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Preface

This is the first manual of a very unconventional method for cancer treatment, a 
method that has emerged from close collaboration between radiotherapy and inter-
ventional radiology. The method is currently not widely used, but it has demon-
strated high effectiveness in the treatment of primary and secondary neoplasms of 
inner organs, and it holds promise for the near future once it has become more 
widely disseminated.

Image-guided interstitial high-dose-rate brachytherapy (iBT) is a local ablative 
therapy with a highly interdisciplinary character. Even ascertaining the indication 
for treatment is a cross-disciplinary procedure, involving the medical oncologist, 
the oncological surgeon, the radiation oncologist, the radiologist and specialists 
from other disciplines. Likewise, the conduct of iBT requires a highly specialised 
team including a radiation oncologist, an interventional radiologist, a medical phys-
icist, radiation therapy technologists, interventional radiological technologists and 
specialised staff to conduct monitoring and imaging of the patient. The experienced 
reader will be well aware that such intensive teamwork requires a high degree of 
co-operation and exchange of information between all the team members involved. 
However, it is also important to note that none of these disciplines could perform 
this complex treatment on their own. Each specialist makes his or her own contribu-
tion and all do what they can do best. Yet the goal is the same for everyone involved: 
to perform a successful local treatment of primary or secondary malignancies that 
provides systemic benefit to the patient and improves the disease prognosis. This is 
truly a team effort.

The editors of this book are delighted that international experts from the relevant 
specialised disciplines have been willing to contribute as authors—experts in the 
field from India, Italy, Malaysia and the USA, as well as from Germany, where the 
editors are based. The reader who takes the time to read the entire book will imme-
diately notice that each chapter has its own flow and perspective, depending on 
whether the principal authors are radiation oncologists, interventional radiologists, 
medical oncologists or medical physicists, and whether the contribution comes 
from Europe, America or Asia. This is intentional, but also unavoidable, and it adds 
to the complexity and richness of the content. For the same reason, we take the lib-
erty of advising readers who only intend to pick out one or two chapters: please read 
the whole book anyway! That will give you a comprehensive view of the clinical 
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possibilities of iBT as practised in Germany, Europe, America, Asia and thus 
worldwide.

The editors wish to thank Sabine Thürk of alesco concepts for her central and 
indispensable contribution in collating and editing the contributions to this book and 
for her central role in the communication between the editors, the authors and the 
staff of the Springer Verlag. We also thank Dr. Paul Woolley for his expert linguistic 
and critical review of the text of each chapter. For both of these persons, the old 
adage applies: If they had not existed, we would have had to invent them. Moreover, 
Thomas Wendland of alesco concepts edited many of the illustrations in this book, 
for which we are also grateful.

Finally, we would like to thank Springer London for the opportunity to publish 
this very special topic.

Berlin, Germany Konrad Mohnike  
Munich, Germany  Jens Ricke  
Munich, Germany  Stefanie Corradini   
March 2021
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1Introduction: Why and When 
Radiotherapy with iBT? When SBRT?

Konrad Mohnike, Jens Ricke, and Stefanie Corradini

Radiotherapy of the liver, lung, and other inner organs can be performed percutane-
ously and noninvasively using modern stereotactic body radiotherapy (SBRT) strat-
egies [1, 2]. SBRT offers an elegant approach for the treatment of oligometastatic 
disease, especially because of its unique advantage of noninvasiveness. Experience 
with this modality continues to grow, as there is an increasing number of publica-
tions on the SBRT of liver and lung malignomas [3–8]. On the one hand, SBRT 
offers an opportunity for a noninvasive and effective treatment of metastases, and it 
carries no risk of intervention-related or peri-interventional complications such as 
hemorrhage [9]. On the other hand, the hypofractionated administration of large 
radiation doses results in a significant exposure of the surrounding tissue. Therefore, 
SBRT is usually restricted to lesions sized up to about 4–5 cm, and the number of 
lesions that can be treated simultaneously is also limited [10, 11]. Moreover, respi-
ratory organ motion and the proximity to vulnerable organs at risk (OARs) may 
limit the dose that can be administered. As a result, the optimum balance between 
effective dose and safety considerations is sometimes difficult to achieve in a 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_1&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_1#DOI
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clinical routine. Results from various studies show a gastro-intestinal complication 
rate (CTCAE Grades ≥3) that ranges from 0 to 35% for Grade 3 and 0 to 25% for 
Grade 4, with wide variations. These complications include gastroduodenal ulcer-
ation, hepatotoxicity, nausea/vomiting, oesophagitis, and bile-duct stenosis in liver 
SBRT [12]. According to the current literature, radiation-induced liver disorder 
(RILD) occurs less frequently than with conventionally fractionated irradiation 
methods, but RILD remains a clinical problem, for example, in SBRT of hepatocel-
lular carcinomas, and it has an effect on the outcome for patients [13]. However, 
modern MR-guided SBRT approaches allow direct visualization of the target vol-
ume and surrounding OARs and, through an online adaptive treatment approach, 
intrafractional anatomic variations can be taken into account [14]. This new tech-
nology offers a new opportunity to achieve durable local control rates while reduc-
ing toxicity to OARs.

Another option for the safe application of high single doses is interstitial brachy-
therapy (iBT). Here, a radioactive source, for example, iridium-192, is inserted 
directly into the tumor through a catheter. For liver and lung lesions, iBT was intro-
duced into clinical practice in the early 2000s, following developments in advanced 
imaging (multilevel CT, CT-fluoroscopy) and 3D treatment planning methods in the 
1990s, which for the first time allowed accurate placement of an applicator in paren-
chymal organs [15–18].

The principle of image-guided brachytherapy is the precise, CT- or MRI-guided 
implantation of the brachytherapy catheter in the target lesion for the subsequent 
introduction of the radioactive source. Since the source is positioned directly within 
the tumor, intrafractional respiratory motion is negligible, as the organ moves 
together with the catheter. This is a particular advantage when one is treating targets 
in the upper abdomen and lung. Usually, placement of the brachytherapy catheter is 
performed under CT- or MR-fluoroscopy guidance and analgosedation (fentanyl 
and midazolam, both i.v.) of the patient. After puncture of the target lesion, an angi-
ography sheath is inserted by using a guidewire followed by the brachytherapy cath-
eter (Seldinger technique). After successful positioning of the brachytherapy 
catheter, a contrast-enhanced planning CT or MRT is performed and the image data 
set is transferred to the treatment planning system. For HDR brachytherapy an irid-
ium- 192 source is frequently used. The duration of the treatment depends on the 
number and volume of lesions, as well as the prescription dose, and usually lasts 
between approximately 10 and 60 min.

With iBT, very high radiation doses can be delivered in a single fraction with a 
high degree of accuracy. Owing to the brachytherapy-specific dose inhomogeneity, 
with a very high dose close to the brachytherapy catheters, the central doses can 
reach more than 100 Gy in the tumor, while being as low as 25 Gy at its periphery 
and resulting in high mean gross tumor volume (GTV) doses. In brachytherapy, the 
dose gradient is very steep, which allows the administration of effective tumoricidal 
doses while sparing the surrounding OARs, even in very large and centrally located 
tumors [19, 20]. Although in plan-comparison studies the superiority of iBT in spar-
ing the surrounding tissue appears to diminish with increasing lesion size compared 
with SBRT, a much more effective sparing of the surrounding liver parenchyma is 
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usually seen in clinical routine with iBT. However, for irradiation of smaller vol-
umes, the exposure of other OARs might theoretically be lower than with iBT—
e.g., the gastric wall in lesions close to the stomach (see Fig. 1.1). Moreover, such 
high single doses can also induce additional therapeutic effects, such as induction of 
apoptosis in the endothelia of tumor-feeding blood vessels, which is associated with 
a subsequent antiangiogenic effect [21, 22]. In some cases, hypofractionated regi-
mens with single doses of 10–12 Gy may be of value, for example, in the treatment 
of very large tumors located in the left liver close to the gastric mucosa (Fig. 1.2) [23].

The effectiveness of iBT has been confirmed for various cancer entities and loca-
tions [18–20, 24–29]. In hepatocellular carcinomas measuring up to 12 cm or more 
in diameter and treated with a prescription dose of 1 × 15 Gy, local tumor control 
rates of >90% have been reported at 12 months. In a randomized dose-escalation 
study of iBT in colorectal liver metastases, prescription doses of 1 × 25 Gy were 
associated with a very high local control rate [26, 28]. Such excellent tumor control 
rates have also been demonstrated in extrahepatic neoplasms, for example, pulmo-
nary neoplasms of various origins [30].

A comparative planning study evaluated dosimetric endpoints of SBRT versus 
iBT in 85 patients with liver malignancies of different primaries [31]. All patients 
were clinically treated with iBT, and plan parameters were compared with those of 
virtually planned (“mock”) SBRT treatments using the same prescription dose of 
1 × 15 or 1 × 20 Gy. SBRT plans were generated using the original brachytherapy 
planning CTs with the brachytherapy catheters in place. Since no 4D datasets were 
available to account for respiratory organ motion, additional margins of 5 mm in a 
lateral direction and 10  mm along the cranio-caudal axis were added to the 

b

a
Fig. 1.1 SBRT irradiation 
plan (a) according to 
ICRU-91 of a left-situated 
colorectal carcinoma 
metastasis and mock iBT 
plan, (b) of the same lesion 
with a reasonably 
anticipated catheter 
position, SBRT volume 
8.1 mL, iBT volume 
3.1 mL. D99.9: SBRT 
25.0 Gy, iBT 25.0 Gy; D95 
SBRT 25.6 Gy, iBT 
34.9 Gy; D90 SBRT 
26.11 Gy, iBT 40.67 Gy. 
V5Gy Liver (mL and 
percentages): SBRT 
281 mL and 14%, iBT 
92.39 mL and 4.96%. D1cc 
gastric wall: SBRT 
10.3 Gy, iBT 14.0 Gy

1 Introduction: Why and When Radiotherapy with iBT? When SBRT?
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brachytherapy GTVs to generate planning target volumes (PTV) for SBRT treat-
ment planning. For both techniques, the dose to the PTV was optimized to meet the 
aimed-for prescription dose, but it was reduced if dose constraints of OARs were 
violated. The median volume of the PTVs for iBT was 34.7 cm3, with a range of 
0.5–410 cm2, and in SBRT plans it was 73.2 cm3, with a range of 6.1–593.4 cm2. In 
this comparison, the PTV target coverage with the planned prescription dose was 
significantly better with iBT than with SBRT.  For the D99.9 (dose coverage of 
99.9% of the PTV volume with the prescription dose) the values were 19.9 ± 0.4 Gy 
for iBT and 17.5 ± 0.5 Gy for SBRT, at a planned dose of 20 Gy (p < 0.001). This 
was also significant for the 1 × 15 Gy dose prescription group (p = 0.003). The dif-
ference between the two modalities was even more pronounced regarding the D90 
dose coverage. Owing to the heterogeneous iBT dose distribution, the D90 at a 
planned dose of 1 × 15 Gy was 24.3 ± 0.8 Gy for iBT, compared with 16.5 ± 0.3 Gy 
for SBRT (p < 0.001). For a planned dose of 20 Gy, corresponding values were 
29.2 ± 0.4 Gy (iBT) and 20.6 ± 0.3 (SBRT; p < 0.001). In the group of patients with 
the higher prescription dose (20 Gy), the exposure of the healthy liver was signifi-
cantly higher in the SBRT than in the iBT plans. The liver volume receiving 5 Gy or 
more was 611 ± 43 cm3 for iBT and 694 ± 37 cm3 for SBRT (p = 0.001); these cor-
responded to 41.8 ± 2.5% for iBT and 45.9 ± 2.0% for SBRT (p = 0.007) of total 
liver volume [31].

In an earlier comparative study by Pennington et al., the inverse strategy was used: 
virtual brachytherapy plans were compared with real SBRT plans for clinical treat-
ment of ten liver metastases. The authors found no difference between the modalities 
regarding target coverage of the mean PTV volume, which was reached by 100% of 
the prescription dose (V100%: 94.1% for iBT vs. 93.9% for SBRT, p = 0.8); while 
the mean PTV volume that received 150% of the planned dose (V150%) was 63.6% 

a c

e

b

d f

Fig. 1.2 Large hepatocellular carcinoma of both liver lobes, 14 × 8 × 8 cm. Relapse after transar-
terial chemoembolization. (a) MRI scan before iBT. (b) Planning CT with isodose lines, first ses-
sion, Dec 2016. (c) Planning CT with isodose lines, second session, Jan 2017. (d) Planning CT 
with isodose lines, third session, Jan 2017. (e) MRI 2 months after the last session. (f) MRI 2 years 
after the first session

K. Mohnike et al.
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for iBT and 0% for SBRT. The minimum dose to the PTV (D100) was 65.8% for iBT 
and 87.4% for SBRT (p = 0.0002). However, while the liver V15Gy and the mean 
dose to the stomach were comparable between the two techniques, the mean dose to 
the small intestine was higher for iBT than for SBRT (respectively 10.8% and 7.1%, 
p = 0.006). The authors of the study concluded that iBT plans resulted in a higher 
dose to the tumor but a decreased target volume coverage [32].

The two studies show partly contradictory results. However, the study by 
Pennington et al. has some limitations. First, the creation of virtual iBT plans is only 
partially feasible if detailed practical expertise in catheter insertion trajectories is 
lacking. Secondly, because of the inhomogeneity of iBT dose distribution, trained 
teams performing iBT in clinical routine optimize treatment plans to the minimum 
dose (D100 or D99.9, less often also D90). Owing to the inherently inhomogeneous 
dose distributions in brachytherapy, very high mean tumor doses are delivered to the 
target lesions. This concept has only recently been adapted for SBRT [33]. Recent 
reports have pointed out the importance of the mean dose in the gross tumor volume 
and the need to consider this in plan optimization for the best possible tumor control 
and outcome [34–37]. Furthermore, regarding dose constraints for organs at risk, 
only dose maximum values to 1 or 0.1 cm3 are clinically considered, because of the 
rapid dose fall-off. Mean values are usually not considered relevant. Another uncer-
tainty factor in SBRT is the organ motion of the liver due to respiration. Both mod-
eling studies added PTV margins to the lesions to account for intrafractional organ 
motion. Obviously, the PTVs are therefore larger in SBRT and the normal tissue 
exposure is usually greater.

Wust et al. compared the dose distributions in iBT with those in two different 
SBRT techniques using a Cyberknife platform and a volumetric-modulated arch 
therapy (VMAT) approach with Tomotherapy. They found that iBT had the highest 
therapeutic ratios in terms of both high-dose and low-dose liver exposure, even in 
larger lesions. In this planning study, iBT was the most effective technique for treat-
ing intrahepatic lesions in a single fraction. iBT achieved mean tumor doses of 
nearly 60 Gy, whereas the other techniques reached only 22–34 Gy, and the confor-
mality of iBT was still good for lesions ≥3 cm in diameter. However, with iBT, 
sparing of the surrounding tissue declined with increasing lesion size and approached 
the levels associated with SBRT (see also Chap. 3) [38].

When evaluating a local ablative treatment modality, the local recurrence rate 
(LRR) is the main criterion for measuring its efficacy. However, oncological out-
come is complex, is determined by many factors, and is often only weakly associ-
ated with LRR alone. To date, available evidence suggests that iBT can achieve very 
good local control rates in most tumor entities, even when local recurrence or 
puncture- tract metastases occur [39]. Since iBT is subject to considerably fewer 
restrictions than other local procedures with respect to tumor location, size, and 
number of lesions, iBT can also be repeated [26].

The key to success is adequate patient selection with evaluation of all oncologi-
cal factors. These include whether the disease is oligometastatic or whether a rapid 
polymetastatic progression can be expected without the potential to achieve local 
control. A second factor is the presence of a predisposition to severe complications. 

1 Introduction: Why and When Radiotherapy with iBT? When SBRT?
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This aspect is critical in determining whether the treatment will be beneficial to the 
patient. While surgical resection, thermoablation, and even SBRT involve a certain 
degree of inherent patient selection, the relative freedom of iBT from modality- 
related limitations makes an adequate patient stratification particularly significant 
and, in some cases, even more challenging. On the basis of the available evidence, 
it can be concluded that the minimally invasive technique of iBT has its advantages, 
especially for larger tumors and in cases where repeated treatments may be indi-
cated. Unfortunately, prospective, multicentric, or randomized studies will not be 
available in the near future because the use of iBT and the necessary interventional 
radiology expertise are not yet widely available. However, there is a need for clini-
cal studies that incorporate different treatment modalities and local ablative tech-
niques to address the issue of proper patient selection.
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2Historical Development and Current 
Indications of Image-Guided 
Brachytherapy

Stefanie Corradini, Sebastian Marschner, and Daniel Reitz

 Historical Background

The history of brachytherapy began with the discovery of radium over 120 years 
ago in 1898, when Marie Curie’s groundbreaking research culminated in the dis-
covery of new radioactive substances. Following the discovery of the new ele-
ments, the heroic and legendary research period began [1]. After thousands of 
crystallisations, Marie Curie and her husband Pierre Curie succeeded in isolat-
ing almost pure radium chloride and determining the atomic weight of radium. In 
1903, Marie presented the results of her work in her doctoral thesis; the examina-
tion committee expressed the opinion that her findings represented the greatest 
scientific contribution ever made in a doctoral thesis [2]. Later in 1903, Marie 
and Pierre Curie shared half of the Nobel Prize in Physics “in recognition of the 
extraordinary merits they have rendered by their joint researches on the radiation 
phenomena discovered by Professor Henri Becquerel,” who was awarded the other 
half of the Nobel Prize for his discovery of spontaneous radioactivity. Radium as a 
compact source of constant, highly penetrating radiation was suitable for external 
and internal use, and Marie and Pierre Curie discovered early on that radium could 
also be used in cancer  treatment [3].

In fact, the first successful clinical applications of radioisotopes had already 
been reported at that time. In 1901, Danlos and Bloch irradiated a case of lupus 
erythematosus and other dermatological conditions at the St. Louis Hospital in 
Paris (France) with a small borrowed radium tube containing 0.398 g of radium 
sulfate [4]. In 1903, two cases of basal cell carcinoma of the face were the first 
oncological treatments using brachytherapy known to have been performed in St. 
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Petersburg, Russia [5]. At the same time, the first gynecological brachytherapy was 
described by Margareth Cleaves in New York, where an inoperable cervical cancer 
case was treated with a glass cylinder filled with radium [6]. An early treatment 
result of such a historic brachytherapy performed in Switzerland in 1924 is shown 
in Fig. 2.1.

In the following years Marie Curie, together with André Debierne, was able to 
isolate radium in metallic form. In 1911, she was awarded the Nobel Prize in 
Chemistry for this “in recognition of her merits to the advancement of chemistry by 
the discovery of the elements radium and polonium, by the isolation of radium and 
the study of the nature and compounds of this remarkable element.”

Thereafter, progress was rapid and several schools of brachytherapy were estab-
lished, such as the Radium Hemmet in Stockholm (Sweden), the Memorial Hospital 
in New York (USA), and the Radium Institute in Paris (France). The beginning of 
dosimetry began in 1904 when different units for quantifying the strength, intensity, 
and activity of radioactivity with the “gamma-ray unit” were first described. Other 
units were the “milligram-hour” first described in 1909, the “curie” in 1910, and the 
“millicurie-destroyed per square centimetre” in 1914. Milligram-hour remained the 
most popular unit for radium until the ICRU recommendation of 1937 proposed to 
use “roentgen” as a unit for both radioactivity and X-rays [5].

Fig. 2.1 Historical skin cancer treatment. The image on the left was taken in August 1924 and 
shows a female patient with exophytic skin cancer on her forehead before treatment at the Service 
of Radio-Oncologie at Chaux-de-Fonds in Switzerland. The treatment was performed by Dr. André 
Grosjean. The right-hand image shows the 3-month follow-up image, with complete remission. 
Published with permission of Dr. Berardino De Bari (Medecin Chef de Service, Service Radio- 
Oncologie, Réseau hospitalier neuchâtelois, La Chaux-de-Fonds, Switzerland)
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The most important contribution regarding dosimetry was the Manchester sys-
tem, established by Paterson and Parker in 1938, which first described the “radium 
dosage system” for brachytherapy. This was designed to deliver a uniform dose 
throughout the target volume by using a nonuniform distribution of the sources and 
following certain rules. Dosage tables and distribution rules helped to preplan and 
calculate the required number and placement of sources (see Fig. 2.2) [7].

Gösta Forssell coined the term “brachytherapy” from the Greek word “βραχύς – 
brachys,” which means “short” and refers to the distance between the therapeutic 
agent radium and the target lesion. In a French article in the Journal of Radiology 
entitled “La lutte social contre le cancer” in 1931, he proposed to use the term 
“brachyradium” for short-distance radium treatments [3]. In fact, many early radium 
techniques were for surface applications, where radium tubes or needles were 
mounted with the help of molds made of wax, leather, or other suitable material (see 
Fig. 2.3).

At that time, radium was rare and expensive. Therefore, early practitioners some-
times used rather small, ineffective quantities; because of the resulting very low 
doses, clinical response rates could not always meet the high expectations with 
which the new radium therapy was regarded. This changed however when mass 
mining of American (later also African and Canadian) radium ore sources resulted 
in the availability of sufficient quantities of radium for clinical applications. Radium 
sources remained in widespread clinical use until the 1960s, even if their use 
declined over the years owing to the problem of exposure of medical staff to radia-
tion through the manual application of radioactive sources, and also to technical 
advances in external-beam treatments and surgical techniques [8]. The first intersti-
tial treatments were performed in Munich by H. Strebel in 1903 by inserting radium 
needles with a trocar through a skin incision directly into the tumor.

Fig. 2.2 Arrangements of radium sources following the Manchester system devised by Paterson 
and Parker in 1938. The arrangements were applicable for surface molds, as well as to interstitial 
brachytherapy treatments with needles implanted in a single plane (from “A Century of X-Rays 
and Radioactivity in Medicine: With Emphasis on Photographic Records of the Early Years” 
R.F. Mould, with permission)

2 Historical Development and Current Indications of Image-Guided Brachytherapy
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Following Ernest Rutherford’s discovery of artificial radioactivity in 1919, Pierre 
and Marie Curie’s daughter, Irène Joliot-Curie and her husband Frédéric Joliot dis-
covered artificial radionuclides such as cobalt-60 (60Co), gold-198 (198Au), and 
cesium-137 (137Cs). In 1935, they were awarded the Nobel Prize in Chemistry “in 
recognition of their synthesis of new radioactive elements.” These new radionu-
clides found their way into clinical application in 1958, when Ulrich Henschke first 
used the artificial nuclide iridium-192 for a brachytherapy treatment at the Memorial 
Sloan Kettering Cancer Center (New York, USA). It was also Henschke who further 
reduced radiation exposure of the medical staff in the 1960s, with the development 
of a remote-controlled afterloading system, which allowed the radiation source to 
be delivered automatically from a shielded safe through connecting tubes. This 
reduced the risk of unnecessary exposure of staff and patients to radiation, and it 
minimized side effects—especially for the medical staff [9, 10]. Today, iridium-192 
is one of the most widely used sources for brachytherapy [11, 12]. An example of a 
modern afterloader is shown in Fig. 2.4.

Thanks to further advances in three-dimensional imaging modalities, computer-
ized treatment planning systems and remote delivery devices, brachytherapy is now 
a safe and effective treatment option for many types of cancer. As the radiation 
sources can be precisely positioned within the tumor, brachytherapy makes it pos-
sible to apply high doses of radiation while minimizing radiation exposure of nearby 
organs at risk. It also allows a high level of conformity to be achieved. In recent 
years, there have been major advances in oncology, but the field of modern brachy-
therapy has also evolved. Reactor- and cyclotron-produced radionuclides, with 
higher specific activity and lower γ-ray/photon energy, have expanded their 

Fig. 2.3 Treatment with radium plaques in 1905  in the Dermatology Department, St. Vincent 
Hospital, Melbourne Australia (from “A Century of X-Rays and Radioactivity in Medicine: With 
Emphasis on Photographic Records of the Early Years” R.F. Mould, with permission)
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applicability and improved patient safety. Furthermore, computer-based dosimetry 
has enhanced the therapeutic ratio, and remote afterloading systems have eliminated 
radiation exposure of personnel.

 Imaging Techniques

On November 8, 1895, the physicist Wilhelm Conrad Röntgen discovered X-rays in 
his laboratory at the University of Würzburg, Germany. Röntgen’s discovery 
occurred accidentally: he was testing whether cathode radiation could pass through 
the glass, when he noticed a faint light originating from a nearby chemically coated 
light-sensitive paper screen. He named the new rays that caused this light “X-rays” 
because of their unknown nature. X-rays are electromagnetic energy waves that act 
similarly to light rays, but at wavelengths that are approximately 1000 times shorter 
than those of light. Röntgen conducted a series of experiments to understand his 
discovery better. He learned that X-rays penetrate human soft tissues, but not sub-
stances of higher density such as bone or lead (see example in Fig. 2.5). Röntgen’s 
discovery was considered a medical miracle, and X-rays soon became an important 
diagnostic tool in medicine, as they allowed doctors to examine the human body’s 
interior, without any surgery. In 1901, Röntgen was awarded the Nobel Prize in 
Physics “in recognition of the extraordinary services he has rendered by the discov-
ery of the remarkable rays subsequently named after him.”

Fig. 2.4 Example of a modern remote afterloading system (Flexitron, Elekta AB, Stockholm, 
Sweden, left image). When the brachytherapy catheters are correctly positioned within the patient, 
they are connected to the afterloader via connecting tubes (image lower right). The radiation 
source (top right image) will only move out of the shielded safe when the medical staff are outside 
the treatment room. This provides optimum protection from radiation exposure for healthcare pro-
fessionals in modern brachytherapy

2 Historical Development and Current Indications of Image-Guided Brachytherapy
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Scientists quickly realized the advantages of X-rays, and X-ray therapy was 
introduced soon after its discovery. The first treatment was performed in 1896 in 
Vienna and was the basis of external-beam radiotherapy. However, early adopters of 
this also discovered some harmful effects of radiation, as several cases of epilation, 
erythema, burns, and skin damage after exposure to X-rays were reported. Therefore, 
the British Röntgen Society appointed a committee in April 1898 to collect data on 
the adverse biological effects of X-rays. However, the risks of X-rays were not fully 
understood at that time and the radiation protection facilities for many pioneer phy-
sicians and technicians remained rudimentary or nonexistent for many years 
[13, 14].

As far as progress in imaging is concerned, the Austrian mathematician 
Johann Radon laid the foundation for all current tomographic procedures as early 
as 1917, with the formulation of the Radon transform and its inverse transform. 
He showed that a function can be reconstructed by an infinite set of projections 
[15]. An example of the practical realization of the Radon transform is shown in 
Fig. 2.6.

Fig. 2.5 Early X-ray 
image of the hand of Mrs. 
Röntgen (from “A Century 
of X-Rays and 
Radioactivity in Medicine: 
With Emphasis on 
Photographic Records of 
the Early Years” 
R.F. Mould, with 
permission)
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Several decades passed until 1972, when Godfrey Hounsfield and Allan Cormack 
developed the first computed tomography scanner. Hounsfield developed a device in 
which clusters of X-ray beams sent through the body from different angles were 
registered after they passed through the body. Advanced computer calculations 
based on the measured data made it possible to create images of different cross- 
sections of the body. Cormack developed the necessary calculation methods. In 
addition to cross-sections of the body, computed tomography also provided the 
basis for modern three-dimensional imaging. Hounsfield and Cormack were jointly 
awarded the Nobel Prize in Physiology or Medicine in 1979 “for the development 
of computer assisted tomography.” The Hounsfield scale, a quantitative measure of 
radiodensity in CT scans, was also named after him [16].

In 1952, Felix Bloch and Edward Purcell received the Nobel Prize in Physics for 
their development of nuclear magnetic resonance, a basic principle behind magnetic 
resonance imaging (MRI) [17]. Decades later, Paul Lauterbur used this discovery to 
create MRI images of the body [18]. Peter Mansfield developed the technique fur-
ther so that MRI scans with better resolution could be acquired within seconds 
rather than hours.

CT and MRI are two imaging techniques widely used in modern radiotherapy 
today, and they are also increasingly being applied in brachytherapy. Owing to the 

sinogram measured by CT scanner corresponds to the radon transform

filtered backprojection:
1 projection 70 projections all projections

Fig. 2.6 An example of application of the radon transform: CT image reconstruction from a sino-
gram using filtered back-projection (courtesy of Prof. Guillaume Landry, Department of Radiation 
Oncology, LMU Munich, Germany)

2 Historical Development and Current Indications of Image-Guided Brachytherapy
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physical differences in image acquisition, each technique has its advantages and 
disadvantages. Magnetic resonance imaging provides better information on soft tis-
sue, with excellent spatial resolution, offering a truly multiplanar capability for 
imaging in any oblique plane; while computed tomography offers very accurate 
spatial resolution and electron-density information for dosimetry. From the patient’s 
perspective, a CT scan is very fast and has the potential to reduce motion artifacts. 
However, X-rays are used for CT acquisition and, unlike in MRI, patients are 
exposed to ionizing radiation. On the other hand, MRI scans can be a problem for 
patients suffering from claustrophobia because of the smaller gantry size and longer 
scanning times. Moreover, metal implants or devices in the patient’s body may be a 
contraindication for MRI [19].

Parallel to the development of tomographic imaging during the twentieth cen-
tury, enormous progress was made in the field of computer technology. The advances 
in semiconductor development (e.g., transistors, miniaturization, integrated cir-
cuits) during recent decades have laid down the basis for the development of highly 
integrated hardware components (e.g., central processing units, field-programmable 
gate arrays). This in turn has provided high-speed computational power for process-
ing large amounts of digitalized data by signal-processing algorithms, practically in 
real-time. Taken together, all these developments have led to the development of 
modern high-end CT and especially MRI devices for clinical practice [20].

 Image-Guided Brachytherapy Treatment Using Modern 
Imaging Techniques

Beside the implantation of brachytherapy catheters, one of the main working steps 
in brachytherapy is computer-aided treatment planning. In modern brachytherapy, it 
is now standard of care to use cross-sectional images as the basis for 3D treatment 
planning for a large number of indications (see Fig. 2.7). On the cross-sectional 
images, target volumes are defined and organs at risk are identified before the cath-
eters are reconstructed and the dose distributions optimized by medical physicists. 
Recently, support from artificial intelligence (AI) has also been increasingly evolv-
ing. For example, algorithms for automatic contouring based on AI can pre-contour 
organs at risk and reconstruct brachytherapy catheters within a few seconds. This 
approach may in future further reduce the human workload.

The effectiveness of brachytherapy is based on a very high radiation dose, which 
is applied precisely and directly in the tumor. To spare nearby organs at risk, brachy-
therapy uses its natural characteristic that dose decreases very steeply with increas-
ing distance from the radiation source. Compared with external-beam radiotherapy, 
the dose gradient is much steeper, which makes it possible to apply very high doses 
in one or a few fractions and to reduce significantly the overall treatment time. 
However, a disadvantage of brachytherapy compared with external-beam radiother-
apy is that brachytherapy requires, in most cases, the invasive implantation of the 
applicators. This is often carried out in close cooperation with colleagues of the 
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corresponding specialist departments (e.g., gynecology, interventional radiology, 
surgery, gastroenterology, pulmonology, urology, ENT, neurosurgery), as the 
implantation procedures are sometimes very complex and require appropriate 
expertise (see Fig. 2.7). This multidisciplinary approach is particularly needed for 
target volumes that are not accessible without implantation by the special interven-
tion (e.g., internal organs), by surgery (e.g., CNS), or by endoscopy (e.g., bronchus, 
esophagus, bile ducts) [21]. In this context, image-guidance is used not only for 
treatment planning but also for the catheter implantation itself. Imaging techniques 
available for brachytherapy implantation include ultrasound, X-ray, CT, and 
MRI. An example of a dedicated mobile CT system for interventional brachyther-
apy is shown in Fig. 2.8.

 Example of Image-Guided Brachytherapy in Liver Tumors

In primary or secondary liver malignancies (e.g., hepatocellular carcinoma, cholan-
giocellular carcinoma, oligometastatic disease) the placement of the brachytherapy 
catheters can be CT-guided (fluoroscopic), ultrasound-guided, or MR-guided. All 
these imaging techniques are well suited for image-guidance during catheter place-
ment. Usually, a contrast-enhanced planning CT is acquired for treatment planning. 
However, since most treatment-planning systems in brachytherapy do not take into 
account different electron densities, the planning of brachytherapy could also be 
performed directly on MR images. High-dose-rate brachytherapy is performed by 
using an afterloading technique, where the treatment time depends on the size of the 
lesion, the number of catheters, the dwell position, and the activity of the source. An 
overview of the workflow is depicted in Fig. 2.9.

Fig. 2.7 Application areas of modern brachytherapy
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Brachytherapy allows the treatment of liver lesions with single doses of 15–25 Gy 
(depending on histology) and results in excellent local control rates even for large 
primary or secondary liver lesions [22, 23]. In addition, it offers an effective treat-
ment option for centrally located liver lesions near large vessels, in contrast to ther-
moablative treatment approaches (RFA). In addition, it is less affected by 
respiratory-dependent movement uncertainties than are most SBRT techniques, as 
the implanted catheters are fixed in the tumor. Another advantage of brachytherapy 

a b

Fig. 2.8 Example of imaging modalities for brachytherapy interventions. (a) Dedicated mobile 
CT imaging device for interventional brachytherapy (Imaging Ring, MedPhoton, Salzburg, 
Austria). (b) Dedicated ultrasound system for prostate brachytherapy interventions with real-time 
workflow for needle insertion, needle reconstruction, contouring, and dose planning (Ultrasound 
system with OncoSelect Stepper and Endocavity rotational mover, Elekta AB, Stockholm, Sweden)

Fig. 2.9 Computed-tomography-guided catheter implantation and brachytherapy-planning work-
flow for a liver lesion
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is the possibility of a repetitive approach, whereby a hypofractionated fractionation 
scheme with two or three fractions can be used to spare better the organs at risk or 
to treat very large tumors [24].

 Other Examples of Image-Guided Brachytherapy

The development of transrectal ultrasound and the availability of sophisticated 
treatment-planning systems have together produced a reliable system for treating 
prostate-cancer patients by brachytherapy, either as a boost or as monotherapy. 
Moreover, recent advances in the field of molecular imaging (PET/CT) and contrast- 
enhanced ultrasound appear promising for the location of intraprostatic lesions [25].

Similarly, image guidance using MRI was introduced in the brachytherapy 
treatment- planning process for patients with locally advanced cervical cancer. MRI- 
guided brachytherapy is based on an adaptive target concept, which takes into 
account the topography of the primary tumor at diagnosis, as well as the regression 
observed during external-beam radiotherapy [26]. There is now a large body of lit-
erature demonstrating that image-guided adaptive brachytherapy (IGABT) leads to 
better tumor control, increased survival, and decreased treatment toxicity [27].
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 Introduction

Image-guided high-dose-rate (HDR) brachytherapy (iBT) requires an iridium-192 
source of <1 mm size, which is moved in the implanted catheter array according 
to a treatment plan in order to generate an optimum individual dose distribution 
for a specified target volume while sparing adjacent organs at risk. Thermoablative 
approaches, such as radiofrequency ablation (RFA) or laser treatment are widely 
used, but their application has some general restrictions; these include danger to 
thermosensitive structures, limitations in treating lesions close to large vessels 
due to cooling, ineffectiveness in treating lesions with increased arterial tumor 
perfusion, such as hepatocellular carcinoma or neuroendocrine tumors, and lim-
ited local control of lesions >3 cm in size [1–3]. Meanwhile, a variety of modern 
external radiation techniques are available that compete with iBT, a method that 
is relatively accurate but invasive. Therefore, the radiation oncologist has to 
decide which radiotherapy technique is the best for a given target volume, embed-
ded in an individual anatomy and with certain organs at risk or regions of inter-
est (ROI).

Image-guided HDR brachytherapy competes with external radiotherapy tech-
niques such as stereotactic ablative radiotherapy using a dedicated linear accelerator 
(e.g., Cyberknife) or IMRT (intensity-modulation radiotherapy) techniques such as 
VMAT (volume-modulated arc therapy) or Tomotherapy.

Before radiotherapy, the target volume is defined according to macroscopic 
tumor, clinical target volume (CTV), and planning target volume (PTV), as illus-
trated by Fig. 3.1. The macroscopic tumor has a maximum tumor cell density of 
108–109 cells per mL, if the cells have a size of 10 μm and are more or less tightly 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_3&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_3#DOI
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packed. The cell density might be lower because of the tumor stroma; it would then 
amount to between 107 and 108 per mL. The CTV contains the macroscopic tumor(s) 
and should ideally include all tumor cells existing in the patient. There is a gradient 
of cell density from 109 cancer cells per mL down to zero at the boundary of the 
CTV.  Optimum delineation of the CTV in a three-dimensional image dataset 
demands a high level of clinical experience and as much information as possible: 
e.g., multimodal imaging, histopathological report (with resection margins), opera-
tive report, etc. Finally, the PTV surrounds the CTV and should take account of all 
possible inaccuracies in dose planning and delivery. Specification of the PTV is a 
tool to shape the dose distribution such that an adequate dose is delivered to all parts 
of the CTV with a clinically acceptable probability. Therefore, delineation of the 
PTV is a complex optimization problem. Radiation oncologists tend to determine 
PTVs larger than necessary, which increases toxicity. On the other hand, if the PTV 
is too small, the tumor control may decrease.

All external radiotherapy techniques benefit from the modern image-guided 
radiotherapy (IGRT) techniques using portal imaging (PI), cone-beam CT (CBCT), 
mega-voltage CT (MVCT), or most advanced fluoroscopy-based on-line tracking 
(Cyberknife), all of which decreases the PTV. The final goal of the radiation oncolo-
gist is the achievement of a tumor-control probability (TCP) that is as high as pos-
sible but with a minimum of long-term side effects or normal-tissue complication 
probabilities (NTCP).

In this chapter, we will develop criteria to estimate TCP and NTCP for certain 
indications in order to assess the eligibility of iBT in each case.

Microscopic

PTV

CTV

Macroscopic
108 – 109

1 – 107

ROI

Fig. 3.1 Illustration of 
CTV and PTV, 
assuming lesions within 
organs or regions of 
interest (ROI) such as 
liver, lung, or kidney 
(green). In the CTV we 
distinguish between the 
macroscopic tumor 
(with ≥108 cells/mL) 
and microscopically 
involved parts of the 
target (with <108 
cells/mL)
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 Radiation Effects on Tumor Lesions

The biological endpoint of therapeutic radiation against tumor cells is reproductive 
cell death or mitotic death. This means that the genome of the irradiated cell is dam-
aged in such a way that cell division is impossible. The cells are either sterilized, 
i.e., they are no longer able to proliferate, or they die during cell division, or else 
their daughter cells cannot survive because their DNA content is incomplete. 
Chromosomal aberrations in a karyogram of a cell sample indicate severe DNA 
damage and are correlated with reproductive cell death. For in vitro studies the clo-
nogenic assay is the gold standard to determine dose effect (survival) curves. 
Survival of a cell is then the ability to form a colony excluding any cells that suffer 
reproductive cell death.

The linear-quadratic (LQ) model is an accepted approach to describe survival 
curves of various cell lines. It introduces two parameters, α [Gy−1] and β [Gy−2] and 
also the ratio α/β [Gy] according to Fig. 3.2 [4]. For the survival fraction SF we 
obtain SF as a function of the intensity Ds [Gy] of a single dose:

 
SF s s� � � � �� �exp � �D D 2

 (3.1)

The parameters α and β depend on the particular cell line; they are highly 
variable and fundamentally unknown for a given tumor. Experiments to deter-
mine α and β are time-consuming and are not possible for an individual tumor, 
for various reasons (see below). Typical values are listed in Table 3.1. We clas-
sify tumors as radiation-sensitive (α ≈  0.3  Gy−1) down to radiation-resistant 
(α ≈ 0.1 Gy−1).

Two useful rules of thumb can be derived from Table 3.1 together with Fig. 3.2. 
First, SF2 (the survival fraction for 2 Gy) is above 0.5 for tumors known as radiore-
sistant (e.g., glioblastoma) and typically near 0.5 or even below 0.5 for radiosensi-
tive cancer diseases (e.g., lymphoma, small-cell lung cancer).

Second, the ratio α/β [Gy], known as the critical dose, is an important parameter 
that characterizes the fractionation sensitivity of a tumor or tissue and must be care-
fully considered [5]. Note that in Fig. 3.2 the two curves have the same SF2 = 0.3, 
but their courses are very different if the critical dose α/β changes from a value of 
10  Gy to a value of 2  Gy. For radiation doses less than 2  Gy, the curve with 
α/β = 2 Gy is flatter, which corresponds to greater repair capacity (formation of a 
shoulder), but the difference is slight. However, above the critical dose of 2 Gy, the 
slopes diverge dramatically in the semilogarithmic plot. For a single dose of 4 Gy 
the radiation effect for α/β = 2 is more than doubled in comparison with α/β = 10. If 
the single dose distinctly exceeds the critical dose for a cell type, considerable radia-
tion effects can be expected.

It is easier to estimate this ratio α/β than to determine individual values for α and 
β. For rapidly proliferating tumors α/β is near 10 Gy, but it might be lower (around 
5 Gy) for certain tumors (see Table 3.1). A lower α/β had been assumed for mela-
noma and prostate carcinoma, which is reflected in practical fractionation schemes 
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24

(with higher single doses). Skillful evaluation of clinical studies with different frac-
tionation schemes and defined clinical endpoints has made it possible to estimate 
α/β for tumors and tissues. There is agreement among radiation oncologists that for 
tumors wide variation of α and β as well as of α/β is possible.
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exp ( 0.5d 0.05d2)

exp ( 0.3d 0.15d2)

Fig. 3.2 Examples of cell 
survival curves 
parameterized by the LQ 
model for α/β = 2 Gy 
(blue) and α/β = 10 Gy 
(red). Both curves lead to 
the same SF2 of 0.4. For 
single doses d of >2 Gy 
(critical dose) the curves 
rapidly diverge, but they 
are quite similar for 
d < 2 Gy

Table 3.1 Parameters α and β for some tumor cell lines allowing calculation of survival curves 
according to the LQ model

Tumor α [Gy−1] β [Gy−2] SF2 α/β [Gy]
Glioblastoma 0.24 0.029 0.58 8.3
Melanoma 0.26 0.053 0.51 4.9
Squamous-cell carcinoma 0.27 0.045 0.49 6.0
Adenocarcinoma 0.31 0.055 0.48 5.6
Lymphoma 0.45 0.051 0.34 8.8
Small-cell lung cancer 0.65 0.081 0.22 8.0

P. Wust et al.
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Determining the single dose Ds for tumor control is a standard task in radiation 
oncology. A TCP of 90% for a lesion with 108 tumor cells/mL (according to Fig. 3.1) 
requires a cell kill of nine decades. According to the LQ model (Eq. 3.1) we assume 
SF(Ds) = 10−9.

