Radioactivity
Lecture 23
Radioactivity in Medicine

Applications of Radioactivity in Medicine
• Medical Diagnostics
Radiography with X-rays
Medical Imaging with X-rays
Medical Imaging with Gamma-Camera
SPEC and PET

• Medical Treatment
Brachytherapy
External Beam Therapy

Medical Diagnostics

X-rays are produced by high energy
electrons interacting with matter.

Current estimates show that there are
approximately 650 medical and dental X-ray
examinations per 1000 patients per year.

X-ray Spectrum
Bremsstrahlung

The intensity of the electron beam determines the
intensity of the X-ray radiation. The electron energy
determines the shape of the Bremsstrahlungs spectrum,
in particular the endpoint of the spectrum. Low energy
X-rays are absorbed in the tube material.

Characteristic X-rays

tungsten (high melting point)
good overall radiative emission

The intensity drops exponentially with the thickness d:
with µeff as material dependent absorption coefficient.

Absorption Law

Graph showing how the intensity of an x-ray beam is reduced by an
absorber whose linear absorption coefficient is µ = 0.10 cm−1.

Absorption Coefficient for metals

Absorption Coefficient for soft materials

Contrast of Image
Consider that you want to image clearly a target tissue of thickness x with an attenuation
coefficient µ2 inside the body of thickness t with a lower soft body tissue attenuation
coefficient µ1

I1 gives the energy absorbed outside the target tissue
I2 gives the energy absorbed inside the target volume.
Approximating for an X-ray energy E:

The contrast C of the target tissue
volume is defined in terms of the
image distribution function I1 and I2:

The contrast depends mainly on the difference of attenuation coefficients µ1 and µ2 as
well as on the ratio of scattered to primary X-ray photons. Injection of contrast medium
can improve the visibility.

Example on the power of contrast

Computed Tomography (CT)

CT is based on the principle that an image of
any object can be obtained by generating an
infinite number of projections through the
object. To achieve that a narrow beam of x-rays
is aimed at a patient and quickly rotated around
the body, producing signals that are processed
by the machine’s computer to generate crosssectional images (slices) of the body. A number
of successive slices form a three-dimensional
image of the patient.

Slicing the head

Radiation Doses in Radiographic and in
CT Examination
The radiation dose received in CT is considerably higher than that of conventional
screen radiography because each slice generates a certain amount of radiation dose.
To compare the two types of X-ray
exposures the received dose D of X-ray
radiation is converted to integral dose
DI, which corresponds to the total
amount of energy deposited in the body
tissue of mass m:

Calculating the integral dose

Calculating the integral dose of a single
X-ray radiography shot
In radiographic examinations the dose is not distributed evenly but
drops from the entrance dose at the skin D0 towards deeper layers.
The integral dose is described by:
For the skull µ ≈ 0.33 cm−1, A ≈ 200 cm2, d = 16 cm the typical entrance dose is D0
≈ 4.8 mGy. This yields for the integral dose:

DI = 2.7J
The integral dose in a seven slice head CT is about fifteen times higher
than the integral dose of a single X-ray exposure.

Radiological Imaging
• There are a number of radiological techniques to provide
detailed images of body parts.
• This requires the injection and/or accumulation of
radioactive isotopes at the body part to be investigated.
• Carriers are specific radio-pharmaceuticals that accumulate
in specific body parts due to their chemical design or in
tumor cells with increased blood up-take capabilities.
• These radiological techniques require the production of
radio-isotopes emitting characteristic gamma radiation and
the chemical coupling to the design-pharmaceuticals.
• The characteristic gamma radiation can be measured by a
set of external detectors arranged in specific geometry to
generate a high resolution image for detailed analysis.

Gamma Cameras

Single-Photon Emission Computer Tomography (SPECT)

Gamma camera scan of the skull of a person suffering from
metastatic bone cancer. The image is constructed from the
geometry and the intensity of the characteristic γ radiation
in the different photomultipliers This color-coded image
represents the position and intensity of radiation emitted
from a short-lived radioactive tracer that is metabolized or
is concentrated in the part of the body under investigation
- in this case, bone. The radioisotope concentrates more
strongly in cancerous than in normal bone and this is
represented by the red areas on the image.

Requirements for the radio-isotopes
• The radioisotope must be sufficiently long-lived to be
produced and transported to the hospital
• It must be sufficiently short-lived to decay or be
removed from the body by other means. This time is
determined by the effective half-live TE, which is
determined by the radiological half-life T1/2 and the
biological half-live TB.
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• Rapid removal from body will reduce the internal dose
to other nearby located body parts and organs.

Radioisotopes in common use
99Tcm

(T1/2=6.02h, Eγ=140 keV) is used in
more than 70% of all medical applications

226Ra

(T1/2=1600 a, Eγ=186 keV) is an
α-emitter (α's are absorbed in body
tissue), is used for highly localized studies
67Ga

(T1/2=78.3h, Eγ =93 keV, 185 keV,
300 keV) is often used as tumor localizing
agent (gallium citrate)
123I

(T1/2=13h, Eγ=159 keV) bonds good with proteins
and molecules that can be iodinated. It has replaced 131I
(T1/2=6d, Eγ=364 keV) because of the reduced radiation
exposure
81Krm

(T1/2=13s, Eγ=190 keV) is a very short-lived gas used to
perform lung ventilation studies, (short half-life limits its
application)

Production of Radioisotopes
• nuclear reactor facilities through fission and separation of
fission products
• Nuclear accelerator facilities through targeted nuclear
reactions and extraction of reaction products.

