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ABSTRACT

Thoracic surgery has evolved drastically in recent years. Although thoracic surgeons mainly deal with
tumorous lesion in the lungs, mediastinum, and pleura, they also perform lung transplantation surgery in
patients with end-stage lung disease. Herein, we introduce various major current topics in thoracic surgery.
Minimally invasive surgical procedures include robot-assisted thoracic surgery and uniportal video-assisted
thoracic surgery. Novel techniques for sublobar resection include virtual-assisted lung mapping, image-
guided video-assisted thoracic surgery, and segmentectomy using indocyanine green. Three-dimensional
(3D) computed tomography (CT) simulation consists of surgeon-friendly 3D-CT image analysis systems
and new-generation, dynamic 3D-CT imaging systems. Updates in cadaveric lung transplantation include
use of marginal donors, including donation after circulatory death, and ex vivo lung perfusion for such
donors. Topics in living donor lobar lung transplantation include size matching, donor issues, and new
surgical techniques. During routine clinical practice, thoracic surgeons encounter various pivotal topics
related to thoracic surgery, which are described in this report.
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INTRODUCTION

Recently, drastic changes in thoracic surgery have been noted. In the past, thoracic surgeons
would treat infectious diseases such as tuberculosis. In more recent years, thoracic surgeons
mainly treat tumorous chest lesions, such as cancerous pulmonary tumors; mediastinal tumors,
including thymomas; and pleural tumors, including malignant pleural mesotheliomas. Some
thoracic surgeons perform surgery for esophageal lesions, whereas others, such as those in Japan,
do not. Furthermore, lung transplantation has also been performed by an increasing number of
thoracic surgeons. Herein, we identify major current worldwide topics in thoracic surgery.

Various Minimally Invasive Surgical Procedures

Robot-assisted thoracic surgery. In the last three decades, thoracic surgeons have pursued the
concept of minimally invasive techniques. Thoracoscopic surgery is less invasive than thoracotomy
and generally has better outcomes.' In fact, video-assisted thoracic surgery (VATS) has been
recognized worldwide as a standard surgical procedure for the treatment of lung cancer. In Japan,
approximately 70% of surgeries for lung cancer are performed by VATS.

Technological developments led to the introduction of robotic surgery. Currently, robot-assisted
thoracic surgery (RATS) is used, especially in Western countries. In Japan, RATS was first used
approximately 10 years ago (Figure 1) and has been performed with acceptable outcomes.? In
2018, RATS was finally recognized by the government as a surgical procedure that could be
used for malignant pulmonary and mediastinal tumors. Since then, many surgeons have used
RATS and VATS.
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Fig. 1 The trend of robot-assisted thoracic surgery (RATS) at Nagoya University, where RATS were started
as one of the institutions with a spirit of enterprise in 2013
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The operability of a surgical robot is advantageous and supplements the disadvantages of
conventional endoscopic surgery. The biggest advantage is the markedly free movement of
joint-equipped robotic forceps under three-dimensional (3D) vision. Based on an analysis of its
perioperative results, RATS lobectomy is comparable to VATS lobectomy in terms of its safety
and efficacy. RATS lobectomy is also superior to VATS lobectomy in terms of its operability
and steeper learning curve.* However, the relatively high cost and longer operation time are the
concerns. Furthermore, because RATS has only been performed in early-stage lung cancer cases
in most institutions, more research is necessary. It is of interest to explore how RATS and VATS
would be performed for specific patients in the near future.*’

Uniportal video-assisted thoracic surgery. Minimally invasive thoracic surgery has pursued
fewer ports, and uniportal VATS has been developed and is used regularly in certain countries in
Europe and Southeast Asia. Unfortunately, no studies have reported the superiority of uniportal
VATS when compared with multiportal VATS; however, further studies are warranted. The early
period of uniportal VATS development was focused on minor procedures. In the early 2010s,
VATS was adopted in major pulmonary resection. Currently, experts in this technique use unipor-
tal VATS to complete complex procedures, including bronchial sleeves, vascular reconstruction,
carinal resection, and a range of nonintubated techniques.® Now, many thoracic surgeons believe
that uniportal RATS could be the next promising procedure in thoracic surgery.

