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Introduction

The lungs are a common site for primary and metastatic malignancies. Primary lung
cancer is the second most common malignancy diagnosed in the United States and
is the leading cause of cancer-related mortality with 5-year survival rates of less
than 25% [1]. Lung cancer comprises two distinct subtypes, with 85% of lung can-
cers being non-small-cell lung cancer (NSCLC) and 15% being small-cell lung can-
cer (SCLC) [2]. NSCLC is further divided into three main histological
subtypes—adenocarcinoma, squamous cell carcinoma, and large-cell (undifferenti-
ated) carcinoma—each associated with its unique clinical presentation. SCLC is a
high-grade neuroendocrine tumor and differs from NSCLC in its rapid growth and
early development of disseminated metastasis. The majority of lung cancers are
diagnosed in locally advanced or metastatic stages. Additionally, approximately
20-54% of extra-thoracic malignancies metastasize to the lungs thus making man-
agement of malignant lung lesions a common scenario faced by patients and oncol-
ogists [3].

The indications for treating primary or metastatic lung malignancies are evolv-
ing. First, malignant lung lesions can cause debilitating symptoms (such as cough,
dyspnoea, hemoptysis, and airway obstruction) that greatly impact the quality of
life. Palliation for obstructive tumors is of great value in this setting [4]. Secondly,
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the concept of treating all known sites of disease in patients with low metastatic
disease burden (an “oligometastatic state”) has been shown to prolong survival [5—
7]. Combining local therapies with more effective systemic treatments, such as tar-
geted therapies and immunotherapy, is increasingly being adopted into clinical
practice for patients with oligometastatic disease. Therefore, locoregional therapy
such as external-beam radiation or brachytherapy can remain of great value in the
future, for both clinical and research purposes.

Lung Brachytherapy

Many patients with malignant lung lesions present with poor performance status or
limited cardiopulmonary reserve, which precludes them from surgery. Alternative
therapeutic options for medically inoperable patients are heterogeneous, and the
choice of therapy is made on a case-by-case basis in a multidisciplinary setting.
Brachytherapy is a minimally invasive therapy that can be used for malignant lung
lesions. This therapy delivers high doses of radiation directly to the target tumor in
a highly conformal manner. Depositing such tumoricidal radiation doses ensures
high local control, while the steep dose drop-off minimizes exposure of nearby criti-
cal organs to radiation. Most reported experiences of brachytherapy in the United
States have been in one of two settings.

One such setting is the treatment of endoluminal lesions by introducing a radio-
isotope through a catheter carrying a flexible bronchoscope. While endobronchial
brachytherapy has been used in conjunction with external-beam radiotherapy
(EBRT) to provide more curative treatments, it has primarily been used for pallia-
tion. Several collaborative groups, including the American Brachytherapy Society
and the American College of Radiology, have recommended that endobronchial
brachytherapy be used for palliation in patients with symptoms secondary to
obstructive endobronchial tumors, especially if the patients were previously treated
by EBRT [8-10]. Objective tumor response rates have ranged from 78 to 87%,
while subjective relief from obstructive symptoms has been reported in 66-92% of
patients [11, 12]. While combining EBRT with endobronchial brachytherapy may
improve local tumor control, a recent Cochrane meta-analysis showed no advantage
in disease-free or overall survival [8]. High-dose-rate (HDR) or pulse-dose-rate
(PDR) is recommended over low-dose-rate (LDR) brachytherapy for endobronchial
treatments [10].

The second common setting for lung brachytherapy is intraoperative or adjuvant
treatment after surgery to address areas of potential local recurrence (from sub-
lobar lung resections, incomplete resection, or close surgical margins) by implant-
ing several LDR radioactive seeds. These radioactive seeds can be implanted at
various locations throughout the thoracic cavity, either directly into residual tumor
or near high-risk areas including the suture line in a grid or mesh pattern [10].
Various radioisotopes are available for LDR interstitial brachytherapy, including
iodine-125 (!*1), palladium-103 (!%*Pd), and caesium-131 (*!Cs). All sources are
gamma emitters, with 'Pd and '*'Cs having half-lives slightly shorter than that of
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125], Radioisotopes with shorter half-lives deposit dose more rapidly, which can
make the treatment of late radiation-responding tissues (such as the lung) more
efficacious [13]. However, the decision to use a particular radioisotope must be bal-
anced against the risk of depositing dose quickly in surrounding critical normal
structures. Smaller institutional retrospective series demonstrated lower than
expected local recurrence rates with the addition of intraoperative or adjuvant LDR
brachytherapy [14-16]. However, the American College of Surgeons Oncology
Group (ACOSOG) Z4032 phase 3 prospective randomized trial of sub-lobar resec-
tion with or without LDR interstitial brachytherapy showed no benefit in local con-
trol or overall survival with the addition of brachytherapy [17]. Two- and 3-year
local control rates were respectively 12.3% and 12.3% with sub-lobar resection
alone, and 9.3% and 12.0% with the addition of brachytherapy (p = 0.47 and
p =0.96) with a hazard ratio for local recurrence of 1.01 (p = 0.98). The local recur-
rence rate overall was lower than expected (7.7%) from the sub-lobar “resection
only” group, and it was postulated that the study was underpowered for finding a
difference in its primary endpoint of local recurrence. Therefore, interstitial LDR
brachytherapy used either intraoperatively or adjuvantly is not routinely recom-
mended in the United States except within the context of a clinical trial.

