereotaxy, pedicular screw insertion and vertebroplasty. Most of these imaging systems rely on
cone beam computer tomography (CBCT), leading to an increased use of ionizing radiation, which

raises some questions about patient exposure.

A Surgivisio® system (eCential Robotics, Giéres, France) was recently acquired by our medical
institution and is currently used in orthopedics departments to support spine and pelvic mini-invasive-
surgery. The Surgivisio® is an innovative intraoperative C-arm, combining within a unified platform: 2D
fluoroscopy, CBCT and real time navigation capabilities. The aim of this study was to evaluate patient
organ doses during standard surgical procedures on spine using this new system compared to a
universally used device designhed for intraoperative navigation: O-arm®02 (Medtronic, Minneapolis,
MN, USA) [4-7], which has been widely characterized in terms of dosimetry [8-14]. Both systems can
be used for lumbar spine surgery such as pedicular screw insertion and vertebroplasty. A direct
comparison of patient radiation exposures delivered by both systems is not possible, as CBCT
dosimetry is expressed in dose-area product (DAP; mGy.cm?) for Surgivisio® and in dose-length product
(DLP; mGy.cm) for O-arm®02. The use of the effective dose (ED) allows quantifying and comparing
radiation doses from diverse diagnostic procedures, using a common measure [15]. ED can be
estimated using various methods: it can be calculated by applying appropriate conversion factors to
DLP or DAP [16], by simulations [17] or by measurements using thermoluminescent dosimeters (TLDs)
for example [18, 19]. In this study, it appeared more relevant to estimate CBCT ED using TLDs inserted

in an anthropomorphic phantom. ED was also calculated with the software PCXMC [17].

The EFOMP-ESTRO-IAEA report highlights the lack of standardization of radiation dosimetry for CBCT
systems [20] and proposes the use of the dose quantity Deov for “dose to the field of view” to evaluate
and compare the radiation dose from CBCT devices. In our study, it was necessary to adapt the EFOMP-
ESTRO-IAEA protocol, due to the configuration of the O-arm®02 and the specific trajectory of
Surgivisio®. To fully characterize the overall radiation exposure, measurements of the incident air-
kerma (K [21] in 2D-imaging were also performed. Finally, to obtain objective quality control

parameters, the image quality in CBCT mode was evaluated using the CATPHAN phantom [20].



2 Materials and methods

2.1 The intraoperative imaging systems

The Medtronic O-arm®02 (Figure 1A) is a mobile intraoperative X-ray system that is used worldwide
for spine, cranial and orthopedics applications [4-7, 22]. It is designed for surgical procedures, pre-
operative planning, interoperative imaging, and post-operative assessment. The system allows basic
fluoroscopy, multi-plane 2D-imaging and 3D volumetric imaging. After 3D-imaging, O-arm®02 can be
linked to compatible image guided surgery systems. O-arm®02’s gantry contains an inner ring with a
rotor unit that includes the X-ray source and a flat panel detector (Table 1). X-Y shutters are available
to collimate the 2D-imaging field but also to reduce the length of the CBCT volume, they were not used
in this study. O-arm®02 provides various CBCT pre-programed clinical protocols subdivided in dose-

levels for various patient thicknesses (Table 1).

Surgivisio® is an integrated operating C-arm with 2D, 3D X-ray imaging and surgical navigation [2].
Surgivisio® provides two 3D-modes: 3D Orbital (3DO) and 3D Spine universal (3DSU). 3DSU allows
navigation with dedicated surgical devices. In this mode, the C-arm movement is optimized: the X-ray
tube and the flat panel have an oval-like trajectory with a possible travel up to 14.0 cm in the lateral
direction and 22.9 cm in the vertical direction, at maximum. As the focus to detector distance (FDD) is
fixed, the center-of-rotation follows a “U-shape” trajectory. 3DSU acquisitions have to be performed
with a specific device called 3D imaging Kit SPX1 (3D-iK-SPX1, Figure 1 B-C), that permits CT-
reconstruction process. The X-ray tube settings (kV and mA) for 3D are automatically regulated and
result from a preceding fluorography sequence (anteroposterior and lateral). The anteroposterior
fluorography sequence has to be stopped by the operator when kV and mA have converged to their
optimal values. Based on the 3D-iK-SPX1 position on the 2D-images, the system then calculates an
optimized 3D trajectory that provides the maximal reconstructed volume: a 15-cm-in-length cylinder
with an oval section (vertical axis: 16 cm, horizontal axis: 18 cm). Based on our experience, about 9
images are necessary to obtain regulated parameters from the fluorography sequence. Note that it is
impossible to make repetitive CBCT without a prior fluorography sequence with Surgivisio®. The
manufacturers’ technical specifications and the dosimetric information provided by each system are

detailed in Table 1.



