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Preface

The imaging aspects of radiography have undergone con-
siderable change in the last few years and as a teacher of
radiography for many years I have often noticed the lack of a
comprehensive reference book for students. This book is an
attempt to correct that situation and I hope this text will be
of value not only to student radiographers but also prac-
tising radiographers as well.

Much of the information is based on personal experiment
and the knowledge gained of students’ difficulties in studying
this subject. | have attempted to gather together in one book
all the information required to understand the fundamentals
of the subject both for examination and for practice. Some
topics are treated in considerable depth and I feel this is
justified for those radiographers studying for higher
qualifications or for those who have management respon-
sibilities in a department, however small. Teachers of the
subject as well as students should find the book a useful
source of reference and | would welcome comments and
criticisms for any future edition.

The contents of the book are basic to radiography but do
not attempt to cover nuclear medicine, ultrasonics or com-
puted tomography as I feel these are too specialized, each
requiring a book of their own for the information to be of
practical use.

In preparing the book, information was sought from

vil

many sources and was in general freely given when requested
and this is gratefully acknowledged. In particular 1 would
like to express my sincere thanks for help and information to
Mr J. Day of DuPont (UK) Ltd. particularly for the infor-
mation and illustrations in the chapter on automated film
handling; Mr D. Harper and Mr R. Black of Kodak Ltd.;
Fujimex Ltd.; CEA of Sweden; 3M (UK) Ltd.; Wardray
Products Ltd.; D.A. Pitman Ltd.; Agfa-Gevaert; PSR Ltd.
for their help with information on silver recovery, and
Radiatron Ltd. for their help with safelighting. All were most
helpful in my many requests for information.

To Mrs A. Dalton and Mrs P. Griffiths a special thankyou
is due for the painstaking way in which they typed the
manuscript, and to Mr Harrison of the Roval Lancaster
Infirmary and Mr R. Harris of the MRC Pneumoconiosis
Unit for the photographs. 1 also wish to express my thanks to
all my colleagues, in particular Mr B. Gale, for their advice,
criticisms and many discussions and arguments which have
culminated in the publication of this book. To the publishers 1
express my appreciation for their patience and help in the
preparation of the manuscript.

Finally to my wife and children I say thankyou for putting
up with the long hours of silence while the book was being
written.

David Jenkins
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Fundamentals of Radiographic
Imaging

INTRODUCTION

The discovery of X-rays by Professor W. Roentgen towards
the end of the last century has resulted in the development of
one of the most important medical diagnostic tools. At the
time of discovery it was quickly realized that X-rays could be
used to produce an image of the internal structures of the
human body either on a photographic plate or a screen
which emits light when bombarded with X-rays. This new
method of imaging was an immense step forward for medical
science and its introduction generally as a diagnostic aid was
very rapid indeed throughout the world. It was unfortunate
in those early days that the pioneers did not appreciate the
health hazard involved in, what was then, the uncontrolled
use of this new type of radiation, and many suffered dread-
fully as a result.

The present day situation is very different indeed. Whole
industries have developed to meet the needs of this type of
imaging; medical physics departments in hospitals and
universities together with those performing X-ray imaging
are actively engaged in research in this field; extensive
training programmes have been developed (and are still
developing) for personnel entering this field; many millions
of pounds have been invested by the Health Service in X-ray
equipment, safety measures, training and research with the
result that radiography has become an extremely complex
science. In comparison with the early days the quality of the
images now produced is vastly superior, the amount of X-
radiation required to produce them is very much less and the
possibility of biological damage occurring similar to that
found in many of the pioneers is negligible when the correct
and appropriate procedures are adopted. Present day radio-
diagnostic departments responsible for X-ray imaging can
be very large with a considerable range of very expensive
equipment, many staff and a large continuing expenditure
on consumable imaging material and other items. Such staff
at any level within such a department must possess con-
siderable technical skill if they are to fulfil the responsibility
placed on them and justify the expenditure on this service.

The end result of a radiographer’s effort is an image which
must be used for diagnosis, and a thorough understanding
of all factors involved in image production, structure and
suitability is of fundamental importance. It is intended that
what follows, in this chapter, should be a general introduc-

tion to imaging with X-rays with discussion in depth left to
later chapters.

THE IMAGING PROCESS

Simply, the principle of imaging with X-rays is to pass a
beam of X-radiation through an area of the human body
producing absorption of some parts of the beam while
allowing the remainder to pass through. The transmitted
beam so obtained is allowed to fallonanimage receptor, such
asafilm, where the information it containsisrecorded (Figure
1.1). The film must then be chemically processed (p. 192)
before it can be finally viewed.

. X-RAY
TUBE

/ X-RAY BEAM

IMAGE

RECEPTOR
PATIENT

Figure 1.1 Schematic diagram of the imaging process. A film is the simplest
image receptor. In more complex examples an intensifying screen may be
used or a secondary radiation grid used in addition to the film
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ELECTROMAGNETIC RADIATION

The X-rays used in medical imaging are classed as electro-
magnetic radiation. The term electromagnetic radiation
is used to describe a particular form of energy having wave-
like characteristics. If the wavelength of this form of energy
is changed then so are its properties. Radio waves, visible
light, ultraviolet and infrared radiation, X-rays and y-rays
are all forms of this type of energy that are identical in
structure but of different wavelengths. In addition they all
travel with the same velocity in free space, 3 X 108 ms-!,
denoted by c. Part of the spectrum of electromagnetic
radiation is shown in Figure 1.2 with the sections important
in diagnosis placed according to their respective
wavelengths.

100 102 10" 100 10 10 10° 10
0,001 0.1 0.1 1 10 100 1000 10000
WAVE LENGTH

e A (nm)

(PRODUCED BY ELECTRICAL MEANS) ULTRA
VIOLET
LIGHT

VISIBLE
LIGHT

INFRARED LIGHT

Figure 1.2 Part of the electromagnetic spectrum showing the relationship
of electromagnetic waves to their wavelength. The dotted lines indicate that
no precise wavelength can be given which divides one type of radiation from
another

In general there is no precise dividing line between one
type of electromagnetic radiation and an adjacent one, and
overlap occurs. This has happened because of the historical
way in which some have been named, generally due to the
method by which the radiations are produced. Since the
wavelength (\) and the frequency (v) are related by the
equation

v=c/\

the various types of radiation could just as simply be
arranged according to their frequencies. All electro-
magnetic waves having the same wavelength, and hence the
same frequency, have similar properties. For example,
electromagnetic waves with A =650nm and therefore
»=4.6 X104 Hz would stimulate the eye to see the colour
red.

What does electromagnetic radiation actually consist of?
This is a difficult question, but it can be thought of asa large
number of discrete ‘bundles’ or quanta of energy, called
photons, each of which travels with velocity ¢ and has a
wavelength and frequency associated with it. The energy of
each photon (E) is proportional to its frequency and hence
inversely proportional to its wavelength:

Exp;Exc/\

X-rays are chosen for imaging in radiography because of
their ability to pass through solid matter and because their
wavelength is small enough to ‘see’ details in the object being
radiographed.

PRODUCTION OF THE X-RAY BEAM

X-rays are produced when high-energy electrons bombard a
metal target. Figure 1.3 shows a typical X-ray tube insert,

THE SELECTED CURRENT CONTROLS THE
NUMBER OF ELECTRONS FLOWING AT
ANY INSTANT BETWEEN A AND B

WHICH IN TURN DETERMINES

X-RAY BEAM INTENSITY

yd

CATHODE

/ Al FILTER. THE TOTAL BEAM FILTRATION
/ AFFECT§ THE AVERAGE PHOTON ENERGY
\
/ \
/ IS
/ X-RAY BEAM. THE EXPOSURE TIME
! RETERMINES THE LENGTH OF TIME
‘ FOR WHICH THE BEAM IS GENERATED

Figure 1.3 Diagram of a typical X-ray tube

where a high voltage applied between cathode (A) and anode
(B) in an evacuated glass envelope causes a flow of electrons
with high kinetic energy, and hence a current, from A to B.
X-ray photons are emitted from B when the electrons strike
it. The applied voltage determines the X-ray photon energy,
while both tube current and applied voltage influence X-ray
beam intensity (defined as the number of photons crossinga
given cross-sectional area of the beam in a given length of
time). The usual diagnostic range of applied voltage is about
25-150kV. This produces a heterogeneous X-ray beam
containing X-ray photons of all different energies from the
highest, with

1.24
(applied voltage in kV)

nanometres

Amin =

to the lowest, the latter having insufficient energy to be
useful in the imaging process but causing damage in
biological tissues. A typical X-ray unit control panel is
shown in Figure 1.4.
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Figure 1.4 Typical X-ray unit control panel

When X-ray photons pass through matter, they may either
be transmitted, absorbed or scattered. Which of these occurs
depends both on the nature of the material and the energy of
the photon. Absorption and scattering tend to reduce the
intensity (attenuation) of the transmitted beam, and for a
heterogeneous object in the beam, such as a human body, in
which different organs, bone, tissue etc. absorb X-rays by
varying amounts, the transmitted beam will contain a
pattern, across its width, of varying intensities. For this
pattern to be characteristic of the part of the body through
which the beam passes, the incident or primary beam must
be devoid of any such pattern. In other words there must be a
relatively uniform intensity across the primary beam
otherwise any irregular pattern at this stage would be
superimposed on the pattern characteristic of the body part
and the resulting image would be difficult to interpret.
Because of the way in which the X-ray beam is produced
there is a small and gradual variation in intensity across the
primary beam, but for practical purposes this can be con-
sidered insignificant as a source of interference with the
transmitted radiation intensity pattern (Figure 1.5).

As well as absorption, scattering occurs, in which the
X-ray photon is deflected from its original direction and
can lose some or all ofitsenergy. Thelostenergyistransferred
to the tissue in which the interaction takes place, causing
possible cell damage. Scattered X-ray photons are not
wanted in the imaging process and every effort is normally
made to stop them reaching the image receptor especially
when a high percentage of the transmitted X-ray beam may
consist of scattered X-ray photons. An X-ray photon may be
scattered more than once, transferring energy each time,
until all its energy is dissipated, at which point it ceases to
exist. This transfer of energy constitutes absorption and the
disappearance of a photon in this way represents a reduction
in X-ray beam intensity, in other words attenuation. Other
photons of sufficient energy pass through the body without

Figure 1.5 Formation of a characteristic pattern in the transmitted X-ray.
beam

any interaction occurring. These are called primary X-ray
photons to distinguish them from X-ray photons which have
been scattered. Primary X-ray photons are essential in the
imaging process.

The degree of attenuation of the X-ray beam is different
for different tissues of the body (p. 150). The extent of the
difference depends on the voltage chosen to generate the
X-ray beam. If the voltage is too low, that is if the photon
energy is too low, then attenuation may be total, irrespective
of the tissue type, and no image is formed. This is a
potentially dangerous situation since all the X-ray beam
energy is transferred to the body. If the voltage, and
therefore the photon energy, is too high there may be little
difference in the attenuation of the beam by different tissues
with very little difference in the transmitted radiation inten-
sities. This lack of ‘contrast’ will render the image useless, as
the information it contains cannot be visually retrieved
(p. 149).

It is thus necessary to select the correct beam energy and
intensity for the particular application. The maximum
photon energy is controlled by varying the applied voltage,
and the lower energy photons are filtered out by introducing
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Figure 1.6 Inherent and added filtration in the X-ray beam

into the beam various obstructions which attenuate lower
energy X-rays while offering very little attenuation to the
high energy photons required for image formation (Figure
1.6). It will be seen that the construction of the X-ray tube
exit port necessarily introduces some filtration into the beam
(known as inherent filtration) but additional beam filtration
is necessary to comply with safety regulations. This is to
prevent excessive absorption of X-radiation by body tissues.

Beam filtration is expressed in terms of aluminium (Al)
equivalent. For example, in Figure 1.6 the total beam
filtration is 2.6 mm Al equivalent. This means there may be
several filters in the beam, not all necessarily aluminium, but
combined they will have the same beam filtration effect at a
particular kV as a 2.6 mm thickness of aluminium.

To achieve a desired image result in practice, the most
appropriate kilovoltage value can be selected but unfor-
tunately the most appropriate beam filtration cannot nor-
mally be selected. Regulations relating to radiation protec-
tion dictate that the minimum beam filtration should be
fixed according to the maximum kV the equipment is
capable of providing. The total beam filtration is set at the
time the equipment is installed and cannot be reduced by the
radiographer. Mostly the equipment is operated at kV values
well below the maximum so for the majority of the time
excessive beam filtration is used and this does affect image
quality.

Having selected kV, the beam intensity is then controlled

by the current allowed to flow across the X-ray tube, which
corresponds to the current value selected at the control panel
(p. 93). The selected exposure time (p. 97) then controls
the length of time for which the X-ray beamis allowed to act.
The current and exposure time may be selected manually or
controlled by an automatic exposure device (p. 110). With
some equipment the voltage is also automatically controlled
for certain applications.

THE IMAGE RECEPTOR

The film (Chapter 3) is the simplest image receptor, but in
many cases an intensifying screen pair (Chapter 5) is used
with the film. In addition, a secondary radiation grid (p. 104)
is often employed but these will be considered later. The
most common image receptor used in radiography is the
X-ray film and this must be considered in a little more detail.

To enable it to respond to electromagnetic radiation of the
wavelengths used in radiography and produce a visible
image after processing, the X-ray film uses an emulsion
containing photosensitive chemicals (p. 9). These are
chemicals which undergo change when exposed to certain
wavelengths of electromagnetic radiation. The change may
be visible if the exposure is very large but practical radio-
graphic exposures produce no visible change. A latent
(hidden) change takes place (p. 190).

The basic photosensitive chemical used is silver bromide
which is one of the silver halides and has a useful natural
sensitivity to electromagnetic radiation of all wavelengths
less than about 510 nm. The degree of sensitivity depends on
the wavelength of the electromagnetic radiation, being
greatest at about 440-450 nm (Figure 1.7). An exposure to

100t

FILM
RESPONSE

300 400 500 600 700
A(NM)

Figure 1.7 Spectral sensitivity of a silver bromide emulsion



Fundamentals of Radiographic Imaging

light or X-rays produces in the emulsion a small quantity of
black metallic silver from silver bromide. It is this which is
referred to as the latent image. Exposure of the film to
electromagnetic radiation in the blue/ultraviolet region of
the spectrum normally produces the strongest latent image.
An X-ray exposure of equivalent intensity would result in a
weaker image being formed. The exposure to electro-
magnetic radiation normally received by the film is insuf-
ficient to produce any visible image. The further process of
chemical development is necessary to achieve this. If
development was not employed, an enormous exposure
would be required to show any visible image on the film.
Following development, further processing stages are need-
ed to render the visible image permanent.

The principle of image formation as a result of the
transmitted radiation beam acting on the film is shown in
Figure 1.8. In practice the relatively large distance shown
here between patient and film would be made as small as
possible to limit blurring in the image. The histogram
represents the various degrees of film blackening correspon-
ding to the various radiation intensities. The histogram
pattern is dependent on many factors including the exposure
factors, patient part structure, type of film and intensifving
screens, and the processing conditions for the film.

PRIMARY X-RAY BEAM
/ OF UNIFORM INTENSITY

RADIUS

ULNA
'SOFT

TISSUE

TRANSMITTED
X-RAY BEAM OF
VARYING INTENSITY

HISTOGRAM REPRESENTING
THE VARTOUS DEGREES OF

FILM FILM BLACKENING

— CORRESPONDING TO THE
VARIOUS RADIATION
INTENSITIES

Figure 1.8 Obtaining an image from the X-ray beamas a pattern of degrees
of blackening of a film

The structure of the body part can be recognized by its
image and, it is hoped, so can any abnormality. There are
alternative methods of imaging, some quite different from
that described, others offering only a slight variation on the
above. Some of these will be described later.

EQUIPMENT CALIBRATION

To function correctly the equipment should operate in a
manner related to the selected exposure parameters of
voltage, current and exposure time. The operator should be
confident that if 70 kVp 400 mA and 0.03 s is selected as an
exposure, for example, then that is what will be obtained.
X-ray equipment requires calibration to achieve this with
periodic checks to ensure consistency. Often it is found in
practice that calibration is inadequate and, for example, a
change from 70k Vp to 80 kVp at the control panel may in
reality be considerably more or less. This makes exposure
factor manipulation impossible, the only solution being
recalibration. If the X-ray equipment is incorrectly
calibrated and this is often the case, then the potential
applied across the tube may not correspond exactly with the
value preselected on the control panel. This is one reason
why two similar X-ray systems do not produce the same
result when used under identical conditions. This rarely
matters in practice since it is the continuing performance of a
given X-ray system which is usually of prime importance to
the radiographer, together with how selected exposure
values relate to one another when changing from one set of
factors to another.

INTENSIFYING SCREENS

With the widespread use of potentially harmful X-rays the
importance of radiation protection, as well as the need to
improve image quality in certain types of examination, has
led in the past to the development of intensifving screens and
image intensifier tubes. Automatic exposure devices are also
being more widely used to ensure that the correct radiation
dose for the imaging process is not exceeded. An intensifying
screen consists of a suitable base coated with a phosphor
material which emits light when irradiated with X-rays.
Phosphor materials most often used are calcium tungstate, a
‘rare-earth’ oxysulphide or oxybromide, barium fluoro-
chloride, barium strontium sulphate or barium lead sul-
phate.

On exposure, energy from the X-ray photons is
transferred to the phosphor grains forming the screen
fluorescent layer. This energy is then emitted in all directions
by the phosphor grains as electromagnetic radiation with

0 H00F 3500 R8600 3 700 800

0N

ULTRAVIOLET sLue | creen | |orance| reo INFRARED w”&izfm

VIOLET

YELLOW

Figure 1.9 The visible light spectrum. The divisions shown are not seen as
regions of abrupt change from one colour to another, but are designed to
show as near as possible where one colour ends and another begins
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wavelengths far greater than those of the X-ray photons. The
range of wavelengths in the emitted radiation depends on the
type of phosphor but normally lies with the range extending
from ultraviolet, A= 300 nm, to red, A= 700 nm (Figure 1.9).
The amount of light emitted by the screen is proportional to
the X-radiation intensity. Light has a greater photographic
effect on the film than X-rays so a smaller exposure is
required when an intensifving screen is used. These emitted
light photons, being of longer wavelength than the X-ray
photons, each have less energy than an X-ray photon. The
principle of energy conservation implies that the energy
transferred from a single X-ray photon must be shared
between many light photons. Thus a single X-ray photon
must cause the emission of many light photons (Figure 1.10).

X-RAY PHOTON X-RAY PHOTON

LANTHANUM AND
GADOLINIUM
OXYSULPHIDE
—BASE —¥

AN\

CALCIUM

TUNGSTATE/@O OV O0! FLUORESCEN/’JOO OO(_

LIGHT PHOTONS LIGHT PHOTONS
(U.V. AND BLUE LIGHT) (MAINLY GREEN LIGHT)

Figure 1.10 Diagrammatic sections through two single intensifying screens.
In A the phosphor material is calcium tungstate and in B it is a mixture of
gadolinium and lanthanum oxysulphidesactivated withterbium. To forman
image the film would be placed in contact with the front of the intensifying
screen

These factors result in the intensification of the effect of
X-rays on the photographic film hence the name intensifying
screen. The screens are mostly used in pairs with a film
sandwiched between them, to achieve an even greater reduc-
tion in exposure. Figure 1.11 shows a section of an X-ray

CASSETTE FRONT

BASE OF FRONT
< INTENSTFYING SCREEN

cassette, housing intensifying screens and a film, to show the
arrangement. The pressure pad shown is necessary for good
contact so as to avoid image blur.