Outside the United States, there is growing experience with percutaneous inter-
stitial brachytherapy for the management of malignant pulmonary lesions, with
relatively more data on interstitial LDR brachytherapy than on HDR. In a recent
meta-analysis that analyzed the safety and efficacy of '*I brachytherapy com-
bined with chemotherapy in 296 patients with advanced lung cancer from five
randomized clinical trials, the addition of '*I was found to be safe and did not
significantly increase the incidences of adverse effects, with the exception of
pneumothorax (RR =4.93,95% CI 1.94-12.55, p < 0.001) [18]. It was also asso-
ciated with improved overall response rates (RR = 1.85, 95% CI 1.54-2.22,
p < 0.001) and disease control rate (RR = 1.19, 95% CI 1.10-1.29, p < 0.001).
There was no significant difference in 2-year overall survival (RR = 1.30, 95% CI
0.72-2.37, p = 0.39). Recent retrospective series have also shown that permanent
15T interstitial brachytherapy led to disease-free and overall survival similar to
those obtained by microwave ablation or second-line chemotherapy for patients
who had pulmonary disease progression from first-line chemotherapy treatments;
additional prospective studies in its utility for interstitial LDR brachytherapy are
warranted [19, 20].

CT-guided interstitial HDR brachytherapy is, compared with LDR brachyther-
apy, a relatively new technique for treating pulmonary lesions, and it is practiced at
UCLA. Few institutions have expertise with this technique, so reported experiences
are few. It was initially introduced as a novel method for treating hepatic malignan-
cies, and over recent years interest in applying this technique for treating malignant
lung lesions has grown [21]. This method involves implanting an applicator percu-
taneously under CT guidance directly into a tumor of interest, and treating the tumor
with an iridium-192 ('*?Ir) source. This will be described in more detail in subse-
quent sections. Data on early outcomes suggest that interstitial HDR brachytherapy
can achieve high local control with a favorable safety profile in treating pulmonary
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lesions [22-25]. A summary of contemporary studies of LDR and HDR interstitial
brachytherapy is provided in Table 13.1.

One of the earliest experience with CT-guided interstitial HDR brachytherapy
was published by Ricke et al. on the basis of a Phase I trial with 15 patients [22].
Thirty malignant lung lesions with mean tumor diameter of 2 cm (range 0.6—11 cm)
were treated with at least 20 Gy in a single fraction administered to the tumor sur-
face. After median follow-up of >5 months, local tumor control was 97%. With the
exception of one patient who experienced nausea post-procedurally, no patients
developed acute adverse events such as pneumothorax, hemoptysis, or abscesses.
Another report from Peters et al. reported a 1-year local control rate of 91% after
treating 30 patients with 83 primary and secondary lung malignancies to at least
20 Gy in a single fraction administered to the clinical target volume on a prospec-
tive, non-randomized trial [23]. One (2%) patient experienced a major pneumotho-
rax requiring a chest tube placement for 24 hours. Moreover, six (12%) patients
experienced minor pneumothorax (managed conservatively) and three (6%) patients
had nausea after a median follow-up interval of 9 months. Tselis et al. also reported
high 2- and 3-year local control rates in a retrospective review of 55 patients treated
for 60 malignant lung lesions [24]. Unlike in the two trials described above, patients
in this cohort received a multi-fractionated regimen to a median total dose of 20 Gy
(range 7-32 Gy). Approximately half of the patients received twice daily treatment
fractions of (median) 6 Gy per fraction, while the rest of the patients received sev-
eral once daily fractions of (median) 8 Gy per fraction. After 14 months of follow-
up, estimated 2- and 3-year local rates were both 82% for metastatic tumors.
Estimated 2- and 3-year local control for primary/locally recurrent intrathoracic
lesions was 79% and 73%, respectively. Relative tumor volume reduction was
related to local control according to univariate analysis. Furthermore, pneumotho-
rax occurred in 11.7% of procedures, but only one (1.8%) patient required post-
procedural drainage.

Interventional Percutaneous Ablative Therapies

CT-guided interstitial HDR brachytherapy has the potential to overcome some limi-
tations of other therapies for medically inoperable patients. One class of therapies
comprises of image guided thermal ablations. These include radiofrequency abla-
tion (RFA), microwave ablation (MWA), and cryoablation. RFA employs electro-
magnetic energy to create oscillating electric field lines which ultimately induce
frictional heating in tissue. It is best utilized to ablate small, peripheral tumors, and
can be performed in an outpatient setting. However, 2-year local control rates have
been variable, ranging from ~15- 76%, and relapse rates tend to increase for tumors
larger than 3 cm because of the inability to ablate to the tumor edge [26—30]. Tumors
close to central lung, mediastinum, diaphragm, and vascular structures are also not
ideal for thermal ablation. Moreover, vasculature reduces the efficacy of thermal
ablation by the “heat-sink effect” or the loss of thermal energy through convection
in the circulation [31].
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MWA also uses an electromagnetic source, but at higher wave frequencies to
excite and oscillate water molecules within the tissue around a probe in order to
ablate tumors [32]. Unlike RFA, it is less susceptible to the heat-sink effect and is
thus potentially able to treat lesions near vasculature more effectively than
RFA. Similar to RFA, MWA is limited to treating smaller lesions and is associated
with risk of pneumothorax, hemoptysis, and post-procedural pain. There are fewer
reported data on the use of MWA for pulmonary lesions than on RFA, but 2- and
3-year local control rates were respectively 64% and 56% in one large retrospective
series [33]. Recurrence rates would also increase with tumors larger than 3 cm in
diameter.

