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Chapter

Role of Hybrid Operating Room:
Present and Future
Evan Qize Yuan and Calvin Sze Hang Ng

Abstract
With the dramatic progress of medical imaging modalities and growing needs
for high-resolution intraoperative imaging in minimally invasive surgery, hybrid
operative room (OR) has been developed as a powerful tool for different surgical scenarios. Under the guidance of high-definition cone beam CT (CBCT), an
electromagnetic navigation bronchoscopy (ENB)-based marker implantation and
subsequent localization of the pulmonary nodules can be implemented within a
hybrid OR. Furthermore, the unparalleled real-time imaging capabilities and the
ability to perform multiple tasks within the hybrid OR can facilitate image-guided
single-port video-assisted thoracic surgery (iSPVATS), increasing the precision and
improving outcomes of the procedure. With the help of a hybrid theatre, catheterbased thermal ablation can provide a safer and less invasive treatment option for
select patient groups with early-stage non-small cell lung carcinomas (NSCLC)
or metastases. In the future, the combination of hybrid operating room and other
inspiring innovative techniques, such as robotic bronchoscopy, 3D-printing, natural
orifice transluminal endoscopic surgery (NOTES) lung surgery could lead to a
paradigm shift in the way thoracic surgery is conducted.
Keywords: 3-D printing, ablation, cone beam CT, electromagnetic navigation
bronchoscopy, hookwire, hybrid operating room, localization, lung cancer,
metastases, non-small cell lung carcinoma, natural orifice transluminal endoscopic
surgery, robotic bronchoscopy, single-port video-assisted thoracic surgery

1. Introduction
In recent decades, thoracic surgery has undergone revolutionary progress.
With the help of imaging technology, surgeons can perform minimally invasive
surgery through several small incisions instead of thoracotomy [1]. With the
advantages of less pain, quicker recovery, fewer postoperative complications and
better cosmesis, minimally invasive surgery has gradually become the mainstream
of thoracic disease treatment [2]. Among the many techniques, the single-port
video-assisted thoracic surgery (VATS) is becoming more and more popular in
recent years [3–5]. When combined with medical imaging techniques and adjuvant
instruments, such as computed tomography (CT) guided placement of hookwire/
microcoil or dye labeling for localization, the single-port VATS can safely be used
to resect lung lesions in a less invasive way [3, 6]. However, there exist some deficiencies in the traditional mode of treatment paradigms, in which the imaging and
surgery are operated in separate chambers. The time interval between adjunctive
localization techniques conducted under computed tomography guidance and
1
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surgery may increase the risk of pneumothorax and wire migration or dislodgement [7]. Moreover, by performing procedures in multiple localities with the risks
as described could increase the complexity of care and cost. The emergence of
hybrid operating room (OR) provides patients with a less invasive diagnostic and
therapeutic option [8]. By conducting the localization and the lung surgery in a
hybrid operating room, the rate of pneumothorax, marker dislodgement, and dye
diffusion can be minimized, with decreased procedural time and lower costs [3].
More importantly, thoracic surgeons will be able to conduct precise excisions in a
much more secure way, even for multifocal lesions, preserving pulmonary tissue
and function because of this innovative approach for diagnosing and localizing the
nodules [8].