Using exp(−20.7) = 10−9 we obtain a quadratic equation Ds
2 + (α/β) Ds = 20.7/β, 

yielding

 
Ds � � � �� � � � �20 7 2 2

2 1 2

. / / /
/

� � � � �  (3.2)

Table 3.2 shows single tumor-control doses for different radiation sensitivities α 
and critical doses α/β. Typical single doses applied in stereotactic radiotherapy of 
20–25 Gy are sufficient for radiation-sensitive tumors (with α = 0.2–0.3 Gy−1 and 
α/β < 10 Gy). For decreasing α/β, the tumor-control dose declines sharply. However, 
radioresistant tumors (with α < 0.2 Gy−1 and α/β > 5 Gy) would often be missed 
with radiation doses below 25 Gy. Therefore, doses higher than the prescribed stan-
dard doses in stereotactic ablative radiotherapy might be desirable under certain 
conditions.

If we divide the target/tumor VT into i = 1,…,N volume elements ΔVi (with ∑i 
ΔVi = VT) and allocate the dose Di to each element, we can calculate the tumor- 
control probability (TCP) according to

 
TCP target SF� � � � � ��� ��

� �
�
i N

iD
1

1
 

(3.3)

A higher Di in ΔVi increases TCP of the entire target, which is the clinical objec-
tive. Therefore, an inhomogeneous dose distribution (with dose excesses) in the 
target can increase the TCP and is preferable, if the target consists of macroscopic 
tumor alone and contains no organ at risk. This condition is fulfilled for liver or lung 
metastases, but not, e.g., for the prostate, which contains in its central part the ure-
thra as an organ at risk.

If we intend to destroy a tumor lesion with unknown radiosensitivity α and 
β, the doses in every part of the tumor must be as high as possible. Single doses 
above 20 Gy are required for a typical radiosensitive tumor with α = 0.3 Gy−1 
and α/β = 10 Gy, but higher doses are in any case desirable for reliable long- 
term local control.

Table 3.2 Tumor control with single doses Ds = {20.7/β + (α/2β)2}1/2 − (α/2β) depending on α 
and α/β. For doses of ~50 Gy tumor control is nearly always achieved

Radiation sensitive Intermediate Radiation resistant

α/β [Gy] α = 0.3 Gy−1 α = 0.2 Gy−1 α = 0.1 Gy−1

20 28 37 55
10 22 28 41
5 16 20 30
2 11 13 19

3 Radiotherapeutic Fundamentals of Image-Guided HDR Brachytherapy



26

 Radiation Effects of on Normal Tissues

While for tumor cells clonogenicity is the common biological endpoint, for normal 
tissues there are various endpoints for toxicity. For rapidly proliferating tissues, e.g., 
mucosae or skin, endpoints for acute toxicity such as mucositis or dermatitis are 
associated with α/β = 10 Gy. Therefore, rapidly regenerating normal tissues and 
tumors behave in a radiobiologically similar manner. Every tissue can also suffer 
late effects (e.g., mucosae ulcer or ulceration, subcutaneous fibrosis, telangiectasia 
of the skin), if the tolerance dose in a certain volume is exceeded. Long-term toxic-
ity is more likely for lower α/β, if single doses exceed the critical doses.

Other normal tissues with a slow (liver, kidney, lung)  or nearly no (connective 
tissue, spinal cord, nerves) turnover undergo mainly late effects and are equally well 
described by lower α/β. Here a conservative value of α/β = 2 Gy, and estimations of 
tolerance doses [6] are utilized in clinical practice to avoid toxicity.

The LKB (Lyman–Kutcher–Brown) model is useful to estimate normal-tissue 
complication probabilities (NTCP) for most organs/tissues and clinical endpoints 
[7–10]. Parameters of the LKB model for the relevant tissues are listed in Table 3.3. 
We start with an estimated tolerance dose TD50/5 for a certain tissue or organ with a 
defined clinical endpoint (complication). TD50/5 leads to the complication in ques-
tion in 50% of patients within 5 years after irradiation of the entire organ, or a large 
part of its tissue, with this dose. In the LKB model TD50/5 is the mean dose of a 
Gaussian distribution of tolerance doses (as a standard, normally distributed ran-
dom variable) with standard deviation σ = m × TD50/5. Integration over this probabil-
ity function yields the cumulative distribution function, indicating a sigmoid 
NTCP-curve, as shown in Fig. 3.3. Note that TD5/5 (mean dose inducing the compli-
cation in 5% of patients within 5 years) is slightly above TD50/5–2 × σ. The param-
eter m, ranging from 0.1 to 0.4, characterizes the gradient of the NTCP curve and 
has the value 0.25 for the liver (Table 3.3).

Another crucial parameter is the volume Vi, which is part of the entire volume of 
the organ V0 and defines the partial volume i as υi  =  Vi/V0. The tolerance dose 
TD50/5(υi) of the partial volume is larger than TD50/5(υ0 = 1) and is given by the vol-
ume parameter n according to

 
TD TD50 5 50 5 0/ / /V Vi i

n� � � � � �  (3.4)

Then the NTCP-curve for υi shifts to higher doses, as shown for the liver in 
Fig. 3.3 using the parameters of Table 3.3 and a partial volume of ~30% (υi = 1/3), 
yielding TD50/5(1/3) = 80 Gy.

Let D0 be the dose administered to V0 indicating a given NTCP(D0). Then the 
partial volume υ, which has the same complication level for a maximum dose Dmax, 
is calculated by reformulation of Eq. 3.4:

 
� � � �D D

n

0

1
/ max

/
 (3.5a)

For example, irradiation of the whole liver with D0 = 25 Gy is equivalent to irra-
diation of (25/50)1/0.6 ≈ 1/3—i.e., one-third of the liver—with 50 Gy.

P. Wust et al.
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If we have a given dose distribution Di < Dmax, i = 1,…,N, administered to the 
partial volumes υi as quantified by the dose–volume histogram (DVH), then we 
define an effective volume as weighted average

 
� �eff � �� ��

i
i i

n
D D/ max

/1

 
(3.5b)

We can then estimate the actual NTCP(DVH) for this DVH as NTCPυeff (Dmax).
We differentiate between two types of normal tissue as classified in Table 3.3. 

The first type is the series organ, which behaves like a chain. If a single link in a 
chain snaps, then the entire chain breaks as well. Such a tissue might suffer an unde-
sirable complication if the radiation dose in a small volume has overrun. Then the 
question arises of how we specify a “small volume.” Prototypes of these tissues are 
spinal cord and nerves, with the possible adverse effects myelopathy or plexopathy 
[11]. For safety reasons we specify for these tissues 0.1 mL as the “small volume”—
i.e., only in 0.1 mL is the dose allowed to exceed the tolerance dose, while the refer-
ence volume is 3 mL [4]. Thus, employing Eq. 3.4, we can estimate a tolerance dose 
of 66 Gy in 0.1 mL, if the tolerance dose in 3 mL amounts to 47 Gy and n = 0.05 
(Table 3.3).

Mucosae and skin also show chain-like behavior, with ulcers or necroses as pos-
sible complications. For these tissues, e.g., stomach or intestine, we recommend a 
slightly higher “small volume” value of 1–3 mL, so as to accept a dose overrun 
[12, 13].
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Fig. 3.3 NTCP curves for the liver for the clinical endpoint RILD, obtained by using the param-
eters m and n of Table 3.3 (see text). Note that σ = m × TD50/5. The NTCP curve is shifted to con-
siderably higher doses if only 1/3 of the liver is exposed. We assume that the total dose is applied 
by a conventional scheme (5 × 2 Gy per week). Conversion to single doses is possible by Eq. 3.6a
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Series organs are characterized by small n values (0.03–0.2), providing a small 
volume effect (Table 3.3). In series organs, the maximum dose is correlated with 
toxicity.

The second tissue type is the parallel organ, which behaves like a “rope” consist-
ing of a multitude of monofilaments. Such tissues undergo a complication if a large 
tissue volume or a considerable percentage of the organ is irradiated (corresponding 
to damage to many filaments). The tolerance dose can then be slight, and much care 
is required if large volumes, or even the whole organ, are irradiated.

This is illustrated in Fig. 3.3 for the liver [14], which is the organ most commonly 
treated by iBT [15–17]. While the TD5/5(υ = 1/3) ≈ 50 Gy and TD50/5(υ = 1/3) ≈ 80 Gy 
for irradiation of the partial liver (here one-third) are rather high and are further 
increased for even smaller volumes (e.g., TD5/5 ≈ 100 Gy for υ = 0.1), an unexpect-
edly low TD5/5(1) = 25 Gy must be taken into account for irradiation of the whole 
liver. Lung, kidneys, and heart are likewise sensitive toward irradiation of the entire 
organ [18–20].

These parallel organs are characterized by n ≥ 0.6, providing this considerable 
volume effect according to Eq. 3.4 (Table 3.3). In parallel organs the mean dose is 
correlated with toxicity.

We note that various organs with n between 0.1 and 0.3 might undergo complica-
tions arising from a dose exceedance either in a small volume (e.g., a few mL) or in 
the whole organ (or a large part of it). In the case of the small intestine, we have a 
TD5/5(some mL) of 50 Gy irradiating some mL potentially causing long-term local 
obstruction or perforation. For volumes above 150 mL the TD5/5(>150 mL) = 15 Gy 
is much lower as regards the risk of acute Grade 2 toxicity [12]. In case of the brain 
the TD5/5(some 10 mL) of 60 Gy or even higher for smaller volumes can cause local 
radiation necroses as clinical endpoint [21]. However, the tolerance dose for whole- 
brain irradiation as regards the risk of cognitive dysfunction is much lower and is 
probably below 10–20 Gy.

Note that Table 3.3 and Fig.  3.3 show tolerance doses TD for conventionally 
fractionated regimens (5 × 2 Gy per week). Therefore, we used the linear-quadratic 
model to calculate biologically equivalent doses BEQ2Gy (assuming conventional 
fractionation with d = 2 Gy), iso-effective with single doses DS for tissues with dif-
ferent α/β values [4], in order better to compare the abovementioned techniques in 
which high single doses are applied to circumscribed lesions (Table 3.4):

 
BEQ2Gy S S� �� � �� ��� ���� � � �/ / /D D2  (3.6a)

In the last column of Table 3.4, for α/β = 10 Gy, we have added the iso-effective 
biologically effective doses BED (assuming a low-dose-rate regimen with d → 0), 
for easier comparison with published data (see Discussion):

 
BED S S� �� ��� ���� � � �/ / /D D  (3.6b)

Table 3.4 shows such BEQ2Gy(α/β) equivalent to single doses DS for some rele-
vant tissues/organs with different α/β values (see Table  3.3). Single doses up to 
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12 Gy appear safe even for normal tissues with α/β = 2 Gy, with increasing risk for 
single doses beyond 15 Gy. We note that the liver is particularly sensitive to large 
single doses because of its low α/β of 1.5 Gy. In consequence, only two fractions of 
5 Gy to the entire liver that are iso-effective with 20 Gy in conventional fraction-
ation might induce a RILD in 2% of patients, a non-negligible proportion, according 
to Fig. 3.3.

On the other hand, for proliferating tumors with α/β = 10 Gy single doses of 
>25 Gy appear necessary. However, the treatment-limiting α/β values in tumors are 
unknown and might be variable, in particular considering radioresistant, so-called 
“quiescent,” cells [22].

Normal tissues such as liver, lung, and kidneys benefit strongly from lower-
ing the volume with low doses of radiation. Conversely, these tissues tolerate 
rather high doses in a limited volume. Thus, image-guided HDR brachyther-
apy appears ideally suited to treating single or oligotopic tumor lesions in 
these organs.

 Radiotherapy Techniques for Radio-Ablation with Single Doses

Various ablative radiation techniques are available to treat tumor lesions adjacent to 
normal tissues. The ratio TCP/NTCP (see above) measures the therapeutic ratio and 
is useful to compare radiation techniques.

Image-guided HDR brachytherapy generates high doses around the catheters in 
parts of the target, which elevates the TCP (see Eq. 3.3). Likewise, a steep dose 
gradient spares the surrounding tissues, reducing the NTCP of adjacent tissues. 
Both features favor iBT in particular for intrahepatic, intrapulmonal, or intrarenal 
metastases or tumors, because precisely these organs (liver, lung, kidney) are 

Table 3.4 Biologically effective doses applied by conventionally fractionated regimens BEQ2Gy 
(5 × 2 Gy per week with d = 2 Gy) in dependence on α/β that are iso-effective with a single dose 
DS. For comparison BED (for d → 0) are shown for α/β = 10 Gy

DS [Gy]
BEQ2Gy [Gy]
α/β = 1.5 Gy

BEQ2Gy [Gy]
α/β = 2 Gy

BEQ2Gy [Gy]
α/β = 3 Gy

BEQ2Gy [Gy]
α/β = 5 Gy

BEQ2Gy/BED [Gy]
α/β = 10 Gy

5 10 9 7 5 3/8
8 23 20 16 11 7/14

10 34 30 24 17 10/20
12 48 42 34 24 14/26
15 73 64 51 36 21/38
18 103 90 72 51 30/50
20 126 110 88 63 37/60
25 189 169 140 107 73/88
30 274 225 192 137 80/120
35 365 324 266 200 131/158

Abbreviations: Ds single dose, BEQ2Gy biologically equivalent dose for conventionally fractionated 
regimens of 5  ×  2  Gy per week, BED biologically effective dose for a low-dose rate regimen 
with d → 0

P. Wust et al.



31

sensitive to high-volume radiation exposure with low or medium radiation doses 
(n > 0.6 in Table 3.3).

Dose–volume histograms (DVH) are cumulative distribution functions of the 
dose distributions in the regions of interest (ROI) and depict the relationship between 
the percentage X of volume VX of the specified ROI and the minimum radiation 
dose DX deposited in VX. Then the doses related to V0 and V100 are respectively the 
maximum dose Dmax and the minimum dose Dmin administered to the ROI.

Figure 3.4 shows idealized DVHs favorable for a target that contains a lot of 
normal tissue (blue), a target that consists only of the macroscopic tumor (red), and 
an ROI adjacent to the target (green), e.g., the liver.

The blue curve characterizes adjuvant radiotherapy with a microscopic tumor 
disease. A homogeneous dose distribution is adequate (ideally resulting in a rectan-
gular box), if the tumor cell load (microscopic disease) is interspersed at a constant 
level throughout the CTV.  We note that modern radiation technology utilizing 
intensity- modulated radiotherapy (IMRT) allows a risk-adapted dose distribution to 
be attained if the cell load (see Fig. 3.1) varies. Especially for the histopathological 
R1 finding after resection (indicating a positive resection margin) a higher dose is 
required because the number of tumor cells per mL is probably greater adjacent to 
the R1 area than near the R0 margins (risk area in Fig. 3.4).

The red curve shows a typical iBT situation, in which, e.g., a liver metastasis is 
treated. Higher doses in the interior of the target (PTV) increase the TCP but do not 
burden any organ. Inspecting Table 3.4 we estimate a single dose of 30 Gy, equiva-
lent to a conventionally fractionated radiation with 80 Gy for α/β = 10 Gy, instead 
of the standard dose of 20 Gy. Table 3.2 shows that required single doses can be 
even higher for reliable local control (maximizing the TCP).
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Fig. 3.4 Schematic DVH curves for certain indications: For the adjuvant radiotherapy the DVH 
of the PTV is ideally rectangular (blue curve) with some dose escalation in risk areas (depending 
on tumor cell density). For the radiotherapy of a solid tumor the dose in the PTV should be as high 
as possible (red curve). In the surrounding ROI (e.g., liver) the DVH (green curve) should be 
shifted to zero and is characterized by Dmin and Dmean, both as small as possible
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The green curves describe the ROI outside the PTV, such as the liver, which tol-
erates high doses in small volumes, but is sensitive to lower doses in large volumes. 
Under ideal conditions, the green curve should approach the zero line as quickly as 
possible. The minimum dose delivered to the whole organ (in Fig. 3.4, about 10% 
for the outer green curve) might result in a long-term risk, which is particularly 
relevant for younger patients. The maximum dose Dmax approaches the prescribed 
target dose (here 20 Gy), but the volume exposed to doses near Dmax should be as 
small as possible.

To compare iBT with radiosurgery technologies, we analyzed a series of spheri-
cal liver metastases in a peripheral location with diameters from 1 to 5  cm and 
segmented adjacent ROI (liver, right/left kidney, stomach, heart, right lung) as 
shown in Fig. 3.5. We ascertained the intralesional dose distributions delivered (esti-
mating the TCPs) and the burden to the adjacent organs (estimating the correspond-
ing NTCPs), and we compared four advanced radiation techniques suitable for 
radio-ablation that are briefly described below. Older techniques such as fixed-field 
IMRT or 3D-conformal radiotherapy were excluded from the comparison.

HDR-
brachytherapy

Cyberknife

VMAT Tomotherapy

Fig. 3.5 Dose distributions comparing the four radiotherapy techniques, if the standard single 
dose of 20 Gy is administered to a 2 cm lesion. The isodoses range from 150% (30 Gy, orange), 
125% (25 Gy, dark blue) through 100% (20 Gy, white), 75% (15 Gy, yellow), 50% (green, 10 Gy), 
25% (5 Gy, light blue), and 10% (2 Gy, purple) to 5% (1 Gy, light green), as shown in the inserted 
scales. The ROIs are also shown, such as liver (brown), stomach (blue), and kidneys (green, red). 
For this small lesion HDR brachytherapy is clearly superior in comparison with the external 
techniques
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VMAT (volume-modulated arc therapy): This is the standard of care, using com-
mon linear accelerators (Siemens/Varian Medical Systems Inc., Palo Alto, 94304 
CA, USA and Electa AB, SE-103 93 Stockholm, Sweden). VMAT employs one or 
more arcs rotating around the iso-center typically located in the lesion, with variable 
speed, intensity, and multileaf collimator (MLC) setup. The leaves have a thickness 
of 0.5 cm in the center (10 × 10 cm). To account for breathing-induced movement 
of the liver the diameter was enlarged by only 1 cm to form the PTV. To restrict the 
safety margin to 5  mm we assumed patient compliance to control respiratory 
motion, either with shallow breathing or by breath-hold techniques. Optimization of 
dose specifications for the PTV and the ROI (limiting VX%, volume with doses ≥ 
X%) is performed by use of the planning system Eclipse®.

Tomotherapy: This is a competitive technology using a binary (on/off) collima-
tor of 1 cm thickness that allows full intensity modulation, slice by slice, in a dedi-
cated linear accelerator (Accuray Inc., Sunnyvale, CA 94089, USA). Tomotherapy 
shows greater superiority for complex target volumes and complicated constraints 
[23], but it is theoretically nearly equivalent to VMAT for simple, e.g., spherical, 
targets. Again, the diameter of the CTV was enlarged by only 1 cm to form the 
PTV, assuming adequate control of respiratory motion. The planning system 
Tomoplan® calculated optimized dose distributions taking into account the selected 
restrictions.

Cyberknife: This radiosurgery system uses a compact linear accelerator on a 
robotic manipulator that can radiate from a large spherical angle using standard 
circular collimators of selected diameter. Its principal advantages are full three- 
dimensional performance and the integrated image-guidance system that allows 
online tracking during radiation. Almost perfect tracking is implemented for 
Cyberknife by using gold-marker implants. Their implantation is an image-guided 
invasive procedure similar to the catheter implantation for brachytherapy, but less 
critical in terms of accuracy. The PTV and CTV were set to be equal. An inverse 
planning algorithm is available.

Image-guided HDR brachytherapy: We assumed one or five accurately implanted 
catheters in the lesion and used the planning system Brachyvision®. The quality of 
iBT depends critically upon the precise placing of the catheters.

We must regard iBT and Cyberknife as being, or requiring, invasive procedures, 
if we compare them with noninvasive external radiation methods (VMAT, 
Tomotherapy). Thus, for iBT and Cyberknife we can set PTV and CTV to be equal 
because catheters do not move relative to the lesion and almost perfect tracking is 
performed. For any noninvasive radiation technique, respiratory movement of the 
liver or lung typically results in a PTV margin of 0.5 cm when there is hypoventila-
tion. Therefore, we compared dose distributions of iBT and Cyberknife for lesions 
of diameter d with lesions of diameter d + 1 [cm] for the external radiation tech-
niques referenced.

We optimized the dose distributions, aiming for mean doses as high as possible 
inside the lesions, ensuring a 20 Gy target coverage above 95% and minimum bur-
den to the liver comparing V10Gy, V5Gy, V2Gy, and V1Gy. Figure 3.5 shows examples of 
dose distributions for these treatment techniques applied to a lesion with a diameter 
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of d = 2 cm. Important DVH parameters for the lesions and the ROI liver, right kid-
ney, and stomach are listed in Table 3.5 for lesion sizes d = 1, 2, 3, and 5 cm.

Image-guided HDR brachytherapy is by far the most effective, yielding mean 
intralesional doses Dmean > 55 Gy, whereby increasing the number of catheters (5 
versus 1 catheter) homogenizes the intralesional dose distribution and lowers Dmean. 
We achieved a much lower Dmean of approximately 30  Gy by Cyberknife and 
Tomotherapy and only 22 Gy by VMAT. For lesion sizes above 3 cm the rather high 
TCP is combined with improved conformality in the high-dose range around 10 Gy, 
with sparing of the liver in the low-dose range (around 1–2 Gy), and with low expo-
sure of the other surrounding organs (e.g., right kidney, stomach), in comparison 
with all external radiation techniques. For lesions of >3 cm, Dmean is still superior for 
iBT, but dose reduction in the liver and surrounding tissues declines continuously 
with increasing size. For lesions of >3 cm diameter the liver volume with the low 
dose of 1–2 Gy is even larger for iBT in comparison with all external techniques, but 
the liver volume exposed with 5 Gy is still less or equal and the strikingly high dose 
to the tumor remains unchanged. Interestingly, the use of more catheters (5 versus 1 
catheter) considerably increases toxicity, but it fails to improve either the effective-
ness of treatment or the sparing of surroundings.

Image-guided HDR brachytherapy achieves the highest conformality for small 
lesions, which is also reflected in the dose distribution (Table 3.5, Fig. 3.5). For 
example, for the 1 cm lesion only 0.5 mL healthy liver is exposed to >10 Gy, com-
pared with 1.3  mL for Cyberknife and around 20  mL for VMAT/Tomotherapy. 
Moreover, the sparing of the liver in the low-dose range is excellent, e.g., for the 
1 cm lesion only 70 mL healthy liver is exposed to 1 Gy, compared with 200–400 mL 
with external techniques. We emphasize that these advantages require nearly perfect 
positioning of the catheter(s). For all lesion sizes the conformality of the Cyberknife 
lies between that of iBT and that of VMAT/Tomotherapy, but low-dose exposures 
(volume > 1–2 Gy) are in the same range for all external techniques and higher than 
for interstitial techniques.

The VMAT technique, standard in modern linear accelerators, performs with 
lower intralesional mean doses of ~22 Gy accompanied by the lowest liver exposure 
at 1 Gy for lesions sized ≥3 cm. Tomotherapy achieves higher intralesional mean 
doses of ~30 Gy but with an accordingly larger load to the surroundings. The iso-
doses for higher doses (5–10 Gy) are visually more compact for Tomotherapy than 
for VMAT (Fig. 3.2).

For better comparison we calculated therapeutic ratios using the terms

 
D dmean lesion liver Gy� � �� �/ % 10  

quantifying TCP versus high-dose exposure (conformality) and

 
D dmean lesion liver Gy� � �� �/ % 1  

quantifying TCP versus low-dose exposure (long-term risk). We plotted the thera-
peutic ratios for each radiotherapy technique in dependence upon lesion sizes in 
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Table 3.5 DVH parameters of hepatic spherical lesions of 1–5  cm diameter irradiated with a 
single dose of 20 Gy (>95% coverage) comparing HDR brachytherapy with current external radia-
tion techniques. Note the relationship between CTV and PTV (upper line)

Technique

HDR 
brachytherapy
(CTV ≡ PTV)

Cyberknife
(CTV ≡ PTV)

VMAT
(dHDR + 1 cm)

Tomotherapy
(dHDR + 1 cm)

Lesion ∅ 1 cm/2 cm
(0.7 mL/5.2 mL) 1 catheter
Irradiation time [min] 0.9/3.2 72/51 2.6/2.3 3.0/4.2
Dmean [Gy] 56.3/58.1 28.6/34.2 23.9/22.8 25.5/28.2
Coverage 20 Gy [%] 100/98 99.6/99 100/98 100/100
Liver mean dose 
[Gy]

0.3/1.1 0.7/1.2 1.0/1.7 1.4/2.5

Volume > 10 Gy [mL 
(%)]

0.5 (0.04)/6 
(0.45)

1.3 (0.1)/9.4 
(0.7)

17.5 (1.3)/54 
(4)

25 (1.9)/77 (5.8)

Volume > 5 Gy [mL 
(%)]

2 (0.2)/18 (1.3) 8.4 (0.6)/62 
(4.6)

94 (7.0)/165 
(12)

100 (7.5)/236 
(17.7)

Volume > 2 Gy [mL 
(%)]

24 (1.8)/161 
(12)

58 (4)/248 
(19)

187 (14)/282 
(21)

360 (27)/466 (35)

Volume > 1 Gy [mL 
(%)]

71 (5)/417 (31) 220 (16)/444 
(33)

269 (20)/376 
(28)

413 (31)/560 (42)

Kidney right Dmax 
[Gy]

0.4/1.2 1.1/3.4 2.6/3.7 3.0/4.6

Stomach Dmax [Gy] 0.1/0.2 0.8/1.4 0.5/1.4 1.3/2.1

∅ 3 cm lesion (16.5 mL)
Irradiation time [min]

1/5 catheters
6.9/6.4 64 2.1 5.1

Dmean [Gy] 58.2/50.1 31.7 21.5 32.5
Coverage 20 Gy [%] 98/96 97.5 93 99
Liver mean dose [Gy] 2.1/2.0 2.0 2.3 4.4
Volume > 10 Gy [mL (%)] 24 (1.8)/22 (1.6) 24 (1.8) 81 (6.0) 187 (14)
Volume > 5 Gy [mL (%)] 59 (4.4)/54 (4.0) 138 (10.5) 207 (15.4) 373 (28)
Volume > 2 Gy [mL (%)] 443 (33)/416 (31) 460 (35) 403 (30) 600 (45)
Volume > 1 Gy [mL (%)] 887 (66)/860 (64) 657 (50) 598 (40) 733 (55)
Kidney right Dmax [Gy] 2.7/2.5 3.9 8.5 6.4
Stomach Dmax [Gy] 0.5/0.5 2.2 0.9 3.1

∅ 5 cm lesion (75.9 mL)
Irradiation time [min]

1/5 catheters
18.8/17.4 53 1.8 6.1

Dmean [Gy] 58.7/46.3 34.2 22.1 31.3
Coverage 20 Gy [%] 98/98 99.4 97 99
Liver mean dose [Gy] 4.7/4.6 4.4 4.1 5.2
Volume > 10 Gy [mL (%)] 128 (9.5)/120 (9.0) 126 (10) 159 (12) 253 (19)
Volume > 5 Gy [mL (%)] 443 (33)/416 (31) 446 (36) 417 (31) 653 (49)
Volume > 2 Gy [mL (%)] 1102 (82)/1048 (78) 791 (63) 712 (53) 773 (58)
Volume > 1 Gy [mL (%)] 1304 (97)/1290 (96) 937 (75) 874 (65) 959 (72)
Kidney right Dmax [Gy] 2.7/2.5 3.9 9.2 8.9
Stomach Dmax [Gy] 0.5/0.5 2.8 2.9 2.7

Abbreviations: CTV clinical target volume, PTV planning target volume, Dmax maximum dose, 
Dmean mean dose, HDR high-dose-rate, VMAT volumetric-modulated arc technique
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Fig.  3.6. Image-guided HDR brachytherapy always performed better, but these 
advantages declined with increasing lesion size. The Cyberknife came second and 
the external standard techniques (VMAT, Tomotherapy) came third. While for a 
lesion of d = 1 cm the therapeutic ratios were far apart, by two decades (high dose) 
or one decade (low dose), for d = 5 cm the ratios differed only by a factor of 2–3.

The performance of the (typically invasive) Cyberknife lay between those of iBT 
and VMAT/Tomotherapy, but again the advantage declined with increasing 
lesion size.

VMAT showed a slight advantage over Tomotherapy for small lesions, mainly 
because of finer leaves in the center (0.5 cm versus 1 cm), while Tomotherapy per-
formed better for large and complex target volumes (as illustrated in Fig. 3.6, right).

Table 3.5 also shows relevant differences in irradiation times that might influence 
the treatment decision. Each Cyberknife treatment session takes about 1 h, in com-
parison with only 2 min for VMAT and 3–6 min for Tomotherapy. In iBT the treat-
ment time is quite short for small lesions and increases considerably with lesion 
size, e.g., around 20 min for lesions of 5 cm (assuming recent renewal of the iridium 
source) and up to 40 min if the source has not been renewed for some time (typically 
up to 2 months).
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Fig. 3.6 Therapeutic ratios as functions of lesion size for all the four radiation techniques were 
calculated by the ratio TCP (quantified by mean dose to the lesion) over high-dose exposure (con-
formality, left) or low-dose exposure (long-term risks, right) of the liver
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In addition, in making a treatment decision we must consider that the feasibility, 
the invasiveness, and the risks of these techniques differ greatly.

In summary, iBT is by far the most effective technique for single dose radio- 
ablation, even for larger lesions, but sparing of the surroundings declines with 
increasing lesion size and finally approaches the benchmarks associated with 
external-beam radiosurgical techniques.

 Comparison of Image-Guided HDR Brachytherapy 
with Fractionated Radiotherapy

A dose-escalation study by Ricke et  al. [16] revealed long-term local control 
(>3 years) in 95% of lesions for a single dose of 25 Gy (BED = 88 Gy) and only 
65% for 20 Gy (BED = 60 Gy). We have listed BEDs (α/β = 10 Gy) for easier com-
parison with published studies (Table 3.4, Eq. 3.6b). Local control was also corre-
lated with Dmin (>20.5 Gy), indicating that coverage is important because of the 
steep dose gradient at the tumor margin.

Herfarth et al. [24] achieved for liver tumors/metastases a lower local control rate 
of 80% for 22–26  Gy single fractions at the reference point (80% enclosing 
the PTV).

Numerous clinical trials with various fractionation schemes were recently 
reviewed [25]. Generally, a BED(α/β = 10 Gy) > 100 Gy was found to achieve sat-
isfactory long-term local control. In a careful evaluation [26] a BED of 138 Gy was 
estimated for long-term (>1 year) local control of 90% for colorectal cancer, which 
turned out to be the most resistant cancer type. Such high BEDs require single doses 
above 30 Gy (Table 3.4), which in our analysis are most likely to be attained by iBT.

To achieve intralesional BED of above 100 Gy, fractionated stereotactic ablative 
radiotherapy (SABR) is commonly used [25]. An optimum SABR schedule of 
3 × 16 Gy was suggested [27] yielding BED = 125 Gy (for α/β = 10 Gy). Klement 
[26] recommended 3 × 17 Gy for colorectal cancer metastases, to achieve a BED 
of 138 Gy.

The possibility of fractionated SABR is an important asset of external radio-
therapy techniques, in particular for larger lesions. However, treatment of a 
few circumscribed lesions in a single session appears attractive as well. The 
choice between the various options might finally depend on patient preferences.

Key Points
• Image-guided HDR brachytherapy (iBT) is an attractive therapeutic option 

for lesions of the liver, kidney, or lung, which competes with other radio-
surgical techniques (Cyberknife, VMAT, Tomotherapy) as well as frac-
tionated stereotactic ablative radiotherapy.

• Single doses over 30 Gy in tumor lesions are required to ensure a reliable 
local control and are easiest achieved by the use of iBT.

3 Radiotherapeutic Fundamentals of Image-Guided HDR Brachytherapy
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4A Physicist’s View

Justus Well, Lukas Nierer, and Guillaume Landry

 Introduction

The treatment-planning situation in image-guided brachytherapy (iBT) is challeng-
ing for the responsible physicist. Owing to the time-critical nature of this technique, 
all tasks need to be performed swiftly in a safe and structured manner. The main 
tasks are preplanning, reconstruction of catheters, dose optimization, plan quality 
assurance, and treatment delivery. For the successful performance of all of these 
tasks in the given setting, a high level of expertise and confidence on the part of the 
planning physicist is essential. Dose optimization can be challenging, especially 
when adjacent radiosensitive organs at risk make it difficult to achieve complete 
dose coverage, even if there was sufficient time for dose optimization. There are 
also a number of other rare occurrences that the physicist may encounter. For exam-
ple, a catheter could retract slightly from the patient between the interventional 
catheter placement and the beginning of dose delivery. Similarly, two catheters that 
are located very close to each other might not be accurately distinguishable on the 
planning image dataset. Therefore, thorough preparation is a key factor in overcom-
ing minor and major challenges in the time-critical setting of iBT.

 Preplanning

Before the actual treatment planning, when it becomes clear that the dose-planning 
will be particularly challenging because of complex target lesions or proximity to 
OARs, it can be helpful to provide a preplan before catheter implantation. This is 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_4&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_4#DOI
mailto:justus.well@med.uni-muenchen.de
mailto:lukas.nierer@med.uni-muenchen.de
mailto:guillaume.landry@med.uni-muenchen.de
mailto:guillaume.landry@med.uni-muenchen.de


42

based on 3D imaging. The planning target volume (PTV), and organs at risk (OAR) 
are delineated by a physician. Thereafter, a proposal for the number and placement 
of catheters can be developed. In principle, catheters should be positioned in paral-
lel, as this configuration provides a good and reproducible dose coverage of the 
PTV. If more than one catheter is used, the catheters should be placed close to the 
boundary of the PTV.  In this way, the planning physicist has more flexibility in 
terms of sparing OARs and optimizing dose coverage, and the center of the PTV 
will consequently receive a sufficient dose. If the shape of the PTV differs consider-
ably from a convex volume, any major bulge should be covered by an additional 
catheter. Ideally, catheters should be positioned very close to OARs, as the steepest 
dose gradient is found near the catheter. Thus, a sufficient PTV dose coverage close 
to the OAR will be easiest attainable with dwell positions nearby.

Practical aspects must also be taken into account. The proposed positioning of 
the catheters must follow practically accessible paths. Therefore, preplanning 
should be done in close collaboration with the interventional radiologist. Finally, 
the proposed placement of the catheters should be able to provide a dose distribu-
tion that is robust toward minor deviations during catheter placement. Parallel 
placement of the catheters best guarantees this robustness.

 Reconstruction of Catheters

After catheter placement by the interventional radiologist, computed tomography 
(CT) acquisition and PTV and OAR delineation with all catheters in place, the next 
step is the reconstruction of catheters in the treatment planning system (TPS). Each 
catheter must be correctly identified and the first dwell position in each catheter 
must be marked. As an alternative to marking the first dwell position, a reference 
mark with a known offset can be used. However, this offset must be taken into 
account during treatment planning.

Even if the interventional radiologist labels the catheters and the respective PTVs 
on CT printouts or clinical drawings, the most reliable strategy for mapping the 
catheters in the TPS is to reconstruct the numbering from the surface of the patient, 
as this allows direct visual validation of correct catheter numbering and connection 
of transfer tubes. It may be helpful to make a schematic drawing of how the cathe-
ters exit through the skin of the patient (see Fig. 4.1). When two or more adjacent 
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Fig. 4.1 The correct 
numbering of the catheters 
in the CT can be 
determined from this 
sketch of the catheters as 
they exit the surface of the 
patient
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catheters cross each other inside the patient, the notes or drawings provided by the 
interventional radiologist are usually helpful as a second validation. In addition, if 
catheter insertion is performed by the Seldinger technique, and the brachytherapy 
catheter is placed inside an angiography sheath, then the excess end of the brachy-
therapy catheter from the angiography sheath can be measured outside the patient as 
a second validation (see Fig. 4.2). Using this information, the internal excess length 
of the brachytherapy catheter can be calculated. The distance from the end of the 
angiography sheath to the tip of the brachytherapy catheter can also be measured in 
the CT slices (see Fig. 4.3). This information can serve as additional confirmation 
that the assignment of the catheter numbering was correct for adjacent catheters. If 
it is not possible to resolve all doubts, an imaging procedure with distinct CT mark-
ers in one or more catheters is required. Unfortunately, this is only an option if the 
brachytherapy catheter extends, inside the patient, beyond the radio-opaque angiog-
raphy sheath. Furthermore, it could be helpful to analyze the sequence of catheter 
placement, documented by the fluoroscopic CT series. However, this method is only 
safe if the numbering performed by the interventional radiologist corresponds to the 
sequence of catheter placement.

After successful catheter reconstruction, the 3D view of catheters and regions of 
interest of the TPS should be used, to verify the correct reconstruction of catheters 
(e.g., no kinks visible) and to gain a better understanding of the spatial orientation 
and location of target volumes and organs at risk.

As mentioned above, the first dwell position in each catheter must be determined 
carefully. In case of an error, all dwell positions of the affected catheter will be 
shifted and the real dose distribution will differ greatly from the dose distribution as 
calculated by the TPS. Even worse, such mistakes might remain unnoticed until the 
effects of under- or overdosage become clinically manifest during follow-up. 
Therefore, it is of the utmost importance to determine the correlation of the treat-
ment unit length indexer with the dwell positions in the catheter, as part of the qual-
ity assurance program for all catheters and markers, before the patient’s first 

Fig. 4.2 The excess end 
of the brachytherapy 
catheter to the angiography 
sheath outside the patient 
can be measured
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treatment. Usually, the radiodense tip of the brachytherapy catheter is easily visible 
on the CT (Fig. 4.4a). The angiography sheath can be seen with great reliability, as 
it is highly radio-opaque.

The distance (offset) between the radiodense tip of the brachytherapy catheter 
and the first dwell position must be measured in preparation for starting this method. 
This requires an autoradiograph with several equidistant dwell positions, for exam-
ple, every 20 mm, to ensure that the source cable is not compressed at the first dwell 
position (see Fig. 4.4b). If the brachytherapy catheters do not have a fixed length, 
owing to their production process, every single brachytherapy catheter must be 
measured before use. The result of this measurement allows the calculation of the 
distance from the afterloader to the first dwell position.

From a physicist’s point of view, a CT slice thickness of 2 mm is a good compro-
mise between exact catheter imaging and acquisition time, dose exposure, and data 
volume. At a slice thickness of 3 mm, the catheter tip may disappear between two 
slices and the reconstruction will be less accurate.

 Dose Optimization

When optimizing the dose, as a first step one should follow the strategy of trying to 
achieve full coverage of the PTV with the prescribed dose. In the following steps, 
the reduction of overall dwell time and sparing of OARs will take place.

In the first step, the constraints upon dose administered to the OARs may be 
exceeded. The following optimization should result in a plan that provides the best 
dose coverage with the shortest overall dwell time while meeting all OAR con-
straints. Since the method for optimizing the dose distribution depends very much 
on the specific case, the planner should be familiar with all methods provided by the 
TPS. Familiarity with all the display options provided by the TPS, such as 3D view-
ing or rotation of reconstructed slices, is mandatory for the optimization process and 

Fig. 4.3 The excess of the 
brachytherapy catheter to 
the angiography sheath 
inside the patient can be 
calculated from the finding 
outside of the patient. This 
can be checked against the 
finding from the CT inside 
the patient and can thus 
help, in case of doubt, to 
identify the catheters inside 
correctly
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assessment of the dose distribution. Especially, reconstructed slices parallel and 
vertical to a brachytherapy catheter or to the dose gradient between PTV and OAR 
are very helpful. When catheters and small PTVs are mapped one-to-one, the man-
ual adjustment of dwell times is often the fastest strategy to achieve full dose cover-
age. Similarly, if the dose distributions of several PTVs overlap (see Fig. 4.5), the 
balancing adjustments can be quickly performed manually. If one PTV is covered 
by more than one catheter (see Fig. 4.6), semiautomatic dose optimizers such as 

Offset tip-first dwell position

First dwell position 0

dwell position 20

offset 2mm 3mm 4mm

measured distance 18mm 19mm 20mm

false false right

a

b

Fig. 4.4 (a) Brachytherapy catheter with offset from tip to first accessible dwell position. (b) 
Autoradiography of the first dwell position and a second one at a defined distance (20 mm). If the 
measured distance between the two positions is less than the defined one, the offset has been cho-
sen too small and the source cable will be compressed when trying to reach an inaccessible position
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HIPO [1] (hybrid inverse planning and optimization, Elekta AB, Sweden) or IPSA 
[2] (inverse planning simulated annealing, Elekta AB, Sweden) can be useful to 
obtain an initial dose distribution. Based on this, the graphical dwell time adjust-
ment (some TPSs provide intuitive and practical graphical tools) is a good method 
to complete the optimization, especially if small parts of the PTV were initially not 
sufficiently covered.

To reduce the dose to OARs, graphical dwell time adjustment is often tricky, 
because it preferentially reduces the dwell times near the OAR to zero, even though 
these dwell positions are important for homogeneous coverage of the PTV and fre-
quently do not expose the OAR to a high dose, thanks to the steep gradient. Sparing 

Fig. 4.5 In case of 
overlapping dose 
distributions of PTVs 
positioned close to each 
other, the balancing 
adjustment is rapidly made 
by manual manipulation of 
dwell times

Fig. 4.6 A first guess for the distribution of dwell times on several catheters in one PTV can be 
obtained by automatic optimization procedures such as HIPO (hybrid inverse planning and optimi-
zation, Elekta AB, Sweden) or IPSA (inverse planning simulated annealing, Elekta AB, Sweden)
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of OARs requires a sophisticated balance between reducing near and far dwell times 
equally.

For sparing of OARs, in most cases, the optimized plan with the lowest overall 
dwell time is the best solution. However, in special cases, it may be necessary to 
shift dwell times that are needed to cover a specific region of the PTV to dwell posi-
tions farther from the OAR, to reduce dose exposure adequately. This shifting is 
best accomplished by manual adjustment of the dwell times. If sufficient dose cov-
erage of the PTV and acceptable sparing of the OAR cannot be achieved simultane-
ously, a more inhomogeneous dose distribution in the PTV has to be accepted. The 
trade-off between the loss of full dose coverage and efficacy of the treatment or the 
acceptance of possible higher risks for side effects must be evaluated in close col-
laboration with the physician in each specific case. However, as a rule, the sparing 
of OARs always has priority over full dose coverage.

In most cases, irradiation of the puncture tract can be performed to prevent tumor 
seeding along the puncture tract. However, results from the literature [3] are incon-
clusive on whether this is mandatory. The puncture tract irradiation is usually 
planned after an acceptable treatment plan has been achieved. The impact on dose 
to PTV and OARs should be considered, and the dose report should not be com-
pleted before activation of dwell positions along the puncture tract up to the skin. 
Therefore, a slight reduction of dwell times in the PTV might be necessary. The 
dose at the surface of the catheter should be at least 5 Gy. In any case, dwell posi-
tions should not be activated too close to the skin and a small margin should be left 
to reduce the skin dose.

Overall, owing to the reduced time frame for plan optimization, the goal should 
generally not be the theoretically best plan, but the plan that is best practically 
achievable within a reasonable time interval.

 Plan Approval and Verification

The principle of double verification should also be applied to the brachytherapy 
workflow wherever possible. After the responsible physician has accepted the treat-
ment plan, based on the dose distribution and dose–volume histogram (DVH), it is 
the responsibility of the medical physicist to verify the overall integrity of the treat-
ment plan and the correctness of all technical plan parameters. Since a thorough 
dosimetric verification of the treatment plan is not possible before the treatment 
application, because of the nature of the technique, optional quality assurance 
checks need to be carried out. Plan parameters, such as the correct catheter offset 
length or the correct channel mapping should be double-checked and documented 
by using a checklist. Furthermore, plan integrity should be checked after transfer 
from the TPS to the afterloading control system or after plan approval, if the TPS 
and afterloader control system share the same database. Plan integrity checks 
include the source activity, the correct time/date, a reasonable overall treatment 
time, etc. All of these parameters should be verified manually. An automated script 

4 A Physicist’s View



48

providing metadata information from the underlying DICOM plan file may provide 
additional information.