Alternatively, cryoablation utilizes freeze-and-thaw cycles to ablate small lesions
by inducing intra and extracellular ice crystals that disrupt cellular membrane and
processes. This therapy is well suited for smaller (<3 cm) tumors. It can also be
safely applied for centrally located tumors because cellular architecture and collag-
enous tissue are preserved, and compared with thermal ablative techniques, it entails
a lower risk of toxicity to major airways or mediastinal organs. The 2-year local
progression-free survival rate in one large retrospective series of 210 tumors was
69% [34]. Additional interventional techniques are available to treat malignant
endoluminal tumors, though these will not be the focus of this chapter. While quite
effective under certain circumstances in controlling local growth, interventional
percutaneous therapies have been associated with complication rates of pneumotho-
rax, pleural effusion, and hemoptysis, as compared with percutaneous interstitial
brachytherapy [31, 35]. Pneumothorax rates have reported to range from 11 to 67%,
and chest tube insertions for drainage were required for 6-29% of patients after
interventional therapies [36, 37].

Available data on CT-guided HDR interstitial brachytherapy have shown con-
sistently high local control rates irrespective of tumor volume, which is not often
possible with image guided thermal ablation. One-year local control rates have
been >90%, and 2-year control rates have been 79-82% [22-24]. Achieving high
control rates for larger tumors is possible as several catheters can be implanted,
and/or treatment time can be adjusted, to achieve optimal dosing. HDR brachy-
therapy also delivers the necessary tumoricidal doses in a non-homogenous man-
ner, which is advantageous for boosting dose to intratumoral areas that may exhibit
radioresistance from a hypoxic tumor microenvironment [38]. Furthermore, 3D
computer-generated planning systems for radiation treatment allow radiation
oncologists to optimize dose distribution before treatment delivery. Precise dose
measurements cannot be performed during image guided thermal ablation as sev-
eral factors cannot be accounted for at the time of delivery, including thermal con-
ductivity, capacity, impedance, perfusion, and tissue inhomogeneity. The sharp
dose fall-off in brachytherapy also makes it possible to manage pulmonary lesions,
adjacent to major blood vessels and central/ultra-central regions. Finally, intersti-
tial HDR brachytherapy has so far been associated with similar or lower rates of
complications, especially of pneumothorax. While the exact mechanism of this
trend is not entirely understood, it is hypothesized that it may be attributed to dif-
ferences in biological effects between the two treatment methods. Cytotoxic effects
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from radiation often occur over weeks to months, which may cause less immediate
structural changes, whereas interventional ablative techniques lead to instanta-
neous cell death and necrosis. With less immediate structural changes from radia-
tion, there may be slower tissue reorganization, and this may mitigate the formation
of air cavities and pneumothorax compared with interventional ablation methods
[25, 39]. A summary of the use of image guided thermal ablative techniques is
provided in Table 13.2.

Stereotactic Body Radiotherapy

Another class of therapies considered for malignant lung lesions is external-beam
radiation. Stereotactic body radiotherapy (SBRT) is a specialized technique in
which high doses of radiation are delivered to a target over five or fewer treatments.
It is commonly employed for medically inoperable early-stage NSCLC and increas-
ingly for oligometastatic pulmonary metastases. Much as in brachytherapy, the
entirety of the tumor can be treated to tumoricidal doses in a highly conformal man-
ner. Image guidance ensures reproducibility and accuracy during each treatment
delivery. Unlike brachytherapy, SBRT treatment planning includes a safety margin
of normal lung tissue around the target lesion to account for uncertainties in tumor
localization from respiratory motion as well as systematic and random errors.
Therefore, a relatively larger volume of lung tissue will be irradiated with external-
beam radiation compared with brachytherapy.

Early studies evaluating SBRT in early-stage NSCLC and metastatic lung lesions
demonstrated high local tumor control of >90% [40-42]. Long-term results of the
RTOG 0236 study demonstrated that 5-year primary tumor failure was 7% [42].
However, disease progression outside the radiation field remained common and
5-year overall survival was 40%. Delivering higher dose per treatment confers an
increased risk for long-term toxicities, including radiation pneumonitis, bronchial
stenosis, hemorrhage, and respiratory failure, especially if radiation is directed
toward central or ultra-central lesions that are close to critical structures including
major airways, great vessels, and mediastinal structures (i.e., the heart, esophagus)
[43-46]. In a phase 2 trial evaluating SBRT doses of 60-66 Gy in 3 fractions for
early-stage NSCLC in medically inoperable patients, 2-year freedom from severe
toxicity was 54% for patients with centrally located tumors compared with 83% for
those with peripherally located tumors [44]. Since then, more acceptable toxicity
rates have been found to be achievable by delivering the total radiation dose over a
greater number (~7-12) of treatment fractions [47-49]. For example, NRG/RTOG
0813 was a dose-escalation trial for a 5-fraction SBRT regimen in central tumors to
determine the maximum tolerated dose (MTD) that would yield a dose-limiting
toxicity of <20%. The study concluded that the MTD was 12.0 Gy per fraction, and
the associated probability of dose-limiting toxicity was 7.2% [50]. Treating central
and especially ultra-central tumors remain challenging in the modern era. Several
studies have reported severe and even fatal toxicities when SBRT was used to treat
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ultra-central pulmonary lesions, and special considerations for neighboring organs
need to be taken into account during treatment planning [45, 46]. Interstitial HDR
brachytherapy can be advantageous over SBRT in treating central and ultra-central
tumors safely and effectively. Future dosimetric comparisons between SBRT and
interstitial HDR brachytherapy would be of high interest.

