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The necessity of preoperative planning and nodule

‘ '.) Check for updates

localization in the modern era of thoracic surgery

Stijn Vanstraelen, MD," Gaetano Rocco, MD,*” Bernard J. Park, MD," and David R. Jones, MD™"

The validation of the efficacy of lung cancer screening and
the increasing use of computed tomography overall have led
to an increased detection of small-sized and ground-glass
opacity lung cancers.'** Lobectomy for all isolated primary
lung cancers has been the standard of care since the results
of a randomized Lung Cancer Study Group 821 trial, re-
ported in 1995.” Recently, 2 recent large randomized trials
by Altorki and colleagues” and Saji and colleagues’ have
challenged this paradigm by demonstrating comparable
recurrence-free and overall survival rates for sublobar
resection when compared to lobectomy for small
(<2 cm), peripheral nodules that are confirmed to be
node-negative intraoperatively.

Within a similar time period, there has been a steady tran-
sition toward minimally invasive surgical approaches to the
treatment of lung cancer with video-assisted thoracic sur-
gery (VATS) and robotic approaches.”® In cases where
lesions have significant ground-glass opacification or are
located deep within the lung parenchyma there can be chal-
lenges with intraoperative localization as well as the assess-
ment of resection margins. In fact, several studies have
shown that the likelihood of local recurrence significantly
increases when the margin-to-tumor ratio is <1 or the abso-
lute resection margin is <5 mm.”'”

To address these challenges, preoperative radiographic
planning tools and localization methods have been devel-
oped to assist thoracic surgeons in identifying small and/
or part-solid lung cancers. Although feasibility and efficacy
have been demonstrated, the selection of the most
appropriate modality in the context of curative treatment
for early-stage lung cancer requires further evaluation.
A comprehensive understanding of the current technical
aspects, success rates, as well as the advantages and
disadvantages of each modality, is essential to inform the
decision-making process.

From the “Thoracic Service, Department of Surgery, and "Fiona and Stanley Druck-
enmiller Center for Lung Cancer Research, Memorial Sloan Kettering Cancer Cen-
ter, New York, NY.

Supported, in part, by the National Institutes of Health/National Cancer Institute Can-
cer Center Support Grant P30 CA008748.

Received for publication Nov 6, 2023; revisions received Dec 18, 2023; accepted for
publication Jan 1, 2024; available ahead of print Feb 2, 2024.

Address for reprints: David R. Jones, MD, Thoracic Service, Department of Surgery,
Memorial Sloan Kettering Cancer Center, 1275 York Ave, New York, NY 10065
(E-mail: jonesd2@mskcc.org).

JTCVS Open 2024;18:347-52

2666-2736

Copyright © 2024 The Author(s). Published by Elsevier Inc. on behalf of The Amer-

ican Association for Thoracic Surgery. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.xjon.2024.01.004

Intravenous

Overview of the possible techniques for precision
localization of small pulmonary nodules.

CENTRAL MESSAGE

Preoperative planning and local-
ization are indispensable tools
for surgical management of small
pulmonary nodules in modern
minimally invasive thoracic
surgery.

NONINVASIVE LOCALIZATION METHODS:
PREOPERATIVE 3-DIMENSIONAL
RECONSTRUCTION

To date, thoracic surgeons have primarily relied on 2-dimensional (2D)
computed tomography imaging to locate lesions, assess resectability, deter-
mine the appropriate surgical resection, and plan for the necessary margins.
Recent advancements in 3-dimensional (3D) imaging reconstruction tech-
nology, incorporating bronchovascular anatomy tracing and integration of
artificial intelligence, have enabled enhanced localization of lesions within
the various lung segments.''~'* Bakhuis and colleagues'> compared treat-
ment plans based on 2D versus 3D imaging and found that the actual nodule
site differed from what had been predicted using 2D imaging in 14% of
cases. Moreover, comparative studies have consistently shown a lower inci-
dence of inadequate margins when preoperative planning incorporates 3D
reconstruction, as opposed to relying only on 2D imaging.'*'® The same
study by Bakhuis and colleagues'> demonstrated that the treatment plan
required adjustment in 52% of the patients to ensure adequate margins’