2.2 Dosimetric assessment

2.2.1 Anthropomorphic Phantom

An adult female anthropomorphic phantom (model 702, CIRS Inc, Norfolk, VA, USA) was used (Figure
1). This phantom simulates a woman of 160 cm high and 55 kg in weight, according to the specifications
of the International Commission on Radiological Protection [23] and the International Commission on
Radiation Units and Measurements [24]. The phantom is composed of various epoxy resins, equivalent
to soft tissue, bone, spinal cord, lung and brain tissues. The phantom is sectional in design, with 25 mm
thick sections and provides optimized TLD locations (5 mm diameter x 25 mm long) specific to

21 radiosensitive internal organs.

2.2.2 TLD measurements

The TLDs GR207P (’LiF:Mg,Cu,P) were used to evaluate and compare patient dose during CBCT with
both systems. The dosimeters were calibrated in the reference irradiation facilities of the Institute for
Radiological Protection and Nuclear Safety (IRSN). Dose calibration was performed with a cobalt-60
source under electron equilibrium conditions for Ki measurements. Correction factors determined at
IRSN for this type of thermoluminescent powder were applied to take into account the difference in
energy response of the dosimeters in spectra similar to those encountered on the studied systems.
The TLDs were analyzed on a FIMEL® reader (FIMEL, Fontenay-aux-Roses, France) [25]. Measured K;
were converted to tissue kerma by applying coefficients from the reference [26]. The uncertainty of
the TLD measurements was evaluated using the error propagation method described in the GUM guide
[27] and was found to be 4% (one standard deviation). Note that the uncertainty from beam quality

variation within the phantom was not taken into account.

2.2.3 Organ dose and effective dose computation

Tissue kerma and tissue absorbed dose were assumed to be equal. The organ dose was calculated as
the mean of each TLD’s tissue absorbed dose for that organ. The ED for each protocol was derived
from organ doses, according to the ICRP103 methodology [28]. Doses for organs remote from the
direct X-ray field were not measured by TLDs and set to zero. The active bone marrow dose was
calculated, for a female aged 40, in spine (thoracic and lumbar), ribs, pelvis (sacrum and os coxae) and

femur, according to the protocol described by Cristy et al. [29].



2.2.4 CBCT patient exposure

The anthropomorphic phantom was placed on a radio-transparent surgical table in the procubitus
position, as shown in Figure 1. The table top surface was settled at 112 cm from the ground and the
imaging systems were centered on the L4-L5 junction with 2D-modes (anteroposterior: X-ray tube
under the radio-transparent couch, lateral: X-ray tube on the patient’s left). 2D-imaging was acquired
with low dose auto-regulated fluoroscopy and with an auto-regulated fluorography sequence, for O-
arm®02 and Surgivisio®, respectively. The resulting anteroposterior images are shown Figure 2. After
the 2D-sequences, the phantom’s position was precisely materialized on the couch. The phantom was
opened for inserting TLDs and then carefully repositioned. For the Surgivisio® 3DSU CBCT, the 3D-iK-
SPX1 was also strictly repositioned. The “Standard 3D-Medium-Abdomen” protocol was chosen to
acquire CBCT with O-arm®02. The acquisitions parameters of the different 2D and CBCT protocols are

summarized in Table 2 and Table 3, respectively.

In order to obtain a better signal-to-noise ratio for each set of TLDs in the phantoms, CBCT were
repeated three times with O-arm®02. Since repetitive CBCT are not feasible with SurgiVisio® {(each
CBCT requires a dedicated 2D-fluorography sequence beforehand), we proceeded differently: only one
CBCT was acquired, but the mA were manually set 3 times higher (i.e. 117 mA) than the optimized
current obtained by the automatic regulation. The resulting absorbed doses for both systems were
then normalized to obtain the dose equivalent to a single CBCT. For O-arm®02, the dosimetry of the
“Low Dose 3D-Small-Abdomen” protocol (120 kV, 63 mAs) was derived from that of “Standard 3D-

Medium-Abdomen” protocol (120 kV, 195 mAs) by normalizing by the mAs.