Procedure
Interstitial Catheter Implantation

Interstitial catheter insertions are performed in collaboration with the Department of
Interventional Radiology. Patients undergo a diagnostic chest CT. The tumor is
located under CT guidance, and a mark is placed on the overlying skin by the inter-
ventional radiologist. The skin is sterilely prepared and local anesthetic (lidocaine
2% and bupivacaine 0.5%) is administered subcutaneously. A single 17-gauge coax-
ial introducer needle is inserted percutaneously through the marked location up to the
pleura, where additional bupivacaine is injected. Serial CT scans are taken to confirm
accurate needle trajectory as the needle tip is advanced to the distal edge of the lesion
(Fig. 13.1). A single 4 Fr brachytherapy catheter is subsequently introduced through
the needle sheath until its tip is coincident with the tip of the needle sheath (Fig. 13.2).
Additional needles and catheters are introduced as needed to ensure adequate cover-
age and dosing of the tumor. Several catheter insertions are often considered when
the tumor diameter is greater than 3 cm or near previously irradiated areas. The point
at which the inner catheter leaves the outer coaxial introducer needle when their tips
are coincident is marked on the catheter. The distances between the inner and outer
Luer locks from the catheter and coaxial needle, respectively, are measured as well.
These marks are used to confirm accurate placement of the brachytherapy catheter
with respect to the coaxial needle during the treatment planning process. The brachy-
therapy catheters and coaxial needles are affixed to each other and to the patient’s
skin with Mastisol liquid adhesive and Covidien or Transpore tape (Fig. 13.3).

Brachytherapy Planning and Treatment Delivery

Upon completion of catheter insertion, the patient undergoes a planning CT simula-
tion scan using slice thickness of 2 mm. Acquired images are transferred to the treat-
ment planning system (TPS). The radiation oncologist delineates the clinical target
volume (CTV) on the CT planning simulation scan. The CTV includes the gross
tumor volume (GTV) and suspicious areas shown on simulation or prior diagnostic
chest scans. Critical nearby organs at risk (OAR) are contoured on each slice. The
treatment catheter is reconstructed on the TPS. Inverse planning is utilized for a pre-
scription dose to the CTV surface. Previous studies have shown significantly higher
local tumor control when biologically effective doses (BEDs) of greater than 100 Gy
were delivered to the tumor [40]. A systematic review in 2013 also found that
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Fig.13.1 Advancement of
coaxial needle under CT
guidance during
brachytherapy catheter
implantation. In this
example, a coaxial needle
was advanced
percutaneously and placed
directly into an ultra-
central lesion in the right
middle lobe abutting the
heart

Fig. 13.2 The final
position of a single 4 Fr
brachytherapy catheter
within percutaneous
coaxial needle with both
tips coincident with each
other shown on the
patient’s skin surface. A
black mark is made on the
brachytherapy catheter to
ensure accurate placement
during the treatment
planning and delivery
processes

maintaining BED; below 210 Gy, especially for centrally located tumors, would keep
the risk of treatment-related death to 1.0% [48]. From our institutional experience,
the median prescription dose was 21.5 Gy (range 15-27.5 Gy) in a single fraction,
corresponding to median BED; of 175.58 Gy. For a multi-fractionated regimen, the
median dose prescribed was 24.75 Gy (range 24-25.5 Gy) in 2-3 fractions.

High target coverage was one of the primary goals during treatment planning and
defined as 95% of the CTV to receive the full prescription dose (V100% > 95%).
Another dosimetric endpoint that was maximized when possible was the minimum
dose that 90% of the tumor volume received (D90%). OAR dose tolerance limits
outlined by AAPM Task Group 101 were given priority over treatment coverage
[16]. The minimum dose to the most heavily irradiated 2 cc of OARs were also
recorded. After plan approval and quality assurance checks, the patient is trans-
ported to the brachytherapy suite, where a “’Ir source is delivered using an HDR
remote afterloader unit. Upon completing treatment, both the coaxial needle and
brachytherapy catheter(s) are removed, with placement of a resorbable hydrogel to
seal the pleural site of entry.
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Fig. 13.3 Brachytherapy
catheter and coaxial needle
are affixed to each other
and to the patient’s skin at
the end of catheter
implantation

Clinical Cases
Case 1

A 51-year-old male with hepatocellular carcinoma secondary to hepatitis C treated
by orthotopic liver transplantation presented to our clinic for possible brachytherapy
for an enlarging lung metastasis. He developed several new lung nodules on surveil-
lance CT chest in 2016, 3 years after his liver transplant. One dominant lung lesion
located in the right middle lobe (RML) and in close proximity to the heart continued
to enlarge throughout the year despite taking regorafenib.

During surveillance, the patient also developed chest pain due to myocardial
infarction from stenosis in the mid-distal left anterior descending artery (LAD).
Three bare metal stents were placed at the end of 2017. One month later, in 2018, he
developed another stenosis in one of the diagonal branches of the LAD for which he
underwent coronary angiography.

Meanwhile, the RML mass continued to enlarge, measuring 3.6 x 2.9 cm, and
right pleural nodules consistent with pleural carcinomatosis developed (Fig. 13.4a).
No other sites of metastatic disease in the abdomen or pelvis were noted. Aside from
his recent myocardial infarction, the patient did not experience any pulmonary or
airway-obstructive symptoms. Because systemic therapy options were limited for
this patient in setting of his orthotopic liver transplant, a multi-disciplinary decision
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was made to switch systemic therapy to gain better systemic disease control while
also to ablate the RML mass that had been refractory to prior systemic therapies.
Given the tumor’s ultra-central location, large size, and the patient’s recent history
of myocardial infractions, brachytherapy was recommended in a multi-disciplinary
setting to treat this mass.