Preoperative 3D reconstruction technology can identify 98% of the
anatomical variations by improving the visualization of the spatial relation-
ship between the lesion and the bronchopulmonary vasculature, allowing
for more precise dissection.'' As a result, segmentectomy with 3D recon-
struction has been associated with notable reductions in operative time
(relative risk, 0.043; P = .021) and operative blood loss (40.4 mL;
P = .009) when compared with 2D imaging.'"'* Furthermore, 3D recon-
struction could hold a significant educational value and can enhance
anatomical knowledge and proficiency in surgical residency training.'*
In fact, residents trained with 3D models and exposed to thoracoscopic
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techniques can achieve operative times comparable to those of experienced
surgeons who transitioned to the same video-assisted procedure without
receiving 3D-model training."*

Nonanatomic sublobar resections were carried out in only a limited
number of cases, accounting for up to 4% of resections following 3D
reconstruction.'""'? The difficulties associated with palpation during mini-
mally invasive surgery in combination with shape alterations of the lung in
the deflated state may preclude a safe estimation of oncologic margins for
nonanatomical resections, which, in turn, may lead surgeons to more exten-
sive resections.'” Intraoperative cone beam computed tomography has
shown promise in accurately identifying nodules within deflated lungs
and could, to some extent, support nonanatomical sublobar resections.'”
However, this approach necessitates the use of intraoperative fluoroscopy
and lead protection for operating room personnel. Consequently, perform-
ing nonanatomical sublobar resections based on 3D reconstruction alone
can remain challenging and therefore may necessitate more invasive alter-
natives (Figure 1).

INVASIVE LOCALIZATION METHODS

Among the simplest techniques, probably, still is the transthoracic injec-
tion of radiolabeled technetium-99m macro-aggregated albumin in or near
the pulmonary nodule, as described by Daniel and colleagues.'® The
macro-aggregated albumin utilized in this approach is retained in the
lung parenchyma for up to 18 hours, albeit typically injected on the morn-
ing of the operation. Intraoperatively, a thin radio probe is used to locate the
lesion and determine the margins based on the washout of the radio signal.

Reports have demonstrated the safety of this technique, with minor lung
collapse occurring in approximately 10% of cases and successful identifi-
cation and resection of pulmonary nodules achieved in approximately 99%
of cases.'”"'® As an alternative, transthoracic injection of methylene blue or
lipiodol have been explored. In the case of lipiodol injection, localization is
less dependent on tumor depth, resulting in successful identification in
100% of cases.'” However, lipiodol requires the use of intraoperative fluo-
roscopy and lead protection, whereas methylene blue is subject to rapid
diffusion, influenced by the distance to the lung surface, and may poten-
tially interfere with histopathologic assessment.'’ Furthermore, the place-
ment of microcoils or hookwires can also aid in localizing more deeply
located nodules, using intraoperative fluoroscopy.”’ However, due to the
possibility of marker dislodgment and migration, the identification rate is
noted to be around 95%.?" A systematic review by Park and colleagues”'
demonstrated comparable localization rates among the use of microcoils,
hookwires, and lipiodol injection, with lipiodol achieving the highest rates.
Microcoils exhibited the lowest incidence of pneumothorax and hemor-
rhage (16% and 6%, respectively), compared with hookwires (35% and
16%, respectively) and lipiodol (31% and 12%, respectively). This advan-
tage is suggested to be attributed to the design of the microcoils, featuring a
platinum composition with thrombogenic fiber coating. Although rare,
hookwire placement comes with the additional disadvantages of potential
life-threatening air embolism.?' Additionally, a study comparing the use of
hookwires to radiotracer localization demonstrated comparable localiza-
tion and resection rates (100% for both approaches) but a lower incidence
of procedural pneumothoraxes following radiotracer localization (hook-
wire 69.2% vs radiotracer 24.2%; P < .0001) and a tendency toward
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FIGURE 1. Overview of the noninvasive and invasive approaches for precision localization of ground-glass opacities or small pulmonary nodules. Created

with BioRender.

