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Abstract
Microspheres loaded with alpha-emitting radionuclides are an alternative to using 90Y to facilitate
tumor vascular disruption. Targeting a tumor’s vasculature can be accomplished while minimizing
the absorbed dose to healthy tissue by utilizing alpha-emitting radionuclides having limited betagamma emissions.
Keywords: Alpha loaded microspheres; Targeted alpha therapy; Tumor vascular disruption;
Radiotherapy; Absorbed Dose

Introduction
A significant issue associated with radiotherapy procedures is that agents delivering an
ionizing radiation dose to tumor cells also irradiate healthy tissue [1-6]. The irradiation of healthy
tissue affects the patient’s quality of life and leads to short-term as well as long-term detriments.
Although the short-term detriment varies with the specific therapy approach, it is illustrated with
prostate cancer radiotherapy methods. The short-term effects can include incontinence and erectile
dysfunction that affects the patient’s recovery and subsequent quality of life [7]. Long-term effects
of radiotherapy can include secondary cancers and cardiovascular disease [8]. For these reasons,
it is important to continue to investigate alternative radiotherapy approaches that deliver dose
selectively to the target tissue and minimize dose to healthy tissue.
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This paper considers a vascular disruption approach that has the potential to significantly
minimize the dose to healthy tissue. The technique utilizes an enhancement of the 90Y microsphere
protocol that has been successfully utilized to treat liver cancers by disrupting the tumor’s vasculature.
A number of authors [9,10] have proposed a microsphere therapy approach that prevents the
development of the tumor’s vasculature. Vascular disruption methods include both chemotherapy
[11,12] as well as radiotherapy [12-23]. Radiotherapy vascular disruption techniques have been
extensively applied to liver cancers [12-17] utilizing 90Y microspheres. Other radionuclides (e.g., 32P)
have been less thoroughly investigated and radiation types other than high-energy beta particles
have not been systematically investigated [12].
This paper focuses on alpha–emitting radionuclides with the goal of depositing energy within
100 μm of the microsphere. This degree of localization can be achieved using alpha-emitting
radionuclides with minimal beta and gamma emissions.

Materials and Methods
The proposed microsphere approach is currently limited to a theoretical treatment. This is
expected since this initial investigation determines the appropriate alpha-emitting radionuclides and
associated energies, and ascertains the viability of the technique. The present work determines these
characteristics, which is the first step in developing the proposed microsphere vascular disruption
therapy approach. Subsequent steps involve the detailed design of the microsphere in terms of the
specific materials of construction, optimum size, and radionuclide distribution. Experimental work
would follow the completion of the aforementioned tasks and construction of the microspheres.
This situation is similar to the development of an antiproton therapy modality [22,23].
Theoretical calculations were the first step in establishing the feasibility of antiproton therapy. These
calculations required several years to establish the appropriate parameters for an experimental
approach.
Tumor vasculature
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One of the most striking characteristics of solid tumors is their vasculature. In normal tissues, the
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[11]. A review of the literature indicates developing tumor vessel
wall sizes are typically less than 100 μm [11]. This wall size includes
arterioles, which is the assumed base case for the discussion presented
in this paper.

Table 1: Characteristics of Various Blood Vessel Typesa.
Blood Vessel Type

a

Wall Thickness

Lumen Diameter

Aorta

2 mm

25 mm

Artery

1 mm

4 mm

Arteriole

20 μm

30 μm

Capillary

1 μm

8 μm

Venule

2 μm

20 μm

Vein

0.5 mm

5 mm

Vena Cava

1.5 mm

30 mm

Absorbed dose computational model
The absorbed dose delivered to the target vasculature is evaluated
using the methodology outlined in Refs. 1-6. This methodology
includes methods to calculate charged particle and photon doses.
Charged particle absorbed dose: For a tissue volume irradiated
by ions of a given energy, the absorbed dose (D) as a function of
penetration distance x into tissue is [1-6,25]:

Barrett et al. [24].

vasculature structure is arranged to provide optimum nourishment.