FILM SENSITIVITY

Chemical Sensitizers

The natural sensitivity of a silver bromide emulsion can be
increased so that for a given exposure to light or X-ravs a
stronger latent image is formed. This is achieved using
chemical sensitizers. A non-screen (direct exposure) film is
an X-ray film specially designed for use without intensifving
screens and gold compounds, for example, have been used as
chemical sensitizers to increase the sensitivity of such films to
X-rays.

Chemical sensitizers are used to produce a range of film
materials each having a different speed (sensitivity) for a
particular wavelength of electromagnetic radiation. Which
speed of film is used in practice will depend on the imposed
exposure and processing conditions and the image quality
which can be considered as acceptable. Generally, the higher
the speed of the film the smaller the exposure required to
produce the image. Unfortunately, the higher the film speed
the poorer the image quality since the image acquires a
progressively grainier appearance.

Emulsion Types

Silver bromide emulsions of the type just described are
sensitive mainly to one colour of light, usually blue, and are
loosely termed monochromatic emulsions. While the film
sensitivity within a particular range of wavelengths can be
increased, it is also possible to extend the range of
wavelengths of electromagnetic radiation to which the film
emulsion is sensitive. Extending spectral sensitivity in this
way is achieved using optical dye sensitizers in the emulsion.

Orthochromatic and panchromatic films are examples of
films which have extended ranges. An orthochromatic
emulsion is sensitive to all wavelengths less than about
620 nm, while a panchromatic emulsion is sensitive to the
whole of the visible spectrum including all the shorter wave-
lengths. The image produced on each of these different tvpes
of film is ‘black and white’ and so none of them can be

described as being a ‘colour’ film.

Most screen-type and all non-screen-type films used in
radiography may be loosely described as monochromatic.
Non-screen films are exposed only to X-rayvs, whereas
screen-type films used with single or paired intensifving
screens are exposed mainly to the emission from the
phosphor of the intensifying screen when the phosphor
absorbs energy from the incident X-ray photons. Film
response is greatest to radiation around a wavelength of
400-450nm and a phosphor is chosen which emits its

> \
=~ FLUORESCENT LAYER
FILM EMULSION DRSS G \FILM EMULSION

BASE OF REAR/ \F]LM BASE.
INTENSIFYING FLUORESCENT LAYER

SCREEN PRESSURE PAD TO
MAINTAIN GOOD CONTACT

W \?ﬂﬁﬁi?F?%kZ s

CASSETTE BACK

Figure 1.11 Section through a loaded X-ray cassette
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greatest light intensity at or around this wavelength. Maxi-
mum film sensitivity and maximum intensity of screen
emission are thus closely matched with respect to radiation
wavelength.

It may be found that certain phosphors are more efficient
in their detection and conversion of X-ray energy to light
energy and the film sensitivity may then be matched to the
phosphor emission spectrum rather than the other way
around. A particular example is that of the 3M Trimax
system. This system employs a phosphor material for its
intensifying screens which has its highest intensity of emis-
sion around 540-560 nm and the film matched to this hasan
orthochromatic emulsion. The Kodak Lanex system
employs a similar matching. Figure 1.12 illustrates the
matching of an intensifying screen phosphor emission spec-
trum to the spectral sensitivity of the monochromatic film,
when using calcium tungstate intensifying screens.

FILM
100 F (

RELATIVE
FILM FILM
RESPONSE
RELATIVE
SCREEN

EMISSION
INTENSITY

~ /7

SCREEN

300 400 500 600 700
A(NM)

Figure 1.12 Emission and response curves for monochromatic film and
calcium tungstate intensifying screen

Instead of employing intensifying screens, the image may
be recorded on film via a lens system, the image being taken
from the output phosphor of an image intensifier (Figures
1.13 and 1.14).

The image is normally formed at the input phosphor as a
light image. This is transferred to the output phosphor as an
electron image and reconverted by the output phosphor toa
light image suitable for transfer onto film (photofluoro-
graphy). At the output phosphor the image is much smaller
and much brighter than at the input side. The output
phosphor typically emits electromagnetic radiation of
wavelengths about 440-640 nm (predominantly green), the
highest emission intensity occurring around 530-560 nm.
The film in the camera receives its image from the image
intensifier output phosphor via the mirror in the optical

Figure 1.13 Typical image intensifying unit, shown diagrammatically in
Figure 1.14

TV CAMERA

FILM CAMERA

\

OPTICAL IMAGE

___’/////DISTRIBUTOR

OUTPUT
PHOSPHOR 11

A
/KI
/N IMAGE INTENSIFIER

VAN 4 —  TUBE

! \ INPUT PHOSPHOR
=

Figure 1.14 Diagram of typical image intensifying unit
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image distributor, and the greatest film response is achieved
with the least radiation dose to the patient, if a film emulsion
is used which has its maximum sensitivity around
530-560 nm and has a reasonable, if not equal, response to
the remainder of the emitted spectrum. Both ortho-
chromatic and panchromatic emulsions are suitable for this
purpose. Figure 1.15 shows the matching of orthochromatic
film spectral sensitivity to the emission spectrum of the
output phosphor. The optical image distributor also enables
the image to be viewed via a TV camera.

100 1

RELATIVE
FILM
RESPONSE
RELATIVE
SCREEN
EMISSION
INTENSITY

FILM

OUTPUT
PHOSPHOR

300 400 500 600 700
A(NM)

Figure 1.15 Emission and response curves for image intensifier tube
output phosphor and orthochromatic film
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Figure 1.16 Emission and response curves for image intensifier output
phosphor and monochromatic film
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Figure 1.17 Response curve for a panchromatic film

If a monochromatic film were used to record the image
from the output phosphor of this image intensifier, no useful
film blackening would be produced by the emitted light of
wavelengths beyond the spectral sensitivity range of the film
(Figure 1.16). The spectral sensitivity curve for a pan-
chromatic emulsion is shown in Figure 1.17. The sensitivity
of the panchromatic film extends throughout the visible
spectrum and provides a more equal film response to the
whole of the emitted light spectrum from the image inten-
sifier tube. This means that the panchromatic film has a
greater sensitivity than orthochromatic film to the light of
longer wavelengths emitted by the output phosphor, and
these longer wavelengths will produce greater film blacken-
ing on the panchromatic film following processing.

70 mm, 100 mm, and 105 mm fluorographic films are
orthochromatic while most cine films for cinefluorography
are panchromatic. Cinefluorography is performed using
16 mm or 35 mm cinefilm (roll film) at film speeds up to 250
frames per second (f.p.s.). 70 mm, 100 mm and 105 mm films
are used for single exposure techniques and for rapid
sequence exposures, usually up to 6f.p.s.

When selecting an imaging system in conjunction with a
film material careful consideration should always be given to
the emission spectrum of the intensifyving screens or to the
output side of the image intensifier tube. Choice should also
be guided by the cost, the convenience, the image quality of
the required result, and of course the radiation dose
necessary to produce an acceptable image.

FILM STRUCTURE

Figures 1.18 and 1.19 show an enlarged view of a corner of a
double- and single-sided film respectively, indicating the
layers of which they are composed.
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Figure 1.18 Section through double-sided (duplitized) X-ray film

FILM SURFACE

|

- EMULSION
T

L5000 4 RDHESTVE

FILM BASE

PREHARDENED
GELATIN LAYER
TO PREVENT STATIC
CHARGE ON FILM BASE

IT IS DYED TO FORM THE
ANTI-HALATION LAYER AND ALSO
ACTS TO PREVENT FILM CURL DURING

PROCESSING

Figure 1.19 Section through single-sided X-ray film

The Supercoat

This is a protective layer, often called the anti-abrasive layer.
It is a thin layer of hardened, pure gelatin, with a relatively
hard and shiny surface which allows for durability and ease
of movement through automatic film changers and
automatic film processors. It is also less likely to pick up dirt
and dust, or to be scratched. On the other hand, it should not
be too hardened otherwise chemical penetration will be
retarded during processing. It is treated to achieve anti-static
behaviour.

The Emulsion

The emulsion is the radiation-sensitive layer of the film,
consisting of silver halide grains suspended in pure gelatin
which contains certain additives to give the emulsion its
required properties. It is delicate and easily damaged by
chemical, mechanical or thermal means. It is sandwiched
between the supercoat and the adhesive layer and is thus
afforded some protection, but it must be prehardened to
protect it against the effects of pressure which occur in
automatic processing and film handling in general. Mis-
handling the film can produce film faults manifested in many
different ways, all detrimental to image quality.

If the silver bromide content of the emulsion is increased, a
greater film response will be obtained. This does not mean
that any individual silver bromide grain is more sensitive,
but that the total effect is greater because there are more
grains. This is one reason why films used in radiography are
usually double-sided (duplitized), i.e. they have emulsion
coated on both sides of the film base.

It can be seen from Figure 1.20 that increasing the
thickness of the emulsion layer is much more effective in
enhancing the latent image in the case of exposure to X-rays,

X-RAYS
A B
THIN
R AEMULSION ™=
C D
THICK
T EMULSTON .

Figure 1.20 Effect of emulsion thickness on film response in the case of
X-rays (A and C) and light (B and D)
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than in the case of exposure to light. Screen-type films, for
exposure mainly to the light from intensifying screens, have
thin emulsion layers, since all the light is absorbed near the
surface of the emulsion, and thus increasing the thickness of
the emulsion indefinitely would not result in uniformly
increasing density. In fact, the density would increase slight-
ly at first but then no further increase would be noticed,
because the light could not reach the deeper layers of the
emulsion. It should be noted that when discussing increasing
the thickness of the emulsion, it is assumed that the amount
of silver halide, the ‘coating weight’, also increases in propor-
tion. The thinness of screen-film emulsions enables them to
be processed rapidly in an automatic processor. In contrast,
to achieve a useful response from a non-screen film which is
subjected to the effect of X-rays alone, a much thicker
emulsion is required, since there is more opportunity for
scattering and hence absorption of the higher energy
photons. Where the film is to be processed in an automatic
processor, increasing the emulsion thickness means that a
longer processing time is necessary, and to avoid this,
increased sensitivity is achieved using sensitizers instead of
increasing the coating weight. Rapid processing is thus
possible. The sensitizers used are usually very costly and the
films can be more expensive than conventional non-screen
films for manual processing. The tendency is to use a high
resolution screen-film combination thus eliminating the
necessity for non-screenfilmexceptindental work. The use of
such a combination allows a large reduction to bemadeinthe
exposure required, with little, if any, noticeable loss in image
quality.

Film Blackening

For a given exposure, the degree of blackening of the film
after a given development can be taken as an indication of
film speed relative to some fixed value. For exposure to
X-rays alone, screen-type films have a smaller response than
non-screen films. However, screen-type film used with inten-
sifying screens produce a faster system than non-screen
film.

Film blackening depends on the product of radiation
intensity and exposure time. Radiation intensity of a beam
of X-rays depends on tube current and voltage and in-
creasing either will produce an increase in radiation intensi-
ty. For example, the radiation intensity of the beam varies as
the square of the tube voltage and the intensity of radiation
reaching the film through the patient also increases because:

(i) the incident radiation intensity is greater,
(ii) the X-ray photons have a greater energy, and
(iii) the scatter produced has a higher energy, takes place
in a more forward direction (deviates less) and more
easily reaches the film.

It should be noted that increasing the voltage results in
fewer and fewer scattered photons being produced, but more
and more of those which are produced are able to reach the
image receptor.

Coating Weight

Silver bromide is the main constituent of screen-type and
non-screen (direct exposure) type films. The amount of silver
halide in an emulsion is referred to in terms of the coating
weight. Manual process non-screen films have a higher
coating weight than screen-type films. Consideration should
always be given to the possible coating-weight differences
between different types of film and the effect this can have on
the amount of silver obtained in a silver recovery process.

Emulsion Characteristics

The emulsion layer like the other film layers is flexible to
allow film bending which is necessary for use in curved
cassettes, film changers and automatic processors. This layer
must also hold together the latent image and the final image
and must not allow any change in the relationship of the
relative parts of the image, even during high temperature
processing. This is achieved by pre-hardening the gelatin in
this layer.

The characteristics of the emulsion depend on the way it is

made and on what it contains. The manufacturing process
controls:

(i) the average size of the silver halide grains (to control
film speed), and

(ii) the range of grain sizes (to control a quality called
film contrast).

The important features of manufacture are

(1) the chemical and heat treatment to control in-
dividual grain size and range of grain sizes following
the formation of the silver halide by precipitation,
and

(ii) the addition of sensitizers to form ‘sensitivity centres’
enabling latent image formation on exposure and
final image formation on development.

The basic constituents of a typical emulsion are silver
halide and pure gelatin. Many different additives are used
before the final film emerges. By using pure gelatin and
adding sensitizers the speed of the film can be closely
controlled. Gelatin is used because it is readily available in
quantity, and providing certain additives are used, has all the
desired properties for emulsion manufacture and subsequent
use in the imaging process.

The hardener employed for pre-hardening the gelatin
allows the emulsion to withstand the high temperatures
encountered in automatic processing without damage to the
image structure. It facilitates quick drving because the
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emulsion would swell more if it were not hardened. It limits
pressure damage from handling and from the passage of the
film between the rollers of an automatic processor. It also
prevents cracking of the emulsion as a result of large
temperature or pH changes.

Film Layers

In addition to the film emulsion there are several other layers
in the construction of an X-ray film and these are described
below.

Adhesive Layer

This is also called the subbing layer and is necessary for
proper adhesion of the film base to the emulsion layer. This
layer is a mixture of gelatin and film base.

Film Base

This is a transparent plastic material (polyester) which is
virtually untearable, and since it is stronger than other film
base materials it can be made thinner. This allows a slight
improvement to be made in definition when viewing the
image formed on a double-sided (duplitized) film, especially
under magnification. The film base acts as a support for all
the other film layers and the majority of X-ray films have
emulsion coated on both sides of the film base which is the
reason for the term double-sided or duplitized.

Anti-halation Backing

When the image is formed by light in a single-coated film,
light is reflected at the film base-air interface on the opposite
side to the emulsion. This light passes back to the emulsion
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Figure 1.21 Halation in a single-sided film without anti-halation layer
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Figure 1.22 Prevention of halation in a single-sided film

producing a diffuse halo or fogging around the image parts.
The addition of the backing prevents this effect, known as
‘halation’, by absorbing the light and preventing reflection.
The anti-halation substance is relatively opaque to light and
must be bleached out during processing otherwise the film
cannot be viewed.

There is no anti-halation layer in duplitized film but all
single emulsion films have an anti-halation layer. Halation is
illustrated in Figure 1.21 and the effect of the anti-halation
layer is shown in Figure 1.22. Since there is no anti-halation
layer in a duplitized film, a type of halation called the cross-
over effect occurs which increases the amount of image
unsharpness. No radiographic image is truly sharp and all
image detail outlines are blurred to some extent as a result of
the imperfect imaging systems used. Cross-over effect is just
one of the many factors contributing to image unsharpness
(Figure 1.23). In Figure 1.24, the arrowed lines represent the
emission of light from a single fluorescent grain of phosphor
material in the front intensifying screen and a single fluores-
cent grain (opposite the first) in the back screen. Light
emitted from each of the grains will affect not only the
adjacent film emulsion layer but also the opposite laver as
shown. Since the emitted light forms a diverging beam, the
effect on the opposite emulsion is more widespread produc-
ing a halo or penumbra (Figure 1.24). The only way this
effect can be eliminated is by using a single intensifving
screen and a single emulsion film having an anti-halation
backing. This, of course, effectively reduces the speed of the
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Figure 1.24 Formation of penumbra due to cross-over effect

imaging system necessitating the use of a larger radiation
dose to produce the required image.

The Kodak X-omatic film-intensifying screen system for
extremity radiography employs duplitized X-ray film and
paired intensifying screens, yet the unsharpness in the image
due to cross-over effect is effectively half that of a similar
system employing conventional calcium tungstate inten-
sifying screens, but of course the system speed is far less.
Neverthless it is considerably faster than a non-screen
imaging system while producing a most acceptable image
quality. The reduction in cross-over effect is probably due in
part to the good film-screen contact in the particular cassette
used and to the screen structure. There would appear to be
little need to employ a non-screen imaging system in routine
radiographic practice except for specific applications such
as, for example, dental radiography, open kidney surgery
and radiography of specimens.

The Effect of Duplitizing
In the following discussion the term ‘density’ is used. The
black metallic silver deposits forming the image have a light-

stopping capability varying according to the amount of
black metallic silver per unit volume. Density is a measure of
their light-stopping capability. The greater the amount of
black metallic silver per unit volume the greater will be the
density. Density is measured by comparing the light incident
upon a small area of film with that transmitted. The image
density is usually termed ‘optical density’ (D) and is defined

as
[ 10
logw [I Et)):l

where /(0) is the incident light intensity and I(¢) is the
transmitted light intensity.

This definition is used because, approximately, density is
proportional to the amount of silver deposit per unit area. In
addition, the logarithm is used because in a completely
transparent area I(¢) = I(0) producing a density of zero. Also
if two densities are superimposed then the total density is
simply the sum of the two densities, but this is considered in
greater detail in Chapter 2. Figure 1.25 shows a-film on a
viewing box with incident and transmitted light intensities
shown. The transmitted light intensity values depend on the
light-stopping power of the black silver deposits in the film
emulsion. As an example three transmitted intensities /(¢,),
I(t,), I(¢;) are shown giving densities for the three image parts
of D,=log,, [#0)//(t)], D,=log, [/(0)/(t;)] and
D;=log,, [1(0)/I(t;)]. In practice a diffuse transmission
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Figure 1.25 A film on a viewing box, showing incident and transmitted
light intensities. Note that a radiographic image is usually viewed by
transmitted light as shown here
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Figure 1.26 A typical densitometer

Figure 1.27 Measuring density over the heart in a chest radiograph. In this
case the density is read off the top scale

densitometer is used to measure diffuse density where the
film is illuminated with non-diffused (specular) light forming
the incident light beam and all light transmitted by the film
(specular and diffuse) is sensed by the photocell. Diffuse
light is light scattered by the silver deposits in the film.
Figures 1.26 and 1.27 show the densitometer and how an
image density is measured.

Duplitized films are used in radiography for the following
reasons:

(1) Increasing film speed. This means that a lower ex-
posure is necessary since twice the density will be
produced in comparison with a single emulsion film.
A lower exposure can be used with a lower patient
radiation dose. A shorter exposure time, or a longer
focus to film distance (FFD) can be used when the
object to film distance (OFD) is large and likely to
cause an unacceptable degree of image unsharpness.

(ii) Increased imaging system speed. This is achieved
because paired intensifying screens can be used with a
duplitized film. This is not the case with a single
emulsion film.

(ii1) Increased contrast. Radiographic image contrast (C)
may be defined as the difference between two adja-
cent areas of the film image, i.e.

C=D,-D, (D,>D,)

Assume, for example, that D,=1.0 and D,=0.5ina

single emulsion (Figure 1.28). If these are doubled as

in the case ot a duplitized film the contrast is also
doubled (Figure 1.29), since superimposed densities

can be added. Here D, is duplitized to give 2D, = 1.0.

Likewise, 2D, =2.0. The contrast in the image is then

C=2-1=1.0, which is double that achieved with

only one emulsion.

(iv) There is emulsion on both sides of the film base so it
does not matter which way round the film is loaded

into the cassette. Cassette loading and film handling
are easier.

Figure 1.28 Densities in a single emulsion film

Figure 1.29 Densities in a duplitized film

Unfortunately there are disadvantages to duplitizing:

(i) Increased cost, since twice the quantity of emulsion is
required

(ii) The processing chemicals are exhausted more quickly
(iii) There is a greater chance of incurring film damage

(iv) Thereisa slight loss in definition under magnification
as there 1s greater unsharpness in comparison with
single emulsion film.
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Film Storage

The non-screen-type films for autoprocessing have sen-
sitizers added to increase their response to X-rays. Unfor-
tunately this also increases their response to other
radiations of short wavelength such as cosmic rays. This
means that this type of film will have a shorter shelf-life
during storage because it is continually exposed to such
radiations.