2.2.5 Ki measurements during 2D-imaging

It is worth noting that 2D-imaging is not only used to locate the volume of interest before performing
CBCT, but is also mandatory with Surgivisio® in 3DSU mode to calculate the optimized CBCT-
parameters (kV, mA and trajectory). K; was measured with both systems during 2D-imaging to fully
characterize the overall patient exposure. Measurements were expressed as: K; rate at 1 m, K; rate at
FSD and K; at FSD. A solid-state sensor (DDX6-W, Radcal, Monrovia, CA, USA) designed for use in

radiology and calibrated in Ki was used (accuracy = 5%; energy dependence + 5%).

The uncertainty on the K; rate for both systems was calculated with the GUM method [27], taking into
account the sensor uncertainty (accuracy and energy dependence), a sensor positioning error of 2 cm
and the reproducibility of the measurement. It was found to be 15% and 9% with O-arm®02® and

Surgivisio®, respectively.



2.2.6 Drov measurements during CBCT

The dose to the field-of-view (FOV) called Drov is defined in the EFOMP-ESTRO-IAEA protocol [20] by

equation 1:
Doy = Kqi(FDD) % Z X% Equation 1.
Where:

K, ;(FDD) is K; at the FDD, measured free-in-air with a solid-state probe placed as close as possible to

the imaging detector;

a is the distance from the focal spot to the isocenter;

b is the distance from the focal spot to the place of measurement;

¢ is the horizontal diameter of the scanned volume;

and d is the horizontal diameter of the radiation field at the place of measurement.

With the 0-arm®02, K, ;(FDD) cannot be measured with a solid-state dosimeter positioned on the
imaging detector, because the detector is located inside the gantry (Figure 1 A) and is therefore not
readily accessible [30]. We chose to adapt the EFOMP-ESTRO-IAEA methodology and directly measure
the Drov with a cylindrical ion-chamber (10X6-6, Radcal, Monrovia, CA, USA), precisely positioned at
the isocenter location. The ion-chamber used is intended for radiology in-beam measurements and is
calibrated in K; (accuracy + 4%; energy dependence * 5%). Its active volume (6 cm?; 3.8 cm long in the
longitudinal direction) was entirely irradiated during CBCT. The same approach was used with

Surgivisio® in 3DO mode.

Equation 1 postulates that the isocenter is located at the FOV center, so that a is the distance to the
FOV center. For Surgivisio® in the 3DSU mode, the system’s isocenter is not fixed. Consequently, the
distance a from the source to the FOV center is not fixed during the 180° rotation and the Deoy defined
previously is not accessible. A “pseudo-Drov”, located at the position where all projections intersect,

has been defined to evaluate the dose at the center of the FOV in this specific configuration.

The uncertainty on the Droy was calculated with the same method used for determining the
uncertainty on the K; rate. It was found to be 7% with the 0-arm®02 and 9% and 8% with Surgivisio®

in 3DO and 3DSU modes, respectively.



2.2.7 PCXMC simulations

Effective doses [28] were calculated, for both 2D and 3D-imaging modes, using the commercial
software PCXMC v2.0 (STUK, Radiation and Nuclear Safety Authority, Helsinki, Finland) [17], which
applies Monte-Carlo methods. Simulation parameters were chosen to represent at best the
experimental conditions. The 15-year-old PCXMC phantom (168.1 cm/56.3 kg) was chosen because it
is the closest in size and weight to the anthropomorphic phantom used for the TLDs measurements.
Since ICRP103 [28] uses the same set of tissue weighting factors for all ages, this does not affect the
results and conclusions. The input parameters of PCXMC were: the X-ray tube technical specifications
(machine kV, anode angle, X-ray tube filtration), the measured K; and the irradiation field dimensions.
CBCT simulations were obtained with the PCXMC Rotation program. For 0-arm®02, the simulation was
performed using 360 projections (1 projection/°) and the resulting ED was normalized to the
experimental conditions (391 projections). The trajectory of the Surgivisio® 3DSU was simulated as
follows: the point of intersection of all projections was first defined as being the isocenter in PCXMC
Rotation. For each of the 91 projections, the other parameters (FRD, beam dimensions and K;) were
then calculated taking into account the actual trajectory of Surgivisio®. Note that in the simulations

the radio-transparent couch wasn’t taken into account.

