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X-ray Absorption coefficients of different 
elements and biological tissue

± From considering Beer-Lambert law, I=I0e-⍺*x

Material Atomic # Absorption Specific Absorption

Coefficient, α (cm−1) Coefficient, α/ρ (cm2/g)
Fat – 0.1788  0.196 
Muscle – 0.2045  0.2045 
Brain 0.2061  0.2061

Bone 0.466–0.548  ~0.28 cm2/g since bone ρ correlates 
with α

Al 13 131 48.7 
P 15 132 73
Ca 20 266 172
Cr 24 1.86×103 259
Fe 26 2.55×103 324
Co 27 3.19×103 354
Pb 82 2.73×103 241



Attenuation Coefficients

With atoms and light, the attenuation coefficient 
helps us greatly to understand the light matter 
interaction. Considering the average number of 
photons scattered or absorbed 

 

We also consider the probability of interaction 
per target entity when a light beam has  
photons per unit area, .

N(z) = N0e−(μs+μa)z

Φ
p = σΦ
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Fig. 14.14 The absorption coefficient µa for water, oxyhemoglobin,
and deoxyhemoglobin. (Reprinted with permission from Yodh and
Chance (1995). Copyright 1995, American Institute of Physics)

the reflections that occur when light goes from one medium
into another with a different index of refraction.

14.7 Biological Applications of Infrared
Scattering

There are a number of uses of light in the near infrared: some
clinical and some in the laboratory.

14.7.1 Near Infrared (NIR)

Near-infrared light in the range 600–1000 nm is used to
measure the oxygenation of the blood as a function of time
by determining the absorption at two different wavelengths.
Figure 14.14 shows the absorption coefficients for oxy-
genated and deoxygenated hemoglobin and water. The
greater absorption of blue light in oxygenated hemoglobin
makes oxygenated blood red. (The graph shows only wave-
lengths longer than 600 nm—red and infrared.) The wave-
length 800 nm at which both forms of hemoglobin have the
same absorption is called the isosbestic point. Measurements
of oxygenation are made by comparing the absorption at two
wavelengths on either side of this point.

One of the difficulties with these measurements is know-
ing the path length, since photons undergo many scatterings
before being absorbed or reaching the detector. Scattering
from many tissues besides hemoglobin distorts the signal.
Nonetheless, pulse oximeters that fit over a finger are widely

used. Webster (1997) provides a comprehensive discussion
of the underlying physics, design, calibration, and use of
pulse oximeters. The basic feature is that arterial blood flow
is pulsatile, not continuous. Therefore, measuring the time-
varying (AC) signal selectively monitors arterial blood and
eliminates the contribution from venous blood and tissue.
Scattering corrections must still be made (Farmer 1997;
Wieben 1997).

Development of new applications for infrared scatter-
ing measurements continues as new detectors with differ-
ent spectral sensitivities become available (Yamashita et al.
2001). Continuous sources are also used to determine blood
oxygenation of tissue (Liu et al. 1995).

14.7.2 Optical Coherence Tomography (OCT)

Optical range measurements using the time delay of reflected
or backscattered light from pulses of a few femtosecond
(10!15 s) duration can be used to produce images similar to
those of ultrasound A- and B-mode scans. The spatial extent
of a 30 fs pulse in water is about 7µm. Since it is diffi-
cult to measure time intervals that short, most measurements
are done using interference properties of the light. Optical

coherence tomography is conceptually similar to range mea-
surements but uses interference measurements. It was first
demonstrated by Huang et al. (1991) and has been developed
extensively since then (see Schmitt 1999; Brezinski 2006 or
Fercher et al. 2003). It is widely used in ophthalmology.

This is one topic for which we must use the electromag-
netic wave model for light, since it depends on interference
effects. Light waves differ from sound waves because the
electric field in the wave is a vector perpendicular to the
direction of propagation of the wave. This gives rise to an
important effect—polarization—that we ignore.

Suppose that a wave A sin 2!

! (x ! cnt) = A sin "(x/cn !
t) travels in a medium with index of refraction n. A detector
responds to the energy fluence in the wave, which is propor-
tional to the square of the amplitude averaged over time. The
signal is y " A2sin2 "(x/cn ! t) = A2/2. The wave is split,
travels two paths of different lengths, and is recombined at a
detector. The signal is proportional to the power averaged
over many cycles of the wave. The power is proportional to
the square of the electric field:

y " (A/2)2!sin "(x1/cn ! t) + sin "(x2/cn ! t)
"2

=
A2

4

#
1 + cos

"

cn
(x2 ! x1)

$
. (14.31)

The signal oscillates between 0 and A2/2 as the difference
in path length is changed. When the path difference is zero,



Infrared Radiation from the Body

Consider the blackbody radiation formula. 

 

We assume the total surface area of a male adult is 1.73 m2 and that the 
room in which the body is, is at room temperature. 

Thus, a nude subject surrounded by walls of 20 degrees Celsius would have 
to exercise to maintain body temperature. 

This technique is noninvasive and may also be used to image oxygenated 
or deoxygenated blood ~2 to 3 mm below skin surface when illuminating 
with 700 to 900 nm light.  

wT0t = SσSB(T4 − T4
s ) = (1.73)(5.67 * 10−8)(3064 − 2934) = 137W



Ultraviolet Light

From the sun can be classed into the following: 

UVA 315-400 nm 

UVB 280-315 nm 

UVC 200-280 nm 

Far UV 120-200 nm 

Extreme UV 10-120 nm 
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Fig. 14.28 Spectral dose rates weighted for ability to damage DNA
for three different angles of the sun from overhead. The calculation as-
sumes clear skies and an ozone layer of 300 Dobson units (1 DU =
2.69 ! 1020 molecule m"2). (Source: Madronich (1993). With kind
permission of Springer Science and Business Media.)

Biological effects of ultraviolet light are reviewed by Diffey
(1991).

14.10.3 Response of the Skin to Ultraviolet
Light

There are several responses of the skin to ultraviolet light.
In order to understand them one must know something about
the anatomy and physiology of skin. The outer layer of the
skin, the epidermis, consists of three sublayers (Fig. 14.29).
A single layer of basal cells is on the inside. Most of these
cells produce keratin, a protein that gives the outer layers of
skin its strength. About 10 % of the cells are melanocytes

that produce the pigment melanin. Next comes a sublayer of
about seven cells, called the prickle layer. On top of this is
a two- or three-cell layer called the stratum granulosum or
granular layer. The surface is a layer of dead cells, primar-
ily keratin and cellular debris, called the stratum corneum or
horny layer. Basal cells are constantly produced in the basal
layer, migrate outward, become the stratum corneum, and are
sloughed off.