Note on Terminology

Radiographers invariably refer to the applied voltage as ‘the
kV’, to the tube current as ‘the mA’, and to the exposure, i.e.
the product of the tube current and the exposure time, as the
‘mAs’. This usage will be adopted henceforth in this book
unless the text demands a more accurate statement.
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Film Behaviour to Exposure

INTRODUCTION

When using film material it is essential to know how it will
react under the imaging conditions chosen. For example,
when a film is exposed to the X-ray beam transmitted by the
patient and then processed, will it be possible visually to
retrieve from the image all the information that was con-
tained in the beam? Is it possible by altering the voltage and
the mA to increase the amount of information in the image
and is it then possible to see this information? What effect
will the use of intensifving screens have on the retrieval of
information? How can the ‘best’ image be obtained? These
are just some of the important questions that require an
answer and unfortunately a few cannot be satisfactorily
answered. As an attempt to answer some of these questions
the characteristic curve must first be introduced.

When a film is exposed to X-radiation (Figure 2.1) a latent
image 1s formed and following processing the image is seen
as an area of film blackening. This film blackening can be
measured using a densitometer and a particular density
value ascribed to it. Sensitometry is the quantitative study of
the relationship between exposure and film response and the
information obtained is normally displayed in the form of a

X-RAY TUBE

LIGHT BEAM DIAPHRAGM

X-RAY BEAM

FiLM

Figure 2.1 The radiographic process
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characteristic curve. Before discussing the characteristic
curve in detail consider first the visibility of image informa-
tion.

VISIBILITY OF IMAGE INFORMATION

In Chapter 1 the visibility of image information was con-
sidered in terms of image brightness differences or density
differences. If the difference in density between adjacent
areas of the image is less than about 5% it becomes imposs-
ible to see any difference and the information such a
difference represents is lost to the eve. Density differences
are described in terms of contrast, and to retrieve image
information visually there must be sufficient contrast in the
various parts of the image. Image densities result from the
various exposures (radiation intensities) received by the film
from the transmitted X-ray beam. This X-ray beam will have
a radiation intensity pattern characteristic of the patient part
through which the beam passed and it is important to know
how the film will react. Will the resulting density differences
be large enough to be seen? Can they be made larger? What
must be done to achieve this and are there any relative
disadvantages in doing so? The answers to these questions
will become apparent below.

THE CHARACTERISTIC CURVE

The characteristic curve, first described by Hurter and
Driffield in 1890, is a graphical representation of the
relationship between the exposure received by the film and
the density the exposure produces following processing. The
characteristic curve of a typical screen-type film is shown in
Figure 2.2. Such a curve can be obtained by giving the film
material a graded series of exposures, processing the film
under a standardized set of conditions and measuring and
plotting the resulting image densities against the respective
exposures.

Factors Affecting the Characteristic Curve

Each characteristic curve describes the film behaviour under
the set of conditions used to produce the curve. Change the
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Figure 2.2 Characteristic curve for a typical screen-type film exposed with
intensifying screens

conditions and the film will behave differently. It is very
important that this fact be appreciated, as in practice this can
be the reason why the image results obtained may not be as
predicted by the film manufacturer. Important factors
influencing the shape and position of the characteristic curve
relative to the axes are:

(i) the film material used,
(ii) the processing conditions,
(iii) the exposing spectrum of electromagnetic radiation,
(iv) the kV used if a stepwedge (see below, Figure 2.6) is
employed in producing the series of graded ex-
posures.

Figure 2.3 Wisconsin timer and mAs test tool - Model 121. (By courtesy of
D.A. Pitman Ltd.)

Producing a Characteristic Curve

In radiographic practice information is required about the
performance of one film or imaging system relative to
another. Relative and not absolute values of exposure are
important, so once suitable values are selected, relative
exposures can be obtained by using multiples of some chosen
exposure time providing the exposure timer is both accurate
and consistent. (This can always be checked using a suitable
spinning top. The Wisconsin Timing and mAs test tool
(Figure 2.3) is very easy to use for this purpose being suitable
for testing timer accuracy even on constant potential and
capacitor discharge units because its spinning top is driven
by a synchronous motor. The use of this instrument for timer
testing is described in Appendix 1. A capacitor discharge
unit should not be used for producing a characteristic curve
by this method since equipment giving a constant dose rate is
required. With a capacitor discharge unit the dose rate falls
with increasing exposure time until all the stored energy of
the capacitor is dissipated, when the dose rate from the X-ray
tube supplied by the capacitor will be zero.)

The apparatus for producing a characteristic curve using
varying exposure times for comparing two different films is
shown in Figure 2.4. The aim is to produce a series of
densities on each film extending from the smallest to the
largest each film is able to record. It is convenient to place
two film halves in a cassette with intensifying screens if
screen-type films are used, or in a light-tight envelope if
direct exposure films are used. If a comparison is not
required only the film whose characteristic curve is wanted
need be exposed in this fashion. Note that a stepwedge is not
used, and that the two films should normally be employed

X-RAYS

LEAD RUBBER
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TO PREVENT EXPOSURE
OF THE FILM BENEATH

Figure 2.4 Apparatus for producing a characteristic curve arranged for the
first exposure
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with the same type of intensifying screen. The piece of lead
sheet (A) remains in the same position for all exposures to
allow assessment of fog level (for definition of fog see p. 19).
For the first exposure, with an exposure time of 0.01s, the
kV and mA should be made large enough to produce a
density approximately equal to fog density on the faster of
the two films. A copper filter may be inserted in the beam to
approximate the attenuation of a patient, and a focus to film
distance (FFD) of at least 1.5m should be used.

After the first exposure the exposed portion is covered
with an additional piece of lead and the lead sheet (B) is
moved to uncover a further strip of film for the next
exposure. A series of exposures is made, each one increasing
the exposure time to some known multiple of the first
exposure time. Once the choice of kV and mA has been
made, it should not be changed; the only variable should be
exposure time. The X-ray beam should be centred to the
middle of the strip being exposed: using a small beam area at
a large FFD should avoid any intensity variation across the
beam which could cause a density variation across any
particular strip.

Both film halves are then identically processed and the
density of each strip measured at its middle and recorded. A
sample set of results is given in Table 2.1 and the resultant
curves characteristic of the conditions used are shown in
Figure 2.5. Note that each curve exhibits a toe, straight-line
portion and shoulder. The extent of the toe and shoulder
depends on the length of the straight-line portion. In some
cases the division is quite arbitrary since there is no well-
defined straight-line portion, but in any case this terminology
is not used for quantitative purposes. A criticism of this
method is that variations can occur from exposure to ex-
posure introducing errors into the results, but for most
practical purposes they can be ignored.

There are other methods of producing a characteristic

Table 2.1 Sample results of a characteristic curve measurement

Exposure Relative Log relative Density Density
time (s) exposure exposure (film1) (film?2)
value value*

0.01 1 0.0 0.15 0.17
0.04 4 0.6 0.20 0.50
0.05 5 0.7 0.30 1.00
0.10 10 1.0 0.75 2.00
0.20 20 1.3 1.75 2.70
0.50 50 1.7 2.75 3.20
1.00 100 20 3.20 3.25
2.00 200 2.3 3.3 33

*Some of the log values are notexact but theerroris very smalland the results
are certainly accurate enough for practical purposes even ignoring the effect
of reciprocity failure
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Figure 2.5 Characteristic curves plotted from Table 2.1

curve. One of particular interest is that using a calibrated
stepwedge (Figure 2.6). The stepwedge is designed to provide
a constant difference per step in log exposure and then it is
possible to plot density against step number using a linear
scale. Unfortunately the use of a stepwedge alters the quality
of radiation reaching the film through each step, but this can
usually be ignored as a significant source of error. To
produce curves by this method the arrangement shown in
Figure 2.6 is used and a single exposure made. Density is
plotted against step number (Figure 2.7). The structure of
the stepwedge and the kV value chosen for the exposure will
affect the shape of the characteristic curves produced and is
unlikely to match exactly the shape of the characteristic
curves produced by the first method described.

An approximate characteristic curve for a film-inten-
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Figure 2.6 Arrangement for producing a characteristic curve using a
stepwedge
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Figure 2.7 Characteristic curves obtained using a stepwedge as in Figure
2.6

sifying screen combination can be produced by either of
these methods providing the small density variations due to
reciprocity failure occurring with the first method are ig-
nored.

A different approach to this problem of producing a
characteristic curve for a film-intensifying screen combina-
tion is to use a sensitometer. This instrument exposes both
sides of the duplitized film (in the same way as a pair of
intensifying screens) by using a suitable light source and
filter to approximate the emission spectrum of the inten-
sifying screens being considered. A series of graded ex-
posures is given and the characteristic curve plotted using the
results obtained from the processed film (see Appendix 2).

Relative Film Speed

The relative speed of two films is the inverse ratio of the
exposure times required for each to produce the same
density, the kV, mA and all other exposure and processing
conditions remaining constant. For example, if at 60 kV and
100 mA, film 1 requires 0.04s to produce a density D =1,
and film 2 requires 0.08 s to produce the same density, then
the relative speed is 2: 1, or just 2. This simply means that
film 1 is twice the speed of film 2. The relative speed of two
films at any given density can be obtained from their pair of
characteristic curves. However, the two methods described
for obtaining the curves would give slightly different results
for relative speed because the radiation quality used in each
of the methods is different. This is hardly likely to be too
troublesome in practice because a precise figure for relative
speed is not necessary. No two patients are alike, so radiation
quality of the transmitted X-ray beam will vary producing
slight variations in relative speed. If a reasonable guide to the
relative speed figure can be obtained this is all that is
required in practice.

There is a simpler method of obtaining a measure of

relative speed which does not involve the plotting of
characteristic curves and this is described in Chapter 3.

Log Relative Exposure

In Figure 2.5 the horizontal axis employs a logarithmic scale
for exposure time. This is necessary to compress the curve to
reasonable proportions and also because using this scale, a
screen-type film exposed with intensifying screens often
shows a straight-line relationship throughout the most useful
range of image densities. This is not usually the case with
non-screen films. It is also common practice, to enable the
graph to be conveniently placed relative to the axes, to label
the smallest exposure value used as zero. All other exposure
values are then assigned a value relative to zero. A log
relative exposure axis is thus formed.

Scales

A further convention is to use the same scale for both vertical
and horizontal axes. This makes it possible to measure the
angle the curve makes with the horizontal axis which is not
possible if the scales for each axis are different, and thus
express the slope of the curve as the tangent of this angle.
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Figure 2.8 The same characteristic curve drawn using axes of different
scales
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Figure 2.8 shows two characteristic curves both represen-
ting the same film. The slope or gradient of the curve
between A and B is 1 in both cases but only in the graph with
similar scales for both axes is it possible to measure the angle
¢ as 45° and thus obtain the slope as tan ¢ . Scales are
irrelevant however if a suitable mathematical expression,

f(x), is available and describes the characteristic curve. Then
df(x)/dx describes the gradient at any point and f{(x,)-f(x,)/
x,-x, describes the average gradient between x; and x,.

Net Density

An X-ray film, which has received no exposure, will show a
measurable density when processed. It is usual to subtract
this density from each of the density values measured on a
similar type of film which has received an exposure and the
same processing. The resulting density values are then called
net density values and may be used to plot the characteristic
curve. Whether or not net density is used is usually clearly
indicated on the vertical axis of the characteristic curve. If in
doubt look at the density value at which the curve starts.
Only if it is zero has net density been used.

Fog Level

The density of the processed film which has not received an
exposure is easily measured with the densitometer. This
density is usually between D=0.1 and D=0.2. It is this
density which is referred to as fog, basic fog or gross fog.
Basic fog consists of the summed contributions from:

(1) the density produced by the development of unex-
posed silver halide,
(ii) the density of the film base, and
(iii) the density of the emulsion matrix.

The developer used in the first stage of film processing will
have a more pronounced effect on the unexposed silver
halide, producing a higher fog density, if:

(i) Development time is increased,
(i1) Developer energy is increased (i.e. increased concen-
tration), and
(iii) Developer temperature is increased.

Films with a high basic fog level produce low contrast
images. Image contrast is related to the slope of the
characteristic curve and small increases in fog level as a result
of a change in processing conditions may be accompanied by
anincrease incontrast, but thisapparent contradiction will be
discussed more fully in a later chapter.

Other factors which influence basic fog level are:

(i) Age of the film. The older the film the higher basic fog
level is likely to be

(ii) Film storage conditions. Adverse storage conditions
lead to an increased basic fog level

(iii) Film speed. In general, the higher the film speed the
greater is the basic fog level

(iv) The pH of the fixer. The fixer is used in film process-
ing to render the visible image permanent. Careful
attention should thus be paid to fixer solution
replenishment and the maintenance of a given pH
value. A pH rise can increase fog level.

Contrast

As used above, the word ‘contrast’ refers to the contrast in
the radiographic image and is more correctly called radio-
graphic contrast. Other meanings can be attached to the
word ‘contrast’ and these will be dealt with in due course.
Contrast is an important concept when discussing image
quality because it is one of the controlling factors deter-
mining the visibility of image detail.

Radiographic contrast may be defined as being subjective
or objective. The word ‘subjective’ refers to the assessment
made by the individual using their eves. It is a purely
personal thing and is likely to be quite different from the
subjective assessment of another individual. Subjective
contrast is not to be confused with subject contrast which is
dealt with in Chapter 10. Subjective radiographic contrast
may be defined as the difference in brightness between two
adjacent areas on the film when viewed on an illuminator.
The brightness difference experienced varies from individual
to individual, and even varies for the same individual from
time to time. The greater the brightness differences, the easier
it is to differentiate between the two adjacent areas, and the
contrast is said to be high. Alternatively the brightness
difference can be so small that it cannot be experienced as a
difference by the eye. Image information is then lost as there
is now no contrast at all. The subjective radiographic
contrast perceived by an individual is dependent on several
factors including the viewing conditions and the age and
visual capability of the individual, as well as the degree of
experience in viewing radiographs.

The word ‘objective’ refers to a quantity which can be
measured and assigned a value and is independent of the
personal assessment of the individual. Objective radio-.
graphic contrast has previously been defined as the
difference in density between two adjacent areas on the film,
ie.

contrast = D, - D,

While the response of the eye to variations in light intensity is
approximately logarithmic in nature there is not necessarily
any proportionality between changes in objective radio-
graphic contrast and the accompanying changes in subjec-
tive radiographic contrast. Relating variations in the two is
not possible in terms of any simple equation.
Notwithstanding these difficulties it is possible to obtain
an indication of the degree of difference in image contrast to
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be obtained by comparing the characteristic curves of
different films or film-intensifying screen combinations.

D

The shoulder of the characteristic curve represents the so-
called ‘region of overexposure’, while the toe is the ‘region of
underexposure’. D, is the density recorded for a gradient
of zero in the region of overexposure (Figure 2.9). Dpax
cannot be exceeded for a given emulsion because it
represents the state where practically all of the silver halide
has been reduced to black metallic silver.

max

REGION OF
«—(VEREXPOSURE ——=
DMAX ---------------------
AN
} CURVE IS HORIZONTAL
3 AND GRADIENT IS
ZERO
DENSITY

MINIMUM EXPOSURE
REQUIRED TO PRODUCE

0 J‘/' Duax
- 1 2 3
REGION OF oG, REL, EXP.

UNDEREXPOSURE

Figure 2.9 Estimation of Dpax from a characteristic curve
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Figure 2.10 Characteristic curve showing region of reversal or solarization

Reversal

In certain cases it has been possible by further increasing
exposure beyond that required to produce D, 4 and vet
produce reduced densities for these larger and larger ex-
posures. This region of the characteristic curve is called the
‘region of reversal’ or ‘solarization’ (Figure 2.10). An image
produced using only this region of the curve would produce a
‘positive’ image compared to the ‘negative’ image produced
using only the other half of the curve. The latent image is
formed as a result of the reduction of silver halide in the
emulsion, and experimental evidence suggests that as ex-
posure increases to larger and larger values recombination of
silver and halide occurs and this is responsible for the
phenomenon of reversal. With present day autoprocess films
the emulsion is structured to prevent recombination of silver
and bromine once silver bromide is reduced by the radio-
graphic exposure. Thus it is virtually impossible to cause
recombination once reduction has occurred so that solariza-
tion is rarely possible by overexposure.

The region of reversal does have a practical application in
the copying or duplication of radiographs. The original film
to be copied is placed in contact with the emulsion side of the
duplicating film (emulsion on one side only) and the
duplicating film is exposed through the original film usually
using an ultraviolet light source. Should a higher contrast be
required in the copy then a white light source may be used.
The characteristic curve for a duplicating film (Figure 2.11)
slopes in the opposite direction to the characteristic curve for
a typical screen-type film. Thus a large density in the original
film will transmit a low intensity light and this will produce a
high density in the copy (duplicating film). Similarly a low
density in the original will produce a low density in the copy.
Density differences in the original must also be the same in
the copy if it is to be, as the name suggests, a true copy.

DENSITY
2

-3 -2 -1 0
LOG. REL. EXP.

Figure 2.11 Characteristic curve for a duplicating film
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Gamma

The gamma of a characteristic curve is defined as the
gradient of the straight-line portion. Modern X-ray films do
not usually have a well-defined straight-line portion so
gamma as a concept is of little practical use.

3
DENSITY
2
1
0
1 2 3
L0G. REL. EXP.

Figure 2.12 Tangents to a characteristic curve. In practice, tangents are
difficult to draw accurately and information obtained in this way can only
be used as a rough guide

Gradient

The gradient, G, at any particular point on the characteristic
curve is the same as the slope of the tangent to the curve at
that point (Figure 2.12). The gradient describes how density
varies with exposure and G may therefore be defined as the
rate of change of density. As will be seen later, the higher the
rate of change of density the greater will be the image
contrast for a given set of exposure and processing con-

DENSITY

1 7 3
LOG, REL. EXP.

Figure 2.13 Tangents to a curve at points A, B and C. Their gradients are
respectively G,, G; and G,

ditions. G is also called film contrast or inherent film
contrast. Its value depends upon where it is measured on the
curve and its value will be greatest at the steepest part of the
curve. The value of G for a given film material at a given
point on the curve will also depend on processing conditions
and whether or not intensifying screens are used. For screen-
type film material G increases from 0 in the toe region to a
maximum in the middle of the straight-line portion to 0
again at D .4 (Figures 2.13 and 2.14).
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Figure 2.14 Gradient of a characteristic curve as a function of density
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Figure 2.15 Two characteristic curves for typical radiographic films

Figure 2.15 illustrates two characteristic curves for typical
films used in radiography. A small log exposure dif-
ference, equivalent to a small subject contrast (Figures



22

Radiographic Photography

INCIDENT
X-RAY BEAM

1(0)

X

GALL BLADDER
WITHOUT CONTRAST
> MEDIUM

l lq——TRANSMITTED RADIATION

1(t,) 1(t,)

Figure 2.16 A case of small subject contrast, with very little difference
between I(¢,) and I(t,). Subject contrast may be defined as I(,)/ I(t,), where
I(t;) > 1)

2.16 and 2.17) gives rise to different radiographic (image)
contrasts depending on the value of the exposure used to
produce the incident X-ray beam. To make best use of the
film material it is important to choose the correct exposure
such that small but diagnostically important subject con-
trasts are registered as large image contrasts. From Figure
2.16, subject contrast may be defined as I(¢,)/ I(z,), where I(¢,)
> I(t).