Novel Technique for Sublobar Resection

Virtual-assisted lung mapping as a preoperative marker. Due to radiological developments
such as thin-slice computed tomography (CT), an increasing number of small peripheral nodules
have been detected. Thoracic surgeons are likely to encounter referrals of patients with small
nodules. In these cases, pre- or intraoperative markings are needed because the nodules are
invisible and unpalpable during surgery. Various techniques have been developed to achieve
minimal invasiveness. For example, the Kyoto University group developed a unique preoperative
dye-marking system using a bronchoscope known as virtual-assisted lung mapping (VAL-MAP).”
This technique uses indigo carmine, which is bronchoscopically injected under the pleura near to
the tumor prior to surgery. VAL-MAP helps surgeons to perform surgical diagnoses and complete
resections successfully, even in cases where small tumors are invisible or unpalpable (Figure 2).

Image-guided video-assisted thoracic surgery. The precise preoperative localization of small
pulmonary nodules is a key prerequisite to successful excision. With the advent of hybrid operat-
ing rooms, a patient-tailored approach, which encompasses simultaneous localization and removal
of small pulmonary nodules, is feasible. This method is known as image-guided VATS (iVATS)
because surgical resection is performed using the guidance of CT images taken intraoperatively
using a C-arm CT scan in a hybrid operating room.> The number of institutions performing
iVATS has increased worldwide.

Segmentectomy using indocyanine green. Lobectomy has long been the standard therapy
for lung cancer; however, sublobar resection has emerged as a less invasive alternative since
smaller nodules have recently been detected and targeted for surgical resection. Indocyanine
green (ICG) is a fluorescent dye used for hepatic segmentectomies. Intravenous ICG injections
aid in pulmonary segmentectomies.” In Japan in 2018, ICG was introduced as a technique to
detect organ blood flow. This approach helps surgeons to perform pulmonary segmentectomies
with more confidence. Also, some surgeons use transbronchial instillation of ICG to mark tumors
in addition to sublobar resection.'*!
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Fig. 2 Concept of virtual-assisted lung mapping (VAL-MAP)

Three-Dimensional Computed Tomography Simulation

Clinical necessity of three-dimensional computed tomography images. Multidetector CT
constructs 3D images and has been used widely in various clinical situations including thoracic
surgery.'>® In fact, 3D images of anatomical structures have become feasible for decision making
and preoperative simulations of various surgical procedures.'*!?

To date, several software programs have been used in the field of thoracic surgery; however,
image quality and the time required for image acquisition are key issues that limit wider use of
this technology.' In addition, complexity in manipulating the software is another major obstacle
to its widespread use.

Surgeon-friendly three-dimensional computed tomography image analysis systems. 3D-CT
technology has recently been developed and introduced into the field of thoracic surgery.* In
Japan, a recently developed, high-speed, high-quality 3D image analysis system (Synapse Vincent,
Fuji Film Co., Ltd., Tokyo, Japan) has been widely used, and many surgeons have used this
system to obtain 3D images of pulmonary vessels and the tracheobronchial tree. This system
automatically extracts information on the pulmonary structures and displays 3D images in just a
few clicks. This allows thoracic surgeons to independently create 3D images in their spare time.

Because of technological advances in software, the equipment is mostly automated, and it
takes less than 10 minutes for a surgeon to obtain suitable 3D images of pulmonary structures
for surgical simulation without guidance from a radiology expert.’>!¢ Furthermore, the constructed
images can be rotated freely and visualized from any angle with an interactive interface, providing
information on the 3D relationship between pulmonary structures. The results of preoperative
assessment of variations in pulmonary vessel branching patterns, as well as short-term surgical
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outcomes, have been satisfactory.!’

Development of dynamic three-dimensional computed tomography images. These newly
developed systems allow thoracic surgeons to construct 3D images without having to consult
radiologists or technicians, which represents a considerable advantage.'>'® Nonetheless, surgeons
still rely on their experience as these systems only provide static images, which is a significant
limitation for surgical simulation.

Recently, another novel simulation system was developed, which generates dynamic images
based on patient-specific CT data and reflects the intraoperative deformation of the lung.' This
system was developed based on the novel technology, deformable resection process mapping
(RPM), which was originally developed for liver resection.” The clinical application of RPM to
regular thoracic surgery is an ongoing project. Furthermore, these novel dynamic 3D-CT images
can be used to educate surgical residents and medical students, in addition to providing real
clinical simulations for certified thoracic surgeons (Figure 3).

