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Simple Summary: The Diffusing Alpha-emitters Radiation Therapy (DaRT) is a novel brachytherapy
technique employing 224-radium enriched seeds releasing short-lived alpha-emitting atoms into the tumour.
DaRT overcomes the main obstacle in employing alpha radiation for cancer treatments in liquid and solid
media caused by their short range. The aim of the study is to improve the DaRT technique with an external
radio-opaque template that can help clinicians predict the correct number of sources to achieve tumour
coverage. Furthermore, the template is used to aid clinicians in visualizing lesions and their eventual
subcutaneous extension. Finally, it is also utilized on treatment day to ensure that the sources are properly
inserted into the tumour.

Abstract: The purpose of this study is to discuss how to use an external radio-opaque template in the Diffusing
Alpha-emitters Radiation Therapy (DaRT) technique’s pre-planning and treatment stages. This device would
help to determine the proper number of sources for tumour coverage, accounting for subcutaneous invasion
and augmenting DaRT safety. The procedure will be carried out in a first phase on a phantom and then
applied to a clinical case. A typical DaRT procedure workflow comprises steps like tumour measurements
and delineation, source number assessment, and therapy administration. As a first step, an adhesive fiberglass
mesh (spaced by 2 mm) tape was applied on the skin of the patient and employed as frame of reference.
A physician contoured the lesion and marked the entrance points for the needles with a radio opaque ink
marker. According to the radio opaque marks and metabolic uptake the clinical target volume was defined,
and with a commercial brachytherapy treatment planning system (TPS) it was possible to simulate and adjust
the spatial seeds distribution. After the implant procedure a CT was again performed to check the agreement
between simulations and seeds positions. With the procedure described above it was possible to simulate a
DaRT procedure on a phantom in order to train physicians and subsequently apply the novel approach on
patients, outlining the major issues involved in the technique. The present work innovates and supports DaRT
technique for the treatment of cutaneous cancers, improving its efficacy and safety.

Keywords: squamous cell skin cancer; alpha-emitters radiation therapy; interstitial brachytherapy;
treatment safety
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1. Introduction

The current standard of care for cutaneous squamous cell skin carcinoma (cSCC) is
surgical excision, which involves removing the tumour while leaving a margin of healthy
skin. If surgery is not an option or is not viable or ineffective due to tumour resistance,
gamma or beta-based external beam radiation and brachytherapy can be used as alterna-
tives [1–6]. However, these techniques may be ineffective due to hidden tumour invasion
or radio resistance [7].

The Diffusing Alpha-emitters Radiation Therapy (DaRT) is a novel brachytherapy tech-
nique employing 224radium (Ra-224) enriched seeds releasing short-lived alpha-emitting
atoms into the tumour [8]. The efficacy of DaRT was proven in a series of preclinical studies
on tumours with different histology such as squamous cell, colon, breast, pancreas, lung,
and prostate carcinoma [9,10]. Furthermore, tumour abolition by alpha DaRT resulted in
activation of specific anti-tumour immunity [11] and an abscopal effect in one patient [12].

This technique improves standard gamma-based brachytherapy treatments with the
high relative biological effectiveness of alpha particles and higher control of dose to organs
at risk in the surrounding area of the implant [13]. Alpha radiation is generally more
effective against tumours, achieving a higher degree of cell killing probability for a given
absorbed dose and being insensitive to poor oxygenation of tissues [14]. The main obstacle
in employing alpha radiation for cancer treatments is the short range of alpha particles in
liquid and solid media (i.e., water and tissue). DaRT overcomes this limitation because
Ra-224 deposited on the surface of implantable seeds decays directly into the tumour in
220radon and its progeny, which migrate away from the implant site because of recoil
energy and its gaseous nature, for an average distance of 2.5 mm [15].