2. What is a hybrid operating room?
The “hybrid operating room (OR)” concept consists of a surgical workspace that
integrates imaging devices with a multifunctional surgical table. It allows surgeons
to perform diagnostic and therapeutic procedure in a single room, reducing risks
caused by delay and patient transfer [9]. Moreover, it is a potentially safer and timesaving option for patients facing different medical situations [10]. Despite its wide
utilization in many medical fields, cardiology and vascular surgery in particular,
the first hybrid operating room (advanced multimodal image-guided operating
[AMIGO] suite) for general thoracic surgery was only reported in 2013 by Professor
Raphael Bueno’s group at Harvard University, Brigham and Women’s Hospital,
Boston [11]. Equipped with three functional compartments that incorporate
magnetic resonance imaging (MRI), near-infrared imaging, cone-beam computed
tomography (CBCT), and positron emission tomography (PET), the 5700-squarefeet AMIGO suite is capable of providing sterling real-time imaging of the patients
undergoing different types of surgeries.
In the subsequent year, a reduced scale hybrid theater (Artis zeego, Siemens
Healthcare GmbH, Erlangen, Germany) was set up in the authors’ hospital [12].
Similarly, this suite can provide imaging support for different types of surgical
scenarios, making it possible for the surgeons to conduct image-guided electromagnetic navigation bronchoscopy (ENB) and VATS procedures. The robotic C-arm
CBCT can move flexibly without affecting the surgical procedure. It is worth mentioning that this operating room has a relatively smaller area (approximately 760
square feet), which is meaningful when it comes to space-saving considerations.
The complete content of the hybrid operating room is listed in Table 1 [12].
In the same year, a hybrid operating room consisting of a mobile O-arm CT scan
system (Medtronic Japan Co., Ltd., Tokyo, Japan) was reported by Ohtaka’s et al. in
Japan [13]. The team managed to conduct localization for small pulmonary nodules
in their newly established hybrid suite. Nevertheless, limiting radiation exposure to
the patient and its time-consuming characteristic remain to be resolved.
In 2017, Ujiie’s group introduced their multiple detector CT (MDCT) (Definition
FLASH; Siemens, Washington, DC, USA) system assembled within a hybrid operating room [14]. With the assistance of the novel minimally invasive near-infrared
thoracoscopic technique, they successfully localized small lung nodules of the
patient. Although the imaging of the target lesion and the surgery were conducted
in the same hybrid operating room, the possibility of wire dislocation and complication caused by patient transfer was not decreased.
Chao et al. also in 2017 described an imaging guided thoracoscopic resection of
a ground-glass opacity lesion by percutaneous hookwire localization, which is performed in a hybrid operating room equipped with a robotic C-arm CT (Artis zeego,
2
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Artis zeego multi-axis robotic imaging system (Siemens Healthcare AG, Forchheim, Germany) with PURE™
Platform
Free-floating Artis OR table
Large display mounted on rails
syngo X Workplace (Siemens Healthcare AG, Forchheim, Germany)
Steris OR lamps
Dräger anesthetic workplace & Dräger Motiva supply unit
Olympus and Karl-Storz endoscopic systems with near-infrared capabilities
Medtronic SuperDimension™ navigation system (Covidien, Minneapolis, MN, USA)
Emprint™ Microwave Ablation System (Medtronic, USA)
2.5 m × 2.5 m (8.2 ft × 8.2 ft) laminar airflow field

Table 1.
Configurations of the hybrid operation room (OR) (Prince of Wales Hospital, Hong Kong).
Year

Authors

Imaging device

2013

Bueno et al. [11]

CBCT, MRI, PET, near-infrared imaging

2014

Ng et al. [12]

Robotic C-arm CBCT

2014

Ohtaka et al. [13]

O-arm CT

2017

Ujiie et al. [14]

Multiple detector CT (MDCT)

2017

Chao et al. [15]

Robotic C-arm CBCT

Table 2.
Summary of recently reported hybrid OR for image-guided thoracic surgery.

Siemens Healthcare GmbH, Erlangen, Germany) system [15]. The C-arm CT is
considered better than MDCT and O-arm CT because of its flexibility and ability to
perform circumferential scanning around the surgical table. However, there are still
several limits of the single-stage approach, such as the availability of the high-cost
hybrid OR, the time-consuming and complicated repositioning of the C-arm instrument, and the risk of air embolism because of needle placement (Table 2) [16].