1  dE 
					
D( x) =  −
Φ ( x)
					
(1)
ρ  dx 

However, growing tumors have a chaotic vasculature that is not
fully developed or adequate to optimally nourish the tumor cells [11].
Given this condition, the tumor’s vasculature can be disrupted with
an appropriate agent.

where ρ is the density of the material attenuating the ion, -dE/dx
is the stopping power, and Φ(x) is the ion fluence at the location of
interest based on the microsphere activity. The particle fluence varies
with tissue penetration depth according to the relationship:

Common defects in a tumor’s vascular structure include vessels
that are dilated and have elongated shapes, blind ends, bulges, leaky
sprouts, and abrupt changes in diameters [11]. Accordingly, blood
flow in these vessels is sluggish and irregular and results in hypoxic
areas that are characteristic of solid tumors. The lack of oxygen
provides a degree of radioresistance to tumor cells when compared
with oxygenated cells. Since a tumor’s growth is dependent on
sufficient nourishment, its viability is affected by disrupting the blood
supply. In principle, eliminating a tumor’s blood supply offers an
alternative means to facilitate or supplement its destruction.

					
− x
Φ ( x) = Φ (0)e ∑
					
(2)
where Φ(0) is the entrance fluence and Σ is the macroscopic
reaction cross-section. Ion stopping powers are determined using
Bethe’s formulation [26], the energy dependent cross-sections are
obtained from Shen et al. parameterization [27] or models [1-6].
Photon absorbed dose: The photon absorbed dose is derived
from the standard point source relationship [4-6]

Current radiological efforts

S µen
				
D=
E B ( µ x )e − µ x
					
(3)
4π r 2 ρ

Radiological efforts at tumor vascular disruption have focused
on 90Y. 90Y was a logical choice for anti-angiogenic therapy since
the dose to destroy a tumor is ≥70 Gy, and this is easily achieved
using 90Y. However, the 90Y beta particles have significant range and
extend well beyond the vascular target. The maximum beta energy
of 2.27 MeV has a range in tissue of about 1.1 cm, which delivers
considerable absorbed dose beyond the target vascular structure.
90
Y bremsstrahlung provides additional dose to healthy tissue. The
properties of 90Y microspheres used in therapy applications are
summarized by Kennedy et al. [16].

where S is the total number of photons that irradiates the arteriole
wall, r is the distance from the microsphere, μen/ρ is the mass-energy
absorption coefficient, E is the photon energy, B is a buildup factor,
and μ is the attenuation coefficient.
The photon absorbed dose contribution was calculated using the
ISO-PC computer code [28].
General alpha particle deposition profile: Figure 1 illustrates
the results of calculations for the dose delivered by alpha particles
to vascular depths up to 100 μm using a total fluence of 5.0 x 108
4
He ions/cm2. Alpha energies in the range of 3–8 MeV are presented
and these energies are achieved by many candidate alpha-emitting

Medical reviews suggest the 90Y approach is a safe and effective
therapy method for selected patients. However, a number of negative
features are associated with 90Y microsphere therapy [16]. First, 90Y
bremsstrahlung affects healthy tissue well beyond the vasculature.
Second, resin microspheres may have trace 90Y on their surface, which
can be excreted via urine and deliver absorbed dose to healthy tissues
in this excretion pathway. Third, for glass microspheres, 150 Gy is
the dose delivered to the target tissue. The recommended cumulative
lung dose should be maintained below 30 Gy to prevent radiation
pneumonitis. Fourth, 90Y microsphere patients can experience shortterm abdominal pain, fatigue, and nausea. Fifth, radioembolization
to nontarget tissues can cause other acute damage that result in
gastrointestinal ulceration, pancreatitis, and radiation pneumonitis.
Late effects can include radiation induced liver disease. These negative
features motivate an investigation of alpha-emitting microspheres to
minimize the dose to healthy tissue.
Theoretical approach

Figure 1: Absorbed dose profiles for 3.0-8.0 MeV 4He ions in water. The
absorbed dose curves peak at a greater depth with increasing 4He ion
energy. The total fluence for all energies is 5.0x108 4He ions/cm2.