A single brachytherapy catheter was inserted into the tumor of interest during
catheter implantation. The tumor was prescribed to 25 Gy in a single fraction.
Figure 13.4b shows the isodose distribution of radiation treatment. The target vol-
ume measured 27.2 cc, and D90% = 101% (25.3 Gy). D2.0cc to normal ipsilateral
lung (without CTV) was 193.7% (48.4 Gy). Likewise, D2.0cc of the heart was
20.0% (5 Gy). Serial follow-up CT scans of the chest with contrast were taken every
3 months. The nodule slowly decreased in size so that a year and a half after treat-
ment the RML nodule measured 2.3 x 2.3 cm (Fig. 13.4c), which was consistent
with partial response according to the Response Evaluation Criteria in Solid
Tumours (RECIST).

Fig. 13.4 A 51-year-old male with metastatic hepatocellular carcinoma. (a) Ultra-central lesion
located in the right middle lobe before interstitial HDR brachytherapy. This lesion measured
3.6 x 2.9 cm. (b) Resultant isodose distribution from treatment planning. The target lesion was
27.2 cc and 25 Gy dose in a single fraction was prescribed. The 100% isodose line is shown in light
green, encompassing the entire CTV while avoiding the heart. (¢) Solid and linear consolidation
consistent with evolving response to radiation a year and a half after treatment. This lesion
decreased in size to 2.3 x 2.3 cm, which was consistent with partial response according to the
Response Evaluation Criteria in Solid Tumours (RECIST)
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The patient was followed every 3 months for a total of 15 months, and he did not
experience any adverse sequelae of the radiation therapy. Unfortunately, he devel-
oped disease progression outside the irradiated area 3 months after brachytherapy
treatment, and ultimately died 2 years later owing to respiratory failure from bilat-
eral pleural effusions and multisystem organ failure. This case underscores the com-
plexity of managing and palliating patients with metastatic disease. It also highlights
the importance of a multi-disciplinary approach to management and the need for
effective systemic therapies.

Case 2

A 65-year-old active smoker with medical history of early-stage renal cell carci-
noma treated with nephrectomy and adrenalectomy developed multiple pulmo-
nary metastasis soon after resection. Metastatic disease was temporarily
controlled with pazopanib. Three years later disease progression was found,
which manifested as increasing size of existing pulmonary nodules and a new
left lower lobe interlobular septal thickening, raising concern of lymphangitic
carcinomatosis. His systemic therapy was subsequently switched to nivolumab;
and his pulmonary lesions remained stable for a year without additional sites of
metastatic disease in the abdomen or pelvis. In light of the patient’s stable dis-
ease state, his favorable response to immunotherapy, and the limited number of
available systemic therapy options should immunotherapy stop being effective, it
was decided in a multi-disciplinary setting to treat some of the largest pulmonary
lesions aggressively with local therapy. The patient did not present any obstruc-
tive airway symptoms. He was referred to our clinic for interstitial HDR brachy-
therapy to ablate four of the largest lesions with radiation in a staged approach
over 6 months.

One ultra-central pulmonary lesion measuring 1.6 x 1.4 cm was located in the
left lower lobe (LLL) and was adjacent to an enlarged basilar segmental lymph node
measuring 1.7 x 1.5 cm. Given the close proximity to critical normal structures
(such as the posterior pericardium, thoracic aorta, and basilar segmental arteries and
bronchi), percutaneous HDR brachytherapy was recommended. A coaxial needle
and a single brachytherapy catheter were introduced posteriorly in order to traverse
the least amount of lung tissue (Fig. 13.5a). The patient underwent CT simulation,
and the treatment planned was a prescribed dose of 21 Gy in a single fraction.
Figure 13.5b shows the isodose curve of the final treatment plan. The target volume
was 7.2 cc, and 95% of CTV met received full prescription dose (V100% = 95%)
which met planning goals. D90% to the target was 122%. The treatment plan also
met acceptable constraints on the dose to nearby OAR as well. D2.0cc to the aorta
was 66.6% (14.0 Gy), D2.0cc to the heart/pericardium was 45.8% (9.6 Gy), and
D2.0cc to normal ipsilateral lung was 179% (37.6 Gy). A representative dose-vol-
ume histogram (DVH) from this treatment is shown in Fig. 13.6a. Both coaxial
needles and catheters were subsequently removed after treatment on the same day
as implantation.
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Fig. 13.5 A 65-year-old male with metastatic renal cell carcinoma. (a) Coaxial needle placement
into an ultra-central lesion located in the left lower lobe (LLL) adjacent to posterior pericardium,
thoracic aorta, and basilar segmental arteries and bronchi. (b) Representative isodose distribution.
The target lesion was 7.2 cc and prescribed to 21 Gy in single fraction to the CTV surface. The
95%, 63.5%, and 50% isodose lines are shown in magenta (overlaps with yellow isodose line rep-
resenting 91.6%), green, and light blue, respectively. (¢) Coaxial needle placed in an ultra-central
lesion located just superior to the first lesion. (d) Resultant isodose distribution. The volume mea-
sured was 7.6 cc, and 21 Gy in a single fraction was prescribed. The isodose distribution color
scheme from (b) also applies here. (e) Two ultra-central lesions abutting the pericardium in the
LLL treated with SBRT. (f) Isodose distribution resulting from SBRT prescribed to 50 Gy in 5
fractions. The isodose distribution color schema in (b) also applies here. (g) Coaxial needle place-
ment into a peripheral LLL lesion in a previously irradiated area. (h) Resultant isodose distribu-
tion. The target was prescribed to receive 26 Gy in a single fraction. The thick red line outlines the
clinical target volume. The 200% and 100% isodose lines are shown as thin red and green lines,
respectively
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A month later, a second LLL lesion just superior to the first treatment area measur-
ing 3.2 x 2.6 cm was treated with interstitial HDR brachytherapy. This lesion was also
in an ultra-central location, and adjacent to the descending thoracic aorta, pericardium,
and left lower segmental arteries and bronchi. The lesion was prescribed to receive
21 Gy in a single dose to the CTV surface. Final treatment showed high conformality
around the target lesion (Fig. 13.5¢, d). The target volume was 7.6 cc, and planning
goals for the CTV were also achieved: specifically, D90% was 102.5% to the target,
D2.0cc =41.7% (8.8 Gy) to the aorta, D2.0cc = 49.1% (10.3 Gy) to the heart/pericar-
dium, and D2.0cc = 125.8% (26.4 Gy) to the ipsilateral normal lung. There was a small
overlap from the first irradiated field occurring over a high-dose irradiated region.

