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Introduction

Primary brain tumors, specifically high-grade gliomas, and 
metastatic brain cancer, stand as the most prevalent malig-
nant brain tumors [1–3]. These conditions carry significant 
morbidity and mortality rates [4]. The standard approach 
to managing these tumors typically entails a multifaceted 
treatment regimen, including surgical intervention, radia-
tion therapy, and chemotherapy [5]. Despite dedicated 
efforts, recurrences remain a persistent challenge, necessi-
tating further interventions such as stereotactic irradiation, 
ablative procedures, and targeted medical therapies.

Alpha particles are a type of high linear energy transfer 
(LET) radiation, which deposit a large amount of energy 
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Abstract
Purpose  Diffusing alpha-emitters Radiation Therapy (“Alpha DaRT”) is a new cancer treatment modality that employs 
radium-224-loaded metal sources implanted in solid tumors to disperse alpha-emitting atoms within a therapeutic “kill-
zone” of a few millimeters around each source. Preclinical studies have demonstrated tumor growth delay in various cancer 
types, including glioblastoma multiforme, and the method is used in clinical trials for patients with skin and head and neck 
cancer. This study aims to assess the safety and feasibility of implementing Alpha DaRT for brain tumor treatment in a large 
animal model.
Methods  Alpha-DaRT sources were delivered via image-guided stereotactic implantation into both hemispheres of eight 
swine. 1–3 layers of radial deployment of 7 sources were delivered through a single penetration point into each hemisphere. 
A 90-day follow-up period included clinical evaluation, brain MRI, head CT, blood, CSF, urine, and feces sampling, and an 
analysis of source location over time. Brain tissue pathology was performed on termination.
Results  Alpha-DaRT sources were reproducibly and efficiently delivered to the brain cortex and subcortex. No unexpected 
abnormalities were detected in blood or CSF samples. MRI and CT scans revealed no evidence of major bleeding or infec-
tion. Measurements of 212Pb in blood and CSF exhibited the expected exponential decay from day 7 to day 14 post-source 
implantation. Minimal spatial and temporal movements of the sources were noted. Histopathological analysis demonstrated 
locally confined findings in brain parenchyma in a very close proximity to the sources.
Conclusion  Alpha-DaRT sources can be safely delivered into a large animal brain using image-guided stereotactic implanta-
tion. These findings support further exploration of Alpha DaRT as a potential treatment modality for brain tumors.
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(few MeV) over a few tens of micrometers, leading to sig-
nificantly more severe and complex DNA damage than low-
LET treatments (based on photons and electrons), as well as 
proton beams [6, 7]. The high relative biological effective-
ness (RBE) of alpha radiation presents a compelling avenue 
for treating otherwise incurable brain tumors, particularly 
recurrent tumors in which normal tissue has already been 
damaged. Compared to currently available therapies such 
as external beam radiosurgery with gamma rays (Gamma 
Knife), X-rays (X-Knife), or external proton radiation, in 
this approach radiation is delivered directly into the tumor 
and the sharp dose fall-off reduces the risk of radiation 
necrosis and spares normal surrounding tissue. This is par-
ticularly important for patients who have previously under-
gone external radiation therapy, with is already underlying 
damage and radionecrosis to normal tissue.

In addition, while gamma or beta radiation require a 
reservoir of oxygen to damage the DNA and may be more 
efficient in killing fast growing cells, cancer cell death 
induced by alpha particles is nearly independent on oxygen 
or cell cycle phase [8, 9]. Recurrent tumors tend to be more 
hypoxic with areas of both acute and chronic hypoxia [10], 
and to origin from quiescent slow-growing cancer stems 
cells [11] thus rendering gamma and beta radiation less effi-
cacious. Nevertheless, the clinical use of alpha radiation has 
so far been limited due to the short range of alpha particles 
in tissue (< 0.1  mm). While many schemes for targeted 
alpha therapy are under development and in clinical trials 
[12–14], they are generally considered to be more suitable 
for the treatment of single-cell or micrometastatic disease 
rather than solid tumors. At present, the only approved 
alpha-particle-based therapy is the treatment of bone metas-
tases in castration-resistant prostate cancer using intrave-
nous injection of 223RaCl2 [15].

