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Abstract

Stereotactic body radiation therapy is an alternative to surgery for early-stage, inoperable peripheral non-
small cell lung cancer. As opposed to linear accelerator (linac)-based (e.g. gating) and free-breathing
techniques, CyberKnife® with Synchrony® technology allows accurate radiation delivery by means of a
real-time respiratory motion tracking system using, in most cases, metal fiducial markers (FMs) placed in
the vicinity of the target. The aims of this review are as follows. First, to describe the safety and efficacy
of the transthoracic, endovascular and endobronchial FM insertion techniques for peripheral pulmonary
lesions (PPLs). Second, to analyse performance in terms of the migration and tracking rates of different
FM types. Recent developments in FM tracking for central lesions will also be reviewed. In conclusion, for
PPLs, the endobronchial approach provides a low rate of pneumothorax, offers the possibility of concurrent
diagnostic sampling for both the PPL and the lymph nodes, and, finally, reduces the intervention time
compared to other techniques. In this context, coil-tailed and coil-spring FMs have shown the lowest
migration rate with a consequently high tracking rate.

Introduction

The implementation of lung cancer screening programs applied to aged/smoker subjects using low-dose
chest computed tomography (CT) scans will increase findings of peripheral pulmonary lesions (PPLs),
stressing the need to develop their diagnostic and therapeutic management by promoting less invasive
strategies. Stereotactic body radiation therapy (SBRT) is an alternative to surgery for early-stage,
inoperable non-small cell lung cancer (NSCLC) or intrathoracic oligometastatic disease. As opposed to
linear accelerator (linac)-based (e.g. gating) and free-breathing or breath-hold techniques, CyberKnife®
with Synchrony® technology allows real-time respiratory motion tracking using, in most cases, dense
metal (such as gold) fiducial markers (FMs) previously placed inside or near the tumour.

Tracking versus non-tracking SBRT techniques

Breath-induced motion is a major challenge when treating PPLs by SBRT. The average target motion in
the superior—inferior direction has been measured to be up to 10—15 mm, especially for lesions localised in
the lower lobes [1].

Cyberknife® SBRT uses a 3D co-ordinate system that tracks the target using metallic FMs during the
respiratory cycle in order to provide accurate non-coplanar radiation delivery. The tracking system permits
a reduction in the margin from the macroscopic lesion to the planned-target volume and, therefore, enables
a larger amount of healthy lung tissue surrounding the tumour to be spared [2, 3].
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In contrast to non-tracking linac SBRT techniques, Cyberknife® has the advantage of being able to track
the target co-ordinates in real time through non-coplanar irradiation, while other techniques require
accelerator re-alignment to attenuate fluctuations of the target position. Moreover, this technique obviates
the need for patients to perform prolonged apnoea, which is frequently unachievable for individuals with
severe chronic obstructive pulmonary disease. Real-time target tracking by Cyberknife® can be achieved in
two ways, i.e. by tracking the target itself (Xsight® Lung Tracking System, Accuray) or through previously
inserted FMs. Xsight® Lung technology is based on the contrast difference between a solid target
measuring at least 15 mm and the pulmonary parenchyma, but this condition is not met in most patients
[4]. A flowchart of SBRT using Cyberknife® guided by FMs is shown in figure 1.

Compared to Cyberknife®, “breath-induced tumour motion” is managed using linac-based techniques with

three main strategies:

1) The free-breathing technique consists of target irradiation for every possible position during the
respiratory cycle using 4D-computed tomography. This technique increases the volume of healthy lung
treated and the dose to planning target volume compared to the Cyberknife® technique [5, 6].

2) The gating technique consists of target irradiation during a specific respiratory phase (gate) during
which the target motions are minimal. This technique has been improved with the development of
real-time monitoring free-breathing systems such as the Varian Medical System (Palo Alto, USA).
Compared to Cyberknife®, gating techniques are time-consuming and lead to infra-fraction motions
and shifts in the patient’s position [7, 8].