In order to discuss injury to tissue, both here by ultravio-
let light and in later chapters by x rays, we need to introduce
some specialized terms. The body’s immediate (acute) re-
sponse to an injury, whether it is an infection, a bump, a cut or
a burn, is the inflammatory response described on page 122.
Prolonged (chronic) irritation may result in abnormal cell
growth. The abnormalities that result in organs or tissues that

Fig. 14.29 The epidermis. The basal layer contains the cells from
which the other layers are derived. As the cells move toward the sur-
face they become the prickle layer and the stratum granulosum. The
stratum corneum is dead cellular debris. The melanocytes, which pro-
duce melanin granules, are in the basal layer. (Reprinted from Pillsbury
and Heaton 1980 with permission from Elsevier.)

are larger than normal are hypertrophy, an enlargement of
existing cells, and hyperplasia, an enlargement due to the for-
mation of new cells. The aberrations in cell growth patterns
are shown in Table 14.4. They are metaplasia, dysplasia, and
anaplasia. Metaplasia is reversible and goes away if the stim-
ulus or irritant is removed. Dysplasia is sometimes reversible
and sometimes progresses to become cancerous. Anaplastic
changes are present in nearly all forms of cancer. Anapla-
sia may result from dysplasia, or it may arise directly from
normal cells.

The acute effect of ultraviolet radiation is reddening of the
skin or erythema due to increased blood flow in the dermis,
the layer beneath the epidermis. This is part of the inflam-
matory reaction. The amount of energy that just produces
detectable erythema is called the minimum erythemal dose.
The 1987 erythema action spectrum adopted by the CIE12

shows the relative sensitivity of the skin versus wavelength

12 Commission International de l’Eclairage or International Commis-
sion on Illumination.
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Table 14.4 Abnormal changes in tissue

Metaplasia A reversible change in which one cell type is replaced by another.
Dysplasia Variation in size, shape, and organization of the cells. Literally, “deranged development”
Anaplasia A marked, irreversible, and regressive change from adult cells that are differentiated in

form to more primitive, less differentiated cells

Differences between benign and malignant tumors
Characteristic Benign Malignant
Histologic differentiation
(microscopic appearance)

Often typical of the tissue of origin Not well differentiated; atypical cells

Mode of growth Expands inside a capsule Expansive; also infiltrative, with no capsule

Rate of growth Progressive; usually slow; few cells undergoing
mitosis (division)

May be rapid, with many cells undergoing mitosis

Metastasis (distant spread) Absent Frequently present
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Fig. 14.30 The erythema action spectrum !(") for ultraviolet light, as
adopted by the CIE in 1987

for the production of erythema. It is

!(") =

!
"

#

1.0, 250 ! " ! 298 nm
100.094(298""), 298 ! " ! 328 nm
100.015(139""), 328 ! " ! 400 nm.

(14.42)

This is plotted in Fig. 14.30. The minimum erythemal dose at
254 nm is about 6 # 107 J m"2. Early effects on skin include
sunburn, tanning (now thought to be an injury response), and
thickening. Daily exposure for 2–7 weeks causes a three- to
fivefold thickening of the stratum corneum.

Some patients have an abnormally high sensitivity to
ultraviolet exposure. They may exhibit abnormal photosen-
sitivity because of various diseases or from taking drugs
such as phenothiazines (a class of tranquilizers), sulfa drugs,
dimethylchlortetracycline, the antidiabetic sulfonureas, thi-
azide diuretics, and even from drinking quinine water. Pho-
tocontact dermatitis is caused by interaction of photons with
substances placed on the skin, such as perfumes containing

furocoumarins, lime peel, fungi, and fluorescein dye used in
lipsticks.

14.10.4 Ultraviolet Light Causes Skin Cancer

Chronic exposure to ultraviolet radiation causes premature
aging of the skin. The skin becomes leathery and wrinkled
and loses elasticity. The characteristics of photo-aged skin
are quite different from skin with normal aging (Kligman
1989). UVA radiation was once thought to be harmless. We
now understand that UVA radiation contributes substantially
to both premature skin aging and skin cancer. This can be
understood in the context of studies showing that both UVA
and UVB suppress the body’s immune system, and that this
immunosuppression plays a major role in cancer caused by
ultraviolet light (Kripke 2003; Moyal and Fourtanier 2002).

There are three types of skin cancer. Basal-cell carcinoma

(BCC) is most common, followed by squamous-cell car-

cinoma (SCC). These are together called nonmelanoma or
nonmelanocytic skin cancer (NMSC). Basal-cell carcinomas
can be quite invasive (Fig. 16.40) but rarely metastasize or
spread to distant organs. Squamous-cell carcinomas are more
prone to metastasis. Melanomas are much more aggressive
and frequently metastasize.

Armstrong and Kricker (2001) review the epidemiology
of skin cancer. There are geographic variations of incidence,
the number of newly diagnosed cases per 100,000 popula-
tion per year. Incidence in New Mexico around 1980 for the
three types of skin cancer is given in Table 14.5 for Anglos
and Hispanics. Their review includes ambient solar radiation,
ethnic origin, color of unexposed skin, personal exposure
history, and personal use of skin protection.

The International Agency for Research on Cancer (IARC
2009) has classified all UV radiation (including UVA) as
“Group 1, carcinogenic to humans.”
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Beta-particles
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Decay type Transformation Example

Alpha decay

Beta decay

Positron emission

Electron capture

Gamma decay

A
ZX →A−4

Z−2 Y +4
2 He

A
ZX →A

Z+1 Y + e−

A
ZX →A

Z−1 Y + e+

A
ZX + e− →A

Z−1 Y

A
ZX* →A

Z X + γ

238
29 U →234

90 Th +4
2 He

14
6 C →14

7 N + e−

64
29Cu →64

28 Ni + e+

64
29Cu + e− →64

28 Ni

87
38Sr* →87

38 Sr + γ



Radioactive Decay
On the Earth for example, we would have the radioactivity defined as 

Here the units in SI for the activity is Becquerel = 1 Bq = 1 decay/second   

For reference, most radioactivities are in the megabq to to gigabq range. 