Update in Cadaveric Lung Transplantation

Use of marginal donors including donation after circulatory death. Lung transplantation
has become an established treatment option for end-stage respiratory diseases; however, a severe
donor shortage remains one of the biggest universal problems.?!”> To overcome this issue, lung
transplantation from donors after circulatory death (DCD) and marginal donors has been per-
formed extensively worldwide.”® The international DCD Registry Report with a five-year follow
up demonstrated favorable long-term survival in DCD and cadaveric lung donor recipients at 22

Deformable three-dimensional CT images

Fig. 3 Resection process map (RPM)
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centers globally. The data indicates that more extensive use of DCD lung transplantation would
increase donor organ availability and may reduce waiting list mortality.?

Ex vivo lung perfusion for marginal donors. Ex vivo lung perfusion (EVLP) was used
to investigate lung physiology, such as pulmonary edema and pulmonary ischemia-reperfusion
injuries (Figure 4).2222* In 2001, Steen et al successfully performed the first lung transplanta-
tion from an uncontrolled DCD donor after an EVLP system evaluated the lungs from DCD.?
Thereafter, EVLP became widely used to assess marginal donors, including DCD, and has
been modified over time in clinical situations.”?" According to the Toronto team, EVLP-treated
lungs increased in the number of patients undergoing transplantation with comparable long-term
outcomes (Figure 5).2 EVLP is currently used in many countries and will be formally introduced
in Japan in the near future.

Updates in Living Donor Lobar Lung Transplantation

The current worldwide situation of living donor lobar lung transplantation. Living donor
lobar lung transplantation (LDLLT) was developed at the University of Southern California in
the 1990s.23° This procedure had been performed with acceptable results as one of the realistic
solutions for the severe cadaveric donor shortage in the United States until the lung allocation
score (LAS) system was introduced.’' After the LAS system was implemented, LDLLT has rarely
been performed.*> Now, LDLLT is mostly performed in Japan.*® In fact, because of a severe
donor shortage, LDLLT is essential in Japan*?® and has been performed successfully to save
the lives of rapidly deteriorating and critically ill patients.’”

Donor issues with living donor lobar lung transplantation. Usually, two separate donors
are required for each recipient in an LDLLT (Figure 6A). The recipient and the two donors
are at risk of morbidity; however, only the recipient can benefit from the procedure. Therefore,
the success of LDLLT is largely dependent on the donor’s outcome.*’ To prevent perioperative
complications, it is essential for surgeons to evaluate CT findings in every LDLLT case using 3D
CT angiography.'®4%> Of note, small branches of the pulmonary artery were sacrificed to obtain
an adequate arterial cuff for safe implantation in approximately half of donors.** Furthermore,
pulmonary arterioplasties were sometimes conducted with autopericardial patches or an end-to-end
anastomosis in living donor lobectomies.

Size matching using three-dimensional computed tomography in living donor lobar lung
transplantation. An appropriately size-matched recipient can be selected from a specific donor in
cadaveric lung transplantation. However, in LDLLT, ideal size matching between the donor and
recipient is difficult because of the limited number of potential donors. As a result, there are size
discrepancies between the donor and recipient in cases of LDLLT.* For example, some donor
lungs might be too small, necessitating native lung-sparing surgical procedures,”“® and others
might be too large, requiring volume reduction of donor lungs.*” Thus, size matching between
the donor and recipient is particularly important to complete LDLLT with good outcomes.

The segment-based estimation formula of the graft forced vital capacity (FVC) has been used
as a size-matching method for LDLLT.***%4° Given that the right lower lobe (RLL) consists of
five segments, the left lower lobe (LLL) consists of four, and the whole lung consists of nineteen,
we estimated the graft FVC using the following equation: graft FVC = measured FVC of the
right-side donor x 5/19 + measured FVC of the left-side donor x 4/19 (Figure 7). When the graft
FVC is greater than 45% of the predicted FVC of the recipient (calculated according to height,
age, and sex), the size disparity is generally accepted irrespective of the recipient’s diagnosis.



167

Current trends in thoracic surgery

Rat ex vivo lung perfusion

(Model 829; Hugo-Sachs Elektronik
Harvard Apparatus)

Artificial Thorax with
Negative Ventilatory

Pressure
w-. L

Compljter -
(Control, Storage, Analysis)

Perfusate Deoxygenator

Fig. 4 Rat ex-vivo lung perfusion (EVLP) system

Fig. 5 Human ex-vivo lung perfusion (EVLP) system
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Fig. 7 Size matching in living-donor lobar lung transplantation (LDLLT)

Recently, 3D-CT volumetric data has been utilized for size matching in LDLLT.>*5? This
anatomical size matching is useful when considering relatively large donor lungs being used
for LDLLT in a small child or adult recipient. In the former case, delayed chest closure and/or
volume reduction of the donor lungs might be necessary.”®> In the latter case, native lung-sparing
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techniques might be a treatment option.**

