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1) (16 points)

The direct effect describes the effect produced when a secondary electron, resulting from the absorption of an x-ray photon, interacts with cellular DNA. The indirect effect results from the secondary electron interacting with, say, a water molecule to produce a reactive species (i.e., OH(), which in turn produces damage to the DNA.

direct action:


Energetic neutrons deposit energy in tissue via elastic scattering setting in motion heavy, densely ionizing particles. These particles then ionize water thus produceing secondary electrons. Due to the density of ionization along the tracks of these particles, the DNA may be damaged at multiple sites and will most likely result in a DNA double strand break. This type of damage is particularly difficult for the cell’s repair mechanisms to handle properly. If damage is severe enough, the cell itself may initiate apoptosis. If repaired incorrectly, the mutation may result in reproductive cell death or, if oncogenic mutation, may be expressed as an overt cancer years later..

indirect action:


The indirect action of low LET x-rays can be summarized by the following chain of events:

Incident x-ray photon

Fast electron (e-)

Ion radical

Free radical

Chemical changes from the breakage of bonds

Biologic effects

The x-ray is absorbed thus ionizing a water molecule and producing a fast electron:

H2O ( H2O+ + e-
The ion radical decays to form the hydroxyl free radical by reacting with another molecule of water:

H2O+ + H2O ( H3O+ + OH(
The highly reactive hydroxyl radical diffuses to a DNA molecule a produces damage by breaking chemical bonds. Depending upon the severity of the damage, the cell reacts accordingly. However, since the radiation is indeed sparsely ionizing, the cell stands a better chance of correctly repairing the damage as compared to the that induced by high LET radiation.

2) (16 points)

The G value is defined as the number of given species produced per 100 eV of energy deposited by the incident radiation. The reactive species in question are very unstable and highly reactive, having lifetimes on the order of 10-10 seconds. Therefore, for the brief window of time following the initial ionization, these reactive species will react with one another to produce more stable molecules (e.g., H2O2 and H2). Thus, between 10-11 and 10-6 seconds, the number of free radicals will decrease while the number of stable species increases After a sufficient period of time, either the reactive species have all reacted or properly diffused. Therefore, the G values for these reactant species levels off around 10-6 seconds.

3) (20 points)

The multi-target, single-hit survival curve is described by the following equation:

S/So = 1 – (1 – e -D/Do)n
where S/So is the surviving fraction after a physical dose of D, n is the extrapolation number or the number of lethal targets per cell and Do is the dose needed to, on average, produce one lethal event per target. The cell-survival data is plotted on the graph below.
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The extrapolation number and Do were  found to be 2.9197 and 0.4816 Gy, respectively.

c)

 
The 3 curves displayed in the graph above differ in the presence and shape of a shoulder thus indicating the varying importance of repair under each type of irradiation.. The curve resulting from alpha irradiation exhibits no shoulder and a relatively steep slope. Both features are results that are due to the high LET of the alpha particles. With high LET radiation, the density of the ionization along the track of the particle is large which translates to severe damage to the DNA. Most often, the cell is unable to correctly repair this severe damage thus resulting in the lack of a shoulder on the above curve. The lack of oxygen in the hypoxic irradiation results in a larger shoulder. Oxygen acts to fix the DNA damage thus greatly inhibiting the possibility of successful repair. Therefore, under decreased concentrations of oxygen, the normal cell-repair mechanisms stand a better chance to correctly repair the DNA damage.

4) (16 points)

Factors that can modify dose-effect relationships:

cell type: Different types of cells can be inherently more/less radiation resistant. 

LET of radiation: As discussed in a previous problem, high LET radiation is a more efficient cell-killer than low LET radiation.

oxygen: Oxygen fixes the DNA damage induced by the radiation, thus inhibiting the cellular repair pathway.

dose rate: When the dose is administered ‘slowly’ or maybe even fractionated, this allows the cell time to attempt to repair the damage. The shoulder on the cell-survival curve can be replicated for each successive dose if fractionated thus resulting in a higher surviving fraction for a given dose.

5) (16 points)


a)


RBEneutrons = (Dx-ray / Dneutron)10% survival

(S/So)x-ray = 1 – (1 – e-0.92D)n


(S/So)neutron = e-0.92D


Solve both of the above equations for D for S/So = 0.10


Dx-ray = 3.23 Gy
Dneutron = 2.50 Gy


RBE = 3.23 Gy / 2.50 Gy = 1.29


b) larger


c). Cellular repair mechanisms stand a better chance of correctly repairing damage at low doses rather than at high doses Hence, at lower doses, cellular repair becomes more prevalent; this is why the shoulder occurs at low doses. Also, repair is less prevalent for neutron irradiations than for x-ray irradiations. Therefore, due to the repair at low doses, more x-ray dose needs to be delivered to produce the same effect as neutrons. Hence, the RBE increases.

6) (16 points)

a) Acute radiation syndrome results from the death of critical cell populations and the lack of the ability to regenerate these critical cells (e.g., lining of GI tract, red and white blood cells). Therefore, when one is exposed to dangerous levels of radiation, the timing of the symptoms may not be immediate, but instead is dependent upon the normal lifetime of those aforementioned critical cells. The normal lifetime for cells of the GI tract is 3-4 days, therefore GI acute radiation syndrome isn’t witnessed until at least 3 days after exposure. White blood cells have a lifespan of approx. 15 hrs thus the normal response of the victim’s immune system should deteriorate shortly after exposure. Red blood cells, however, have a lifespan on the order of weeks; therefore, before the full effect of the dose on the blood-forming organs can be expressed, the victim will die from the denuding of the gut.


b) A total-body exposure of more than 10 Gy of (-rays or its equivalent of neutrons leads, in most mammals, to symptoms characteristic of the gastrointestinal syndrome, which usually culminates in death 3-10 days later. The characteristic symptoms include naseau, vomiting and prolonged diarrhea. After a few days, the person will show signs of dehydration, loss of weight, emaciation, and complete exhaustion. These symptoms are attributable principally to the depopulation of the epithelial lining of the gastrointestinal tract by the radiation. A dose of radiation on the order of 10 Gy does not seriously affect the differentiated and functioning cells, but does sterilizes a large portion of the dividing cells in the intestinal crypts. As the surface of the villi is sloughed off and rubbed away by normal use, there are no replacement cells produced in the crypt. Consequently, the villi will begin to shorten and shrink. After 5-10 days, the villi are very clearly flat and almost completely free of cells, thus causing death.