DaRT is for all intents an interstitial brachytherapy technique, an effective and short pro-
cedure, and it is clinically employed for the treatment of cutaneous squamous cell carcinoma
(cSCC) at our center Istituto Romagnolo per lo Studio dei Tumori “Dino Amadori”—IRST
IRCCS (Meldola, FC, Italy). The technique has recently concluded the “first in man” clinical
trial N. CTP-SCC-00 (NCT03015883) with promising results showing a complete response tu-
mour rate of 78.6% and a partial response rate of 21.4% of the lesions [16]. The pre-treatment
step, which includes the need to predict the correct number of Ra-224 seeds to implant
based on tumour dimension and shape days in advance, is a major issue in completing this
operation. To date, no commercial treatment planning system exists that can calculate alpha
particle dose, and the source estimation is generally performed geometrically on the patient’s
skin and/or on a preplanning CT or PET/CT, with the sources spaced about 4–5 mm apart
to reach the killing dose in the entire clinical target volume (CTV). We propose and describe
how to use an external radio-opaque template in the pre-planning and treatment phases of
the DaRT technique to help evaluate the correct number of sources for cSCC. The template is
used to aid clinicians in visualizing lesions and their eventual subcutaneous invasion during
the pre-planning procedure. It is also utilized on treatment day to ensure that the sources
are properly inserted into the tumour and to monitor for tumour progression. To begin,
the treatment will be carried out on a phantom to demonstrate the efficacy of the entire
approach as well as the physician training required to safely implant the seeds without the
involvement of the patient. Second, the procedure will be demonstrated on a patient to
demonstrate its utility in clinical settings.

2. Materials and Methods
2.1. DaRT Technique Overview

DaRT technique relies on the implantation of 1-cm long Ra-224 loaded seeds directly
in the tumour site through needle applicators, as shown in Figure 1. After a little training
on the specific applicator, a physician confident with interstitial brachytherapy or surgery
should be able to perform the treatment with ease. Except for implantation near major
blood vessels, where a safety margin of 1 cm should be used, the operation has no specific
contraindications.
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Figure 1. Image of 2-cm and 1-cm long DaRT 224-Ra source seeds (a) and needle applicator for seeds
insertion (b).

Each seed is loaded with an average activity of 2 µCi and can be ordered in series up
to a length of 6 cm. A standard DaRT technique workflow is presented in Figure 2, which
includes phases such as tumour measurements and delineation, source number, evaluation,
and treatment delivery. In the pre-treatment phase, the radiation oncologist draws the CTV
directly on the patient’s skin with a surgical pen and marks the needle insertion locations
with a ruler, as shown in Figure 2a, considering 4–6 mm margins from the visible gross
tumour volume (GTV) to account for microscopic tumour invasion. The inter-distance
between insertion points is approximately 4–5 mm to assure a tumour dose coverage of
at least 10 Gy. The patients subsequently undergo a CT or PET/CT scan to check lesion
subcutaneous extension (Figure 2b). Another seed number estimation is accomplished
geometrically on a commercial TPS for traditional brachytherapy in collaboration with
a medical physicist (Figure 2c). After sources arrival, seed implantation is performed
manually by the radiation oncologist (Figure 2d). A CT scan after implant is performed to
check for correct displacement of the sources. At the end, the tumour coverage is ensured
a-posteriori by either follow up in tumour complete response cases or with biopsy in
suspected ones.

Given the novelty of the technique we refer to the work by Popovtzer et al. [13] and
Arazi et al. [12] for further details about seeds insertion technique and dosimetric aspects
of 224-Ra.