DENSITY

l B

LOG, REL. EXP,

Figure 2.17 The same subject contrast (a, b and c) at different exposure
values (i.e. different incident X-ray beam intensities) gives different values
of image contrast ((D, — D,), (D,- D;) and (D¢ - D;s)). The characteristic
curve is steepest at its middle (i.e. G is a maximum) and it is here that
greatest image contrast is obtained

AVERAGE GRADIENT

The visualization of information in the radiographic image
depends among other things on the radiographic contrast.
The larger the value this has, the easier it becomes to
distinguish visually between two adjacent image areas.

Of course there are disadvantages to having too great an
image contrast as will become apparent later.

Consider two densities D, and D, related to the
characteristic curve (Figure 2.18), produced by exposures E|
and E, respectively. Log E, - log E| is the particular subject
contrast relating to E; and E, which in this case will again
remain a constant, say k. The slope of the straight line AB
represents the average gradient of the characteristic curve
between points A and B. ACis equal to (D, - D;) and BCis
equal to (log E, - log E}), which is k. Hence

(D,-Di)  _ (D,-D,)
(log E, —1og E;) k

average gradient (G) =

so (D, - D)) is proportional to the average gradient between
A and B. This means that for a constant exposure interval,
the radiographic contrast obtained depends on the average
slope of the characteristic curve throughout that interval.

3
DENSITY
AC =D, - D,
) BC = L0G E, - LOG E,
i
]
]
(]
1 )
D, 1
]
)
boa | bemmeoffeem e -
1 1
oo : !
-— 1 2 3
LOG E,
<+—L06 E,—
LOG REL, EXP,

Figure 2.18 Average gradient of a characteristic curve

It is now possible to predict with certainty that if the
average gradient is increased, for example by a suitable
change of film material, then the radiographic contrast will
also increase (Figure 2.19) provided that the kV and process-
ing conditions remain unchanged and the mAs is adjusted to
compensate for any speed difference that may exist between
the films.
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Figure 2.19 Different gradients over the same exposure intervals for two
films. Below the cross-over point, film B has a larger gradient than film A,
and hence produces a greater radiographic contrast

Density Range

The word ‘range’ means the difference between the maxi-
mum and minimum values of some quantity, and here the
quantity is density. The term ‘average gradient’ is, for
practical purposes, generally used to refer to the slope of the
straight line joining the two points forming the limits of the
most useful interval of the characteristic curve (Figure 2.20).
For example, the two points chosen might correspond to net
densities of D, =0.25 and D,=2 and (D, - D,) would then
represent the useful density range (Figure 2.21). Of course,
densities greater than 2 might be considered useful for
registering small contrasts provided they can be adequately
visualized, perhaps using a high intensity light source.

Dz ——————————————————
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DENSITY :
RANGE '
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|
|
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H |
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Figure 2.20 A and B are the limits of the most useful portion of the
characteristic curve. The slope of AB gives the average gradient
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THE INTERVAL IS NOW MUCH
SMALLER AND HENCE THE
RANGE IS SMALLER

Figure 2.21 Where D, and D, represent the minimum and maximum useful
densities in a radiograph, then (D, - D)) is the useful density range

Consider the characteristic curve in Figure 2.22 for a
typical screen-type X-ray film-intensifying screen combina-
tion. Using the equation for radiographic contrast, we
obtain

radiographic contrast = gradient of the line XY X (log

E,-log E))
= gradient of the line PQ X log
(Ey/ Ey)
= G X log (Ey Ey)
Assume that the two densities, D; and D,, both lie outside

the ‘useful’ range of densities. Average gradient as defined
above can no longer be used since the gradient of the line
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Figure 2.22 Density intervals lying inside (D;, D,) and outside (D5, D,) the
useful density range
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joining AB has a much smaller value. In this case,

radiographic contrast = gradient of the line
AB X log (E,/ E;)

Log (E,/ E;) is the same as log (E,/ E;), but now the value of
the gradient is less, so the value for radiographic contrast will
be much smaller. A similar reasoning applies if the two
densities lie below the ‘useful’ range of densities.

Recording small subject contrasts using densities lying
above the useful range, and using a high intensity illuminator
to view them, can mean that the radiographic contrast is so
small that the densities cannot be differentiated visually and
the information is lost. This information might well be
visible if recorded as density differences using densities from
within the useful density range. This is another reason why
exposure factors should be carefully chosen, especially when
an automatic exposure device is not available.

Average gradient is the same as average inherent film
contrast over the useful density range. Average gradient may
be denoted by G. The straight-line portion is often a
reasonable approximation to a straight line so radiographic
contrast is reasonably constant (for a given subject contrast)
throughout this interval. Thus average gradient will give a
very useful indication of the magnitude of the radiographic
contrast which can be expected in the radiographic image. It
is useful when making a relative assessment of two different
film types. The film with the higher average gradient will give
the greater radiographic contrast.

Log Exposure Range

This refers to the difference between the largest and smallest
log exposure values for the log exposure interval being
considered. A special case is the log exposure range cor-
responding to the useful density range which is called ‘film
latitude’ (Figure 2.23).
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Figure 2.23 Definition of film latitude

LATITUDE

The word ‘latitude’ means breadth or extent, and it is used in
radiographic photography to define

(1) a film characteristic (film latitude), and
(i1) a characteristic associated with exposure (exposure
latitude).

The word “‘latitude’ is also used in association with the
development of a film (development latitude), which may be
defined as the range of development times (at a given
developer temperature and concentration) which lead to an
acceptable radiograph. Alternatively it can be the range of
developer temperatures (at a given developer concentration
and development time) which also lead to an acceptable
radiograph. There is a further and more recent use of the
word ‘latitude’ and this relates to the available degree of
variation of exposure factors, particularly relevant since the
introduction of high speed, rare-earth imaging systems. As
an example of this, consider Table 2.2, which gives the
available settings of exposure time and mA. It should be
noted in making a choice of mAs that if the mAs chosen is
large, then a small error in setting this mAs on the control
panel will have a negligible effect on image density. For
example, if the usual mAs for a particular projection is 32,
and 200 mA at 0.16s is normally set, then a change to
600 mA will mean 32 mAs cannot be obtained. At 600 mA
either 30 mAs (using 0.05s) or 36 mAs (using 0.06s) can be
obtained. The errors here are -2mAs (a 6% error) and
+4 mAs (a 129% error) respectively. Errors of this magnitude
may reasonably be regarded as acceptable. On the other
hand the exposure normally chosen for a particular patient
part could have been 8 mAs, say, obtainable by selecting
100 mA at 0.08 s on the control panel. Now if a change to
600 mA is made, the choice of exposure times is limited to
either 0.01s or 0.02s. The first of these gives 6 mAs (a 25%

Table 2.2 Available values of exposure time and tube current (mA)

Exposure times Tube current

O] (mA)

1.0 0.1 600
0.9 0.09 500
08 0.08 400
0.7 0.07 300
0.6 0.06 200
0.5 0.05 100
0.4 0.04 50
03 0.03

024 0.02

0.2 0.01

0.16

0.12
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error) while the second gives 12 mAs (a 50% error). Neither
of these errors can be regarded as negligible or acceptable. It
can be argued that a compensatory change in kV can be
made, but this will change radiographic contrast. Alter-
natively a change can be made in FFD but this would
produce changes in magnification (p. 102)and unsharpnessin
the image (p. 127) which can be disadvantageous.

Assume the kV is kept constant, and that a particular
patient part requires 20 mAs when using a fast tungstate
intensifying screen image recording system. How many ways
can 20 mAs be chosen from the above mA and exposure time
values without incurring unacceptable errors? Now change
the image recording system to one that is four times faster —a
high speed, rare-earth system for example - and look again
at the above mA and exposure time values. How many ways
can 5mAs be chosen from these figures, again without
incurring unacceptable errors? It should be obvious that
practically, the faster the system becomes, the more limited
becomes the choice of individual exposure factors.

Film Latitude

This refers to the ability of a film to respond to a range of
exposures and record them as useful densities. As stated
above it is the magnitude of the log exposure range which
results in useful densities to which the name ‘film latitude’ is
given.

Exposure and Film Latitude

The radiation intensity pattern transmitted by an object and
reaching the film gives rise to the density patterns which
form the image. Each of the different intensities gives rise to
a different density, so it is these different intensities mul-
tiplied by a constant time factor (the exposure time) which
constitute the different exposures (E,, E,, E;, etc.) the film
receives.

Considerthe characteristiccurve of Figure2.24. Log E, and
log E, are the log exposure values producing D, and D,
respectively. Since D, and D, are at the ends (limits) of the
useful density range, then log E, and log E, will determine the
limits of the film latitude. Again the word ‘range’ refers to the
distance between log E, and log E, (i.e. the difference in
magnitude between log E, and log E,). (Log E, - log E,) is the
range, labelled film latitude, which is representative of the
exposure range within which useful film densities can be
produced. For example, exposures x and y lie within the
designated exposure range and produce useful densities (i.e.
Dyand D)) whereas exposures Uand V',and Zand W donot,
since it is not possible to distinguish between D, and D, or D,
and D, because the contrast is insufficient.

Average Gradient and Film Latitude
The magnitude of the film latitude depends on the average
gradient of the characteristic curve measured between the
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Figure 2.24 Useful and non-useful densities

two points determined by D, and D, (the densities at the
extremes of the useful density range). Since the value for
these densities depends on many factors it is not possible to
give a precise value to film latitude. What can be done is to
use film latitude in a relative sense, i.e. for a given set of
conditions, which of two films has the greater film latitude
can be determined for any given useful density range. Thisis
of greater practical value than an absolute measurement.
From Figure 2.24 we can see that

and film latitude = log £, - log E,
useful density range = D, - D,

It has already been stated that
average gradient = (D, - D,/(log E, - log E,)
from which it can be concluded that

‘useful density range’

average gradient = -
film latitude

useful density range

or film latitude = -
average gradient

If useful density range is considered to be a constant then,
|

film latitude o« —m8M————
average gradient

So if the average gradient increases, then the magnitude of
the film latitude decreases. This is shown in Figure 2.25, in
which film A has a larger average gradient and a smaller film
latitude than film B. (The position of both films relative to
the log relative exposure axis has been adjusted so that the
curves coincide at point C.)
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Figure 2.25 Film latitudes for two films of different average gradient

Information Content and Film Latitude

The larger the log exposure range the film can accom-
modate, the greater the amount of information it is possible
to record as useful densities in the image, but unfortunately,
the smaller is the value of the average gradient for the film. A
small average gradient for a film implies a low film contrast
resulting in a low radiographic contrast. Even though a great
deal of extra information can be recorded when the film
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Figure2.26 The same logexposure range at three different exposure factors
with the same film

latitude is increased, it is recorded, along with the original
information, at a much lower radiographic contrast.-In fact
the radiographiccontrast may be so lowthatinformation may
be lost because it cannot be visually detected. It is more
important to have a high average gradient to gain sufficient
radiographic contrast than have an extremely large film
latitude. Even though such a film would have a small film
latitude, the exposure can be adjusted so thatall or most of the
required information falls within the boundaries defined by
the film latitude.

Figure 2.26 illustrates the effect of exposure adjustment
(in terms of mAs only) needed to record the required
information as densities lying within the useful range of
densities.

A, B, and C are the log exposure ranges of equal
magnitude. The exposure factors given for each of the cases
are the factors required to produce the incident X-ray beam
which when modified by the patient gives rise to these log
exposure ranges. Each of the curves represents the same film.
When the mAs alters so will the values for E, and E,. Since
only the mAs is being changed the subject contrast will not
change and thus the magnitudes of the ranges A, Band C will
all be the same. It is just the positions of A, B and C on the
axis which change when mA:s is altered. In Figure 2.26(a)
and (c) some of the information is recorded as densities
outside the useful range, and under normal viewing con-
ditions this information would be lost to the viewer. In
Figure 2.26 (b) all the available information is recorded as
densities within the useful range. This emphasizes the impor-
tance of using the correct exposure in terms of mAs and the
correct use of an automatic exposure device to achieve this
cannot be overstressed.

The use of a high contrast film with a small film latitude
requires the exposure to be selected very accurately in terms
of mAs, especially if the log exposure range for the patient is
as large as the film latitude (as it is in Figure 2.26(b)). It is
unfortunate that in many cases where alow kV is required to
provide the necessary diagnostic information, the log ex-
posure range far exceeds the magnitude of the film latitude.
An example is mammography.

Multiple Radiography

Figure 2.27 illustrates the effect of average gradient upon
film latitude. In Figure 2.27(a) a relatively large amount of
information can be recorded because the film latitude for
this film is relatively large, and the log exposure range which
can be accommodated by the film is large. Unfortunately,
because of the large film latitude, the average gradient and
hence the film contrast will have a low value, and much of the
recorded information might be quite difficult to distinguish
because of the low radiographic contrast. In Figure 2.27(b),
the recorded information will be very easy to see, but less
information is recorded as useful densities.
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Figure 2.27 The effect of average gradient on film latitude

In an attempt to overcome this problem, two or more films
of the type in Figure 2.27(b) can be exposed at the same kV
but different mAs values to vield all the available informa-
tion. Although several different exposures would not nor-
mally be attempted in practice (because of the radiation dose
to the patient) it is possible to expose, simultaneously,
several films in a single cassette, each film being placed
between different speed intensifying screens. This achieves
the same result and forms the basis of the technique called
‘multiple radiography’.

The principle of the technique of obtaining the required
information using two similar films (or similar film-inten-
sifying screen combinations) s illustrated in Figure 2.28. The
log exposure range for the patient part is the same in each
case and is far larger than the film latitude. In Figure 2.28(a)
the use of a low mAs hasallowed about three-quarters of the
information to be recorded as useful densities. To record the
remaining information, a higher mAs (or faster film-inten-
sifying screen combination with a similar film latitude) is
required. This can be seen in Figure 2.28(b) where the
information not recorded as useful densities in (a) is now
within the film latitude, and thus recorded as useful den-
sities. It should be noted in Figure 2.28(b) that, while
information at the lower end of the log exposure range is
now recorded as useful densities, information at the other
end is not. The two films, Figures 2.28(a) and (b), have
recorded the same information but at different density levels,
and so between them will reveal all the necessary informa-
tion. Here, two films are required to reveal this information.
In this case information is provided with a reasonably high
radiographic contrast. A single film could have been used
provided it had a much lower average gradient and hence a
larger film latitude, but the information provided would
have been at a very low radiographic contrast in comparison.
This may actually result in loss of information. The
significance of multiple radiography should now be ap-
parent.

i FILM
+ LATITUDE ¢
| Los exposure I L0G EXPOSURE |
RANGE RANGE
L0G. REL, EXP.

Figure 2.28 The principle of multiple radiography

kV Variation and Film Latitude

Another way of overcoming this problem is to use a single
exposure but at a higher kV, and only expose one film. The
higher kV has the effect of compressing the transmitted
intensity range so that it fits into the boundaries defined by
the film latitude. In other words the log exposure range for
the patient part is made to decrease with increasing kV.
Unfortunately, in using a higher kV the radiographic
contrast decreases and, as already mentioned several times,
this can result in a loss of information in the image. When
using a higher kV, care must be taken that the mAs value
chosen is correct. Otherwise, although the log exposure
range for the patient part might have been compressed to fit
the film latitude, it might be displaced relative to the range
defined by the film latitude. Some image densities may then
be too high or too low to be useful.

This is demonstrated in Figure 2.29 (a), (b), (c) and (d).
A,B,C and D represent the different log exposure ranges for
the same patient part for each of the radiographic exposures
quoted. The magnitudes of the ranges B,C and D are all the
same, while A is much greater. It can be seen that changing
kV alters the magnitude of the transmitted intensity range
and hence the log exposure range. It can further be seen from
Figure 2.29 (a) and (b) that an increase in kV compresses the
log exposure range so that it will fit within the boundaries
defined by the film latitude. Thus all the information re-
quired is contained within the useful range of densities but
only if the correct mAs is used. Figure 2.29 (¢) and (d) show
the effect of using the correct kV but incorrect mAs.

Exposure Latitude

Consider Figure 2.30, in which, for the same film type in each
case, the useful density range and the film latitude defined by
it are shown. Assume that at 70 kV and 20 mAs, for example,
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Figure 2.29 Matching the log exposure range to the film latitude by altering
kV and mAs

a particular patient part produces the log exposure range
shown and labelled A (Figure 2.30(a)). It can be seen that this
range is easily accommodated by the film latitude. Let the
mAs be increased to, say, 40 mAs (Figure 2.30(b)). Now the
log exposure range has moved to the.right within the
boundaries defined by the film latitude but has not changed
in magnitude. Increasing the exposure still further to 60 mAs
produces the result shown in Figure 2.30(c). A part of the log
exposure range lies outside the range bounded by the film
latitude. Thus some information is recorded as non-useful
densities, and this information will be lost. It is certainly not
desirable to lose information, so it would seem that the
maximum exposure (at 70 kV) which can be given without
losing information is 40 mAs. Figure 2.30(d) shows that
10 mAs is the minimum mAs which can be given (at 70kV)
without losing information. At 70kV, then, the exposure
range in mAs, which can safely be used without losing
information in the image extends from 10 mAs to 40 mAs,
i.e. a range of 30 mAs. This range of 30 mAs is often referred
to as the degree of exposure mistake which can be tolerated
while still producing a film containing all the required
information in the image.

() 70 kv (®) 70 KV
20. MAs 40 mAs
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Figure 2.30 Effect of varying mAs, illustrating exposure latitude

The log exposure range for the patient part when sub-
tracted from the film latitude produces a quantity called the
‘exposure latitude’. Here the exposure latitude has been
related to an example in which actual mAs values have been
used. Exposure latitude will vary with the object being radio-
graphed since different objects ‘give rise to different log
exposure ranges. If the log exposure range increases then the
exposure latitude decreases because less variation is possible
within the boundaries defined by the film latitude. Even
though film latitude is a constant for a given film material,
exposure latitude will vary according to the object being
radiographed and the kV selected.

If the kV is increased then the log exposure range is
compressed and a greater variation in exposure (mAs) is
possible within the boundaries defined by the film latitude.
This increase in kV produces an increase in the exposure
latitude. This can be demonstrated as follows:

(1) Produce two radiographs of a stepwedge using the
same image recording system for both. Use 60 k Vp for
oneand 100k Vp forthe other,adjustingmAsineachto
produce a reasonably good image
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(ii) Now, first using 60 kVp, produce another radiograph
choosingan mAs that will reduce the densitysuch that
the density difference between the two steps of lowest
film density is just indistinguishable

(iii) Now do the same thingat 100 k Vp using the same two
steps as before

(iv) Notice that a bigger mAs reduction is required at high
kV to make the information disappear than is re-
quired at low kV. This demonstrates that at high kV
the exposure latitude is greater.

Summarizing the foregoing information:

(i) For a given film latitude, the exposure latitude
depends on the object being radiographed and the kV
selected

(ii) An object having a high subject contrast will transmit
a large range of radiation intensities and the exposure
latitude will be small

(iii)) An object having a low subject contrast will transmit
a small range of radiation intensities and the ex-
posure latitude will be large

(iv) For a given object, if the film latitude increases, so
will the exposure latitude

(v) For a given object and film latitude, an increase in kV
results in an increase in exposure latitude. (It is
assumed that the most important range of intensities
transmitted by the object produces a log exposure
range that fits within the boundaries defined by the
film latitude.)
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Figure 2.31 Relation between film latitude, log exposure range and ex-

posure latitude

From Figure 2.31 it will be seen that
D, - D,

log E; ~ log £}

useful density range

film latitude
and

(logE; —logE}) = (log E,— log E,) + (log E, —log E,)

i.e. film latitude = exposure latitude + log exposure

for the patient part

or exposure latitude = film latitude — log exposure range
for the patient part

Now, for a given set of conditions, film latitude is a constant,
so decreasing the log exposure range makes the right-hand
side of the preceding equation larger and the exposure
latitude thus becomes larger. It has been stated already that
increasing kV makes the log exposure range smaller, so
increasing kV must make exposure latitude larger. Perhaps
when unsure of an exposure, a higher than normal kV should
be tried in an effort to avoid an over-exposed or under-
exposed image (providing that the resulting radiographic
contrast is acceptable).