In LDLLT with oversized donors, although various case reports have been performed, it is still
uncertain how large a donor lung could be for successful implantation into a recipient’s small
thoracic cage.’®*'>* Furthermore, postoperative graft size, measured using 3D-CT volumetry after
LDLLT, revealed that the donor lungs accommodated well to the thoracic cage of the recipient
and functioned well, despite the wide size range.*

New surgical procedures in living donor lobar lung transplantation. Small-for-size donor
grafts are often an impediment in adult LDLLT. To rescue patients with such small lobar grafts,
LDLLT sparing the native upper lobes can be performed. This strategy is used when the upper
lobes or segments are less impaired preoperatively.*

Another method is the right-to-left inverted LDLLT (Figure 6B). In general, the RLL is
approximately 125% larger than the LLL. If an RLL is transplanted into the left thorax instead
of an LLL, a larger donor graft can be transplanted into the recipient, which might potentially
solve the issue of small-for-size donor grafts. With this concept, a novel surgical technique was
developed, in which an inverted RLL graft can be transplanted into the left thorax. This procedure
was performed for the first time after accurate surgical simulation of the positional relationship of
the anastomotic structures was conducted using a 3D model (Figure 8).* Because of the initial
success, this procedure was performed in more than 15 additional patients.> Furthermore, the
first LDLLT using the middle lobe from a donor was successfully conducted.®®

In cadaveric lung transplantation, 3D-CT images were also used for preoperative planning
and postoperative evaluation in a rare case of lung transplantation in a patient with Kartagener
syndrome®” and a patient with a giant pulmonary arterial aneurysm.*

Right-to-left inverted LDLLT

 First success (left single lobar LDLLT) in 2014
* Since then, 16 R-L inverted LDLLT was performed.
+ Positional relation of the anastomotic site is the key

Fig. 8 Preoperative simulation using 3D models
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Three-Dimensional Computed Tomography Images in Lung Transplantation

Quantitative CT has been used to predict postoperative lung function in patients with lung
cancer.”% Although there are a limited number of reports on this topic,*>%2¢! interesting results
were reported in data collected from LDLLT donors and recipients.®? In brief, FVC and total lung
capacity were significantly correlated with the total lung volume measured by 3D-CT volumetry
in healthy subjects. It was also reported that the current method of calculating FVC using the
number of segments was acceptable for size accommodation in LDLLT. Moreover, various studies
have been conducted using CT data, including 3D-CT volumetry, to reveal compensatory lung
growth.®*% The data clearly show the existence of compensatory lung growth in adult lungs,
which was thought to be impossible.® In lung transplantation with a flat chest, 3D-CT volumetry
clearly shows that a flat chest significantly recovers after lung transplantation.®

Internationally, the annual rate of bilateral lung transplantation has increased because of its
advantages when compared with single lung transplantation, including improved prognosis and
the absence of native lung complications.”®® However, in Japan, because of the severe donor
shortage, single lung transplantation is the first choice of treatment in cadaveric lung transplanta-
tion, unless it is contraindicated.®” 3D-CT volumetry was reportedly useful in detecting native
lung complications, such as native lung hyperinflation, after a single lung transplantation for a
patient with chronic obstructive pulmonary disease.”

Major causes of death more than one year after lung transplantation include chronic lung
allograft dysfunction (CLAD), infection, and malignancy; half of lung transplant patients died
of CLAD.® CLAD is classified into two subtypes: bronchiolitis obliterans syndrome (BOS)
and restrictive allograft syndrome.” Early detection of BOS was possible using ventilatory
scintigraphy,” which is not currently available worldwide. Furthermore, several studies reported
that 3D-CT volumetry might also detect CLAD and could be used to classify its subtypes.”>”
Lung volumes also predicted survival in patients with CLAD.”

Airway complications are serious complications that can be encountered after lung transplanta-
tion. 3D-CT images, such as virtual bronchoscopies, could detect airway complications such as
stricture, necrosis, and dehiscence.”’

In conclusion, thoracic surgeons mainly deal with tumorous lesion in the chest, including
lung cancer, mediastinal tumors, and pleural tumors. Thoracic surgeons also perform lung
transplantation for patients with end-stage pulmonary disease. 3D-CT images have been used
as a simulation tool and as a tool for various other types of evaluation. In addition to a busy
clinical practice on a daily basis, thoracic surgeons can stay up to date on various pivotal topics
related to thoracic surgery, as described in the present report.
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