R = −
dN
dt

As an example, 1 gram of radium,  is 1 Curie (a traditional unit) = 1 
Ci = 3.7 * 1010 decays/s = 37 GBq 

As a comparison, potassium has activity of 0.7 microCi per kilogram, 
mainly from .  

226
88 Ra

40
19K

Importantly for medical physics, the dosage is measured in Sieverts, Sv, the amount of radiation 
absorbed equivalent to 1 kg of body tissue absorbing 1 Joule of x-rays or gamma rays.   

Average risk factors are placed at 0.05 /Sv so that the chance of dying from cancer as a result of 
radiation are 1 in 20 for a dose of 1 Sv, 1 in 20,000 for a dose of 1 mSv and so on.



The Half-Life

“Less and less but always some left”

R = R0e−λt

For example, the activity of radioactive elements reduces to the following at half its life

1
2

R0 = R0e−λT1/2

eλT1/2 = 2



Radioactive Decay
Example: Find the activity of 1.00 mg of radon, with atomic mass of 222 u. In 1 mg of radon,222Rn,

λ =
0.693
T1/2

=
0.693

(3.8d)(86,400s/d)
= 2.11 * 10−6/s

N =
1 * 10−6kg

(222u)(1.66 * 10−27kg/u)
= 2.71 * 1018atoms

R = λN = (2.11 * 10−6/s)(2.71 * 1018nuclei) = 5.72 * 1012decays/s = 5.72TBq = 155Ci

Example: 1 week later, the activity of this radon sample will then be,

λt = (2.11 * 10−6/s)(7days)(86,400s/day) = 1.28

R = R0e−λt = (155Ci)e−1.28 = 43Ci Very bad



The Effects of Nuclear Weapons
The primary dangers after nuclear weapon fallout is from long 
lived isotopes.



Radioactivity
Biological effects: 

We can use this method to estimate the cumulative activity from radioactive substances

Ah = Ah ∫
∞

0
e−λtdt =

Ah

λ
=

FhA0

λ

τh =
Ah

A0
=

Fh

λ
≈ T1/2



Nuclear binding, fission and fusion

The (inverse) process of binding is to release nuclear energy.  
Nuclear energy can be released by fission of a heavy nucleus or fusion of two light nuclei. 

Energy is produced because the end product of a more tightly bound nucleus than the initial state is formed. 
ΔE = (mi − mf )c2 = Δmc2

1
0n +238

92 U →239
92 U →239

93 Np + e− + ν̄
20 minutes

239
93 Np →239

94 Pu + e− + ν̄
2 days

This reaction typically occurs for a 40 ton mass with a rate given as the thermal power/ energy released per fission at 
3*1019 /s, and the estimated electric power for such a mass of 3% enriched Uranium is approximately 1GW-year.



Radiation Safety
As an example: consider the fission from the Uranium reactor. 

Supposing the fission rate is 3*1019 /s, meaning the radioactive intensity of a nuclear reactor core is around 109 Ci. 
Without shielding, from , the flux at a distance of 100 m would be 105 rem/hour. 

Exposure times of 6*10-3 hour = 20 seconds or so would be 600 rem, a lethal dose.  

Some numbers for reference: 
10 rem - detectable blood changes 
200 rem - injury and some disability 

400 rem - 50% deaths in 30 days 
600 rem - 100% deaths in 30 days

N(t) = N0e−t/τ

Δt =



Nuclear Weapons

The enrichment process enhances probability that a neutron will cause fission. 
For comparison, 1kg of TNT (trinitrotoluene) releases 1000 kcal of energy or 4*106 J (the energy consumed by a 40 W light 

bulb in a whole day). 
A Uranium nuclear weapon releases 200 MeV or 107 times more energy. 

The Hiroshima bomb was ~12 kt of TNT. 

Note that average household energy needs ( )



The Effects of Nuclear Weapons
The primary dangers after nuclear weapon fallout is from long 
lived isotopes.

Lifetime tau Retention Limit of safe 
concentration

n
90Sr 28 years 36 years 20 microCi

137Cs 30 years 70 days 30 microCi

14C 5600 years 10 days 400 microCi

239Pu 24400 years 180 years 0.4 microCi

6% of fissions leads to 
this

In the event of major nuclear exchange, 
the other dangers are potential 
atmospheric changes. 

Potentially, with the atmospheric 
temperatures swinging to -37 deg Celsius! 



Good rules of Thumb from Principles of Modern Technology

Safety standards typically set the limit for public occasional exposure at 0.5 rem/year = 0.005 Sv/year 
For radiation workers the limit is 3 rem in any consecutive 13 weeks and less than 5 rem/year 

Cosmic rays and natural radioactivity contribute about 100 mrem/year while man-made sources 
contribute 70 mrem/year. 

Maximum permissible quantities of ingested radioisotopes (depend on lifetime) and are ~10-100 
microCi.

Radiation Safety



Survive!
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Table 16.2 Relative composition of various tissues and the attenuation coefficient for 50-keV photons

Fractional mass compositiona

Element µatten/!
b

(m2 kg!1)
Adipose
tissue

Water Skeletal
muscle

Cortical
bone, adult

H 0.0336 0.114 0.112 0.102 0.034
C 0.0187 0.598 0.143 0.155
N 0.0198 0.007 0.034 0.042
O 0.0213 0.278 0.888 0.710 0.435
Na 0.0280 0.001 0.001 0.001
Mg 0.0329 0.002
P 0.0492 0.001 0.002 0.103
S 0.0585 0.001 0.003 0.003
Cl 0.0648 0.001 0.001
K 0.0868 0.004
Ca 0.1020 0.225

µatten/! (m2 kg!1) 0.0214 0.0227 0.0227 0.0424
! (kg m!3) 970 1000 1050 1920
µatten (m!1) 20.8 22.7 23.8 81.5
a Fractional mass compositions are available at http://physics.nist.gov/PhysRefData/XrayMassCoef/tab2.html
b Values are from Hubbell and Seltzer (1996)
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Fig. 16.16 Attenuation of photons in water or muscle and in bone for
the spectrum of Fig. 16.15 (100 kVp, 2 mm aluminum filtration). The
dashed lines are for the attenuation coefficients at 50 keV

blood vessels in the lungs. The patient in Fig. 16.19 has
pneumothorax. Air has leaked into the pleural cavity and
partially collapsed the lungs. You can see this collapse in
the upper portion of each lung. Spontaneous pneumothorax
can occur in any pulmonary disease that causes an alveolus
(air sac) on the surface of the lung to rupture: most com-
monly emphysema, asthma, or tuberculosis. Pneumothorax
can also be caused by perforating trauma to the chest wall.