 Treatment Delivery

If appropriate hardware is available on site, an in-room imaging device is ideally 
used to verify independently that no catheter dislocations have occurred between 
planning CT acquisition and the start of dose application.

Before starting the irradiation, a second person must check the correct assign-
ment of the transfer tubes from the afterloader to the brachytherapy catheters. This 
should be done by the planning physicist, to ensure that the numbering of the cath-
eters as it appears on the surface of the patient matches the reconstruction per-
formed in the TPS. Before starting the irradiation, an additional dummy run, through 
all catheters, can be performed in some afterloading systems, to check if all cathe-
ters are accessible by the source.

Large PTVs can lead to long overall irradiation times of up to 1 h with irradiation 
sources at reference strength (370  GBq for iridium-192). Owing to radioactive 
decay, this strength decreases and the irradiation time increases accordingly. For 
192Ir, a source replacement interval of 2 months is desirable, to avoid irradiation 
times that exceed 2 h for large PTVs. Even this will be difficult to tolerate for some 
patients.

 Emergency Procedures

For each different brachytherapy technique, the emergency procedure must be eval-
uated. In an emergency, it cannot be decided whether the source cable drive failed 
or the isotope capsule has separated from the cable. The latter must be considered 
as a worst-case scenario. With catheter-in-catheter techniques, the emergency pro-
cedure is in principle easy to handle. The brachytherapy catheters can be quickly 
removed from the angiography sheaths. This ensures that there is no longer a radia-
tion source inside the patient. Once the source has been removed, the vault should 
be evacuated quickly. A hand-held radiation detector can be used to verify that the 
source was successfully removed from the patient. Possible bleeding complications 
are to be taken care of by the medical staff.

 Future Perspectives

As opposed to many other treatment sites, the impact of model-based dose calcula-
tions following the recommendations of the AAPM TG-186 [4] has only recently 
been investigated for liver brachytherapy [5]. While the liver is a fairly homogeneous 
organ, and one could assume that the uniform water assumption is a valid approxima-
tion for clinical dose calculations, the increased density means that distant isodoses 
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will differ between TG43 and TG186 calculations. Furthermore, the low density of 
the lung has an impact on the backscatter situation at the superior lung border. This 
means that clinical parameters related to liver toxicity such as V5Gy and V10Gy of the 
lung, which can sometimes restrict the dose to the treated lesion, can be overestimated 
by TG43 by up to 6% (V5Gy) of the liver volume, which is non- negligible compared 
with the 66% liver volume limit for V5Gy [5]. This is illustrated in Fig. 4.7. Clinically, 
these effects may be accounted for by making use of commercial model-based dose 
calculation algorithms validated against Monte Carlo simulations.

Beyond the use of model-based dose calculations, uncertainties in liver dose 
delivery may stem from respiratory motion in cases where the catheter may move 
dynamically inside the liver, or organs at risk come closer to the catheter over the 
course of the respiratory cycle. It may thus be desirable to be able to compute the 
dose on the basis of a 4DCT scan where the catheter has been reconstructed on each 
respiratory phase, along with the delineations of the organs at risk. Figure 4.8 shows 

Fig. 4.7 TG43 dose calculation (labeled as “Standard”) compared with MBDC (labeled as 
“Modern”) for an example of a liver brachytherapy case. Higher liver density and lower lung den-
sity combine to reduce the liver volume receiving 5 Gy or more by 6%

Fig. 4.8 Clinical TG43 plan recalculated on exhale and inhale phases of a 4DCT scan by catheter 
reconstruction on individual phases and copying of planned source dwell times. (Left) axial slice, 
(top right) coronal slice, and (bottom right) sagittal slice. Dose not shown, to highlight motion better
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an example case where the maximum dose (D0.1cc) to the stomach, a dose-limited 
organ at risk, was shown to vary with the respiratory phase.
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5Image-Guided Brachytherapy: 
Interventional Setting, Technique, 
and Peri-interventional Patient 
Management
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 General Considerations

The specific, invasive technique of interstitial brachytherapy as a procedure for 
treatment by irradiation possesses special features that distinguish it from percuta-
neous, noninvasive radiation therapy and from other invasive, local-ablative proce-
dures such as radio-frequency ablation. The aim of the intervention by image-guided 
brachytherapy (and the fundamental difference vis-à-vis conventional, percutaneous 
irradiation) is the CT- or MRT-guided implantation, into the target organ, of the 
catheter through which the radiation source will later be introduced. The real posi-
tion of the radiation source relative to the tumor therefore corresponds almost 
exactly (with only minor uncertainties) to the planned one, resulting in an irradia-
tion of the tumor according to the irradiation plan. This is especially advantageous 
in the treatment of the upper abdomen and the lungs. Even though the concepts of 
“target-volume definition” and “organ at risk” are defined in the ICRU 50 guideline, 
it is here that interstitial brachytherapy differs significantly from conventional irra-
diation procedures [1]. Consistently with this, users of this technique have devel-
oped, in the literature, definitions that deviate from the standard ones, for specifying 
both the target dose and the dose to organs at risk [2–5].
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Several specific features of interstitial brachytherapy are to be noted:

 1. In image-guided HDR brachytherapy, the catheters are fixed securely within the 
tumor volume, both by pressure from the surrounding tissue and by suture fixa-
tion on the skin surface. Consequently, only minimal uncertainty regarding the 
position of the catheter is caused by movement of organs and specifically by 
respiratory motion, which—in particular in irradiation of the liver—is of great 
importance. This represents a substantial advantage of interstitial brachytherapy 
over percutaneous irradiation.

 2. Another major difference between HDR brachytherapy and percutaneous irra-
diation is the steep decline in dose toward the surroundings, as the radiation 
source lies directly within the tumor, which is thus irradiated from the inside. It 
follows from this that in treatment of the liver the organ at greatest risk is the 
liver itself, and further organs at risk must be in the immediate vicinity for criti-
cal doses to be reached. For example, in the treatment of left or central hepatic 
tumor this can be applied to the stomach or the duodenum; other organs at rele-
vant risk are the hepatic duct and the colon, the kidneys, the skin, and the ribs. 
For the stomach, the duodenum, and the hepatic duct, limiting doses for brachy-
therapy have been determined in clinical studies [6–12].

 3. After the conclusion of treatment and during removal of the catheter, the punc-
ture tract cannot be coagulated, as is the case with radio-frequency ablation. This 
is remedied by exploiting the long angiography sheath, which carries the brachy-
therapy catheter: after removal of the brachytherapy catheter, the angiography 
sheath is used to introduce appropriately shaped gelatine sponges to “embolize” 
the puncture tract. For brachytherapy of the lung, a tissue adhesive is used. This 
can reduce the risk of bleeding complications, but it can only be done when the 
Seldinger method has been used. In contrast, the other beneficial effect of ther-
mal ablation on the puncture tract—the killing of any tumor cells that were inad-
vertently carried over by the intervention, and thus the avoidance of puncture-tract 
metastases—is achieved in interstitial brachytherapy by co-irradiation of the 
puncture tract [13].

 Interventional Setting

For interventions in the upper abdomen or the lung, the catheter should be implanted 
by an interventional radiologist trained in this, who is familiar with the planned 
geometry of the catheter placement in the tumor. Implantation should take account 
of the planned dose, the adjacent organs at risk, and any possible specific 
complications.

Coordination with a radiotherapeutic iBT expert is a prerequisite for a successful 
intervention. Prior planning with pre-interventional, digital anticipation of the opti-
mum catheter position can also be helpful, and planning systems for this are cur-
rently undergoing trials at various centers. As was hitherto the case, the team 
comprises an assistant trained in such interventions and a physician who will 
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perform the analgosedation (which in general does not correspond to general anes-
thesia) and will monitor the patient’s vital signs, ideally using an appropriate elec-
tronic device. For planning the irradiation itself, after the catheter has been inserted 
and the planning imaging has been performed, a medical physicist is consulted.

The intervention is conducted under sterile conditions. The safety of the inter-
vention is critically dependent upon the team’s awareness of the patient’s general 
state of health, of any comorbidities and comedications, and of the patient’s current 
laboratory values.

The catheter is usually implanted under CT-fluoroscopic guidance; some centers 
also have the possibility of using guidance by open MRI, which presupposes the 
availability of MR-compatible materials. Sonographically guided implantation is 
the exception rather than the rule, and it represents an interesting additional option 
if the site staff possess the necessary experience; even then however imaging for 
planning purposes by CT or MRI is necessary afterward (Fig. 5.1).

 Materials

The intervention table corresponds to a puncture or angiography table. If the 
Seldinger technique is chosen, the table carries the materials for skin disinfection, 
sterile swabs and compresses, a scalpel, a hollow puncture needle, a stiff guidewire, 
a long 6F angiography sheath, the 6F brachytherapy catheter, suture material for 
suturing the sheath to the skin and sterile water for moistening and rinsing the 
instruments on the table (Fig. 5.2).

A side table is used in the removal of the angiography sheaths after the conclu-
sion of the brachytherapy. On this are placed pieces of gelatine sponge, cut out and 
rolled to “cigars” of about 30 × 1 mm, and also a scalpel, a pair of scissors, forceps, 
clips, needle holders if required, material for skin disinfection, sterile swabs and 
compresses (Fig. 5.3).

 Implantation Method: Positioning of the Patient

The patient is placed such as to offer the best possible access to the tumor, with 
account being taken of the intracorporeal distance that the catheter must travel, any 
possible structures at risk, and the constitution of the patient, who must remain in 
this position for several hours. For liver and lung interventions, a supine position, if 
appropriate slightly raised on the right side, is normally chosen, while for interven-
tions in the kidneys, adrenal glands, or lymph nodes, a prone position or a right or 
left lateral position may be chosen. Normally, the interventional radiologist stands 
on the patient’s right side, and exceptionally on the left. Access for analgosedation 
is extended to the rear side of the gantry so that from there the analgosedation can 
be adjusted during the intervention. It is usual to oxygenate the patient peri- and 
post-interventionally through a nasal tube, because of the depressant effect that the 
analgosedation has upon respiration (Fig. 5.4).
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Fig. 5.1 Setting and conduct of an interventional iBT treatment. (a) Setting in the CT suite. 
Specialist for radiation oncology, administering analgosedation during the intervention; nurse, 
interventional radiologist. (b) Local anesthesia. (c) Puncture of the tumor with the hollow needle. 
(d) Fluoroscopic control. (e) The needle’s sheath is being taken out. (f) Insertion of the guidewire. 
(g) Insertion of the 6F long angiography sheath. (h) Insertion of the 6F brachytherapy catheter. (i) 
Check of the planning-CT. (j) Just before transportation of the patient to the afterloading suite. (k) 
Patient in the afterloading suite. (l) Connection to the source-sheath. (m) Delineation of the plan-
ning target volume. (n) Team iBT: interventional radiologist, specialist for radiation oncology (and 
iBT analgosedation), interventional nurse, CT technician, surveillance nurse, medical physicist
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Fig. 5.2 Intervention table

Fig. 5.3 Side table for 
removal of the angiography 
sheath

a b

d e

c

Fig. 5.4 Positioning, interventional radiologist (IR) and patient. (a) Supine position of the patient 
(liver, lung). (b) The IR stands on the patient’s right side, with the patient slightly raised on the 
right side (liver, e.g., segment 1 interventions). (c) Prone position of the patient for interventions in 
the kidneys, adrenal glands, or lymph nodes; sometimes also a right or left lateral position may be 
appropriate. (d) Prone position of the patient, contralateral (left) puncture (the IR stands on the 
right side). (e) The IR stands on the left side
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 Implantation Method: CT

The interstitial introduction of the brachytherapy catheter is usually performed 
under analgosedation with local anesthesia, and sometimes under general anes-
thesia. CT fluoroscopy is widely used for implanting long angiography sheaths 
that will accommodate the brachytherapy catheter [14–17]—at specialized cen-
ters MRI guidance is also used. Depending upon the method used, the catheter is 
removed with or without closure of the puncture tract [2, 3, 18–20]. Fundamental 
distinction is made between the Seldinger method, described above, and direct 
puncture, which is preferred at some centers [4, 5]. In some cases, virtual pre-
planning of the catheter position(s) and the resulting radiation volume(s) is car-
ried out, taking into account the planned dose to the tumor and the surrounding 
structures at risk.

After the preplanning, a (usually) native planning-CT is acquired and subse-
quently, under CT fluoroscopy, one or several catheters are introduced into the 
tumor volume. In the Seldinger procedure, after removal of the needle core a stiff 
wire (Amplatz, Boston Scientific) is pushed in and, over this, the long 6F angiogra-
phy sheath (Terumo, Japan) is introduced, which then guides the brachytherapy 
catheter. The brachytherapy catheter is closed at the tip and is furnished with a mil-
limeter scale, which is needed for correctly bringing the radiation source to the end 
of the open sheath without fluoroscopy (Fig. 5.1).

Another method, favored by some practitioners on account of its simplicity, is 
direct puncture using 6F plastic catheters of length 200  mm, with a steel core 
(Nucletron B.V., Veenendaal, The Netherlands, OncoSmart ProGuide Round 
Needle) and a closed tip, which however does not allow closure of the puncture tract 
with the gelatine plugs mentioned above [4, 5]. The number of catheters applied 
depends upon the size and shape of the tumor under treatment. In general, one cath-
eter is implanted for every 1–2 cm tumor diameter.

 Implantation Method: MRI

When the catheter is implanted under open MRI, the interventionist is shown 
fluoroscopy- like images in all three spatial planes on a radio-frequency-shielded 
LCD screen in real-time (approximately one image per second). This ensures safe 
catheter implantation, even in very small lesions. Beforehand, T1-weighted, 
contrast- enhanced (Gd-EOB-DTPA, Primovist, Bayer, Germany) planning MRI is 
conducted; here the hepatocytic specificity of Primovist usually prevents uptake in 
liver tumors, which correspondingly are seen as hypointense regions. The materials 
used for puncture are a ceramic scalpel (e.g., SLC Ceramic, Germany) for the inci-
sion, an 18G MR-compatible puncture needle 150–200  mm long (e.g., Invivo, 
Germany), and a hydrophilic standard angiography wire (e.g., Terumo, Japan). 
After insertion of the catheter, a guidewire is inserted into the standard brachyther-
apy catheter for visualization [17].
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 Radiation Treatment Planning: Imaging

After implantation of the catheter, a planning-CT, usually with a contrast agent, is 
performed. If MRI guidance is used, then a T1-weighted, contrast-enhanced 
(Gd-EOB-DTPA, Primovist, Bayer, Germany) planning MRI is conducted. In both 
cases, a slice thickness of 3 mm is chosen, in order to achieve exact definition of the 
target volume and the catheter position. In individual cases, co-registration with 
PET (positron emission tomography) may be necessary, if for example the adminis-
tration of contrast agent is impossible or only the PET-positive portions of a par-
tially necrotic lesion are to be defined as target volume. Typically, the irradiation is 
performed by HDR (high-dose-rate) brachytherapy with an iridium-192 (192Ir) 
source. The duration of irradiation is determined by the size of the target volume, 
the number of catheters, the planned dose, and the activity of the source (diminish-
ing with time); typically, it lies between 10 and 60 min. The puncture tract is irradi-
ated at the same time, which is intended to help avoid puncture-tract metastases.

 Conclusion of Treatment: Withdrawal of the Brachytherapy 
Catheter and the Sheath

After the irradiation has ended, first the brachytherapy catheter and then the sheath 
are removed. During retraction of the sheath, its open end is exploited to insert 
gelatine-sponge plugs to close the puncture tract thus avoiding complications due to 
bleeding. In lung interventions, tissue adhesive is used; this is only possible when 
the Seldinger method has been used for insertion (Fig. 5.5).

This point and the following 2–3 h are critical for the onset of possible complica-
tions. Strict bed rest for at least 4–8 h after the intervention is strongly recommended.

a b c

d e

Fig. 5.5 Removal. (a) Removal of the suture. (b) Cutting of the sheath valve after removal of the 
brachytherapy catheter. (c) Insertion of gelatine “torpedoes” through the sheath. (d) Disinfection 
of the puncture site. (e) Skin patch
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 Intervention-Related Complications and Their Treatment

Immediately after removal of the catheter, attacks of shivering may occur. The cause 
of this is unclear, but it may be triggered by tumor necrosis factors. The shivering 
can be treated with midazolam and/or metamizole and generally recedes after 
10–30  min. Other possible complications in the hours following the procedure 
include bleeding complications, meaning that especially frequent electronic and 
clinical surveillance is required. If there are signs of shock, internal bleeding must 
be excluded by CT, and immediate intervention is needed if active arterial bleeding 
is detected. The treatment of choice is angiographic embolization with particles or 
coils; surgical measures are only rarely needed (Fig. 5.6). Liver abscesses can above 
all occur in patients with a history of biliodigestive anastomosis, with a latency of 
weeks to months, and they can be clinically silent. Typically, patients report isolated 
episodes of shivering and/or fever lasting a few hours or days, which resolve spon-
taneously. Laboratory values only rarely provide guidance, especially as C-reactive 
protein is frequently elevated because of the tumor. Not uncommonly, the white- 
blood- cell count is elevated or depressed, but this does not necessarily indicate the 
presence of abscess-associated leucocytosis. Evidence of an abscess is obtained by 
imaging, preferably by contrast-enhanced CT, and the treatment of choice is drain-
age with culturing, preceded by appropriate initial antibiotic treatment (Fig. 5.7).

During or after lung brachytherapy, minor pneumothorax is regularly observed, 
which however usually resolves without further treatment and can be monitored by 
thoracic X-ray examination. Rarely, thoracic suction drainage is required. In iso-
lated cases, fulminant intrapulmonary or intrathoracic hemorrhage occurs. For this 
reason, when pulmonary iBT is performed, facilities for intubation and rapid access 
to thoracic surgery are essential [21].

a b c

d e f

Fig. 5.6 Hemorrhage during catheter placement. (a) CT before iBT. (b) Subcapsular hematoma 
and arterial blush supporting active arterial bleeding in the CE-CT. (c, d) Subsequent angiography 
over the A. hepatica with a peripheral bleeding blush corresponding to the CT. (e) Angiography 
after embolization with Gelaspon and coils. (f) T2 MRI after embolization
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Chapter 17 describes more comprehensively the possible complications follow-
ing iBT and the factors that promote them.

 Clinical Environment Required for Interstitial Brachytherapy

Interstitial brachytherapy of the liver, lung, lymph nodes, kidney, and adrenal glands 
is usually performed at centers within full-service hospitals on an in-patient basis. 
This is appropriate, as there is always a possibility that rare complications will 
occur, requiring emergency management and immediate care of the patient. This 
applies particularly for arterial hemorrhage, which can occur after iBT of the liver 
or lung, and also of the kidneys or adrenal glands. The patient should remain in the 
hospital for 2–3 days, as delayed bleeding and liver laceration have occasionally 
been observed as late as 24 h after the intervention.

At individual centers, where there is a high degree of expertise, brachytherapy of 
the liver may also be performed on an out-patient basis with subsequent in-patient 
stay at a partner hospital. This requires meticulous patient selection. Very simply 
stated: empirical evidence shows that iBT of colorectal liver metastases and metas-
tases of most primary and small cholangiocellular carcinomas is normally compli-
cation-free and is only moderately prone to (acute) complications. In contrast, 
patients usually require an in-patient hospital stay during the intervention if they 
have received iBT for hepatocellular carcinomas and have reduced liver function; 
for hepatocellular carcinomas and cholangiocellular carcinomas at a subcapsular 
location; for mammary carcinomas with liver metastases after several prior sys-
temic therapies; or for renal cell carcinomas or metastases of the adrenal glands. 
Anticoagulation that cannot be interrupted because of comorbidities also demands 
an in-patient setting; see also Chap. 17.

a c
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Fig. 5.7 Liver abscess after iBT following a recent papillotomy. (a) Implanted catheters. (b) 
CE-CT with the suspicion of abscess formation. CT fluoroscopy, (c) puncture and (d) subsequent 
drainage. (e) Later examination, T2-weighted MRI
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Key Points
• The brachytherapy catheter is usually implanted by the Seldinger method, 

as a rule under guidance by CT fluoroscopy.
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• The 2–3 h following removal of the catheter(s) are critical for the onset of 

possible complications. Strict bed rest for at least 4–8 h after the interven-
tion is strongly recommended.

• For safety reasons, it is usual to conduct the procedure in an in-patient 
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• At individual centers, with a high degree of expertise, brachytherapy of the 
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6Image-Guided Brachytherapy: 
Follow-Up. Imaging and Clinical 
Management

Björn Friebe and Tina Streitparth

 Clinical Management

 Patient Management in the Outpatient Clinic for Microtherapy 
and Interventional Radiology

After a detailed presentation and discussion in an interdisciplinary tumor consulta-
tion with expert clinicians, the prognostic and oncological treatment plans are drawn 
up. Coordination and planning of the treatment with a radiation oncology iBT expert 
is a prerequisite for a successful intervention. Informed consent not only for the 
intervention by an interventional radiology expert but also for the irradiation itself 
by a radiation oncology expert, should be obtained at least 24 h beforehand. In order 
to get a clear impression of the patient’s health situation, a personal consultation in 
an outpatient clinic for microtherapy and interventional radiology is useful and 
desirable. The basis for the planning is already arranged here, with an exact expla-
nation of the planned intervention using high-dose-rate iBT provided in advance. In 
addition to the technical, practical process, this naturally includes a detailed expla-
nation of side effects, risks, and alternatives [1]. Exact written documentation is also 
mandatory. The actual informative discussion, to be documented in writing, takes 
place 24  h before the intervention and is conducted by the radiological 
Interventionalist [2]. The radiological-interventional outpatient clinic is where 
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coordination takes place, at both medical and administrative levels (Fig.  6.1). 
Figure 6.1 shows the interaction between medical and administrative therapy plan-
ning. This unit consists ideally of a team with the medical area headed by colleagues 
experienced in making therapy decisions and in assessing the response after iBT. A 
compassionate approach to patients and their relatives is essential and promotes a 
trusting relationship between doctor and patient, but this must be backed up by well- 
run logistics and individual organization, which in iBT present a major challenge. 
From the beginning, the collection of patient data and the coordination of inpatient 
admission, which includes coordination with various departments, through to the 
scheduling of regular imaging and laboratory follow-up care, experienced adminis-
trative planning is required.

 Admission to the Ward and Peri-interventional 
Standard Procedure

After several years of practical experience in the clinical-inpatient care of interven-
tional radiology patients in our own clinic, our team has worked on an interdisci-
plinary basis with colleagues from internal medicine, gastroenterology/hepatology, 
oncology, and infectiology (e.g., Antibiotic Stewardship) on standard operation pro-
cedures (SOPs). These are updated at regular intervals. They include inpatient prep-
aration, clinical processes conducted by the ward doctor, and inpatient and 
post-interventional follow-up care. In general, an SOP relates to specific interven-
tions; there are special features within the SOP that deal with the organ systems, and 
their underlying diseases, that are to be treated.

Medical Part

Medical History
Therapy
Decision

Interdisciplinary
Discussion in
Tumor Boards

Acquisition of
Patient Data

Planning of
Hospitalisation

Scheduling
The Patients

Coordination of
Different Units

Planning of
Follow-up

Diagnostic:
Imaging,

Laboratory Values

Treatment plan
Consultation with

other Departments,
Referrer

Imaging and
Clinical

Follow-up
Further Therapy

Administrative Part

Fig. 6.1 The figure shows the complexity of the entire organization at administrative and medical 
levels. Exact coordination of the individual planning steps is necessary for an effective process
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Normally patients are admitted to our radiological-interventional ward 1  day 
before therapy for individual preparation, with patients admitted by our clinical 
team. The pre-therapeutic day is used for a thorough anamnesis, a radiological- 
internistic overall physical examination, and in particular the recording of previous 
internal diseases; the latter helps in assessing pre- and post-operative risk. Of course, 
this also includes a recording of all medications. A detailed explanation of iBT also 
takes place here. However, a separate explanation of the radiation treatment is given 
by colleagues in radiation therapy. The procedure itself is carried out under what is 
known as analgesic sedation with fentanyl and midazolam [3].

For the iBT of the liver, a blood sample with a complete blood count, a differen-
tial blood count, clinical chemistry (electrolytes, creatinine and GFR, liver param-
eters), coagulation values, and, depending on the tumor entity, the determination of 
special tumor markers as well as thyroid-stimulating hormone are performed. A 
blood-group determination is definitely a part of the routine, alongside regular elec-
trocardiograms (ECGs). On the day of admission, two large-lumen entrances (G18) 
are laid. Imaging examinations such as MRI of the liver with hepatocyte-specific 
contrast media (Primovist®) and multiphase CT thorax and abdomen examinations 
are usually repeated if the available imaging is older than 6 weeks. Depending on 
the underlying tumor disease, it may be necessary to supplement further examina-
tions such as lung function.

On the day of the intervention, patients fast, starting at midnight. In consultation 
with the interventionalist and after a detailed discussion with the team, the neces-
sary medication is taken. Pre- or peri-interventionally, patients receive 1000 mL E 
153 or Sterofundin (for patients with renal insufficiency: NaCl 0.9%), 8 mg dexa-
methasone as a short infusion and 8 mg ondansetron as a short infusion adminis-
tered through one of the intravenous (IV) accesses already placed.

 Anesthesia and Peri-interventional Patient-Monitoring

IBT is usually carried out under analgesic sedation using fentanyl and midazolam 
IV. For patients with an increased peri-interventional risk due to previous or con-
comitant disease, or at the patient’s own request, general anesthesia or spinal anes-
thesia can also be carried out after clarification and preparation by colleagues in 
anesthesia. For legal reasons, information about a planned general anesthetic must 
be given at least 24 h before the planned procedure [2, 4].

The planned analgesic sedation is described by the clinical interventionalist as 
part of the information discussion.

Since the interventional radiologist is carrying out the procedure, it has become 
established in our routine to involve a qualified medical employee, whose task is to 
administer the medication as well as to monitor and accompany the patient.

If the percutaneous iBT is performed under analgesic sedation and local anesthe-
sia, systemic sedation with a 2.5–10 mg midazolam IV is performed under monitor-
ing (RR, pulse, O2 saturation) and a 50–200 μg fentanyl IV is used together with 
local anesthesia, e.g., xylocaine 2% injected locally.
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The monitoring of the vital parameters should at least include a three-channel 
ECG, pulse oximetry, and a noninvasive blood-pressure measurement.

Particularly when respiratory-depressant medication is used, close monitoring of 
the patient’s vital parameters is necessary and must begin before the medication is 
administered. It may also be necessary to administer additional analgesic medica-
tion during the radiation [2, 4, 5].

In our routine, exact, regular documentation of vital parameters and administered 
medication in a monitoring protocol is necessary and standard. Such a sedation 
protocol, in which the recorded vital parameters are documented, should be created 
before the procedure is initiated. All medications administered, including any spe-
cial incidents or complications, alongside vital parameters, must be recorded in the 
protocol; this is kept with the patient at all times.

After the iBT, the brachytherapy catheters are removed; during this a hemostatic 
material (gel foam) is introduced. It is also recommended to administer analgesic 
medication during the removal [1]. If we are performing CT-guided iBT of primary 
or secondary lung malignancies, the catheters are removed with fibrin tissue. This 
takes place in the interventional CT scan, 2 h after the removal, and normally a chest 
X-ray should be carried out to check for possible complications such as 
pneumothorax.

After the catheter has been removed, the patient is usually monitored for at least 
another 30–60 min, followed by a routine ultrasound of the abdomen. If the patient 
is symptom-free and there is no suspicion of bleeding or other complications during 
the ultrasound, the patient can finally be taken to the appropriate ward. The decision 
to move the patient to the ward is made by the medical staff, ideally by the interven-
tionist or the accompanying physician.

 Standard Operative Procedures and Follow-Up

After the interventional procedure, intensive monitoring, and completed sonogra-
phy of the abdomen without any post-interventional complications, patients are 
taken back to their ward where they must remain in bed for 2–3  h. Patients are 
allowed to eat and drink 4 h after the intervention. Laboratory and ultrasound checks 
are repeated on the first and second day after brachytherapy. If there are no compli-
cations, our patients can normally be discharged on the third day after the 
intervention.

We have also developed standardized procedures for the post-interventional 
course, depending on the location of the iBT. Usually, patients can already be mobi-
lized 4–6 h after the interventional procedure. More often than not, we have patients 
who receive anticoagulation, and as a rule this can be resumed in the evening or on 
the following morning.

The peri-interventional use of anticoagulation also requires precise evaluation. 
Mohnike et al. have analyzed the bleeding and thromboembolic rate after CT- and 
MRI-guided liver interventions in patients who were under peri-interventional 
thrombosis prophylaxis [6]. In the study, a total of 781 ablations were performed in 
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446 patients, of which 669 were iBT and 112 radiofrequency ablations. There were 
63 bleeding complications, with significantly more bleeding occurring in the group 
of patients who received prophylaxis. In contrast, only one thromboembolic event 
was encountered. Furthermore, there were more bleeding complications in the 
group of patients who received radiofrequency ablation (RFA) instead of brachy-
therapy, with serious bleeding complications more frequent in those patients with 
cirrhosis. After severe bleeding complications, there was an increased 30-day and 
90-day mortality rate. Therefore, ablative interventions should preferably be carried 
out depending on an adequate coagulation status and after an adequate pause in 
systemic anticoagulation [6].

Particular attention should be paid to tumor manifestations close to the stomach 
or the small intestine. In a prospective study of 33 patients, we investigated the tol-
erance dose of the gastric mucosa after iBT in liver metastases in segments II and 
III. A tolerance dose of 15.5 Gy per 1 mL of organ surface area of the stomach was 
established for the clinical endpoint of endoscopically proven symptomatic gastric 
ulcer [1, 7]. As a prophylactic measure, we recommend therapy with proton-pump 
inhibitors (PPI) when liver lesions near the stomach are treated [1, 7].

Patients with a tumor located centrally in the liver (e.g., segments V/VIII or I), or 
who have intrahepatic CCCs or very large tumor volumes, are often treated several 
times. They have an increased risk of developing a liver abscess or a cholangitis 
after iBT. In such cases, we use peri-interventional antibiosis (e.g., oral ciprofloxa-
cin 500 mg, 1-0-1 for 2 weeks, or IV antibiosis with piperacillin/tazobactam for 
10 days).

As already mentioned, large tumor volumes in the liver are often treated several 
times to protect liver function, and special care must be taken with regard to the 
possibility of RILD (radiation-induced liver disease). RILD usually develops 
4–6 weeks after interstitial radiation of extensive volumes, with resulting ascites 
and impaired liver function. This typically manifests itself in laboratory changes: 
increased bilirubin and alkaline phosphatase [8]. It is recommended that a dose of 
≥10 Gy be applied to a maximum of one-third the liver volume. A liver-protective 
regimen including enoxaparin, pentoxifylline, and ursodeoxycholic acid has been 
shown to reduce significantly the rate of RILD over an 8-week period following 
targeted radiotherapy [8].

Regarding percutaneous brachytherapy of renal masses, special procedures are 
to be followed, e.g., because of the more severe bleeding complications after 
CT-guided puncture of the kidney. Each patient is provided with a urinary bladder 
catheter in advance; this can usually be removed 2 days after the intervention, pro-
vided there is no hematuria. In order to check the effect of brachytherapy on healthy 
kidneys, we monitor the safety of this procedure closely by examining the kidney 
function pre- and post-interventionally using MAG-3 kidney sequence scintigraphy. 
After an iBT of renal masses, the renal function was investigated in 16 patients with 
20 renal lesions. Follow-up was conducted after a median of 22.5, with one patient 
requiring permanent hemodialysis 32 months after brachytherapy. No other patient 
developed a significant worsening in global renal function. The local control rate 
was 95%, including repeated brachytherapy of two recurrences [9, 10].
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 Follow-Up and Imaging

Single high-dose-rate iBT of inner organs can be applied in almost every organ and 
can provide useful oncological options for cancer patients, especially for patients 
with oligometastatic disease. In contrast to conventional radiation therapy, iBT 
offers the advantage of applying very high local radiation doses to tumors while 
sparing radiation-sensitive tissues, and it can be repeated many times for different 
tumor sites and organs if necessary. In order to evaluate treatment-response imag-
ing, follow-up is crucial. Regarding iBT, some general aspects of treatment response 
of local and locoregional treatments and some special aspects of iBT have to be 
considered; they are addressed in the following sections.

 General Aspects of Treatment Response 
of Locoregional Therapies

In order to objectify therapy response of cancer patients, especially in clinical trials, 
the WHO criteria were introduced in the early 1980s [11]. According to these crite-
ria, the sum of the two largest perpendicular diameters of all lesions of a patient is 
calculated, and thresholds for complete remission, partial remission, stable, and 
progressive disease were defined for the first time. Later on, the RECIST criteria 
[12] were developed; these were much easier to apply and seemed to have the same 
accuracy in evaluating response to therapy [13], which is why they are nowadays 
standard for most tumor types. In the latest version of RECIST, the sum of the lon-
gest diameters of at most five lesions defines a patient’s therapy response [14]. 
Although the RECIST criteria have proved their ability to offer accurate and repro-
ducible assessment of tumor burden in many studies, they have one persistent, major 
limitation: they only assess morphology and do not consider special treatment- 
related effects that can occur in certain local or locoregional therapies. Thus, a 
tumor response to therapy might not necessarily be reflected by tumor shrinkage so 
that a tumor response can be mistaken for a lack of response.

This limitation moved increasingly into the foreground with the introduction of 
new therapies, such as immune-modulating therapies. In the field of immune- 
modulating therapies, a so-called pseudoprogression can mimic a real progression. 
This finally led to the development of the immune-related RECIST criteria (irRE-
CIST) [15], which at least partly overcome this problem, one that was unknown 
before the era of immune-modulating therapies.

As in immune-modulating therapies, the dynamic and emerging field of local 
and locoregional therapies quickly revealed limitations of RECIST. Unlike in sys-
temic therapies, the major goal of local or locoregional therapies is not tumor 
shrinkage (or disappearance) but the induction of tumor necrosis. In order to detect 
tumor necrosis after ablation or locoregional treatment, physicians worldwide are 
working on new image-based markers. Koda et al., for instance, were successful in 
predicting local tumor progression rates of hepatocellular carcinomas treated by 
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RFA, by application of a new ablation margin assessment immediately after 
RFA [16].

These observations are also partly reflected in new response assessment guide-
lines such as mRECIST [17] or the EASL [18] guidelines for the evaluation of 
therapy response of hepatocellular carcinoma. Nevertheless, the question of opti-
mum tumor response assessment to a local or locoregional treatment is the subject 
of an ongoing debate that will presumably continue with the development of new 
local and locoregional therapies.

 Special Aspects of Response Assessment in iBT

As in other local ablative techniques, the basis of image-based therapy such as iBT 
is always the task of identifying the patients who are likely to profit most from local 
ablation. Usually, this is done best by MRI with Gd-EOB-DTPA. By performing 
MRI with Gd-EOB-DTPA before local ablative therapy, several goals can be 
achieved that are crucial for a good response to these therapies. First of all, MRI can 
identify patients with oligometastatic disease. The concept of oligometastatic dis-
ease includes patients with few metastases in not more than two or three organs. 
Although the definition of the relatively new concept of oligometastatic disease 
allows some variation (more metastasis in more than three organs), the best response 
rates are described in patients where oligometastatic disease is limited to one organ. 
In these case series, long-term survival, and in 20–50% even cure, could be 
achieved [19].

Secondly, the therapy applied should be validated by imaging. This means that it 
has to be checked whether the lesion that was treated is fully ablated at baseline. In 
RFA or other thermal techniques, this can be done by CT or MRI directly after 
therapy. In cases of full ablation, a non-enhancing thermonecrosis should be visual-
ized that, ideally, is greater than the lesion itself. Post-therapeutic hemorrhage can 
be misleading, but it is usually well excluded by subtraction images. In a fully 
ablated lesion no contrast enhancement should be seen. In iBT, complete coverage 
of the lesion can be ensured by the use of radiation-planning software. In order to 
cover all the lesions, there needs to be a sufficient number of catheters to cover the 
lesion geometrically. Thereby, irregular tumor volumes can receive a sufficiently 
large radiation dose to induce necrosis. Although the radiation dose applied in iBT 
falls very steeply from the lesion to the periphery, and therefore spares surrounding 
organs, it nonetheless induces some damage in the surrounding healthy tissue, as is 
already well known from percutaneous radiation [20].

These effects on healthy liver tissue can be displayed very well in MRI with 
Gd-EOB-DTPA, by a diminished uptake of Gd-EOB-DTPA. It can be seen as early 
as 3 days after ablation with a maximum extent observed 6 weeks after therapy. 
These areas of reduced or lost liver function correlate well with the magnitude of the 
radiation dose applied [21] (Fig. 6.2), and these areas can be depicted in Gd-EOB- 
DTPA precisely according to the doses applied around the lesions.
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The reader of a follow-up-MRI after iBT has to be aware of these changes, to 
prevent misinterpretation of these findings as progressive disease. In the further 
course of follow-up, it has been observed that the areas of reduced liver function are 
usually repaired by the liver within 6 months. Thus, during early follow-up it can be 
difficult to detect a new lesion within a zone of reduced liver function that might not 
have received the full radiation dose. In such cases diffusion-weighted imaging can 
usually give decisive hints, although sometimes one can also see dark, irregular 
focal areas of contrast-sparing at hepatobiliary phase; these areas are even darker 
than those revealing reduced liver function (Fig. 6.3).

a b

Fig. 6.2 (a) Radiation planning with isodose lines and preceding location of catheters (yellow 
arrows). (b) Gd-EOB-DTPA MRI after iBT displays areas of diminished uptake of contrast media 
by hepatocytes (dark areas) that correspond to temporary dysfunctional liver parenchyma around 
the ablated lesions

a c db

Fig. 6.3 (a) Follow-up Gd-EOB-DTPA MRI after iBT shows areas of focal dysfunctional liver 
parenchyma around a darker central necrosis. In the medial zone of the dysfunctional liver, paren-
chyma can be seen as a slightly focal dark area (arrow). (b) This area can be clearly diagnosed as 
a new lesion at the edge of the treated zone (high signal intensity with high b value (b = 800). (c) 
ADC-map of B. (d) The lesion was treated again by CT-guided iBT (CT of pretreatment planning 
with catheter, white)
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Normally a follow-up interval of 3 months after therapy is adequate for response 
assessment of one or more tumors. Tumor response needs to be assessed not only in 
a defined tumor but also in the patient as a whole; his/her whole oncological situa-
tion must be reevaluated. In order to meet this requirement, physicians need to 
decide when is the best time to change the therapy, to repeat the therapy or also to 
stop a therapy, for instance, if a patient wishes to stop the therapy (see also the sec-
tion “Clinical Management”). These decisions have to be made in a multidisci-
plinary team of oncologists, radiologists, and radiation physicists.

In the case of new or recurrent lesions, iBT offers the possibility of repeated 
treatment, even at the same site, without the risk of RILD, as in conformal radiation 
therapy [22, 23]. Thus, if new or recurrent lesions are present, ablative therapy 
should be planned if the patient is still oligometastatic. In cases of progression to 
polymetastatic disease, at distant or local tumor sites, locoregional options and sys-
temic options should be checked.

If there is progression but the patient still has oligometastatic disease, iBT can be 
repeated many times, even to the point where the patient may finally become 
untreatable. The ultimate goal of ablation is indeed survival—not local control. In 
this sense, physicians treating their patients by local ablation methods should try to 
prolong to time to untreatable progression (TTUP) as much as possible. The rela-
tively new concept of TTUP is supported by data that show that quite a substantial 
proportion of patients with (for instance) initially unresectable liver metastases can 
show long-term survival with chronic metastatic disease and will therefore profit 
greatly from local ablation [24].

In summary, it can be stated that, in cases of progression, iBT can be repeated, or 
combined with other techniques, or adapted to the extent of progression, as long as 
the progression does not exceed the technical possibilities of local ablation and as 
long as the progression is not polymetastatic. In the cases of polymetastatic disease, 
systemic options should be checked.

Key Points
• An interventional radiology outpatient clinic with competent medical and 

administrative staff is the key for patient acquisition and adequate 
organization.

• Coordination and planning of the treatment with a radiation oncology iBT 
expert is a prerequisite for a successful intervention.

• A radiological ward allows intensive patient care and interdisciplinary 
communication with other clinical disciplines.

• Single high dose iBT of inner organs can be applied in almost every organ, 
and repeatedly, until untreatable progression sets in; patients with oligo-
metastatic disease seem to profit most from iBT.
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7Image-Guided Brachytherapy 
in Oligometastasis: Criteria for Patient 
Selection from an Oncological 
Perspective

Kerstin Schütte and Christian Schulz

 Introduction

Treatment of cancer is stage-specific; in the curative setting it aims at long-term 
disease-free survival and in the palliative setting it aims at prolongation of survival 
while maintaining quality of life. Distant metastases are widely regarded as mani-
festations of a systemic malignant disease, mostly indicating palliative treatment. In 
this setting, treatment of local or regional disease is supposed not to affect survival 
[1]. However, concepts have evolved that apply a more comprehensive and person-
alized view of patients with metastatic malignant disease, and that follow the 
hypothesis that metastasis-directed treatments are potentially curative in some 
patients [2]. This chapter is intended (1) to provide insights into the concept and 
biology of oligometastasis, (2) to summarize the current evidence supporting the 
use of ablative therapies including local ablative interventional treatments and sur-
gical approaches in these selected patients, and (3) to offer criteria for identifying 
patients with metastatic cancer who have the potential to benefit from local therapies.
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 Concept of Oligometastasis

One of the hallmarks of cancer is its ability to generate cells that move out of the 
primary tumor, invade adjacent tissues, and are transferred to distant sites where 
they potentially succeed in colonization [3, 4]. This invasion–metastasis cascade is 
a complex, multistep process depending on an interplay between host factors and 
intrinsic characteristics of tumor cells [5–7]. The metastatic potential of cells within 
a single neoplasm is heterogeneous, and only a few cells within a primary tumor are 
able to give rise to metastasis. Metastases are genetically very unstable and are 
clonal in origin, which leads to high biological heterogeneity within and among 
metastases [7]. This is one of the causes of intra-patient differences between metas-
tases in response to tumor-directed therapies.

Distant metastases are the leading cause of cancer-related death and account for 
at least 2/3 of deaths among patients with solid tumors [8].

In the nineteenth century, Halsted proposed a theory of cancer spread; he regarded 
it as a contiguous process from the primary tumor through the lymphatics to the 
lymph nodes and then to distant organs [1, 9]. This is the basis of modern radical en 
bloc surgery. In the mid-twentieth century, a further theory was discussed that clas-
sifies clinically apparent cancer as a systemic disease with potentially multiple and 
widely spread metastases that might also take the form of undetected (occult) 
micrometastases [1, 10]. Metastatic cancer is generally considered incurable, and 
treatment aims at the prolongation of survival and palliation of symptoms. Long- 
term survivors and complete response to therapy are exceptional in patients with 
metastasized solid tumors. However, more than 50 years ago, a debate already arose 
on the question of whether curative treatment of metastatic disease is an option. 
This debate initially focused on solitary metastases [2, 11]. In this context, the terms 
“metachronous metastases” (developing sometime after treatment of the primary 
neoplasm) and “synchronous metastases” (diagnosed at the same time as the pri-
mary neoplasm) were introduced [11].