3) The breath-hold technique consists of a temporary interruption of the patient’s breathing. The patient
breathes through a mouthpiece connected to an active breath control system. The respiratory signal is
processed continuously using a monitor that displays the changing lung volume in real time. Irradiation
can then be performed during apnoea, leading to a planning target volume reduction [9].

For central lesions (CLs), recent studies have shown that if “breath-induced tumour motion” is managed by

linac-based techniques, SBRT can be safely delivered for both primary tumours or recurrence following

surgery or conventional radiotherapy [10-13].
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FIGURE 1 Flowchart of stereotactic lung radiation therapy using Cyberknife® guided by fiducial markers.
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Consequently, if Cyberknife® SBRT is applied to central lesions, breath-induced target motion should be
taken into account and attenuated, as for PPL irradiation. This topic is well developed and summarised in
the “state of the art” by CHANG et al. [14] and in the review by Banc and Bezjak [15].

PPLs and FMs

The first case series description of FM placement for peripheral lesions reported the percutaneous (or
transthoracic) insertion of linear gold FMs (n=221) under CT scan in 48 patients [16]. Although widely
available, this technique involves crossing the pleural surface in order to reach the target parenchymal
lesion to insert FMs into/around the target lesion. In 2007, the authors described a pneumothorax rate of
33% (n=16). Subsequently, other comparable case series [17-20] have reported a similarly high rate of
pneumothorax (38-67%) [17-19], as summarised in supplementary table S1. The largest trials were
published afterwards in 2014 [21] and 2017 [22] (sample size of 105 and 109 patients, respectively), and
both studies reported a similarly high rate of pneumothorax (33% and 43%, respectively). The rate of
target biopsy (transthoracic biopsy, TTBx) performed during the same procedure (before FM insertion) is
poorly described in the literature but some small series with a TTBx reported rate of 0%, described a
similarly high rate of pneumothorax (33-67%) [18, 19, 23] (supplementary table S1). Although this
approach does not require general anaesthesia, the substantial risk of pneumothorax has attenuated its
wider implementation; therefore, it is currently applied in most tertiary centres as a second-choice option.

Recently, the application of gelatine sponge slurry/powder or intra-parenchymal blood patching has led to
a significantly lower pneumothorax rate (10% [24], 11%, [25] and 30% [26]) and the need for chest tube
placement [24-26]. Only one study has described FM percutaneous insertion associated with gelatine
powder application and it showed a pneumothorax rate of 9% [27]. Percutaneous FM insertion allows
diagnostic sampling to be performed before FM insertion and enables management of endobronchial
haemorrhage. In this context, if localised, pulmonary haemorrhage does not require specific treatment
(16-30%) [17, 21, 22, 27], whereas haemoptysis (0-4%) [17, 21, 22, 27] may lead to additional
radiological imaging, bronchoscopy or endovascular procedures.

FIGURE 2 a) Linear gold (5.0 mm length and 0.5 mm diameter) fiducial marker (white star; Visicoil™ IBA
Dosimetry, Bartlett, TN, USA). Reproduced from [47] with permission. b) Coil-spring (diamond-shaped 3:2 mm)
fiducial marker (black star; Tornado®, Cook Medical, Bloomington, IN, USA). In the left part of the photograph,
the distal part of the Progreat® (Terumo, Shibuya, Japan) guidewire (black arrow) inserted in the microcatheter
(white arrow) can be seen.
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Furthermore, in cases of FM migration into the pleural space, the need for a second percutaneous
procedure further increases the risk of complications. Two types of FM were described in this clinical
context (figure 2), namely linear-FM and, recently, endovascular micro-embolisation coil FM (coil-spring
FM, cs-FM).

The FM migration rate was defined as the number of migrated FMs over the total number of inserted FMs.
Migration was defined as an FM not being in the delivered and expected segment, or simply not found on
the planning CT scan performed before SBRT delivery. Linear-FM use showed migration rates between 2
and 19% compared to <1% for cs-FM [18-20, 22] insertion; however, the overall reported tracking rate is
high at between 91 and 100% [17-23] (supplementary table S1). The PPL tracking rate is defined as the
number of PPLs tracked by Synchrony® or other software, over the total number of PPLs.