3. Current needs in thoracic surgery
With the popularization of lung screening by chest computed tomography (CT),
the detection rate of pulmonary nodules continues to rise [17]. According to a previous study by Gill, for about 8–51% of patients screened on a CT scan, it is unclear
that whether their detected pulmonary nodules are benign or malignant [18]. Since
early detection and subsequent treatment for lung cancer can reduce mortality [19],
the efficient and rapid identification of the nodules’ nature has become an increasing challenge for both thoracic clinicians and researchers. Despite the emergence of
many innovative techniques which can potentially assist in the diagnosis of pulmonary nodules, the most reliable diagnosing method is surgical excision biopsy with
pathological section [20]. Compared with conventional multiport VATS or open
biopsy procedure, single-port video-assisted thoracoscopic surgery (VATS) can provide a less invasive way to the resection of pulmonary nodules [3, 6]. However, there
are some inherent drawbacks in SPVATS. First, the single-port approach increases
the difficulty in localizing the target lesion with limited access for finger palpation
3
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[10] and surgical instrument manipulation within a small incision [21]. Palpating
a small lung lesion via minimally invasive access wounds is especially challenging
when the lesion is located in a spot far from the pleural surface or it consists of partsolid component with high ground-glass opacity (GGO) [22].
Several techniques have been developed to aid the identification of lung nodules. The conventional two-stage approach for localization of pulmonary nodules
includes two steps: image guided preoperative adjunctive localization of the lesion
such as hookwire/microcoil implantation or dye marking, and subsequent resection
of the nodule in a surgery suite [23]. However, in the procedure of metallic implantation, the metallic bar or hookwire may dislocate during the transfer of the patient
to the OR or during the surgical procedure. The lung deflation or the retraction
of the wire by the operator can also cause the displacement of the marker [22]. As
for dye marking, the diffusion of the dye contrast over time will increase the risk
of failure localization. In addition, allergy and embolism are two important side
effects of this localizing method which may cause serious consequences [24]. The
application of a hybrid operating room can implement the localization and therapeutic procedure within a single room, which can not only save time and cost, but
also reduce the rate of pneumothorax, marker dislocation, and dye diffusion [25].

4. Localization via percutaneous approach
As mentioned above, many localization techniques have been developed to help
thoracic surgeons with navigation to the pulmonary nodules. By combining the
imaging method with adjunctive instruments, such as hookwire or dye marking,
the target lesion can be marked in different ways. The family of localization markers can be classified as two types: physical markers, such as hookwire and metallic
fiducials, and chemical markers, such as dye marking and radionuclide labeling.
4.1 Hookwire and metallic markers
As the most commonly used localization method for small pulmonary lesions,
hookwire has a place in thoracic surgery because of its high success rate [26–28].
Hookwires have long been used in marking breast lesions and relatively solid breast
tissues. It was then applied to pulmonary nodules localization by radiologists and
thoracic surgeons inspired by its success in treating breast diseases [29]. In a conventional preoperative localization approach, the hookwire is usually inserted into
the chest at a radiology suite a few hours before the surgery to facilitate lung nodule
localization; however, problems remain such as hookwire migration, pneumothorax, hemothorax, patient discomfort, and potential cost due to the patient transfer
between different suites [30]. According to a recent study by Yasufuku et al.,
around 24% of the patients that underwent hookwire implantation would suffer
from pneumothorax. Likewise, the metallic markers are usually implanted before
the procedure through percutaneous path and detected by intraoperative fluoroscopy, or occasionally may be palpated [31, 32]. They have the same drawbacks
as hookwires (post-procedural pain, pneumothorax, hemothorax, air embolus).
When the hookwire or the metallic marker insertion is performed within the hybrid
OR setting, their potential complications and risks can be minimized by reducing transfer time which equals “at risk” time for those complications to develop
(Figure 1). The authors’ team has developed a treatment paradigm for small
nodules or those with GGO components, known as image guided single-port VATS
(iSPVATS) [7]. In their approach, the discussed disadvantages of metallic markers
are decreased due to a shortened delay between the localization and the surgery.
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Figure 1.
Patient undergoing uniportal VATS lung resection following posterior hookwire placement in hybrid operating
room.

Moreover, if the marker dislodgement happens accidentally, the real-time imaging
ability of the hybrid OR allows for a salvage CT scan to be performed to re-localize
the target spot.
4.2 Dye marker
Different from hookwire, the dye markers, including methylene blue, barium
sulfate, lipiodol and others, are normally injected into the tumor region to help the
surgeons localize the lesion usually via either direct vision through a white-light
thoracoscopy or fluoroscopy [22]. This marking method also has pleural complications due to the invasive percutaneous approach; besides, it can also be affected
by the diffusion of the dye into the parenchyma, and spillage into the pleural
cavity leading to difficulty or failure of localization for surgery. More recently,
indocyanine green (ICG) has been used as a dye, particularly for deeper lesions as
5
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the fluorescence using near infra-red light thoracoscopy could be seen up to 2 cm
from pleura. Numerous methods have been described to reduce diffusion of dye
into parenchyma over time, include mixing the dye with albumin, biological glue
or lipiodol. Other important issues of the percutaneous dye approach are possible
allergy and air embolism during the injection of the dye marking which may cause
serious and even life-threatening sequelae. An early study on 25 patients undergoing image-guided percutaneous dye localization in the hybrid OR was reported by
a group in Taiwan [33]. During the procedure, cone-beam CT was applied for the
confirmation of the successful injection. Nevertheless, the drawbacks described
before, though rare could still occur; and furthermore, nodules that are located near
the apex, diaphragm and mediastinum are often difficult or risky to approach from
percutaneous route.