2.2. Template Based Planning Phase 1: Phantom Training

Figure 3 shows a phantom (turkey leg) that replicates a human skin surface. In
Figure 3a, a brachytherapist draws a superficial rectangular lesion with a surgical marker
that simulates a squamous skin cancer visible on the phantom’s surface, as well as five
needle insertion and exit points spaced approximately 4–5 mm and displaced on two planes
to simulate a subcutaneous lesion invasion of approximately 6 mm (two 224-Ra loaded
seeds disposed on planes one over the other can safely cover a maximum of 8 mm depth
with tumour killing dose of 10 Gy in case of subcutaneous tumour invasion). The lesion
and its surroundings are covered with a sterile transparent patch, which is then covered
with an adhesive fiberglass mesh tape (Figure 3b). To achieve a smooth surface, a layer of
silk adhesive tape was applied to the mesh. The physician uses a silver-based non-toxic
radio-opaque ink to copy the contouring done on the skin on this surface. Finally, three
radio-opaque spots are drawn on the fiberglass mesh and then tattooed onto the skin with
black ink in order to reapply the tape on implant day, as indicated in Figure 3b by the
red points.
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intervention. (c) Commercial TPS is employed to geometrically evaluate the number of seeds needed
for full tumour coverage. (d) Seed implantation is performed by the radiotherapist.
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Figure 3. (a) Phantom lesion is contoured by the physician with surgical blue ink and a transparent
sterile patch is superimposed (indicated in figure by the blue arrow). (b) Adhesive fiberglass mesh is
applied over the patch in order to re-draw the lesion with radio-opaque ink (marked in blue) and the
localization points used as reference points (marked with red dots).

A pre implant CT is then performed where the radio opaque trace will be clearly
visible together with the insertion points. Using the commercial treatment planning system
(TPS) Oncentra Brachy, Elekta, Stockholm, Sweden, contouring of the hypothetical lesion
CTV is performed on CT by following the radio-opaque trace and extending it to a depth
of 6 mm to simulate a deep lesion. Geometrical planning is finally performed using the
TPS software following the radio opaque insertion points. Planned seeds are implanted
and the phantom is scanned again on CT. Pre and post implant CT are then fused for
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coverage verification through MIMmaestro imaging suite (MIM Software Inc., Beachwood,
OH, USA). The fusion process is performed employing a bounding box around the lesion
and its radio-opaque trace.

2.3. Template Based Planning Phase 2: Patient Application

The technique outlined in the previous paragraph and represented in Figure 3 is now
executed on the patient. The patient is first visited by a brachytherapist, who draws the
lesion with a surgical marker. After that, a sterile patch was placed, followed by fiberglass
mesh. On the day of the intervention, the lesion drawing is duplicated on the fiberglass
mesh with radio-opaque ink, and tattoos are applied to the skin as a frame of reference to
reposition the mesh tape. At this time, a PET/CT or CT scan is performed to determine
the extent of the tumour’s subcutaneous extension, which is done by contouring the gross
tumour volume (GTV) on the TPS and expanding it by 4–6 mm to define the CTV according
to the NCCN and GEC-ESTRO guidelines [1,17]. The template is adjusted if there is a
mismatch with the original drawing. The new template is reapplied to the lesion on the day
of the intervention, aligning the radiopaque sites with the tattoos. This allows the physician
to mark the correct extension of the CTV on the skin and adequately cover it with planned
sources.

3. Results
3.1. Template Based Planning Phase 1: Phantom Training

Following the phantom preparation described in the template-based planning: phan-
tom training section and displayed in Figure 3, the CT image of the phantom is presented
in Figure 4, highlighting the visibility of the fiberglass mesh and the lesion drawn with
silver-based ink. The needle applicator’s entrance and exit locations are visible near the
lesion. On the TPS needle, applicators are represented as catheters for the conventional
brachytherapy planning, whereas 224-Ra seeds extremities are simulated by active source
points spaced of 1 cm, as depicted in Figure 5a. Geometrical arrangement of the seeds
is done keeping 2 mm from the surface of the skin and a distance between seeds of a
maximum of 5 mm, as shown in Figure 5a,b. The distribution of needles and seeds required
to properly cover the target from a superficial point of view (coronal view) is shown in
Figure 5a, whereas the axial view of the phantom and the need for a second plane below
the first to completely cover the red contoured target area is shown in Figure 5b.
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In Figure 5c needles are inserted according to the drawing and the phantom is scanned
again and fused with the planning CT. Fusion is performed aligning radio opaque marker
as can be seen in the animated GIF in Figure S1. In Figure 6, a detail of the first and second
seed layer is shown. The first seed layer is measured to be at 2.6 mm from the surface,
whereas the second layer is at 6.0 mm from the surface and 3.4 mm from the first layer.
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3.2. Template Based Planning Phase 2: Patient Application