The hypothesis of oligometastasis was first presented by Samuel Hellman and 
Ralph R.  Weichselbaum in 1995 [1]. In a landmark editorial in the Journal of 
Clinical Oncology, they discussed the contiguous and systemic theories of cancer 
and endorsed consequences of a third paradigm that classifies cancer disease on a 
biological spectrum ranging from localized to systemic disease, with many interme-
diate states.

Weichselbaum and Hellmann proposed a differentiated synthesis of the above-
mentioned theories. They argued that the metastatic capacity of a tumor evolves 
during tumor progression, and is influenced by tumor size and progression. In their 
view, the likelihood, number, and sites of metastases represent a state of tumor 
development, with the consequent possibility of intermediate tumor stages between 
localized primary disease and diffuse systemic disease. They hypothesized that, for 
certain tumors, metastases might be limited to a single or limited number of organs 
(oligometastasis) and that the malignant disease in these patients will not necessar-
ily progress to widespread distribution of cancer [1, 12]. They emphasize that this 
oligometastatic state is based on a state of limited metastatic capacity and is a 
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characteristic of many tumors during their clinical evolution [1]. They differentiate 
between two groups of patients with oligometastatic disease: first, “tumors early in 
the chain of progression may have metastases limited in number and location 
because the facility for metastatic growth has not been fully developed and the site 
for such growth is restricted,” and second, “patients who had widespread metastases 
that were mostly eradicated by systemic agents, the chemotherapy having failed to 
destroy those remaining because of the number of tumor cells, the presence of drug- 
resistant cells, or the tumor foci being located in some pharmacologically privileged 
site” [1]. Although these scenarios may look identical in imaging, they require a 
comprehensive view as they differ significantly in their clinical outcome.

 Definition of Oligometastatic Disease

Within the 25 years since the introduction of the concept of an oligometastatic state, 
there has been much debate on how to define it. There is a lack of biomarkers that 
distinguish clearly between patients with oligometastatic disease and those with a 
poorer prognosis because of widespread, possibly undetected metastases; conse-
quently, identification of patients in the respective groups frequently relies on imag-
ing. Guidelines endorsed by various professional societies differ in their definition 
of oligometastatic disease (OMD) in respect of number of tumor manifestations and 
number of sites affected. This hampers comparison of reports on local treatments 
and their outcomes in metastatic cancer. In 2020, a consensus recommendation of 
the European Society for Radiotherapy and Oncology (ESTRO) and the European 
Organisation for Research and Treatment of Cancer (EORTC) was published [13]. 
The authors agreed to use “oligometastatic disease” as an umbrella term and further 
subclassify this state by applying clinical and tumor-related information. They iden-
tified five factors as the basis for a classification system for oligometastatic disease. 
This system comprises nine distinct states of oligometastatic disease. Key distinc-
tions in differentiation are (1) between an induced oligometastatic state (where the 
patient has a history of polymetastatic disease and has responded to therapy) and a 
genuine oligometastatic state (where the patient has no history of polymetastatic 
disease); (2) between de novo (freshly diagnosed) and repeated (previously treated) 
oligometastatic disease; (3) whether the interval between diagnosis of the primary 
tumor and the metastases was shorter or longer than 6  months, (4) whether the 
metastases developed while the patient was under active systemic treatment or dur-
ing a treatment-free interval; and (5) in patients with repeated oligometastatic dis-
ease, whether current imaging reveals any lesions to be progressive. The authors’ 
aim was to judge the prognostic value of these criteria and to assess their acceptance 
and compliance in routine practice within a prospective cohort trial (OligoCare).

Another recent consensus paper by experts from ESTRO (European Society for 
Radiotherapy and Oncology) and ASTRO (American Society for Radiation 
Oncology) aims at standardization of definitions and outcome reports [14]. Although 
they detected significant heterogeneity in current definitions of oligometastatic dis-
ease (OMD) in their systematic literature review, they agreed to define OMD as 1–5 
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lesions with all metastatic sites being safely treatable. A controlled primary tumor 
may or may not be present [14].

 Possible Effects of Radical Treatment in 
Oligometastatic Disease

In recent decades, alternatives and adjuncts to systemic treatments for patients with 
limited metastatic cancer have been explored with the aim of prolonging patients’ 
overall or progression-free survival. These have included surgery, stereotactic body 
radiation therapy (SBRT), catheter-based (interstitial) high-dose-rate brachytherapy 
(iBT), and other local ablative techniques—for example, radiofrequency ablation 
(RFA), microwave ablation (MWA), and irreversible electroporation (IRE).

A positive effect beyond prolongation of survival by treatment of OMD, either 
by surgery or by local ablative techniques, is the possibility to defer the initiation or 
the switch of systemic therapy and thereby to postpone systemic side effects of 
therapy [12].

Systemic targeted treatments and immunotherapy come to the fore in several 
tumor entities, especially in malignant melanoma, renal cell carcinoma, non-small- 
cell lung cancer, breast cancer, and hepatocellular carcinoma. Abscopal effects on 
other metastases following radiotherapy, hyperthermia, or surgery with antitumor 
action have been reported; these are probably immune-mediated. First reports on 
the combination of radiotherapy with systemic immune checkpoint inhibitors, lead-
ing to impressive clinical responses, have been published. On this basis, early pro-
spective clinical trials combining radiotherapy with immune checkpoint blockage in 
several tumor entities have been initiated [12, 15, 16].

 Imaging Before Local Treatment in Oligometastatic Disease

A critical point in the identification of patients who might benefit from metastasis- 
directed therapy in OMD is, inevitably, the sensitivity of the imaging modality used 
to detect further metastatic disease. Staging should therefore include a comprehen-
sive workup with sensitive imaging of all sites of common metastases of the pri-
mary tumor and its histology, in order to detect small lesions. The authors of the 
ESTRO-ASTRO OMD consensus paper, after diligent review of published studies, 
do not define specific imaging modalities as a requirement, but they recommend 
PET/CT, contrast-enhanced CT scans of chest, abdomen, and pelvis and/or MR 
brain or spine (when indicated) for diagnostic evaluation [14]. Prognostic scores 
based on disease-burden biomarkers (number, size, and distribution of metastases) 
have been developed to identify patients with metastatic cancer who might benefit 
from radical treatment [17]. As the majority of clinical scoring systems have been 
developed on the basis of historical imaging strategies that might have missed 
micrometastases, with an impact on survival, the need for more a comprehensive 
workup of patients, using novel imaging and also molecular biomarkers, has been 
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expressed. Functional tumor imaging aiming at quantification of aspects of tumor 
morphology and behavior (e.g., vessel density, metabolic imaging, assessment of 
tumor heterogeneity) might be incorporated into clinical scenarios in the future 
[17]. Further integrated approaches will potentially combine clinical with molecular 
staging in oncological risk stratification [18], leading to subtyping of metastases 
with respect to microRNA expression patterns and genomic profiling in combina-
tion with imaging data [19].

 Evidence for Metastasis-Directed Therapy 
in Oligometastatic Tumors

Most of the published studies are either early-stage clinical studies or retrospective 
in nature. Only a very limited number of prospective, randomized, controlled clini-
cal studies on this topic have been published. Therefore, it is not clear whether the 
unexpected excellent clinical outcome in patients treated for OMD with local thera-
pies is an effect of metastasis-directed therapy or an effect of selection of favorable 
tumor biology [20]. Hence, it is a clinical challenge to define a subgroup of patients 
with metastatic cancer who would experience major benefit from metastasis- 
directed interventions without the intervention’s side effects outweighing its benefit 
(according to the principle primum non nocere).

Only a few prospective phase II and III studies on the effect of local treatment in 
OMD have been published so far. A selection of these is summarized in Table 7.1.

For several tumor entities, local ablative therapies in OMD are addressed in cur-
rent national and international guidelines on the basis of these findings.

Table 7.2 gives an overview of selected guideline statements on this issue.

 The Integrated View

Local ablative therapies, including iBT, achieve high local control rates and are 
associated with low mortality and low rates of major complications. However, sev-
eral aspects need to be taken into account if local therapy of OMD by surgery, 
locoregional therapy, or a combination of both is under consideration. These include 
the patient (especially his/her general performance status, comorbidities, and per-
sonal preferences), tumor-related factors (sites and size of target lesions), history of 
disease (tumor biology), and technical aspects (local expertise with certain local 
ablative techniques, secure treatability of all target lesions). The most important 
factors are summarized in Fig. 7.1. The patient’s prognosis in OMD depends on the 
risks of harm from metastasis-directed therapies, the probability of achieving com-
plete tumor ablation, and the probability of survival in case of complete elimination 
of the cancer manifestations that are assumed to be driving the disease [21]. Each 
patient should undergo individual assessment and discussion, at an experienced 
tumor center, in a multidisciplinary tumor board that includes experts from surgery, 
pathology, oncology, radiology, interventional radiology, and radiation oncology. 
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Table 7.1 Selection of published prospective, randomized, controlled phase II or III trials on the 
benefit of metastasis-directed therapy in OMD; adopted from [22]

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Palma 
et al., 
2019

Various 99
Controlled 
primary tumor, 
1–5 metastatic 
lesions

II Palliative 
standard of 
care vs. 
palliative 
standard of 
care combined 
with SABR

Median OS 
28 months in the 
control arm 
(95%CI 
18–39 months) 
vs. 50 months in 
the SABR arm 
(95%CI 
29–83 months); 
p = 0.006; 
HR = 0.47 with 
95%CI 
0.27–0.81
Five-year OS 
rates were 
17.7% (95%CI 
6–34%) vs. 
42.3% (95%CI, 
28–56%); 
p = 0.006

[23, 
24]

Ruers 
et al., 
2012

CRC 119
Hepatic 
metastases <10, 
no extrahepatic 
disease

II Systemic 
treatment vs. 
systemic 
treatment 
combined with 
RFA (± 
resection)

Difference in 
OS in favor of 
the combined 
modality arm 
(HR = 0.58 with 
95%CI, 
0.38–0.88, 
p = 0.01)
Median OS was 
45.6 months 
(95%CI 
30.3–
67.8 months) in 
the combined 
modality arm 
vs. 40.5 months 
(95%CI 
27.5–
47.7 months) in 
the systemic- 
treatment- only 
arm

[25, 
26]

(continued)
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Table 7.1 (continued)

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Gomez 
et al., 
2016

NSCLC 49
Stage IV 
NSCLC, three 
or fewer 
metastatic 
disease lesions 
after first-line 
systemic 
therapy, ECOG 
2 or less, after 
standard 
first-line 
systemic 
therapy, and 
with no disease 
progression 
before 
randomization

II Local 
consolidative 
therapy (LCT; 
(chemo)
radiotherapy or 
resection of all 
lesions) with or 
without 
subsequent 
maintenance 
treatment or 
maintenance 
treatment 
alone, which 
could be 
observation 
only (MT/O)

Median 
follow-up time 
38.8 months 
(range 
28.3–
61.4 months)
PFS benefit: 
median 
14.2 months 
(95%CI 
7.4–
23.1 months) 
with LCT vs. 
4.4 months 
(95%CI 
2.2–8.3 months) 
with MT/O; 
p = 0.022
OS benefit in 
the LCT arm, 
median 
41.2 months 
(lower 95%CL 
18.9 months, 
upper CL not 
reached) vs. 
17.0 months 
(95%CI 
10.1–
39.8 months) 
with MT/O; 
p = 0.017

[27, 
28]

(continued)
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Table 7.1 (continued)

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Lyengar 
et al., 
2018

NSCLC 29
Patients with 
limited 
metastatic 
NSCLC 
(primary plus 
up to five 
metastatic sites) 
whose tumors 
did not possess 
EGFR- 
targetable or 
ALK-targetable 
mutations but 
did achieve 
partial response 
or stable disease 
after induction 
chemotherapy

II Maintenance 
chemotherapy 
alone vs. 
SABR 
followed by 
maintenance 
chemotherapy

Significant 
improvement in 
PFS in the 
SABR-plus- 
maintenance- 
chemotherapy 
arm of 
9.7 months vs. 
3.5 months in 
the maintenance 
chemotherapy 
alone arm 
(p = 0.01)

[29]

Gore 
et al., 
2017

ED-SCLC 86
One to four 
extracranial 
metastases after 
a complete 
response or 
partial response 
to 
chemotherapy

II Prophylactic 
cranial 
irradiation 
(PCI) or PCI 
plus 
consolidative 
radiation 
therapy 
(PCI + cRT) to 
intrathoracic 
disease and 
extracranial 
metastases for 
extensive- 
disease SCLC

1-year OS did 
not differ 
between the 
groups: 60.1% 
(95%CI 
41.2–74.7) for 
PCI and 50.8% 
(95%CI 
34.0–65.3) for 
PCI + cRT 
(p = 0.21)
The 3- and 
12-month rates 
of progression 
were 53.3% and 
79.6% for PCI 
and 14.5% and 
75% for 
PCI + cRT
Time to 
progression 
favored 
PCI + cRT 
(HR = 0.53, 
95%CI 
0.32–0.87, 
p = 0.01)

[30]

(continued)
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Table 7.1 (continued)

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Phillips 
et al., 
2020

Prostate 54
Recurrent 
hormone- 
sensitive 
prostate cancer 
and 1–3 
metastases 
detectable by 
conventional 
imaging; 
patients had not 
received ADT; 
within 6 months 
of enrolment or 
3 or more years 
total

II SABR or 
observation

Treatment with 
SABR improved 
median 
progression-free 
survival 
(“median not 
reached” vs. 
5.8 months; HR 
0.30; 95%CI 
0.11–0.81; 
p = 0.002)
Total 
consolidation of 
PSMA 
radiotracer-avid 
disease 
decreased the 
risk of new 
lesions at 
6 months (16% 
vs. 63%; 
p = 0.006)

[31]

Ost 
et al., 
2018

Prostate 62
Asymptomatic 
PCa were 
eligible if the 
patient had had 
biochemical 
recurrence after 
primary PCa 
treatment with 
curative intent, 
three or fewer 
extracranial 
metastatic 
lesions detected 
by choline 
positron- 
emission 
tomography/
computed 
tomography, 
and serum 
testosterone 
level was 
>50 ng/mL

II Surveillance or 
MDT of all 
detected 
lesions 
(surgery or 
stereotactic 
body 
radiotherapy)

Median 
ADT-free 
survival was 
13 months 
(80%CI 
12–17 months) 
for the 
surveillance 
group and 
21 months 
(80%CI 
14–29 months) 
for the MDT 
group (hazard 
ratio 0.60 with 
80%CI 
0.40–0.90; 
log-rank 
p = 0.11)

[32]

(continued)
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Table 7.1 (continued)

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Boevé 
et al., 
2019

Prostate 432
Prostate- 
specific antigen; 
(PSA) > 20 ng/
mL and primary 
bone mPCa 
found on bone 
scan

III ADT with 
EBRT or ADT 
alone

No significant 
difference was 
found in OS 
(HR 0.90 with 
95%CI 
0.70–1.14; 
p = 0.4)
Median time to 
PSA 
progression in 
the radiotherapy 
group was 
15 months 
(95%CI 
11.8–18.2), 
compared with 
12 months 
(95%CI 
10.6–13.4) in 
the control 
group
The crude HR 
(0.78; 95%CI 
0.63–0.97) was 
statistically 
significant 
(p = 0.02)

[33]

(continued)
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Table 7.1 (continued)

Author, 
year

Primary 
location N, criteria

CT 
phase Comparators Results Ref.

Parker 
et al., 
2018

Prostate 2061
Newly 
diagnosed 
metastatic 
prostate cancer

III Standard of 
care (control 
group) or 
standard of 
care and 
radiotherapy 
(radiotherapy 
group)

Radiotherapy 
improved 
failure-free 
survival (HR 
0.76 with 
95%CI 
0.68–0.84; 
p < 0.0001) but 
not overall 
survival (HR 
0.92 with 
95%CI 
0.80–1.06; 
p = 0.266)
Failure-free 
survival was 
improved in 
patients with 
low metastatic 
burden at 
baseline who 
were allocated 
radiotherapy 
(HR 0.59 with 
95%CI 
0.49–0.72; 
p < 0·0001)

[34]

Your 
et al., 
2020

Nasopharynx 126
Biopsy-proven 
mNPC; patients 
demonstrated 
complete or 
partial response 
following 
3 cycles of 
cisplatin; and 
fluorouracil 
chemotherapy

III Chemotherapy 
plus 
radiotherapy or 
chemotherapy 
alone

Improved OS 
(stratified HR 
0.42 with 
95%CI 
0.23–0.77; 
p = 0.004) in 
favor of 
combination
Progression-free 
survival was 
also improved 
(stratified HR 
0.36 with 
95%CI 
0.23–0.57)

[35]

Abbreviations: SABR stereotactic ablative radiotherapy, CRC colorectal cancer, ED-SCLC 
extensive- disease small-cell lung cancer, EBRT external-beam radiation therapy, ADT androgen- 
deprivation therapy, OS overall survival, HR hazard ratio, CI confidence interval, CL confidence 
limit, NSCLC non-small-cell lung cancer, LCT local consolidative therapy, MT maintenance treat-
ment, PFS progression-free survival, MDT metastasis-directed therapy, PCa prostate cancer
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Decisions should rely on published evidence and guideline recommendations. 
Patients need to be fully informed on the advantages and disadvantages of local 
treatment, as well as the scientific uncertainties, in a well-balanced way. If possible, 
local treatment of OMD should take place within a clinical trial.

Key Points
• Diligent workup of the patient’s medical history, his/her general status, and 

the history of malignant disease are essential before treatment of OMD can 
be considered.

• Imaging in advance of any decision to offer local treatment to OMD should 
be comprehensive and sensitive, and should address all sites of common 
metastases for the primary tumor and its histology, in order to detect small 
lesions.

• Each patient with OMD should undergo individual assessment and review 
in a multidisciplinary tumor board.

• Patients need to be fully informed on the advantages and disadvantages of 
local treatment, as well as on the scientific uncertainties, in a well- 
balanced way.

Patient-related

factors and

history of disease

Tumour and

ablative

technique-related

factors

No benefit

from LT likely

Benefit from

LT possible

•     Significantly reduced clinical performance

      status

•     Significant co-morbidities

•     Short time interval sincefirst diagnosis

•     Synchronous metastases

•     History of polymetastatic disease

•     History of oligometastatic disease and time 

      interval

•     Several lines of systemic therapy in advance

•     Polyprogression under systemic treatment

•     Excellent clinical performance status

•     No significant co-morbidities

•     Long time interval since first diagnosis

•     Metachronous metastases

•     No history of polymetastatic or oligometastatic

      disease

•     Development in a treatment-free interval

•     Oligoprogression during systemic therapy

•     High number of metastatic lesions

•     Several organs involved

•     High number of lesions per organ

•     Local control not achievable at all OMD sites

•     Small number of metastatic lesions

•     Limited number of organs involved

•     Small number of lesions per organ

•     Local control achievable at all OMD sites

Prognostic and predictive biomarkers ?

Fig. 7.1 Overview of relevant factors influencing the decision to offer local therapies (LT) to 
patients with OMD
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8Brachytherapy of Primary Liver Lesions

Konrad Mohnike and Matthias Lampe

Interstitial brachytherapy (iBT) of primary liver tumors—hepatocellular and chol-
angiocellular carcinomas—has by now become established at specialized centers. 
There are a number of features that distinguish these procedures from iBT of, for 
example, colorectal liver metastases. This affects the choice of dose and also certain 
safety aspects, in consideration of the liver’s pre-interventional function. Moreover, 
for hepatocellular carcinoma (HCC) there are other recognized local therapeutic 
procedures such as surgical resection, transarterial chemoembolization (TACE), and 
radio-frequency ablation (RFA); these are dealt with in the respective guidelines 
and there is thus a need for a well-founded indication for iBT (Fig. 8.1). Tumor size 
(above 3–5 cm) and location (hilum of the liver, gall-bladder bed, subcapsular loca-
tion, or proximity to large blood-vessels) are relative or absolute contraindications 
for RFA, as are the absence of a tumor blush in angiography, a portal-arterial throm-
bosis on the tumor side, and, for TACE, tumor size [1–3]. Furthermore, there are 
patients who can profit more from 90Y radioembolization or from one of the sys-
temic therapy options. Patients who meet the Milan criteria will also be considered 
for a potentially curative liver transplantation, and the choice of bridging therapy is 
of especial importance for such patients (Fig. 8.2, Milan criteria).

A prospective, explorative study of iBT was conducted with 83 HCC patients 
(Child–Pugh class A 64%, class B 36%; BCLC stage A 61%, stage B 14%, stage C 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_8&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_8#DOI
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24%) and a total of 140 liver lesions. The patients’ planned doses were between 15 
and 25 Gy. Of the 126 lesions followed up by imaging, 5 (4%) recurred locally. The 
median diameter of the largest lesion in each patient was 5.2 cm (range 1–15 cm). 
No dependence upon dose within the planned range of 15–25 Gy was observed; 
therefore, in clinical routine, HCC is treated according to the individual’s tumor 
characteristics with a planned dose between 15 and 20 Gy. In the study, 114 lesions 
(median tumor diameter 3.1 cm, range 1–12 cm) were ablated unilaterally and 12 
very large HCCs (median tumor diameter 11.3 cm, range 6–15 cm) were treated 
bi- or trilaterally. The local freedom from recurrence (LFR) rate after 12 months 
was 96% for the smaller, unilaterally treated HCCs and 91% for the larger, multilat-
erally treated HCCs. Thus, even with this relatively small patient collective, it 
proved possible to show that large or very large tumors also respond well to—if 
appropriate, multilateral—treatment.

The primary endpoint was time to any progression of disease (time to progres-
sion, TTP). Median TTP was 12 months for the smaller, unilaterally treated lesions; 
for the larger, multilaterally treated ones it was 8.4 months. The median follow-up 
time for overall survival (OS) was 33.8 months, and the median OS for all patients 
was 19.4 months.

BCLC 0-A BCLC B BCLC C BCLC D

Standard after Sorafenib
Cabozantinib (I, A; MCBS 3)b

Regorafenibd (I, A; MCBS 4)b

Ramucirumaba (I, A; MCBS 1)b

Resection
LTX
(III, A)

Ablation
(III, A)
TACE (I, B)

LTX
Resection
(III, A)

TACE
(I, A)

SBRTa

Brachytherapya

SIRTa

(III, C)

SIRTa

(III, C)

Systemic
therapy
(I, A)

Option after Atezulizumab
 Bevacizumab/lenvatinib

Sorafenib (V, C)
Lenvatinib (V, C)
Cabozantinib (V, C)
Regorafenib (V, C)
Ramucirumab (V, C)

Standard:
Atezolizomab + Bevacizumab (I, A;  MCBS 5)b

Option:
Sorafenib (I, A;  MCBS 4)b

Lenvatinib (I, A)c

BSC
(III, A)

not suitable
for local
therapies

Fig. 8.1 Hepatocellular carcinoma: Treatment options according to the ESMO guidelines and 
depending on BCLC stage. aNon-standard, alternative treatment. bESMO-MCBS v1.1 score for 
new therapy/indication approved by the EMA since 1 January 2016. The score has been calculated 
by the ESMO-MCBS Working Group and validated by the ESMO Guidelines Committee. cNon- 
inferiority to sorafenib established; no evaluable benefit. dRegorafenib is not recommended in 
TKI-naive patients. eRamucirumab is only recommended in patients with an AFP level ≥ 400 ng/mL

One lesion smaller than 5 cm

No extrahepatic manifestations

 5 cm
A B
C D

Up to 3 lesions, each smaller than 3 cm 3 cm

No evidence of gross vascular invasion

Fig. 8.2 Milan criteria, applied for liver transplantation as a curative treatment for patients with 
hepatocellular carcinoma and liver cirrhosis
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A univariate analysis revealed that OS—after inclusion in the study or after the 
first diagnosis of HCC—depended upon the CLIP score (for CLIP = 0, 46.3 and 
58.9 months, respectively; for CLIP ≥ 3, 8.3 and 13.5 months) and upon the BCLC 
stage and tumor diameter. Multivariate analysis detected only the CLIP score as a 
significant factor. A matched-pair analysis was performed with 57 pairs of patients 
who fulfilled all criteria for matching; each pair comprised one patient treated by 
iBT and one patient from a control group of patients who had been treated by a dif-
ferent regimen not including iBT. A significant difference in OS following initial 
diagnosis was found: 37.5 months in der brachytherapy group and 18 months in the 
control group (p < 0.001) [4].

An interesting study of the multimodal, systemic, and interventional treatment of 
intrahepatic cholangiocellular carcinoma (CCC) has been performed. Patients had 
been treated both by local therapies such as iBT, but also by RFA or locoregional 
procedures such as radioembolization (RE), or by intraarterial chemotherapy with 
5-fluorouracil, or by systemic chemotherapy. iBT (the procedure predominantly 
used) at a planned dose of 20 Gy, alongside RFA, achieved the best result in terms 
of complete response. Median OS, from the time of first diagnosis or first interven-
tion, was 33.1 and 16 months, respectively [5]. In a study by another group, 15 
patients were treated; the mean tumor target volume was 131 mL (range 10–257 mL) 
and a median LFR of 10 months with a median OS of 14 months was achieved [6] 
(Fig. 8.3, patient example CCC).

Collettini et al. have reported on the efficacy of iBT in large (diameter 5–7 cm) 
and very large (7–12 cm) HCC tumors in patients with liver cirrhosis in Child–Pugh 
stage A or B. The mean planned dose was 15.8 Gy. After a median follow-up period 
of 12.8 months, two local recurrences were identified (2 of 30 patients with imaging 
follow-up, 7%), both were treated successfully by repeated brachytherapy. The 
mean OS was 15.4 months [7].

Tselis et al. treated 41 patients with 50 liver tumors of various kinds and a tumor 
size of more than 4 cm (median clinical target volume 84 cm3, range 38–1348 cm3) 
that were close to the liver hilum. Unlike other groups, they used a fractionation 
scheme with fractions between 4 and 14 Gy being administered once or twice a day, 
amounting to a median physical dose of 20 Gy (range 7–32 Gy). After a median 
follow-up period of 12.4 months, the 12-month LFR for liver metastases was 73%, 
and for primary liver tumor 81% [8].

The evidence adduced above demonstrates the efficacy of iBT even for large 
tumors and for those in difficult locations (Fig. 8.4, patient example HCC).

 Interstitial Brachytherapy and Transarterial 
Chemoembolization in Patients with Hepatocellular 
Carcinomas: Comparison in a Randomized Study

Early studies demonstrated the high local efficacy of iBT, even in large hepatocel-
lular carcinomas, but at the same time they revealed a higher complication rate 
compared with the treatment of metastases, especially in patients with advanced 
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Fig. 8.3 Patient example: 80-year-old female patient with recurrent cholangiocellular carcinoma. 
Extended resection of segment 4 with cholecystectomy in June 2016. Local relapse (LR) in 2018 
(a). CT-guided brachytherapy of the LR and satellite lesions in two treatment sessions in October 
and November 2018 (b, c). Remission in the MRI-scan 3 months (d) and 6 months (e) after treat-
ment; 6 months after treatment new lesion in segment 3 (f), subsequent third iBT (g)

a b

dc

fe
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liver cirrhosis. These complications include above all intervention-related effects 
such as hemorrhage [4, 9].

TACE is the standard therapeutic procedure for patients in BCLC stage B [10]. 
In randomized studies performed in the early 2000s, patients treated by TACE 
showed a significant advantage in terms of survival compared with those receiving 
tamoxifen or only best supportive care [11].

In a prospective, randomized study, 77 patients with HCC were treated either by 
CT-guided iBT or by conventional transarterial chemoembolization (cTACE, with 
Lipiodol and doxorubicin). The primary endpoint was the time to untreatable pro-
gression (TTUP), in this case to local progression that was no longer treatable by the 
modality to which the patient had been randomized. Secondary endpoints included 
TTP and OS. Major inclusion criteria were a histologically confirmed HCC (44%) 
or, if liver cirrhosis was present, an image-confirmed HCC (66%), according to the 
criteria of the European Association for the Study of the Liver (EASL); non- 
resectability; and an estimated life expectancy of more than 16 weeks [12, 13]. 
Principal exclusion criteria were portal-vein thrombosis (PVT) on the tumor side, 
extrahepatic manifestations, liver cirrhosis at Child–Pugh stage C and any other 
carcinoma. The treatment arm and the control group did not differ in respect of 
numerous aspects such as BCLC stage, Child–Pugh stage, age, α-1-fetoprotein 
(AFP) level, tumor diameter, number of lesions or etiology; only the pre-therapeutic 
bilirubin level in the cTACE group (18.9  μmol/L; interquartile range (IQR) 
11.4–28.9 μmol/L) was significantly higher than in the iBT group (12.2 μmol/L; 
IQR 9.9–15.7 μmol/L; p = 0.007). 84% of the patients in the iBT group and 88% of 
those in the cTACE group were therapy-naïve. After untreatable progression (cf. the 

g

Fig. 8.3 (continued)
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primary endpoint, above) had been reached, there were no restrictions as regarded 
further therapies so that 14 patients in der cTACE group received iBT after the study 
had ended, while one patient in the iBT group received post-study cTACE (35% vs. 
3%; p < 0.001). To avoid any bias that might have been introduced by the various 
(technically unavoidable and prospectively defined) withdrawal criteria, the patients 
concerned were censored on discovery at the time of occurrence (examples of such 
withdrawal criteria were for cTACE a PVT on the tumor side or the occurrence of 
arterioportal shunts; for iBT uncontrollable ascites or a severe coagulation disorder).

a

c

e

b

d

f

Fig. 8.4 Patient example: 79-year-old female patient (comorbidities: diabetes mellitus type 2, 
Parkinson’s disease, COPD, permanent atrial fibrillation (Xarelto)) with hepatocellular carcinoma. 
History of breast cancer. 01/2018 First diagnosis of a hepatocellular carcinoma with central/left 
liver lobe; adjacent is a breast cancer liver metastasis (CT-guided biopsy proven). (a, b) Pre- 
interventional CE-CT scan. (c) CT scan after implantation of the iBT catheter. (d) Radiotherapy 
plan, isodose lines. (e) MRI, venous phase, 3 months after intervention. (f) MRI, venous phase, 
30 months after intervention
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The study population analyzed comprised 39 per protocol (PP) patients in the 
iBT group and 38 in the cTACE group (intention to treat, 37 and 40, respectively). 
Longer TTUP and TTP were found for the patients in the iBT arm than for those in 
the cTACE arm, with a hazard ratio (PP) of 0.49 (p = 0.019 for TTUP and 0.011 for 
TTP). Especially patients at BCLC stage B profited more from iBT than from 
cTACE, which is significant, as BCLC stage B is the stage for which the guidelines 
recommend cTACE. The observation that this advantage was not reflected in OS 
may be associated with the limitations of this study, in which, in consequence of the 
study design, patients from the cTACE arm received iBT treatment once the primary 
endpoint had been reached.

Neither tumor diameter nor number of lesions had a statistically significant 
impact upon the variables for treatment outcome, in either the univariate or the mul-
tivariate analysis of the study results.

No significant differences in severe complications (Grade 3 or higher) were seen 
between the treatment arms in an intervention-based PP analysis (for iBT, 120 
Interventions, for cTACE 163 interventions) [14].

The patient collective included patients at all BCLC stages and revealed relevant 
heterogeneity. In a pilot study, a matched-pair analysis of HCC patients with and 
without iBT had been performed, and this had revealed a significantly extended 
median OS for the patients in the iBT group (37.5 vs. 18 months, p < 0.001) [4].

For BCLC stage A, no advantage of iBT was detected in respect of the primary 
or secondary endpoints. On the one hand, iBT and cTACE were obviously similarly 
effective, for a limited number and size of lesions. On the other, it should be 
remarked that for small HCCs RFA offers an effective and guideline-compliant 
method that—especially for tumors up to 2  cm diameter—achieves good tumor 
control, with shorter hospital stays and lower procedural morbidity than those asso-
ciated with surgical resection [15]. The frequently postulated oncological equiva-
lence of RFA with surgical resection of HCC in early and very late stages, even with 
very early-detected HCCs of size below 2 cm, has been questioned in recent meta- 
analyses; these indicate a higher recurrence rate and lower 3- and 5-year survival 
rates among the RFA-treated patients. A selection bias appears possible [16, 17].

 Interstitial Brachytherapy as a Bridging Therapy Before 
Liver Transplantation

Against the background of the dearth of donated organs in Germany and the conse-
quently frequent need for bridging therapy for HCC patients on the transplantation 
list—including patients both within and, sometimes, outside the Milan criteria—a 
matched-pair analysis was conducted [18, 19].

To this end, 12 patients who had received iBT as a bridging therapy before liver 
transplantation were matched according to various criteria with 12 patients who had 
received TACE for the same purpose. In the histopathological assessment of out-
comes after the liver transplantation, it was found that the lesions treated by iBT 
showed better tumor response than those treated by TACE; for complete tumor 
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necrosis the respective response rates were 33 and 5%, for partial necrosis 58 and 
36% (p < 0.05).

The overall tumor-volume necrosis rates (mean  ±  standard deviation) were 
63% ± 10% for iBT and 22% ± 7% for TACE (p = 0.002). Among the assessable 
tumors with partial necrosis, the HCCs treated by iBT showed a lower degree of 
differentiation than those treated by TACE (p = 0.041). Puncture-tract metastases 
were not observed. In the histological assessment, 100% of the iBT-treated patients 
and 75% of the TACE-treated patients met all the Milan criteria. In a subgroup 
analysis of the patients who met the Milan criteria before bridging therapy, none 
experienced tumor recurrence after transplantation.

Despite the small number of patients, the result of this study is to be regarded as 
clinically relevant, on account of the correlation between the clinical and histo-
pathological results. The value of iBT as a bridging therapy before liver transplanta-
tion should be tested more rigorously in larger-scale, prospective studies [20].

 Prognostic Factors

Prognostically relevant factors were investigated in the multimodal therapy of 55 
patients with CCC who had been treated with iBT, RFA, RE, and/or TACE, in some 
cases combined with intraarterial or intravenous chemotherapy. Median OS was 
33.1  months from first diagnosis and 16  months from inclusion in the study. 
Multivariate regression analysis took account of—independently of one another—
the number of tumor lesions, the level of the tumor markers CEA and CA-19 9, and 
the objective tumor response [5].

In univariate regression analysis of 83 prospectively assessed patients with HCC 
and a median OS of 19.4 months after first brachytherapy treatment, OS was cor-
related with CLIP score, BCLC stage, and the diameter of the respective patient’s 
largest lesion, while in the multivariate analysis only the CLIP score’s predictive 
power reached the significance level. In the meantime, BCLC stage has become 
established for the pre-therapeutic stratification of patients with HCC; this result 
was also obtained in a randomized study, as described above [4, 14]. The study in 
question revealed, in multivariate regression analysis, that significant factors influ-
encing TTUP, independently of one another, were: female sex (HR 0.21, p < 0.001), 
belonging to the iBT arm (HR = 0.49, p = 0.019), AFP level (HR = 1.13, p = 0.001), 
and Child–Pugh stage B (HR = 3.81, p = 0.036). Significant factors independently 
influencing TTP were: belonging to the iBT arm (HR = 0.49, p = 0.011) and Child–
Pugh stage B (HR = 3.12, p = 0.045). Significant factors independently influencing 
OS were: female sex (HR = 3.46, p = 0.002), AFP level (HR = 1.17, p < 0.001), and 
Child–Pugh stage B (HR = 5.76, p = 0.006).

Neither the univariate nor the multivariate analysis pointed to tumor diameter or 
number of lesions as having an influence, at the significance level, upon the out-
come variables.

An intervention-based PP analysis (iBT, 120 interventions; cTACE, 163 
interventions) revealed no significant difference between the two treatment 
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arms in the numbers of serious complications (Grade 3 or above). A surprising 
result was the poorer outcome (overall and in both treatment groups) for the 
female patients, in respect both of TTUP (HR = 4.21) and of OS (HR = 3.6). 
This stands in contrast to current literature, at least for HBV-associated HCC, 
and should be investigated in further studies [21]. The influence of the stage of 
liver cirrhosis was considerable, as expected (HR = 3.81 for TTUP and 5.76 for 
OS) [14].

 Safety

Safety aspects, against the background of liver cirrhosis, are discussed in detail in 
Chaps. 11 and 17. However, because of their importance, they are described briefly 
here as well.

To assess the influence of brachytherapy (and of 90Y radioembolization) upon 
liver function in patients with an HCC and liver cirrhosis (Child–Pugh A or B), a 
study was performed in which liver-specific laboratory values were determined 
3  days, 6  weeks, and 12  weeks after the intervention. For the 12 patients who 
received brachytherapy, the pre-therapeutic liver volume ranged from 708 to 
2268 cm3, CTV from 3.1 to 72.5 cm3 (mean value 21 cm3), and the 5 Gy volume of 
the liver from 2.6 to 20.3%. Low-grade elevations of aspartate aminotransferase and 
γ-glutamyl transferase were registered immediately after the intervention, while 
cholinesterase declined slightly. All relevant variables reverted after at most 
12  weeks to their initial values. Thus, under the conditions of the study, it was 
shown that brachytherapy, even of large volumes within overall relatively small liv-
ers (for example, after partial resection of the liver) could safely be conducted in 
patients with cirrhosis and reduced liver function [22].

In pilot studies, a purely quantitatively higher 30-day mortality was observed in 
patients with HCC and liver cirrhosis (3/83, 4%) than in patients with colorectal 
liver metastases (0/73, 0%) [4, 23]. Moreover, in the abovementioned study with 83 
HCC patients, among these patients two atypical, possible cases of RILD were 
observed.

In a study that is described in detail in Chap. 17, 192 patients were treated by 
liver iBT in 343 Interventions. The primary tumors included inter alia colorectal 
carcinomas, HCCs, CCCs, mammary carcinomas, and bronchial carcinomas. Of all 
tumors, 34.4% were between 5 and 10 cm in diameter, and 6.3% were above 10 cm. 
Of all patients, 26% had liver cirrhosis in Child–Pugh stage A or B. Two patients 
died within 30 days, one because of a fulminant hemorrhage of oesophageal varices 
and one because of neutropenic sepsis incurred through chemotherapy.

There was no instance of classical RILD. One patient with an HCC and hepatitis 
C, who received first iBT 22 months after partial liver resection, developed an atypi-
cal form of RILD with ascites and icteric elevation of hepatic enzymes. The patient 
received drug therapy, corresponding to prophylaxis of RILD, and after 7 months 
these values had completely returned to normal; the patient died slightly less than 2 
years after receiving the last brachytherapy.

8 Brachytherapy of Primary Liver Lesions



100

Severe bleeding occurred exclusively after intervention in patients with liver cir-
rhosis (5/89 vs. 0/254 patients, p = 0.001), and among these the group with moder-
ately to severely impaired liver function predominated (Child–Pugh stage B, 3/13; 
stage A, 2/230; p < 0.001; Table 8.1). The pre-therapeutic thrombocyte count was a 
significant risk factor for this (p = 0.043), but the number of catheters inserted, pro-
thrombin time, history of portal-vein thrombosis, and age were not (Table 8.1).

Table 8.1 Complications after iBT and subsequent treatments

Complication
No. of cases 
(%)a Therapyb Intervalc

Major
Bleeding CTCAE IV 1 (0.29) Surgery, resolved 24 hours
Bleeding CTCAE III 4 (1.17) DSA and/or PRBC, resolved 24 hours
Ascites CTCAE III 1 (0.29)d Drainage and diuretics, 

resolved
48 hours

Ulcer, GI 3 (0.87) Endoscopic intervention, 
resolved

5 weeks–8 months

Non-classic RILD 1 (0.5)e Symptomatic, UDCf, resolved 7 weeks
Liver abscess 4 (1.17)g Drainage and antibiotics, 

resolved
4 days–8 months

Bile duct occlusionh 1 (0.29) Endoscopic stenting, resolved 1 week
30-day mortality 2 (1.0)e

Minor
Bleeding CTCAE I 9 (3.21) None, resolved 24 hours
Pleural effusion 
CTCAE I

31 (10.8) None, resolved 24–72 hours

Pleural effusion 
CTCAE II

4 (1.40)i Thoracentesis, resolved 24–72 hours

Pneumothorax CTCAE 
I

4 (1.40) None, resolved 24 hours

Pneumothorax CTCAE 
II

1 (0.35) Chest tube, resolved 24 hours

Ascites CTCAE I 2 (0.71) None, resolved 24–72 hours
aPercentages for major complications: based on total of 343 iBT procedures; for minor complica-
tions: based on the number of imagings performed 3 days after intervention (abdomen: 280, 
chest: 286)
bTherapy to treat given event, DSA digital subtraction angiography with embolization, PBRC 
packed red blood cells
cUsual time after iBT that event was observed. Some cases of hematoma/hemorrhage, pneumotho-
rax occurred during the procedure, h hour, d day, w week, m month
dIncreased from pre-interventional Grade I
ePercentage: patient-based
fUDC ursodeoxycholic acid
gOne abscess was related to percutaneous transhepatic cholangio drainage
hOedema-related occlusion of a central bile tract
iTwo increased from pre-interventional Grade I
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Against this background, possible accompanying anticoagulatory treatment with 
low-molecular-weight heparin (LMWH) should be viewed especially critically. In a 
study, 446 cancer patients were treated for tumors located in the liver, lung, kidney, 
lymph nodes, and elsewhere; this included 781 tumor ablations (669 with iBT and 
112 with RFA), with (N = 260) or without (N = 521) peri-interventional administra-
tion of LMWH, intended as prophylaxis. A total of 63 bleeding events (of any grade) 
were observed, and these were significantly more frequent in the group of patients 
who received prophylaxis than among those who did not (for all interventions, 
respectively 11.7% and 6.3%, p  =  0.0127; for hepatic interventions 12.7% and 
7.1%, p = 0.0416). In uni- and multivariate analyses of the results, the administra-
tion of LMWH was the only factor found to be constantly and significantly associ-
ated with frequency of bleeding events. The 30- and 90-day mortality rates were 
independent of the subsequent therapy (angiographic embolization or surgery) and 
were considerably higher (23.1% and 38.5%, respectively) among the patients with 
severe bleeding than among those with no bleeding events or only mild ones (0.5% 
and 2.3%; p < 0.0001). Post-interventional administration of LMWH did not raise 
the frequency of bleedings [24].

There are indications that the presence of a biliodigestive anastomosis increases 
the post-interventional rate of abscess occurrence, as is known to be the case for 
TACE and TAE [25–27]. Our own experience from an as yet unpublished study of 
iBT combined with drug-based tumor therapy in CCC supports this.

Key Points
• iBT is capable of achieving high to very high rates of tumor control in 

primary liver tumors, up to >90% after 12 months, even for large or very 
large tumors.

• A dose-dependence was demonstrated, and primary liver tumors could be 
brought excellently under control with a 15–20 Gy radiation dose.

• In a randomized study, superiority of iBT compared with transarterial che-
moembolization was shown, with significantly longer time to progression 
and time to untreatable progression.

• For iBT in the treatment of patients with hepatocellular carcinoma and 
advanced liver cirrhosis, there are indications of a greater risk of hemor-
rhage compared with patients who have secondary neoplasms, although 
the total number of severe bleedings is still low to moderate.