Alpha-DaRT is a new treatment modality which enables 
effective use of alpha particles against solid tumors. The 
method relies on the use of implantable metallic sources, 
each carrying a few µCi radium-224 (224Ra, 3.63-d half-
life). Alpha-DaRT sources offer a potential solution to the 
short-range problem of alpha-particles as they are designed 
to maintain the cell-killing potency of alpha particles but 
increase the spread of the dose to clinically meaningful 
margins (few mm around the source) using the diffusion of 
alpha-emitting atoms inside the tissue [16], allowing their 
use as focal treatment. Alpha DaRT demonstrated efficacy 
in preclinical human- or murine- tumor-derived models 
including breast, prostate, pancreas, skin, lung, colon, and 
glioblastoma multiforme [16–23]. In a first-in-human clini-
cal trial, Alpha DaRT reached a 78.6% (22/28) complete 
response rate in skin, head and neck cancers [24] and a sec-
ond trial in skin cancers demonstrated a 100% (10/10) com-
plete response rate [25].

Given the unmet medical need for patients with brain 
tumors, and the potential benefit of Alpha DaRT, this study 
was conducted to determine the feasibility of deploying 
Alpha-DaRT sources in a predefined configuration using a 
minimally invasive approach, and to assess safety aspects of 
the treatment on a healthy porcine brain.

Methods

Animals

The study was conducted at the animal facility of Lahav 
Research Institute (LRI), Kibbutz Lahav, Israel. All ani-
mal experiments were carried out in accordance with the 
government and institution guidelines and regulations and 
approved by the Israeli National Animal Care and Use Com-
mittee (Ethics approval NPC-La - IL − 2212–359-4). Eight 
61.6–98.9 kg, 4–5 months old female domestic swine par-
ticipated in the study.

Alpha-DaRT sources

Titanium-based Alpha-DaRT sources were made of Grade 
2 titanium cylinders (0.37  mm in diameter, 10-mm long) 
that were either inert or loaded with 224Ra atoms (activity 
of 3 µCi, i.e.,0.11 MBq) by an electrostatic collection pro-
cess similar to that previously described [16]. The sources 
in this study were coated with a 1-µm-thick polydimethyl-
siloxane polymeric layer (Nusil, MED2-4213). The 220Rn 
desorption probability (the probability that a 220Rn atom is 
emitted from the source following a decay of 224Ra) was 
about 40–45%. Several sources were inserted into the brain 
hemispheres using an Alpha-DaRT radial applicator accord-
ing to a predetermined configuration (Fig. S1A-B) creating 
a radiation dose field calculated based on a dedicated phys-
ics model [26, 27].

Alpha DaRT radial applicator

A dedicated applicator, designed for the implantation of 
permanent sources in the brain, guided by a standard brain 
biopsy needle and its accessories, was developed (Fig. S1A). 
The applicator allows the insertion of multiple Alpha-DaRT 
sources into the brain tissue in a configuration of several 
layers of 7 sources in an umbrella-like radial deployment 
(Fig. S1B). The procedure consists of deploying a first 
umbrella-like layer at a desired level, followed by needle 
retraction such that the next level is deployed above the first, 
and so on. This configuration provides effective coverage of 
a predefined target volume in terms of the spatial spread of 
alpha-emitters.

1 3



Journal of Neuro-Oncology

Image-guided stereotactic implantation procedures

Seven to ten days prior to source implantation, three metal-
lic bone anchors were implanted in the skull (two on the 
zygomatic arch and another one on the parietal bone), the 
skin was sutured on top of each anchor, and a computed 
tomography (CT) scan of the head was performed under 
general anesthesia (see Supplementary Information). The 
placement of the anchors was necessary to recapitulate a 
stereotactic approach in the porcine model. CT DICOM 
files were used to define a virtual tumor (target) inside the 
brain and an entry point by the surgeon. The target contour 
and entry point were then used to produce a guiding tem-
plate frame (Synergy, Israel), which was printed and steril-
ized before use (Fig. S1C-1G).

On treatment day (Fig. 1), the animal was anesthetized, 
and the skin over the skull and over the anchor points 
underwent thorough cleaning and scrubbing. Anchors were 
exposed, and the template frame was adjusted to fit them 
precisely. The template frame was then fixed to the anchors 
with screws. A 2.5-mm twist drill was passed through a 
built-in tunnel of the template frame to make a hole through 
the skin and the bone in one pass. The biopsy needle, con-
figured with a stylet and cartridge, was inserted into the 
same tunnel toward the target volume. The radial cartridge 

contained 7 sources, and in the case of active sources, it 
was washed before the procedure with saline. The sources 
were inserted into the brain’s cerebral hemispheres using 
the Alpha-DaRT radial applicator as described above.