348 JTCVS Open - April 2024



Vanstraelen et al

Thoracic: Lung Cancer: Invited Expert Opinion

more lung-sparing excisions (hookwire 34.26 cc vs radiotracer 20.19 cc;
P=.07)."

Another interesting and less-invasive technique has been investigated by
researcher of the ELUCIDATE (Enabling Lung Cancer Identification Us-
ing Folate Receptor Targeting) Study Group.”*** Leveraging the enhanced
permeability and different retention effect of lung parenchyma and cancer
tissue, they demonstrated that pulmonary nodules could retain indocyanine
green, administered intravenously 24 hours before surgery, for a longer
duration than normal lung parenchyma. This allowed for the identification
of pulmonary nodules using near-infrared imaging during surgery in 83%
of cases, with no reported complications. However, the successful localiza-
tion was dependent on the depth of the nodule.”* Expanding on the concept
of enhanced tumor retention in combination with increased folate receptor
expression, the same research group developed a folate-targeting molecular
contrast agent called pafolacianine.”**> When injected intravenously
2-3 hours before surgery, pafolacianine exhibited high contrast with the
background lung parenchyma on near-infrared imaging. Nevertheless,
nodule identification remained primarily linked to the limited fluorescent
feedback in more deeply located lesions (>1.5 cm).”” Notably, the presence
of occult synchronous lesions and the adequacy of margins could be as-
sessed based on the fluorescent feedback of pafolacianine, leading to
changes in the resection plan for 29% of patients.”** The injection of pa-
folacianine resulted in drug-related minor adverse events in 17%.>*

TABLE 1. Summary of preoperative mapping and localization techniques

Instead of using transthoracic or intravenous injection, Sato and col-
leagues™' investigated the technique of bronchoscopic virtual-assisted
lung mapping in a multicenter prospective trial involving 153 patients.
This technique uses bronchoscopic 3D navigation to inject indigo
carmine into the lung parenchyma, marking the margins around the
pulmonary nodule with the bronchial tree serving as a reference (multi-
spot dye-marking). The externally visible dye markings facilitate intra-
operative localization and enable both anatomical and nonanatomical
resections of the pulmonary nodule. Despite the overall intraoperative
identification of 93% of the dye markers, the resection rates based on
this technique varied between 25% and 100% and were dependent on
the center’s experience as well as the depth of the parenchymal lesion.
In fact, there was a 10% chance of resection failure when the lesion
was located 3 cm from the lung surface.”® The use of bronchoscopic
injection demonstrated similar complication rates as transthoracic
localization, including bulla formation in 10% and pneumothorax in
10% of cases, with 1 case necessitating chest tube placement.*> The
same investigators leveraged the benefits of radiotracer localization
(high accuracy) and bronchoscopic mapping (same session procedure)
to bronchoscopically insert a radiofrequency emitting microchip in the
close proximity of small (<1 cm) or deep (>1 cm from the pleural sur-
face) pulmonary nodules.">"* In similarity to the radiotracer localiza-
tion, a marker probe is used to locate the chip and consequently the

Localization
Technique rate (%) Advantages. Disadvantages Ref
Noninvasive
Computed tomography 98 No invasive or second procedure required Less applicable 1S
3-dimensional reconstruction Detection of bronchopulmonary anomalies for non-anatomical
More accurate identification of involved segment  sublobar resection
No adverse events
Low-cost
Invasive
Transthoracic 99-100 Nonanatomical sublobar resection possible Second procedure necessary AR
technetium or lipiodol Possible for deeper nodules Gamma probe (Technetium)
Margin assessment intraoperatively Fluoroscopy and lead
Low-cost protection (Lipiodol)
Pleural spillage (Technetium)
Transthoracic 95-97 Nonanatomical sublobar resection possible Second procedure necessary 20
microcoil or hookwire Possible for deeper nodules Fluoroscopy and lead protection
Low-cost Migration of the marker
Pneumothorax/air embolism
Intravenous indocyanine 83-100 Intravenous injection Deeper nodules more difficult to localize ***°
green or folate target Good discrimination with background uptake Near-infrared camera required
Detection of occult synchronous lesion More expensive
Margin assessment intraoperatively
Nonanatomical sublobar resection possible
Bronchoscopic virtual-assisted 93 Nonanatomical sublobar resection possible Longer operative time k2
lung mapping Possible for deeper nodules Expertise dependent
One session procedure (resection rate: 25-100%)
(Robotic) bronchoscopic
expertise required
Radiofrequency 100 Nonanatomical sublobar resection possible Longer operative time B
microchip placement Possible for deeper nodules Bronchoscopic expertise required
One session procedure Limited signal diffusion for
margin assessment
JTCVS Open ¢ Volume 18, Number C 349