• A biliodigestive anastomosis or history of papillotomy may increase the 
risk of post-interventional cholangitis or liver abscesses.

• Classical radiation-induced liver disorders have not been observed in our 
own studies or reported in the literature by other centers, although isolated, 
atypical cases of icteric increase in liver enzymes or ascites have been 
observed.
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9Ablation of Liver Metastases 
by Brachytherapy

Max Seidensticker and Marc Mühlmann

Various local ablative and locoregional therapeutic techniques have been shown to 
be safe and effective in treating liver metastases of different cancer entities. It is 
critical to recognize that not only treatment modality, but also patient selection can 
have a profound impact both on the success of the treatment and on the safety and 
well-being of the patient. In general, local techniques such as brachytherapy allow 
complete tumor ablation with excellent local tumor control (LTC), thereby making 
possible a curatively intended therapeutic approach, as compared with locoregional 
techniques, which frequently only achieve partial remission and therefore are more 
commonly used in a palliative setting. Thus, local ablation is the preferred approach, 
where this is possible. The choice of technique (local ablation or locoregional treat-
ment) is influenced mainly by the tumor(s) number, size, and location. Local ther-
moablative techniques are more suitable in the treatment of fewer (<3, possibly up 
to 5) and smaller (<3 cm, possibly up to 5 cm) tumors which are not located adja-
cent to the liver hilum or the surrounding organs (stomach, colon, duodenum, heart). 
Accordingly, not all tumors qualify for thermal ablation: (1) Proximity of the target 
to large intrahepatic vessels (veins and portal branches) leads to a heat-sink effect in 
the ablation zone and an increased risk of incomplete ablation (applies mainly for 
RFA, in part for MWA) [1]; (2) proximity of the target to the liver hilum entails the 
risk of damage to heat-vulnerable structures (mainly bile ducts) [2, 3]; (3) a periph-
eral location of the target, with proximity to heat-vulnerable organs (gall bladder, 
stomach, colon, duodenum, heart) entails the risk of organ damage or perforation 
[4]. Tumors with these characteristics can sometimes be treated by hepatic resec-
tion, especially when they are located at the periphery. In many cases where the 
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patient is considered unsuitable for surgery, locoregional techniques—including 
TACE, 90Y radioembolization (TARE), or SBRT—are used as an alternative treat-
ment, albeit with a potentially higher nontarget tissue exposure and a limited appli-
cability in larger tumors. However, local radioablation by image-guided 
brachytherapy (iBT) expands the scope of application of true local ablation to lesion 
sizes above 5 cm and to tumor locations unfavorable for thermoablation.

In this chapter, we summarize the literature on local radioablation by iBT for 
various tumor entities, and we present data on local control rate and overall sur-
vival (OS).

It should be noted, as a general point, that local ablation in more common can-
cers (e.g., CRC) and in relatively rare ones (e.g., sarcoma or oesophageal carci-
noma) was, in most of the literature reviewed here, performed in heavily pretreated 
patients and in the presence of oligometastatic disease. (The latter could possibly be 
defined as non-rapid progressive disease with metastasis in up to two or three organ 
sites and up to five manifestations, predominantly visceral or lymph-nodal) [5]. 
This could be a source of bias; therefore, the data summarized (especially OS data) 
should be interpreted with this in mind. Consequently, the focus should be on local 
control rate.

 Local Radioablation by Catheter-Based 
Radiotherapy (Brachytherapy)

In contrast to thermally based ablative techniques, iBT employs radiation to 
induce tumor apoptosis. For this purpose, a radioactive source (Iridium-192, for 
high dose rate) is positioned temporarily within the lumen of a catheter that was 
placed fluoroscopically within the tumor under guidance by CT or 
MRI. Frequently, several catheters are used, to aid the organ-sparing 3D dosim-
etry. The aim is to cover the whole tumor in a single session, with a local tumor-
enclosing dose D100 of 15–25 Gy (depending on the tumor entity). Since the 
radiation is applied from inside to outside, the complications and restrictions 
associated with stereotactic irradiation can be avoided or minimized. Nontarget 
radiation exposure is lower in iBT, as more precise dosimetry can be performed 
without accounting for movement of the liver during radiation application. From 
a technical point of view tumor size, heat-sink effect, and, in part, proximity to 
vulnerable adjacent structures constitute far less strict limitations upon iBT—in 
some cases no limitations at all (for case examples see Fig. 9.1). In addition, the 
exposure of adjacent organs can be decided during dosimetry planning, and 
known normal tissue tolerance doses can be included in the dosimetry planning 
in order to avoid toxicity in the normal tissue; further measures, such as tempo-
rarily inserted inflatable balloons, can decrease the exposure of adjacent tissue 
and allow full dose coverage of the target tumors [6].

M. Seidensticker and M. Mühlmann



107

a b c

d e f

g h i

j k l

Fig. 9.1 Case examples. (a–c) Patient with metastatic breast cancer (a, pretreatment MRI, hepa-
tobiliary phase, with a large metastasis in the left liver lobe; b, iBT with a D100 of 15 Gy; c, 
12-month follow-up MRI with complete necrosis and residual hepatic scar). (d–f) Patient with 
metastatic colorectal cancer (d, pretreatment MRI, hepatobiliary phase, with a small metastasis in 
liver segment 6; e, iBT with a D100 of 25 Gy; f, 18-month follow-up MRI with complete necrosis). 
(g–i) Patient with metastatic colorectal cancer (g, pretreatment MRI, hepatobiliary phase, with a 
small metastasis in liver segment 3 with close proximity to the main left bile duct; h, iBT with a 
D100 of 25 Gy; i, 2.5-year follow-up PET CT with complete remission). (j–l) Patient with meta-
static neuroendocrine cancer (j, pretreatment MRI, portal-venous phase, with a large metastasis in 
direct proximity to the main right portal stem; k, iBT with a D100 of 20 Gy; l, 24-month follow-up 
MRI (arterial phase) with complete response and patent adjacent vascular structures
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 Local Tumor Control

 Colorectal Cancer Liver Metastases

The efficacy of iBT is high, as displayed by local control rate ranges from 76 to 
88.3% (at 12 months) for 138 ablated lesions with sizes of 1–12 cm (median 4.6 cm) 
and 179 ablated lesions with sizes of 0.8–10.7 cm (median 2.85 cm) [7, 8]. Local 
tumor control after iBT of colorectal liver metastases demonstrated a strong dose 
dependence. Local tumor progression occurred in 1 of 33 (3%) lesions treated with 
a D100 of 18.8 Gy (46.3 months median time to local progression), compared with 
local tumor progression of 34.7% among 98 lesions treated with a D100 of only 
12.8  Gy (27.1  months median time to local progression) [9]. If possible, 25  Gy 
should be administered as D100.

 Breast Cancer Liver Metastases

The efficacy of iBT is very high, as exemplified by local control rates from 93.5% 
to 94.6% (at 12 months) for 115 tumors with sizes of 1.0–11 cm (median 4.4 cm) 
and 80 tumors 0.8–7.4 cm (median 2.6 cm), respectively [10, 11]. Breast cancer is 
radiosensitive, and a D100 of 15 Gy is sufficient to achieve ablation.

 Neuroendocrine Tumors Liver Metastases

The efficacy of iBT is very high, as demonstrated by local control rates of 92% (at 
12 months) and 83% (at 36 months) for 52 ablated tumors with sizes of 0.7–11.0 cm 
(median 2.1 cm) when treated with a D100 of 15–20 Gy [12].

 Renal Cancer Liver Metastases

The efficacy of iBT is very high, as demonstrated by local control rates from 92.6% 
(at 10.2 months) to 93.8% (at 21.6 months) for 16 lesions with sizes of 1–8.2 cm 
(median 3.8 cm) and for 54 ablated tumors with the size of 0.5–13.9 cm (median 
1.8 cm), the latter irradiated with a median D100 of 16 Gy [13, 14].

 Liver Metastases of Other Cancer Entities

Regardless of entity, the efficacy of liver metastasis treated by iBT, as described by 
the local control rate, remains high.

For liver metastases of anal carcinoma, the local control rate has been reported as 
97.4% (at 15.2 months) for 28 lesions with sizes of 0.4–6.2 cm (median 1.2 cm) 
when ablated with a mean D100 of 16.2 Gy [15].
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For GIST metastases the local control rate has been reported as 97.5% (at 
25 months) for 40 ablated tumors (30 liver, 10 peritoneal) with sizes of 0.6–11.2 cm 
(median 2.4 cm) when ablated with a mean D100 of 15 Gy [16].

For gastroesophageal carcinoma, the local control rate has been reported to range 
from 89 to 100% (at 8.3 months) in 36 tumors (location: 29 liver, 2 nodal, 5 others) 
with sizes of 1–10.2 cm (median 2 cm) when treated with (on average) a D100 of 
19.9 Gy, and for 12 tumors with sizes of 1.4–6.8 cm (median 4.6 cm) when ablated 
with a target dose for D100 of 15–20  Gy [17, 18]. An overview of the studies 
reviewed is provided in Table 9.1.

 Overall Survival/Survival Rate

As stated above, OS numbers are probably biased by lead time and selection. 
Furthermore, published results are for cohorts at single centers and patient numbers 
are small.

For example, we have only a few data about the context of treatment (treatment 
of progressive lesions under chemotherapy or treatment of stable or residual lesions 
after chemotherapy). However, overall, data are in line with published data on ther-
mal ablation. Therefore, we can cautiously conclude that the results from thermal 
ablation can be extended to iBT treatment of tumors that are not eligible for thermal 
ablation but may be eligible for iBT.

 Colorectal Cancer Liver Metastases

Median OS after iBT of colorectal liver metastases has been reported to range from 
18 to 23.4 months and peaks around 26.3 months when iBT is combined with che-
motherapy. Patients were usually pretreated by chemotherapy or had been chemore-
fractory [8, 9].

 Breast Cancer Liver Metastases

The median OS after iBT of breast cancer liver metastases has been reported to 
range from 18 to 21.9 months. Patients were mostly pretreated by chemotherapy 
(83.8–95% of the patients) or had been chemorefractory [11, 19].

 Neuroendocrine Tumors Liver Metastases

The median OS after iBT of neuroendocrine cancer liver metastases has been 
reported as 36 months. Patients were mostly pretreated by chemotherapy and/or had 
been chemorefractory [12].

9 Ablation of Liver Metastases by Brachytherapy
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 Renal Cancer Liver Metastases

The median OS after iBT of renal cancer liver metastases has been reported as 
51.2 months. Patients were mostly pretreated with chemotherapy and/or had been 
chemorefractory [13].

 Liver Metastases of Other Cancer Entities

As mentioned above, OS data can be of limited validity, and this is especially true 
for rare cancer entities. However, in the light of the low complication rate and the 
limited alternative treatment options available, reported OS data may be considered 
adequate to support individual, rather aggressive treatment decisions. This applies 
especially for tumor dynamics and for distributions that meet the criteria for oligo-
metastatic disease.

Median OS of more than 2 years was observed after iBT of liver metastases from 
(1) GIST (at 37.3 months) and (2) anal CA (at 25.2 months) [15, 16].

Median OS less than 1  year was observed in (1) pancreatic carcinoma 
(8.6–8.9 months) and (2) gastroesophageal CA (11.4 months) [17, 20, 21].

 Special Considerations

 Damage to Adjacent Organs

In tumors located peripherally, there is an inherent risk of radiation damage to adja-
cent organs (e.g., stomach, duodenum, colon, gall bladder, heart). However, in con-
trast to thermal energy, exposure to radiation can be predicted in dosimetry planning 
and, if needed, adjusted if relevant overexposure of an organ at risk is identified. 
Thus, tumors in  locations not eligible for thermal ablation can be ablated by 
iBT. Planned dose exposure of hollow organs should not exceed 11 Gy/mL [22]. In 
order to achieve an effective dose administration to the target while sparing the 
organ at risk, spacing by temporarily placed inflatable balloons has been stated to be 
safe and effective [6]. For a case example see Fig. 9.2.

 Abscess

Post-iBT abscess formation has been reported, with a frequency of up to 2% [23, 
24]. As with thermal ablation, the risk of abscess development is deemed higher in 
presence of hepaticojejunostomy or compromised ampulla of Vater [23].

M. Seidensticker and M. Mühlmann
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a b

c d

e f

Fig. 9.2 Case example: A 75-year-old female with hepatic metastases from colorectal cancer, 
after hepatic resection and chemotherapy, had become chemorefractory and developed liver metas-
tases. According to the multidisciplinary tumor board, the patient was scheduled for iBT. Planning 
CT (a axial, b coronal) without contrast showed confluent metastases in liver segment 4b/5. Note 
the proximity to the stomach (distal) and duodenum (proximal). After CT-guided placement of 
three catheters, a balloon was inserted and inflated to 4  cm, in order to increase the distance 
between the liver and stomach/duodenum(c, d). (e, f) Show the dosimetry in axial (e) and coronal 
(f) orientation. D100 was 20 Gy, but most parts of the tumor were encircled by the 25 Gy isodose. 
Note the 20  Gy isodose (green) crossing the balloon, i.e., the former position of the stomach/
duodenum

9 Ablation of Liver Metastases by Brachytherapy
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 Bile Duct Damage

High peak doses at main bile ducts can lead to bile duct necrosis and bile duct ste-
nosis. Unlike thermoablation, dosimetric planning for iBT allows exact prediction 
of potential exposure and adjustment of the dosimetry if exposure is considered too 
high. In the literature, a threshold of approximately 20 Gy is reported for the devel-
opment of bile duct complications [25]; thus, restrictions upon treatment for local 
ablation of central tumors with iBT are smaller than for thermal ablation.
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10Liver Brachytherapy: Experience 
from Asia

Daya Nand Sharma and Gokula Kumar Appalanaido

 Magnitude of the Problem: Epidemiology 
of Liver Malignancies

The liver as an organ is often inflicted by various types of malignancies—both pri-
mary and secondary in nature. The most common primary malignancy affecting the 
liver is hepatocellular carcinoma (HCC) [1]. Cholangiocarcinoma, angiosarcoma, 
and hepatoblastoma are rarer malignancies of the liver. HCC is a major problem in 
parts of Asia, with the highest rate of HCC in the world among men occurring in 
Eastern Asia and South-East Asia (SEA), with age-standardized rates (ASR) of 31.9 
and 22.2 per 100,000, respectively [1]. On the basis of the Globocan 2018 estimate, 
nearly three-quarters of the newly diagnosed primary liver malignancies are from 
the Asian region, with China alone contributing 50% of the cases [2]. Various causes 
have been ascribed to this high incidence including, but not limited to, endemicity 
of hepatitis B, the presence of aflatoxins in stored maize and groundnut, and the 
prevalence of hepatitis C infection [3]. Public health interventions such as universal 
hepatitis B immunization and improved awareness of modes of transmission of 
hepatitis B and C viruses, as well as changing agricultural practices to reduce food 
contamination with aflatoxins, have led to a decreased incidence of HCC in Asia in 
recent years [4–8]. In India, the available data indicate that the age-adjusted inci-
dence rate of HCC is low, ranging from 0.7 to 7.5 per 100,000 in men and 0.2 to 2.2 
per 100,000 in women per year [9]. The incidence of HCC in patients suffering from 
cirrhotic liver in India is 1.6% per year [9]. Liver is also a common site for metasta-
ses of malignancies from other sites in the body. Among the 2.4 million cancer 
patients registered in the SEER database from 2010 to 2015, 5.14% were diagnosed 
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with liver metastasis at the time of primary cancer diagnosis. For women between 
20 and 50 years old, breast cancer is the most common metastatic disease of the 
liver, whereas for men aged between 20 and 50 years colon cancer was the most 
common cause, followed by rectal, lung, and pancreatic cancers [10]. With the 
likely reduction in the incidence of HCC due to active hepatitis B vaccination, meta-
static tumors in the liver, especially colorectal liver metastasis (CRLM), will become 
a significant burden for healthcare facilities in Asia. The incidence of colorectal 
cancer in Asia—especially in China, Japan, South Korea, and Singapore—has 
increased significantly compared with historical data, and the estimated cumulative 
incidence of CRLM is 15.1% and 16.9% at 5  years and 10  years, respectively 
[11, 12].

The Barcelona clinic liver cancer (BCLC) staging system is the most widely 
used staging system in HCC for treatment allocation and prognostication. It divides 
HCC patients into five groups: 0 (very early), A (early), B (intermediate), C 
(advanced), and D (end-stage). 30–40% of HCC patients present in stage 0 or A 
[13]. The role of local ablative therapy (LAT) using high-dose-rate interstitial 
brachytherapy (iBT) in HCC is defined primarily for early stages and is particularly 
preferred in situations where radiofrequency or microwave ablation is contraindi-
cated or deemed inadequate to achieve good local control. Its role in more advanced 
disease is still evolving. Table 10.1 summarizes the BCLC staging and the com-
monly prescribed iBT dose in HCC.  The role of iBT in liver metastases is dis-
cussed later.

 Local Ablative Therapy (LAT) of Primary Liver 
Malignancies in Asia

The management of primary HCC in Asia generally conforms to the ESMO guide-
lines, with most recommendations being accepted as guidelines for practice in the 
respective countries. The Pan-Asian adapted ESMO Clinical Practice Guidelines 
for the management of patients with intermediate and advanced/relapsed hepato-
cellular carcinoma (a TOS–ESMO initiative endorsed by CSCO, ISMPO, JSMO, 
KSMO, MOS, and SSO) have been published in the annals of oncology [14]. 
Unfortunately, unlike the main ESMO guidelines, iBT is not stated in these Pan- 
Asian adapted guidelines to be an alternative treatment for tumors less than 5 cm in 
size and when there are fewer than three lesions.

 Local Ablative Therapy (LAT) in Liver Metastases

There are several treatment options (surgical resection and LAT) for liver metasta-
ses. Among the LAT options, iBT is generally indicated for relatively large lesions 
(even up to 10 cm) in patients presenting with oligometastatic disease. Extensive 
local ablations with iBT can be part of multimodal therapeutic management, e.g., 
conducted intermittently during systemic chemotherapy, or to control the local 

D. N. Sharma and G. K. Appalanaido



119

Ta
bl

e 
10

.1
 

B
C

L
C

 s
ta

gi
ng

 a
nd

 th
e 

ro
le

 o
f 

br
ac

hy
th

er
ap

y

B
C

L
C

 
st

ag
e

St
ag

e 
de

fin
iti

on
St

an
da

rd
 

tr
ea

tm
en

t(
s)

A
dd

iti
on

al
 c

om
m

en
ts

R
ol

e 
of

 
br

ac
hy

th
er

ap
y

D
os

e 
of

 H
D

R
 b

ra
ch

yt
he

ra
py

L
ev

el
 o

f 
ev

id
en

ce
 f

or
 

br
ac

hy
th

er
ap

y
0

Si
ng

le
 le

si
on

 <
2 

cm
Pr

es
er

ve
d 

liv
er

 
fu

nc
tio

n
PS

 0

L
iv

er
 r

es
ec

tio
n

L
iv

er
 

tr
an

sp
la

nt
at

io
n

R
ad

io
fr

eq
ue

nc
y 

(R
FA

) 
or

 m
ic

ro
w

av
e 

(M
W

A
) 

ab
la

tio
n

T
ra

ns
-a

rt
er

ia
l 

ch
em

o-
em

bo
liz

at
io

n 
(T

A
C

E
)

R
FA

 o
r 

M
W

A
 is

 in
di

ca
te

d 
in

 <
3 

cm
 le

si
on

s
Fo

r 
R

FA
, t

he
 le

si
on

 s
ho

ul
d 

be
 a

w
ay

 f
ro

m
 a

ny
 v

es
se

l 
>

5 
m

m
 in

 s
iz

e 
(t

o 
pr

ev
en

t 
co

ol
in

g 
ef

fe
ct

 a
nd

 lo
ss

 o
f 

ef
fic

ac
y)

R
FA

 o
r 

M
W

A
 a

ls
o 

no
t 

pr
ef

er
re

d 
if

 le
si

on
 n

ea
r 

ga
ll 

bl
ad

de
r, 

ex
op

hy
tic

 g
ro

w
th

, 
or

 n
ea

r 
bo

w
el

A
s 

an
 a

lt
er

na
ti

ve
 

to
 R

FA
 a

nd
 M

W
A

Pr
ef

er
re

d 
to

 R
FA

 in
 

le
si

on
s 

3–
7 

cm
 in

 
si

ze
Pr

ef
er

re
d 

if
 le

si
on

 is
 

cl
os

e 
to

 v
es

se
l

Pr
ef

er
re

d 
in

 
ex

op
hy

tic
 g

ro
w

th
 

an
d 

le
si

on
 c

lo
se

 to
 

ga
ll 

bl
ad

de
r

15
–2

5 
G

y
Si

ng
le

 s
es

si
on

II
IC

A
Si

ng
le

 o
r 

up
 to

 3
 

le
si

on
s 

<
3 

cm
Pr

es
er

ve
d 

liv
er

 
fu

nc
tio

n
PS

 0

L
iv

er
 r

es
ec

tio
n

L
iv

er
 

tr
an

sp
la

nt
at

io
n

R
ad

io
fr

eq
ue

nc
y 

(R
FA

) 
or

 m
ic

ro
w

av
e 

(M
W

A
) 

ab
la

tio
n

T
ra

ns
-a

rt
er

ia
l 

ch
em

o-
em

bo
lis

at
io

n 
(T

A
C

E
)

Pr
ef

er
re

d 
to

 R
FA

 in
 

le
si

on
s 

3–
7 

cm
 in

 
si

ze
Pr

ef
er

re
d 

if
 le

si
on

 is
 

cl
os

e 
to

 v
es

se
l

Pr
ef

er
re

d 
in

 
ex

op
hy

tic
 g

ro
w

th
 

an
d 

le
si

on
 c

lo
se

 to
 

ga
ll 

bl
ad

de
r

15
–2

5 
G

y
Si

ng
le

 s
es

si
on

II
IC

(c
on

tin
ue

d)

10 Liver Brachytherapy: Experience from Asia



120

Ta
bl

e 
10

.1
 

(c
on

tin
ue

d)

B
C

L
C

 
st

ag
e

St
ag

e 
de

fin
iti

on
St

an
da

rd
 

tr
ea

tm
en

t(
s)

A
dd

iti
on

al
 c

om
m

en
ts

R
ol

e 
of

 
br

ac
hy

th
er

ap
y

D
os

e 
of

 H
D

R
 b

ra
ch

yt
he

ra
py

L
ev

el
 o

f 
ev

id
en

ce
 f

or
 

br
ac

hy
th

er
ap

y
B

M
ul

ti-
 no

du
la

r
U

nr
es

ec
ta

bl
e

Pr
es

er
ve

d 
liv

er
 

fu
nc

tio
n

PS
 0

TA
C

E
C

an
 b

e 
co

ns
id

er
ed

 if
 

ne
ed

le
 p

la
ce

m
en

t 
po

ss
ib

le
 to

 c
ov

er
 a

ll 
no

du
le

s 
(u

p 
to

 f
ou

r 
no

du
le

s)
Si

ze
 <

7 
cm

15
–2

5 
G

y
Si

ng
le

 s
es

si
on

 if
 d

os
e 

co
ns

tr
ai

nt
s 

m
et

. O
th

er
w

is
e 

m
ul

tip
le

 s
es

si
on

s
D

os
e 

co
ns

tr
ai

nt
s:

To
 p

re
se

rv
e 

th
e 

liv
er

 
pa

re
nc

hy
m

a,
 d

os
in

g 
ad

ju
st

ed
 s

uc
h 

th
at

 n
ot

 m
or

e 
th

an
 tw

o-
th

ir
ds

 o
f 

th
e 

no
rm

al
 li

ve
r 

tis
su

e 
re

ce
iv

ed
 

>
5 

G
y.

 T
he

 m
ax

im
um

 
ex

po
su

re
 li

m
ite

d 
to

 1
5 

G
y 

pe
r 

1 
m

L
 f

or
 th

e 
st

om
ac

h 
an

d 
in

te
st

in
e 

an
d 

8 
G

y 
pe

r 
1 

m
L

 f
or

 th
e 

sp
in

al
 c

or
d

II
IC

 [
14

, 1
5]

C
Po

rt
al

 in
va

si
on

E
xt

ra
- h

ep
at

ic
 s

pr
ea

d
Pr

es
er

ve
d 

liv
er

 
fu

nc
tio

n
PS

 1
–2

So
ra

fe
ni

b
R

eg
or

af
en

ib
N

o 
ro

le
T

ri
al

s 
ru

nn
in

g 
in

 
co

m
bi

ni
ng

 
ra

di
ot

he
ra

py
 w

ith
 

H
D

A
c 

in
hi

bi
to

rs
 

an
d 

im
m

un
ot

he
ra

py
D

N
ot

 tr
an

sp
la

nt
ab

le
PS

 3
–4

E
nd

-s
ta

ge
 li

ve
r 

fu
nc

tio
n

B
es

t s
up

po
rt

iv
e 

ca
re

N
o 

ro
le

D. N. Sharma and G. K. Appalanaido



121

tumor while the patient is on chemotherapy holiday in view of side effects that 
decrease the patient’s quality of life. Most of the treatment centers in Asia follow the 
ESMO consensus guidelines on the indications for local ablative therapy in CRLM, 
which is adapted by the pan-Asian group [11–13, 15]. The adopted consensus 
guideline for LAT in CRLM is shown in Table 10.2.

The use of LAT for other primary liver tumors such as cholangiocarcinoma or 
metastatic tumors to the liver from other malignancies excluding the CRLM is not 
a well-established practice backed by strong evidence as in the rest of the world, 
though is practiced at some centers in Asia [16, 17]. LATs for liver metastasis com-
monly used in Asia are radiofrequency ablation (RFA), percutaneous ethanol injec-
tion, percutaneous acetic acid injection, cryoablation, microwave coagulation 
therapy, and high-intensity focused ultrasound (HIFU) [18].

 Status of Liver Brachytherapy in Asia

Interstitial brachytherapy for liver lesions is practiced at a limited number of centers 
in Asia. To the best of the authors’ knowledge, only three centers in India and one 
center in Malaysia practice liver iBT. It was first introduced in New Delhi, India, in 
the year 2009 by Sharma et al. [19, 20]. Subsequently, Appalanaido did the same in 
Malaysia, in 2018 [21]. Encouraged by the initial results from these reports [19–21], 
some other centers in India also started iBT for liver tumors [22, 23]. With growing 
awareness about liver brachytherapy and an increase in the number of HDR brachy-
therapy machine installations, its use in India is likely to increase in the future.

Table 10.2 Pan-Asian adapted ESMO consensus guidelines for the management of patients with 
metastatic colorectal cancer: a JSMO-ESMO initiative endorsed by CSCO, KACO, MOS, 
SSO, and TOS

Recommendation 15: local ablation techniques

15a. In patients with unresectable liver metastases only, or OMD, local ablation techniques 
such as thermal ablation or high conformal radiation techniques (e.g., SBRT. HDR 
brachytherapy) can be considered. The decision should be taken by a MDT based on local 
experience, tumor characteristics, and patient preference [IV, B]
15b. In patients with lung only or OMD of the lung, ablative high conformal radiation or 
thermal ablation may be considered if resection is limited by comorbidity, the extent of lung 
parenchyma resection, or, other factors [IV, B]
15c. SBRT is a safe and feasible alternative treatment of oligometastatic colorectal liver and 
lung metastases in patients not amenable to surgery or other ablative treatments [IV, B]
15d. RFA can be used in addition to surgery with the goal of eradicating all visible metastatic 
sites [II, B]

OMD Oligometastatic disease, SBRT Stereotactic Body Radiotherapy, HDR High Dose Rate
Voting process: [A = accept completely, B = accept with some reservation, C = accept with major 
reservations, D = reject with some reservation, and E = reject completely]
[I–IV]; level of evidence based on the adapted version of the “Infectious Diseases Society of 
America—United States Public Health Service Grading System”
Reproduced with permission

10 Liver Brachytherapy: Experience from Asia



122

 Clinical Experience with Liver iBT in Asia

Sharma et al. reported their experience of using CT-guided iBT in liver metastases 
[19]. A total of 10 patients with 12 metastatic lesions in the liver were enrolled in 
this prospective trial. Patients with any bleeding diathesis, low platelets, abnormal 
liver function tests, and Karnofsky performance status below 70 were excluded. 
Also, patients with more than three lesions, pediatric patients, patients with metas-
tases from Wilms’ tumor, choriocarcinoma, seminomas, or other chemo-sensitive 
tumors, patients with metastases to more than one visceral organ and those with 
previous irradiation to the liver (including SBRT) were also excluded. Lesions up to 
7 cm in size (median size 3.8 cm) were included in this study. The procedure was 
carried out in the CT scan room under local anesthesia (2% xylocaine). In the 
breath-hold position, a 16-gauge blind-end stainless steel or rigid plastic brachy-
therapy needle was inserted into the center of the lesion by the percutaneous route. 
The needle tip was preferably advanced 3–5 mm beyond the lesion since the needle 
tip is blind and the radioactive source cannot reach the edge of the needle. Caution 
was taken not to introduce the needle during breathing movement, in order to avoid 
tissue tearing. Numbers of iBT needles were decided by the size and shape of the 
tumor: a single iBT needle is sufficient for lesions up to 3 cm and more needles are 
needed for lesions above 3 cm in diameter. The distance between two adjacent nee-
dles was kept at approximately 2–3 cm. The needles were then secured with screws 
(Fig. 10.1). If required, needles were sutured to the skin for additional securing. CT 
scan images were acquired with a slice thickness of 3 mm and transferred to the 
treatment-planning system. A single dose of 20 Gy was prescribed for the CTV. No 
margin was added to the CTV for defining PTV; thus PTV was equivalent to 
CTV. The volume of normal liver (excluding the PTV) receiving 5 Gy was kept 
below 30%. The needle was removed in the breath-hold position immediately after 
the completion of treatment, and the puncture site was sealed. Pain was the most 
frequent complication, witnessed in 25% of patients. No patient developed bleeding 

Fig. 10.1 Clinical 
photograph showing 
percutaneously inserted 
needles secured with 
screws. Adapted from: 
Sharma DN et al. 
High-dose-rate interstitial 
brachytherapy for liver 
metastases: first study from 
India. J Contemp Brachy 
2013; 5(2): 70–75
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or needle-tract progression. Local control rate at 12 months was 75%. The 1-year 
local-progression-free survival rate (LPFS) was 33%.

Appalanaido et al. presented their series at the 2019 annual ASCOMOS meeting 
in Malaysia. The updated series comprised a total of 51 patients, with 84 lesions, 
treated from December 2018 to December 2020 at Universiti Sains Malaysia. The 
largest dimension of a metastatic lesion treated was 14.5  cm (Fig.  10.2). In this 
patient, with CRLM, the lesion was treated in a planned two-stage manner, with the 
second fraction of brachytherapy administered after 4 months to the residual lesion 
inducing complete metabolic response. The largest number of lesions treated in 
single patient was 16. Though experience with HCC was limited, one patient with a 
16.2 cm primary HCC showed a complete radiological response after a low periph-
eral dose of 11.8 Gy covering the tumor (Fig. 10.3). Patient selection criteria are 
adopted from Mohnike et al. with no limit to the lesion size and a maximum of five 
lesions treated in a session [23]. The prescription dose covering the GTV range 
from 10 to 15 Gy for HCC and 20 Gy for other metastatic lesions such as those from 
breast, nasopharynx, and pancreas. A higher dose of 25 Gy is used for colorectal 
liver metastasis. The technique of implantation is similar to that of Sharma et al., 
who use CT guidance and stainless steel needles rather than plastic brachytherapy 

Fig. 10.2 iBT plan of a 
patient with colorectal 
cancer liver metastasis. 
The yellow line shows a 
prescription isodose line of 
15 Gy

Fig. 10.3 iBT plan and posttreatment CT Scan showing complete response in a patient with large 
hepatocellular carcinoma. The yellow line shows a prescription isodose line of 12 Gy
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catheters. As in the experience of Sharma et al., pain is the most common toxicity, 
and most patients with lesions larger than 5 cm treated have a spike of temperature 
within few hours of completing the treatment. Three patients had significant sub-
capsular bleeding that needed transfusion. Otherwise, no significant long-term tox-
icity was noted in follow-up. Analysis of the first 32 patients, with 43 lesions, within 
the first year of the liver brachytherapy program (presented at ASCOMOS, not pub-
lished to date), no patient had progressive disease of the treated lesion in the liver. 
However, most patients were treated within the 6 months immediately before the 
presentation of the data so that the follow-up interval was too short to allow a final 
conclusion. Full data on the control rates will be published after completion of the 
ongoing final statistical analysis with a longer follow-up period.

Vishwanathan et  al. from Bangalore, India reported the use of image-guided 
robotic iBT to treat a large (12.5 cm) pediatric unresectable HCC; this was not suit-
able for any other treatment modality, such as liver transplantation, liver resection 
or RFA, and it was refractory to medical treatment. The procedure was done under 
local anesthesia. The interstitial needle with an angiographic sheath attached to a 
robotic arm was introduced and was replaced with a 5–6F flexible single leader 
brachytherapy catheter (Fig. 10.4). Inter-catheter distance was kept to 3–4 cm. A 
dose of 30 Gy in 2 fractions was prescribed for the CTV, using the iBT afterloader 

Fig. 10.4 Clinical image 
depicting placement of 
HDR brachytherapy 
catheters. Adapted from: 
Vishwanathan et al. 
Image-guided robotic 
interstitial brachytherapy, a 
new innovative treatment 
for malignancies. 
Hematology and Medical 
Oncology 2018; 3 (1): 1–4
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system. There were no intraoperative or immediate postoperative complications. 
After 6 months of follow-up, the patient achieved partial response and near- complete 
metabolic response [22] (Fig. 10.5).

Agrawal and Singh from Lucknow, India treated a patient with liver metastases 
(size 4 cm) from colorectal cancer with iBT. The procedure was conducted under 
the guidance of ultrasound and fluoroscopy. A dose of 15 Gy in a single fraction was 
prescribed for the CTV. There were no intraoperative or perioperative complica-
tions. The patient had an overall survival of 13 months [23].

 Future of Liver Brachytherapy

Although the Pan-Asian adapted ESMO Clinical Practice Guidelines for the man-
agement of patients with metastatic colorectal cancer did endorse liver iBT as an 
option in CRLM with some reservations, it is a different story for primary HCC in 
Asia [11]. The Pan-Asian adapted ESMO Clinical Practice Guidelines for the 

Fig. 10.5 PET scan images showing response to HDR brachytherapy. Adapted from: 
Vishwanathan et al. Image-guided robotic interstitial brachytherapy, a new innovative treatment 
for malignancies. Hematology and Medical Oncology 2018; 3 (1): 1–4
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management of patients with intermediate and advanced/relapsed HCC [14] do not 
mention brachytherapy as a form of local ablative therapy for primary HCC. This is 
despite the fact that primary HCC is known to be a very radiosensitive tumor com-
pared with CRLM.

This is not surprising, given the fact that iBT of the liver is not widely known or 
offered in the Asiatic region. A more concerted effort, that includes a comprehen-
sive brachytherapy module in the radiation oncologist residency training programs, 
post-qualification training of radiation oncologists and active promotion, is needed 
in increasing the recognition and in promoting the very effective technique of iBT 
in the local treatment of liver metastasis and primary HCC.

An image-guided brachytherapy facility is readily available in many radiother-
apy centers in Asia; however, its services are usually limited to gynecological 
brachytherapy, and, rarely, prostate brachytherapy. With the active human papillo-
mavirus (HPV) vaccination program in most parts of Asia, it is very likely that the 
rates of cervical cancers will decline over time and this will translate into underuse 
of the available brachytherapy facilities. Therefore, it is time for radiation oncolo-
gists to explore other anatomical sites—such as esophagus, tongue, breast, and 
liver—for iBT treatment. Furthermore, iBT of the liver does have certain advan-
tages over other LAT modalities, such as RFA, which is known to have many limita-
tions based on the anatomical location of the tumor [18].

A serious review and incorporation of non-gynecological brachytherapy applica-
tions into the radiation oncology training curriculum should be emphasized, to 
ensure that this important skill is not lost to future generations of radiation oncolo-
gists. With the renewed interest in liver brachytherapy, the future can be expected to 
witness interesting developments in this field.

Key Points
• Hepatocellular carcinoma is a major problem in certain parts of Asia. The 

liver is also very commonly afflicted by metastases from various primary 
malignancies.

• The majority of patients (>80%) with primary/metastatic hepatic tumors 
are not suitable for surgical resection.

• There are several local ablative therapies (radiofrequency ablation, cryoab-
lation, high-intensity focused ultrasound, interstitial brachytherapy, etc.) 
available as nonsurgical options.

• High-dose-rate iBT is a relatively new therapy but has excellent therapeu-
tic potential owing to its highly conformal dosimetry.

• HDR iBT practice in Asia is limited to a few centers in India and Malaysia. 
Clinical experience at these centers has so far been very promising.

D. N. Sharma and G. K. Appalanaido



127

References

 1. Liver E, Cancer E. EASL–EORTC Clinical Practice Guidelines: management of hepatocel-
lular carcinoma. J Hepatol. 2012;56:908–43.

 2. Liver-fact-sheet [Internet]. 2018. https://gco.iarc.fr/today/data/factsheets/cancers/11- Liver- 
fact- sheet.pdf.

 3. Goh GB-B, Chang P-E, Tan C-K.  Changing epidemiology of hepatocellular carcinoma in 
Asia. Best Pract Res Clin Gastroenterol. 2015;29:919–28.

 4. Jemal A, Bray F, Center M, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer 
J Clin. 2011;61:69–90.

 5. Liang X, Bi S, Yang W, Wang L, Cui G, Cui F, et  al. Epidemiological serosurvey of hep-
atitis B in China—declining HBV prevalence due to hepatitis B vaccination. Vaccine. 
2009;27(47):6550–7.

 6. Ni YH, Chang MH, Huang LM, Chen HL, Hsu HY, Chiu TY, et al. Hepatitis B virus infection 
in children and adolescents in a hyperendemic area: 15 years after mass hepatitis B vaccina-
tion. Ann Intern Med. 2001;135(9):796–800.

 7. Liu Y, Chang CC, Marsh GM, Wu F.  Population attributable risk of aflatoxin-related liver 
cancer: systematic review and meta-analysis. Eur J Cancer. 2012;48(14):2125–36.

 8. Chen JG, Egner PA, Ng D, Jacobson LP, Muñoz A, Zhu YR, et al. Reduced aflatoxin exposure 
presages decline in liver cancer mortality in an endemic region of China. Cancer Prev Res 
(Phila). 2013;6(10):1038–45.

 9. Acharya S.  Epidemiology of hepatocellular carcinoma in India. J Clin Exp Hepatol. 
2014;4:S27–33.

 10. Horn S, Stoltzfus K, Lehrer E, Dawson L, Tchelebi L, Gusani N, et al. Epidemiology of liver 
metastases. Cancer Epidemiol. 2020;67:101760.

 11. Yoshino T, Arnold D, Taniguchi H, Pentheroudakis G, Yamazaki K, Xu RH, et al. Pan-Asian 
adapted ESMO consensus guidelines for the management of patients with metastatic colorec-
tal cancer: a JSMO-ESMO initiative endorsed by CSCO, KACO, MOS, SSO and TOS. Ann 
Oncol. 2018;29(1):44–70.

 12. Landreau P, Drouillard A, Launoy G, Ortega-Deballon P, Jooste V, Lepage C, et  al. 
Incidence and survival in late liver metastases of colorectal cancer. J Gastroenterol Hepatol. 
2015;30(1):82–5.

 13. Richani M, Kolly P, Knoepfli M, Herrmann E, Zweifel M, Von Tengg-Kobligk H, et  al. 
Treatment allocation in hepatocellular carcinoma: assessment of the BCLC algorithm. Ann 
Hepatol. 2015;15:82–90.

 14. Chen LT, Martinelli E, Cheng AL, Pentheroudakis G, Qin S, Bhattacharyya GS, et al. Pan- 
Asian adapted ESMO Clinical Practice Guidelines for the management of patients with inter-
mediate and advanced/relapsed hepatocellular carcinoma: a TOS-ESMO initiative endorsed by 
CSCO, ISMPO, JSMO, KSMO, MOS and SSO. Ann Oncol. 2020;31(3):334–51.

 15. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D, et al. ESMO 
consensus guidelines for the management of patients with metastatic colorectal cancer. Ann 
Oncol. 2016;27(8):1386–422.

 16. Yun BL, Lee JM, Baek JH, Kim SH, Lee JY, Han JK, et al. Radiofrequency ablation for treat-
ing liver metastases from a non-colorectal origin. Korean J Radiol. 2011;12(5):579–87.

 17. Hao W, Binbin J, Wei Y, Kun Y.  Can radiofrequency ablation replace liver resection for 
solitary colorectal liver metastasis? A systemic review and meta-analysis. Front Oncol. 
2020;10(1912):561669.

 18. Wu M-C, Tang Z-Y, Ye S-L, Fan J, Qin S-K, Yang J-M, et al. Expert consensus on local abla-
tion therapies for primary liver cancer. Chin Clin Oncol. 2012;1(1):14.

10 Liver Brachytherapy: Experience from Asia

https://gco.iarc.fr/today/data/factsheets/cancers/11-Liver-fact-sheet.pdf
https://gco.iarc.fr/today/data/factsheets/cancers/11-Liver-fact-sheet.pdf


128

 19. Sharma DN, Thulkar S, Sharma S, Gandhi AK, Haresh KP, Gupta S, et al. High-dose-rate inter-
stitial brachytherapy for liver metastases: first study from India. J Contemp Brachytherapy. 
2013;5(2):70–5.

 20. Sharma D, Thulkar S, Kumar R, Rath G. Interstitial brachytherapy for liver metastases and 
assessment of response by positron emission tomography: a. J Contemp Brachytherapy. 
2010;3:114–6.

 21. Appalanaido GK, editor. HDR Liver brachytherapy. In: 31st Annual Scientific Congress of 
Malaysian Oncological Society (ASCOMOS). 2019.

 22. Vishwanathan B, Mandal S, Kumar R, Ramprakash HV. Image guided robotic intersti-
tial brachytherapy, a new innovative treatment for malignancies. Hematol Med Oncol. 
2018;3(1):1–4.