2.3 3D image quality assessment

CBCT image quality was assessed with the CATPHAN 600 phantom (The Phantom Laboratory, Salem,
NY, USA), using the CTP528 (high resolution) and CTP515 (low contrast) modules. The phantom was
hanged at the end of the couch and centered such that the system’s midplane intersects the CTP515
module. The nominal slice thickness was 0.43 mm and 0.83 mm for Surgivisio® and O-arm®02,
respectively. Image quality was assessed on the mobile view station in the surgical room taking into
account the nominal slice thickness. Quantitative measurements were not possible due to sizing and

windowing factors applied to native images.



3 Results

3.1 Patient dose during 2D-imaging

The doses measured during the 2D-imaging sequences, which serve to locate the imaging field prior to
CBCT, are shown in Table 4. In all configurations, the K; rate delivered by Surgivisio® was found to be
higher than that delivered by 0O-arm®02. Factors 1.5 and 1.1 were found for skin K; rates in the
anteroposterior and lateral views, respectively (Surgivisio® versus O-arm®02 ratio). As the exposure
time is also longer during the anteroposterior imaging sequence of Surgivisio®, the skin K; is about 3
times higher using Surgivisio® in comparison to O-arm®02. In the same table are also indicated the ED
calculated using PCXMC. The ED ratios were found to be in good agreement with the K; ratios for the
two orientations. The ED are about the same for both systems in the lateral view (21.2 and 21.7 uSv,
for O-arm® 02 and Surgivisio®, respectively) and about 3 times higher in the anteroposterior view
when using Surgivisio® (23.5 and 73.5 puSv, for O-arm®02 and Surgivisio®, respectively). It is worth
nothing that for both systems, the ED calculated by PCXMC are over-estimated in the anteroposterior

view relative to the lateral view, as the radio-transparent couch was not simulated.

3.2 CBCT doses

The individual tissue doses and ED calculated during CBCT, as well as the Deoyv measurements are

summarized in Table 5 and Table 6, respectively.

All organs considered received a lower dose using the 3DSU Surgivisio® protocol compared to the low-
dose O-arm®02 protocol. The dose ratios (Surgivisio® versus O-arm®02) ranged from a minimum of
0.08 to a maximum of 0.20. The organs receiving the highest dose are the pelvis with 0-arm®02 (10.59
mGy) and the gall bladder with Surgivisio® (1.06 mGy).

The ED measured by TLDs was found to be smaller using the 3DSU Surgivisio® protocol (0.35 mSv)
compared to the low-dose protocol (abdomen-small) of O-arm®02 (2.41 mSv), ratio 0.15 (Surgivisio®
versus O-arm®02). PCXMC provides ED of 0.30 and 1.54 mSy, for both systems, respectively with a

0.19 ratio, in good agreement with the measurements (Table 6).
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3.3 CBCT image quality

The high-contrast spatial resolution was evaluated directly on screen in the surgical room. The O-
arm®02 (16 mA/62.56 mAs/120kV/ 391 images/360°) shows comparable high contrast to Surgivisio®
(39 mA/73 kV/ 91 images/180°): 7 line-pairs/cm. Neither O-arm®02 nor Surgivisio® 3D image reveals

the contrast circles present in the CTP515 low contrast CATPHAN module.
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4 Discussion

To our knowledge, this is the first study evaluating patient dosimetry with Surgivio®. This mobile C-
arm, used for navigation-assisted orthopedic surgery, offers an optimized partial-angle, non-isocentric
trajectory for CBCT. The main finding of this study is a significant reduction (5 to 12 times) in the organs
doses when using Surgivisio® compared to O-arm®02 during CBCT for spinal surgery. Surgivisio® allows
the patient to receive an ED approximately six times lower than that of 0-arm®02, using the low-dose
3D mode of each system. These findings are important for surgeons, in order to ensure the radiation
protection of the patient by applying the ALARA principle [31]. The O-arm®02 was chosen as a
reference because it is used worldwide for orthopedic spine surgery applications and has already been
widely described and compared [4-14]. In the Surgivisio® dosimetry report, the doses delivered during
the 2D and 3D sequences are given in DAP and kerma units. On the other hand, the 0-arm®02’s
dosimetry reports discriminate between 2D and 3D doses, expressed respectively in DAP plus kerma
units and CTDI plus DLP units. A direct comparison of doses delivered by each system during 3D-
imaging was therefore not possible, based on the systems’ dosimetry indicators alone (Table 3). To
overcome this problem and get common measures for both systems, we chose to measure Doy, as
proposed in the EFOMP-ESTRO-IAEA protocol [20] as well as organ doses and total ED measured using
TLDs in an anthropomorphic phantom [15, 18, 28].