Table 1 summarizes wall thickness for a variety of human blood
vessel types [24], and some of these could service a developing tumor
Remedy Publications LLC., | http://remedyoa.com/
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Table 2: Alpha-Emitting Radionuclides for Potential Vascular Disruption
Applicationsa,b.
Nuclide

Alpha

Betac

Gamma

4.12 h

3.969

1.8

Po

8.8 d

5.223

---

Atd

7.21 h

5.868

---

1.009 h

6.051

2.251

Bi

45.6 min

5.55 (w)
5.87

1.02
1.42

0.1650
0.3522
0.2864
0.5113
0.8074
1.0323
0.6696 (w)
0.6870 (w)
0.0399
0.7273
0.3237 (w)
0.4405

Rne

3.8235 d

5.4895

---

0.510 (w)

5.607
5.7164

---

0.1542
0.2694
0.3239

5.449
5.6855
5.731
5.793
5.829
5.757
5.978
6.038

---

0.24099

---

0.0998

---

0.0502
0.2360

---

0.0722 (w)
0.1542
0.2304

206

211

212

213

Bi

223

Ra

11.435 d

224

Ra

3.63 d

225

227

Ac

10.0 d

Th

18.68 d

230

U

20.8 d

Candidate microspheres are assumed to be loaded with primarily
alpha-emitting radionuclides. Desirable characteristics for the
radionuclide and candidate microsphere to facilitate tumor blood
vessel disruption include the (1) nuclide should have a short effective
half-life, (2) any emitted photon and beta radiation should be weak,
(3) absorbed dose to the vascular wall should be at least 100 Gy, (4)
dose delivered to healthy tissue should be minimized, (5) microsphere
has the capability to preferentially attach to the wall of an arteriole
supplying blood to the tumor, and (6) candidate radionuclide is
chemically compatible with a microsphere that can be removed at a
prescribed time from the body.

Radiation Type / Energy (MeV)

Tb

149

222

T1/2

General microsphere characteristics

5.818
5.888

Although these characteristics provide a basis for the calculations
presented in this paper, they have not been optimized to produce a
viable alternative to the 90Y microsphere approach.
However, they provide an initial set of reasonable parameters to
determine the characteristics of a replacement microsphere.
Selection of radionuclide for vascular disruption
As noted in Section 2.5, 211At and 222Rn are possible radionuclides
for use in vascular disruption. However, their daughter radiation
must be evaluated to ensure that minimal absorbed dose is delivered
to healthy tissue. The decay schemes of 211At and 222Rn are illustrated
in Equations 4 and 5, respectively. The radiation emissions of 211At
(222Rn) are provided in Table 3 [4].

a

Baum et al [30].
Weak (w) transition with a yield <1%.
c
Maximum beta or positron energy.
d
See Table 3 for daughter radiation types and energies.
e
See Table 4 for daughter radiation types and energies.
b

211

211

α
Po 
→

207

Pb 				

						

→ Bi → Pb
α 42%

radionuclides. Relative biological effectiveness values are addressed
in subsequent discussion [29].

222

α
Rn 
→

218

207

α
Po 
→

β+

214

207

−

β
Pb 
→

214

−

β
Bi 
→

214

α
Po 
→

(4)

210

−

β
Pb 
→

210
206
						
β
α
210
Bi 
→ Po 
→ Pb

(5)

−

Alpha particles with energies below 3 MeV will not penetrate
the arteriole wall. The arteriole wall can be disrupted with minimal
dose to surrounding tissue for alpha particles in the 4–5 MeV energy
range. This energy range is obtained by numerous alpha-emitting
radionuclides. The results of Figure 1 suggest that alpha emitting
radionuclides could produce an alternative to the use of 90Y in
microspheres to disrupt a tumor’s vascular structure.