Concerning the median/mean procedure duration, no data have been reported in the literature. Finally, this
approach is not applicable for CL targeting.

The endovascular approach respects lung anatomy by allowing the insertion of cs-FMs with a low (<1%)
pneumothorax risk (supplementary table S2). In 2008, Prevost et al. [28] provided the initial description
of a selective catheterisation of sub-segmental pulmonary arteries close to the tumour via the right
common femoral vein using angiography in 23 patients. The reported cs-FM migration rate was low (7%),
but non-coiling (defined by authors as non-complete winding thus without a complete rounded shape
recovery) was frequent with a non-coiling rate at 29%. Another small case series published in 2017
showed a similar migration rate of 8% [22], and in 2019 Baker et al. [23] reported the results of the
largest trial in this field. The authors inserted 1335 cs-FMs in 416 patients, confirming the very high
tracking rate of 100% [22, 23, 28] with this approach (supplementary table S2).

Although this technique is performed under local anaesthesia, it does not allow biopsies, requires venous
access, a dedicated angiography infrastructure and a skilled operator, is time-intensive (mean procedure
duration of 60 min [28]), is restricted to patients with sufficient kidney function, and is not suitable for
CLs. These latter observations probably explain the limited uptake of this technique in tertiary centres.

The endobronchial approach for FM insertion similarly respects the natural airway pathway to pulmonary
lesions. Consequently, the overall reported rate of complication is low compared to the percutaneous approach.
Pneumothorax occurs in 0-6% [29-40] of cases and is dependent on the rate (0-100% [30, 33—40]) of
guided transbronchial biopsies. This technique, in contrast with the endovascular strategy, can be easily
combined with the diagnostic sampling of PPL and lymph nodes. Moreover, this approach allows
iatrogenic haemorrhage to be rapidly managed.

Initial reports of FM insertion guided by electromagnetic bronchoscopy (ENB) or radial-endobronchial
ultrasound (R-EBUS) employed linear gold FMs. These were associated with a high migration rate of 10—
53% [29-32, 39, 41] (supplementary table S3) of the total number of inserted FMs and 18-20% of treated
PPLs [30, 42], with a tracking rate between 83 and 100% [29-32].

Subsequently, non-linear FMs have been developed to optimise migration and tracking rates. FM types are
schematised in figure 3.

In two studies, describing ENB-guided placement of nitinol wire attached to a gold seed (coil-tailed FM,
ct-FM), CT scan simulation resulted in an FM migration rate of less than 1% and a tracking rate of 100%

=

Linear FM Coil-tailed FM Coil-spring FM Two-band FM

FIGURE 3 Fiducial marker (FM) types.
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[35, 43]. Ct-FMs have been recently inserted by R-EBUS with encouraging results, i.e. a migration rate of
0% and a tracking rate of 99-100% [33, 34].

A preliminary study described a multimodal guidance technique combining virtual bronchoscopy with
ENB to place nine two-band FMs (SuperDimension® Covidien Inc, Minneapolis, MN, USA), and showed
no migration [36].

So far, three studies have described ENB deployment of cs-FMs. They reported a migration rate between 1
and 3% [38, 39, 41] and a high PPL tracking rate between 97 and 100% [38, 39]. Endobronchial
procedures performed with ENB require a dedicated, complex infrastructure, limiting its large-scale use,
but they are timesaving compared to the endovascular approach, with a reported median procedure duration
of 37 min [39]. However, moderate-to-deep sedation is needed to reduce motion once the patient is in the
electromagnetic field, which may complicate the management of marginal patients.