We observed different organ dose levels between both systems, but also significantly different dose
distributions, as shown by organ dose ratios ranging from 0.08 to 0.20 (Surgivisio® versus O-arm®02).
The lowest dose ratios were observed for the pelvic, kidneys and spine. This can be explained by the
non-uniform distribution of the dose with Surgivisio®, since its trajectory avoids the posterior face of
the patient. Various studies have shown that partial or complete rotations lead to different dose
distributions: a full-angle CBCT for imaging a homogeneous phantom led to a radially symmetrical dose

gradient whereas a partial-angle irradiation leads to a non-uniform angular dose distribution [18, 32].

Significant differences in the ED levels and Deoy were observed for the less irradiating CBCT protocols
of both systems (Table 6). The ED estimated using TLDs for the optimized Surgivisio® protocol (3DSU)
was lower than that of O-arm®02 in low-dose mode (0.35 mSv versus 2.41 mSy, reduction factor of
6.9), in good agreement with the simulations (reduction factor 5.1) The difference in ED between the
two CBCT systems could be mainly attributed to differences in the rotational arcs, total mAs and X-ray
spectrum (kV plus filtration). Basically, the tube potential has a supralinear effect on dose: the lower
tube potential used by Surgivisio® compared to O-arm®02 (73 kV versus 120 kV) provides

approximatively a factor of 3 in the dose reduction of Surgivisio®, as estimated by Huda et al. [33]. The
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lower mAs used by Surgivisio® compared to O-arm®02 (53 mAs versus 63 mAs) results in a proportional
dose reduction (factor 1.18). Finally, the higher additional filtration for Surgivisio® (4.6 mm Al versus 4
mm Al) and the difference in rotation arcs (180° non-isocentric versus 360° isocentric) also contribute

to a lower ED with Surgivisio®, but are more difficult to estimate approximatively.

Doses for organs outside the direct X-ray field were not measured by TLDs and set to zero to evaluate
the ED. Although we may have underestimated the absolute ED, the study was not considered to be

biased as the objective was to make a relative comparison between the two systems.

Numerical simulations made it possible to evaluate the ED according to the two trajectories proposed
by Surgivisio®: the optimized trajectory and the isocentric trajectory. The ED obtained are only slightly
different (0.31 mSv in 3DO versus 0.30 mSv in 3DSU) due to two compensatory effects. On the one
hand, the increase of the FSD with the optimized trajectory leads to a decrease of the entrance dose,
but on the other hand, the surface of the irradiated field is increased, resulting in the irradiation of a
larger number of organs. It could be interesting to simulate the two CBCT modes of Surgivisio® to
better characterize the influence of the Surgivisio®’s trajectories on the effective and organ doses,
depending on the CBCT centering. It should be noted that O-arm®02 offers the possibility to reduce
the irradiation length by using diaphragms during CBCT whereas this option is not available with

Surgivisio®.

The differences in ED values observed between TLD measurements and PCXMC calculations (2.41
versus 1.54 mSy, i.e. relative difference of 36% for O-arm®02, and 0.35 versus 0.30 mSy, i.e. relative
difference of 14 % for Surgivisio®) are inherent to the dosimetry methods and predominantly arose
from differences in the phantoms used [34]. PCXMC results are strictly valid only for the phantom used
for the calculation [17]. Indeed, even if we chose the closest phantom in size and weight, there is an
uncertainty related to the variability of the size and location of the organs, since PCXMC uses simplistic
and stylized mathematical phantoms [21, 35, 36]. The difference in ED values between PCXMC-
calculations and TLD measurements was not considered to bias the relative comparison between the

two systems.