Spontaneous idiopathic (meaning cause unknown) pneu-
mothorax occasionally occurs in relatively young people.

Abdominal structures are more difficult to visualize be-
cause except for gas in the intestine, everything has about
the same density and atomic number. Contrast agents are in-
troduced through the mouth, rectum, urethra, or bloodstream.
One might think that the highest-Z materials would be best.
However the energy of the K edge rises with increasing Z.
If the K edge is above the energy of the x-rays in the beam,
then only L absorption with a much lower cross-section takes
place. The K edge for iodine is at 33 keV, while that for lead
is at 88 keV. Between these two limits (and therefore in the
range of x-ray energies usually used for diagnostic purposes),
the mass attenuation coefficient of iodine is about twice that
of lead. The two most popular contrast agents are barium
(Z = 56, K edge at 37.4 keV) and iodine (Z = 53). Barium
is swallowed or introduced into the colon. Iodine forms the
basis for contrast agents used to study the cardiovascular sys-
tem (angiography), gall bladder, brain, kidney, and urinary
tract.

If the detector can discriminate photons of different en-
ergies, then one can measure photons on either side of an
element’s K edge, obtaining images that are easily distin-
guished from the image of background material (Schlomka
et al. 2008).

Some pathologic conditions can be identified by the depo-
sition of calcium salts. Such dystrophic (defective) calcifica-
tion occurs in any form of tissue injury, particularly if there
has been tissue necrosis (cell death). It is found in necrotiz-
ing tumors (particularly carcinomas), atherosclerotic blood
vessels, areas of old abscess formation, tuberculous foci, and
damaged heart valves, among others.
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Fig. 16.33 If the dose for low-LET radiations is divided into fractions,
with a few hours between fractions, all of the single-strand breaks have
been repaired, and survival follows the same curve as for the original
fraction

point corresponding to the first irradiation. The initial dose
of 6 Gy caused both type-A and type-B damage. Before the
second dose, the cells with single-strand damage had been
repaired, and when the second dose was given, it acted on
undamaged cells, so that only type-A damage occurred for
small additional doses.

16.9.4 The Bystander Effect

Ionization damage is not the entire story. The bystander effect

in radiobiology refers to the “induction of biological effects
in cells that are not directly traversed by a charged particle,
but are in close proximity to cells that are” (Hall 2003; Hall
and Giaccia 2012).

One experiment showing the bystander effect involves ir-
radiating cells in culture and transferring some of the culture
medium to unirradiated cells, which then respond as if they
had been irradiated. The effect is absent if the irradiated
medium contains no cells. The irradiated cells secreted some
chemical into the medium that affected the unirradiated cells.
In one such experiment, apoptosis was induced in the unirra-
diated culture by quite low doses to the irradiated cells. The
dose response curve was nearly flat.

Another type of experiment used microbeams of ! parti-
cles to irradiate specific cells in a culture, and then measured
the response of neighboring cells which had not been ir-
radiated. The survival of cells not irradiated decreased as
their neighbors were hit with more ! particles. It is thought
that some chemical produced in the irradiated cells migrated
into the unirradiated cells through gap junctions connect-
ing the cytoplasm of neighboring cells. Similar experiments
are done with radioactive nuclides that emit very-short range
Auger electrons (see Chap. 17). The nuclides are attached to

Fig. 16.34 Survival curves for assays of human cells. There is a wide
range in initial sensitivity, but not too much difference in final slope.
The shaded area labeled “human A-T cells” is for cells from a disease,
ataxia-tangliectasia, where repair mechanisms are lacking. (Reproduced
with permission from Hall 2002, p. 328)

molecules that are selectively taken up by the cell nucleus or
cytoplasm or that bond to the cell’s DNA (Kassis 2004).

16.9.5 Tissue Irradiation

There is considerable variation in the shape of the survival
curves for human cells (Fig. 16.34). The shaded area labeled
“human A-T cells” is for cells from patients with a genetic
disease, ataxia-tangliectasia, where repair mechanisms are
lacking and breakage of a single strand of DNA leads to cell
death.

The radiation damage to the DNA is not apparent until the
cell tries to divide. At that point, the chromosomes are either
so badly damaged that the cell fails to divide or the damage
survives in later generations as a mutation. Some tissues re-
spond to radiation quite quickly; others show no effect for
a long time. This is due almost entirely to the duration of
the G1 phase or the overall time between cells divisions. Tis-
sues are divided roughly into two groups: early-responding

and late-responding. Early-responding tissues include most
cancers, skin, the small and large intestine, and the testes.
Late-responding tissues include spinal cord, the kidney, lung,
and urinary bladder.

The central problem of radiation oncology is how much
dose to give a patient, over what length of time, in order to
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The shape of the survival curve depends on the linear
energy transfer (LET) of the charged particles. For the !

particles in Fig. 16.29 the LET is about 160 keV µm!1, for
neutrons it is about 12 keV µm!1, and for the electrons from
the 250-kVp x-rays it is about 2 keV µm!1. The ! particles
and neutrons are called high-LET radiation; the electrons are
low-LET radiation.

High-LET radiation produces so many ion pairs along its
path that it exerts a direct action on the cellular DNA. Low-
LET radiation can also ionize, but it usually acts indirectly. It
ionizes water (primarily) according to the chemical reaction

H2O " H2O+ + e!.

The H2O+ ion decays with a lifetime of about 10!10 s to the
hydroxyl free radical:

H2O+ + H2O " H3O+ + OH.

This then produces hydrogen peroxide and other free radicals
that cause the damage by disrupting chemical bonds in the
DNA.

16.9.2 Chromosome Damage

Cellular DNA is organized into chromosomes. In order to un-
derstand radiation damage to DNA, we must recognize that
there are four phases in the cell division cycle:

M Cell division. This stage includes both division of the
nucleus (mitosis) and of the cytoplasm (cytokinesis).
This phase may last 1 or 2 h.

G1 The first “gap” phase. The cell is synthesizing many
proteins. The duration of G1 determines how fre-
quently the cells divide. It varies widely by kind of
tissue, from a few hours to 200 h.

S Synthesis. A new copy of all the DNA is being made.
This lasts about 8 h.

G2 The second “gap” phase, lasting about 4 h.