Since the swine brain is smaller than the human brain 
(150 vs. 1500 cc, respectively), a preliminary study was per-
formed to determine the exact target location of the sources 
in a swine brain. The target location was defined as the cor-
tex or subcortex of the parietal lobe, avoiding the olfactory 
bulbs, thalamus, and brain stem. The implants were inserted 
through entry points in the parietal bone, near the frontal-
parietal suture line. These entry points were situated 17 mm 
from each other and were equidistant from both the midline 
suture and the frontal-parietal suture line.

For imaging procedures (intraoperative fluoroscopy, 
postoperative CT, and MRI), follow-up procedures (animal 
clinical and neurological examination, CSF and blood tests 
of 212Pb and external dose-rate measurements, pathology 
and histopathology) and spatial-temporal source location 
analysis, please see Supplementary Information.

Data availability

The data will be made available upon reasonable request.

Fig. 1  Experimental design. The study was conducted in four phases, 
two swine in each phase. In the first phase, animals were implanted 
with inert sources, and in phases 2–4 with active sources. Follow-
up included daily health records, neurological evaluation, CT scans, 
MRI and hematology, and biochemistry. For active phases, CSF was 
collected and 212Pb levels were evaluated. By the end of the follow-
up period, the animal’s brain was subjected to gross pathology and 
histopathology. CT scans were used for movement analysis. The fol-

lowing are exceptions from the design: (1) For animals DP13577 and 
DP13578 CSF was sampled on day 62 but sampling did not allow 
analysis. (2) for animals DP13253, DP13254, DP13332 on day 7 CSF 
was sufficient only for 212Pb test but not for the CSF test. (3) Inert 
blood test included CBC for both swine on days 3, 7, 14, 21, 31, and 
60. Biochemistry was taken for swine DP13176 on days 3 and 10 and 
for swine DP13177 only on day 3
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scans (Fig. 3), blood, CSF, urine, and feces samples were 
collected, and clinical and neurological evaluations were 
performed.

Due to the close proximity of the biopsy needle to the 
skull during the deployment of the sources in one animal 
(DP13577), one source did not come out of the cartridge 
(see Table S1).

Movement of sources in the follow-up period

Analysis of source movement was done relative to the 3D 
source enclosure, defined as the minimal convex surface 
that encapsulates all sources together with a 3.6-mm margin, 
corresponding to registration errors and errors in identifying 
the source coordinates (see more details in the Supplemen-
tary Information). Out of a total of 206 sources, only one 
source partially protruded out of the 3D source enclosure 
with the maximal distance of 0.6 mm (Table 1, Fig. S3). In 
the first animal operated on in the study (swine DP13176), 

Results

Feasibility of Alpha-DaRT source deployment 
according to a treatment plan

A total of 206 sources were implanted in four phases, with 
two swine in each phase (see Table S1, Fig. 1). In the first 
phase, the sources used were not radioactive (inert sources), 
while in the subsequent three phases, all sources were active. 
The radial applicator was easy to use and placed multiple 
sources in a relatively short time (minutes) according to the 
predetermined configuration (Fig.  2). The duration of the 
entire procedure did not exceed one hour per animal, includ-
ing anchor placement and implantation of all sources in both 
hemispheres (up to 42 sources per animal).

Following the insertion of the sources in 1–3 layers of 7 
sources (unless mentioned otherwise) per layer to the left 
or right hemispheres, animals were monitored for a period 
of up to 90 days. During the follow-up period, CT and MRI 