DETERMINATION OF RELATIVE FILM SPEED

Film speed describes the response of a given film emulsion
(in terms of density) to a given exposure, and is defined as the
exposure required to produce a given density. Relative film
speed provides a comparison of exposures required to
produce the same density (whatever value is chosen) in two
different film emulsions.

If a graph of log exposure against net density is plotted
then a good approximation to a straight line is obtained
through the useful range of densities, i.e. for this range the
ratio of density to log exposure may be regarded as constant.
When measuring film speed a density value is chosen from
within the linear region. In practice relative film speed is the
important measure required and even then only a reasonable
approximation to the true value is required as a guide to
choosing exposure factors. D=1.0 is often chosen as the
value at which to make the measurement of relative film
speed.

The method of obtaining this measure of relative film
speed is described in Chapter 3. The following formula may
be used:

mAs2
mAs1

where S, and S, are the film speeds and mAs, and mAs, are
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the exposures required at a given kV and set of processing
conditions to give the same density. From this formula it can
be seen that the speed of one film relative to that of another is
simply the inverse ratio of the mAs required in each case to
produce a particular film density. The figure obtained from
mAs,/ mAs, indicates how many times faster one film is in
comparison with the other at the particular density value
chosen.

The relative speed of two films can be obtained at any
given density by considering their respective characteristic
curves provided they are plotted using the same pair of axes
and with the curves in their correct positions relative to one
another (Figure 2.32). This method clearly illustrates that
relative speed can vary according to the density chosen to
make the measurement. In the case of the two films in
Figure 2.32, the higher the density chosen at which to
measure relative film speed the smaller the log E difference
becomes. The log F difference can be represented by (log E, -
log E)).

E
Now (logE, —logE|) = log 2
E
1

Since (log E, -log E;) becomes smaller with increasing density
so does log (E,/E;) which implies that (E,/ E,) gets smaller.
(E,/ E,) can be represented by (mAs,/ mAs; ). This meansthat
the higher the density chosen at which to measure relative
speed, the smaller is the difference in the speed between the
two films.

Of course, it is not necessary to even consider mAs when
obtaining a measure of relative speed by the method shown
in Figure 2.32. For example, assume for one of thethreelog E
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Figure 2.32 The relative speeds of two films varies depending on the density
at which log E difference is measured

differences illustrated that log E; = 1 and log E, = 2. Then
log E,-log E; =2-1=1. The antilog of 1 is 10. Thus film 1 is
10 times faster than film 2 at the density chosen. Curves like
these are rarely available because in practice comparisons
are often made between films from different manufacturers.
The curves are then unlikely to be produced under the same
conditions, thus invalidating any comparison. The method
of Chapter 3 is then applicable.

DISCUSSION

The following is presented in an attempt to relate all the
foregoing points and indicate their relevance.

If X-rddiation is projected into a patient, the emerging
radiation pattern corresponds to the structure of the patient
part irradiated. The emergent radiation beam intensity will
vary from point to point in the beam. At one or more of these
points, the intensity will be less than anywhere else in the
beam.

Image density is proportional to the intensity of radiation
reaching the film.

The difference between the highest intensity (/max) and the
lowest intensity (/i) 1s stated as (I pax— Imin) and is defined
as the intensity range.

The highest intensity (/;,,5) corresponds to the greatest
exposure (Epa5) ta the film, while /,;, corresponds to E iy,
(Emax— Emin) 1s defined as the exposure range.

For the purpose of plotting these exposure values on the
horizontal axis of the graph of the characteristic curve, the
log values of exposure must be used. Log E ., cOI-
responds to Emax and log E pmin corresponds to E i
(log Emax—log Eip) is defined as the log exposure range.

Emax gives rise to the greatest density (D mayx), While E min
gives rise to the least density (Dmin). (D max— D min) is defined
as the density range for the given exposure.

The maximum useful density and the minimum useful
density form the limits of the useful density range. Exactly
what these densities are, and hence what density range the
useful density range covers, is difficult to say because it is
subjective. Once an approximate useful density range is
assumed, then this will determine the film latitude for a given
film material. For most practical purposes, the useful density
range will have a magnitude of about 2.

Referring to Figure 2.33, the aim of choosing anexposure
is to make:

(i) (log Emax - log Emin) = (log E, - log E)), and

(i) log Emax=1log Exand log E i, = log E), provided this
does not result in a loss of any important contrasts.

(i) is achieved by choosing the appropriate kV, or, for
example, increasing kV if (log Emax—10g Emin)> (log Ex—-log
E)). Reducing (log Emax—log Enin) in this way, byincreasing
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Figure 2.33 Useful density range and film latitude

kV, also reduces the resultingdensity range onthe film. Thisis
identical to reducing radiographic contrast until the
magnitude of the density range, resulting from exposure,
equals the accepted useful density range. This means that all
the available information is recorded as useful densities.

Unfortunately, in compressing the log exposure range so
that it fits just within the film latitude, some of the smallest
density differences (i.e. image contrasts) may be reduced to a
level where they cannot be distinguished (i.e. there will be
less than roughly 5% difference between these densities).
This is a dilemma. In the first instance, the use of too low a
kV produces a log exposure range greater than the film
latitude so information will be lost. Secondly, if a kV is
chosen so that log exposure range is compressed to match
the film latitude, information may again be lost. Of course,
in practice a kV value is chosen that will ensure that the
densities forming the information required are all useful and
that the density differences are easily visualized.

If the densities forming the required information are all
recorded as useful densities and vet it is very difficult to
distinguish between them, what alternative is available?
Assume that a medium speed film with fast tungstate
intensifying screens is being used. Would it help if instead a
film with a greater average gradient was used? To answer
this, consider Figure 2.34, which shows the original situation
in which all the information is recorded as useful densities
but some of the contrasts cannot be visualized. Figure
2.35(b) shows the characteristic curve obtained by using the
new film with the original intensifying screens. The mAs has
been changed slightly to account for the increased speed of
the new film but the kV and hence the log exposure range has
not been changed. Notice that this combination has a smaller
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Figure 2.34 Attempts to achieve visible contrasts within the useful density
range - a, b, ¢, d, e and f are particulai densities forming the image; the
differences between them represent the image contrasts

film latitude, and while some of the information is now being
recorded with a greater radiographic contrast other equally
important information is being lost. Figure 2.34(c) shows the
situation in which the kV has been increased to compress the
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Figure 2.35 Edge enhancement
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log exposure range and make it fit the new film latitude so as
not to lose information. In doing this, notice what has
happened to the density differences in the image. This is
obviously not the solution.

Possible solutions to the problem of recording all the
required information with sufficient radiographic contrast
are:

(1) ‘Edge enhancement’ of image detail which can be
achieved using xerography or ‘electron radiography’. These
techniques increase image contrast without necessarily alter-
ing the magnitude of the useful density range. This can be
seen from the graphs (Figure 2.35) showing how image
density varies across the image of three steps of a stepwedge,
using xerography. Notice that in the image with edge
enhancement, Figure 2.35(b), it is the density differences at
the edges of image details which are made greater. This
makes it easier to see them. It can be seen that for points a
and b in the image, the contrast between them, (Dp - D), is
much greater with edge enhancement. Unfortunately, edge
enhancement is not a technique which is generally available,
because not all X-ray departments have the necessary equip-
ment.

(i1) Multiple radiography is the second possible solution
to the problem, and one which is generally available. A
typical example of the use of this technique is in mammo-
graphy where a number of different exposures are made at
the same kV (or to limit radiation dose to the patient, a single
exposure is made on several films simultaneously. These
films would have approximately the same average gradient,
but different film speeds). In Figure 2.36 the same film type
(or single emulsion film, single intensifying screen) is used
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Figure 2.36 Multiple radiography using two similar films at different mAs
values

for each of the two exposures (same kV but different mAs
values). In Figure 2.36(a) information between P and Q is
lost, but the remainder, between Q and R, is satisfactorily
recorded. Figure 2.36(a) represents the case where for
example the nipple and periphery of the breast tissue might
be demonstrated, while the breast base is recorded as too low
a density to provide useful information. Now, keeping kV
constant (i.e. maintaining the same log exposurerange), mAs
is increased by the appropriate amount, and the situation
shown in Figure 2.36(b) results. The information contained
in the lower portion of the log exposure range (that between
P and Q in Figure 2.36(a)) is now recorded as useful
densities, but the information at the other end (correspon-
ding to breast periphery and nipple) is recorded as densities
too high to be useful. Thus, by using (a) and (b) together, all
the required information can be recorded without reducing
any contrasts.
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Figure 2.37 Multiple radiography using four different films with overlap-
ping film latitudes

Figure 2.37 illustrates the case of a single exposure, made
on several different films (of different speeds) simultan-
eously, indicated by the curves A, B, Cand D. Each of these
films has, approximately, the same average gradient, thus
maintaining the same level of average image contrast for
comparison.

The film latitudes K, L, M and N for each of the films A, B,
C and D overlap. This means that all the available informa-
tion in the log exposure range is recorded in sections by the
four films, without any image contrast reduction. This is the
principle of the multifilm pack for mammography.

(iii) Besides the above two methods of recording all the
available information with sufficient radiographic contrast,
there are additional methods whereby image information
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can be made more readily visible. One method does not
involve the patient in any further radiation dose beyond that
of the original film. The process involved is a photographic
one and is called two-stage photographic harmonization.

Harmonization of a radiograph involves a transformation
of the image whereby the overall background (‘macrocon-
trast’) is diminished while the fine detail in the image is
preserved. A blurred positive mask is made from the original
radiograph by diffusing the image through a thin sheet of
opal Perspex (the front of a viewing box) onto an unexposed
film placed underneath as shown in Figure 2.38. The image
so produced lacks the detail of the original, registering only
the background. By superimposing this positive film on the
original radiograph, with emulsion sides together, part of the
background is cancelled out with consequent subjective
enhancement of detail. What has happened is that the more
obvious contrasts are reduced to zero without greatly affec-
ting the less obvious contrasts. Subjectively, they are then
more noticeable. The small contrasts have not been in-
creased; on the contrary, they have probably been reduced
somewhat by the superimposition of the more or less uni-
form density of the positive mask film. Even so, these small
contrasts are now more noticeable.

LIGHT

N

ORIGINAL
RADIOGRAPH

e— SINGLE EMULSION FILM
(.6, DuPonT CRONEX
SUBTRACTION FILM)

PERSPEX

Figure 2.38 Stage 1 of two-stage photographic harmonization

To complete the first stage, a copy i1s made of the two
superimposed films. A single emulsion duplicating film is
suitable for this. The success of the first stage depends on the
exposure used to produce the subtraction mask (positive
copy). Unless this exposure is correct, subtraction of the
more obvious background information will not be entirely
successful. In general, the greater the densities in the original
radiograph, the greater must be the densities in the subtrac-
tion mask to achieve successful subtraction.

The second stage involves superimposing the original
radiograph on the copy obtained as the end result of the first
stage. The emulsion side of the copy film is placed in contact
with the radiograph. The image resulting from this arrange-
ment of films is copied on duplicating film. The final image
will show that the background contrast has been restored to
normal but the image detail is now, as it were, represented
twice and the contrast of this detail is thus increased. Detail
perceptibility will be improved provided that the inevitable
reduction in resolution is acceptable.

(iv) The last method to be mentioned uses Medichrome
film, which is a product of Agfa Gevaert Ltd. Only one
exposure is necessary on a single film used with a single
intensifying screen in the case of mammography and
possibly extremities, or with paired screens for most other
examinations. The film requires special processing solutions
and cannot be processed in the conventional autoprocess
chemicals. The resulting image is blue and grainfree since the
silver image is replaced by a blue dye image during process-
ing. The effective average gradient for the characteristic
curve for this film is dependent on the spectrum of light used
to view it. Progressing gradually from blue to red through
the spectrum produces a gradually increasing average
gradient. A high contrast image is produced using red light
while a very low contrast is achieved using blue. Thus
various degrees of image contrast can be achieved with only
one exposure.

Returning to point (ii) on p. 30, i.e. making log Emax
=log Exand log Enin=1log Ey, itis noted that previously kV
was increased to make the log exposure range and the film
latitude the same magnitude, but unless the mAs is correct,
the log exposure range may not coincide with film latitude
on the log F axis (Figure 2.39). In Figure 2.39(a) the log
exposure range is too great so kV is increased to compress it
to the same magnitude as the film latitude (Figure 2.39(b)).
Here the log exposure range has certainly been compressed
and its magnitude is the same as the film latitude. Unfor-
tunately the two do not coincide and image information is
lost. What is needed is an mAs increase to increase all the
exposures in the log exposure range thus shifting it en bloc to
the right. If the correct mAs increase is chosen then the end-
points of the log exposure range can be made to coincide with
the endpoints of the filmlatitude. Thisisthe sameasrequiring
log Emax = log E,and log Emin=1log E) once (log £ max-10g
Emin) = (log Ex - log E}) is achieved. If an approximate
characteristic curve has been produced for this film-inten-
sifying screen combination using a method similar to that
given on pp 16-17, then the amount of exposure increase can
be calculated.

The situation of Figure 2.39(b) is shown again in Figure
2.40 where it is seen that the highest useful exposure in the
log exposure range (A) produces a net density of D =1.2 and
the film is considered ‘underexposed’. For a correctly



34

Radiographic Photography

(a) ()

Dy Dy fommmmmmmmemmnes
; :
DENSITY ' :
i 1
i i
1 )
' |
: |
AT % :
: : : |
} T LATITUDE ! ! '
H ! H H
o6 JrosReLexe foqLoc.ReL .,
EXPOSURE EXPOSURE
RANGE RANGE
(c)

)

i

DENSITY :

‘

)

1

E

Dy [~ A :

] )

[} ]

] ]

: !

T‘_ L0G __’I L0G.REL.EXP.

EXPOSURE
RANGE

Figure 2.39 Fitting log exposure range to film latitude

FILM
_'l LATITUDE
3
NET
DENSITY g femmmmccmaceaeeee
:
1.2 :
LA ;
P
1 E é
P
Vo
0 1y 120
T‘L A—»f 2 3
4——3—51
LOG, REL. EXP,

Figure 2.40 Increasing the exposure in order to achieve correct density
range

exposed film a net density of D = 2.0 is required, as with log
exposure range (B). The log relative exposure (log E,) produc-
ing the density of 1.2 is 1.7 while the log relative exposure
(log E,) producing D = 2.0 is 2.0.

Therefore log £, -log E,=2.0-17=0.3
and antilog 0.3 =2

Thus the exposure must be increased by a factor of 2 to
produce the situation of Figure 2.39(c); in other words
double the exposure (mAs) is required.

In practice it is unlikely that the log exposure values will be
known but the basis of a practical method is now available. It
is assumed that the correct kV has been used, but that the
mAs chosen results in an underexposed film. Further
assume that for the prevailing processing conditions the
approximate characteristic curve for the film-intensifying
screen combination used has been produced. The useful
density range can be taken as 0.25-2.0 (net density) and G for
this range can be measured. Let G = 2.7 for this example.
This value can be used each time the same film-intensifying
screen combination is employed provided that there is no
significant change in processing conditions. (If a densit-
ometer is not always available then a stepwedge image can
be produced on which the density values for each step are
marked. Image densities can then be assessed by comparison
with the stepwedge image. A stepwedge image with 15-20
steps with a density change of 0.2 to 0.3 at each step is
suitable.)

Assume that comparison of the under-exposed film with a
correctly exposed film of the same type from some other
patient indicates that on average the density of the important
detail is D,=1.0. In the under-exposed film for the same
image area D;=0.5. How much should the mAs be in-
creased to achieve a density D,=1.0? Now,

_ AD b,-b,

G = AlgE

log E,—log E|

Here the sign ‘A’ is used to mean ‘a change in’. Gis 2.7, while
the change in density required is from 0.5 to 1.0. It is not
necessary to know log E| and log E,.

Hence, 27 (_1;0 -05) 0.5
) AlogE T AlogE
or, Alog E= 29_§ = 0.18

and, antilog 0.18 ~ 1.5=change in £

Thus the mAs used to produce the under-exposed film must

be multiplied by 1.5 to produce a correctly exposed film.
This method is certainly adequate for practical purposes

and is better than just guessing when an exposure mistake in
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terms of mAs has been made. It is quick and simple, just
requiring a stepwedge image and familiarity with a set of log
tables; extreme accuracy is not required. This procedure can
also be applied where an over-exposed film (in terms of mAs)
must be repeated. Here the answer obtained will be the factor
by which the mAs must be reduced.

The objective has been achieved, but if the log exposure
range were made less than the film latitude then, althoughall
the information would be recorded, there would be less than
optimum radiographic contrast for showing all the required
information. Notice that at this point a situation has been
reached in which there is no exposure latitude. This is a
highly desirable situation, unless there is no idea of what the
exposure factors should be.

To overcome the problem of not knowing what mAs to
use, automatic exposure devices are available, which if used
correctly produce excellent results. The problem of not
knowing what kV to use would require the use of a system
such as ‘Anatomically Programmed Radiography’ produced

by Philips Medical Systems. Systems like this are unlikely to
be generally available for some years, so an understanding of
the problems involved in the imaging process is necessary
and attempts must be made to overcome them using the
facilities generally available.

Finally, to summarize, in practice within the confines of a
given imaging system the aim is:

(1) To compress (or expand) the log exposure range by
increasing (or decreasing) kV so that the magnitude
of the log exposure range conveying diagnostic infor-
mation is the same as that of the film latitude. This
ensures that the optimum radiographic contrast
under these particular circumstances is achieved.

(i1) To make sure that the limits of the log exposure range
coincide with those of the film latitude by adjusting
mAs (once the appropriate kV has been selected).
This ensures that all the diagnostically useful infor-
mation is recorded as ‘useful’ densities.
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Film Materials

INTRODUCTION

X-ray films are an essential and integral part of the imaging
system. The behaviour of an X-ray film under the imaging
conditions chosen will determine the quality of the final
image. A variety of film materials is available for use and an
understanding of the behaviour of these under different
imaging conditions depends initially on a knowledge of their
individual properties. These will be discussed in the follow-
ing sections and a few examples given of how these proper-
ties relate to the required image quality.

CONTRAST AMPLIFICATION

Except in a few special cases, films used in radiography as
image-recording media act as contrast amplifiers. This is
particularly important in soft tissue radiography where
subject contrast is low and a non-screen film imaging system
may be used.

Consider an imaging system where the subject contrast is
represented by the log exposure difference on the log relative
exposure axis shown in Figure 3.1. For the given log
exposure difference (log E, - log E|) afarlargerimage density
difference results because the value for average gradient here
is greater than 1.
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Figure 3.1 Contrast amplification when G > 1
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= = D2 —Dl
If G =1, then from G= +—F———
log £, —log E;

log E, - log E, = D, - D,

and no contrast amplification is achieved. It should be noted
that the use of intensifying screens increases both relative
speed and average gradient. The increase in average gradient
provides greater contrast amplification. Overall contrast
amplification depends on G but contrast amplification also
depends on G and hence varies from point to point on the
curve. Figure 3.2 shows twocharacteristic curves for the same
filmtype but oneisexposed with intensifyingscreens while the
other is not. Note the differences in both G and G betweenthe
two curves. Note also the relative speed differences at
different density levels two of which are shown, 32 at D, and
64 at D,.