Example: 99Tcm
is a so-called isomer, an intermediary long lived excited state in 99Tc that decays by γemission to the ground state. Is produced through the β-decay of radioactive 99Mo which
is generated by nuclear reactor breeding 235U fission. Most of it was produced by five
smaller reactors using highly enriched 235U. Alternative routes are the production of 99Mo
by neutron activation of natural molybdenum, or enriched in 98Mo.
99mTc

β-decay
140 keV
γ-decay
β-decay

Fission products have to be extracted from
reactor fuel rods and chemically separated.
99Mo can be
stored, and 99mTc
is being extracted
once a day.

β-decay

99Mo

is delivered to hospital and the 99mTc
decay products are extracted by chemical
means in Tc-99m generators.
A typical dose rate at 1 meter from such a
generator is 20-50 μSv/h during transport.

Demand of 99Tc for medical applications
Supply chain of 99mTc. Serious shortages anticipated
due to limitations of reactor fuel.

The global demand for 99Mo for 99mTc production is
approximately 12 000 Curies per week.
Curie

A(99Mo) = 12,000 Ci = 4.44 ⋅1014 Bq = 0.44 PBq

T1/ 2 = 66h

66h
T1/ 2 = 6h
⋅12,000 Ci ⋅ 0.83 = 109,560 Ci = 4.05 PBq
6h
66h
A( 99Tc ) =
T1/ 2 = 1.84Gh
⋅ 4.3 ⋅10 − 4 Ci = 1.6 ⋅107 Bq = 16 MBq
211,000 ⋅ 8722h
A( 99 mTc ) =
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Through the decay of 99Mo and 99mTc long-lived radioactive 99Tc is being produced
that gradually enriches the environment by naturally not occurring technetium.
Considering the present production rate 1 GBq on 99Tc is produced annually which
decays by low energy β-decay and 90 keV γ-decay to the stable 99Ru! 99Tc
radioactive waste is typically stored in low level activity storage facilities….., but

99mTc

applied to the patient ….

Typical quantities of technetium administered for 99mTc tests
range from 400 to 1,100 MBq (11 to 30 mCi) for adults.
These doses result in radiation exposures to the patient
around 10 mSv (1000 mrem), the equivalent of about 500
chest X-ray exposures.

After the imaging procedure the radioactive 99mTc is
biologically removed from body to minimize exposure.

Full body bone scan

What happens to 99Tc? Example
The Marienplatz is the most expensive
business location in Munich Germany

Home of four radiologists with 50 patients daily,
who get administered an average 99mTc activity
of 500 MBq per person. This translates into a
total average activity of 34 TBq annually. A
fraction (guestimete 10%) gets into the public
waste water system and a hopefully smaller
fraction (guestimate 1%) of this amount is
transferred onto plaza environment to decay to
99Tc. This translates into 3.4 MBq of 99mTc into
water system and river and 0.34 MBq of 99mTc
being deposited onto the plaza.

A( 99 mTc ) = 34 TBq T1/ 2 = 6h
A( 99Tc ) =
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T1/ 2 = 1.84Gh

This means 10kBq are annually deposited into groundwater and 1 kBq is distributed by
pedestrians over plaza. With a size of 5000 m2 this accumulates to 2 Bq/m2 over 10 years.
According to lecture 16, the external exposure during 1 hour of shopping is 7⋅10-14 Sv.
There is significantly more in the granite paving of the plaza.

Positron Emission Tomography (PET)
PET is superior to SPEC since it allows to obtain images with much better resolution
due to gamma coincidence techniques. Neutron deficient material decays by positron
devay and the positrons annihilate immediately with electrons to two 511keV γ-rays
which are ejected in opposite directions. They are detected in a ring of single γdetectors and the position of the decay event can be localized geometrically. The most
common positron emitter in PET is 18F with T1/2=109.7 m.

18F

is produced by nuclear reactions at
cyclotron accelerators converting 18O trough
the 18O(p,n)18F reaction. 18F decays back to 18O.

Comparison of PET and SPECT image slices

Pet imaging
18F

is usually administered as sugary solution
fluorodeoxyglucose or abbreviated 18F-FDG.

The 18F-FDG accumulates in fast growing tumor
cell material where is decays.
The average patient-specific effective dose
from a typical injected 18F-FDG activity of
450 ± 32 MBq 1s 9.0 ± 1.6 mSv. The high activity
level is required to construct a high resolution
high quality image of the 18F distribution in the
tumor.
Whole-body PET scan using 18F-FDG to
show liver metastases of a colorectal tumor.

The typical dose …..