As a dedicated 2D-fluorography sequence before CBCT is mandatory to obtain the optimized CBCT
parameters from the AP-regulated sequence, it seemed important to compare the 2D-dosimetry of
both systems. Although the fluorography rate of Surgivisio® is lower than that of 0-arm®02 (8f/s versus
15f/s), the 2D dosimetry was found to be higher with Surgivisio® in terms of skin K; and ED (Table 4). K;
at patient skin were nearly identical on lateral 2D-imaging (0.5 mGy), but lower with O-arm®02 on

anteroposterior view (0.3 versus 0.9 mGy), compared to Surgivisio®.

13



Although good quality AP acquisition is necessary to obtain the optimized CBCT parameters with
Surgivisio®, high image quality is not useful for lateral views that are used only for localization and
could be performed with a lower dose mode, saving the overall dose delivered to the patient. Attention
should be paid to the duration of the Surgivisio® fluorography sequence. If the 2D fluorography
sequence is long, the ED delivered becomes non-negligible compared to the ED of 3DSU (even if it

remains negligible compared to the CBCT O-arm®02 dose).

In the clinical context of navigation-assisted minimally invasive orthopedic surgery, CBCT images are
interfaced with a navigation system to provide accurate guidance of surgical instruments. In this
context, the quality of CBCT clinical images is good enough for navigation and accurate screw
placement, but is not comparable to CBCT or CT images for diagnostic purposes [2]. The image quality
was estimated with a CATPHAN phantom. Both systems produced comparable high-contrast resolution
(7 Ip/mm) and neither system reveals the contrast circles present in the CTP515 low-contrast CATPHAN
module. This is not surprising since both systems are intended for use when a physician benefits from
3D information from anatomical structures with high X-ray attenuation (such as bone structures and
metal objects). They are not intended to be used for soft tissue imaging. The results obtained in the

present study for the O-arm® O2 are comparable to those of Zhang et al [13].

With the 0-arm®02 system, it is important to note that for the same patient, the selection of the
“Standard 3D-Medium-Abdomen” protocol (120 kV, 195 mAs), instead of the “Low Dose-Small—-
Abdomen” (120 kV, 63 mAs) results in a significant dose increase by a factor 3.1. Interestingly a
potential strategy to significantly reduce the dose with the O-arm®02 is to manually reduce the

acquisition kV from 120 to 80 kV, as shown by Su et al [37].

The benefits of intraoperative imaging have been mainly demonstrated in spine surgery with increased
accuracy, time savings, stressless behavior for surgeons [1-3]. Interestingly, the introduction of these
mobile systems used for navigation-assisted mini-invasive orthopedic surgery also significantly

reduced the doses received by the staff, as shown by Costa et al [38].

5 Conclusions

In conclusion, this study demonstrates that the effective doses received by patients using Surgivisio®
for spinal surgery are significantly lower (5 to 6 times) using the optimized 3DSU sequence, compared
to the least irradiating 3D protocol of O-arm®02. In the same experimental conditions, organ doses
were 5 to 12 times lower with Surgivisio® compared to O-arm®02. These results may have implications

for clinical practice when choosing interventional CBCT system for navigation-assisted surgery.
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Table 1

Medtronic O-arm®02 Surgivisio®
Technology Mobile O-arm. Mobile C-arm
40.0 x 30.0 cm? 28.7 x 26.5 cm?
Flat panel A-Si/Csl Varian/Paxscan® 4030D Pixium® Csl /Thales Electron Devices/ 2630S

Anti-scatter grid ratio
Filtration of the X-ray tube
Anode angle

Focus to detector distance
Focus to isocenter distance

Focus to reference point distance

2D acquisition modes:

CBCT acquisition modes

CBCT reconstructed volume

Dosimetry report

Pixel size : 0.194 mm
12:1

4.0 mm Al at 75 kV
12°

116.8 cm

64.7 cm

49.7 cm
2D fluoroscopy: 15 or 30 frame /s

Multi-plane 2D

Rotation:
360°, 391 projections

Time: 13 s

Clinical protocols (Head, extremity,
chest, abdomen) subdivided in dose
levels (Low Dose 3D / Standard 3D /
HD3D) for  various patient
morphologies (S/ M/ L/ XL)*

Volume: 21 x 21 x 16 cm?