Figure 16.30 shows, at different magnifications, a strand of
DNA, various intermediate structures that we will not dis-
cuss, and a chromosome as seen during the M phase of the
cell cycle. The size goes from 2 nm for the DNA double
helix to 1400 nm for the chromosome. In addition to cell sur-
vival curves one can directly measure chromosome damage.
There is strong evidence that radiation, directly or indirectly,
breaks a DNA strand. If only one strand is broken, there are
efficient mechanisms that repair it over the course of a few
hours using the other strand as a template. If both strands

Fig. 16.30 A schematic diagram of how the DNA is packed to give
a chromosome, shown at metaphase of the cell cycle. (Republished
with permission of Taylor and Francis Group from Alberts et al. (1999,
p. 230). Permission conveyed through Copyright Clearance Center, Inc)

are broken, permanent damage results, and the next cell di-
vision produces an abnormal chromosome.18 Several forms
of abnormal chromosomes are known, depending on where
along the strand the damage occurred and how the damaged
pieces connected or failed to connect to other chromosome
fragments. Many of these chromosomal abnormalities are
lethal: the cell either fails to complete its next mitosis, or
it fails within the next few divisions. Other abnormalities al-
low the cell to continue to divide, but they may contribute to
a multistep process that sometimes leads to cancer many cell
generations later.

Even though radiation damage can occur at any time in
the cell cycle (albeit with different sensitivity),19 one looks
for chromosome damage during the next M phase, when the

18 This is a simplification. It is possible for a double strand break to
repair properly. See Hall and Giaccia (2012, p. 18).
19 In general, cells exhibit the greatest sensitivity in M and G2.
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DNA is in the form of visible chromosomes as in the bottom
example in Fig. 16.30. If the broken fragments have rejoined
in the original configuration, no abnormality is seen when the
chromosomes are examined. If the fragments fail to join, the
chromosome has a “deletion.” If the broken ends rejoin other
broken ends, the chromosome appears grossly distorted.

A sequence of processes leads to cellular inactivation.
Ionization is followed by initial DNA damage. Most of this
is repaired, but it can be repaired incorrectly. No repair or
faulty repair results in DNA lesions that are then manifest
as chromosome aberrations, which may be nonlethal, may
cause mutations, or may lead to cell death. The numbers
quoted here are from the review by Steel (1996). A cell dose
of 1 Gy leads to the production of about 2 ! 105 ion pairs
per cell nucleus, of which about 2000 are produced in the
cell’s DNA. It has been estimated that the amount of DNA
damage immediately after radiation can be quite large: 1000
single-strand breaks and 40 double-strand breaks per Gy. Yet
survival curves for different cell types show between 0.3
and 10 lethal lesions per gray of absorbed dose. Thus the
amount of repair that takes place is quite large, and the model
introduced below is an oversimplification.

A number of chemicals enhance or inhibit the radiation
damage. Some chemical reactions can “fix” (render perma-
nent) the DNA damage, making it irreparable; others can
scavenge and deactivate free radicals. One of the most im-
portant chemicals is oxygen, which promotes the formation
of free radicals and hence cell damage. Cells with a poor oxy-
gen supply are more resistant to radiation than those with a
normal supply.

16.9.3 The Linear-Quadratic Model

The linear-quadratic model is often used to describe cell
survival curves. We will extended it to very small survival
rates that cannot possibly be confirmed experimentally. We
use it as a simplified model for DNA damage from ioniz-
ing radiation that recognizes two types of damage, shown
in Fig. 16.31. In type-A damage a single ionizing particle
breaks both strands of the DNA, and the chromosome is bro-
ken into two fragments. In type-B damage, a single particle
breaks only one strand. If another particle breaks the other
strand “close enough” to the first break before repair has
taken place, then the chromosome suffers a complete break.

The probability of type-A damage is proportional to the
dose. The average number of cells with type-A damage af-
ter dose D is m = !D = D/D0, and the probability of
no damage is the Poisson probability P(0;m) = e"m =
e"!D . This is the dashed line in Fig. 16.32, which is re-
drawn from Fig. 16.29. For radiations with higher LET the
proportionality constant is greater, as seen in Fig. 16.29.

Fig. 16.31 The two postulated types of DNA damage from ionizing
radiation for our simple model to explain the linear-quadratic cell cul-
ture survival curve. In type-A damage a single ionizing particle breaks
both strands. Two ionizing particles are required for type-B damage,
one breaking each strand
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Fig. 16.32 A survival curve, showing the linear exponent for type-A
damage and the quadratic exponent for type-B damage

In type-B damage one strand is damaged by one ionizing
particle and the other by another ionizing particle. The
probability of fragmenting the DNA molecule is therefore
proportional to the square of the dose. The average number
of molecules with type-B damage is "D2, and the survival
curve for type-B damage alone is e""D2

, also shown in
Fig. 16.32. This leads to the linear-quadratic model for cell
survival:

Psurvival = e"!D""D2
. (16.29)

The dose at which mortality from each mechanism is the
same is !/", as shown in Fig. 16.32.

An extension of the cell survival experiments is the frac-

tionation curve shown in Fig. 16.33. After a given dose, cells
from the culture were harvested and used to inoculate new
cultures. After a few hours they were irradiated again. The
survival curve plotted against total dose starts anew from the
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Fig. 16.14 Radiographs taken at 70 kVp, 250 kVp, and 1.25 MeV
(60Co), illustrating the loss of contrast for higher energy photons. (From
Hendee and Ritenour (2002). Used by permission)

Fig. 16.15 The particle energy spectrum d!/dE from a tube oper-
ating at 100 kVp with 1, 2, and 3 mm of aluminum filtration. (From
Hendee and Ritenour (2002). Used by permission)

of tungsten (which has a high radiation yield and withstands
high temperatures) with a copper backing to conduct ther-
mal energy away. The number of x-rays produced for a given
voltage difference depends on the total number of electrons
striking the anode, which is proportional to the product of
the current and the duration of the exposure (mA s). The an-
ode rotates to help keep it cool. Additional filtration removes
low-energy photons that would not get through the body and
would not contribute to the image. Figure 16.15 shows the
effects of different thicknesses of aluminum on the particle
fluence (d!/dE) from a tube operating at 100 kVp. The av-
erage photon energy depends upon the filtration as well as
the kVp, and is about 45 keV for 100 kVp and 2 mm of
aluminum filtration (see Problem 18).

pulse applied to the tube may not have a purely rectangular waveform,
and kVp may not uniquely determine the x-ray spectrum during the
pulse. Modern kilovolt power supplies are described by Sobol (2002).