A third large LLL ultra-central lesion that was more anteriorly positioned was
targeted for brachytherapy a month later. However, the presence of calcifications in
this particular nodule made placement of both coaxial needle and catheter difficult,
and brachytherapy was aborted. Given its ultra-central location and tumor size,
SBRT was considered to be the next best alternative. This lesion measured
1.7 x 1.1 cm, and an adjacent lesion measuring 1.0 x 0.7 cm lay just posterior to it
(Fig. 13.5¢e). Both lesions were targeted during SBRT to a total of 50 Gy in 5 frac-
tions (Fig. 13.5f). The total volume irradiated was 45.5 cc, which included addi-
tional margins added to the GTV to account for uncertainties in target location from
respiratory motion, systematic patient set-up error, and random errors. All institu-
tional and AAPM Task Group 101 OAR constraints for a 5-fraction SBRT regimen
were met, including the V32Gy to the heart (2.4 cc) and V12.5Gy of normal lung
(227.3 cc) (Fig. 13.6b).

Two months after SBRT, chest CT revealed new increased irregular airspace
attenuation along the inferior aspect of the previously treated basilar left lower lobe
nodule that was of concern for new regional pulmonary metastasis. After an additional
month of close follow-up, the multi-disciplinary team believed that this area repre-
sented a new pulmonary lesion, and brachytherapy was pursued in order to spare as
much normal lung tissue as possible since this area had been irradiated in the two
previous brachytherapy procedures and SBRT. During brachytherapy catheter implan-
tation, the patient developed a moderate pneumothorax in the left lung, requiring a
chest tube insertion for 24 h. Despite this complication, the position of the single
brachytherapy catheter was reconfirmed on CT. 26 Gy dose in a single fraction was
prescribed for this lesion (Fig. 13.5g, h). CTV planning goals were met. CTV D90%
was 138%. Dose constraints to OARs were also met: specifically, D2.0cc of normal
left lung was 81.67% (21.2 Gy) and D2.0cc of adjacent rib was 24.3% (6.3 Gy).

Opverall, the patient tolerated brachytherapy and SBRT well. Apart from the mod-
erate pneumothorax that developed during one brachytherapy catheter placement,
he did not experience any acute or long-term radiation-associated toxicities during
20 months of follow-up. On his 18-month post-treatment CT chest scan, there was
mass-like consolidation, architectural distortion, and parenchymal bands in the area
of the LLL basilar region from his first two brachytherapy treatments that were
consistent with radiation-associated changes (Fig. 13.7a). The lesion treated with
SBRT had a complete response and was replaced by patchy ground-glass opacifica-
tions (Fig. 13.7b). Finally, the fourth LLL lesion treated with brachytherapy also
exhibited radiographic complete response with minimal surrounding pulmonary
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Fig. 13.6 Dose-volume histograms from (a) interstitial HDR brachytherapy treatment and (b)
SBRT treatment. Both lesions were located in the left lower lobe, ultra-centrally

changes. No additional sites of metastatic disease developed, and the patient contin-
ues to be progression-free on maintenance nivolumab.

Case 3

A 38-year-old male was diagnosed with metastatic (yT3N1M1) rectal cancer. He
underwent neoadjuvant chemoradiation to the pelvis and total mesorectal excision
low anterior resection (TME-LAR). He subsequently developed disease progres-
sion with several metastatic liver and pulmonary nodules, and has since been on
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Fig. 13.7 Responses to radiation treatments 18 months after completion of radiation treatment.
(a) Radiographic response following interstitial HDR brachytherapy treatments. There is a slowly
evolving mass-like consolidation with architectural distortions and parenchymal bands consistent
with radiation-associated changes. (b) Radiographic response after SBRT. The lesion is no longer
seen and is replaced by patchy ground-glass opacifications

various lines of systemic chemotherapy. Pulmonary nodules were managed with
several cryoablations and microwave ablations. He then presented at Radiation
Oncology 5 years after his initial diagnosis for palliative treatment for a pulmonary
lesion detected on surveillance CT causing right upper lobe (RUL) posterior seg-
ment airway occlusion that led to bronchial stenosis (Fig. 13.8a). Radiographic find-
ings were associated clinically with productive cough and night sweats for
several weeks.