As shown in Figure 7, the previously noted technique was performed on the patient.
The contouring of the patient lesion GTV in Figure 7a is depicted in green, with its 6 mm
isotropic expansion to account for tumour margins and microscopic invasion shown in
blue denoting the CTV.
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Figure 7. (a) GTV contouring is shown in green, with its enlargement to a 6 mm CTV shown in blue.
(b) Three-dmensional rendering of the radio-opaque template with details of lesion GTV, CTV, and
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The mesh tape was placed upon the patch and the skin-drawn lesion reported with the
radiopaque ink on the mesh, as shown in Figure 7b. Localization point marks were placed
at the corner of the tape and CT scan was performed. In Figure 8a, the CTV drawn directly
on the skin by the physician is shown in blue and subsequently, in Figure 8b, three seeds
are planned in order to cover the blue target.
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Figure 8. (a) Visible CTV drawn with the radio-opaque marker by the physician highlighted in
blue over the radio-opaque trace. (b) Geometrical planning on CT with the TPS with the 1 cm long
DaRT seeds represented by red dots. The coverage of blue CTV is achieved with three seeds. (c) The
PET/CT-based CTV is depicted in red alongside the blue CTV, indicating subcutaneous tumour
invasion and the necessity for four DaRT seeds for proper lesion coverage. (d) Final estimation of the
CTV is drawn on the template mesh in order to update the physical template.

The physician now outlines a second CTV in red based on the information from the
PET/CT scan about the tumour’s subcutaneous extension. The discrepancy between the
visible CTV and the PET/CT based CTV is greater than 6 mm, as shown Figure 8c, resulting
in a change in the number of seeds required to completely cover the target from three to
four. The CTV drawn on the skin, even accounting for large margins (5–6 mm), does not
consider subcutaneous invasion nor possible tumour growth that may led to dangerous
target miss and possible recurrence.

As a result of these considerations, the required number of sources and seed displace-
ment were updated evaluating the amount of space to fully cover the PET/CT based CTV
directly on the radio-opaque mesh, as shown in Figure 8d. In this case, an expansion of the
CTV of 6 mm is required (correspondent to three steps on the radio-opaque mesh). The
physical template is then updated according to the previous considerations and displayed
in Supplementary Figure S2.

4. Discussion

The DaRT technology recently completed the “first in man” clinical study N. CTP-SCC-
00 (NCT03015883), and the Food and Drug Administration of the United States awarded
it the “Breakthrough Device Designation”. As previously stated by Arazi et al. [8], this
technique is based on the direct insertion of 224-Ra loaded sources into the tumour.

Alpha particles are extremely effective in destroying cancer cells in comparison to
standard photon-based techniques, however, their limited range in tissue represent a strong
limitation for their application in clinical setting. A requirement to employ particle based
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radiotherapy is great precision in target localization and dose delivery. An advantage of
this technique is that alpha particles are deposited directly into the tumour without the
need of large and very expensive technological facilities to accelerate hadrons such for
particle external beam radiotherapy. However, precision in target coverage is still a central
issue for the DaRT technique. We demonstrated step by step the feasibility of a template
based procedure in a phantom and subsequently applied it to a patient, leading to several
major benefits in treatment precision and safety.

The direct visualization of the lesion on CT via the radio-opaque template will assist
physicians and medical physicists in better evaluating lesion extension and, as a result,
will provide a better estimation of the number of sources required to achieve full tumour
coverage while minimizing needle insertions, as shown in Figure 8.