As noted in Table 3, 221At has associated photon radiation derived
by its 211Po and 207Bi daughters which deliver dose outside the target
volume. In a similar manner, 222Rn daughters have beta and gamma
radiation types that deliver significant absorbed dose well beyond
the arteriole wall. Accordingly, it is not an optimum radionuclide
to deposit dose preferentially within the vascular wall. However,
an examination of the 222Rn decay chain suggests that 210Po has the
desired characteristics for vascular disruption without significantly
irradiating healthy tissue. In particular, its 5.3 MeV alpha particle has
sufficient energy to irradiate the arteriole wall while limiting absorbed
dose beyond the target tissue. In addition, the weak 803 keV photon
radiation with a yield of <1.0 x 10-3% delivers minimal dose beyond
the target tissue. Although its physical half-life is 138 days, a much
shorter effective half-life can be achieved through careful design (See
Section 3.3).

Candidate alpha emitting radionuclides
A number of alpha-emitting radionuclides are currently available
for potential therapeutic application including 149Tb, 211At, 212Bi, 213Bi,
223
Ra, 225Ac, and 227Th [6,30]. These radionuclides are useful in treating
macroscopic tumors, but are only useful in a vascular disruption
approach if the associated beta-gamma emissions are weak. Any
significant beta or gamma energy from the candidate radionuclide
or its daughters irradiates healthy tissue outside the target vascular
volume.

Table 3: 211At and Its Daughtersa,b.

Candidate alpha-emitting radionuclides with their associated
half-lives and other radiation emissions are summarized in Table 2.
These radionuclides are evaluated for their applicability to vascular
disruption in subsequent discussion. Other radionuclides were
addressed in Refs. 4-6.

Nuclide

211

Radiation Type / Energy (MeV)
Alpha

Betac

7.21 h

5.868

---

Po

0.516 s

7.451

---

Bi

32 y

---

(w)

Pb

Stable

--

---

207

207

T1/2

At

211

Of the radionuclides listed in Table 2, only 221At and 222Rn
have the potential for targeted vascular disruption. These are the
only evaluated radionuclides that have alpha emissions with weak
emissions of other radiation types. Other radionuclides considered in
Table 2 will deliver absorbed dose beyond the vascular target regions
of 100 μm.
Remedy Publications LLC., | http://remedyoa.com/

EC 58%
At 
→

Gamma
0.6696 (w)
0.6870 (w)
0.5692 (w)
0.8972
0.5697
1.0637
---

a

Baum et al. [30].
Weak (w) transition with a yield <1%.
c
Maximum positron energy.
b
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Results and Discussion
An activity of 0.3 Bq of 210Po is sufficient to deliver an absorbed
dose of about 100 Gy to the arteriole wall. No attempt was made to
provide a more exact activity since the design has yet to be refined and
must consider insertion and removal methods, fabrication details,
and appropriate relative biological effectiveness values for the alpha
and gamma 210Po radiation types.
In performing the absorbed dose calculations, the 210Po
microsphere is assumed to reside at the inner arteriole wall. The
results of the alpha and gamma contributions to the absorbed dose
for blood vessel wall thickness values ≤100 μm from a 210Po loaded
microsphere are summarized in Figures 2 and 3, respectively. The
gamma absorbed dose is significantly less than the alpha absorbed
dose. Therefore, Figure 2 also represents the total absorbed dose
delivered by the candidate 210Po microsphere. Water is assumed to be
the medium comprising the vessel wall which is a reasonable tissue
surrogate for initial calculations [1-6,25].

Figure 2: Absorbed dose profile for 210Po alpha particles in a water medium.
The absorbed dose is delivered by 0.3 Bq of 210Po uniformly deposited within
a 1 μm diameter microsphere following the total decay of the radioactive
material.

Dose localization within the tumor vasculature is quite good with
the peak dose delivered at 35.9 μm. At the Bragg peak, the ratio of
alpha to gamma dose is 1.7 x 1010. Beyond 37 μm, less than 0.1 μGy
is delivered by the 210Po photons. Although the 210Po microsphere has
good dose localization, its 138 d half-life is larger than currently used
radionuclides 32P (14.28 d) and 90Y (2.669 d) [30].
Dose dependence on residence time
The results of the previous section are based on the dose delivered
by the total decay of all microsphere activity. In view of the 138 d
210
Po half-life, it will be desirable to remove the microsphere before
all activity has decayed.
The delivered dose rate as a function of time is given by the
relationship:

Figure 3: Absorbed dose profile for 210Po photons in a water medium. The
absorbed dose is delivered by 0.3 Bq of 210Po uniformly deposited within a 1
μm diameter microsphere following the total decay of the radioactive material.