The patient underwent bronchoscopy, which showed complete obstruction of the
RUL posterior segment airway by tumor. After biopsies had been obtained, the
obstructing mass was cryoresected and the airway was dilated. Pathology from
biopsy specimens confirmed metastatic, moderately differentiated adenocarcinoma
with mucinous features consistent with a colorectal primary. He was referred to
Radiation Oncology to discuss palliative endobronchial HDR brachytherapy to
minimize the risk of recurrence in this region. He was counseled about the limita-
tions of this procedure and informed that it would not adequately treat the outer
parenchymal component of the obstructing tumor. The patient expressed the wish to
be as aggressive as possible with his treatment and desired to pursue endobronchial
brachytherapy.

He began endobronchial brachytherapy treatment 2 weeks after his cryoresec-
tion. 20 Gy over 5 treatment fractions was administered to the post-cryoresection
region in the RUL posterior segment airways. Figure 13.8b shows the resultant iso-
dose lines from his last treatment fraction. Note that the 50% isodose line did not
encompass the entire obstructing tumor, primarily at the superior and posterior
tumor edges. The patient’s cough soon resolved and he had no further issues with
breathing. Within a few weeks, he resumed walking 6 miles per day and was able to
go on vacation without any issues.



13 CT-Guided Interstitial HDR Brachytherapy for Malignant Lung Lesions... 171

Fig. 13.8 A 38-year-old male with widely metastatic rectal adenocarcinoma who first underwent
palliative endobronchial brachytherapy. (a) Right upper lobe lesion causing posterior segment air-
way obstruction in the background of radiographic changes from prior cryoablation. (b) Isodose
distribution of endobronchial brachytherapy treatment. A dose of 20 Gy in 5 fractions was pre-
scribed for the region. The 50% isodose line is represented in light blue

Unfortunately, subsequent surveillance scans showed increase in size of the RUL
mass (measuring 4.0 x 3.6 cm) with persistent obliteration of the subsegmental
airway and increased obstruction of the anterior and superior subsegmental airways.
The patient again expressed the wish for aggressive treatment to optimize his qual-
ity of life. In multi-disciplinary discussion, it was agreed to palliate this persistently
enlarging RUL mass with interstitial brachytherapy, given its close proximity to the
right bronchus that was previously irradiated.

The patient underwent CT-guided interstitial HDR brachytherapy 8 months after
his endobronchial brachytherapy. Owing to the size of the tumor and its close prox-
imity to a previously irradiated critical structure, three brachytherapy catheters were
implanted into the RUL mass (Fig. 13.9a). He was prescribed 21 Gy in a single
fraction. This dose was kept lower than what was considered needed to achieve
adequate tumor control in order to minimize the risk of damage from re-irradiation
of surrounding normal structures. Figure 13.9b, ¢ show the isodose curves and DVH
from this treatment. The CTV shown in red is the achieved planning target goal
(V95% = 110%). The CTV D90% was 126.4%. D2.0cc of the previously irradiated
right bronchi was 49.3% (10.4 Gy).

Six months after interstitial brachytherapy treatment, postradiation changes were
noted in surveillance CT scans. During this period, the patient had developed tran-
sient chest pain and nonproductive cough, with radiographic evidence of new air-
space consolidation of the middle and lower margins of the irradiated area consistent
with postradiation pneumonitis (Fig. 13.10a). He was treated with prednisone and
symptoms resolved within a few weeks. Approximately 1 year after the brachy-
therapy, the patient’s disease unfortunately progressed and he developed several
new pulmonary and brain metastases. The RUL mass had continued to grow during
this time and now extended to the right lower lobe and mediastinum. It was associ-
ated with satellite nodules extending into the right major fissure the right mainstem,
upper and lower lobe airways (Fig. 13.10b). This case highlights the difficult
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Fig. 13.9 A 38-year-old male with widely metastatic rectal adenocarcinoma who underwent pal-
liative interstitial HDR brachytherapy for local tumor progression after endobronchial brachy-
therapy. (a) Three coaxial needles, and therefore brachytherapy catheters, were implanted in right
upper lobe lung metastasis. (b) Isodose distribution. The lesion was prescribed to 21 Gy in a single
fraction. (¢) Dose-volume histogram of the resulting treatment. Red represents the CTV, blue is the
right bronchus, and green is the right normal lung

-

Fig. 13.10 Follow-up scans after palliative interstitial HDR brachytherapy for a 38-year-old male
with widely metastatic rectal adenocarcinoma. (a) Transient development of airspace consolida-
tion near the irradiated site occurring 3 months after treatment. Findings were associated with
chest pain and non-productive cough, altogether consistent with radiation pneumonitis. The patient
was treated with prednisone, and symptoms resolved in a few weeks. (b) Radiographic findings
1 year after brachytherapy treatment. CT chest scan demonstrated slow interval disease progres-
sion, now involving portions of the right lower lobe, right main-/upper/lower lobe airways, and
mediastinum. There are associated satellite nodules extending into the right major fissure
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decisions that must be made during palliative interstitial brachytherapy treatments
to balance optimum tumor control while minimizing normal tissue injury, espe-
cially in a location near previously irradiated tissue.