Furthermore, by comparing the naked eye and PET/CT based lesion CTV, millimetric
sized subcutaneous lesion extensions that are very difficult to spot can be analyzed. Even
increasing the naked eye-based GTV by 6 mm to account for tumour subcutaneous exten-
sion and microscopic invasion, the lesion is not totally encompassed by the CTV for another
6 mm, as shown in Figure 8d. This difference may appear irrelevant for photon based
techniques, but it becomes crucial when dealing with alpha particles where a maximum
distance of 2.5 mm is tolerated to assure 10 Gy tumour killing dose coverage. Without
template guidance in this case, it is very likely that a target miss will occur during the
implant, with probable tumour relapse as a result.

In Figure 6 we can observe image fusion between pre and post implant CT on a
phantom where we tried to force radio-opaque ink marks to match. Although we were able
to evaluate the intervention results with sub millimetric precision using this comparison,
we were only able to achieve fair results using standard fusion approaches due to lesion
swell generated by the insertion of the sources, as seen in Figure S1. This is the study’s
primary limitation, as the swell will be significantly more prominent in patients. Advanced
fusion approaches, such as elastic registrations, can be used to mitigate this problem,
but this investigation is beyond the scope of this work. Regardless of this difficulty, it is
still possible to determine that seeds were planted and spaced at a maximum of 4 mm
apart. Another limitation of this study is that we cannot provide complete lesion margins
assessment with peripheral and deep en face margin assessment (PDEMA) technique, but
we have to rely on the indications provided by NCCN and GEC-ESTRO guidelines for
considerations about target definition and treatment for conventional radiotherapy.

The procedure’s flexibility in considering tumour subcutaneous extension and poten-
tial growth is the procedure’s last benefit. It is possible to quantify the adjustments required
for tumour coverage using the TPS and, as a result, update the template. New tumour
contours and needle insertion locations coordinates are derived from the radio-opaque
mesh and used to update the physical template, eliminating target misses and optimizing
seeds positioning, as shown in Figure 8d and Figure S2.

5. Conclusions

The DaRT’s safety and precision were improved in this study, which included a de-
tailed description of physician training on phantom and clinical applications. In particular,
when dealing with subcutaneous extension of the tumour, the use of a template may avoid
dangerous target miss and ensure complete dose coverage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers14010240/s1, Figure S1: Animated GIF showing the rigid fusion between pre and post
implant CT of the phantom in coronal view, Figure S2: (a) CTV contouring of the visible lesion on the
template mesh with silver-based ink. (b) Contouring update after consideration about subcutaneous
invasion of the tumour based on PET/CT information.

Author Contributions: Conceptualization, G.F. and S.R.B.; methodology, G.F.; software, G.F. and G.M.;
validation, Y.K., I.K. and A.P.; formal analysis, Y.K. and I.K.; investigation, G.F. and S.R.B.; resources, A.R.
and A.P.; data curation, M.M.; writing—original draft preparation, G.F.; writing—review and editing,

https://www.mdpi.com/article/10.3390/cancers14010240/s1
https://www.mdpi.com/article/10.3390/cancers14010240/s1


Cancers 2022, 14, 240 9 of 10

S.R.B. and A.S.; visualization, M.D.D. and I.S.; supervision, A.P., M.D.D., and I.S.; project administration,
A.R. and A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was part of the international “first in man” clinical trial N. CTP-SCC-00
(NCT03015883). The study was approved by Comitato Etico IRST IRCCS AVR (CEIIAV), Approval
Code: 6500/2017 I.5/234, Approval Date: 20 September 2019.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in this article (and
Supplementary Materials).