 23. Sushma Agrawal ASS, Lucknow, India. HDR Brachytherapy for liver metastases. Personal 
communication. 2018.

D. N. Sharma and G. K. Appalanaido



129© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2021
K. Mohnike et al. (eds.), Manual on Image-Guided Brachytherapy of Inner 
Organs, https://doi.org/10.1007/978-3-030-78079-1_11

M. P. Fabritius · R. Seidensticker (*) 
Department of Radiology, Ludwig Maximilian University (LMU) Hospital Munich,  
Munich, Germany
e-mail: Matthias.fabritius@med.uni-muenchen.de; Ricarda.seidensticker@med.uni- 
muenchen.de

11Tolerability of Interstitial Brachytherapy 
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A key limiting factor in the radiotherapy of liver malignancies is the relatively low 
tolerance of the liver parenchyma to radiation. This can lead to subclinical focal or 
generalized injury of the liver parenchyma. Any catheter-based radiotherapy (image- 
guided brachytherapy, iBT) leads to unavoidable radiation-induced damage to the 
adjacent liver parenchyma, a so-called focal radiation-induced liver injury (fRILI). 
Liver tolerance dose levels extracted by looking at liver function after percutaneous 
radiotherapy cannot necessarily be adopted for iBT. This is because available clini-
cal data from percutaneous radiotherapy of parts of the liver do not reflect the intrin-
sic tolerance of the liver parenchyma and are highly biased by the variable extent of 
volume exposure. Only data from percutaneous whole-liver radiotherapy provide 
information on intrinsic liver tolerance dose, indicating a tolerance dose of 30 Gy, 
fractionated [1]. For iBT, there are data showing that magnetic-resonance imaging 
with hepatocyte-specific contrast media can specifically display the fRILI after iBT 
[2]. By correlation of the extent of the fRILI in follow-up MRI (with hepatocyte- 
specific contrast media) with the former dose exposure during iBT, it was shown 
that the minimum hepatic tolerance dose is around 10 Gy in median (with fRILI 
peaking at about 6 weeks after iBT) [2, 3]. If this single-fractioned 10 Gy dose is 
converted to a fractionated regimen, data correlate well with the abovementioned 
30 Gy liver tolerance dose from fractioned whole-liver radiotherapy [1]. However, 
when the extent of RILI exceeds the functional reserve of the liver, clinical compli-
cations appear, with deterioration of liver function and hepatic failure, typically 
2 weeks to 4 months after the intervention [3, 4]. This syndrome is described as 
radiation-induced liver disease (RILD) and is characterized by jaundice, 
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development of ascites, hyperbilirubinemia, and hypoalbuminemia in the absence 
of tumor progression or biliary obstruction. The pathological correlate of fRILI/
RILD is veno-occlusive disease (VOD). VOD in the context of liver damage was 
first described for patients undergoing external-beam radiation therapy and is 
thought primarily to comprise injury to endothelial cells of small branches of the 
hepatic veins, which leads to focal deposition of fibrin, resulting in a fibrin network 
which is finally replaced by collagen, causing fibrous occlusion and atrophy of the 
hepatocytes [4–6].

The rate of RILD occurrence after iBT is generally low (0.5%), most probably 
owing to conservative restrictions upon dose exposure of the liver parenchyma (see 
below) [7]. However, in clinical practice, patients with a low functional liver rem-
nant due to their medical history (prior hepatotoxic chemotherapies, large tumor 
volumes, prior liver resection, or multiple and recurrent lesions requiring repeated 
irradiation) are at risk of developing liver dysfunction even in this setting. To pre-
serve liver function after irradiation, one attempts to keep the dose below 5 Gy per 
one-third of the normal liver parenchyma in clinical routine. (5 Gy represents the 
lowest liver tolerance level, as detected in analyses of hepatobiliary MRI studies 
(see above) and derived from data on normal tissue tolerance doses in percutaneous 
radiotherapy [8].)

To monitor potential post-therapeutic liver damage, regular clinical and labora-
tory follow-up, including assessment of liver-specific parameters as well as imaging 
follow-up employing MRI with hepatocyte-specific contrast media, is necessary. 
The following laboratory values should be assessed 1 day before the intervention, at 
discharge, and 6  weeks and 3  months after the intervention: total bilirubin and 
γ-glutamyl transpeptidase as indicators of detoxification function, albumin and cho-
linesterase as reflectors of the synthetic function of the liver, and alanine amino-
transferase, aspartate aminotransferase, and alkaline phosphatase as indicators of 
damage to liver tissue. Mild changes in liver function parameters are common 
shortly after radiation therapy. Deviant laboratory values normally return to base-
line levels within 6 weeks. RILD is suggested by ascites, by hepatomegaly, and by 
elevation of alkaline phosphatase level to 3–10 times normal or elevation of trans-
aminases to twice the upper limit of the normal or pretreatment level [4, 9]. In addi-
tion, functional hepatobiliary MRI can allow visualization of the extent of fRILI and 
can—in cases of liver decompensation—rule out massive disease progression as an 
alternative cause of liver decompensation [2, 3] (Fig. 11.1). As stated above, the 
histopathological evidence for fRILI correlates well with the absence of uptake of 
hepatobiliary MRI contrast media by hepatocytes. The development of areas of 
fRILI is greatest 6–8 weeks after iBT, which correlates with the peak incidence of 
RILD [10].

Medication designed to reduce RILI can improve the safety of radiotherapy as 
well as making possible more aggressive radiotherapy. As mentioned above, prior 
exposure and concomitant chemotherapy are thought to increase the risk of RILD, 
and RILD is therefore a relatively common complication, for example, after condi-
tioning therapy (chemotherapy plus whole-body irradiation) performed before 
bone-marrow transplantation (BMT), where it occurs in 5–60% of patients [4, 
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Fig. 11.1 Case example. A 51-year-old patient with breast cancer liver metastases. Stable disease 
under chemotherapy/anti-hormonal therapy. The multidisciplinary tumor board recommended 
local ablation by catheter-based brachytherapy. (a) MRI with hepatocyte-specific contrast medium 
with a large metastasis in the central right liver lobe. (b) Contrast-enhanced planning CT after 
catheter insertion (further catheters at other levels, not shown). Small satellite metastasis in liver 
segment 5 (not in-plane in A). (c) Dosimetry of radiotherapy. D100: 15 Gy. Green isodose resem-
ble 15 Gy. (d) MRI venous phase 12 weeks after treatment shows a partial remission. Residual 
tumor is non-vascularised thus avital. Residual tumor is surrounded by a hypointense zone, which 
is demarcated in (e) (hepatobiliary phase) as parenchymal zone with lost capacity to take up the 
hepatocyte-specific contrast medium. Parenchymal defect extends to the former 10 Gy isodose. 
Thus, liver parenchyma with a dose exposure of >10 Gy showed no uptake of hepatocyte-specific 
contrast medium and suffered a local veno-occlusive disease (VOD). (f) MRI with hepatocyte- 
specific contrast medium 24  weeks after treatment. Avital residual of the tumor shows further 
shrinkage. Partial recovery of the liver parenchyma from local VOD, accompanied by liver volume 
decrease of the exposed liver parenchyma and compensatory growth of the left liver
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11–14]. Clinical studies have shown with varying strength of evidence that VOD/
RILD after pre-BMT conditioning therapy can be ameliorated by pentoxifylline 
(PTX), ursodeoxycholic acid (UDCA), and low-molecular-weight heparin (LMWH) 
[15–22]. These drugs, alone or in combination, probably influence the pathomecha-
nism of VOD/RILD to protect the liver through their anti-inflammatory and antico-
agulant features. UDCA reduces the concentration of potentially hepatotoxic bile 
acids and presumably downregulates proinflammatory cytokines such as tumor 
necrosis factor α (TNF-α) and interleukin-1 [23, 24]. PTX downregulates TNF-α 
and stimulates noninflammatory prostaglandin synthesis [15]. LMWHs are believed 
to prevent thrombosis of hepatic venules after endothelial damage [22]. Further 
studies could also confirm the efficacy of the drug combination in  local ablative 
procedures including iBT: Post-therapeutic application of PTX (oral, 400 mg t.i.d.), 
UDCA (oral, 250 mg t.i.d.), and LMWH (s.c. injection, 40 mg q.d.) for 8 weeks 
reduced significantly the extent and incidence of fRILI as assessed 6 weeks after 
brachytherapy [25]. On the basis of the low toxicity profile of these medications and 
the promising study results, this drug combination should be prescribed preven-
tively for at least 8 weeks to patients with increased risk of RILD if there are no 
contraindications. Note however that there is evidence for an increased risk of 
bleeding events after iBT when LMWH is used pre-interventional [26].

Defibrotide, a mixture of single-stranded oligonucleotides with a poorly under-
stood effect mechanism, is approved for the treatment of severe hepatic VOD in 
patients after BMT [27]. However, this therapy has not been tested in patients with 
RILD after radiotherapy. Therefore, treatment of RILD is directed mainly at con-
trolling symptoms. Drugs that can be used for supportive care include diuretics for 
fluid retention, paracentesis for ascites, correction of coagulopathy, steroids to 
reduce hepatic congestion, and the use of anticoagulants for relieving hepatic vein 
thrombosis [28].

Key Points
• iBT leads to predictable local radiation-induced damage to the adjacent 

liver parenchyma.
• The minimum intrinsic hepatic tolerance dose is around 10 Gy in median.
• Clinical complications (liver decompensation) appear when the extent of 

radiation-induced liver injury exceeds the functional reserve of the liver. 
Generally, the rate of RILD occurrence after iBT is low (0.5%).

• To preserve liver function after irradiation, the dose should be kept below 
5 Gy per one-third of the normal liver parenchyma.

• Prophylactic medication can reduce radiation-induced liver damage.
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12Lung Brachytherapy: Experience 
from Germany

Nils Peters

 Introduction

Cancer was the second leading cause of death globally in 2018. Among all cancers, 
lung cancer is the most common type in men and the third most common among 
women. It represents the leading cause of cancer death globally. Worldwide, more 
than two million new cases of lung cancer were estimated in 2018, with an esti-
mated 1.8 million deaths [1]. About one-third of the patients are >75 years old and 
many of them present with comorbidities due to age and tobacco use.

Non-small-cell lung cancer (NSCLC) is the most common of all lung cancers, 
with approximately 87% of lung cancer diagnoses; of these, about 21% are at stage 
I of disease on first presentation [2]. For patients with early-stage (stage IA–IIA) 
NSCLC, lobectomy has been the gold standard for surgery and provides the best 
chance of cure [3]. However, about 25% of patients are not candidates for lobec-
tomy [4].

At the same time, the lung is the second most frequent site of metastatic focus. 
About 25–30% of all patients with malignant tumors will eventually develop pul-
monary metastases. Tumors that often metastasize to the lungs include colorectal 
cancer, breast cancer, renal cancer, and melanoma. Conventional therapies are simi-
lar to localized lung cancer, with the addition of systemic approaches for diffuse 
metastatic disease. Often, surgical options are not feasible, or are not desirable, 
because of critical risk/benefit considerations. Here, minimally invasive ablative 
procedures such as brachytherapy can play an important part in oncological therapy 
concepts. The last two decades have seen a rise of such techniques, as alternatives 
to surgery for patients either with high medical risk and localized disease or with 
metastatic disease. These techniques include radiation (SBRT, brachytherapy) and 
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thermal ablative procedures such as laser-induced thermo-therapy (LITT), irrevers-
ible electroporation (IRE), radio-frequency ablation (RFA), or microwave ablation 
(MWA) [5–12].

The general acceptance of local therapy in oligometastasized patients and in the 
context of multimodal, interdisciplinary therapy settings has continued to increase 
in the past decade, but it had to fight hard for its status at the beginning. Hellmannn 
and Weichselbaum had created a theoretical foundation for this in 1995, in their 
postulation of oligometastasis as an intermediate disease state, and they thus set a 
starting point for its transfer into practice [13, 14]. In recent years, extensive experi-
ence has been gained with various methods of local therapy independent of, or in 
combination with, systemic therapies in the treatment of early-stage lung cancer 
and lung metastasis.

After the implementation of interventional, CT-guided interstitial brachytherapy 
in the early 2000s by Ricke, Wust et al. at the Charité in Berlin, a wide range of 
applications of the technique have emerged [15–26]. Beside liver metastasis, early- 
stage lung cancers and lung metastases were early targets [27–29]. In various hos-
pitals, mostly in Germany, comprehensive experience has been gained in CT-guided 
interstitial brachytherapy of the lung, with encouraging results in respect of both 
safety and effectivity [7, 30–34].

The method has been developed from a combination of conventional brachy-
therapy, mostly used for gynecological cancers and CT-guided interventional proce-
dures such as frequently used for tissue sampling. It differs from endobronchial 
brachytherapy, where the applicator is placed inside the airways by bronchoscopy to 
perform image-guided high-dose-rate (HDR) brachytherapy (iBT), and also from 
interstitial low-dose-rate (LDR) brachytherapy, where radioactive 125I seeds are 
placed permanently inside the tumor. Differences also exist with respect to other 
interventional, mostly hyperthermic, ablative procedures such as radio-frequency 
ablation (RFA) and microwave ablation (MWA). These thermal procedures are 
often limited by tumor size and localization, and blood vessels can disperse the 
thermal energy by a “heat sink” effect.

In brachytherapy the energy deposition is physically defined and is therefore 
highly predictable; additionally, it is not strongly influenced by neighboring struc-
tures. These circumstances allow treatment even in difficult locations, where ther-
mal procedures can only be performed with difficulty. Also, the size limit inherent 
in other procedures does not pose a problem in brachytherapy because more appli-
cators can be used to cover the volume to be irradiated. Owing to the steep dose 
gradient in brachytherapy, structures at risk outside of the target volume can be 
spared high doses. After brachytherapy, delayed tissue degradation with slow 
fibrotic alteration is common; as a consequence, organ integrity will not be dis-
rupted suddenly, and this may reduce the risk of side effects.

Another radiotherapeutic modality is stereotactic body radiation therapy (SBRT), 
which emerged from stereotactic radiosurgery (SRS) for the treatment of extracranial 

N. Peters



137

targets. Here, high single doses of radiation are directed toward pulmonary nodules. 
Accounting for breathing motion, techniques such as tracking or gating are com-
monly applied. With the advancing technology in linear accelerators, SBRT has 
become a standard treatment with widespread availability in recent years [6, 35].

One major goal for the future is the development of standardized treatment pro-
tocols for different manifestations of metastasis and oligometastasis, such as oli-
goprogression and oligorecurrence, employing the full variety of different treatment 
approaches.

 General Indications and Contraindications

Patients with early-stage NSCLC (TNM T1–2), with no involvement of lymph 
nodes or patients with pulmonary metastases from various tumors can be evaluated 
for lung brachytherapy if surgical options are not feasible or desired. Predominantly, 
patients with singular lesions or oligometastatic disease will benefit from local 
treatment. In the context of metastatic disease, the lesions treated should be of prog-
nostic significance, with the remaining burden of disease either in treatment or 
under stable control.

Local difficulties such as recurrent or persistent disease, rapid progression, com-
pression of pulmonary structures, pain, or impending problems could be further 
indications for brachytherapy on an individual basis.

Contraindications include:

• Poor performance status (e.g., ASA physical status > ASAIII) [36]
• Insufficient coagulation
• Uncontrolled systemic disease

Generally, metastatic disease should be treated according to a comprehensive 
oncological therapy concept and decisions should be made on an individual basis 
with consensus by a supporting multidisciplinary tumor board.

 Assessment and Preparation

At our institution, during the first personal appointment we obtain written informed 
consent from the patient. The information given to the patient includes risks, bene-
fits, and treatment alternatives regarding:

• Sedation and analgesia
• Image-guided intervention for insertion of therapy probes including administra-

tion of contrast agents
• Interstitial brachytherapy

12 Lung Brachytherapy: Experience from Germany
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The assessment includes:

• Current imaging of the treatment area
• Medical and oncological history
• Clinical signs for high-risk interventions
• Pulmonary, renal, and hepatic function
• ASA physical status [36]
• Allergies, hypersensitivities
• Current medications
• History of opioid treatment
• Surgical and anesthetic history
• Indications for a specific assessment by an anesthesiologist [37]

All drugs that may interfere with normal blood coagulation must be discontinued 
appropriately according to standard perioperative surgical procedures [38]. 
Metformin should be paused 3  days ahead of therapy to avoid interaction with 
iodine-containing contrast agents. Preliminary laboratory checks include blood-cell 
count, albumin, creatinine, total bilirubin, CRP, ASAT, ALAT, GGT, and coagula-
tion values. For patients with impaired pulmonary function, initial spirometry is 
recommended and this should be repeated after the procedure at follow-up.

Histological confirmation of the malignancy should always be provided. 
However, in patients where the malignant nature of the evaluated lesion is beyond 
doubt, for instance through the patient’s medical history, it can be omitted on an 
individual basis. In newly diagnosed lung malignancies, PET/CT and cMRI are 
required diagnostic approaches for staging.

 Interventional Technique

Generally, the procedure can be seen as a four-step process starting with CT-guided 
catheter application under procedural sedation, then computer-aided 3D-irradiation 
treatment planning, then the actual administration of single-fraction high-dose-rate 
brachytherapy employing the afterloading technique, and finally retraction of the 
interventional material with simultaneous sealing of the access canal with fibrin 
adhesive.

 Interventional Team

The interventional team comprises at least five persons:

• Physician (interventional radiologist, catheter application)
• Physician (radiation oncologist, treatment planning)
• Medical physicist (provisioning of the treatment unit and treatment planning)
• OP nurse or interventional assistant
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• Radiographer
• One person administering the analgosedation (in practice, this can be done inter-

mittently by the radiation oncologist)

 Patient Positioning

Whenever possible, the patient should be lying in the supine position with both arms 
resting comfortably above the head (see Fig. 12.1). For difficult dorsal or dorsolat-
eral target locations, a lateral or prone position can be chosen if a stable and com-
fortable position can be achieved. In any case, the patient must be able to remain in 
the chosen position until the end of the entire procedure, which normally takes at 
least 2–3 h. For patients in a lateral or prone position, a urinary catheter is required.

Then, a first native CT scan is performed to determine the access area to be pre-
pared for the intervention (see Fig. 12.2).

Fig. 12.1 OP nurse 
delineating the skin area to 
be disinfected before the 
procedure
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 Anesthesiological Management

Usually, the procedure is performed employing procedural sedation (also known as 
analgosedation). Monitoring of vital parameters including pulse, blood pressure, 
and oxygenation is mandatory until the end of strict bed rest, for a total time of 
about 8–10 h (see Fig. 12.3). Oxygen supplementation should be 1–2 L/min starting 
at patient positioning. Sedative and analgesic effects must be achieved by titration. 
One should aim for minimum to moderate sedative effects according to level 1–2 as 
defined by the American Society of Anaesthesiologists [36, 39], where patients are 
relaxed but can fully cooperate and hold their breath on request. Sedation proce-
dures should start well ahead of the intervention to allow for slow titration to ade-
quate sedation. The anesthesiologist should be prepared for significant dose 
differences between individual patients based, for example, on the patient’s weight, 
hydration, general constitution, and medication history. Because of these differ-
ences, constant communication with the patient during the procedure has been 
proven beneficial. Patients should be asked to report a possible onset of pain and 
should be kept informed during maneuvers that entail a higher chance of discomfort.

Application of midazolam should start 10–15 min and fentanyl 5–10 min ahead 
of catheter placement, with starting doses of 0.5–1 mg of midazolam and 50 μg of 
fentanyl, both given by slow i.v. drip. Additional single doses should not exceed 
0.5  mg of midazolam or 50  mcg of fentanyl and must not be given before the 

Fig. 12.2 CT-control room set-up at the Diagnostisch Therapeutisches Zentrum (DTZ) in Berlin. 
The patient is placed in a supine position with the arms rested comfortably over the head. An initial 
native CT scan is performed for a diagnostic survey and to identify the access area for skin 
disinfection
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previous dose has fully taken effect. During prolonged interventions, the anesthesi-
ologist must be prepared to repeat doses of fentanyl every 10–15 min for persistent 
analgesia. Antidotes for midazolam (flumazenil) and fentanyl (naloxone) should be 
quickly accessible in case of unwanted side effects such as can definitely occur 
within the regular dose range [39]. Additionally, local anesthesia with xylocaine is 
applied at the point of entry for the needle. At the end of catheter positioning, addi-
tional analgosedation might be necessary, but usually at larger intervals of 30 min 
or more.

When analgosedation is properly applied, the most common adverse effect seems 
to be mild bradycardia. In cases of heart rate <50 beats per minute, atropine can be 
given intravenously at a dose of 0.5 mg.

If adequate analgesia cannot be achieved, drugs from another class of analgesics 
can be considered for a different mode of action. Following that principle, an i.v. 
drip of 2 g metamizole has generally proven successful.

According to differences in local laws, guidelines or standards of care, analgose-
dation can be performed either by anesthetists or by non-anesthesia sedation teams; 
appropriate account should be taken of this [40]. Additional and more detailed 
information is provided in the “CIRSE Standards of Practice on Analgesia and 
Sedation” and the guidelines of the European Society of Anaesthesiology [37, 39].

Fig. 12.3 Rearview of the 
interventional CT gantry. 
This is the connection area 
to the patient for the 
administration of the 
procedural sedation. 
Patient monitor and 
medications are easily 
accessible from here
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 Additional Medications

Pre-interventional dexamethasone (8 mg) and ondansetron (8 mg) are administered 
as an intravenous drip. O2 is supplied routinely through a nasal cannula at an initial 
flow rate of 1–2 L/min and should be maintained until the sedative effects wear off. 
Additionally, prophylactic i.v. antibiotics should be considered if an elevated risk of 
local inflammation is suspected.

 Catheter Positioning

Catheter positioning is performed employing image guidance by computed tomog-
raphy (CT) fluoroscopy (see Figs.  12.4 and 12.5). After local anesthesia of the 
access site, the target lesion is punctured with a 17-gauge coaxial needle (KLS 
Martin GmbH, Freiburg, Germany). During the protraction of the needle, a breath- 
hold technique is performed by the patient. This is repeated several times until the 
target is reached. After optimum positioning of the needle centrally in the target area 
(see Figs. 12.6a and 12.7a) the spacer of the needle is retracted and replaced by a 
stiff angiography guide wire (Amplatz, Boston Scientific, USA) by using the 

Fig. 12.4 Side view of the 
CT gantry with sterile 
covering of the patient and 
the gantry in place
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Seldinger technique. Then the outer hollow needle itself is retracted and replaced by 
a 6F angiography sheath with a hydrophilic coating (Radifocus Introducer II, 
Terumo, Japan) over the guidewire. After retraction of the guidewire, the 6F brachy-
therapy applicator (Primed, Halberstadt Medizintechnik GmbH, Halberstadt, 
Germany) is positioned inside the sheath so that the tip of the catheter is in line with 
the sheath or beyond, to ensure that the tip is visible in the planning CT scan. The 
number of applicators used depends on the size and configuration of the lesion to be 
treated. Single lesions up to 4 cm in diameter can usually be treated with a single 
applicator, a central location inside the target provided. For larger tumors, catheters 
should be placed at intervals, 1–2 cm apart. Physically, irradiation time and volume 
are defined by the largest distance between the target and the applicator, and can of 
course be decreased by using more applicators. If a central position cannot be 
achieved and the catheter only touches the lesion tangentially, full coverage of the 
target can only be accomplished with a significantly higher treated volume and also 
longer treatment time. It should be noted that by increasing treatment complexity 
through higher numbers of applicators one may also increase interventional risks so 
that a thoughtful balance between precision and simplicity is desirable.

 Irradiation Treatment Planning

After positioning of the applicators, a spiral CT scan is performed, usually without 
contrast agents. These images are transferred to the dedicated irradiation treatment 
planning workstation (Brachyvision, Varian Medical Systems, Charlottesville, VA, 
USA; or Oncentra, Nucletron, Elekta AB, Stockholm, Sweden).

Treatment planning is performed employing target doses and constraints for risk 
structures [41] by a physicist, an interventional radiologist, and a radio-oncologist. 
First, catheter positions are entered into the program by digitizing the length of the 
applicators. For each pulmonary lesion, an individual target volume is defined. The 
planning target volume (PTV) represents the gross tumor volume (GTV) in the CT 

Fig. 12.5 Readily 
prepared instrument table 
with angiography sheath, 
guidewire, and 
brachytherapy catheter 
(blue) among standard 
equipment
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a b
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Fig. 12.6 (a) Case presentation 1: 64-year-old female patient with three pulmonary metastases 
from rectal cancer (only one shown); ID 2016 cT3 N2 M0; neoadjuvant radiochemotherapy, rec-
tum amputation, pT3 pN0 (0/13), no regression of primary tumor, 11/2017 RFA of the right lung, 
12/2017 brachytherapy of the left lung. Shown here interventional imaging with the brachytherapy 
sheath in place central in the dorsal metastasis. The patient is positioned on the right side for ease 
of access. (b) After irradiation treatment planning the target volume is completely confined by the 
28 Gy isodose. Note the isodose distribution and the steep dose gradient to the periphery. The aver-
age dose to the spinal cord is 5.6 Gy. (c) First follow-up imaging 3 months after treatment shows 
mild post-therapeutic consolidation of the treatment area. A second paravertebral consolidation 
represents a second target volume (not demonstrated here). Patient is now examined in supine posi-
tion. (d) Second follow-up after 6  months shows wider and more diffuse changes of the lung 
parenchyma. No solid tumor tissue determinable. (e) Third follow-up 9 months after irradiation. 
Further contraction of the consolidation with a dense pleural nodule discernible, corresponding to 
necrosis
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a

b

Fig. 12.7 (a) Case presentation 2: 63-year-old female patient with a progredient pulmonary 
lesion from breast cancer; ID 2008 pT4 pN1b M0; ablatio mammae, palliative radiotherapy of a 
sternal metastasis, treatment with bisphosphonate and 05/2013 pulmonary + mediastinal lesions; 
06–10/2013 6× EC-Chemotherapy, Tamoxifen; 01/2014 PD: 12× Taxol, result = PR; 05/2014 start 
Exemestane; 08/2014 PD of a pulmonary oligo-recurrent metastasis left; 09–10/14 2× interstitial 
brachytherapy 15G (first upper, then lower part of the lesion); Isodoses: red line = 15 Gy isodose; 
left: first brachytherapy 09/2014; right: second brachytherapy 10/2014. (b) The same patient, com-
parison of pretherapeutic CT (above) and restaging 3 months after second brachytherapy (below); 
the contrast-enhanced CT shows rapid remission with only minimal residual tumor. (By kind per-
mission, adopted from Hass et al.) [32]
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lung window, with an additional margin of suspected subclinical spread to generate 
the clinical target volume (CTV), which is equivalent to the PTV in this instance, 
since no relative movement between the target and the applicator is expected.

Organs and structures close to the target volume should be specified as organs at 
risk (OAR). During treatment planning, dose distributions in these structures can be 
quantified and assessed.

Source dwell points and times are initially computed by the planning system, in 
complex situations using the HIPO (hybrid inverse planning and optimization) algo-
rithm, and then optimized manually to achieve full coverage of the target volume 
with the prescribed dose of (usually) 20–25 Gy. Dose maxima of >50 Gy in central 
tumor areas are acceptable and can be admitted without restriction. Close to struc-
tures at risk or areas that have previously been treated, doses must be reduced to safe 
levels. For practical reasons, a total of three treated lesions per intervention should 
not be exceeded. It is to be explicitly noted that only unilateral treatment can be 
performed, to avoid the risk of bilateral pneumothorax.

During planning, the patient is prepared for transferral to the treatment room by 
covering the treatment area to preserve sterile conditions. In the treatment room, the 
transfer tubes are attached to the brachytherapy applicators (see Fig. 12.8), again 
with sterile conditions being maintained.

 Irradiation

Treatment is performed as a single-fraction HDR irradiation using an afterloading 
system (Gammamed™, Varian Medical Systems, Charlottesville, VA, USA; or 
microSelectron HDR, Nucletron, Elekta AB, Stockholm, Sweden) employing an 
iridium-192 (192Ir) source with a nominal activity of 10 Ci and a diameter of <1 mm.

During irradiation, the patient is locked into the treatment area while being con-
tinuously monitored with cameras and microphones from the outside. The average 
treatment time may be expected to be some 10–40 min, depending on the number 
and size of the lesions and the activity of the 192Ir source.

Fig. 12.8 Directly before 
the irradiation: Connection 
of transfer tube and 
afterloading unit with the 
brachytherapy catheter 
(blue) mostly inside the 
angiography sheath (white 
and green). Precise 
positioning without 
displacement of the 
catheter is necessary

N. Peters



147

 Material Retraction

When the end of irradiation is reached, each brachytherapy catheter is removed (see 
Fig. 12.9) and the angiographic introducer sheath is slowly retracted while less than 
1 mL of fibrin tissue adhesive (Tissucol™, Baxter, Unterschleißheim, Germany) is 
injected. This seals the access canal, to reduce the risk of hemorrhage.

 Post-procedural and Inpatient Management

After termination of the intervention, we perform a native CT scan of the thorax to 
check for side effects such as hemorrhage or pneumothorax. If these have been 
ruled out, we allow another hour of recovery for the patient before transportation 
back to the ward.

At the ward, patients should be monitored and should keep strict bed rest for 
another 6 h. We recommend blood tests for inflammation and hemoglobin for the 
two subsequent days, after which the patient can be discharged if no anomalies have 
developed.

In cases of pain, breathing difficulties, signs of hemorrhage, or inflammation 
during the stay, further diagnostic procedures such as ultrasound imaging or CT 
scans may be advisable.

 Dose Prescription and Reporting

Although all dose prescription and reporting is managed according to ICRU stan-
dards, internally we employ a simplified system which is based on prescribing the 
dose to 100% of the PTV. For reporting, we specify the realized minimum dose in 
that volume (D100). Since the dose–volume relationship cannot be represented 
adequately by a single number, we also routinely state the dose in 95 and 90% of the 
PTV, giving a basic idea about conformality and dose distribution. Typically, the 
prescribed doses are in the range of 20–25 Gy.

Fig. 12.9 After 
irradiation: The 
brachytherapy catheter is 
removed from the sheath 
before retraction of the 
sheath itself. Fibrin 
adhesive will be applied 
through the sheath to seal 
the intervention canal
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 Follow-Up Care of Patients, Quality Control

Patients should receive follow-up checks at intervals of 3, 6, 9, and 12 months (see 
Figs. 12.6a–e and 12.7a, b), including routine blood tests and CT scans of the thorax 
with additional contrast-enhanced imaging when necessary. Treatment success 
should be assessed following the modified WHO cancer treatment response criteria 
[42]. Any adverse events should be recorded by following the CTCAE criteria 
where applicable [43].

On detection of local progression, recurrent or persistent disease of the treated 
lesion, patients should be reevaluated by the tumor board with a view to possible 
further treatment.

 Oncological Outcomes

In a retrospective study of 174 patients, we analyzed 156 patients with lung metas-
tases and 18 patients with primary NSCLC [32]. Patients were treated in a period 
between 2006 and 2015 with a total of 359 lesions in 276 mostly single-fraction 
CT-guided brachytherapies. A median of 1 lesion was treated per intervention, with 
a range of 1–7. A median of 2 (1–11) brachytherapy catheters was used per treat-
ment. Among metastasized patients a wide range of primary tumors was treated; of 
these, colorectal carcinoma (CRC) was the most frequent at 56%, malignant mela-
nomas (17%), followed by renal cell carcinomas and mammary carcinomas. The 
malignomas were irradiated with median single doses of 20.5 Gy, enclosing 100% 
of the PTV.

We were able to achieve local control rates of 77% after 12 months with overall 
12-month survival of 78%. Interestingly, in a subgroup analysis of different tumor 
entities, we could demonstrate significant differences between the histological types 
examined and the local control rates with renal cell carcinomas (100%), malignant 
melanomas (88%), adenocarcinomas (77%), squamous cell carcinomas (44%), and 
others (96%). For tumor entities that respond especially poorly, higher single doses 
should be considered, as experienced in other organs [20, 32].

 Safety, Complications, and Management

Generally, treatment was well tolerated, with minimal patient discomfort and low 
complications. Local bleeding occurred in six cases (2.2%) which were quickly 
resolved by angiographic coiling. In 60 treatments (21.8%) a mild pneumothorax 
(<1 cm) could be observed; among them, 7 patients (2.5%) needed a temporary suc-
tion drainage to address the complication.
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In five patients (2%) pneumonitis was associated with typical radiological find-
ings; among them, two patients were given anti-inflammatory medication.

Although severe complications are rare, and could in our cases be resolved 
quickly, all necessary precautions should be taken to handle these comprehensively 
and rapidly. Especially hemorrhage and pneumothorax can lead to life-threatening 
situations, particularly in the elderly or in patients with relevant preexisting condi-
tions; therefore, facilities for angiographic interventions and tube thoracostomy 
must be available.

 Topical Challenges and Future Opportunities

After more than 15 years in clinical use, interventional interstitial brachytherapy 
continues to be a success story. It has even, in the case of hepatocellular carci-
noma and liver metastases from colorectal carcinomas, been included in the 
European ESMO treatment guidelines [44, 45]. For the treatment of pulmonary 
lesions, the results are similarly promising, but the greatest challenge to this 
method is that it be generally accepted and broadly applied. Traditionally, tumor 
therapy has always been a challenge for interdisciplinary cooperation. In this 
respect, one of the great strengths of the method obviously also remains one of its 
major difficulties. To improve this situation, a clear-cut structural approach is 
required. This poses organizational and, not least, political difficulties for many 
institutions. The approach of interventional oncology, having emerged from a liai-
son between different disciplines, has developed into a novel field and is still just 
beginning its institutionalization. Interdisciplinary facilities must be established 
between departments which are able to accompany patients from initial presenta-
tion through therapy to periodic follow-up. The further creation of these structures 
must be encouraged.

Accurate selection of patients will also be decisive for the method’s future 
long- term success. Further important issues will be the question of whether local 
therapy should be used alternatively or in addition to systemic approaches, the 
sequence of these procedures, and the question of how different types of local 
therapy are to be related to one another. We expect new insights from tumor and 
molecular biology to help us better differentiate between the various disease 
stages so that patients can be directed in a timely way to the appropriate treat-
ment modalities [46, 47].

Fortunately, a number of local, ablative tumor therapies are now widely avail-
able—be they procedures from the field of radiation such as SBRT or brachyther-
apy, or thermal procedures such as RFA. Until now, the comparative value of these 
methods has not been conclusively established. Further clinical studies will be nec-
essary to answer these questions.
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Key Points
• CT-guided, interventional interstitial brachytherapy of the lung is a safe 

and effective procedure which can be performed with little patient 
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• It is a multidisciplinary approach involving radiation oncology and inter-
ventional radiology.

• The method can be performed without general anesthesia by employing 
analgosedation.

• Early-stage lung cancers, as well as lung metastases from various cancer 
entities, can be targeted.
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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 (125I), palladium-103 (103Pd), and caesium-131 (131Cs). All sources are 
gamma emitters, with 103Pd and 131Cs having half-lives slightly shorter than that of 
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125I. 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 125I brachytherapy com-
bined with chemotherapy in 296 patients with advanced lung cancer from five 
randomized clinical trials, the addition of 125I 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 
125I 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 (192Ir) 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 (BED3) of greater than 100 Gy 
were delivered to the tumor [40]. A systematic review in 2013 also found that 
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maintaining BED3 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 BED3 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 192Ir 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.

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
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 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 × 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 

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
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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 × 2.3 cm (Fig. 13.4c), which was consistent 
with partial response according to the Response Evaluation Criteria in Solid 
Tumours (RECIST).

a

c

b

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 × 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. (c) 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 × 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 × 1.4 cm was located in the 
left lower lobe (LLL) and was adjacent to an enlarged basilar segmental lymph node 
measuring 1.7  ×  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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a b

c d

e f

g h

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. (c) 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 × 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. 13.5c, 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 × 1.1 cm, and an adjacent lesion measuring 1.0 × 0.7 cm lay just posterior to it 
(Fig. 13.5e). 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).

Overall, 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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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 

b

a

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
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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.

a b

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
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Unfortunately, subsequent surveillance scans showed increase in size of the RUL 
mass (measuring 4.0  ×  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, c 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 

a b

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
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a1 a2

b c

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. (c) Dose-volume histogram of the resulting treatment. Red represents the CTV, blue is the 
right bronchus, and green is the right normal lung

a b

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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14Brachytherapy of Renal and Adrenal 
Tumors

Robert Damm

 Patient Management

 Renal Tumors

 Imaging
A typical imaging routine consists of thoracic/abdominal computed tomography 
(CT) and dedicated magnetic resonance imaging (MRI) of the kidneys. As benign 
neoplasms such as oncocytoma cannot be ruled out by either modality, imaging is 
carried out mainly to visualize the exact tumor location and to rule out lymphatic or 
distant metastases. As renal cell carcinoma and its metastases typically demonstrate 
strong arterial perfusion, contrast-enhanced imaging studies should always include 
an arterial phase as well as the typical portal or late venous phase.

CT scans may also include an excretion phase (delay after contrast injection 
>3 min) to depict the possible contact of a tumor with the renal pelvis. Furthermore, 
in MRI, T2-weighted sequences with and without fat saturation (e.g., T2 TSE or T2 
single shot) provide good visualization and differentiation of any renal mass [1].

Ultrasound is not necessarily required, although catheter placement can in many 
patients be assisted by sonography guidance to reduce CT fluoroscopy time.

 Renal Function Tests
As there are typically no other treatment options in patients with contralateral 
nephrectomy (beyond more invasive surgery), renal scintigraphy can be performed 
to monitor kidney function, but it typically has no impact on the treatment decision. 
Prior studies have confirmed a slow deterioration of ipsilateral renal function after 
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image-guided HDR brachytherapy (see section “Safety and efficacy”) but without a 
significant worsening of Kidney Disease Outcome Quality Initiative (KDOQI) 
stage. Individual cases of hemodialysis, years after brachytherapy, have so far only 
occurred in patients with contralateral nephrectomy and several local treatments 
(e.g., radiofrequency ablation and interstitial brachytherapy) of the ipsilateral 
kidney [2].

Routine laboratory tests should include creatinine serum levels with the calcula-
tion of the estimated glomerular filtration rate (eGFR), and the corresponding 
KDOQI stage should be documented.

 Pretreatment Biopsy
Expert opinions differ on prior biopsy of renal tumors suspected to be renal cell 
carcinoma before a dedicated treatment. Overall, the prevalence of malignancy in 
renal masses is high (>80%), and many patients eligible for partial or radical 
nephrectomy will undergo surgery without prior histology. As patients with relevant 
comorbidities typically qualify for local-ablative treatment (thermal ablation, inter-
stitial brachytherapy) or even active surveillance instead of surgery, the individual 
risk of malignancy should be considered. Small renal masses (<4  cm) are often 
found incidentally on cross-section imaging and often demonstrate a slow growth 
rate while imaging features cannot distinguish clearly between renal malignancies 
and benign masses such as oncocytoma [3]. Especially in patients with comorbidity 
that might entail an increased risk of complications, ultrasound- or CT-guided renal 
biopsy can aid decision-making. Furthermore, the efficacy of renal mass biopsy is 
high (>90%) and complication rates are low, while needle track seeding is reported 
in recent literature to be very low (<1%). Irrespective of whether the procedure is 
performed sequentially or directly before local ablation, a coaxial approach with an 
18G core needle is recommended to avoid seeding and multiple needle engage-
ments [4]. All in all, pretreatment biopsy is a valuable tool to identify patients for 
local ablation or active surveillance.

 Patient Preparation
All patients must have laboratory values adequate for them to undergo interven-
tional procedures (e.g., Quick >50%, thrombocyte count >50 Gpt/L, hemoglobin 
>6 mmol/L) and anticoagulation should be interrupted according to contemporary 
guidelines (e.g., Society of Interventional Radiology consensus guidelines). As 
often encountered in daily routine, intake of acetylsalicylic acid may be continued 
in patients with secondary prophylaxis. In renal masses with direct contact to the 
proximal ureter, pre-interventional placement of a double-J catheter by a urologist 
can prevent radiation-induced strictures and subsequent urinary congestion.

As interstitial brachytherapy is typically performed under conscious sedation 
(e.g., with midazolam and fentanyl), premedication with antiemetics (e.g., ondanse-
tron 8 mg i.v. and dexamethasone 20 mg i.v. directly before catheter insertion) is 
recommended.

To enhance patient comfort in interstitial brachytherapies with longer duration 
of catheter implantation and/or irradiation, and to aid the detection of pelvic 
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bleeding, a Foley catheter may be placed. Vital monitoring (noninvasive blood 
pressure, heart rate, oxygenation, and ECG) should be ensured during the 
intervention.

 Follow-Up and Treatment Response
Cross-sectional imaging (preferably MRI) is recommended every 3–6 months for 
the first 2 years and every 6–12 months up to 5 years after interstitial brachyther-
apy of locally confined renal cell carcinoma (T1a, <4 cm), although many guide-
lines include longer intervals [5]. Additional or intermittent MRI can be performed, 
although an overall advantage in detecting local recurrences has so far not been 
demonstrated [6]. After stereotactic ablative body radiotherapy (SABR) of renal 
cell carcinoma, mild growth (up to 5 mm) of the overall mass up to 12 months 
after local therapy is reported in the literature [7]. From daily routine, this is also 
known to occur after interstitial brachytherapy, and it should be kept in mind 
when treatment response is being assessed. Also, contrast enhancement patterns 
after interstitial brachytherapy are variable, and overall enhancement need not 
necessarily decrease for the assessment to qualify as a treatment response. A typi-
cal case of local tumor control in renal cell carcinoma with long-term follow-up 
is depicted in Fig. 14.1.

 Adrenal Tumors

 Imaging
As most adrenal masses scheduled to undergo local treatment by interstitial brachy-
therapy will typically be distant metastases of various solid tumors (e.g., renal cell 
carcinoma, hepatocellular carcinoma, lung cancer), routine imaging will include 
thoracic/abdominal computed tomography (CT). However, additional MRI of the 
adrenal gland can be very helpful in distinguishing adrenal metastases from benign 
masses (e.g., angiomyolipoma or adrenal adenoma) if no imaging history is avail-
able. For this purpose, T2 TSE or single-shot sequences with and without fat sup-
pression and T1 GRE in-phase and opposed-phase imaging (chemical shift MRI) 
are recommended [8].

Owing to the anatomical location of the adrenal glands, ultrasound imaging will 
be limited to special applications.

 Pretreatment Biopsy
If CT or dedicated imaging with chemical shift MRI does not allow differentiation 
between benign and malignant masses, biopsy may be considered before ablation 
by interstitial brachytherapy. In many patients, imaging history strongly suggests a 
metastatic spread to one or more adrenal glands and biopsy may be obtained during 
catheter placement to confirm tumor involvement or to warrant mutational analyses. 
In either case, a coaxial approach should be preferred, as the placement of a brachy-
therapy catheter can be achieved through the coaxial needle directly after biopsy 
obtainment.
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 Patient Preparation
Coagulation status must be sufficient for interventional procedures (e.g., Quick 
>50%, thrombocyte count >50 Gpt/L, hemoglobin >6 mmol/L) and anticoagulation 
should be paused according to contemporary guidelines (e.g., Society of 
Interventional Radiology consensus guidelines) and scientific literature [9, 10]. 
Intake of acetylsalicylic acid can be continued in patients with secondary prophy-
laxis after cardiovascular events.

a b

c d e

Fig. 14.1 Pretreatment CT imaging (a) and interstitial brachytherapy (b) in renal cell carcinoma. 
Follow-up imaging with typical reduction of vasculature and relatively low tumor shrinkage 
3 months (c), 1 year (d), and 2 years (e) after treatment
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If interstitial brachytherapy is performed as usual under conscious sedation (e.g., 
with midazolam and fentanyl), premedication with antiemetics (e.g., ondansetron 
8  mg i.v. and dexamethasone 20  mg i.v. directly before catheter insertion) is 
recommended.

In interstitial brachytherapies with a longer duration of catheter implantation 
and/or irradiation, a Foley catheter may be placed to enhance patient comfort. 
During the intervention, continuous monitoring (noninvasive blood pressure, heart 
rate, oxygenation, and ECG) should be ensured.