192 slices, 0.83 mm thickness

2D: Reference K; (mGy), DAP
(mGy.cm?), Irradiation duration (s)

3D sequence:
CTDIvol (mGy), DLP (mGy.cm),
phantom (16 or 32)

Pixel size: 0.184 mm
8:1

4.6 mm Al at 75 kV
12°

115.0 cm

57.5cm

42.5 cm
2D fluoroscopy:
1,2,4,8,12.5 frame/s

2D fluorography:
1,2,4,8,12.5 frame/s
2D radiography (one shot)

Rotation:
180°, 91 or 181 projections

Time: 20 s

Trajectory:
a) isocentric (3D Orbital)

b) optimized (3D Spine Universal)**

Maximal volume: 15-cm-in-length cylinder
with an oval section vertical axis: 16 cm,
horizontal axis: 18 cm

400 slices, 0.43 mm thickness

2D and 3D sequences:
Reference Ki (mGy), DAP (Gy.m?), irradiation
duration (ms)

Table 1: 0-arm®02 and Surgivisio® technical specifications.

* 0-arm®02: The kilovoltages are set to 120 kV for all torso (chest and abdomen) protocols performed

with the 20 cm field of view.

** Surgivisio®: The 2D regulated fluorography sequence provides the CBCT parameters (kV, mAs and

optimized trajectory).
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Table 2

0-arm®02
Low dose fluoroscopy

Surgivisio®
Fluorography

AP imaging

Exposure: 67 kV, 9.4 mA
Frame rate: 15 f/s
FSD:56.0 cm

Acquisition time: 1 s

Lateral imaging
Exposure: 77 kV, 10.1 mA
Frame rate: 15 f/s
FSD:51.7 cm

Acquisition time: 1 s

AP imaging

Exposure: 73 kV, 39 mA
Frame rate: 8f/s

FSD: 65.0 cm

Acquisition time: 2 s*

Lateral imaging
Exposure: 79 kV, 44 mA
Frame rate: 8f/s
FSD:58.5 cm

Acquisition time: 1 s

Table 2: Acquisition parameters for 2D-imaging sequence (AP plus Lateral) preceding 3D-imaging with

0-arm®02 and Surgivisio®. AP: antero-posterior; FSD: Focus to skin distance.

* Acquisition time for Surgivisio® anteroposterior 2D sequence was considered to be 2 s for taking into

account the time needed to reach the optimized parameters (kV - mA).
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Table 3

0-arm®02
Standard-Abdomen-Medium

0-arm®02
Low dose-Abdomen-Small

Surgivisio®
3D Orbital (3D0)

Surgivisio®
3D Spine Universal (3DSU)

Exposure: 120 kV, 50 mA,
10 ms

Rotation: 360°, 391 frames

Total mAs: 195

CBCT duration: 13 s

Trajectory: isocentric

CTDler: 17.13 mGy
(32 cm phantom)
DLP: 273.98 mGy.cm

Exposure: 120 kV, 16 mA,
10 ms

Rotation: 360°, 391 frames

Total mAs: 63

CBCT duration: 13 s

Trajectory: isocentric

CTDlol: 5.49 mGy
(32 cm phantom)
DLP: 87.85 mGy.cm

Exposure: 73 kV, 39 mA,
15 ms

Rotation: 180°, 91 frames

Total mAs: 53

CBCT duration: 20 s

Trajectory: isocentric

DAP: 108.30 cGy.cm?
Reference Ki: 10.70 mGy

Exposure: 73 kV, 39 mA¥*,
15 ms

Rotation: 180°, 91 frames

Total mAs: 53

CBCT duration: 20 s

Trajectory: optimized**

DAP: 108.30 cGy.cm?
Reference Ki: 10.70 mGy

Table 3: Acquisition parameters for 3D X-ray imaging modes with O-arm®02 and Surgivisio®. CTDlq,

DAP and Reference K; are those displayed by the two systems on the view station and in the dosimetry

report.

* 3DSU parameters (kV, mA and the optimized trajectory) are those provided by the associated auto-

regulated fluorography sequence.

** Optimized trajectory with 14.0 and 22.9 cm translations of the C-arm in the lateral and vertical

directions, respectively.