Fig. 2  Representative images of Alpha-DaRT sources implantation to 
the swine brain. (A) After assembling the template-frame on the swine 
‘s head, holes were drilled to access the brain. (B) The radial applicator 
was assembled on the template-frame and a biopsy needle was fixed on 
the rotation mechanism. (C) The Radial Cartridge loaded with sources 
was inserted into the biopsy needle and the sources were deployed one 
by one at the planned location in an umbrella-like configuration using 

the handle. (D) the umbrella-like configuration of Alpha-DaRT sources 
is presented under the entry point (drilling hole). (E) Intraoperative 
fluoroscopy of anesthetized swine for applicator needle localization 
verification prior to source implantation. Red arrow – applicator’s nee-
dle tip. Green arrow – base of the skull. White asterisk - three (3) metal 
screws of the customized stereotactic frame applied to the animal skull
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7. The neurological symptoms were mild front legs ataxia, 
mild head tilt and circling to the right, and possibly vision 
impairment. These symptoms, except for the suspected 
vision impairment, gradually improved and were resolved 
by day 23. These clinical signs were mild and did not pre-
vent the animal from eating. Therefore, it was not prema-
turely euthanized and completed the entire trial. Notably, 
in this animal, the sources were placed at a deeper location 
than planned in the left hemisphere as can be seen in Fig. 
S4. No treatment-related findings were observed in follow-
up measurements.

CSF, hematology, and chemistry

No abnormal findings were found in the blood tests. CSF, 
glucose, and lactate values were normal. Total protein 

one source was unintentionally inserted into the middle 
part of the right ventricle due to the pig ventricles not being 
clearly visible on CT. This source moved through the CSF-
filled ventricle anteriorly to the frontal horn between days 
14 and 21. The target location was refined for subsequent 
insertions. This source was excluded from the movement 
analysis. Notably, by comparing days 0–60 and days 0–66 
of animal DP13176 it can be shown that the MRI performed 
on day 64 did not affect the movement level.

Clinical and neurological evaluation during the 
follow-up period

All clinical evaluations including neurological evaluations 
were normal except for one animal (DP13254) that exhib-
ited temporary neurological deficiencies, starting from day 

Fig. 3  CT and MR scans of Alpha-DaRT sources in the swine’s brain. 
(A) Two-planar CT images. In each image, the virtual sources (i.e., 
the sources as represented in the treatment plan software) are shown 
as green marks, while the estimated region subject to an alpha dose 
of > 20 Gy they create is shown as a green-filled contour. The brain 
contour is represented in magenta. (B) Three-planar MR images for 
the same animal as A. The sources are shown as black stains and are 

marked by red circles. (C) Three-planar MR Image data sets with vari-
ous sequences commonly utilized for brain tumors (T1W ± Gadolin-
ium, FLAIR, T2W, DWI, and SWI) of animal DP13253 brain. Implant 
location-bilateral parietal. Mild intra-implant microhemorrhages left 
greater than right. No evidence of infection or inflammation. Minimal 
intra-implant tissue edema bilaterally. White asterisk – near right side 
implant location
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ml in blood, 0.7–14.8 Bq/ml in CSF, 1.1–2.9 Bq/ml in urine, 
and 0.1-3.0 Bq/g in feces. The ratio between the blood, CSF, 
and urine-specific activities on day 14–15 and day 7–8 was 
consistent, within error, with the expected decay of 224Ra 
(with which 212Pb is in secular equilibrium from ~ 2 days 
post-treatment and onward). No feces samples were taken 
on days 14–15. When normalized by the total 224Ra activ-
ity on the Alpha-DaRT sources (calculated for the time of 
sample collection), the specific 212Pb activity per µCi 224Ra 
on day 7–8 was (mean ± std) 0.14 ± 0.04  Bq/ml/µCi for 
blood, 0.16 ± 0.16  Bq/ml/µCi for CSF, 0.11 ± 0.05  Bq/ml/
µCi for urine, and 0.04 ± 0.04 Bq/g/µCi for feces. Notably, 
the normalized specific activity recorded in blood is > 10 
times smaller than observed in Alpha-DaRT-treated patients 
(with skin and head and neck tumors) [24]. This may indi-
cate possible reduced clearance of 212Pb by the blood due 
to the blood-brain barrier. A gross estimate for the alpha-
particle absorbed dose to the swine brain (outside of the 
treatment region) is described in the Supplementary Infor-
mation. For the largest treatment in this study, consisting 
of 126 µCi 224Ra, it is ~ 4 × 10− 4 Gy, ~ 30,000 timessmaller 
than the estimated tolerance alpha dose of 12 Gy [28].