16.4.2 Collimation

The collimator is placed just after the x-ray tube. It has ad-
justable jaws, usually of lead, that limit the size of the beam
striking the patient. Making the beam as small as possible re-
duces the total energy absorbed by the patient. It also reduces
the amount of tissue producing Compton-scattered photons
that strike the detector and reduce the image quality.

16.4.3 Attenuation in the Patient: Contrast
Material

The purpose of a radiograph is to measure features of the
internal anatomy of a patient through differences in the at-
tenuation of rays passing through different parts of the body.
The photon fluence falls with distance from the x-ray tube
as 1/r2. It also falls because of attenuation along the path.
(We ignore the fact that scattered photons may also strike
the detector). We saw in Sect. 15.8 that the mass attenuation
coefficient of a compound can be calculated as a weighted
average of the elements in the compound:
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Table 16.2 lists various elements, their mass attenuation coef-
ficients at 50 keV, and their composition in water, fat, muscle,
and bone. Water and muscle are quite similar, fat has a some-
what smaller attenuation coefficient, and the attenuation of
bone is significantly greater.

Figure 16.16 shows attenuation vs. "x for the beam in
Fig. 16.15 with 2 mm of Al filtration in water and in bone.
Bone contains calcium, which has a relatively high atomic
number, and the attenuation coefficient rises rapidly as the
energy decreases. Also shown as dashed lines are the cor-
responding values of exp(!µattenx) for the average photon
energy in the incident beam, which is 50 keV. In each case
the transmitted fraction initially falls more steeply than the
dashed line because there is more attenuation of the low-
energy photons. For thicker bone the slope of the curve is
less than the dashed line because only the high-energy pho-
tons remain. This shift of the beam energy and curvature of
the attenuation curves is called beam hardening.

These differences in attenuation make it easy to distin-
guish bone from soft tissue. It is also easy to distinguish
lungs from other tissues because they contain air and have
much lower density. Air-filled lung has a density of 180–
320 kg m!3, compared to about 1000 kg m!3 for water,
muscle, or a solid tumor. Figure 16.17 shows a normal
anterior–posterior (A–P) chest radiograph. You can see the
exponential decay through layers of bone, the outline of
the heart, the arch of the aorta, and the lacy network of
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Table 16.2 Relative composition of various tissues and the attenuation coefficient for 50-keV photons

Fractional mass compositiona

Element µatten/!
b

(m2 kg!1)
Adipose
tissue

Water Skeletal
muscle

Cortical
bone, adult

H 0.0336 0.114 0.112 0.102 0.034
C 0.0187 0.598 0.143 0.155
N 0.0198 0.007 0.034 0.042
O 0.0213 0.278 0.888 0.710 0.435
Na 0.0280 0.001 0.001 0.001
Mg 0.0329 0.002
P 0.0492 0.001 0.002 0.103
S 0.0585 0.001 0.003 0.003
Cl 0.0648 0.001 0.001
K 0.0868 0.004
Ca 0.1020 0.225

µatten/! (m2 kg!1) 0.0214 0.0227 0.0227 0.0424
! (kg m!3) 970 1000 1050 1920
µatten (m!1) 20.8 22.7 23.8 81.5
a Fractional mass compositions are available at http://physics.nist.gov/PhysRefData/XrayMassCoef/tab2.html
b Values are from Hubbell and Seltzer (1996)
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Fig. 16.16 Attenuation of photons in water or muscle and in bone for
the spectrum of Fig. 16.15 (100 kVp, 2 mm aluminum filtration). The
dashed lines are for the attenuation coefficients at 50 keV

blood vessels in the lungs. The patient in Fig. 16.19 has
pneumothorax. Air has leaked into the pleural cavity and
partially collapsed the lungs. You can see this collapse in
the upper portion of each lung. Spontaneous pneumothorax
can occur in any pulmonary disease that causes an alveolus
(air sac) on the surface of the lung to rupture: most com-
monly emphysema, asthma, or tuberculosis. Pneumothorax
can also be caused by perforating trauma to the chest wall.

Spontaneous idiopathic (meaning cause unknown) pneu-
mothorax occasionally occurs in relatively young people.

Abdominal structures are more difficult to visualize be-
cause except for gas in the intestine, everything has about
the same density and atomic number. Contrast agents are in-
troduced through the mouth, rectum, urethra, or bloodstream.
One might think that the highest-Z materials would be best.
However the energy of the K edge rises with increasing Z.
If the K edge is above the energy of the x-rays in the beam,
then only L absorption with a much lower cross-section takes
place. The K edge for iodine is at 33 keV, while that for lead
is at 88 keV. Between these two limits (and therefore in the
range of x-ray energies usually used for diagnostic purposes),
the mass attenuation coefficient of iodine is about twice that
of lead. The two most popular contrast agents are barium
(Z = 56, K edge at 37.4 keV) and iodine (Z = 53). Barium
is swallowed or introduced into the colon. Iodine forms the
basis for contrast agents used to study the cardiovascular sys-
tem (angiography), gall bladder, brain, kidney, and urinary
tract.

If the detector can discriminate photons of different en-
ergies, then one can measure photons on either side of an
element’s K edge, obtaining images that are easily distin-
guished from the image of background material (Schlomka
et al. 2008).

Some pathologic conditions can be identified by the depo-
sition of calcium salts. Such dystrophic (defective) calcifica-
tion occurs in any form of tissue injury, particularly if there
has been tissue necrosis (cell death). It is found in necrotiz-
ing tumors (particularly carcinomas), atherosclerotic blood
vessels, areas of old abscess formation, tuberculous foci, and
damaged heart valves, among others.
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Fig. 16.33 If the dose for low-LET radiations is divided into fractions,
with a few hours between fractions, all of the single-strand breaks have
been repaired, and survival follows the same curve as for the original
fraction

point corresponding to the first irradiation. The initial dose
of 6 Gy caused both type-A and type-B damage. Before the
second dose, the cells with single-strand damage had been
repaired, and when the second dose was given, it acted on
undamaged cells, so that only type-A damage occurred for
small additional doses.

16.9.4 The Bystander Effect

Ionization damage is not the entire story. The bystander effect

in radiobiology refers to the “induction of biological effects
in cells that are not directly traversed by a charged particle,
but are in close proximity to cells that are” (Hall 2003; Hall
and Giaccia 2012).