 Hormone Substitution
After unilateral irradiation by interstitial brachytherapy, substitution of corticoste-
roids is not usually necessary. In patients with contralateral adrenalectomy or bilat-
eral tumors scheduled to undergo ablation, adrenocortical insufficiency must be 
expected. Hormone substitution should be prescribed in cooperation with an endo-
crinologist. As interstitial brachytherapy is usually well-tolerated and adrenocorti-
cal function decreases slowly, the following scheme may be applied in patients: 
Hydrocortisone 20  mg–0–10  mg orally starting the day after interstitial brachy-
therapy. If complications (e.g., bleeding, infection) occur, and in future situations of 
physical stress (e.g., surgery), intravenous administration of hydrocortisone 100 mg 
is recommended. Corresponding signs of adrenocortical insufficiency or insuffi-
cient dosages of hydrocortisone include nausea, hypotension, emesis, and abdomi-
nal pain.

All patients should also receive an emergency passport containing information 
about measures to be taken in an Addison’s crisis.

 Follow-Up
As most cases will involve patients with adrenal metastases, a follow-up interval of 
3 months and imaging by computed tomography will be appropriate. MRI can be 
considered to enhance the detection of recurrences, although no scientific data are 
available on this topic.

 Interventional Technique

 Access Routes

Because of the location of the adrenal glands and kidneys, there are only a few 
patients for whom a supine position will allow direct access to the targeted tumor(s). 
Thus, a lateral or prone position will be necessary, and stable bedding on the CT 
bench is best achieved by utilizing a vacuum immobilization mat. To avoid a tran-
shepatic approach or passing of the pleural recess, angulation of the needle (off- 
plane puncture) should be preferred in adrenal masses. Catheter paths can then be 
dorsolateral (between right liver lobe/spleen and kidney) or paravertebral (behind 
kidney, parallel to the spine); see Fig.  14.2. Depending on the location of renal 
masses, a transcostal or subcostal approach may be chosen. In larger or complex 
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lesions, a combined arrangement of catheters is often required to achieve a suffi-
cient geometry of the ablation zone. An example is depicted in Fig. 14.3.

 Helpful Techniques

Especially in lean patients and in tumors located at the ventral aspect of the kidney, 
organs at risk (OAR) may be proximal to the target volume. In such cases, adjunc-
tive interventional techniques can be mandatory to achieve a sufficient dose delivery 
to the PTV, e.g., implantation of angiographic balloon catheters to distance OAR 
from target lesions [11]. Typical techniques known from thermal ablation, such as 
hydrodissection, are limited by their volatile behavior over time—if image-guided 
HDR brachytherapy cannot be performed directly after catheter placement (e.g., 

ba c

Fig. 14.2 Paravertebral (a) and dorsolateral (b) approach to the adrenal glands. In some situa-
tions, both access routes may be chosen (c). Images are oblique 5  mm MIP (a, b) or 40  mm 
Raysum (c) reconstructions of CT scans to reveal the catheter path

ba c

Fig. 14.3 Several catheters implanted to address a large lesion. Owing to its size (maximum 
diameter of 180 mm), two sessions (a, b) of interstitial brachytherapy were scheduled. Images are 
40 mm Raysum reconstructions of CT scans (a, b) and treatment planning CT (c)
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different localization of departments), then the distancing of OAR can be reduced 
by redistribution of injected fluid leading to an incalculable dose exposure of adja-
cent organs.

In kidney tumors close to the renal pelvis or ureters, it might also be helpful to 
inject a small bolus of i.v. contrast agent (e.g., 20 mL, iodine concentration 300 mg/
mL) at least 5 min before the intervention, as this will result in opacification of these 
structures during puncture/catheter insertion.

 Catheter Removal

As adrenal and renal masses are typically hyperperfused (especially renal cell can-
cer), complications may arise from bleeding vessels in the catheter path after 
removal. Thus, it is highly recommended to perform catheter path embolization by 
applying a gelatine sponge through the catheter sheaths during stepwise retraction. 
Furthermore, a standardized follow-up is important for early detection of complica-
tions (e.g., dedicated sonography of the puncture site after 1–2 h) and routine moni-
toring (noninvasive blood pressure, heart rate, oxygenation, and ECG) should be 
ensured over at least 4 h.

 Dose Considerations

Gross tumor volume (GTV) should be delineated in consensus between interven-
tional radiology and the radiation oncologist. A safety margin of 5 mm should be 
included to create the clinical target volume (CTV). As respiratory motion can be 
neglected owing to the fixation of brachytherapy catheters within the tumor, the 
planning target volume (PTV) is identical to the CTV.

 Renal Cell Carcinoma

Especially as small renal masses and early renal cell cancer often demonstrate slow 
tumor growth, and even active surveillance might be an option, dosage, and 
treatment- related risk should be balanced. In renal masses suspected or histologi-
cally proven to be renal cell cancer, a standard dose prescribed to the PTV of 15 Gy 
is recommended. In local recurrences, dose escalation to 20 Gy may be considered. 
Decisions on dosage should take into account clinical factors such as patient age 
and comorbidities, expected tumor biology, and renal function.

 Adrenal and Renal Metastases

While adrenal malignancies scheduled to undergo interstitial brachytherapy are 
typically metastases from various primary cancers, metastases to the kidney are 

14 Brachytherapy of Renal and Adrenal Tumors



186

relatively infrequent. In any case, dose prescription should be based on clinical data 
available for the particular tumor entity. For the most common entities, the dose 
delivered to the PTV may be as follows: 15 Gy in hepatocellular carcinoma, lung 
cancer, breast cancer, and neuroendocrine tumors; 20 Gy in cholangiocarcinoma 
and gastric cancer; and 25 Gy in colorectal carcinoma [12, 13]. Additionally, factors 
such as other tumor locations, overall prognosis and concomitant systemic therapy 
should be considered.

 Dose Constraints

Typical organs at risk (OAR) adjacent to the tumor site are the stomach and the 
small and large intestine. In recent literature, dose constraints were determined 
as follows: D1CC ≤ 14 Gy for stomach/small bowel and D1CC ≤ 18 Gy for large 
bowel [14, 15]. In most cases, exposure of the liver by interstitial brachytherapy 
of right adrenal or renal masses is very low. If a significant exposure of the liver 
parenchyma is expected, a volume-based dose constraint of V5Gy  ≤  66% is 
recommended.

 Efficacy and Safety

 Local Tumor Control and Survival

Scientific data on interstitial brachytherapy in renal and adrenal malignancies are, as 
yet, limited to smaller cohorts. On the basis of phase I study data, a local tumor 
control (LTC) of 85% can be anticipated in renal cell cancer (mean diameter 3.5 cm) 
after iridium-192 irradiation with a target dose (PTV) of 15 Gy. A dose prescription 
of 20 Gy can increase LTC to 95%, as suggested by a dose escalation in local recur-
rences [2]. During a follow-up period of up to 60 months, only one patient died of 
progression in an advanced renal cell carcinoma with hepatic metastases. No other 
cancer-related mortality occurred in the study cohort. Comparing the data with ste-
reotactic ablative body-radiotherapy (SABR), a similar efficacy in local tumor con-
trol is seen, although randomized studies are lacking [16].

To date, only one study has been reported on the efficacy of interstitial 
brachytherapy with an iridium-192 source in adrenal masses [17], while another 
has utilized iodine-125 seeds [18]. In various tumor entities (e.g., lung cancer, 
hepatocellular carcinoma, colorectal carcinoma, and renal cell cancer), LTC 
was 88% and 95%, respectively. Median survival times were 11.4 months and 
19 months, while overall survival in such cohorts is heavily influenced by the 
tumor entities and concomitant systemic therapies. Data on LTC after SABR as 
an alternative technique of high- conformal irradiation are consistent with these 
findings [19].
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 Peri-interventional Complications

The overall frequency of complications in CT-guided catheter placement for inter-
stitial brachytherapy is low [20]. Morbidity in renal and adrenal brachytherapy typi-
cally arises from local bleeding and infections, which can usually be managed by 
transarterial embolization (e.g., coil embolization or particle embolization) and sys-
temic administration of antibiotics. In rare cases of abscesses at the tumor site, 
CT-guided drainage may be indicated. The frequency of such events ranges from 3 
to 6.3% in the scientific reports mentioned above and is similar to frequencies 
reported after thermal ablation (e.g., radiofrequency ablation) [21, 22].

 Side Effects of Radiation

In interstitial brachytherapy of renal masses, deterioration of renal function is of 
very high concern. In a phase I study, mentioned above, renal function was investi-
gated as a primary endpoint [2]. Regarding KDOQI stages of renal impairment, no 
significant decrease was found. Furthermore, a contralateral hypertrophy with an 
increase in tubular excretion was observed. In only one patient was hemodialysis 
required, 32 months after several local-ablative treatments in preexisting stage 4 
renal insufficiency. Specific investigations of dose–response relationship in renal 
brachytherapy are in progress. The frequency of adverse events is also comparable 
between interstitial brachytherapy and SABR, while specific complications of inva-
sive catheter placement are precluded in percutaneous irradiation techniques [23].

As function loss of adrenal glands after interstitial brachytherapy can be com-
pensated for by administration of hydrocortisone, no relevant morbidity is to be 
expected. However, it is recommended that patients visit an endocrinologist on a 
regular basis. The same applies to SABR typically competing with interstitial 
brachytherapy [24].

Key Points
• CT-guided interstitial brachytherapy in renal cell carcinoma with a D100 

of 15  Gy delivered to the planning target volume (PTV) yields a local 
tumor control (LTC) of 85%, while 20 Gy may result in an LTC of 95%.

• In adrenal gland malignancies, an LTC of >80% after 12 months can be 
expected.

• Efficacy after interstitial brachytherapy of renal and adrenal tumors is con-
sistent with results achieved after stereotactic ablative body radiother-
apy (SABR).

• Adjacent organs at risk (OAR) may require adjunctive techniques (e.g., 
interposition of balloon catheters) to achieve ablative irradiation doses to 
the target volume.
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15Image-Guided HDR Brachytherapy 
of Abdominal Lymph Nodes, Pancreatic, 
and Peritoneal Neoplasms

Peter Hass

 Introduction

Especially for abdominal malignancies, local control is a decisive prognostic factor. 
For pancreatic cancers and retroperitoneal sarcomas, surgically complete resection 
is considered the only therapy option with a curative chance [1, 2]. However, even 
after complete resection, there is a risk of local recurrence, depending on the tumor 
entity, its histology, and its location.

If resection with a sufficient safety margin is not successful, the risk of local 
failure is further increased [3, 4]. Therefore, it is important to have additive or alter-
native locally effective therapies available, especially in primary or secondary inop-
erability, in case of local recurrence. This applies both in the curative and in the 
palliative setting.

The available data show that radio-oncological concepts and techniques, alone or 
in combination with surgical procedures and simultaneous chemotherapy, improve 
local control in the treatment of pancreatic carcinomas, retroperitoneal sarcomas, 
abdominal cancer of unknown primary (CUP), and lymph-node metastases.

Improved local control can have a positive impact on OS [5, 6]. Prospective 
study results supporting this retrospective-analysis-based assumption are still rare.

Although radiotherapy for the treatment of malignant solid tumors was estab-
lished as one of the important pillars of tumor therapy at the beginning of the last 
century, for a long time neither percutaneous radiation nor brachytherapy in the 
anatomical area between the diaphragm and small pelvis prevailed. The organs of 
the upper abdomen, especially the GI tract, react with inflammation, fistulas, or 
ulcerations, if excessive (i.e., by volume) doses are applied [7–9].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_15&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_15#DOI
mailto:peter.hass@med.ovgu.de


192

For a long time, this limited radiation tolerance of the organs at risk (OAR) pre-
vented effective curative irradiation of abdominal primary tumors (e.g., pancreatic 
cancer) or metastases, since the technical possibilities did not allow high-precision 
external irradiation and the catheter-based minimally invasive procedures had not 
yet been developed.

Since 1925, various methods for implanting radioactive isotopes have been 
developed [10]. Today iodine seeds are used for LDR brachytherapy of, e.g., pan-
creatic carcinomas [11–13], but mainly with palliative intent. Since about 1976, 
intraoperative irradiation with electrons has been carried out; this makes possible 
high rates of local control [14].

In combination with percutaneous irradiation doses, a sustained curative effect 
can be sought, in addition to the purely palliative one.

 Method

The publications researched in the PubMed database with the key terms “HDR 
brachytherapy,” “abdominal lymph nodes,” “peritoneal neoplasms,” and “pancreatic 
tumor” were reviewed and the analyses, where relevant for this chapter, are pre-
sented in the Results section.

A total of 14 publications includes 1 review article, 3 case reports, 8 retrospective 
studies, 1 prospective study, and 1 technical report [15]. They describe both intraop-
erative application approaches with flexible brachytherapy catheters and CT-/MRI- 
based inserts of the BT catheters using the Seldinger technique, which was 
introduced already in 2004 by Ricke et  al. for the treatment of liver malignan-
cies [16].

While BT after intraoperative insertion was mainly realized fractionally, by 
using single doses of 1.8–5 Gy, the patients in the other studies mostly received 
single ablative doses between 8 and 20 Gy.

 Technical Aspects for Single-Dose iBT

The workflow associated with the Seldinger technology is explained in detail in 
Chap. 5. Additionally, it is important to note that there are some special aspects 
regarding brachytherapy of the tumor entities described in this chapter.

First of all, it may be necessary to vary the patient’s positioning. It is advisable 
to choose not the shortest route from the skin to the tumor, but the safest. For exam-
ple, a lateral position can help to achieve a higher distance between the tumor and 
adjacent small or large intestine or larger blood vessels. A prone position should 
likewise be considered in this context.

Secondly, regarding lymph-node metastases, it is essential to avoid very close 
proximity between the catheter and surrounding nerve structures.

Finally, when a local recurrent pancreatic tumor is being treated there is a signifi-
cantly increased risk of a liver abscess developing, if the patient has a biliodigestive 
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anastomosis. In such cases, it may be better to treat the patient by noninvasive irra-
diation, e.g., a hypofractionated EBRT or SBRT.

Figures 15.1 and 15.2 show representative planning images and a 3D reconstruc-
tion using the example of a large lymph-node metastasis in the liver hilum.

 Results

Haage published a case report in 1987 [10], in which he described the combination 
of percutaneous radiation (40.5 Gy) with interstitial LDR-BT (total dose 25 Gy, 
dose rate 0.57  Gy/h) after intraoperative insertion of stiff BT needles in a non- 
resectable but localized pancreatic head carcinoma. The procedure was uncompli-
cated, and the cumulative radiation dose could be significantly increased in 

Fig. 15.1 CT-guided iBT of a lymph-node metastasis (red arrow) of NSCLC, with a prescribed 
minimum dose of 15 Gy. Yellow arrows, BT catheters; green arrow, balloon for distancing
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comparison with percutaneous radiation alone. The patient died after 14 months of 
liver and bone metastases, but the irradiated tumor was locally controlled. In 1992, 
Warzawski et al. [17–19] published their experience with a method developed in 
Würzburg for the intraoperative insertion of flexible BT catheters in inoperable pan-
creatic carcinomas, also for combined percutaneous/interstitial HDR radiation 
treatment. There were no severe side effects in a series of nine patients.

Pfreundner confirmed these good results in 1998 [20]; meanwhile, the size of the 
Würzburg patient cohort had grown to 19 patients, of whom nine received addi-
tional chemotherapy. Tolerability was good, and no serious side effects were 
observed. The LCR was 70% and the median OS was 6 months.

In a paper by Waniczek, a perioperative insert of brachytherapy catheters in non- 
resectable pancreatic head tumors was reported. The eight palliative patients 
received a biliodigestive or gastrointestinal bypass because of very severe pain. 
Immediately afterward, the BT catheters were implanted through specially devel-
oped cannulas and fixed into the tumor. On the sixth postoperative day, only four of 
the eight patients were able to start iBT with a single daily dose of 5–20 Gy [21]. 
Compared with a group without BT, the need for pain medications decreased, and 
the mean survival time was 6.7 months in the group with BT but only 4.4 months in 
the group that did not receive BT.

In 2006, Calvo described in a review article the results of intraoperative radio-
therapy mainly for dose escalation. He concluded that an additional IORT can sig-
nificantly improve local tumor control. Image-guided HDR brachytherapy is 
explicitly mentioned as a possible form of IORT [14].

In a prospective study conducted in 2006 at the Charité (Berlin), 19 patients with 
abdominal malignancies received a single-fraction iBT with PTV (planning target 
volume)-enclosing doses of 4–18 Gy [22]. Inter alia, two locally recurrent pancre-
atic carcinomas, six lymph-node metastases, and one mesogastric soft-tissue sar-
coma were treated. Side effects of Grade ≥3 occurred in one case, the local control 
was 76.5%, and the PFS was 47% after 6 months.

Fig. 15.2 3D reconstruction. Blue arrows, BT catheters
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Franck et al. report in a case collection on the results of a sequential chemo/iBT 
of three patients with locally recurrent pancreatic malignancies after primary resec-
tion and, in one case, after additional percutaneous RT. The patients received a sin-
gle PTV-enclosing dose of respectively 15, 16, and 20 Gy. In each case, sufficient 
local control was achieved, and no complications occurred [23].

A retrospective analysis of the results after iBT in 24 patients with 47 retroperi-
toneal lymph-node metastases showed a high level of effectiveness and safety. 
Patients were given a median single dose of 14.9 Gy (range 4.5–20.6 Gy) prescribed 
to D99.9. The local control rate (LCR) was 95.7%, in one case, Grade 3 toxicity 
according to CTCAEv4 occurred. The cumulative median overall survival was 
15.9 months [24].

Omari was able to show a local tumor control in 97.5% and 89% in two retro-
spective analyses with a total of ten peritoneal CTx-refractory GIST lesions as well 
as two pancreatic and five lymph-node metastases from gastric cancer after median 
iBT doses of 15 Gy, resulting in median overall survivals of respectively 37.5 [25] 
and 11.4 months [26].

Finally, a further case report published as an abstract showed that, by intraopera-
tive insertion of an expandable tissue expander, risk structures can be distanced 
from the tumor bed, and thus a high ablative single dose is achievable [27].

 Discussion

The few published data on iBT in abdominal lymph-node metastases, inoperable 
pancreatic cancers, pancreatic carcinoma recurrences, or retroperitoneal soft-tissue 
sarcomas reveal high local efficacy with good tolerability.

There is a consensus that perioperative radiation and/or chemotherapies improve 
the sustainability of surgical therapy, especially in pancreatic cancers and retroperi-
toneal sarcomas. This is stated to be because optimized local control can also extend 
the OS [5, 6].

Owing to the scarcity of data however the majority of leading oncology societies 
do not currently make any recommendations on the use of iBT in the abdominal 
tumor diseases specified in this chapter.

Therefore, to this end, some examples are given here.

• The NCCN (National Comprehensive Cancer Network) recommends radiation 
treatment by IORT, IMRT, or hypofractionated SBRT for the treatment of pan-
creatic cancer as a neoadjuvant or adjuvant option in curative or palliative ther-
apy to stop tumor progression or to reduce symptoms such as pain or bleeding. 
The same applies to retroperitoneal soft-tissue sarcomas or CUP manifestations. 
On the other hand, the NCCN does not make an explicit recommendation for 
radiotherapeutic treatments of GIST, retroperitoneal lymph-node metastases, or 
aggressively growing lesions such as desmoid tumors. Brachytherapeutic proce-
dures are not listed at all [28].
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• The authors of the ESTRO-ACROP (the European Society for Radiotherapy 
and Oncology and the Advisory Committee on Radiation Oncology Practice) 
guidelines for pancreatic cancer are convinced that high-precision intraop-
erative [29] or percutaneous [30] radiation treatment has a place within mul-
tidisciplinary therapeutic concepts, although a potential role of BT is not 
discussed.

• Finally, the current ABS (American Brachytherapy Society) consensus guideline 
of 2019 [31] emphasizes that IORT can be discussed:
 – For the treatment of sarcomas with a narrow or positive resection hem, or
 – In cases of recurrence in combination with an EBRT for retroperitoneal 

sarcomas to improve local tumor control. LDR and HDR brachytherapy, 
electron radiation, and low-energy electronic are subsumed under the term 
IORT. A prospective study [32] documented the observation that supple-
menting postoperative EBRT with an IORT improved local control from 
20 to 60%.

• Recommendations of the AWMF (Association of Scientific Medical Societies) 
for the treatment of pancreatic cancer [33] suggest that sequential radiochemo-
therapy is an option in patients with locally advanced inoperable tumors. In addi-
tion, in the case of isolated local recurrence, all possibilities of local therapy 
should be reviewed. Intraoperative radiotherapy (IORT, not specified) should not 
be carried out outside prospective, controlled studies.

With the technological advances of recent years, it is now also possible to place 
effective radiation doses in the tumor with high precision [34].

Therefore, SBRT has a high priority among the differentiated radiation-therapy 
concepts. However, although the upper abdominal organs, in particular, can be con-
served much better than in comparable historical situations, the problem of closely 
adjacent OAR remains. Radiologically underdosed tumor components, as well as 
tight resection margins, can compromise local control.

Milickovic has pointed out the benefits of iBT. The steeper dose gradient com-
pared with the SBRT can preserve the surrounding organs even better, with the 
additional possibility of a biologically effective dose escalation within the 
tumor [35].

In a study of 85 patients, the implemented iBT plans for liver malignancies were 
compared statistically with virtual SBRT calculations [36].

A significant advantage of the BT calculations with respect to the PTV parame-
ters D99.9 and D90 as well as the V5 of the liver was found.

Furthermore, distancing OAR can make possible a more effective PTV-enclosing 
dose application [15, 27, 37].

In addition to the supposed disadvantage of invasiveness, brachytherapy obvi-
ously also has some advantages. However, the current results are at best hypotheses- 
generating. Without prospective comparative studies, it is difficult to determine 
predictive factors pro or contra iBT with respect to key endpoints such as LCR, 
PFS, or OS.
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 Conclusion

Initial results of the applications of iBT in abdominal lymph nodes and pancreatic 
and peritoneal neoplasms are promising. Image-guided HDR brachytherapy could 
occupy an important place within multidisciplinary concepts as a safe and highly 
effective radio-ablative option.

Conflict of InterestP. Hass declares that he has no conflict of interest.
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Brachytherapy as a Salvage Treatment: 
Exclusive or in Combination with Other 
Local Therapies
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 Introduction

Interventional image-guided brachytherapy (iBT) represents a valid option in the 
repertoire of local treatments available for several oncological diseases. iBT allows 
the delivery of high doses to clinical targets with a steeply descending dose gradient 
to surrounding normal tissues, in the context not only of curative but also of salvage 
treatments [1].

The most frequently used percutaneous ablative treatments are radiofrequency 
thermal ablation (RFA), microwave ablation (MWA), and cryoablation (CA), while 
intra-arterial chemoembolization/chemoinfusion (TACE/IAC) and radioemboliza-
tion (SIRT) are the most common endovascular options.

The development of interventional oncology centers (IOCs) and of multidisci-
plinary teams, based on close cooperation between radiotherapy (RT) and interven-
tional radiology (IR) experts, has changed the spectrum of nonsurgical local 
procedures, providing optimum treatment options in the curative and salvage set-
tings, also for elderly patients [2–4].
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 Liver

Patients affected by HCC or other liver malignancies, such as cholangiocarcinoma 
or metastases, can be deemed ineligible for surgical treatment if the tumor is not 
discovered at an early stage or if the patient has severe comorbidities that increase 
the surgical risk [5]. In these patients, systemic chemotherapy and/or supportive 
treatments are usually not very effective.

 Interventional Radiotherapy (Brachytherapy)

Liver-directed high-dose-rate (HDR) interventional image-guided brachytherapy 
for primary and secondary malignancies represents a new field of interest, com-
peting with stereotactic external beam techniques but requiring specific exper-
tise [6, 7].

The rationale for iBT in treating liver malignancies can be related to the evidence 
that HDR ablation, in contrast to other focal therapies, is not limited by large tumor 
size, proximity to large vessels, central location or exophytic growth, or multiple 
foci [8, 9].

In liver iBT the radiation sources are temporarily inserted, in removable applica-
tors, into the tissue under guidance by CT, ultrasound, or MR fluoroscopy.

iBT makes it possible to deliver a very high radiation dose to the target around 
the source positions while sparing normal tissues and structures on account of the 
rapid dose fall-off [10–13].

In order to estimate the correct number and pathway(s) of the catheters required, 
a CT or MRI preplan should be developed. The shape and size of the lesions, such 
as the local anatomy and the relationship with organs at risk (OAR), are the main 
factors influencing the arrangement and number of treatment catheters. The defini-
tion of the correct target volume can be improved by using PET-CT [14].

In cases of peripheral hepatic malignancies or critical proximity of OAR, during 
the CT-guided IRT catheter application, an interventional balloon catheter can be 
inserted at the tissue interface between the hepatic capsule and the OAR [15].

For the definition of target volumes in preparing the HDR-IRT plan, gross tumor 
volume (GTV) has to be defined as the volume enclosed by the visible tumor bor-
ders, including the enhancing rim, in contrast-enhanced CT. A 5 mm margin expan-
sion should be added to the GTV in the definition of Clinical Target Volume (CTV). 
It is advisable to irradiate the path of the applicator catheters to avoid later intrahe-
patic metastatic spread [16].

There is no broad consensus on the minimum required dose, so the optimum 
dose to achieve tumor control should be defined on the basis of tumor histology and 
OAR constraints. The volume receiving more than 5 Gy should not exceed two- 
thirds of the normal liver tissue, in order to prevent liver damage [17].

In HCC, 15 Gy has been demonstrated to be adequate and well-tolerated for, e.g., 
liver metastases of breast cancer [16–18], while other tumor types require a mini-
mum dose greater than 18 Gy.
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iBT can be considered a valid option for liver tumors with a high risk of local 
failure, as a variety of experiences has demonstrated good local tumor control both 
in primary liver tumors and in liver metastases [9, 10].

In patients with primary hepatocellular carcinoma (HCC), iBT has been shown 
to achieve good rates of local control (LC) even in unresectable and large lesions. In 
2015 Collettini et al. analyzed a cohort of 98 patients with unresectable HCC treated 
with CT-guided iBT with a local tumor progression rate of 8.5%, mean tumor diam-
eter greater than 5 cm, and multifocal disease [19].

Other evidence has also underlined the potential role and efficacy of HDR-IRT 
in patients with poor prognosis HCC, such as a tumor diameter of >5 cm or where 
lesions are located in unfavorable anatomic sites (adjacent to the liver hilum, com-
mon bile duct, or hepatic bifurcation) [20–22]. In addition, a recent phase II trial 
showed a superior outcome (in terms of time to untreatable progression) of iBT 
compared with cTACE in HCC, in particular in patients with BCLC-B/BCLC-C [23].

Good control rates have also been demonstrated in liver metastasis compared 
with other local therapies [24]. iBT was also found to be an effective option for 
treating liver metastases close to critical structures such as the liver hilum [25].

 Local Therapies (Interventional Radiology, IR)

Among interventional radiology therapies, the ones most commonly used in pri-
mary and secondary liver tumors are RFA, MWA, percutaneous ethanol injection 
(PEI), CA, irreversible electroporation (IRE), and endovascular treatments such as 
transarterial embolization (TAE), transarterial chemoembolization (TACE), and 
transarterial radioembolization (TARE), the latter also known as selective internal 
radiation therapy (SIRT). Depending on histology and disease stage at diagnosis, 
these treatments can be performed alone or in a multimodality approach (also with 
systemic options), with curative or palliative intent, to downstage inoperable dis-
eases, for bridging to transplantation or surgical resection, or to prolong overall 
survival and quality of life [26–29].

Ablative percutaneous treatments are usually of great effectiveness in lesions up 
to 3 cm in size and are recommended in cases of paucinodular (<3) primary tumors 
or oligometastatic secondary liver tumors.

In patients deemed unfit for surgery or percutaneous ablative treatments because 
of comorbidities and/or multinodular disease, but with preserved liver function and 
absence of vascular invasion, TACE can represent the best treatment choice, for 
both primary and secondary liver lesions; it is an endovascular treatment based on 
the superselective embolization of the arterial supply to the target neoplastic lesions 
with microparticles and chemotherapeutic drug, sparing the surrounding healthy 
parenchyma [30–34].

However, TACE is relatively contraindicated in patients with portal-vein inva-
sion, as the therapeutic embolization of the arterial vessels where there is a coex-
isting portal-vein thrombosis could potentially lead to liver failure. For these 
patients, as well as for patients who decline, or who are ineligible for, the systemic 
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chemotherapeutic drug sorafenib, a particular variant of TACE which uses degrad-
able starch microspheres (DSM-TACE) could be of great effectiveness; the starch 
microspheres are rapidly digested by liver enzymes and therefore exert only a 
limited ischaemic effect, while nonetheless granting an effective and safe super-
selective delivery of the chemotherapeutic drug with low systemic cytotoxic 
effects [35].

New emerging devices and techniques are expanding the role of TACE and wid-
ening its indications, in particular for secondary tumors, with a higher probability of 
achieving good curative results, also using combined treatments with percutaneous 
IRT and systemic options.

In contrast to TACE, another option in the endovascular treatment of liver 
malignancies is offered by SIRT, which acts mainly by irradiation using micro-
spheres loaded with yttrium-90 (90Y) or holmium-166 (166Ho). SIRT can be per-
formed in patients with impaired liver function, portal-vein thrombosis, or 
neoplastic invasion, as well as in cases of large neoplastic lesions [36, 37]. 
Recent literature has highlighted the role of dosimetry in predicting tumor 
response to treatment.

 Combination Treatment

Combined treatments can help achieve greater tumor necrosis, enhancing the effects 
of the various techniques, and thus achieving greater rates of overall survival and 
disease control.

In primary hepatic lesions, such as hepatocellular carcinoma, the combination of 
ablative treatments (RFA and MWA) and TACE showed high efficacy and good 
safety, especially in patients with large (>3 cm) lesions, in which percutaneous abla-
tion or TACE alone could not be of great effectiveness [38–40].

Combined treatments, such as ablation plus TACE, also help to overcome the 
contraindications of these two techniques, as lesions located in “complex” sites 
(subcapsular, near the gallbladder or the intestinal loops) or in “complex” patients 
(with high bleeding risk) can be safely treated in a single session, exploiting the 
advantages of both techniques [38].

Among combined treatments, the combination of endovascular brachytherapy 
and TACE has recently been investigated, with improved mean overall survival and 
progression-free survival rates as compared with TACE alone [41].

 Lung

Primary lung cancer is the second most common cancer in both sexes and represents 
the leading cause of death by tumor worldwide, accounting for 1.37 million deaths 
per year (18% of all tumor-related deaths). The most common type of lung cancer 
is non-small-cell lung cancer (NSCLC), accounting for 85% of lung cancer diagno-
sis. Only in 20% of cases is it detected at an early stage (T1–T2).
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The treatment of choice for patients with NSCLC is surgical resection: pulmo-
nary lobectomy and local lymphadenectomy is the optimum therapy for early-stage 
cancer, affording 5-year survival rates of 60–92%. However, as many as 15% of 
these patients are excluded from surgical treatment owing to inadequate lung capac-
ity, comorbidities or the patient’s refusing surgery [42, 43].

For these patients it is mandatory to find a safe and effective alternative to resec-
tion; according to the National Comprehensive Cancer Network (NCCN) guide-
lines, alternative local therapies are stereotactic ablative radiotherapy (SABR or 
SBRT), and percutaneous treatments [42, 44, 45].

 Interventional Radiotherapy (Brachytherapy)

Salvage iBT in lung cancer malignancies play a relevant role in the treatment of 
palliative airway obstruction and in overcoming breathing difficulties. Patients with 
endobronchial tumor growth, caused by a primary lung tumor or metastasis, may 
develop obstruction symptoms such as cough, dyspnoea, haemoptysis, and obstruc-
tive pneumonia.

In deciding on the correct approach, bronchoscopy is fundamental for defining 
the location and length of the target. Furthermore, bronchoscopy is used to estimate 
the diameter of the obstruction, and it provides the opportunity to perform biopsy.

The HDR-iBT applicators can be inserted through the working channel of the 
bronchoscope in the case of small applicators (5F or 6F) or by using a flexible 
guidewire inserted through an extra bronchoscopic tube; X-ray and fluoroscopy 
help to verify correct positioning. Even in palliative treatments, the use of CT allows 
better coverage of target volumes with the aim of reducing doses to OAR. Peripheral 
lesions not accessible by bronchoscopy can be reached by a percutaneous CT-guided 
interstitial approach.

CT scans and bronchoscopy findings help to assess the GTV defined as the mac-
roscopic tumor, and a 20 mm longitudinal margin is usually added to define the 
CTV [46, 47].

A salvage palliative HDR-iBT dose can be delivered in single or in several frac-
tions, usually in one to three sessions of 5–15 Gy; different schedules are used, as 
there is a lack of clear consensus [48, 49].

Evidence in the literature underlines the role of HDR-IRT in improving symptom 
relief and quality of life in patients with obstructive lung tumors [50–52].

A recent review showed that according to clinical experiences, a palliative effect 
is usually achieved within a few days, with reported amelioration of symptoms in 
60–90% of patients and objective endoscopic regression in more than 60% of cases. 
In the series analyzed, cough and hemoptysis seemed more sensitive to endobron-
chial brachytherapy than dyspnoea or atelectasis [53].

Recently, good experience with CT-guided interstitial 125I seed implantation was 
reported [54–56]; especially in the palliative setting, the use of 125I seeds loaded 
stents offered better results compared with non-coated bronchus stents in the pallia-
tive treatment of malignant obstructions of the bronchus [57].

16 Interventional Image-Guided HDR Brachytherapy as a Salvage Treatment…



206

 Locoregional Therapies (Interventional Radiology)

Percutaneous ablative therapies have shown good safety and efficacy in the treat-
ment of unresectable primary early-stage tumors (less than 3 cm in size, with no 
lymph node or distant metastasis) in patients not amenable to surgical resection, and 
in oligometastatic cancers involving the lung (up to 3 ipsilateral nodules, or 5 nod-
ules in total, with a total tumor diameter less than 3 cm) [58, 59].

RFA is the most commonly used technique to date, and has proven safe and 
effective in treating lesions up to 2 cm in size [60–65].

Major limitations upon its use in the lung are the insulating effect of the aerated 
lung parenchyma and the presence of large parenchymal vessels (heat-sink effect), 
which hinder the correct diffusion of the heat to the target lesion [66, 67].

On the other hand, MWA is a more recent technique, which overcomes the limi-
tations of RFA, not being susceptible to insulation by air or limited by the heat-sink 
effect; it is not affected by the carbonization of adjacent tissues and therefore grants 
a greater and faster heat deposition, which yields a larger zone of tumor necrosis 
[59, 60, 68–74].

Cryoablation creates tumor necrosis using cold instead of heat: cycles of freezing 
and thawing cause cell death. CA is of great use in cases where “complex” primary 
and secondary lesions such as tumors adjacent to, or infiltrating, the chest wall or 
the mediastinum, or in cases of central parenchymal lesions near the pulmonary 
hilum [10, 75–77].

It has high efficacy in treating recurrent lesions after surgery or radiotherapy, 
which can grow in difficult locations deemed unsafe for other ablative treatments. 
Even if CA is limited by the ablative volume (a single probe is effective in lesions 
of less than 2  cm diameter), the multiprobe approach can ablate large volumes; 
however, the procedure time for CA (more than 30 min) is longer than for RFA or 
MWA (up to 12 min), and this must be taken into consideration during the pre- 
procedural evaluations and set-up (for example, it can be a factor for patients who 
cannot remain in a prone position for a long time) [75, 78, 79].

Salvage and palliative treatments can also be performed by percutaneous ablative 
techniques: local ablation can be performed in recurrent primary lung cancer (both 
small-cell and NSCLC) after surgical resection or radio-chemotherapy, and it can 
also be indicated in advanced stages to reduce tumor burden and relieve symptoms, 
Frequent examples are cases of malignant pleural effusion which cause dyspnoea, 
or local bone (rib, thoracic vertebrae) and nerve invasion leading to intractable 
pain [80].

Cryoablation is helpful in “complex” lesions and in addition, owing to the low 
procedural pain associated with it, it only requires mild sedation. It therefore has 
fewer anesthesiological contraindications and can be used in comorbid patients 
deemed ineligible for other procedures [75, 78, 79].

Palliative ablation treatment can also be performed in metastatic lesions of 
the lung, when the size and number of lesions exceed the curative indica-
tions [80].
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 Combination Treatment

Combining treatments in salvage settings for lung cancer could represent an effort 
to obtain improvement in life quality through symptom relief, also with the aim of 
obtaining greater rates of disease control. Only a little experience is available in 
exploring the role of the combination of local treatments; moreover, the sequence of 
treatments is not fully defined to date. The main evidence available regarding the 
combination of IRT-HDR with local techniques is from using the Nd-YAG laser, in 
patients with primary and secondary lung lesions with obstructive symptoms. In the 
palliative setting, this experience has confirmed the benefit of IRT in stabilizing the 
effect of laser debulking and prolonging the improvement of symptoms, as well as 
reducing the need for further endoscopic interventions [49, 81–83].

Further experiences have also been analyzed to investigate the combination of 
interstitial 125I seed implantation and cryoablation. Single-center case series have 
demonstrated an advantage in adding IRT to cryoablation in terms of palliating 
the symptoms and improving overall survival compared with cryotherapy alone 
[84, 85].

 Head and Neck

Head and neck carcinoma (HNC) accounts worldwide for more than 650,000 new 
cases and 330,000 deaths annually [86].

Local failure (LF) occurs in about 30% of patients with H&N cancer and is 
mostly diagnosed within 5 years after the end of treatment. LF is also responsible 
for about 85% of deaths attributable to disease progression [87, 88].

 Interventional Radiotherapy (Brachytherapy)

Brachytherapy represents a proven therapeutic option for salvage treatments of neo-
plasms of the head and neck [89].

The settings in which iBT can play a central role are the treatment of local, 
locoregional, or nodal recurrence of neck disease, mainly in re-irradiation of H&N 
tumors and in the treatment of primary lesions in regions previously irradiated. As 
reported in international guidelines, IRT is an acceptable treatment option in asso-
ciation with surgery and other treatment approaches (EBRT, CTX) or in patients 
who are ineligible for salvage surgery because of the extent of disease and/or the 
anatomic relationship between the target and adjacent structures [90, 91].

In this context, the main contraindications to IRT are bone invasion, fistula, and 
limited life expectancy [92–96].

Salvage iBT (both remote afterloading and 125I seeds) in H&N cancers is 
performed by following the same principles of primary treatments. Afterloading 
HDR is performed through interstitial RT and mold RT approaches: 125I seeds 
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are placed by personalized 3D template and CT-guided implantations. In inter-
stitial HDR-iBT, fixed applicators with plastic and/or steel catheters are inserted 
around the CTV (Fig. 16.1). Mold implants are used for treatments involving 
fixed areas.

In the definition of proper IRT treatment at the H&N site, the risk of toxicity 
should be carefully considered [97].

Considering the anatomic relationship with adjacent structures, the toxicity pro-
file includes neurological toxicity, dysphagia, carotid artery rupture, skin necrosis, 
fistulas, and osteoradionecrosis [97].

A recent review of experience in treating recurrent H&N cancers with IRT, in 
association with surgery or without surgery, showed encouraging rates of LC and 
OS.  IRT in combination with salvage surgery showed a 2-year LR control rates 
ranging from 62 to 88% and OS rates between 38 and 65%. In cases of H&N recur-
rences not accessible to salvage surgery, BT alone showed LR control rates from 27 
to 92% and 2-year OS rates from 18 to 43% [96].

a

b

c

Fig. 16.1 iBT for head and neck cancer. (a) iBT implant. (b) Implant reconstruction. (c) Dose 
distribution
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 Local Therapies (Interventional Radiology)

There are still no guidelines on the use of percutaneous ablation techniques in head 
and neck lesions; however, experimental studies have shown promising results, and 
these procedures can be performed as palliative treatments in patients unsuitable for 
re-irradiation with RT or in association with RT [98, 99]. Ablative treatment showed 
improved quality of life and fewer complications than did repeated RT. RFA is the 
most common ablative treatment in this area. A few studies have described the use 
of MWA, mostly on thyroid lesions [100, 101]. In every therapeutic approach to the 
head and neck region, it is important to consider the proximity of the target lesion 
to cranial nerves, major arterial and venous vessels, the trachea and digestive tract 
structures; the risk of damage to adjacent structures must be explained clearly to the 
patient.

Various authors have reported the outcome of ablative therapy (RFA and MWA), 
before or after RT and chemotherapy, both on primary tumors and on neck recur-
rences and metastases located at various sites in the head and neck region, as a sal-
vage treatment to improve quality of life and reduce pain. In patients with superficial 
lesions, conscious sedation was indicated, and normal tissues adjacent to the target 
lesion can be protected from the heat by using moist gauze or throat packing [102, 
103]. Ablative treatment increased overall survival, and at 6-month follow-up after 
ablative and RT treatment the quality-of-life indicators showed a significant 
improvement in pain, speech, senses, swallowing, social eating and contact, and 
sexuality) [103–106].

When one is dealing with complications of head and neck tumors, the risk of 
hemorrhage must be taken into account: this complication occurs in up to 10% of 
patients with advanced disease and could be related to tumor growth or recurrence, 
or to radiation necrosis, which can go so far as to include rupture of the carotid 
artery [107–112]. In such cases, prompt endovascular embolization or stent place-
ment can be life-saving [107, 113–119].

Intra-arterial chemotherapy (IAC) can represent an effective tool in the treatment 
of head and neck cancers, particularly for squamous-cell carcinoma; it is performed 
through a common femoral artery and grants superselective infusion of the chemo-
therapeutic drug. IAC has been performed alone or in combination with radiation 
treatment, even though it has not been shown to be better than intravenous chemo-
therapy [120–122].

Cryoablation can be of great value in head and neck tumors, both for pain relief 
and for functional status preservation, although there are few reports in the litera-
ture: CA can preserve nerves, vessels, and other structures adjacent to the tumor, 
with low morbidity, and owing to ice-ball formation the area of ablation can be 
directly visualized by MRI and CT, making possible real-time modification of the 
probe position [106, 123].
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 Combination Treatment

As regards treatment combining IRT and locoregional interventional radiology, 
there are no current literature data. However, owing to the importance of the head 
and neck region in social interactions and to the aggressiveness of tumors in this 
region, combined salvage treatment aimed at debulking large or infiltrative lesions, 
or for pain relief, can be of great help.
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17Adverse Events in iBT and Their Clinical 
Management

Konrad Mohnike and Stefanie Corradini

 Procedural and Radiotherapy Complications

From a technical perspective, interstitial brachytherapy (iBT) combines the mini-
mally invasive interventional puncture and catheter placement, usually by the 
Seldinger technique, with a specialized form of radiation therapy.

Brachytherapy of inner organs has two special features. First, it does not have a 
homogeneous dose distribution as in external beam radiotherapy (EBRT); on the 
contrary, the distribution is highly inhomogeneous, with very high doses close to the 
radiation source and a very steep dose fall-off. Second, it can be applied as a single- 
fraction treatment with single doses between 15 and 25 Gy, without the need for 
fractionation.

After completion of the treatment, when the catheters are removed, the puncture 
tract cannot be coagulated as in thermal ablation techniques. Therefore, in iBT, the 
use of an angiography sheath as a “catheter-in-catheter” technique was introduced, 
with the brachytherapy catheter inside. This allows the puncture tract to be filled 
with gelatine-sponge plugs after removal of the brachytherapy catheter. This proce-
dure helps to avoid major bleeding complications. However, in thermal ablation the 
puncture tract is also coagulated to avoid tumor seeding and metastasis within the 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-78079-1_17&domain=pdf
https://doi.org/10.1007/978-3-030-78079-1_17#DOI
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puncture tract. The same effect can be achieved with iBT by irradiation of the punc-
ture tract at ~5 Gy.