It is interesting to consider the image contrast obtained for
a given small log exposure difference at different density
levels and for different film types. Figure 3.3 shows two

FILM EXPOSED WITH
(INTENSIFYING SCREENS

DENSITY
FILM EXPOSED
WITHOUT
INTENSIFYING
SCREENS
D2 [
D1 [

LOG.REL,EXP,

Figure 3.2 Contrast amplification using intensifying screens
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typical characteristic curves, in which A, B and ¢ represent
the log exposure differences for different mAs values but
the same kV. In the low density region the gradient of the
curve A is greater than B and a higher image contrast is
obtained. The reverse is true for higher densities. High image
contrasts are required at low densities in mammography, for
example, and for this A is considered better than B provided
the resolution of the imaging system is adequate.

A
3.
DENSITY
) ! SCREEN-TYPE FILM
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Figure 3.3 Characteristic curves for different film types, showing varyit
contrasts at different image densities

FILM TYPES

Several different film types have application in radiography:

(i) duplitized and single emulsion film for use with
intensifying screens
(ii) duplitized, non-screen (direct exposure) film
(iii) single emulsion film for photofluorography
(iv) single emulsion film for photographic subtraction
(v) single emulsion film for the copying of radiographs
(vi) Polaroid Land film
(vii) radiation monitoring film.

Groups (i)-(v) are used inradiographicimagingtechniques
while a common application of (vi) is in medical ultrasonics
for scan imaging. Radiation monitoring film is not used for
radiographic imaging but for recordinga filmdensity propor-
tional to a radiation dose. Films from groups (i)-(iii) are
available in a variety of speedsand contrastseach havingtheir
own particular application.

Which of the different types and characteristics are
selected for use in a given department will depend on a
number of factors such as

(a) standard of image result

(b) relative advantages and disadvantages of each type

(c) processing requirements

(d) cost and availability

(e) storage capacity

(f) rate of use and shelf-life

(g) accessory equipment required, method and ease of
use.

Often, because of the large number of patients dealt with,
large film throughput and a large staff complement, there is
much to be said for procedural simplification ana standard-
ization to avoid errors leading to film wastage and increased
patient radiation dose. Consideration of factors such as

(a) mistakes in use of film type

(b) confusion as to type to use

(c) simplificationotdarkroom procedures withstandard-
ization

(d) simplification of stock control with faster stock turn-
over

(e) simplification of in-service training

leads normally to the conclusion that standardization using
the minimum number of different film types, speeds and
contrasts compatible with acceptable image quality is
necessary. Adopting this approach may lead to an apparent
rather than actual deterioration in image quality over part of
the range of work because of limiting the number of different
film types used.

Whatever approach is used to this problem the film
materials chosen should have the right balance between
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speed, contrast, film latitude and resolution for integration
into the imaging system for use in a particular range of work.
Fog level should be low so as to have the smallest effect
on contrast and fog level should change little under suit-
able storage conditions. A poor understanding of changes in
film characteristics with storage and use can often result in
storage, exposure and processing conditions which produce
an image quality inferior to that expected from manufac-
turers’ claims. Manufacturers are often unfairly blamed.
Tests requiring access to a densitometer should always be
carried out to assess comparative image quality under
existing conditions and, where practicable, changes made in
these conditions to try and effect improvements. All results
can be recorded and graphed to allow interpolation where
required.

Screen-type Films

These may be duplitized or have a single emulsion and can be
either monochromatic or orthochromatic.

Duplitized screen-type film, both monochromatic and
orthochromatic, is designed for use sandwiched between a
pair of intensifying screens and for high speed automatic
processing. If necessary it can also be processed manually.
The modern autoprocess films have lower coating weights
than the older manual process film, and are more durable
due to the emulsion layers being pre-hardened to a greater
extent. A relatively large range of films is available giving a
good choice of film size (metric), film speed, contrast and
resolution, and exposure latitude. It is not possible to select a
film in which each of the individual characteristics is exactly
right, since they are interrelated and only a compromise can
be obtained. For example, an emulsion giving a high film
contrast will have low exposure latitude particularly at low
kV. The high contrast and the low kV are necessary when
investigating radiographically a patient part of low subject
contrast. Because of the low exposure latitude for the film,
the exposure chosen must be accurate since even a small
degree of exposure mistake will decrease the amount of
diagnostic information available in the image.

Screen-type films are not generally intended for use
without intensifying screens since the image contrast will be
much lower, but they have been tried for extremity work.
When used without intensifying screens, screen-type films
are exposed to X-rays alone, and it is the X-rays which form
the latent image. When used with intensifying screens the
latent image is formed mainly by the intensifying screen
emission. The X-rays do play a small part in directly forming
the latent image but it is insignificant in comparison with
that due to screen emission. The emission from the inten-
sifying screen as a result of excitation by X-ray photons
intensifies the imaging effect of the X-ray beam allowing
smaller radiation doses to be used in practice.

In general two speeds of screen-type film are available, the

slower film usually being classed as ‘standard’ or ‘medium’
speed, and the other as ‘fast’. The faster film is very useful
where it is necessary to keep the radiation dose to a
minimum, but the quality of the image is not usually as good
as that obtainable with the medium speed film. Medium and
fast films from one manufacturer are not necessarily the
same speed as medium and fast films from another manufac-
turer, and when changing films it is essential to have a
measure of relative film speed. This is also necessary when
changing from medium to fast films or vice versa.

Film-Intensifying Screen Combinations

Since screen-type films are used with intensifying screens, it
is essential to ensure that the best combination is chosen.
This may be done by objective testing, by visual comparison,
and of course by consideration of manufacturers’
recommendations. What the ‘best’ combination is will de-
pend on the circumstances prevailing and the image quality
required. It must be remembered that the ‘best’ film-inten-
sifying screen combination for a particular case will not be
fully appreciated unless the other parts of the system (in-
cluding exposure factors) are optimized. Screen-type films
are made to match the intensifying screens produced by the
same manufacturer. It is unlikely that a gain in objective
image quality will be obtained by not matching a film with
the recommended intensifying screens.

A single emulsion film-single intensifying screen com-
bination for mammography is arranged in a different way
to a duplitized film-screen system due to the low kV values
used (Figure 3.4). If the intensifying screen were placed
between the X-ray beam and the film, a small proportion of
the beam would be attenuated by the screen with little or no
screen emission and some under-exposure would result.
Perhaps more importantly, when a back intensifyingscreenis
used the image is formed by emission from the upperlayers of
the screen adjacent to the film emulsion. With a front inten-
sifying screen the emission comes from the deeper layers thus
increasing unsharpness (Figure 3.5).

FRONT OF
PLASTIC VACUUM
CASSETTE

FRONT OF

o T~ s, Foces

BASE IO TN ] AT Tea FILM+SCREEN

ENUL S 10N 500570 20 0390208505803 S0 8905, »— T LUORESCENT
LAYER

<+——SCREEN BASE

//////////////II///////////I////// ’—E&ET?E FOLDER

BACK OF
PLASTIC
CASSETTE

Figure 3.4 Section through a vacuum cassette used in mammography
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Figure 3.5 A frontscreen (B) formsa larger, more diffuse image than a back
screen (A) because of the greater distance of the emitting phosphor particle
from the emulsion

When used with their respective intensifying screen system
single emulsion films have a lower relative film speed than
duplitized films. Their Gisalsolower but thisisto be expected
with a single emulsion film. Although the single emulsion film
has these relative disadvantages, it does have superiorresolu-
tion, and, when compared with a duplitized, non-screen
imaging system, has a higher relative speed and a higher G
when used with its matched single intensifying screen. In
comparison with a duplitized film-paired intensifying screen
system the only advantage is one of higher resolution, mainly
because of the smaller phospher particlesinthescreenand the
absence of cross-over.

Duplitized film in conjunction with paired intensifying
screens can now be used for virtually all radiographic
techniques. Intensifying screen pairs are generally available
in several different speeds, the slowest having the higher
resolution. By choosing suitable combinations of film-speed
and intensifying screen-speed and resolution, various imag-
ing systems can be obtained suitable for virtually all radio-
graphy. Inallcases the spectral sensitivity of the filmemulsion
must be matched to the spectral emission of the intensifying
screen to achieve the optimum response.

Non-screen Film

Direct exposure film is designed for use without intensifying
screens, the latent image being formed solely by X-rays.
Direct exposure films are used contained in light-tight

Figure 3.6 Prepacked Kodak direct exposure film in paper envelope

envelopes (cassettes) made of either plastic or cardboard, or
in paper envelopes prepacked by the manufacturer
(Figure 3.6).

If the film is to be processed in an automatic processor of
the 90-second type, its emulsion layers must have a coating
weight no greater than that of a screen-type film otherwise
incomplete processing occurs in the short processing time
allowed. Increasing coating weight is an effective way of
increasing a non-screen film emulsion response to X-rays,
but such films can only be processed manually. Industrial
non-screen films originally used in mammography and also
used for radiography of specimens in research departments
have high coating weights and relatively thick emulsion
layers and are only suitable for manual processing. Auto-
process non-screen films overcome the problem of a reduced
coating weight by the use of sensitizers during emulsion
preparation.

The main advantage of a non-screen image recording
medium is its superior resolution compared with film-inten-
sifying screen combinations. Provided the correct technique
is employed this superior resolution allows much finer detail
to be visualized in the image, even under considerable optical
enlargement. Because of the relatively low speed of a non-
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screen system, and hence the relatively high radiation dose
required, this type of film is only suitable for extremity
radiography and radiography of other body parts — e.g.
teeth, surgically exposed kidney, mammary glands. Even in
these cases the use of non-screen films is only justified when
other faster recording systems lack the resolution to provide
the image detail required. Nowadays the use of a slow non-
screen imaging system can rarely be justified for medical
radiography. The non-screen film designed for radiography
of an exposed kidney is specially shaped and is contained in
an envelope which can be cold sterilized. The film is suitable
for processing in a high speed automatic processor. The
special shape allows anatomical identification to be made
and makes easy the positioning of the film around the renal
blood vessels (Figure 3.7).
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Figure 3.7 Film for kidney surgery. This Kodak film is approximately
10cm by 13cm

Dental Film

Dental films are non-screen films. They are duplitized and
contained in light-tight envelopes prepacked by the
manufacturer (Figure 3.8). The periapical dental film is the
smallest and is designed for radiography of individual teeth
or small groups of teeth. The occlusal type of dental film is
larger and designed for radiography of mandibles and
maxillae while being held in the occlusal plane. The tab on
the ‘bite-wing’ film is for holding between the teeth thus
holding the film vertically against both upper and lower
teeth. The typical periapical and occlusal films are contained
in light-tight envelopes sandwiched between sheets of paper
next to a thin sheet of lead foil (Figure 3.9). An embossed dot
is used as an identification system as these films are too small
to allow the use of anatomical markers. It is essential to use
these films with the correct side facing the X-ray tube
because of the presence of the lead foil acting as a radiation
attenuator.

Figure 3.8 Kodak dental film. The ‘bite-wing’ film is shown at the top
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Figure 3.9 The wrappings of a typical dental film
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Films for Subtraction and Duplication

These are specially designed single emulsion films. Their
behaviour is best understood from a consideration of their
characteristic curves and this will be left until Chapter 15.
Both films are used for contact printing of original X-ray
films. The subtraction film produces a positive image, the
reverse of the original, while the duplicating film is designed
to produce a copy of the original. 100 mm duplicating films
are available to copy original radiographs but special equip-
ment is necessary to produce a copy since contact printing is
not possible if the whole of the original image is to be
reduced onto the 100 mm film.

All subtraction and duplicating films have an anti-hal-
ation layer. The emulsion side of the film is usually identified
by means of one or more notches cut out of the edge of the
film near one corner. When the notch is at the upper right-
hand corner, the emulsion side faces you. Subtraction and
duplicating films are available which can be processed in a
90-second automatic processor.
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Figure 3.10 Sizes of X-ray film

Fluorographic Films

Fluorographic films are designed to photograph the image
produced at:

(i) the output phosphor of an image intensifier tube
(i1) the fluorescent screen of a camera unit (e.g. Odelca
camera)
(iii) a TV monitor screen (kinefluorography).

All fluorographic films have a single emulsion and anti-
halation layer.

16 mm and 35 mm roll film (Figure 3.10) is used for cine
recording of the image at the image intensifier tube output
phosphor (cinefluorography). The output phosphor emis-
sion spectrum of a typical intensifier tube is shown in Figure
3.11 and the cinefilm must have either an orthochrom-
atic or panchromatic emulsion to respond to this. The
majority are panchromatic. 16 mm cinefilm is used for kine-
fluorography. 70 mm, 100mm, and 105mm films are
available for single or rapid sequence exposures usually up
to 6 frames per second but higher frame speeds have been
used. These are not cine films but they are used in conjunc-
tion with an image intensifier. The films, depending on
format, are available as roll film or sheet film (cut film), and
all have orthochromatic emulsions. 70 mm and 105 mm are
roll films, 100 mm is available as single sheet film. The Old
Delft Odelca camera uses 70 mm roll film or 100 mm sheet
(cut) film depending on camera model (Figure 3.10).

Polaroid Film

This has been used in theatre radiography, placed in a special
cassette with a single intensifying screen. The end result is a
positive image on paper which is viewed by reflected light. In

100 |
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300 400 500 600 700
WAVELENGTH (nm)

Figure 3.11 Spectral emission from the output phosphor of a typical image
intensifier tube
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Figure 3.12 TV monitor camera attachment loaded with Polaroid film

X-ray departments usingdiagnostic ultrasound, forexample,
Polaroid films are used to photograph theimage produced on
the cathode ray tube of the ultrasound equipment (Figure
3.12). However there is an increasing tendency to use single
emulsion, orthochromatic film for such applications.

Figure 3.13 Structure of Polaroid film

The Polaroid material (Figure 3.13) consists of two layers:

(i) The top layer is formed from light sensitive film, and
here the latent image is formed on exposure to light.
During processing the final image is formed asa result
of image transfer fromthislayer to the lowerlayer. The
top layer is discarded following processing.

(ii) The lower layer is not light sensitive, and this layer
holds the final image. The image must be viewed by
reflected light since it is supported onan opaque paper
base.

Figure 3.14 Development of Polaroid film

The image formed on the top layer is described as
negative, while the image on the lower layer is positive. The
two film layers are only brought together after exposure. The
sealed container of processing jelly is ruptured, the chemicals
spread evenly over the surfaces of the film layers as a result of
pulling the film through a narrow opening in the camera, and
film processing commences.

In the negative film the latent image is made visible,
following the reduction of the exposed silver halide forming
the negative image. Silver ions from the unexposed areas
diffuse across to the positive film (Figure 3.14) to form an
image which is the reverse, in terms of densities, of that on
the negative film. The positive image can be viewed when the
two films are peeled apart when processing is complete after
10-15 sec. A typical result is shown in Figure 3.15, whichisan
ultrasound scan of a pregnant uterus.

Figure 3.15 B-scan of a pregnant uterus recorded on Polaroid film
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Radiation Monitoring Film

This is similar in appearance to dental film (22 mm X 36 mm)
but has an identification number embossed on it. The most
common type is duplitized but the coating on each side of the
base is not the same; one coating has a high speed while the
other emulsion coating is of lower speed. The faster of the
two emulsions is arranged to face the front of the film badge
when used. The use of two emulsions of different speeds
allows a very wide range of exposure dose levels to be
assessed. Small exposures are recorded and assessed using
the faster emulsion, as they have no effect on the slow
emulsion. Large exposures are likely to produce densities
too great to be accurately measured in which case the fast
emulsion must be removed and the density on the slow
emulsion measured. This density is then used to assess the
exposure dose received.

Examples of characteristic curves for the two emulsions
are shown in Figure 3.16. While small exposures produce no
film effect above gross fog on the slow emulsion, its gross fog
level though very small will be superimposed on the density
(D,) recorded by the fast emulsion. The high exposure is
recorded as D, on the fast emulsion and D, on the slow
emulsion. Dy is too high to be accurately measured, but if the
fast emulsion is removed the exposure can be assessed from
D,. Required film characteristics are sufficient relative speed
to respond to small but significant exposure doses of X- orv-
rays, constant speed from batch to batch for a given set of
processing conditions, constant low fog level, and minimum
latent image fading throughout the period worn.

HIGH SPEED
EMULSION

LOW SPEED
EMULSION

DENSITY

EXPOSURE
SMALL HIGH (LOG SCALE)

EXPOSURE EXPOSURE

Figure 3.16 Low and high exposures of the two emulsions in radiation
monitoring film
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Film Sizes
The commoner metric film sizes are given in Table 3.1.
Table 3.1 Metric film sizes
Dental film Screen-type and Fluorographic film
(mm) direct exposure film (mm)
(cm)
22x 35 13x18 16
27 x 54 15x13 35 1 fil
32x 41 15 x40 70 [~TOL tm
57 x 76 (occlusal) 18 x 24 105
20 x 40
24 x 30
30 x40 100 (cut film)
35x 35
35x43
40 x 40
Film Packaging

Film material supplied by the manufacturer is packed and
sealed in such a way that the films are fully protected against
the adverse effects of fumes and high relative humidity. Once
opened, full protection is no longer available. Some gases
and high relative humidity can produce an increase in the fog
level of unprocessed film. High temperatures and extreme
temperature variations also cause an increase in fog level and
unfortunately the packing cannot protect against this. The
choice of film storage conditions is aimed at reducing the
rate of increase of fog level during the storage period.

Films for use with intensifyingscreens are available packed
with interleaved paper to facilitate handling, though this is
not essential. Films for use without intensifying screens can
be obtained with each prepacked in its own light-tight paper
envelope ready for use.

Handling and Processing

All film material should be handled as little as possible and
then at the edges or corners with hands that are clean and
dry, otherwise marks can be left on films which can be clearly
visible after processing. They may interfere with image detail
visualization. Film material should be handled with care as
pressure marks can be formed which appear as high or low
density marks on the film after processing. Films should be
handled only under the correct safe-lighting conditions and
then for the shortest possible time necessary to complete the
film handling task. Incorrect safe-lighting conditions or
excessive film handling times can lead to unacceptable film
fogging.

All the above faults are avoided if a correctly functioning
automated film handling system (‘Daylight’ system) is
employed. The handling of film and its introduction into an
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automatic processor, or the film loading of an automated
film handling system, is best learnt by practical example. All
sheet film suitable for automatic processing should be fed to
an automatic processor in a systematic manner, since
replenishment rates for processing chemicals are based in
part on an agreed method of film feed. Single emulsion film
is usually fed into the processor emulsion side down. Small
format, single emulsion roll film can be processed in a 90-
second processor used for large sheet film but care should be
taken with replenishment rates where a long film is to be
processed. This will be discussed in more detail in
Chapter 12.

RELATIVE SPEED EVALUATION

When using a number of different film types it is necessary to
have some idea of the speed (p. 29) of one relative to another
so that exposure factor conversion can easily be carried out.
An estimate of relative film speed, sufficiently accurate for
practical purposes, can be obtained by the method described
below. The test described relates to two different speed films
normally used with similar intensifying screens and need
only be done for one set of conditions, because this is a test of
relative speed and the result will therefore apply to other sets
of conditions. Whenever such a test is carried out, it must be
remembered that, to provide reasonably useful results,
identical test conditions must apply to both films (this test is
limited to two films, but more than two could be tested at one
time).
The materials required are:

(1) Aluminium stepwedge, wide enough to cover the
whole cassette, with 10-20 steps.

(2) A single cassette loaded with half of one test film
adjacent to half of the other film. Toachieve this the test
films must be cut in half, and the two film halves should
not overlap in the cassette. The cassette contains a pair
of intensifying screens which would normally be used
with these types of film. 24cm X 30cm is a suitable
cassette size so that the stepwedge is of reasonable
proportions and the film halves are a suitable size for
handling and processing. A single cassette is used so
that similar conditions apply to both films
simultaneously.