Acknowledgments: The authors would like to thank Filippo Piccinini for support in the preparation
and editing of the present manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. NCCN. Squamous cell skin cancer Version 1. Medlin. Med. Encycl. 2021, 1–64.
2. Schulte, K.-W.; Lippold, A.; Auras, C.; Bramkamp, G.; Breitkopf, C.; Elsmann, H.-J.; Habenicht, E.M.; Jasnoch, V.; Müller-Pannes,

H.; Rupprecht, R.; et al. Soft X-ray therapy for cutaneous basal cell and squamous cell carcinomas. J. Am. Acad. Dermatol. 2005, 53,
993–1001. [CrossRef] [PubMed]

3. Rowe, D.E.; Carroll, R.J.; Day, C.L.J. Prognostic factors for local recurrence, metastasis, and survival rates in squamous cell
carcinoma of the skin, ear, and lip. Implications for treatment modality selection. J. Am. Acad. Dermatol. 1992, 26, 976–990.
[CrossRef]

4. Cognetta, A.B.; Howard, B.M.; Heaton, H.P.; Stoddard, E.R.; Hong, H.G.; Green, W.H. Superficial X-ray in the treatment of basal
and squamous cell carcinomas: A viable option in select patients. J. Am. Acad. Dermatol. 2012, 67, 1235–1241. [CrossRef] [PubMed]

5. Grossi Marconi, D.; da Costa Resende, B.; Rauber, E.; de Cassia Soares, P.; Fernandes, J.M.J.; Mehta, N.; Lopes Carvalho, A.;
Kupelian, P.A.; Chen, A. Head and Neck Non-Melanoma Skin Cancer Treated By Superficial X-ray Therapy: An Analysis of 1021
Cases. PLoS ONE 2016, 11, e0156544. [CrossRef] [PubMed]

6. Hernández-Machin, B.; Borrego, L.; Gil-García, M.; Hernández, B.H. Office-based radiation therapy for cutaneous carcinoma:
Evaluation of 710 treatments. Int. J. Dermatol. 2007, 46, 453–459. [CrossRef] [PubMed]

7. Lansbury, L.; Leonardi-Bee, J.; Perkins, W.; Goodacre, T.; Tweed, J.A.; Bath-Hextall, F.J. Interventions for non-metastatic squamous
cell carcinoma of the skin. Cochrane Database Syst. Rev. 2010, 4, 1–25. [CrossRef] [PubMed]

8. Arazi, L.; Cooks, T.; Schmidt, M.; Keisari, Y.; Kelson, I. Treatment of solid tumors by interstitial release of recoiling short-lived
alpha emitters. Phys. Med. Biol. 2007, 52, 5025–5042. [CrossRef] [PubMed]

9. Arazi, L.; Efrati, M.; Kelson, I.; Keisari, Y. Local control of experimental malignant pancreatic tumors by treatment with a
combination of chemotherapy and intratumoral 224Radium-loaded wires releasing alpha-emitting atoms. Transl. Res. 2012, 159,
32–41. [CrossRef]

10. Confino, H.; Schmidt, M.; Hochman, I.; Umansky, V.; Kelson, I.; Keisari, Y. Inhibition of mouse breast adenocarcinoma growth
by ablation with intratumoral alpha-irradiation combined with inhibitors of immunosuppression and CpG. Cancer Immunol.
Immunother. 2016, 65, 1149. [CrossRef] [PubMed]

11. Domankevich, V.; Cohen, A.; Efrati, M.; Schmidt, M.; Rammensee, H.-G.; Nair, S.S.; Tewari, A.; Kelson, I.; Keisari, Y. Combining
alpha radiation-based brachytherapy with immunomodulators promotes complete tumor regression in mice via tumor-specific
long-term immune response. Cancer Immunol. Immunother. 2019, 68, 1949–1958. [CrossRef] [PubMed]

12. Bellia, S.S.R.; Feliciani, G.; Del Duca, M.; Monti, M.; Turri, V.; Sarnelli, A.; Romeo, A.; Kelson, I.; Keisari, Y.; Popovtzer, A.; et al.
Clinical evidence of abscopal effect in cutaneous squamous cell carcinoma treated with diffusing alpha emitters radiation therapy:
A case report. J. Contemp. Brachyther. 2019, 11, 449–457. [CrossRef] [PubMed]