For these reasons, procedural complications that may arise from the invasiveness 
of the intervention should be distinguished from the toxicity of the radiation itself.

These aspects have been addressed in a comprehensive study. A total of 192 
patients who had undergone 343 hepatic iBT interventions were analyzed. Baseline 
patient and treatment characteristics are shown in Tables 17.1 and 17.2. Major com-
plications (Grade ≥3 according to version 3.0 of the Common Terminology Criteria 
for Adverse Events, CTCAE) were reported for fewer than 5% of the interventions 
(15/343) [1]. These major adverse events comprised 5 cases of Grade 3/4 bleeding, 
treated mostly by embolization or by administration of erythrocyte concentrates 
(see patient example, Fig. 17.1). Other toxicities included one case of Grade 3 asci-
tes; three cases of gastroduodenal ulcerations; four cases of liver abscesses; one 
case of hemorrhagic bile-duct obstruction, which was treated by temporary stent-
ing; and one case of nonclassical RILD. Two patients died within 30 days of treat-
ment: one of the deaths was caused by oesophageal variceal hemorrhage and the 
other by neutropenic sepsis during chemotherapy. Previous publications have 
reported a purely quantitatively higher 30-day mortality for patients with hepatocel-
lular carcinoma and liver cirrhosis (3.6%, 3/83) than for patients with colorectal 
liver metastases (0%, 0/73) [2, 3].

Among the minor complications reported were pleural effusion, ascites, subcap-
sular hematoma of Grade ≤2, and pneumothorax. Classical RILD did not occur. 
One patient with hepatocellular carcinoma and hepatitis C, who received the first 
iBT 22 months after partial liver resection, developed an atypical form of RILD, 
with ascites and an icteric elevation of hepatic enzymes (bilirubin, transaminases, 
and alkaline phosphatase) 7 weeks after the last of four iBT treatments. However, 
under treatment corresponding to RILD prophylaxis, the changes resolved com-
pletely after 7 months and the patient died 2 years after the last iBT treatment. In an 
earlier study of 83 patients with hepatocellular carcinoma only two atypical, possi-
ble RILD cases were observed.

A subgroup of 48 patients was investigated in more detail by using standardized 
questionnaires concerning somatic discomfort. Overall, Grade 1–2 nausea and vom-
iting occurred in 37% of these patients. Severe pain was significantly correlated 
with the occurrence of a bleeding event (reported in 3/5 patients with a major bleed-
ing event and 4/338 without; p < 0.001). Female patients reported nausea and vomit-
ing significantly more frequently than males (p = 0.049 for nausea and p = 0.016 for 
vomiting).

In this study, major bleeding complications occurred exclusively in interventions 
in patients with liver cirrhosis (5/89 patients with cirrhosis and 0/254 without; 
p = 0.001) and, among these patients, predominantly in the group with moderately 
to severely impaired liver function (Child–Pugh stage B 3/13, stage A 2/230; 
p < 0.001). This confirmed the results of the pilot studies in patients with hepatocel-
lular carcinoma or colorectal liver metastases [2, 3]. Here the pre-therapeutic plate-
let count was found to be a predisposing factor, at significance level for bleeding 
events (p = 0.043), while the number of inserted catheters, prothrombin time, portal 
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vein thrombosis, and age were not. The relationship between the maximum dose 
(usually defined as D1 cm3 or D0.1 cm3) and the development of radiogenic gastro-
duodenal ulcers has been described previously [4]. The overall frequency of major 
complications, reported for <5% of iBT procedures, has recently been confirmed by 
another group [5].

Table 17.1 Baseline patient characteristics, Mohnike et al., 2016

N = 192 patients; no. of patients (%) are shown except where otherwise stated

Age (mean ± SD) 66.08 (± 10.2)
Male 111 (57.8)
Tumor entity
   Colorectal carcinoma 84 (43.8)
   Hepatocellular carcinoma 50 (26.0)
   Cholangial carcinoma 16 (8.3)
   Mamma carcinoma 13 (6.7)
   Lung carcinoma 8 (4.2)
   Othersa 21 (10.9)
Diameter of the largest lesion
   <5 cm 105 (54.7)
   5–10 cm 66 (34.4)
   >10 cm 12 (6.3)
Diffuse tumor spread 9 (4.7)
More than one lesion to treat 79 (41.1)
Previous chemotherapy 114 (59.4)
   First line 38 (33.3)
   Second line or more 76 (66.7)
Previous liver resection 52 (22.4)
Previous tumor ablationb 51 (26.6)
   RFA or LITT 23 (45.1)
   TACE 13 (25.5)
   Ibt 15 (29.4)
   Stereotactic radiation 1 (2.0)
Previous other therapiesc 12 (6.3)
Liver cirrhosis 50 (26.0)
   Child–Pugh class
    A (76 interventions)

44 (88.0)

    B (12 interventions) 6 (12.0)
Portal vein thrombosis (30 interventions)d 15 (7.8)

Karnofsky index ≥70% 188 (97.9)
aLeiomyosarcoma of the vena cava, urinary bladder cancer, gastric cancer, renal cell cancer, jejunal 
cancer, adenocarcinoma of unknown primary (two each) and oesophageal cancer, pancreatic can-
cer, gastrointestinal stroma tumor, cervical cancer, thyroid cancer, anal cancer, hypopharyngeal 
cancer, choroidal melanoma, prostate cancer (one each)
bRFA radiofrequency ablation, LITT laser-induced thermotherapy, TACE transarterial chemoembo-
lization, iBT interstitial-HDR brachytherapy
cAdditional hormone- or tyrosine-kinase-inhibitor therapy
dThrombosis in the main, right, or left hemi-liver portal vein
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Table 17.2 Treatment characteristics, Mohnike et al., 2016

Interventional/radiotherapeutic characteristics and follow-up
(N = 343 interventions)

Variable Value
No. with available data 
(%)

Guiding imaging 343 (100)
   CT [n (%)] 284 (82.8)
   MRI [n (%)] 59 (17.2)
Number of catheters [n (IQR; 
maximum)]

4.0 (2.0–5.0; 9) 342 (99.7)

Target dose per lesion [in Gy (± SD)] 17.3 (± 3.1) 337 (98.3)
CTVa [in cm3 (IQR; maximum)] 36.7 (13.0–78.8; 

796.0)
317 (92.4)

LVb [in cm3 (± SD)] 1352.3 (± 413.5) 295 (86.0)
(CTV/LV) × 100 [% (IQR; maximum)] 2.7 (1.1–6.1; 61.2) 291 (84.8)
(5 Gy/LV) × 100c [% (IQR; maximum)] 22.5 (13.8–34.7; 

87.9)
293 (85.4)

Attendance for follow-up was as follows: nominally 3 days (actually 2.9 ± 0.9 days, appointments 
kept by patients representing 343/343 interventions); 6 weeks (42 ± 12 days, appointments kept by 
patients representing 269/288 interventions); 3  months (85  ±  12  days, 139/196); 6  months 
(147 ± 29 days, 113/144); 9 months (215 ± 34 days, 85/106); 12 months (293 ± 33 days, 56/60); 
15 months (386 ± 39 days, 42/45); 18 months (484 ± 41 days, 37/37); 21 months (611 ± 49 days, 
20/20); 24 months (712 ± 58 days, 9/9)
aClinical target volume
bLiver volume
c5 Gy-volume of total tumor-free liver volume

a b c

d e f

Fig. 17.1 Hemorrhage during catheter placement. (a) CT before iBT. (b) Subcapsular hematoma 
and arterial blush supporting active arterial bleeding in the CE-CT. (c, d) Subsequent angiography 
over the A. hepatica with a peripheral bleeding blush corresponding to the CT. (e) Angiography 
after embolization with Gelaspon and coils. (f) T2-weighted MRI after embolization
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 Interstitial Brachytherapy in the Context 
of Biliodigestive Anastomosis

There is evidence that the presence of a biliodigestive anastomosis increases the risk 
of post-interventional abscesses (see patient example Fig. 17.2), as is known to be 
the case for transarterial chemoembolization (TACE) and transarterial embolization 
(TAE) [6–8]. This is supported by the results of a study at our center (data not yet 
published) on the treatment of cholangiocellular carcinomas by iBT in combination 
with systemic therapy. Similarly, retrospective studies indicate that radioemboliza-
tion (RE) with yttrium-90  in the presence of biliodigestive anastomosis carries a 
lower risk of abscess formation than other interventions do.

 Peri-interventional Prophylaxis of Thrombosis 
with Low- Molecular-Weight Heparins: Risk of Bleeding 
and Thrombosis

In contrast to the dose-dependent effect of radiation therapy, the risk of (possibly 
severe) bleeding complications used to be difficult to predict. However, there is now 
good evidence that allows assessment of the individual risk in advance of the inva-
sive procedure. In the study summarized above, an association between cirrhosis- 
related impairment of liver function and the risk of bleeding was demonstrated.

When invasive procedures are performed in hospitalized cancer patients, patients 
frequently receive low-molecular-weight heparin (LMWH) for thromboprophy-
laxis. This is because these patients are predisposed to thromboembolic events 
(venous thromboembolism, VTE), which are indeed more frequent than in hospital-
ized non-oncological patients [9, 10]. It has long been postulated that 

a c

e

b

d

Fig. 17.2 Liver abscess after iBT following a recent papillotomy. (a) Implanted catheters. (b) 
CE-CT with the suspicion of abscess formation. CT fluoroscopy, (c) puncture, (d) subsequent 
drainage, and (e) Later examination, T2-weighted MRI
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VTE- associated mortality and morbidity can be effectively reduced by the adminis-
tration of LMWH [11–13]. However, a recent meta-analysis of 16,000 oncological 
and non-oncological patients did not find any significant reduction in the incidence 
of deep vein thrombosis, pulmonary embolism, or mortality associated with the use 
of LMWH [14]. The administration of LMWH is associated with an elevated risk of 
bleeding events following hepatopancreatobiliar surgery [15]. It is regrettable that 
the current guidelines do not include any recommendations concerning thrombo-
prophylaxis in cancer patients who are treated by minimally invasive therapies [16].

An analysis of 446 cancer patients who were treated with a total of 781 tumor 
ablations (iBT, N = 669; RFA, N = 112) compared the impact of peri-interventional 
LMWH administration (N = 260 with LMWH and 521 without). Tumor locations 
were the liver, lung, kidney, lymph nodes, and other locations. Baseline patient and 
treatment characteristics are shown in Table 17.3. A total of 63 bleeding events of 
all severities were observed during these interventions, and bleeding was signifi-
cantly more frequent among the patients with thromboprophylaxis than in those 
without (for all interventions 11.7% versus 6.3%, p = 0.0127; for hepatic interven-
tions 12.7 versus 7.1%, p = 0.0416). Moreover, bleeding events were significantly 
more frequent with RFA than with iBT (overall, 14.3 versus 7.0%, p = 0.0149; for 
hepatic interventions, 19.6% versus 7.7%, p = 0.0054). The proportions of patients 
receiving thromboprophylaxis were well balanced: 33% in the iBT group and 34.8% 
in the RFA group (p = 0.710). Overall, the number of major bleedings (CTCAE 
Grade ≥3) was greater by a factor of 2.6  in the prophylaxis group (4.6% versus 
1.7%; p = 0.0243); while for hepatic interventions the corresponding factor was 3.3 

Table 17.3 Patients and treatment characteristics, Mohnike et al., 2017

Patients N = 446
Interventions N = 781 (100.0%)
Primary cancer
   Colorectal cancer
   Hepatocellular carcinoma
   Cholangiocellular cancer
   Breast cancer
   Renal cell cancer
   Liver cancer
   Gastroenteropancreatic neuroendocrinal tumor
   Other

n = 308 (39.4%)
n = 104 (13.3%)
n = 96 (12.3%)
n = 50 (6.4%)
n = 50 (6.4%)
n = 30 (3.8%)
n = 24 (3.1%)
n = 119 (15.2%)

Clotting disorders
   Thrombopenic
   Thrombophilic

n = 22 (2.9%)
n = 14 (1.8%)
n = 8 (1.0%)

Cirrhosis
Child–Pugh stage B

n = 98 (12.5%)
n = 21 (2.7%)

Padua score < 4
Padua score ≥ 4

n = 229 (29.3%)
n = 552 (70.7%)

RFA
iBT

n = 112 (14.3%)
n = 669 (85.8%)

Peri-interventional LMWH dosing n = 260 (33.3%)
Hospital stay 4.8 days (95% CI 4.6–5.1, range 2–15)
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(5.2% versus 1.5%; p = 0.028). The treatment modality (iBT or RFA) did not show 
any significant influence. In uni- und multivariate analyses of the study, the admin-
istration of LMWH was the only independent factor associated with the frequency 
of bleeding occurrence (see Table 17.4). Regardless of the subsequent therapy for 
bleeding (angiographic embolization or surgical resection), the 30- and 90-day mor-
talities were significantly higher among the patients with major bleeding events 
(23.1% and 38.5%) than among those with no or moderate (Grade ≤2) bleeding 
events (0.5% and 2.3%; in both cases p < 0.0001). However, post-interventional 
administration of LMWH did not influence the occurrence of bleeding events. 
Overall, symptomatic VTE (pulmonary embolism) occurred only in one patient 
2 months after iBT; this patient had not received LMWH. No other symptomatic 
thrombotic or thromboembolic events were observed [17].

These results allow us to draw major conclusions:

 1. In terms of mortality, a bleeding event of CTCAE Grade ≥3 is the most serious 
complication, in both iBT and other tumor-ablation techniques such as 
RFA. Regardless of timely measures and hemostasis, secondary complications 
after a major bleeding event are common, and events such as hypovolemia or 
secondary infection of the hematoma with subsequent sepsis can be fatal [17].

 2. Patients with advanced liver cirrhosis are predisposed for the occurrence of 
severe bleeding.

 3. Regardless of the abovementioned factors, peri-interventional administration of 
LMWH is the most important risk factor for bleeding. The morbidity and mortal-
ity associated with LMWH administration are significantly higher than those 
associated with thromboembolic events among cancer patients treated by mini-
mally invasive interventions requiring only a short period of immobilization. 
Therefore, LMWH cannot be generally recommended; in fact, in the absence of 
thrombogenic comorbidities it is contraindicated.

 4. The closure of the puncture tract(s) with gelatine-sponge plugs is effective. Thus, 
in this respect iBT is not inferior to RFA, which offers the possibility of thermal 
coagulation. On the contrary, in a large patient cohort the incidence of bleeding of 
any grade was lower for patients treated by iBT than for those treated by RFA [17].

 The Risk of Needle-Tract Metastases

The risk of seeding of malignant tumor cells during diagnostic or therapeutic punc-
ture is well known and has been extensively studied, particularly in hepatocellular 
carcinoma. In a meta-analysis that included diagnostic puncture and local ablations 
the rate of occurrence of extrahepatic puncture-tract metastasis (PTM) was 1.27% 
[18]. Early studies of RFA reported a per-patient PTM rate of up to 12.5%, high-
lighting the need for ablation of the puncture channel [19]. In more recent reports of 
RFA or microwave ablation (MWA) the rate was reduced to 0.61–1.6% [20, 21]. In 
iBT, thermal puncture-tract ablation is not possible, so the problem of PTM was 
investigated in the following study.

17 Adverse Events in iBT and Their Clinical Management
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In a total of 100 patients, 233 hepatocellular carcinoma (HCC) lesions were 
treated by iBT. This involved the placement of a total of 588 catheters, resulting in 
an average of 5.9 catheters per patient. For PTM assessment, iBT planning imaging, 
including dosimetry, was image-fused with the follow-up sectional imaging (CT or 
MRI). After a mean follow-up of 5.5 months (range 4.8–6.2 months) overall nine 
PTMs (seven intrahepatic, two peritoneal) were found, corresponding to a per- 
catheter PTM rate of 1.5% (1.2% intrahepatic, 0.3% extrahepatic), a per-lesion rate 
of 3.9% and a per-patient rate of 9%. Tumor seeding was observed more frequently 
for smaller HCC lesions, although not at the level of significance (p = 0.09). Other 
factors as liver cirrhosis, etiology, pseudo-capsulation, in-body catheter path, cath-
eter insertion beyond the tumor, the D100, and subsequent treatment with sorafenib 
did not affect the PTM rate. Eight of nine PTMs were subsequently treated success-
fully by iBT. There was no relevant difference in median OS between patients with 
and without PTM (25 vs. 20 months).

A unique feature of this study was the fact that the comparison of the iBT 
treatment- planning images to the follow-up imaging allowed also to identify intra-
hepatic PTM, whereas other studies in this area have only considered extrahepatic 
tumor seeding. Thus, the extrahepatic PTM rates per-catheter and per-patient were 
0.2% and 2% respectively, without ablation of the puncture tract. This proportion is 
lower or similar to that encountered in RFA and MWA. This low PTM rate confirms 
the results of a study in a small patient cohort, in which iBT was performed as a 
bridging therapy for hepatocellular carcinoma before liver transplantation [22]. In 
earlier studies of iBT, adverse effects such as local recurrence or PTM had not 
affected overall survival. This may be due to the repeatability of iBT, in view of its 
almost unrestricted applicability in terms of location and tumor size. In fact, almost 
all PTMs of patients with colorectal liver metastases in this study, and local recur-
rences in the study mentioned elsewhere [23], were retreated by repeated iBT [3].

According to this analysis, the puncture tract is now irradiated routinely at most 
centers, irrespective of the cancer entity: this is done either by using a default dwell- 
time approach (with 0.5–1  s per dwell position) or by using a dose prescription 
(with about 5 Gy at the surface of the catheter) [23].

 Organs at Risk: Bile Ducts, Stomach, Duodenum, 
Kidney, Pancreas

The liver as an organ at risk in large- or small-volume intrahepatic iBT and the moni-
toring of post-therapeutic liver function after iBT are discussed in detail in Chap. 11.

In iBT of centrally located liver tumors, the common, left and right bile ducts are 
frequently exposed to high single doses of radiation. Changes in the adjacent bile 
ducts are frequently observed during follow-up, such as, for example, an irregular 
widening of bile ducts on imaging. However, only a minority of cases show changes 
in clinic or laboratory values that are typical of cholestasis. The following study was 
aimed at investigating to what extent these bile-duct changes correlate with iBT 
dose distribution and reach clinical relevance.
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A total of 102 patients with various hepatic malignancies were analyzed retro-
spectively. Each patient had received a maximum dose to the central bile-duct struc-
tures of at least 1 Gy. Twenty-two of these patients (22%) developed morphological 
dilation of the bile ducts after a median interval of 17 (range 3–54) months. Eighteen 
of these were treated by percutaneous or endoscopic drainage. The median bile-duct 
point dose was 24.8 Gy (range 4.4–80 Gy) in patients with bile-duct dilation com-
pared with 14.2 Gy (range 1.8–61.7 Gy) for those without (p = 0.028). The calcu-
lated cut-off value was 20.8  Gy (p  =  0.028; sensitivity 59%, specificity 24%). 
Secondary occurrence of abscesses and cholangitis were rare, but were nonetheless 
seen in both groups, and significantly more frequently in the group with morpho-
logical cholestasis (4/22 vs. 2/80; p = 0.029). However, median overall survival did 
not differ between the two groups (43 versus 36 months, p = 0.571) [24].

The wide distribution of maximum doses in both groups and the low sensitiv-
ity and very low specificity of the calculated cut-off value make it difficult to 
derive recommendations for dose constraints in clinical routine. On the one 
hand, individual patients developed a morphological cholestasis at very low 
doses of 4.4  Gy, while others did not develop any cholestasis despite a dose 
exposure of up to 61.7 Gy. At first glance, this suggests two possible explana-
tions: one is that each patient has an individual bile-duct dose tolerance value. 
As this seems unlikely, another possible explanation is that morphological cho-
lestasis is less a consequence of the reaction of the healthy bile-duct wall than a 
sign of response to iBT of the infiltrated bile-duct wall, which responds by 
developing scar tissue.

Taken together, clinically relevant complications in iBT administered to central 
liver tumors are rare and many patients also tolerate very high maximum doses 
administered to the central bile-duct structures. To date, unfortunately, we still have 
no clear dose constraint in this respect. The excellent response of central liver 
tumors is a unique feature of iBT as compared with other local-therapeutic proce-
dures, including surgical resection. Therefore, the risk of a post-interventional cho-
lestasis can be considered acceptable, since this complication does not reduce life 
expectancy. However, the awareness of these side effects must be present and the 
patient must be appropriately informed.

Other clinically important organs at risk (OARs) include the stomach and the 
duodenum. In the early years of iBT, a small but relevant number of radiation- 
induced gastric or duodenal ulcerations were observed, especially in left-hepatic 
interventions, so that increased scientific attention was given to developing con-
straints for these OARs.

In the study described above, overall 192 patients underwent 343 CT- or MRI- 
guided iBT procedures for various cancer entities. A total of 57 patients received a 
dose exposure of the stomach or duodenum in 72 interventions, defined as a dose of 
more than 1 Gy to 1 cm3. Among these patients, gastroduodenal ulcers were identi-
fied following three interventions (3/72; 4%). Patients in whom the gastroduodenal 
ulceration could be correlated to the dose distribution of iBT (because of the local-
ization of the ulcer or by pathology) had received a significantly higher D1 cm3 to 
the stomach or duodenal wall as such without ulceration (15.8 ± 2.5 vs. 10.0 ± 4.1 Gy; 
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p = 0.020). The cut-off dose for the development of gastroduodenal ulcers was a 
D1 cm3 of 14 Gy [4].

This supports the results of an earlier study with a smaller patient cohort (33 
patients who received iBT in liver segments 2 or 3). In this study, borderline values 
for symptomatic gastrointestinal toxicity and the development of gastroduodenal 
ulcers of D1 cm3 of 11 and 15.5 Gy, respectively, were found [25].

The extent to which a pre- or post-interventional systemic therapy that includes 
ulcerogenic substances such as bevacizumab reinforces these dose effects has not 
yet been scientifically studied.

In clinical routine, proton-pump inhibitors are prescribed for 3–6 months if a 
relevant dose exposure to the gastric or duodenal wall of 8–10 Gy D1 cm3 has been 
administered [4]. However, dose exposures above a D1 cm3 of 14–16 Gy should be 
avoided. In these cases, dose coverage of the target lesion must be compromised, or 
the treatment must be fractionated. This challenge led to the development of a new 
technique to increase the distance between the liver and the stomach or bowel wall, 
and thus distancing the OAR from radiation. For this purpose, angiography occlu-
sion balloons are inserted as a spacer.

In a study of 31 patients receiving iBT, occlusion balloons were introduced 
between the stomach and the liver during the placing of the iBT catheter. For each 
patient, the calculated point dose without the balloons was compared on a virtual 
iBT plan (created from a native CT-scan performed immediately before catheter 
insertion and fused with the iBT treatment plan) with the actual point dose at the 
organ at risk after insertion of the balloon. It was found that the treatment plans with 
the balloon resulted in a mean D1 cm3 of 12.6 Gy to the organ at risk, compared 
with 16 Gy without the balloon (p < 0.001). This result is relevant because without 
a significant reduction in dose exposure of the OAR, the much more invasive bal-
loon technique would be highly questionable. Nevertheless, it allows the effective, 
unfractionated treatment of left-hepatic malignomas [26].

 The Lung as a Treatment Target and OAR

Yoon et al. report in their chapter of this book “CT-guided interstitial HDR brachy-
therapy for malignant lung lesions: Experience from University of California Los 
Angeles” about iBT of 37 malignant lung lesions in 25 patients. Common lung 
histologies were renal cell carcinoma (24%), NSCLC (20%), and soft-tissue sar-
coma (20%). Of the 37 lesions treated, 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 
patients (88%) received a single-fraction iBT at a median total dose of 21.5 Gy 
(range 15–26 Gy). For the three patients (12%) receiving a multi-fraction radiation 
treatment, the median dose was 24 Gy (range 20–25.5 Gy) with a range of 2–5 
fractions.

After a median follow-up of 19 months (range 3–48 months), 62% of patients did 
not develop acute or late toxicities following brachytherapy, while 33% of patients 
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developed Grade 1 and 2 acute toxicities. More specifically, four patients experi-
enced Grade 1 chest wall pain, two patients developed Grade 2 pneumonitis (treated 
with steroids), and one patient developed a pneumothorax during catheter implanta-
tion which required an overnight chest tube insertion. No patient developed late 
treatment-related toxicities. One patient with metastatic colorectal cancer experi-
enced mild dyspnoea on exertion 5 months after brachytherapy treatment, but the 
etiology was considered to be multi-factorial given his prior smoking history and 
treatments (several resections and microwave ablations) for lung metastases.

Hass et al. reported outcomes and safety of lung iBT in a retrospective study of 
174 patients; this was presented at the ESTRO37 conference in Barcelona analyzing 
156 patients with lung metastases and 18 patients with primary NSCLC [27]. A total 
of 359 lesions were treated, in 276 mostly single-fraction CT-guided iBT proce-
dures. Local bleedings occurred in six cases (2.2%) which were quickly resolved by 
angiographic coiling. In 60 treatments (21.8%) a mild pneumothorax (<1 cm) could 
be observed; among these cases, seven patients (2.5%) needed a temporary chest 
tube drainage to address the complication. In five patients (2%) pneumonitis was 
associated with typical radiological findings; among them, two patients were given 
anti-inflammatory medication.

Similarly, in the study by Peters et al, 30 consecutive patients with 83 primary or 
secondary pulmonary malignancies were treated by lung iBT. Minor complications 
included nausea (three reports, 6% of treatments) and discrete pneumothorax (six 
reports, 12%) which were treated conservatively and showed complete regression 
after 24 h. One major pneumothorax was treated with a chest tube. Two patients had 
a history of previous lung surgery of the respective lobe of the lung, and a total of 
six patients demonstrated diminished lung function before brachytherapy with a 
vital capacity (VC) of <85% (minimum 40%, 20% of patients) and an FEV1/VC of 
<70% (minimum 17%, 20% of patients). No significant changes in VC or FEV1 
were noted during follow-up [28].

 Kidney, Pancreas, and Adrenal Glands as Treatment Targets 
and/or OARs

Frequently, the kidney is an OAR with relevant dose exposure in iBT. In the treat-
ment of renal cell carcinomas or the rare renal metastases from other primaries, 
adrenal gland malignancies or segment 6 liver iBT, the kidney is often not only 
involved as a target organ but also as an OAR at the same time.

In one study, the functional outcome of iBT in 18 patients with renal cell carci-
nomas and two renal metastases was analyzed. The primary endpoint was loss of 
renal function after 12 months. A planned dose of 15 Gy (20 Gy in  local recur-
rences) was applied. Serum creatinine, estimated glomerular filtration rate (eGFR), 
and other values were measured 3 days, 3 months, 6 months, and 12 months after 
iBT. Also, a technetium-99m-MAG3 kidney sequence scintigraphy of both kidneys 
was performed (with separate assessment for each kidney) directly after iBT and 3, 
6, and 12 months later. A reduction in median eGFR was observed, from 71 mL/min 
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(range 26–125  mL/min) to 58  mL/min (range 23–88  mL/min) after 12  months, 
without statistical significance.

After 12 months, the tubular extraction rate (TER, determined by scintigraphy) 
decreased ipsilaterally in the kidney treated by iBT, from a median value of 52 mL/
min (range 37–100 mL/min) to 33 mL/min (range 5–100 mL/min). At the same time 
the median contralateral TER had risen from 51 mL/min to 95 mL/min; in neither 
case was statistical significance achieved. Overall median TER of both kidneys 
decreased from 156  mL/min (range 97–340  mL/min) to 108  mL/min (range 
108–142 mL/min).

However, it should be noted that, on account of the study design, complications 
with late onset (more than a year after iBT) were not recorded for all of the patients. 
The comprehensive follow-up with image-guided monitoring lasted for a median of 
22.5 months. During follow-up, only one patient required hemodialysis, with onset 
approximately 2.5 years after iBT. However, this patient had bilateral disease, dia-
betes, and preexisting renal insufficiency. In summary, within the limitations of this 
study, iBT could safely be performed without significant functional impairment [29].

Another organ that is frequently at risk is the pancreas, either because of its prox-
imity to irradiated areas in the liver, lymph nodes, kidneys, or adrenal glands or 
because of the treatment of the pancreas itself. In a study of pancreatic iBT per-
formed in 13 patients (8 metastases and 5 primary tumors, of which 2 were locally 
recurrent), with a median tumor diameter of 3 cm and a D100 of 15.3 Gy, no toxicity 
of CTCAE ≥ Grade 3 was observed. Only one patient developed mild acute pancre-
atitis, which resolved spontaneously within a week [30].

Regarding adrenal glands, a recent study report described the outcome of 37 
patients with adrenal gland metastases from different primary tumors treated by 
iBT. Overall, 11 toxicities of Grade 1 or 2 occurred (29%) including pain, nausea, 
vomiting, and fatigue. One Grade 3 event occurred (bleeding requiring angiographic 
embolization, 3%). Owing to decreased function, two patients required ongoing 
cortisone substitution after treatment, while one patient required intermittent corti-
sone substitution for 1 month after treatment [31]. Special attention is required if 
both adrenal glands are treated.

Key Points
• Interstitial brachytherapy (iBT) is a procedure that allows substantial spar-

ing of healthy liver tissue. Classical radiation-induced liver disorders 
(RILDs) have not been reported in the literature; only atypical cases have 
been reported in individual instances.

• For large, centrally located liver tumors, clinically relevant biliary duct 
complications are rare and have not been associated with a reduction in 
overall survival in available study reports. The excellent treatability of cen-
tral liver tumors is a unique feature of iBT as compared with other local- 
therapeutic procedures, including surgical resection.
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18Radiological Interventions in the Age 
of Immunotherapy, Molecular 
Diagnostics, and Liquid Biopsy

Jens Ricke and Konrad Mohnike

Cancer is the second most common cause of death worldwide, with both incidence 
and mortality increasing dramatically over the past 100  years [1]. Globally, the 
number of cancer cases increased by 33% between 2005 and 2015, corresponding 
to the increase in world population and an increase in life expectancy [2]. The 
disease- specific mortality rate, in contrast, has declined over the past 20  years, 
which can primarily be attributed to advances in therapeutic methods. It is by no 
means unreasonable to assume that the evolution of procedures for local therapy has 
also played a part in this [3–5]. Nevertheless, cancer represents an immense prob-
lem in medical and health policy, owing to its high frequency, and it is therefore also 
a major challenge for health systems.

It is notable that Europe, with 9% of the world’s population, records as many as 
25% of global cancer cases. In 2018, 3.91 million new cancer cases were reported 
in Europe, and 1.93 million persons died as a result of cancer. The most common 
were breast cancer (ca. 523,000 cases), colorectal cancer (500,000), lung cancer 
(470,000), and pancreatic cancer (450,000). Regarding disease-related mortality, 
lung cancer was the most prominent (ca. 388,000 deaths), followed by colorectal 
(243,000), breast (138,000), and pancreatic (128,000) carcinomas [6].
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Recent progress of drug-based tumor therapy and its sometimes impressive 
achievements have continued to raise the prominence of systemic treatment of numer-
ous tumor entities in the metastatic stage [7]. The most recent quantum leap has been 
the introduction of immuno-oncology including checkpoint inhibitors and CAR T cell 
therapy [8]. The immense increase in the number of new regimens for treating cancer 
is making it increasingly difficult to compare local and locoregional therapeutic con-
cepts with systemic therapy in clinical studies. Identifying appropriate study formats 
and relevant clinical endpoints is challenging. It is worth mentioning that access to 
financial resources to support clinical trials is more difficult in device studies or sur-
gery than in studies that are of interest to pharmaceutical companies.

The metastatic stage of solid tumors is generally regarded as the systemic stage 
of the disease, calling for systemic treatment concepts. Cure remains exceptional in 
the inoperable metastatic disease stages, and the number of possible therapies is 
limited. Moreover, systemic therapies may often provoke considerable systemic 
toxicity, which limits applicability for patients with comorbidities and almost invari-
ably leads to a reduction in quality of life [9–11].

Limited metastatic spread may still offer potential for curative outcomes after 
local therapies or surgery. In recent years, observation of long-term survival after 
local treatments has led to establishing the concept of oligometastatic disease, 
accountable for all solid tumor entities (i.e., the possibility of curative treatment of 
metastatic-stage patients by local therapies) [12–15]. However, depending on the 
underlying tumor entity, only a small fraction of patients meet the criteria of oligo-
metastatic disease, and technical limitations of surgical techniques have reduced the 
number of amenable patients even further [16, 17]. Data on surgical resection of 
colorectal liver metastasis demonstrates high recurrence rates of 50–75%. The 
shorter the interval between operation and recurrence, the worse is the patient’s 
prognosis [18–22]. The cause of postsurgical tumor progression is multifactorial. 
There are indications that regeneration of the liver following surgical resection 
favors tumor progression [23]. Immune response, angiogenesis, lymphangiogene-
sis, the epithelial-to-mesenchymal transition, and the remodeling of the extracellu-
lar matrix may all play a part in this and are therefore preferred targets of various 
antibody and inhibitor therapies [24]. These phenomena are certainly present in 
image-guided, minimally invasive local procedures, too. However, final proof of 
their impact on recurrences and prognosis is still under scrutiny.

The possibilities offered by modern radiological techniques have led to the 
development of minimally invasive therapies, such as radio-frequency ablation 
(RFA), which today is the most widely used of these and is supported by strongest 
evidence. In early and very early stages of hepatocellular carcinoma, RFA has 
become a standard procedure, especially in patients with cirrhosis, and the CLOCC 
study of colorectal liver metastases, with very broad inclusion criteria, has revealed 
a significant advantage in OS for patients adding RFA (sometimes complementing 
resection) to chemotherapy compared with those treated by chemotherapy alone [5, 
25–27]. Among the locoregional techniques in liver-dominant, diffuse metastasis, 
radioembolization (RE) with yttrium-90 has gained increasing importance in recent 
years [28–31]. However, randomized trials in both colorectal liver metastasis or 

J. Ricke and K. Mohnike



237

advanced HCC have failed to demonstrate survival benefit, despite strong indica-
tions for improved outcomes in per protocol treated subgroups [27–30].

RFA and other thermoablative local therapies, such as MWA, are technically lim-
ited with respect to the location and size of the tumor to be treated. Local recurrence 
rates increase with size, the threshold likely to be around 3 cm; large blood vessels 
nearby restrict applicability by cooling effects and reduction of therapeutic efficacy 
[32]. Moreover, the proximity of thermosensitive structures such as the liver hilum or 
the gallbladder may prohibit the conduct of both MWA and RFA [33, 34].

Radiotherapeutic techniques, such as percutaneous stereotactic irradiation 
(SBRT) or CT-guided interstitial brachytherapy, overcome these limitations in vari-
ous ways. However, as in thermoablation, a maximum is set to the size of lesions 
that can be effectively treated, here some 4–5 cm; the number of lesions that can be 
treated during a single intervention is limited [35, 36]. Above these limits, the effi-
cacy of SBRT appears to decline substantially [37, 38].

In contrast, iBT provides greater flexibility in terms of lesion size and number, 
with satisfactory local tumor control up to 12 cm in some studies [39].

A long-term observational study of the use of RFA in treating colorectal liver 
metastases has shown impressive results in terms of overall survival of inoperable 
patients, as compared with published outcomes after surgery [40]. In other studies, 
radio-frequency ablation was found to be clearly inferior to resection; although this 
may have been due to the well-known size limitation in thermoablative procedures, 
it may also have been influenced by selection bias, as inoperable patients inevitably 
represent a patient population with comorbidities [32]. One way or another, high- 
quality prospective and randomized studies, ones that allow genuine comparison 
between the RFA-treated and surgically treated patient cohorts, have not been 
reported, and the idea of performing such studies is even rejected in some quarters 
on the basis of (sometimes questionable) ethical reservations, even though from a 
scientific and ethical viewpoint there is in fact an acute need for such studies [41]. 
Provisionally, one may retreat to the viewpoint that in clinical routine these two 
procedures do not so much compete with as complement one another [42–44].

It would be useful to debate the local and locoregional level of tumor therapy, 
with reference to the concept of oligometastasis—the stage between local and sys-
temic disease, which despite (limited) formation of metastases is considered to be 
treatable locally with curative intent [45–47]. This is a recognized concept and is 
relevant for all local procedures, be they based on resection, stereotactic irradiation, 
thermoablation, or interstitial brachytherapy.

As a basic principle, the choice of treatment for metastases or for liver-specific 
tumors should be directed by consideration of the individual oncological situation, 
including the patient’s age, comorbidities, and previous therapy, as well as taking 
account of the best possibilities for tumor control and the treatment’s tolerability. 
This choice should reflect the available evidence for, and clinical experience with, a 
given method; surgery, including liver transplantation, generally has a (presumable 
or ascertained) lead in terms of supporting evidence.

The acquisition of evidence is a challenging task in all local and technical proce-
dures for tumor treatment, for various reasons. Randomized, multicentric clinical 
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studies constitute the acknowledged gold standard of evidence-based medicine; 
however, they may be outside financial reach, unless they are backed by the pharma-
ceutical industry. Central cancer registers, as established in Germany at the Robert- 
Koch- Institut presumably by the end of 2021, may one day significantly impact 
therapy standards by enhanced inclusion of real-world evidence. Finally, the clinical 
study endpoint overall survival (OS) has also been critically questioned. Multimodal 
therapy directed at metastases, even if not curative, may increase the duration of 
palliation in many patients, which means that the cohort size needed to demonstrate 
a statistical advantage in overall survival may become unrealistically large [48]. 
Therefore, there is a need to define new endpoints for the stratification and assess-
ment of initial response to therapy. “Depth of response” has recently been proven as 
a surrogate for survival in systemic therapy of selected colorectal cancer patients 
[49]. Potential study endpoint proving benefit of local therapies could also include, 
for example, the quantification of biomarkers, such as circulating tumor DNA, 
obtained by liquid biopsy [50–54].
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 Summary

Stefanie Corradini, Jens Ricke, and Konrad Mohnike

Oligometastatic disease has a potential for curative outcomes following local thera-
pies or surgery [1–4]. However, depending on the underlying tumour entity, only a 
small proportion of patients meet the criteria for oligometastatic disease, and tech-
nical limitations of surgical techniques likewise reduce the number of amenable 
patients [5, 6]. Modern interventional radiological techniques have led to the devel-
opment of minimally invasive therapies such as radio-frequency ablation (RFA), 
which currently is the most widely used of these and has the strongest evidence base 
[7–10]. However, RFA and other thermoablative local therapies are technically lim-
ited in respect of location and size of the tumour. Local recurrence rates increase 
with tumour size, and the proximity to large blood vessels or thermosensitive struc-
tures limit its applicability [11–13]. Radiation therapy techniques can overcome 
these limitations. Radiotherapy of the liver, lungs and other inner organs can be 
delivered by using dedicated non-invasive external-beam techniques, such as 
advanced stereotactic body radiotherapy (SBRT) strategies. The efficacy of these 
non-invasive approaches has been demonstrated in numerous tumour locations [14–
19]. Another option for applying high single doses is interstitial brachytherapy 
(iBT). iBT allows the delivery of very high doses of radiation in a single fraction, 
and owing to the steep dose gradient organs at risk can be efficiently spared.
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Numerous pilot studies and randomised comparisons have shown that interstitial 
brachytherapy (iBT) is capable of achieving high to very high rates of tumour con-
trol for various tumour entities. These rates vary up to >90% after 12 months in liver 
malignancies, even for large or very large tumours [20, 21]. A dose dependence has 
been demonstrated, and hepatic metastases of most tumour entities, including pri-
mary liver tumours, could be excellently controlled with a prescription dose of 
15–20 Gy [20–28]. A major limiting factor in the radiotherapy of liver malignancies 
is the relatively low tolerance of the liver parenchyma to radiation exposure. This 
can lead to subclinical focal or a generalised injury of the liver parenchyma follow-
ing irradiation (radiation-induced liver disorder, RILD) [29]. Interstitial brachyther-
apy (iBT) is a procedure that is able to spare healthy liver tissue because of its 
inherently steep dose gradients. A classical RILD was not observed in our own 
studies and has not been reported in studies by other groups; only atypical cases of 
icteric elevations of liver enzymes and ascites have been reported in individual cases 
[24, 26]. The excellent ability of iBT to treat central liver tumours with a low rate 
of, e.g. biliary complications is a unique feature of iBT as compared with all other 
local procedures, including surgical resection [30]. Therefore, the available evi-
dence suggests that this minimally invasive treatment is particularly advantageous 
in the treatment of large tumours (although substantial superiority of iBT compared 
with SBRT regarding the sparing of the surrounding tissue seems to decline with 
increasing lesion size) [31, 32]. Another major advantage of iBT is its repeatability 
[20–22, 24, 26].

Lung brachytherapy is associated with a low rate of severe adverse events, and in 
the treatment of early-stage lung cancer and lung metastases it has proven to be 
effective, safe and well tolerated, with promising results at a variety of centres [33]. 
For iBT of the kidneys, the adrenal glands, the pancreas and the retroperitoneum, 
evidence is still limited, but it suggests that iBT is a predominantly safe and effec-
tive option [34–36].

Regarding side effects, there is a strong correlation between severe bleeding 
complications and (1) secondary diagnosis of advanced liver cirrhosis and (2) peri- 
interventional administration of low-molecular-weight heparin [37, 38]. There are 
also indications that a history of biliodigestive anastomosis or papillotomy is a risk 
factor for the post-interventional development of cholangitis or liver abscesses [39]. 
The occurrence of gastroduodenal ulceration is associated with a dose exposure of 
the gastric or duodenal wall above 14–15 Gy (D1 cm3). Therefore, in clinical prac-
tice, proton-pump inhibitors are administered for 6–8 weeks in cases of relevant 
gastroduodenal dose exposure [38, 40]. As an alternative, angiographic occlusion 
balloons can be placed between the stomach wall and the liver to avoid significant 
exposure of the stomach wall to radiation [41]. The risk of extrahepatic puncture- 
tract metastases is generally very low, and the local recurrence after iBT has no 
influence on overall survival [42, 43]. In appropriately designed studies, iBT was 
also used successfully for treating local recurrences [26, 42].

The key to a successful treatment is adequate patient selection with evaluation of 
all oncological factors. These include whether the disease is oligometastatic and 
whether a rapid polymetastatic progression can be expected without the potential to 
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achieve local control. A second factor is the presence of a predisposition to severe 
complications. This aspect is critical in determining whether the treatment will be 
beneficial to the patient. The relative freedom of iBT from modality-related limita-
tions makes adequate patient stratification particularly challenging. There is a need 
for clinical studies that incorporate different treatment modalities and local ablative 
techniques including surgery, RFA, SBRT and iBT (among others) as a part of mul-
timodal treatment to address the issue of proper patient selection. Metastasis- 
directed multimodal therapy is successful with curative outcome in many patients. 
However, when the curative intent is not achieved, it can still lead to an increasingly 
long duration of palliation or intervals without systemic therapy. Therefore, there is 
a need to define new endpoints for patient stratification and for the assessment of 
initial response to therapy. These may serve as surrogate markers for the extent of 
tumour response and could include, for example, the quantification of biomarkers 
such as circulating tumour DNA obtained by liquid biopsy.
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