(3) A means of identifying the films and recording the
exposure received is necessary. A series of lead letters
could be used.

(4) X-ray equipment to make the required exposures.

(5) Densitometer. If one is not available, densities must be
visually compared.

(6) Lead rubber pieces of suitable size and lead equivalent.

(7) Automatic processing facilities to ensure similar film
processing.’

Initially, to determine which of the two film halves has the
greater speed, a single exposure is used, exposing the two
film halves simultaneously. After this, a whole film is loaded
into the same cassette and, making use of the lead rubber
pieces, the film is given a series of different length exposures
at the same kV as before. (It is convenient to hold the mA
fixed and vary the times as for this test reciprocity failure can
be ignored. Reciprocity failure is discussed in Chapter 7.) It
is assumed that the exposure timer is accurate. The mAs used
will depend on the speed of the intensifying screens, the type
of X-ray equipment, and the FFD.

CENTRAL RAY DIRECTED

TOWARDS THE MIDDLE
OF THE STEPWEDGE

ALUMINTUM
STEPWEDGE

CASSETTE

Figure 3.17 Stepwedge for measurement of relative film speed

Method

A single exposure is made with the equipment arranged as in
Figures 3.17 and 3.18. 60-80kVp is chosen with sufficient
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Figure 3.18 Arrangement of films for measurement of relative film speed
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mAs to produce, on one of the film halves, a series of step
densities approximately covering the useful density range.
The FFD chosen should be constant throughout. Following
exposure the two film halves are processed together. On the
film half which appears correctly exposed, a step density
near the middle of the useful density range is measured. The
step number and density value should be noted. Assume that
it is the middle step with D = 1.0. Relative to this the other
film half may be under-exposed, over-exposed or correctly
exposed. If the other film half has a middle step density of 1.0
then the two films have the same relative speed and the test is
complete. If, however, its middle step density is higher or
lower than 1.0 then additional exposures are required to
determine relative speed. Consider the case of under-
exposure. The procedure is as follows:

(i) The same cassette is reloaded with this slower film. It
is not necessary to cut the film.

(ii) A series of increasing exposures is made, changing
only the exposure time; the otherexposure factorsand
related details remain the same as for the initial
exposure. The lead rubber pieces are used to cover all
the cassette except the strip being exposed (Figure
3.19), which is moved for each exposure. The idea is
that one of the exposed strips will have a middle step
density D =1.0, in other words will have a middle
step density approximately equal to that on the
correctly exposed film half. A series of some 5 to 8
exposures will usually be sufficient commencing with
an exposure time just greater than that used for the
initial exposure and terminating with an exposure
which is thought to give a middle step density greater
than one.

(iii) This film is processed in the same way as before and
each of the middle step densities measured. One of
them should have D ~1.0, and the exposure time
used to produce this is noted. The ratio of this

STEPWEDGE

CASSETTE
LEAD RUBBER

Figure 3.19 Arrangement of lead rubber sheets for measurement of relative
film speed

exposure time to the exposure time used for the initial
exposure for the two film halves gives the relative film
speed for this density. If a densitometer is not
available, approximately equal middle step densities
can be judged by visual comparison. The density
D=1.0 can be assessed by placing the film over a
sheet of printing, which should only just be visible
through the film.

Asanexample, let the initial exposure time be 0.4 s and the
exposure time required to produce an approximately equal
middle step density on the under-exposed film be 0.8 s. The
speed ratio is then 0.8:0.4 or 2:1, which means that one film
is twice the speed of the other. This approximate measure of
relative film speed can be applied satisfactorily at any kV
within the diagnostic range.

If an automatic exposure device is used the second part of
the test is somewhat different. Instead of making a series of
exposures by altering the exposure time, the autotimer
sensitivity setting is altered at each exposure. The correct
setting may be judged by comparing midstep densities.

Often in practice it is necessary to have some idea of
relative exposure values for different film-intensifying
screen combinations where the films have different spectral
sensitivities and the screens employ different phosphor
materials with quite different emission spectra. Here, unfor-
tunately, the relative speed figure obtained will vary with kV
and with the properties of the stepwedge or other interposed
attenuator, and only a rough guide to relative speed can be
obtained for use in practice. This will be considered in more
detail in Chapter 5.

Knowledge of relative speed is also required when chang-
ing from a non-screen imaging system to a film-intensifying
screen combination in extremity radiography or mam-
mography. Again the relative speed is dependent on the kV
and the amount of scattered radiation reaching the inten-
sifying screens, but in this particular example only small

ALUMINIUM
STEPWEDGE

\

FILM/INTENSTFYING SCREEN ‘\LEAD RUBBER

COMBINATION IN A CASSETTE NON-SCREEN FILM

Figure 3.20 Measurement of relative speeds of a non-screen film and
film-screen combination: arrangement for first exposure
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patient parts are likely to be radiographed and the percen-
tage scatter content of the beam is likely to be small. The
stepwedge can satisfactorily be used to obtain the ap-
proximate measure for relative speed using a kV value
representative of that used for extremity radiography
(50-55 kVp) or mammography (25-35kVp) as the case may
be. The steps in the procedure are similar to those described
above (see Figures 3.20 and 3.21). The relative speed
measure obtained can be used satisfactorily over the limited
kV range normally used for this type of radiography.

ALUMINTUM
STEPWEDGE

LEAD

LEAD RUBBER
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(

NON-SCREEN FILM

Figure 3.21 Measurement of relative speeds of a non-screen film and
film-screen combination: arrangement for series of separate exposures

Finally a relative speed measurement may be required for
two or more different non-screen films. In this case the test
procedure is identical to that described previously but a non-
screen film holder (cassette) is used to hold the films. A
different method of relative system speed evaluation is
considered in Appendix 3, page 286. A stepwedge calibration
isemployed and for continued use the method is simpler than
that described above but there are pitfalls and these are
discussed.

Factors Affecting Relative Speed

Where intensifying screens are used which employ different
phosphor materials then the kV at which the test is per-
formed will affect the value obtained for relative speed. For
example, when comparing a calcium tungstate intensifying
screen-film combination with a rare-earth intensifying
screen-film combination, relative speed increases with in-
creasing kV for a large part of the diagnostic kV range.

Imaging media with different speeds and average
gradients (G) will show a variation of relative speed depen-
ding on the density value at which densities are compared
even though the kV remains constant. Figure 3.22 gives an
example of this. The log exposure differences for two
imaging systems A and B are measured at D=1.0 and
D=2.0.
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Figure 3.22 Characteristic curves for two different imaging systems, show-
ing different relative speeds measured at different densities

Alog Fat D=1.0is 2.1-0.9)=1.2
antilog 1.2 <= 16

Alog Eat D=20i1s(2.5-1.0)=1.5
antilog 1.5 =~ 32

Therefore at D= 1.0, A is some 16 times faster than B, while
at D=2.0, Aissome 32timesfaster than B. If the film contrast
at all points is the same for the two imaging media then their
relative speed is independent of density.

Processing conditions affect both density and film con-
trast and will thus affect relative speed, but providing an
automatic processor is used and is working within accepted
limits the effect of processing can be disregarded for prac-
tical purposes. Film speed falls with increasing storage time
and average gradient also decreases. Both of these factors
affect relative speed at different densities but the effect is
normally small with correct storage conditions.

Characteristic Curves

Figure 3.23 illustrates typical characteristic curve shapes and
relative positions for many modern X-ray films. Figure 3.24
shows curves for duplicating and subtraction film.
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Figure 3.23 Typical characteristic curves for modern X-ray films. A: rare-
earth oxybromide film-screen combination; B: calcium tungstate

film-screen combination; C: single emulsion film-single rare-earth screen
combination; D: direct exposure film
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Figure 3.24 Characteristic curves for subtraction and duplicating film
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Control of Film Stocks

INTRODUCTION

The image quality obtained with a given film material
depends in part on the storage conditions. It is
necessary to appreciate what constitutes optimum storage
conditions and the possible effects on the image when these
conditions are not met. A certain degree of latitude is
possible in film storage conditions and to this end it is
necessary to understand the principles and methods involved
in the setting up and use of a film store.

In time, badly stored films progressively lose speed and
contrast and their fog level increases. In general, the faster
the material or the further into the red end of the spectrum
the sensitivity of the film lies, the more rapidly it will
deteriorate. Since radiographic procedures may employ
monochromatic, orthochromatic or  panchromatic film
material (p. 6) it is obvious that the panchromatic film
material will deteriorate more quickly than the other types.

GENERAL STORAGE CONDITIONS

The correct storage of unexposed, unprocessed film involves
protecting it from:

(1) High relative humidity
(i1) High temperature
(iii) X-rays and v -rays from radioactive materials
(iv) Harmful gases
(v) Physical damage.

In addition, the store should be easily accessible, relatively
simple to operate and control and big enough to hold the
calculated maximum stock level. Film material is extremely
expensive and forms a considerable part of the functional
budget of an X-ray department, and this should be reflected
in the degree of importance placed on the management of
film stocks. Attention should not be limited to unexposed
film material but should also be given to exposed material,
since, apart from exposed and unprocessed film, storage
conditions for exposed and processed film can radically
affect its useful life as records. Initially, however, attention
will be directed at unexposed film material and each of the
above listed criteria will be considered in greater detail.
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High Relative Humidity

Too great a relative humidity has a disproportionately
damaging effect on stored films, and to protect film material
manufacturers sell their product in sealed packages. Sheet
and roll film may be sold in sealed foil or polythene packag-
ing. The film material is packed under controlled conditions
of relative humidity (30-65%) and, once the package is
sealed, the film material is completely protected until open-
ed. This means that there should be no great worry about the
relative humidity of the film store since, whatever it is, it will
not alter the relative humidity of the environment in which
the film material is sealed providing that seal is not broken.
Thus, providing the film store is not obviously damp there is
no necessity to worry about the relative humidity for films
stored in their original, sealed packaging. All that is required
is that the store be reasonably dry.

Once opened, films are used fairly rapidly but it will be
unavoidable that there will be a certain time between using
the first and last films from an opened box of 100 films. It is
under these conditions of storage (seal broken, films waiting
to be used) that attention must be paid to relative humidity.

The sensitometric characteristics (p. 15) of an emulsion
can be altered by high relative humidity (once the film pack is
opened) and high temperature (whether the film pack is
opened or not). High relative humidity is the more damaging
of the two. Moderate humidity and temperature is more
satisfactory than low temperature and highrelative humidity;
forexample, storage at 16° C(60° F)and 40%relative humidi-
ty is much better than storage at 4° C (40° F) and 80% relative
humidity. Unsealed film packs are generally kept in a con-
tainer or hopper within the darkroom. It is here that the
problems of high temperature and high relative humidity are
encountered especially if the darkroom contains a free-stan-
ding automatic processor with a non-ducted, hot-air film
drying system. Here the temperature and relative humidity
within the darkroom will be very high unless an efficient
ventilation system exists or steps are taken to duct away the
hot, humid air produced. Occasional tests on films contained
in the hopper should be done to assess fog level, but for this a
densitometer will be required. The results should be cor-
related with those obtained from the periodic sensitometric
evaluation of image quality so that variations in processor
performance can be accounted for in the density
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measurements recorded. The test can be quite simple and only
involve the periodic processing of a filmselected fromthosein
the hopper. This film is unexposed and toavoid any possibili-
ty of safelight fogging it should be inserted into the automatic
processor in total darkness. The density of the processed film
is then measured and a correction made for any variation in
processor performance. The results are then compared with
previous results obtained under the same conditions using
films from the same pack. This should indicate how fog level
varies during the storage period of the opened film pack.
Films used for sensitometric evaluation of image quality
should be of the same type as those used for general
radiography but should not be stored in the darkroom if the
relative humidity is high.

Under most existing conditions in this country, such
variations in fog level are likely to be very small and
insignificant, since in a busy department an opened box of

films is unlikely to last (and hence be stored in an opened
pack) for more than about 2 days. Thus in general radio-
graphy with a rapid turnover of films relative humidity
considerations can generally be neglected. Even in the case of
film sizes less regularly used the storage period is unlikely to
be long enough for relative humidity to be problematical. It
is only in a small department, with high relative humidity
during periods of processor operation and opened boxes of
film being stored in the darkroom for several weeks before
being used up, that increased fog levels can be expected. In
an attempt to overcome this, foil packing, once opened, can
be resealed after squeezing excess air from it. A double fold
should be made across the end of the package, sealing it with
waterproof, adhesive tape. The package should not be
resealed in very humid conditions, but otherwise package
resealing does give the contained films protection from
varying conditions of relative humidity. Resealing should be
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Figure 4.1 The effect of storage time on speed, contrast and fog level. (By courtesy of Fujimex Ltd.)



50

Radiographic Photography

done after processing has finished for the day and the
darkroom first well ventilated to reduce humidity. This
method is acceptable but above all, the recommendation is
that, once opened, a box of films should be used up as
quickly as possible.

High Temperature

While an unopened film box in store is completely protected
from relative humidity conditions existing outside the box, it
is not possible to provide a packing which will provide
protection from variations in temperature. The method used
for film stock control, to be described later, provides a
maximum storage period for any box of films of about 15
months. Figure 4.1 shows the effect of storage time on speed,
contrast and fog level.

Materials which have been stored at temperatures above
21°C(70°F) - and this is certainly not hot - for more than4
weeks may suffer perceptible changes in speed, contrast and
fog level (Figure 4.2). The film materials store should be
cool, dry and well ventilated all the time. There should be no

hot water or steam pipes passing through the store, and it
should not be adjacent to a boiler room. If the film store has
windows, then

(i) these windows should not be south-facing because,
even if they are covered, the effect of sunlight can
raise and maintain the temperature of the film store at
an unacceptably high level

(ii) sunlight should not be allowed to fall directly on any
container of film material.

In single storey buildings, the roof of the film store should be
insulated from the heating effect of the sunlight.

Rooms with damp walls or prone to condensation and
rooms subject to large temperature variations should not be
used to store film material. The recommended maximum
temperature (which should not be exceeded) for the storage
of unexposed, unopened film material is 21°C (70°F) for
periods of up to 3 months. Temperatures less than this are
perfectly acceptable. In contrast, the recommended
temperature range for the storage of exposed and processed
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Figure 4.2 The effect of storage temperature on speed, contrast and fog level. (By courtesy of Fujimex Ltd.)
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film is 15-27°C (60-80°F) in a dry environment. It is
recommended that a thermometer be permanently mounted
in the film store so that the appropriate steps can be taken if
temperature changes are excessive or if the maximum
temperature is exceeded.

Radioactive Materials and X-rays

High speed films, especially those designed for direct ex-
posure to X-radiation, are the most susceptible to fogging
from accidental exposure even when the radiation is of low
intensity. Background radiation from different sources
varies in magnitude from location to location
(10-200 xR /h). House bricks, depending on type and com-
position, provide an example of a source of background
radiation and boxes of film stored for a period in contact
with walls built from such bricks have been fogged. ldeally
for film storage the background radiation level should be
<5 pR/h.

When the film store is within the X-ray department and
there is a possibility of film fogging from exposure to
X-radiation or some radioactive source, steps must be taken
to ensure that the walls of the store room are suitably con-
structed to prevent any possible radiation fogging of the film
stock. Tests should be carried out using radiation monitor-
ing film adhering to the walls at different locations and left
there at least as long as the longest film storage period. These
can then be processed and assessed by the radiation monitor-
ing service. Possible solutions to penetration of the wall by
radiation are

(i) to coat the wall with a suitable thickness of barium
plaster,

(i) to increase the thickness of the wall by building a false
wall of concrete or brick lined with barium plaster.
This unfortunately reduces the dimensions of the film
store. Alternatively it is possible to build the false wall
of barium bricks, or

(iii) use a different location for the film store.

The above discussion applies in principle to the darkroom
as well where opened packs of unexposed film material are
stored. Any of the above measures should be adequate and it
should not be necessary to go to the excessively expensive
measure of lining the offending wall or part of the wall with a
2 mm thickness of lead. The door to the store should also be
checked for radiation leakage as should the small gap
around the door. Should there be any possibility of radiation
leakage the door can be lined with lead ply sheet (e.g.
Plymax). Lead ply sheet should also overlap the small gap
around the door.

Obviously it is only necessary to check walls which are
adjacent to X-ray rooms or radioisotope preparation rooms.
To avoid fogging from background radiation emanating
from bricks it is probably cheaper and easier to erect shelving

in the centre of the store room (space permitting) rather than
coat the walls with barium plaster and erect shelving at-
tached to the walls. With a central storage arrangement film
material is kept well clear of the walls.

Harmful Gases

This is unlikely to be any real problem within an X-ray
department but the following information is presented in the
rare event of film material suffering accidental exposure to
certain gases which can fog films if they are not sealed in their
original, unopened packaging. These gases include for-
maldehyde, hydrogen sulphide,ammonia and the vapours of
some solvents and cleaners.

Physical Damage

Film material is particularly susceptible to damage by
pressure and all film boxes should be stored on edge, side by
side. The shelving arrangement should be such as to accom-
modate this arrangement. All similar size boxes of the same
type of film should be kept together and the larger sizes,
which are normally heavier, should occupy the lower shelves
and the smaller sizes should occupy the higher shelves. This
reduces the effort in using the film store and reduces the risk
of dropping a box of films. Films of a given size and type
should not be mixed with films of the same size but different
type, but should be grouped separately. The spacing of the
shelves must allow for ease of stocking and removal of film
material without having to use a ladder. This means that the
height of the shelves above the floor should be between
about 30 and 160 cm. The arrangement of groupings of films
should allow for easy and rapid stocktaking when required.

ORGANIZATION OF THE FILM STOCK

The storage arrangement for film materials should be such
that

(i) film materials can be easily seen, recognized and

issued for use in strict rotation using the oldest first,

(i) all inputs and outputs can be recorded at the time
they occur, and inputs arranged in rotation, and

(iii) if the film store is any great distance from the

darkroom, suitable film transport facilities should be

available and used. Precautions should be taken to

ensure that the film material is not exposed acciden-
tally to radiation on its passage to the darkroom.

The amount of deterioration occurring in film material
depends on the conditions of storage. Correct conditions of
storage minimise the rate at which these changes occur.
Since the majority of film materials are stored-in less than
perfect conditions it would be pointless to allocate film
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expiry dates on an assumption that storage will be perfect.
Instead assumptions are made based on likely usage and
storage conditions and allowances are built-in by the
manufacturer. Unfortunately the expiry dates marked on
boxes from two consecutive deliveries can be the same, so a
separate identification system must be used for film material
to ensure use of stock in strict rotation. Any system used
must be simple yet as versatile as possible.

In the system to be considered, monthly film deliveries are
made and a simple system of marking of film boxes is used. It
is not necessary to stamp a small date on the boxes cor-
responding to the delivery date since it is simpler and more
obvious if a large number is written on the side of each box.
The boxes can then be placed on the respective shelf with this
side facing the onlooker. The number written on each box
will correspond to the month of delivery. Boxes with small
numbers should always be used before those with large
numbers. The exception to this is when using boxes marked
12 (March) before boxes marked 1 (April) but this should
present no real difficulty. The delivery date for each set of
films of the same month number is needed for stock control
and will be recorded at the time of delivery so it is un-
necessary to put this date on each box or item of film
material. It is convenient to match the month numbers with
the financial year. Thus April will be month 1, May will be
month 2 and so on. In the example of a stock control table
(see Table 4.4) there is a sheet number in the top left-hand
corner. This number is the delivery month number and thus
it is very easy to identify a box of films with a particular stock
control sheet and to say which box or boxes of films should
be used up before any others.