The external dose rate was measured at 0–30 cm away 
from the swine’s head in two swine (along with a compara-
tive background measurement) during the first 5 days from 
sources insertion. The values (e.g., ~ 0.01 mGy/h at 30 cm 
for 126 µCi 224Ra) were similar to those observed in skin 
patients at 30  cm and consistent with exposure estimates 
using the MicroShield code [13].

Pathology and histopathology

Macroscopically, in all swine, the Alpha-DaRT sources 
were located within the cortex and subcortex cerebral 

values were elevated in all animals on day 14, as may be 
expected from the tissue damage following source insertion. 
In animal DP13253, the high values (179 mg/dl) increased 
steadily throughout the trial. Animal DP13332 had elevated 
levels of total protein in CSF that normalized by day 60. In 
one animal (DP13254) the total protein values were very 
high (416 mg/dl, peak on day 14), and on day 60 the levels 
were still high but lower than on day 14. This animal had 
the highest number of sources implanted. For the other two 
swine, no CSF samples were available on termination day. 
Of note, there was no correlation between clinical symp-
toms and total protein levels.

Postoperative MRI analysis

All MR Image data sets were reviewed by a senior neuro-
radiologist (JMG). MRI scans did not show any evidence 
of infection or inflammation. All active animals had mild 
peri- or intra-implant-zone edema. The local damage to the 
tissue surrounding the sources was demonstrated (minimal 
peri- /intra-implant tissue reaction) without any non-adja-
cent tissue reaction or other clinically significant abnormal 
findings. All active animals had mild intra-implant micro-
hemorrhage. One animal (DP13578) had one macroscopic 
peri-implant hemorrhage on day 53, which had no clinical 
significance based on the animal’s neurological examina-
tion. It was not observed on MRI day 81 as it was prob-
ably absorbed. The clinical follow-up of this animal was 
extended to day 90 with no relevant findings.

212Pb and geiger counter measurements

212Pb specific activity (corrected from the measurement time 
to the sample collection time) on days 7–8 was 1.5-5.0 Bq/

Table 1  Spatial-temporal localization analysis
Swine # Number of Outliers Number of entire 

outliers
Outliers max distance 
(mm)

Total error (mm) First follow-up 
day

Last 
follow-
up day

13,176 0 0 0 5.50 0 60
13,176 0 0 0 3.56 0 66
13,176 0 0 0 2.75 60 66
13,177 0 0 0 3.79 0 60
13,253 0 0 0 4.88 0 59
13,254 1 0 0.61 2.82 0 59
13,331 0 0 0 3.78 0 1
13,332 0 0 0 2.85 0 62
13,577 0 0 0 2.44 0 62
13,578 0 0 0 3.89 0 62

Mean total error 3.62
Outliers” and “Entire outliers” denote sources that were partially or entirely out of the therapeutic envelop, respectively; “Distance” denote the 
distance of protruding sources from the marginalized dose. “Total error” is expressed by the square root of (registration error ^2 + identification 
error^2)
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other radiotherapies, Alpha-DaRT sources do not lead to 
any significant distant effect and preserve the brain tissue 
outside of the ablative area. As to the possibility of radiation 
dose to brain tissue due to the presence of 212Pb activity in 
the blood or CSF, our analysis indicates that under realistic 
overall 224Ra activities, such dose levels are expected to be 
negligible.

During the Alpha-DaRT-based treatment, several sources 
are inserted into the tumor according to a pre-determined 
treatment plan. The delivery ensures that an adequate 
tumoricidal dose will be delivered to the tumor. Using a pre-
procedure MRI, the tumor with margin can be delineated 
and the treatment plan can be overlayed onto the MRI imag-
ing, thus allowing the neurosurgeon to direct the deploy-
ment accordingly.

The study highlighted that the location of the sources’ 
placement is critical when considering the treatment and 
should be limited to brain parenchyma. In addition, the 
location of the biopsy needle should avoid proximity to the 
calvarium and the skull-base to allow a free departure of 
the sources from the applicator. The transient increase in 
CSF protein levels indicates that the Alpha-DaRT procedure 
induced damage to the target (normal brain parenchyma and 
local blood brain barrier).

As the primary goal of the proposed technology is to 
treat brain tumors, the histological and radiological findings 
observed in this study support the aim of tumor eradica-
tion without inducing damage to adjacent or distant tissue. 
Histopathological findings also identified local immune 
cells infiltration in the brain, indicating a potential immune 
reaction to the treatment. Additional exploration is required 
to examine the nature of this response and to determine 
whether it may support a strategy of combining Alpha DaRT 
with immunotherapy, which has been shown to be no worse 
than Avastin in the setting of recurrent disease [29].