•

(6)

where λ is the Po physical decay constant. The total delivered
dose to the vascular wall during the residence time T is obtained by
integrating the Equation 6:
210

Base case microsphere design
The selected microsphere is loaded with Po with an activity of
0.3 Bq that is uniformly distributed in a 1 μm diameter sphere. The
sphere is comprised of a 12C matrix with a density of 2.0 g/cm3. The
basis for the 0.3 Bq activity is provided in subsequent discussion.
210

•

			
D(0)
D(T ) =
1 − e − λT ) = D(∞) (1 − e − λT )
(
					
(7)
λ

Dose calculations are based on a single microsphere. Actual
treatment protocols will entail a collection of these spheres with the
number determined by the target cancer and its stage of development.

Since the activity is proportional to the delivered dose, early
removal of the microsphere at residence time T requires an increase
in the initial activity loading by a factor F which is the ratio of D(∞)/
D(T):

Relative biological effectiveness

1
					
					
(8)
(1 − e−λT )

The absorbed dose is often modified by the relative biological
effectiveness (RBE) to account for the cell killing efficiency of a given
radiation type. An RBE is usually defined as the ratio of a dose of
reference energy photons to a dose of another radiation type that
produces the same biological effect as the photons. Although the RBE
is a relatively simple concept, its therapy application is complex [29].
This complexity arises because the RBE depends on the radiation type
and its energy, the delivered absorbed dose, the delivery method, and
the cell and tissue type that is irradiated. Given these uncertainties
and the current stage of 210Po microsphere development, no RBE
is applied to the absorbed doses. Since the anticipated RBE values
for alpha particles will be greater than unity, the absorbed dose for
vascular disruption provided in this paper represents a lower bound
of the performance of the 210Po microsphere approach.

Remedy Publications LLC., | http://remedyoa.com/

•

D(t ) = D(0)e − λt 				

F=

This activity increase delivers the required dose to disrupt the
tumor’s vasculature. For example, an activity of about 2 Bq (0.3 Bq
x 7.19) is the requisite 210Po activity loading to produce the doses
summarized in Figures 2 and 3 if the microspheres are removed at 30
d (F(30 d) = 7.19).
Delivery and removal approaches
In the initial approach, it is likely that the microspheres will be
directed into the tumor vasculature using a catheter. Image-guided
radiation therapy [20,31] could be utilized to facilitate guiding the
catheter to specifically target the tumor vasculature.
Accomplishing preferential blood vessel attachment requires
4
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development effort. For example, the microspheres will be constructed
of a material with ICRP 30 [32] Class D lung retention characteristics.
As defined in ICRP 30, Class D material has a biological half-life in
the lung that is less than 10 days. Part of the development effort will
be the construction of a microsphere with a short biological retention
time in the lung. Since the effective half-life (Te) of a radionuclide
depends on its biological and physical half-lives, a longer physical
half-life is not a limiting factor if the biological half-life (Tb) is short.
The effective half-life of the 210Po microsphere in the lung is given by
the standard relationship [33]:

Table 4: 222Rn and Its Daughtersa,b,c.
Nuclide
222

Rn

218

Po

T1/2

Radiation Type / Energy (MeV)
Alpha

Betad

Gamma
0.510 (w)

3.8235 d

5.4895

---

3.10 min

6.0024

(w)

0.510

27 min

---

0.67
0.73

Bi

19.9 min

5.450 (w)
5.513

3.27
1.54
1.51

0.3519
0.2952
0.2420
0.6093
1.1203
1.7645

214

Po

163.7 μs

7.6869

---

0.799 (w)

210

Pb

22.3 y

3.72 (vw)