We recently described our technique of cs-FM insertion under fluoroscopy guidance and assisted by
R-EBUS [40]. In our study, we reported a migration rate of 8% and a tracking rate of 93%, despite a lower
PPL mean/median size (supplementary table S3). We also showed that previous conventional lung
radiation therapy or SBRT in the PPL area was significantly associated with cs-FM migration. No other
risk factor was identified in the literature. To reduce the migration rate of cs-FMs, a different approach,
such as a larger FM device, may be required in previously irradiated lung areas with potentially distorted
bronchi. Interestingly, only 2.4% of cs-FMs (n=5) were incompletely deployed (non-coiling) at the
planning CT scan. Despite such incomplete deployment or non-coiling, ineffective tracking occurred only
in one PPL, representing one fifth of all PPLs with tracking failure. Our median procedure duration
(32 min) was similar to the ENB-guided cs-FM placement technique. Reformatted planification CT scan
images with a PPL surrounded by cs-FMs are shown in figure 4.

In this clinical setting, both ct-FMs and cs-FMs have shown the lowest migration rates leading to a high
tracking rate and further prospective studies will be necessary to determine optimal endobronchial
techniques.

FIGURE 4 a) Reformatted planification computed tomography (CT) scan (performed before irradiation) image
of lung windowing with maximum intensity projection (MIP) and an inverted-colour effect. The solid peripheral
pulmonary lesion (PPL, measuring on long axis 11 mm, 440 mm?®) is located at the lateral segment of the left
lower lobe and surrounded by two visible coil-spring fiducial markers (cs-FMs; diamond-shaped 3:2 mm;
Tornado®, Cook Medical, Bloomington, IN, USA) in this oblique reformat. b) Reformatted planification CT scan
(performed before irradiation) image of lung windowing with MIP of the same PPL. The minimal distance
between the PPL and the border of the closest cs-FM is measured (17.5 mm). c) Reformatted planification CT
scan (performed before irradiation) image of lung windowing with MIP of the same PPL. Three cs-FMs are
identifiable in this oblique reformat.
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CLs and FMs

The implementation of SBRT techniques for CLs involving mediastinal or hilar lymph nodes has increased
the utility of FM insertion in this clinical context [14, 15, 44]. The FM placement for CLs is particularly
relevant due to the proximity of the main and lobar bronchi, the heart and the oesophagus. The radiation
dose applied to the main and lobar bronchi is limited by major dose constraints [45]. Usually, treatment
plans require a high dose gradient with a decrease of about 25% of dose in a few millimetres, while the
average motion in the cranio—caudal direction for mediastinal stations is estimated to be about 1.24 cm [46].

Percutaneous and endovascular approaches are not applicable to CLs due to the excessive distance between
the target and the pleura, as well as the large diameter of central pulmonary arteries.

Linear-endobronchial ultrasound (L-EBUS), known as convex-probe EBUS, is routinely used for the
diagnosis of mediastinal mass and lymph nodes. In 2016, we described the safe insertion of a linear gold
FM in a hilar lymph node by a transbronchial needle guided by L-EBUS [47]. Since then, case series have
been described [48]. This approach requires deep sedation, specific equipment, an experienced operator
and, furthermore, by crossing the bronchial wall for FM insertion into lymph nodes, this technique exposes
the area to rare iatrogenic mediastinal infections [49].

In this setting, we recently described the endobronchial insertion of a rotatable clip (on quaternary carinas)
normally used as a haemostatic option to manage gastrointestinal bleeding, potentially as a straightforward,
non-invasive and rapid alternative [50].

In conclusion, the endobronchial approach provides a low rate of pneumothorax, is timesaving and offers
the possibility of simultaneous diagnostic sampling of the target and lymph nodes. In this context,
non-linear FM insertion guided by R-EBUS or ENB, namely ct-FM and cs-FM, have shown the lowest
migration rates associated with high tracking rates. Further prospective studies are required to establish
which endobronchial technique is optimal in a particular clinical setting. In our institution, a phase-III
prospective randomised trial named “head-to-head comparison between endovascular cs-FMs and
bronchoscopic cs-FMs insertion” is ongoing (clinicaltrials.gov: NCT04684186).

The implementation of SBRT techniques for CLs involving mediastinal or hilar lymph nodes has increased
the utility of FM insertion in this clinical context. However, future trials are essential to provide robust data
in such clinical situations.

Provenance: Submitted article, peer reviewed.

Conflict of interest: The authors have nothing to disclose.
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