Limitations

This study primarily aimed to evaluate the feasibility and 
safety of Alpha DaRT implantation into the healthy brains 
of large animals, rather than investigating a spontaneous 
brain tumor model in such animals. The extent of tumor vol-
ume coverage achieved by the implantation technique was 
not examined, underscoring the need for further investiga-
tion. Implanting radiation sources into healthy brain tissue 
may not fully represent the potential hemorrhagic complica-
tions associated with implantation into brain tumors. Addi-
tionally, while the 90-day follow-up period provided insight 
into early effects, it may not adequately capture long-term 
outcomes, such as radiation necrosis, fibrosis, or delayed 
complications.

regions (Fig.  4A). None of the brains presented evidence 
of gross tissue necrosis. In animal DP13176 the histopatho-
logical analyses showed that one Alpha-DaRT source was 
located at the frontal horn of the right ventricle. In swine 
DP13177 several Alpha-DaRT sources penetrated the cau-
date nucleus.

The tissue findings were consistent with moderate to 
severe, focal-extensive, meningoencephalitis with lique-
factive necrosis. In all the sections, the histopathological 
findings were locally confined adjacent or around the Alpha-
DaRT sources or cluster of Alpha-DaRT sources. Namely, 
no abnormal findings were observed at distant sites (not 
beyond approximately 3–8 mm from the source, according 
to gross pathology observations) in active sources compared 
to inert sources.

In all animals, the histopathological findings were local-
ized with varying degrees of severity (Fig. 4B and F). In a 
few sections, histopathological findings included minimal 
vacuolization (possible artifact), hemosiderin-laden macro-
phages, reactive meningeal cells, and “red neurons” (sus-
pected as neuronal necrosis).

Discussion

In this study, we demonstrated the feasibility and safety of 
image-guided stereotactic locally delivered alpha-emitters, 
using the investigational device Alpha DaRT, to both the 
cortex and subcortex brain tissues in a healthy swine. The 
deployment and implantation of the necessary sources 
proved to be highly efficient. This efficiency was achieved 
through the utilization of a dedicated applicator, facilitating 
the delivery of seven sources at each level and across mul-
tiple levels in a single penetration pass, using a standard 
brain biopsy needle. It is noteworthy that this method can 
potentially be seamlessly adapted into a neuro-navigation 
platform for the treatment of human subjects. Analysis of 
the source’s spatial-temporal localization indicated mini-
mal movement of Alpha-DaRT sources within the target 
volume.

Alpha DaRT proposes a method for the delivery of high-
LET radiation to primary brain tumors and metastases with 
several potential benefits. Alpha-DaRT sources, loaded with 
low activity (a few microcurie) 224Ra, should be able to 
deliver a more conformal dose of radiation with a higher 
relative biological effectiveness to the tumor and less dose 
to normal tissue. This is especially critical in the popula-
tion of patients who have received previous stereotactic 
radiosurgery and/or radiotherapy, thus making them more 
susceptible to radiotherapy-related side effects, specifically 
radionecrosis. Indeed, the study showed that in contrast to 
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Fig. 4  Representative images of the swine’s brain pathology at the end 
of the follow-up period, post Alpha-DaRT insertion. A. Gross pathol-
ogy of a cluster of Alpha-DaRT sources in cerebral cortex, swine. B. 
Five optically empty spaces in the cerebrum adjacent to the lateral ven-
tricle. C. Optically empty spaces (circular & longitudinal) surrounded 
by mineralization, fibrin, foreign body material (bone dust and frag-
ments & keratin), fibrinoid necrosis of the parenchyma and the wall 

of blood vessels and intravascular fibrinous thrombi. D. Mononuclear 
perivascular cuffs in cerebral parenchyma. E. At the margins of the 
optically empty space the histopathologic findings include neutrophils 
and eosinophils inflammatory infiltrate, reactive endothelium, giant 
cells, liquefactive necrosis, edema in the neuropil and Gitter cells. F. 
Meningeal and parenchymal cerebral hemorrhages

 

1 3



Journal of Neuro-Oncology

if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​
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