Medical Treatment with Radioactivity
• High dose radiation treatment of tumor cells
destroys the structure of the mutated cells and
their genetic information.
• The exposure of neighboring cell needs to be
minimized to avoid generating new mutations.
• Radiation can be administered internally by
placing radioactive material next to the tumor
(Brachytherapy) or externally by targeted gamma
or particle irradiation. (External Beam Radiation
Therapy, EBRT)

Brachytherapy
In Brachytherapy radioactive seeds or sources are
placed in or near the tumor itself, giving a high
radiation dose to the tumor while reducing the
radiation exposure. It is primarily used for prostate
cancer, breast cancer, lung cancer, gynecologic
cancers, anal/rectal tumors, head and neck cancers.
It is not as invasive as operation and minimizes
damage to the surrounding body tissue.

Effectiveness of Brachytherapy

Radioactive sources for Brachytherapy
Radionuclide

Type

Half-life

Energy

131Cs

EC

9.7 days

30.4 keV (mean)

137Cs

β−-decay

30.17 years

0.662 MeV

60Co

β−-decay

5.26 years

1.17, 1.33 MeV

192Ir

γ-rays

73.8 days

0.38 MeV (mean)

125I

EC

59.6 days

27.4, 31.4 and 35.5 keV

103Pd

EC

17.0 days

21 keV (mean)

106Ru

β−- decay

1.02 years

3.54 MeV

226Ra

β−- decay

1599 years

Treatment
Parameters

Permanent
seeds

Temporary
seeds

Activity per source

0.1-3mCi

3-50mCi

Dose

80-700Gy

30-200Gy

Dose rate

3-30cGy/h

3-125cGy/h

Number of sources

1-171

1-28

Time to dose

infinity

4-50 days

Dose rate in Brachytherapy
All of the radioactive materials used for Brachytherapy are β and/or γ emitter, the
quality factor assessing the biological impact of radiation is therefore Q=1.
Low Dose Rate (LDR):
– Range of 0.4 to 2.0 Gy/hr (per ICRU #38)
– Time to deliver prescription is days

High Dose Rate (HDR)
– Dose rate > 12 Gy/hr (per ICRU #38)
– Time to deliver prescription is minutes

Characteristic dose of Cervical Cancer
Treatment

External Contact treatment
 Places the radioactive sources on top
of the area to be treated
 Long Dose Radiation time is about 72
h

Application
Effective Dose

Annual Dose Limit
Occupational

Public

20 mSv

1 mSv

Equivalent Dose to Organs
Eye Lens

150 mSv

150 mSv

Skin

500 mSv

50 mSv

Hands and Feet.

500 mSv

-

Disposal of radioactive hospital waste
Disposal limits for Sanitary Sewerage System
Maximum Limit
per day (MBq)

Average monthly
discharge MBq/m3

3H

92.5

3700

14C

18.5

740

24Na

3.7

222

32P

3.7

18.5

35S

18.5

74

45Ca

3.7

10.1

99Mo/99mTc

3.7

185

125I

3.7

22.2

131I

3.7

22.2

Radioisotope

Typically medical radioactive waste is shortlived, long term storage is not an issue but
the increasing amount that is being
released and not properly taken care of
might institute a problem!

Higher level radiation levels are stored
in delay tanks waiting for decay to
legally acceptable levels of radiation.

Theletherapy
or γ/β-irradiation of tumor
 Either a Cobalt gamma source
emitting 1.17 and 1.33 MeV γ rays
in high intensity at tumor
 Or a linear electron accelerator
producing 4-40 MeV electrons for
tumor irradiation

External Beam Radiation Therapy, EBRT

Energy loss and stopping of
electrons and protons in body tissue

Radiation and Dose level associated
with EBRT
EBRT is used to target a tumor with higher, more precise doses of radiation. The dose is not
extended through the entire body, but focuses through the particular stopping conditions on
well defined spots reducing damage to healthy tissue and nearby organs. It is supposed to be
maximized for the so-called planning target volume (PTV) defined in preceding treatment plan.

Dose distribution during a EBRT therapy with a finely tuned proton pencil
beams with different modes of modulations for the treatment plan.
CGE≡Cobalt Gray Equivalent correlates to the biological dose for Sievert!

Optimization and quality of EBRT

Example on required beam intensities
The dose delivered to a specific organ requires several Gray, while minimizing the
does to surrounding organ material
A proton beam of 250 MeV energy is used for radiation treatment of a tumor of 1 kg.
Typically an 80% efficiency in reaching the PTV can be achieved. What is the beam
intensity in Amperes needed for depositing a dosage of 2 Gy in 2 minutes?

Ebeam 250 MeV 1.6 ⋅10 −13 J
D=
=
⋅
⋅ N beam ⋅120 s ⋅ 80% = 2Gy
mTumor
1kg
1 MeV
N beam =

2Gy
8 protons
−11
Cb / s = 83 pA
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s
4 ⋅10 J / kg ⋅120 s ⋅ 0.8

1 p = 1.6 ⋅10 −19 Cb
The power of the beam deposited in the body is:

P=

E⋅I
= 250 ⋅106 V ⋅ 83 ⋅10 −12 A = 0.02W
e

Higher beam power beam would
destroy (burn) the body tissue!