One experiment showing the bystander effect involves ir-
radiating cells in culture and transferring some of the culture
medium to unirradiated cells, which then respond as if they
had been irradiated. The effect is absent if the irradiated
medium contains no cells. The irradiated cells secreted some
chemical into the medium that affected the unirradiated cells.
In one such experiment, apoptosis was induced in the unirra-
diated culture by quite low doses to the irradiated cells. The
dose response curve was nearly flat.

Another type of experiment used microbeams of ! parti-
cles to irradiate specific cells in a culture, and then measured
the response of neighboring cells which had not been ir-
radiated. The survival of cells not irradiated decreased as
their neighbors were hit with more ! particles. It is thought
that some chemical produced in the irradiated cells migrated
into the unirradiated cells through gap junctions connect-
ing the cytoplasm of neighboring cells. Similar experiments
are done with radioactive nuclides that emit very-short range
Auger electrons (see Chap. 17). The nuclides are attached to

Fig. 16.34 Survival curves for assays of human cells. There is a wide
range in initial sensitivity, but not too much difference in final slope.
The shaded area labeled “human A-T cells” is for cells from a disease,
ataxia-tangliectasia, where repair mechanisms are lacking. (Reproduced
with permission from Hall 2002, p. 328)

molecules that are selectively taken up by the cell nucleus or
cytoplasm or that bond to the cell’s DNA (Kassis 2004).

16.9.5 Tissue Irradiation

There is considerable variation in the shape of the survival
curves for human cells (Fig. 16.34). The shaded area labeled
“human A-T cells” is for cells from patients with a genetic
disease, ataxia-tangliectasia, where repair mechanisms are
lacking and breakage of a single strand of DNA leads to cell
death.

The radiation damage to the DNA is not apparent until the
cell tries to divide. At that point, the chromosomes are either
so badly damaged that the cell fails to divide or the damage
survives in later generations as a mutation. Some tissues re-
spond to radiation quite quickly; others show no effect for
a long time. This is due almost entirely to the duration of
the G1 phase or the overall time between cells divisions. Tis-
sues are divided roughly into two groups: early-responding

and late-responding. Early-responding tissues include most
cancers, skin, the small and large intestine, and the testes.
Late-responding tissues include spinal cord, the kidney, lung,
and urinary bladder.

The central problem of radiation oncology is how much
dose to give a patient, over what length of time, in order to
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The shape of the survival curve depends on the linear
energy transfer (LET) of the charged particles. For the !

particles in Fig. 16.29 the LET is about 160 keV µm!1, for
neutrons it is about 12 keV µm!1, and for the electrons from
the 250-kVp x-rays it is about 2 keV µm!1. The ! particles
and neutrons are called high-LET radiation; the electrons are
low-LET radiation.

High-LET radiation produces so many ion pairs along its
path that it exerts a direct action on the cellular DNA. Low-
LET radiation can also ionize, but it usually acts indirectly. It
ionizes water (primarily) according to the chemical reaction

H2O " H2O+ + e!.

The H2O+ ion decays with a lifetime of about 10!10 s to the
hydroxyl free radical:

H2O+ + H2O " H3O+ + OH.

This then produces hydrogen peroxide and other free radicals
that cause the damage by disrupting chemical bonds in the
DNA.

16.9.2 Chromosome Damage

Cellular DNA is organized into chromosomes. In order to un-
derstand radiation damage to DNA, we must recognize that
there are four phases in the cell division cycle:

M Cell division. This stage includes both division of the
nucleus (mitosis) and of the cytoplasm (cytokinesis).
This phase may last 1 or 2 h.

G1 The first “gap” phase. The cell is synthesizing many
proteins. The duration of G1 determines how fre-
quently the cells divide. It varies widely by kind of
tissue, from a few hours to 200 h.

S Synthesis. A new copy of all the DNA is being made.
This lasts about 8 h.

G2 The second “gap” phase, lasting about 4 h.

Figure 16.30 shows, at different magnifications, a strand of
DNA, various intermediate structures that we will not dis-
cuss, and a chromosome as seen during the M phase of the
cell cycle. The size goes from 2 nm for the DNA double
helix to 1400 nm for the chromosome. In addition to cell sur-
vival curves one can directly measure chromosome damage.
There is strong evidence that radiation, directly or indirectly,
breaks a DNA strand. If only one strand is broken, there are
efficient mechanisms that repair it over the course of a few
hours using the other strand as a template. If both strands

Fig. 16.30 A schematic diagram of how the DNA is packed to give
a chromosome, shown at metaphase of the cell cycle. (Republished
with permission of Taylor and Francis Group from Alberts et al. (1999,
p. 230). Permission conveyed through Copyright Clearance Center, Inc)

are broken, permanent damage results, and the next cell di-
vision produces an abnormal chromosome.18 Several forms
of abnormal chromosomes are known, depending on where
along the strand the damage occurred and how the damaged
pieces connected or failed to connect to other chromosome
fragments. Many of these chromosomal abnormalities are
lethal: the cell either fails to complete its next mitosis, or
it fails within the next few divisions. Other abnormalities al-
low the cell to continue to divide, but they may contribute to
a multistep process that sometimes leads to cancer many cell
generations later.

Even though radiation damage can occur at any time in
the cell cycle (albeit with different sensitivity),19 one looks
for chromosome damage during the next M phase, when the

18 This is a simplification. It is possible for a double strand break to
repair properly. See Hall and Giaccia (2012, p. 18).
19 In general, cells exhibit the greatest sensitivity in M and G2.
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DNA is in the form of visible chromosomes as in the bottom
example in Fig. 16.30. If the broken fragments have rejoined
in the original configuration, no abnormality is seen when the
chromosomes are examined. If the fragments fail to join, the
chromosome has a “deletion.” If the broken ends rejoin other
broken ends, the chromosome appears grossly distorted.

A sequence of processes leads to cellular inactivation.
Ionization is followed by initial DNA damage. Most of this
is repaired, but it can be repaired incorrectly. No repair or
faulty repair results in DNA lesions that are then manifest
as chromosome aberrations, which may be nonlethal, may
cause mutations, or may lead to cell death. The numbers
quoted here are from the review by Steel (1996). A cell dose
of 1 Gy leads to the production of about 2 ! 105 ion pairs
per cell nucleus, of which about 2000 are produced in the
cell’s DNA. It has been estimated that the amount of DNA
damage immediately after radiation can be quite large: 1000
single-strand breaks and 40 double-strand breaks per Gy. Yet
survival curves for different cell types show between 0.3
and 10 lethal lesions per gray of absorbed dose. Thus the
amount of repair that takes place is quite large, and the model
introduced below is an oversimplification.

