HUMAN PHYSIOLOGY 302

Lecture Notes — Radiation Biology
W. J. Moressi
University of Illinois College of Medicine

A Note on Origin: Negentropy from the Cold War

This curriculum did not originate in a classroom. It originated in a national security crisis.
Attendance at the Medical Education for National Defense (MEND) conference at Los Alamos
National Laboratory — conducted at Sandia Base under the sponsorship of the Defense
Atomic Support Agency — was directed by the Dean of the College of Medicine in response
to the strategic realities of the nuclear age. The raw technical material acquired there: atomic
structure, fission mechanics, radiation biology, nuclear effects on living tissue — existed
initially as disconnected scientific facts in a context of national urgency. The act of returning to
the University of lllinois and organizing that material into a structured curriculum for
physicians, radiologists, and medical students was itself a negentropy event: disorder
imposed by nuclear confrontation converted, through deliberate pedagogical design, into
structured civilian preparedness.

|. Radiation, Dualistic Nature
Radiation may be defined as that process by which energy is transmitted or propagated.

A. Electromagnetic Radiation:

Within our conceptual framework, electromagnetic radiation appears to have a dual nature — it
travels as an electromagnetic wave and is absorbed or emitted as discrete "bundles" of energy.
Maxwell (1831) described by a series of equations the spatial behavior of the electromagnetic
wave, which consists of an electric and magnetic field moving in phase at right angles to each
other. The concept of "quanta” or "photons" of energy was formulated by Planck (1858) according
to the equation E = (hc)/A, where E is the amount of energy (ergs) per photon, h is Planck's
constant (6.62 x 1027 erg-sec), ¢ the velocity of light (3 x 100 cm/sec) and A the wavelength (cm)
of the radiation.

B. Particle Radiation:

Of the number of identified particles which may be emitted from unstable (radioactive) atoms, only
alpha particles, beta particles, and neutrons are discussed in this outline. Alpha particles are
doubly charged helium ions; beta particles have a mass and charge equal in magnitude to those of
an electron; a neutron is an electrically neutral particle with a mass similar to that of a hydrogen
atom. Louis de Broglie (1892) theorized that in addition to waves behaving as particles, particles
may behave as waves, described by the equation A = h/(mv). This dual (wave-particle) nature of



radiation appears to be a fundamental property of nature.
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The electromagactic spectrum,
Figure 1. The electromagnetic spectrum — wavelength, frequency, energy, and physical effects.

Il. Radiation, Absorption

A. Electromagnetic Radiation:

Absorption of electromagnetic radiation is dependent upon (i) the nature of the absorbant material, (ii)
the density of the absorbant, and (iii) the wavelength of the radiation. The logarithm of the intensity
of a monochromatic beam will decrease in direct proportion to the distance traversed in a
homogeneous medium (Lambert's Law).

B. Particle Radiation:

Absorption characteristics vary by particle type. Alpha particles, because of their double charge and
relatively large mass, have a high specific ionization and short range in tissue. Beta particles have
intermediate penetration. Neutrons, being electrically neutral, penetrate deeply and produce
ionization through secondary reactions with atomic nuclei.

Il. Radiation, Physical Effects
A. Thermal Effects:

Thermal effects are usually associated with the longer wavelength (lower energy) portions of the
electromagnetic spectrum. Absorption of this energy results in an increase in the translational,
rotational, and/or vibrational energy states of the molecules. The absolute temperature of a system
is directly proportional to the translational kinetic energy of the molecules: translational kinetic
energy = 1/2 mv? = 3/2 kT, where m is mass, v the average velocity, k is Boltzmann's constant,

and T the absolute temperature.



THERMAL EFFECTS
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Figure 2. Thermal effects — (a) molecular translation, (b) molecular rotation, (c) molecular vibration.

B. Chemical Effects:

Chemical effects are produced with photons of sufficient energy to cause: (a) electronic excitation —
electron "jump" from lower to higher orbital levels; (b) photoelectric effect — electron emitted
entirely from atom; (c) Compton scattering; (d) pair production and transmutation. Neutrons
produce chemical effects by reacting with atomic nuclei, leaving dense paths of ionization.



CHEMICAL EFFECTS
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Figure 3. Chemical effects — (a) electronic excitation, (b) photoelectric effect, (c) Compton scattering, (d) pair
production. Note: increased frequency of wavy lines designates greater photon energies.

IV. Radiation, Biological Effects

Microwave and infrared radiation result in an increase in tissue temperature — the water content
(75—-85%) of tissue accounts for the major thermal response. Radiation from the visible and ultraviolet
region results in photochemical effects by molecular excitation.

High energy ultraviolet, X-rays, gamma rays, and particle radiation result in ionization. The functions of
the cell are felt to be integrated at the molecular level — especially DNA, RNA, and protein synthesis.
The effects of ionizing radiation are categorized as:

« Direct effects: Release of energy within the molecule itself — induction of an ion cluster within
nucleic acids and/or proteins, releasing energy and effecting their denaturation and consequent
loss of function.

« Indirect effects: Production of free radicals and other highly reactive agents (viz. OH:, H-, Hzoz’
and HO2 from water) from cell constituents which act on sensitive sites within the cell.

Comparative biological effectiveness: alpha particles are about 15 times more effective than X- or
gamma radiation; neutrons 10 times; beta particles about twice as effective.

Biological structures in order of decreasing radiosensitivity: bone marrow, lymph glands, intestinal
epithelium, hair follicles, liver, kidney, nerve, brain, muscle, and connective tissue.

Treatment of a patient with radiation sickness would essentially involve whole blood transfusions,
antibiotic administration, and intravenous feeding. The Law of Bergonie and Tribondeau:



radiosensitivity increases with an increased rate of cellular division and metabolism, and with an
increase in cellular oxygen concentration; radiosensitivity decreases with increased cellular maturity.

Supplement: Clinical Implications — Tumour Therapy
Three general approaches:

« Differential chemical radiosensitization

« Differential chemical radioprotection

* Cell-cycle modulated dose-fractionation

Cell Life Cycle:

G1 (pre-DNA synthetic) » S (DNA synthetic) — G2 (post-DNA synthetic) - M (mitotic phase) — Gl.
Key agents: BUdR — selectively incorporated into DNA, radiosensitizes cell; FUdJR — inhibits

thymidylate synthetase, blocking DNA synthesis; Colchicine — blocks cells in mitosis; Sub-lethal
radiation dose — partial block in Gz'
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The Student Experience: Negentropy Delivered at the Scale of National Preparedness

The student or clinician who worked through this material did not simply acquire facts about
radiation. They acquired a coherent framework for understanding how energy interacts with
living systems — from the physics of the photon to the radiosensitivity of bone marrow. That
framework was the ordered output of a disordered national moment. In the most precise
thermodynamic sense, this curriculum was negentropy in practice: structured information
imposed on chaos, delivered at the scale where it was needed most.

The curriculum was evaluated by medical students through the standard "Biopsy" peer review
process — and received a favorable rating. The students did not perform a biopsy on the
instructor.