Thoracic: Lung Cancer: Invited Expert Opinion

Vanstraelen et al

pulmonary nodule intraoperatively to facilitate anatomical or nonana-
tomical resection with adequate margins. The probe emits an electro-
magnetic field that activates the transmission of radiofrequency
waves by the microchip. These waves are in turn detected by a receiver
antenna within the probe.”>™ The small series involving 11 patients
demonstrated a localization and resection rate of 100% without proce-
dural complications.

Given the array of existing and emerging techniques, each having its
unique advantages and potential drawbacks, it is essential for thoracic
surgeons to familiarize themselves with a variety of localization tech-
niques. Subsequently, they can apply the most suitable strategy tailored
to the patient or the specific nodule being targeted. Future research should
prioritize the identification of the most effective technique, with respect
to the characteristics of the nodule, to enhance proficiency and ensure
adequate resection margins, particularly for nodules located at greater
depths. Currently, due to its noninvasive features, 3D reconstruction
may offer an advantage over the invasive approaches for patients
requiring segmentectomy and for more centrally located lesions, often
requiring anatomical resections.''"'” Invasive approaches may hold an
advantage in the setting of nonanatomical resections, whereas radiotracer
and radiofrequency markers have demonstrated a potential benefit for
deeper lesions.'”"? However, in the current era of value-based health
care, the cost associated with these approaches should also be considered.
In this context, despite high initial software cost, 3D reconstruction could
demonstrate cost-effectiveness, particularly in high-volume centers, by
avoiding additional procedures involving personnel and consumables
(transthoracic injection or bronchoscopy). Additionally, 3D reconstruc-
tion may reduce the number of inadequate resections that would require
adjuvant therapy.'” Similarly, the cost associated with transthoracic or
navigational bronchoscopic marker placement, which requires secondary
procedures or prolonged operative time, respectively, could potentially be
mitigated by expediting the completion of the index operation. Neverthe-
less, integrating these procedures into the treatment paradigm will also
necessitate rigorous organization and planning. Table 1 summarizes
localization rates and advantages/disadvantages of the various existing
techniques. Furthermore, given the increasing adoption of artificial
intelligence, future research should also be focused on the integration
of artificial intelligence into the computer software of white-light and
near-infrared cameras. This integration has to potential to further improve
intraoperative localization and margin assessment in sublobar resection
during thoracoscopic surgery. As an illustrative example, a small-scale
Phase 1 trial in patients with oropharyngeal cancer undergoing robotic-
assisted resection demonstrated better differentiation between normal
and cancerous tissue via fluorescence lifetime imaging enhanced by
artificial intelligence.™*

CONCLUSIONS

In the modern era of thoracic surgery, the increased
detection of small-sized lung cancers through lung cancer
screening, in conjunction with the growing adoption of
minimally invasive sublobar resection, emphasizes the
importance of incorporating preoperative planning and
localization strategies into the existing treatment para-
digms. At present, 3D reconstruction may offer an advan-
tage over invasive approaches for patients requiring
segmentectomy and for more centrally located lesions,
whereas invasive approaches may hold an advantage in
the setting of nonanatomical resections. The synergistic uti-
lization of various techniques will undoubtedly play a
crucial role in enabling efficient and oncologically sound
minimally invasive resections of these small nodules,
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particularly in cases involving ground-glass opacities or
nonsubpleural lung cancer.
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