13. Keisari, Y.; Kelson, I. The Potentiation of Anti-Tumor Immunity by Tumor Abolition with Alpha Particles, Protons, or Carbon Ion
Radiation and Its Enforcement by Combination with Immunoadjuvants or Inhibitors of Immune Suppressor Cells and Checkpoint
Molecules. Cells 2021, 10, 228. [CrossRef] [PubMed]

14. Cooks, T.; Arazi, L.; Efrati, M.; Schmidt, M.; Marshak, G. Interstitial Wires Releasing Diffusing Alpha Emitters Combined With
Chemotherapy Improved Local Tumor Control and Survival in Squamous Cell Carcinoma-bearing Mice. Cancer 2009, 115,
1791–1801. [CrossRef] [PubMed]

15. Arazi, L.; Cooks, T.; Schmidt, M.; Keisari, Y.; Kelson, I. The treatment of solid tumors by alpha emitters released from 224
Ra-loaded sources—Internal dosimetry analysis. Phys. Med. Biol. 2010, 55, 1203–1218. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jaad.2005.07.045
http://www.ncbi.nlm.nih.gov/pubmed/16310060
http://doi.org/10.1016/0190-9622(92)70144-5
http://doi.org/10.1016/j.jaad.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22818756
http://doi.org/10.1371/journal.pone.0156544
http://www.ncbi.nlm.nih.gov/pubmed/27367229
http://doi.org/10.1111/j.1365-4632.2006.03108.x
http://www.ncbi.nlm.nih.gov/pubmed/17472670
http://doi.org/10.1002/14651858.CD007869.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20393962
http://doi.org/10.1088/0031-9155/52/16/021
http://www.ncbi.nlm.nih.gov/pubmed/17671351
http://doi.org/10.1016/j.trsl.2011.08.009
http://doi.org/10.1007/s00262-016-1878-6
http://www.ncbi.nlm.nih.gov/pubmed/27495172
http://doi.org/10.1007/s00262-019-02418-5
http://www.ncbi.nlm.nih.gov/pubmed/31637474
http://doi.org/10.5114/jcb.2019.88138
http://www.ncbi.nlm.nih.gov/pubmed/31749854
http://doi.org/10.3390/cells10020228
http://www.ncbi.nlm.nih.gov/pubmed/33503958
http://doi.org/10.1002/cncr.24191
http://www.ncbi.nlm.nih.gov/pubmed/19197995
http://doi.org/10.1088/0031-9155/55/4/020
http://www.ncbi.nlm.nih.gov/pubmed/20124656


Cancers 2022, 14, 240 10 of 10

16. Popovtzer, A.; Rosenfeld, E.; Mizrachi, A.; Bellia, S.R.; Ben-Hur, R.; Feliciani, G.; Sarnelli, A.; Arazi, L.; Deutsch, L.; Kelson,
I.; et al. Initial Safety and Tumor Control Results From a “First-in-Human” Multicenter Prospective Trial Evaluating a Novel
Alpha-Emitting Radionuclide for the Treatment of Locally Advanced Recurrent Squamous Cell Carcinomas of the Skin and Head
and Neck. Int. J. Radiat. Oncol. Biol. Phys. 2020, 106, 571–578. [CrossRef] [PubMed]

17. Guinot, J.L.; Rembielak, A.; Perez-Calatayud, J.; Rodríguez-Villalba, S.; Skowronek, J.; Tagliaferri, L.; Guix, B.; Gonzalez-Perez,
V.; Valentini, V.; Kovacs, G. GEC-ESTRO ACROP recommendations in skin brachytherapy. Radiother. Oncol. 2018, 126, 377–385.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.ijrobp.2019.10.048
http://www.ncbi.nlm.nih.gov/pubmed/31759075
http://doi.org/10.1016/j.radonc.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29455924

	Introduction 
	Materials and Methods 
	DaRT Technique Overview 
	Template Based Planning Phase 1: Phantom Training 
	Template Based Planning Phase 2: Patient Application 

	Results 
	Template Based Planning Phase 1: Phantom Training 
	Template Based Planning Phase 2: Patient Application 

	Discussion 
	Conclusions 
	References