A number of chemicals enhance or inhibit the radiation
damage. Some chemical reactions can “fix” (render perma-
nent) the DNA damage, making it irreparable; others can
scavenge and deactivate free radicals. One of the most im-
portant chemicals is oxygen, which promotes the formation
of free radicals and hence cell damage. Cells with a poor oxy-
gen supply are more resistant to radiation than those with a
normal supply.

16.9.3 The Linear-Quadratic Model

The linear-quadratic model is often used to describe cell
survival curves. We will extended it to very small survival
rates that cannot possibly be confirmed experimentally. We
use it as a simplified model for DNA damage from ioniz-
ing radiation that recognizes two types of damage, shown
in Fig. 16.31. In type-A damage a single ionizing particle
breaks both strands of the DNA, and the chromosome is bro-
ken into two fragments. In type-B damage, a single particle
breaks only one strand. If another particle breaks the other
strand “close enough” to the first break before repair has
taken place, then the chromosome suffers a complete break.

The probability of type-A damage is proportional to the
dose. The average number of cells with type-A damage af-
ter dose D is m = !D = D/D0, and the probability of
no damage is the Poisson probability P(0;m) = e"m =
e"!D . This is the dashed line in Fig. 16.32, which is re-
drawn from Fig. 16.29. For radiations with higher LET the
proportionality constant is greater, as seen in Fig. 16.29.

Fig. 16.31 The two postulated types of DNA damage from ionizing
radiation for our simple model to explain the linear-quadratic cell cul-
ture survival curve. In type-A damage a single ionizing particle breaks
both strands. Two ionizing particles are required for type-B damage,
one breaking each strand
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Fig. 16.32 A survival curve, showing the linear exponent for type-A
damage and the quadratic exponent for type-B damage

In type-B damage one strand is damaged by one ionizing
particle and the other by another ionizing particle. The
probability of fragmenting the DNA molecule is therefore
proportional to the square of the dose. The average number
of molecules with type-B damage is "D2, and the survival
curve for type-B damage alone is e""D2

, also shown in
Fig. 16.32. This leads to the linear-quadratic model for cell
survival:

Psurvival = e"!D""D2
. (16.29)

The dose at which mortality from each mechanism is the
same is !/", as shown in Fig. 16.32.

An extension of the cell survival experiments is the frac-

tionation curve shown in Fig. 16.33. After a given dose, cells
from the culture were harvested and used to inoculate new
cultures. After a few hours they were irradiated again. The
survival curve plotted against total dose starts anew from the
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Fig. 16.14 Radiographs taken at 70 kVp, 250 kVp, and 1.25 MeV
(60Co), illustrating the loss of contrast for higher energy photons. (From
Hendee and Ritenour (2002). Used by permission)

Fig. 16.15 The particle energy spectrum d!/dE from a tube oper-
ating at 100 kVp with 1, 2, and 3 mm of aluminum filtration. (From
Hendee and Ritenour (2002). Used by permission)

of tungsten (which has a high radiation yield and withstands
high temperatures) with a copper backing to conduct ther-
mal energy away. The number of x-rays produced for a given
voltage difference depends on the total number of electrons
striking the anode, which is proportional to the product of
the current and the duration of the exposure (mA s). The an-
ode rotates to help keep it cool. Additional filtration removes
low-energy photons that would not get through the body and
would not contribute to the image. Figure 16.15 shows the
effects of different thicknesses of aluminum on the particle
fluence (d!/dE) from a tube operating at 100 kVp. The av-
erage photon energy depends upon the filtration as well as
the kVp, and is about 45 keV for 100 kVp and 2 mm of
aluminum filtration (see Problem 18).

pulse applied to the tube may not have a purely rectangular waveform,
and kVp may not uniquely determine the x-ray spectrum during the
pulse. Modern kilovolt power supplies are described by Sobol (2002).

16.4.2 Collimation

The collimator is placed just after the x-ray tube. It has ad-
justable jaws, usually of lead, that limit the size of the beam
striking the patient. Making the beam as small as possible re-
duces the total energy absorbed by the patient. It also reduces
the amount of tissue producing Compton-scattered photons
that strike the detector and reduce the image quality.

16.4.3 Attenuation in the Patient: Contrast
Material

The purpose of a radiograph is to measure features of the
internal anatomy of a patient through differences in the at-
tenuation of rays passing through different parts of the body.
The photon fluence falls with distance from the x-ray tube
as 1/r2. It also falls because of attenuation along the path.
(We ignore the fact that scattered photons may also strike
the detector). We saw in Sect. 15.8 that the mass attenuation
coefficient of a compound can be calculated as a weighted
average of the elements in the compound:
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Table 16.2 lists various elements, their mass attenuation coef-
ficients at 50 keV, and their composition in water, fat, muscle,
and bone. Water and muscle are quite similar, fat has a some-
what smaller attenuation coefficient, and the attenuation of
bone is significantly greater.

Figure 16.16 shows attenuation vs. "x for the beam in
Fig. 16.15 with 2 mm of Al filtration in water and in bone.
Bone contains calcium, which has a relatively high atomic
number, and the attenuation coefficient rises rapidly as the
energy decreases. Also shown as dashed lines are the cor-
responding values of exp(!µattenx) for the average photon
energy in the incident beam, which is 50 keV. In each case
the transmitted fraction initially falls more steeply than the
dashed line because there is more attenuation of the low-
energy photons. For thicker bone the slope of the curve is
less than the dashed line because only the high-energy pho-
tons remain. This shift of the beam energy and curvature of
the attenuation curves is called beam hardening.

These differences in attenuation make it easy to distin-
guish bone from soft tissue. It is also easy to distinguish
lungs from other tissues because they contain air and have
much lower density. Air-filled lung has a density of 180–
320 kg m!3, compared to about 1000 kg m!3 for water,
muscle, or a solid tumor. Figure 16.17 shows a normal
anterior–posterior (A–P) chest radiograph. You can see the
exponential decay through layers of bone, the outline of
the heart, the arch of the aorta, and the lacy network of





The Periodic Table
While dangerous, the energy harnessed in the nucleus of 
matter is responsible for everything we see today.