5. Localization via endobronchial approach
5.1 Electromagnetic navigation bronchoscopy (ENB)
Electromagnetic navigation bronchoscopy (ENB) is a superior bronchoscopic
technique utilizing electromagnetic sensor technology to facilitate the navigation of
the probe to the target region [34]. The typical technological process of an ENBassisted biopsy or marking includes:
1. Navigational stage implemented by “electromagnetic sensor technology in
combination with virtual three-dimensional (3D) bronchial reconstruction of
CT images that can be paired with the true bronchoscopic images” [34].
2. The lock of extended working channel (EWC) after successful navigation and
withdrawing the sensor tip.
3. The delivery of different tools for biopsy or marking the lesions.
Over the last ten years or so, this approach has been developed into a powerful
tool for localization and following diagnosis of the peripheral pulmonary lesions
[35]. Success rate of nodule localization can be as high as 93% when combining
ENB with endobronchial ultrasound [36]. Nevertheless, identifying a small lesion
with a high GGO component can be a challenging task for ENB with adjunctive
methods such as endobronchial ultrasound and standard fluoroscopy [5]. To
improve the performance of ENB-related techniques, the author’s group developed
an innovative paradigm which combines the ENB with cone-beam computed
tomography (CBCT) [37] (Figure 2). The steps of this new approach are as
following:
1. Standard ENB-guided localization.
2. Anchoring of EWC.
3. Switch-off of ENB system.
4. Activation of CBCT.
5. A 6-second CBCT scan allows visualization of the target lesion, adjacent
structures, and the relative position of the EWC and tools.
6
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Figure 2.
Cone-beam CT images from hybrid OR showing successful left lower lobe 9 mm nodule electromagnetic
navigation bronchoscopy biopsy guided by cone-beam computed tomography scan and assistance from PURE™
platform segmentation software.

Notably, two CBCT scans during the procedure would provide the best outcomes: the first CBCT is the pre-procedure scan that provides the latest information
on positional relation of the lesion to allow software (such as i-guide, Siemens,
Germany) to mark your lesion, while the second CBCT is for confirming whether
the biopsy tool or marker has been deployed in the right position. This technique
has been applied on 12 patients with nodules from 8 mm to 39 mm. There is no
complication found, and the diagnostic rate was 83.3% [38].
5.2 Metallic marker
The utilization of ENB has been broadened in recent years to encompass enabling
adjunctive therapies and direct therapies. Apart from the navigation system for
biopsy, it can also be used to assist in the placement of different kinds of markers.
Fiducials are dense markers made of gold or platinum, and they are often used for
simultaneous tumor tracking due to its imaging characteristics, to aid in specialized
targeted radiotherapies and surgery, in particularly for lesion localization. Anantham’s
group reported ENB-guided insertion of 39 metallic fiducials into 9 patients for
robotic stereotactic radiosurgery of lung tumors. Not surprisingly, dislodgement is
one of the major problems of this approach [39]. In addition, the small risk of allergic
reaction and complications arising from the prolonged duration of implantation of
these markers are also issues to be considered when placing these markers.
5.3 Dye marker
Apart from metallic materials, dye markers have also been developed as a
combination with ENB for localization of lung nodules. Bolton et al. reported dye
7
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Figure 3.
Cone-beam CT images of dye marking of right upper lobe 7 mm nodule for surgical resection. The right image
is the deployed injection needle before injection of dye while the left image is the CT immediately after injection
of dye.