21



Table 4

Dose measurement

PCXMC simulation

Krrate FSD K ke K; at skin (mGy) Effective dose
at Lm (cm) Bt i (Duration —frames/s) ICRP103 (uSv)
(mGy/min) (mGy/min) H
0-arm®02 5.2 56.0 16.7 0.3 (1s-151/s) 23.5
AP Surgivisio® 10.8 65.0 25.7 0.9(2s-8f/s) 73.5
view Dose Ratio
Surgivisio® 3DsSU 2.1 15 3.1 3.1
O-arm” Low dose
0-arm®02 7.7 51.7 28.8 0.5 (1s-151/s) 21.2
TR i
Lateral Surgivisio 11.1 58.5 32.3 0.5(1s-8f/s) 21.7
view Dose Ratio
Surgivisio® 3DSU 14 11 11 1.0

®
O-arm Low dose

Table 4: Evaluation of 2D-imaging patient doses with O-arm®02 and Surgivisio®: incident air-Kerma

(Ki) measurements and derived effective dose calculations using PCXMC. AP view: Antero-Posterior

view; FSD: focus to skin distance.
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Table 5

Organ dose (mGy) Organ dose ratio
Organ/Tissue Number ABMk Wit ® L e L @
of TLDs O-arm®02  Surgivisio Surgivisio 3DSU
Low dose 3DsU O-arm’ Low dose
Colon 10* 0.12 4.68 0.70 0.15
Liver 13 0.04 2.65 043 0.16
Lungs 2 0.12 0.39 0.06 0.16
Ovaries 2 0.08 1.06 0.12 0.11
Stomach 11 0.12 5.14 1.02 0.20
Urinary bladder 6 0.04 1.09 0.20 0.18
Active bone marrow 0.12 5.68 0.56 0.10
Femur 1 0.067 0.49 0.07 0.14
Pelvis 10 0.274 10.59 1.01 0.10
Ribs 2 0.161 1.47 0.25 0.17
Spine 6 0.284 8.83 0.85 0.10
Remainder 0.12 4.18 0.59 0.14
Adrenals 1 2.28 0.35 0.15
Gall bladder 2 5.35 1.06 0.20
Kidneys 6 7.75 0.64 0.08
Pancreas 2 6.82 1.03 0.15
Spleen 3 0.91 0.12 0.14
Uterus 3 1.45 0.20 0.13
Intestine 10* 4.68 0.70 0.15
Effective Dose (mSv) 241 0.35 Ratio : 0.15
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Table 5: Organ dose for one CBCT on spine with O-arm®02 (Low Dose 3D - small - abdomen) and

Surgivisio® (3DSU - 91 images) and corresponding dose ratios (Surgivisio® versus O-arm®02).

*Colon and Intestine were not distinct in the phantom; the doses were considered equal for these

organs. Note: Wt: tissue weighting factor; ABMk: fraction of active bone marrow from Cristy et al. [29].
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Table 6

0-arm®02 protocol Surgivisio® protocol

Dosimetri | . Surgivisio” 3DSU

osimetric value Standard - Abdomen Low dose - Abdomen 3D Orbital 3D Spine Universal Ratio m

Medium Small* (3DO) (3DSU)

DFOV (mGy)

measurement at isocenter 40.5 12.9 5.1 2.9%* 0.2

Effective dose (mSv)

TLD measurements 7.52 241 - 0.35 0.15

Effective dose (mSv)

PCXMC simulations 4.8 1.54 0.31 0.30 0.19

Table 6: CBCT dose with Surgivisio® and 0-arm®02: Drov measurements at the center of the field of view and effective dose estimated with TLDs or

simulations. The ion-chamber was positioned at the isocenter for isocentric trajectories and at the point where all the X-ray projections intersect for the

optimized trajectory of the Surgivisio®.

* The values indicated for the “Low Dose 3D - small - abdomen” protocol were calculated by nhormalizing the measurements obtained using the “Standard 3D

- medium - abdomen” protocol with the corresponding mAs.

** With the 3DSU trajectory of the Surgivisio®, the Drov defined by the EFOMP-ESTRO-IAEA does not exist. Instead, a “pseudo-DFOV” has been defined at the

center of the field of view.
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Figure 1

Figure 1:

A) The Medtronic O-arm®02 and B) Surgivisio® systems in the surgery room. The same CIRS phantom
and radio-transparent couch were used with the two systems. C) Focus on the blue Surgivisio® 3D

imaging Kit (3D-iK-SPX1) positioned on the phantom.
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Figure 2

Figure 2:

Anteroposterior 2D-imaging with O-arm®02 and Surgivisio®: localization on the L4-L5 junction before
3D. A: Last Image hold of the low-level fluoroscopy sequence with O-arm®02. B: One image of the

fluorography sequence with Surgivisio®. The 3D-iK-SPX1, positioned on the phantom spine, is visible.
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