Bi

5.01 d

4.648 (vw)
4.687

0.017
0.061
1.162

0.305 (vw)
0.266

210

Po

138.38 d

5.3044

---

0.8031 (vw)

206

Pb

Stable

--

---

---

214

Pb

214

210

Tp Tb 						
Te =
Tp + Tb
					
(9)

0.0465

The 210Po microsphere effective half-life in the lung for a Class D
material with 2 and 10 day biological half-lives is 1.97 and 9.32 days,
respectively. A microsphere design requirement for an ICRP Class D
level biological half-life in the lung eliminates the concern associated
with the longer 210Po physical half-life.

a

Baum et al. [30].
b
Weak (w) transition with a yield < 1%.
c
Very weak (vw) transition with a yield < 10-3%.
d
Maximum beta or positron energy.

210

210
Po has a specific activity of 1.7 x 1014 Bq/g and its inhalation
(ingestion) effective dose coefficient is 3.0 x 10-6 Sv/Bq (2.4 x 10-7 Sv/
Bq) [34]. The microsphere intake pathway caused by leaching has
not been evaluated, but its effective dose coefficient is probably in the
range of the established conventional intake pathway values, which
is approximately 10-6 Sv/Bq. For the proposed base case microsphere
of 0.3 Bq, complete 210Po leaching from a single microsphere would
lead to an effective dose of about 0.3 μSv. Since the number of
microspheres would be utilized in a therapy protocol, the effective
dose from complete leakage is limited only if the microspheres
have good retention characteristics. However, the final microsphere
design should have good 210Po retention characteristics. With good
210
Po retention characteristics, the toxicity hazard to the patient is not
significant. For example, if 106 0.3 Bq microspheres were administered
with a 210Po retention of 90%, the patient 50 year effective dose
commitment is only 30 mSv.

significant development. For example, the microsphere design effort
will evaluate a variety of chemical and physical approaches (e.g.,
electric charge, heat, pH, and electromagnetic fields) to facilitate the
preferential attachment of the microsphere to the tumor’s vascular
wall. The specific microsphere design characteristics that require
experimental investigation include material composition, electric
charge and its spatial distribution, physical size and shape, and
dielectric and diamagnetic properties. Final microsphere design
may be enhanced using activating agents, which could include the
use of lasers, heat, and a spectrum of electromagnetic radiation.
Both the microsphere design and activating agents require extensive
verification efforts.
The removal approach would in principle be accomplished by
reversing the attachment protocol. For example, placement and
subsequent removal could be achieved by embedding a magnetic
material within the microsphere. The magnetic particles facilitate
placement in the desired location using an active, localized magnetic
field. Eliminating the magnetic field would facilitate microsphere
removal. The protocol for microsphere implantation and removal
require additional research and development.

Conclusion
Microspheres loaded with alpha emitting radionuclides
preferentially deposit dose in the target tissues while minimizing
the dose delivered to healthy tissue. However, these radionuclides
must have weak beta and gamma emissions to selectively deposit
absorbed dose in the target vasculature. This selective dose deposition
minimizes stray dose and limits the side effects that often accompany
radiotherapy procedures. The microsphere approach can be realized
in the near-term, but additional research and development is required
to develop the techniques proposed in this paper into a practical
radiotherapy protocol.

Half-life issues
An additional issue associated with 210Po microspheres is their
physical half-life. 210Po and 90Y are very different in terms of their
physical half-lives (Tp) which must be addressed before the proposed
approach can be advanced as a viable treatment protocol. 210Po has a
physical half-life of 138 days while 90Y’s half-life is only 2.7 days. The
treatment delivery method used for 90Y (liver cancer for example) may
not work for 210Po if the microsphere construction does not limit the
biological half-life of the device. For example, some 90Y microspheres
may flow with blood into the lung and remain in healthy tissue. For
a relatively short physical half-life material like 90Y, this does not
produce a significant concern. However, the longer physical half-life
of 210Po would produce a larger residual lung dose that could create a
significant biological detriment. This concern is alleviated if the 210Po
microspheres are constructed of a material that has a short-biological
half-life in the lung.
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