marking via ENB under fluoroscopic assistance for 19 subjects. In this case, methylene blue was injected into the target lesion, and the use of intraoperative fluoroscopy is required as confirmation of a successful localization [40]. Dye marker
injection by ENB in the hybrid operating room setting can lead to a lower risk of dye
diffusion as the time interval between injection and surgery can be reduced.
In 2016, Marino et al. studied ENB-guided trans-bronchial dye injection followed by VATS sublobar resection [41]. Among all the 72 lung nodules ranging from
4 mm to 17 mm, 70 were identified successfully. Notably, an extra shot of methylene
blue was injected to the pleura once it is confirmed that the distance between the
nodule and the surface of the pleura is over 4 mm. It is believed that the application
of hybrid OR technique will improve the success rate of dye placement and enables
the precise visualization of the margin of the tumor [41].
In recent years, the fluorescent dye indocyanine green (ICG) has been applied
in medical research including optical mapping of cardiac activity, measurements
of liver blood flow and ophthalmology [42, 43]. In 2018, Wen’s team reported their
ICG marking in the hybrid OR for 26 patients with pulmonary nodules [44]. The
ICG can remain at the target spot for more than six hours in vivo, and the nearinfrared (NIR) light thoracoscopy can detect the dye’s wavelength without being
affected by the color change of the visceral pleura due to anthracosis (Figure 3).
Also, it will not influence the result of the pathological examination. Similar to
other dye markers, risk of diffusion is one limitation of ICG, as well as specific
requirement for NIR device.

6. Bronchoscopic ablation
Lung cancer can be divided into small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC), among which nearly 80% are NSCLCs [45]. Surgical resection is the gold standard treatment for resectable early stage NSCLCs [46]; however,
thermal ablation is considered a safe, cost-effective and ultra-minimally invasive treatment for patients with small tumors who are not suitable for surgery [53]. Thermal or
energy-based ablation of tumors means “the local application of extreme temperatures
8
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to cause irreversibly pathological cell injury, tumor apoptosis and coagulative necrosis”. Catheter-based alternative therapies include radiofrequency ablation (RFA),
microwave ablation (MWA), and cryoablation (CRA). Among the thermal therapies,
RFA and MWA are most commonly used for lung cancer as alternative approaches.
The most popular approach for ablation has been percutaneous. More recently,
bronchoscopic approach to ablation has increasingly been accepted as an alternative
to percutaneous approach. Bronchoscopic ablation has advantages over percutaneous of having less complications of pneumothorax and pulmonary-pleural
fistula, as well as being scarless. The use of the hybrid OR and CBCT allows the
confirmation of appropriate bronchoscopic navigation and positioning of the
ablation catheter, calculation of the predicted ablation zone, monitoring of ablation
progress, and assessment of the final ablated zone. Thus, for the foreseeable future,
CBCT like image quality is critical to enable this form of bronchoscopic catheter
therapeutic intervention.
6.1 Radiofrequency ablation (RFA)
In a radiofrequency ablation, one or more radiofrequency electrodes are placed
into the tumor under the guidance of computed tomography or ultrasound. A highfrequency alternating current produced by the electrodes can generate 60–100°C
temperature by inducing frictional heating in tissues [47]. It is reported that in most
recently published RFA cases, conscious sedation or general anesthesia, and no less
than 24 h postoperative observation are required. Depending on the size and shape of
the tumor, the adjacent normal lung tissue might be burned during the process [48].

Figure 4.
Cone-beam CT images showing left upper lobe adenocarcinoma bronchoscopically ablated by microwave
energy. The right images show the Emprint™ catheter within the tumor before ablation while the left images
show CT performed 10 min post ablation.
9
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Because of the mechanism of radiofrequency ablation, the feasibility of this catheterbased approach is determined by the electrical conductance of the target organ. Since
the normal lung tissues have a poor electrical conductance and a higher impedance
than lung tumors, most current generated by the electrodes will pass through the
tumor [49]. Moreover, a phenomenon called “heat sink effect” is another limitation of
RFA, which happens when heat absorbed by blood flow or air is carried away from the
ablated region, leading to a loss of temperature and decreased RFA efficacy [50, 51].
6.2 Microwave ablation (MWA)
Similar to RFA, MWA utilizes electromagnetic waves to cause localized hyperthermia and induce cell injury and death. During an MWA procedure, heat is generated by
the oscillation of electromagnetic field between active dipoles at the tip of MW antennas, causing following realignment and agitation of water molecules and increased
kinetic energy. With much higher frequencies compared with RF, electromagnetic
radiation is not largely influenced by tissue impedance. As a result, MWA is considered as a more powerful and predictable thermal approach for lung tumors [52]. In a
study by Han et al., 28 elderly patients (over 75 years old) with stage I or lymph nodenegative stage IIA underwent MWA [53]. As the result shows, the local recurrence rate
was 32.1%, and no significant difference was found between the outcome of MWA
and RFA. As a limited amount of data available on comparative studies on this topic,
further research is needed to evaluate the efficacy of MWA and RFA (Figure 4).