Clinical Outcomes

At our institution, 37 malignant lung lesions from 25 patients were treated with
CT-guided interstitial HDR brachytherapy from September 2015 to August 2019.
Common lung histologies were renal cell carcinoma (24%), NSCLC (20%), and
soft-tissue sarcoma (20%). Twenty (80%) patients had received at least one prior
treatment for their malignant lung lesion, including systemic therapy (72%), inter-
ventional procedure(s) such as cryoablation (32%), or radiotherapy (24%). Five
(20%) patients had not received any prior therapy. Of the 37 treated lesions, 22
(88%) were metastatic lesions, 2 (8%) were primary NSCLC, and 1 (4%) was
locally recurrent NSCLC. Altogether, 78% of lesions were located in either an ultra-
central or a central location. Twenty-two (88%) of patients received a single fraction
to a median total dose of 21.5 Gy (range 15-26 Gy). For the three patients (12%)
receiving multi-fraction radiation treatment, the median dose was 24 Gy (range
20-25.5 Gy) with a range of 2-5 fractions.

After median follow-up of 19 months (range 3—48 months), 3 (14%), 9 (41%),
and 9 (41%) patients experienced respectively complete response, partial response,
and stable disease on follow-up imaging. Only one patient developed local pro-
gression of a right upper lobe lesion, as detailed in the previous section (Case 3).
Two- and 3-year local control rates were both 90% on a per-patient basis, and 96%
on a per-lesion basis. 52% of patients developed systemic disease progression out-
side the irradiated area after treatment. 80% of the patients were alive at last fol-
low-up, and 2- and 3-year overall survival rates were both 67%. Four patients
developed grade 1 and 2 acute toxicities: specifically, two patients developed grade
2 pneumonitis treated with steroids, and 1 patient developed a pneumothorax dur-
ing catheter implantation which required an overnight chest tube insertion. No
patient developed late treatment-related toxicities. One patient with metastatic
colorectal cancer experienced mild dyspnoea on exertion 5 months after brachy-
therapy treatment, but the etiology was attributed to be multi-factorial given his
smoking history and prior treatments (several resections and microwave ablations)
for lung metastases.

Future Directions

Treatment paradigms for primary NSCLC and metastatic disease arising from many
different primary sites are rapidly evolving. As newer systemic agents demonstrate
improved efficacy in controlling advanced-stage solid tumors, locoregional thera-
pies such as CT-guided interstitial HDR brachytherapy could play an increasing role
in the future for the management of malignant pulmonary lesions. Further, under-
standing how local therapy interplays with systemic therapies will become increas-
ingly important and can inform strategic combinations of these.
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The immune system is widely recognized as playing a central role in cancer
development, progression, and treatment. In particular, there has been increasing
interest in the role of radiation as an in situ vaccination for immune activation, with
numerous preclinical and clinical studies highlighting the importance of anti-tumor
lymphocytes [51]. Indeed, absolute lymphocyte count has been found to correlate
with clinical outcomes (i.e., survival) across various histologies [51].

In addition to the growing body of literature that supports immune-activating
functions of radiation, radiation can act as a double-edged sword to exert immuno-
suppression by several mechanisms, including depletion of lymphocytes by direct
damage to DNA [52, 53]. Lymphocytes are known to be very radiosensitive, with
doses as low as 1 Gy leading to destruction [53]. As a result, lymphocytes can be
depleted by virtue of their transit through the vasculature of the irradiated field. This
is of particular relevance in the context of the lung, where the neighboring heart
circulates 100% of the total blood volume through the pulmonary vasculature
[51, 54].

With increasing use of immunotherapy across various histologies in the up-front
and salvage settings, lymphocyte preservation may be of increasing importance in
optimizing the efficacy of immunotherapy [55, 56]. Numerous factors—such as
lung V5, larger radiation portals, conventional fractionation, unintentional radiation
to lymphoid organs, and the heart—can contribute to lymphopenia, suggesting that
careful selection of radiation technique can help spare circulating lymphocytes [51,
54, 57-60].

Brachytherapy for lung lesions is well-positioned as a radiation modality to spare
circulating lymphocytes, owing to its unique dosimetry, with sharp dose fall-off
outside the target. There are limited studies evaluating brachytherapy compared
with external-beam treatment, as it relates to lymphopenia, and studies by our group
based on experience at UCLA are underway.

Conclusion

UCLA is one of the first institutions in the United States to gain experience with
CT-guided interstitial HDR brachytherapy for the treatment and management of
malignant lung lesions. Acquiring experience with this technique was made possi-
ble with the support of a multi-disciplinary team, including colleagues from inter-
ventional radiology, thoracic surgery, and medical oncology. Through this technique,
we have been able to achieve high 2- and 3-year local tumor control rates of 96%,
despite 78% of patients having central or ultra-central lesions. The majority of our
patients did not develop any acute or late toxicities. Among those who developed
acute toxicities, all adverse events were of grade 1-2 and self-limiting. Our experi-
ence with CT-guided interstitial HDR brachytherapy shows promising long-term
safety and clinical efficacy. It can be an attractive treatment option to consider dur-
ing the multi-disciplinary management of malignant lung lesions, especially for
those in precarious locations close to critical organs or those that cannot be treated
adequately with other alternative management options.
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Key Points

* Management of malignant lung lesions is complex and should be done in a
multi-disciplinary setting.

* There are several minimally invasive treatment options that are available
for medically inoperable patients, but used under specific clinical
conditions.

* CT-guided interstitial HDR brachytherapy is safe and effective.

* CT-guided interstitial brachytherapy should especially be considered for
central or ultra-central lesions and for lesions located near previously irra-
diated areas.

* The role of locoregional therapies such as brachytherapy will expand in the
future as treatment paradigms for advanced-stage solid cancers evolve.
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