7. One-stop-shop: “value” and costs of hybrid OR
As a surgical workspace that integrates imaging devices with a multifunctional
surgical table, hybrid OR can provide unparallel imaging support for a variety of
surgical scenarios. This one-stop-shop hybrid OR can help with the localization and
biopsy of suspected pulmonary nodules in a more efficient and time-saving way. In
contrast to conventional approaches, a hybrid OR can provide real-time imaging and
increase the success rate for a hookwire insertion or ENB, and also functions as an
adjunct in the intraprocedural ultrasonography technique during single-port VATS. In
a CT-guided injection of dye makers (barium or lipiodol) within a hybrid OR, the
delay between the adjunct placement and the surgery is shorter, minimizing the
potential risk of percutaneous complications and diffusion [27]. ENB-guided therapeutic methods such as RFA and MWA provide a safe and effective option for patients
with early-stage NSCLCs. Overall, the utilization of hybrid OR on diagnosis, staging,
and treating the lung-related diseases has been gaining more and more popularity.
The costs of a hybrid OR depends on the country and institution-specific operational and manual cost. As there is lacking data and knowledge on this issue, future
investigations are needed to compare approaches conducted within hybrid OR and
those through conventional multi-stop multi-shop means.

8. Future developments of hybrid OR
The hybrid operating room is progressively used in the thoracic surgery to
improve the accuracy of the procedures and to provide useful guidance to both
endoscopy and surgical procedures. The new era of hybrid thoracic surgery does not
depend only on its imaging superiority but also the integration of other technologies, including 3D printing, robotic bronchoscopy and NOTES lung surgery, just
to name a few. The application of the precise imaging provided by the real-time
10
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cone-beam computed tomography will be greatly improved as a result of the development of adjunct related technologies.
The hybrid operating room with real-time cone-beam computed tomography
can be combined with 3D printing to provide precise customization of prostheses.
This facility can provide images of post-resection chest wall defects which can be
used for 3D image reconstruction and segmentation to generate an accurate stereo
vision of the chest wall defect. The immediate transfer of data for 3D printing
within the operating room could make the process of surgery more tailored by
custom 3D printing prostheses for that specific defect and stature of the patient.
Recently, the number of navigational bronchoscopy or catheter-based platforms
is increasing rapidly which will enable more accurate navigation and will improve
the safety and efficacy of the operation. The hybrid operating room can provide
precise imaging support to the implementation of these technologies which is of
vital importance because the positioning of lesions is the foundation for conducting
surgery and its accuracy will provide guidance to the specific operational technologies. Furthermore, these platforms will promote the main use of navigational
bronchoscopy in the hybrid operating room at the same time which means more
precise localization of the lesions. The combination of robotic bronchoscopy with
the hybrid operating room may further enhance localization accuracy and allow
thoracic surgery with greater precision.
It is said that the natural orifice transluminal endoscopic surgery (NOTES)
platforms and single incision robotic platforms will become the next generation of
tools for performing uniportal VATS and incisionless “surgery” enabling further
reduction in access trauma and more surgical precision. Some of the short comings of current NOTES platforms could be at least in part be addressed by using
high precision imaging from hybrid operation room for localization, assisting the
surgery and confirming efficacy of the procedure.
In summary, it is anticipated that the hybrid operating room will play a more and
more important role in image-guided thoracic surgery as it establishes an efficient
and integrated procedural flow for the operation process. It can be combined with
many promising technologies to achieve the accurate control of the endoscopic and
surgical procedure. More advanced modalities of imaging could be further incorporated in to this set up to provide additional imaging information and precise details
which will lead us to a safer and more meticulous surgery of the future.
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