Storage of Unexposed Film in the Darkroom

All unexposed film should be contained in a light-tight
container safe from exposure (accidental or otherwise) to
both safelighting and white light. Films are usually stored in
a film hopper. A microswitch may link the film hopper to the
white light system in the darkroom in such a way that if the
hopper is accidentally opened with the white light switched
on then the act of opening the hopper will switch the white
light off, and film fogging is avoided. This, of course, is no
use if the darkroom door is also open. Films are arranged in
the hopper in their separate sizes and the minimum number
of each is stored in this way to allow easy film withdrawal.
Overloading the hopper introduces operational difficulties
and can lead to film faults through handling.

Storage of Exposed, Unprocessed Film

This has, in the past, been necessary when carrying out image
quality control using sensitometric film strips in an effort to
achieve a degree of uniformity and standardization. The film
strips are prepared and pre-stored before use. Now it is

possible to prepare individual control films for immediate
use as and when the need arises so the problem of storage of
exposed and unprocessed film should not occur. The use of
pre-stored control strips provides a relatively insensitive test
for image quality variation due to changes in automatic
processing and such a method should be avoided.

Finally before considering stock control methods mention
should be made of film stored in cassettes and awaiting use.
Fortunately the storage interval here is relatively short and
in any case the film is extremely well protected from changes
in humidity and temperature when contained in a cassette.
The only real precaution necessary is to avoid accidental
exposure to X- orY-radiation. Unexposed film stored in a
film cassette is usually kept either in one side of a cassette
hatch or in a cassette chest where there is adequate protec-
tion under normal circumstances.

FILM STOCK CONTROL

Film stocks represent considerable capital expenditure, and
a reasonably efficient yet straightforward method of stock
control is essential to avoid occurrences such as overstocking
of slow-moving items and running out of stock for a par-
ticular film material. A good stock control method involves
determining in advance the requirements of film materials,
taking into consideration existing stocks, consumption rates
and delivery times, to achieve a stock in hand that complies
with existing stock control policy (National Health Service
circular HM (55)76 for example). Thus it is necessary to
form some estimate of likely future consumption of film
material. Records kept of past performance can be used as a
guide to future consumption, but it can be no more than a
guide. It is essential to have as much reliable information as
possible about future changes in likely film consumption due
perhaps to alteration in techniques, introduction of new
techniques,, reduction in facilities, changes in staff levels or
even possible industrial action. To ensure an adequate
centralized stock control system requires regular and effec-
tive contact with all user departments.

Film stock control can only be effective if accurate and up-
to-date records are kept of film usage. The greater the
amount of information available, and the shorter the period
to be covered by the film order, the more accurate and
effective stock control becomes. Unfortunately administra-
tion becomes more and more excessive, and some com-
promise is necessary. The longer the period for which
estimates of film material use are made, the less dependable
the estimates become. Weekly ordering, for instance, in-
volves excessive administration and from this aspect is
uneconomical; 4 to 6 week estimates are fairly reliable and
can be made with reasonable precision allowing a reduction
in the amount of administration. Any such estimate requires
knowledge of
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(1) availability of supplies,
(i1) frequency of delivery,
(iii) costs,
(iv) rate of use of individual stock items,
(v) seasonal fluctuations, and
(vi) storage capacity,

in addition to information on the factors mentioned earlier.
Three approaches to film stock control are

(a) fixed quantity ordering with a variable time interval,
(b) fixed quantity, fixed interval ordering, and
(c) fixed interval ordering with a variable quantity.

Fixed Quantity, Variable Time Interval

The principle of controlling stock by fixed quantity is to fix,
for each film size and material, a stock level which when
reached acts as a trigger for re-ordering. This stock re-order
level is usually the quantity required to meet maximum
demand between the time of ordering and the time of
delivery, plus a safety factor of say one week’s supply. When
this level is reached a given fixed quantity of film material is
ordered.

In practice various sizes and types of film material are
used. They are usually used at different rates and in different
quantities. This means that each size and type can have a
different stock re-order level, which need not necessarily be a
constant but may require updating at regular intervals
because of variations in work load. Usage rates for each size
and type of film material will also vary from time to time
because of, for example, variations in workload, changes in
technique and the introduction and use of new equipment.
This implies that the stock re-order level for each size and
type of film will be reached at different times. The system
dictates that each time a stock re-order level is reached for a
particular size and type of film then an order for a new stock
of that film must be placed. Thus ordering for each size and
type can occur at different times resulting in a multiplicity of
orders. At its worst, each order will be for only one size and
type of film, which is administratively uneconomical.

In practice this would not occur because some latitude
could be allowed in each stock re-order level. If there is
sufficient- latitude then it is possible to allow a delay in
re-ordering of a particular item until several other items have
reached their stock re-order levels and a single order placed
for several items. To achieve this latitude the stock re-order
level for each item must be made larger, but the amount of
increase may not be practicable.

Consider the following example for three different film
sizes only. For a particular department it is known from the
previous 12 months’ stock records that the maximum de-
mand for 18 X 24 cm, 30X40 cm and 35X 43 cm films for a
1 month period is 16, 8 and 20 boxes, respectively and that
the minimum demand is 4, 4 and 12 boxes. This means that

in any | month 4 to 16 boxes of 18 X 24 cm, 4 to 8 boxes of
30°X40 cm and 12 to 20 boxes of 35 X 43 cm film will be used.
The probability that a larger or smaller quantity of each size
will be used cannot be excluded of course, hence the require-
ment for a safety factor. Under normal circumstances it is
known that the delay between placing the order and receiv-
ing the films varies between | and 7 days depending on the
day on which the order is placed. The film manufacturer in
this example operates a system in which film deliveries occur
in the same area of a region on the same day each week. If
films are ordered the day before delivery there is obviously
only a | day delay. Orders placed on the same day as delivery
occurs will suffer a delay of 1 week. The possibility that a
delivery will not occur in any particular week must not be
neglected and a safety factor of 7 days’ supply must be added
to the 1 to 7 days’ supply necessary between ordering and
delivery of a film order. Stock re-order levels can now be set.
A 14 day supply of films is required to account for the
maximum time interval between ordering and delivery (the
‘lead time’). To this must be added a further safety factor of 1
week’s supply.

The stock re-order level represents 3 weeks’ supply of film
while the safety factor of 1 week’s supply represents the
minimum below which stock level should not be allowed to
fall. The stock levels for the three film sizes are given in Table
4.1. HM(55)76 indicates that a maximum film stock of 6
weeks’ supply should not be exceeded and this will be
followed here. Note that as yet no latitude has been
employed but this will be ignored for the moment. Since the
stock re-order level represents 3 weeks’ supply, the fixed
quantity to be ordered can be 3 weeks’ supply so that at no
time is 6 weeks’ supply ever exceeded or even reached.

Table 4.1 Stock levels for the three film sizes

Film size Stock re-order level*
(cm) (3 weeks’ supply at

Minimum stock level
(1 week’s supply at

maximum demand) maximum demand)
18x24 12§ boxes 4 boxes
30 x 40 6 boxes 2 boxes
35x43 14 boxes 5 boxes

* The stock re-order level = lead time supply + minimum stock level
T This level assumes a 30 day month hence 16/30 X 21 =~ 12 boxes of 18X 24
cm film as the stock re-order level

A graph of actual film consumption is shown in Figure
4.3. This represents a centralized record of film consumption
for a number of departments. (The abnormally high con-
sumption of 18 X 24 cm film in week 5 was due to accidental
fogging of 4 boxes of film.) It should be readily apparent that
out-of-stock conditions can occur at any time and therefore
continuous stocktaking is essential to determine the re-order
point. This is administratively wasteful. Multiplicity of
orders is readily apparent and more than one film delivery is
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Figure 4.3 Actual film consumption of three sizes of film

made each month. Figure 4.3 shows that the order points,
while occurring at different times, do occur reasonably close
to one another. If some latitude could be introduced into the
stock re-order level and the re-order point then the same re-
order point could be used for all or nearly all film sizes thus
reducing the number of orders placed.

Latitude in order point is certainly available since all
orders can be left until the day before delivery and still ensure
receipt of delivery under normal circumstances. Thus all re-
order points occurring at different times in the same week
between deliveries can be left until the last moment and one
order made. This solves the problem when all re-order points
occur in the same interdelivery period. However, continuous
stocktaking is still necessary. To provide some latitude in the
stock re-order level the safety factor must be increased to,
say, 2 weeks’ supply which means that the fixed quantity
ordered must be reduced to 2 weeks’ supply. A much bigger

increase in safety factor may be required. For example with a
maximum stock level of 24 boxes of 18 X 24 c¢m films used at
the minimum rate of 4 boxes per month, 3 months would
pass before re-ordering this film size. On the other hand with
a maximum stock level of 30 boxes of 35X 43 cm film used at
the maximum rate, only 3 weeks would pass before re-
ordering. It is not practically possible to provide this degree
of latitude, neither is it necessary. The increase in safety
factor already mentioned is usually sufficient and from
continuous stocktaking it is on most occasions possible to
arrange a single order point for all or most film materials in
any given interdelivery period, but periods between orders
can vary considerably, for the most part being quite short.
This method does offer the advantage of being non-
mathematical but can be cumbersome and uneconomic to
operate, requiring continuous stocktaking and possible
multiplicity of orders.
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Fixed Quantity, Fixed Interval

This is the easiest but least accurate method to operate.
Maximum stock level is never known with certainty and can
grow to enormous proportions or be reduced to nothing, but
it is worth considering as a comparative method. All that is
required is to obtain the average number of films of each size
and type used per month over, say, the previous 12 months.

Month |Feb|Mar |Apr May|Jun| Jul | Aug| Sep| Oct |Nov|Dec| Jan

Size Number of boxes

35x43 |24 24 21 22 26 22 28 23 24 26 25 22

These numbers are then ordered at the same time each
month. Consider 35X 43 c¢m film only. Table 4.2 shows the
number of boxes used each month for a 12 month period:

Table 4.3 Demand for 35 X 43 cm film over 20 months

Month Number of boxes of Number of boxes of B-A  Stock

films ordered (A) films used (B) remaining
1 24 22 +2 2
2 24 22 +2 4
3 24 22 +2 6
4 24 21 +3 9
S 24 22 +2 11
6 24 21 +3 14
7 24 28 -4 10
8 24 22 +2 12
9 24 24 0 12
10 24 25 -1 11
11 24 25 -1 10
12 24 24 0 10
13 24 24 0 10
14 24 26 -2 8
15 24 25 -1 7
16 24 25 -1 6
17 24 26 -2 4
18 24 22 +2 6
19 24 28 —4 2
20 24 28 -4 —2%

* Run out of stock

the average is 24 boxes per month. To illustrate what can
happen Table 4.3 presents demand for 35 X 43 cm film over
a period of 20 months when film is ordered at the rate of
24 boxes per month irrespective of other considerations.
Though simple this method is hardly applicable in practice.

Fixed Interval, Variable Quantity

Statistics can be used in the estimation of quantities of film
material to order. The calculations while not difficult are
lengthy if done by hand and a suitable calculator certainly
simplifies the operation. Using this method it is possible to
estimate with reasonable accuracy

(i) the maximum film storage capacity required for 6
weeks’ film supply, and

(i1) the number of films of different sizes and types likely
to be used.

Again for this method adequate records of film stock use
are necessary. Consider a typical monthly record which may
be produced from a centralized film store providing film
material for use in a number of district hospitals (Table 4.4).
The first step in establishing an effective stock control system
is to determine the maximum and minimum film stock
levels. This i1s achieved by establishing lead time.

In this example, the delivery day for film materials coming
from the manufacturer is a Thursday of each week. As a
routine, the film order will be placed on the last day of each
month (or the day before if the last day is a Sunday). Doing
this will ensure that the time interval between the placing of
consecutive film orders is fairly constant, and that the end-
of-month stock return is available on time. The film order is
placed monthly rather than weekly to limit paper work and
reduce the amount of other work involved. This means
carrying a maximum film stock of 6 weeks’ supply and a
minimum of 8 days’ supply but these figures will be justified
below.

The lead time is simply the delivery period, that is, the time
interval between placing the order and receiving it. In this
case, it is possible to place an order at any time up to the day
before the delivery day to be sure of receiving the film order
on the delivery day. Thus the lead time can vary between 1
and 7 days depending on the interval between placing the
order and the next delivery day. This interval will vary from
month to month depending on how near to the delivery day
the last day of the month falls.

A safety factor should be built into this lead time. If for
some reason a delivery is not made in a particular week then
there will be 1 week’s additional delay before the next
delivery. A further 7 days should be added to the above lead
time of | to 7 days to take account of such a possible
occurrence (albeit a rare one). The lead time is now establish-
ed and it will vary between 8 and 14 days. This lead time
determines the minimum stock level of 8 to 14 days’ supply of
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Table 4.4 Typical monthly record of a centralized film store

Sheet Area Health Authority District
10 X-ray film stock return for month ending  January 1977 PN
)
§ o 3 Number of boxes of films used . b g
38 2 = s e
Film material Size §; S § Hospital Hospital Hospital Hospital Hospital § n § ,§‘
(cm) §% Y SN
£§ %% IR
Q S 3 A B C D E S |
g &% S
35x43 15 19 4 4 14 22 12
Kodak 35x 35 5 16 3 2 1 9 15 6
RP 14 30x40 11 14 4 3 8 15 10
(Boxes of 15x40 1 4 1 1 4
100 sheets) 24 x 30 18 33 8 5 1 22 36 15
18 x 24 10 27 6 3 17 26 11
Kodak
RPL 54 24 x 30 1 1
(Boxes of 15x30 1 1
100 sheets)
Kodak MA
(Boxes of 25) 18 x 24 1 2 1 1 2
Occlusal
DF 46 (25) 57x17.6 2 1 1 1
Occlusal
Dental 32x41 1 1 1 11
Kodak
Fluorospot 70 mm x 3 2 2 2 3
150 ft
Kidney
Surgery 1 1 1 1 1
Film
i‘ ONE MONTH - ONE MONTH -
DATE OF DATE OF
PLACING PLACING
ORDER ORDER
LEAD TIME ONE MONTH'S LEAD TIME ~
—»Oe—— “gyppry —C=— SUPPLY ——=O0<—— “guppry
MINUS PRECEDING
LEAD TIME SUPPLY
1-14 DAYS 1-14 DAYS
(DELIVERY OCCURS (DELIVERY OCCURS
IN THIS PERIOD) IN THIS PERIOD)

Figure 4.4 Monthly ordering schedule



Control of Film Stocks

57

JAN FEB
S S M WTFSSMTWTPFSSMTWTTF
2930 31 23456 7 8 9101112131415 161718
LEAD TIME
(PREDICTED
MAXIMUM)

Figure 4.5 Section of ordering calendar

films. Precisely what value the minimum stock level will have
depends on the month in which the film order is placed, but
whatever value it is, it will not be less than 8 days’ or more
than 14 days’ supply of films.

At the time of placing a film order, the film stock level
should not be less than the minimum stock level as deter-
mined from the lead time appropriate to the day of ordering.
At the end of each month, approximately 1 month’s
supply of films is required in addition to a minimum stock
holding equal to the minimum stock level appropriate to that
month. The maximum stock level will therefore not exceed 6
weeks’” supply of films. This is the maximum stock level
already mentioned several times and quoted in the National
Health Service circular HM(55)76. Maximum and
minimum stock levels are now known (Figure 4.4).

Consider a 3 month period covering January, February
and March 1977. January 1977 ends on a Monday and so
gives a lead time of 10 days for the February delivery of films
(Figure 4.5). This takes us up to 10 February. February
has 28 days so a further 18 days’supply is needed to last until
the end of February. February ends on a Monday, again
giving a lead time of 10 days for the March delivery of films.
(It is fortuitous in this case that the lead times are both the
same. This does not generally happen.) The sum of the two
lead times together with the 18 days of February gives a total
of 38 days. There is thus a maximum stock level of 38 days’
supply of films required to cover the period from | February
up to 10 March. Part of this period will be covered by the films
instock on31January. Enough films must be ordered tocover
the remaining period.

To summarize - a film supply is needed to cover the month
of February (28 days) and an additional 10 days’ supply to
guard against delays in the March delivery of films. For
February, then, the minimum stock level is 10 days’ supply
(to cover the lead time in March) and the maximum stock
level is 38 days’ supply (about 5% weeks).

Films cannot be ordered in terms of a certain number of
days’ supply. Knowledge is required of how many boxes of
each size and type of film are needed to cover the calculated

38 DAY PERIOD TO BE COVERED BY
REQUIRED FILM SUPPLY

L

MAR
SSMTWTFSSMTWTFSSMTWTFSS
192021222324252627281 2 3 4 56 7 8 910111213

LEAD TIME
(PREDICTED
MAXIMUM)

period. The number required must be at least as great as the
largest number likely to be used during the calculated period.
This requirement could easily be met by ordering some
number so large that there is certain to be enough to meet
requirements. This unfortunately does not meet the ad-
ditional requirement that, for economic reasons, the number
ordered should be as small as possible. It is necessary to find
a number for each of the sizes and types of film used that is
the smallest possible from an economic point of view and yet
large enough to cope with maximum demand for film use
during the calculated period. If this can be done it will
immediately provide information on what film storage
capacity is necessary. Being able to predict the required
number of boxes of films to meet the above-stated criteria is
an essential feature of successful functional budgeting. A
functional budget is one which comprises the income or
expenditure appropriate to a particular function. Here
expenditure is being considered, but if silver recovery
(p. 184) were discussed, income would be the consideration.
From the point of view of functional budgeting, expenditure
should be minimized and income maximized.

To calculate the number of boxes of films that fulfils all
the stated criteria a statistical method is used. This method
requires the availability of the immediately preceding 12
months’ records of the number of boxes of films actually
used. This information provides the raw statistical data.
From the raw data the crude average ( X ) can be found.
The standard deviation (¢) can then be determined using

O -
(=1
N-1
A corrected average (Ep) is then obtained from
_ xt+1.670
x =
p VN -1

The predicted maximum number of films to be used in the
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forthcoming month, assumed to be a 30 day period, is
(Xp+1.670). This number forms the basis of the film order.
The method is applied to each size and type of film in turn to
determine the numbers required. The example below il-
lustrates the method and once the numbers of each size and
type of film are known this immediately gives the predicted
maximum film storage capacity required.

Example
Only one size of film is considered and the steps are as
follows:

(1) Determine, from previous records, the number of
films actually used each month over the immediately
preceding 12 months (Table 4.2)

(2) Determine X from

total number of boxes of films
total number of months
= 23.92

(3) Find o as follows:

(i) subtract X =23.92 from each of the monthly figures
above and square each of the answers. This gives,

24 - 2392 = 0.08, ( 0.08)2 = 0.0064
24 - 2392 = 0.08, ( 0.08)2 = 0.0064
21 -2392=-292, (-292)2 = 8.53
22 -2392=-192, (-1.92)2 = 3.69
26 - 2392 = 2.08, ( 2.08)2 = 4.33
22 -2392=-192, (-1.92)2 = 3.96
28 - 2392 = 4.08, ( 4.08)2 = 16.65
23 -23.92 =-0.92, (-0.92)2 = 0.85
24 -2392= 0.08, ( 0.08)2 = 0.0064
26 - 2392 = 2.08, ( 2.08)2 = 4.33
25-2392= 1.08, ( 1.08)2 = 1.17
22 -2392=-192, (-1.92)2 = 3.96

Total 47.49

(i) Having added all 12 results together, divide the total
by one less than the total number of months (i.c.
12-1=11). This gives

47.49 _
1 = 4.32

(ii)) Find the square root of the result and the answer
obtained is the required standard deviation. Thus

standard deviation (0) = v4.32
= 2.08
(iv) Xpis then easily calculated as

%p= 2392 + 1.67(2.08) = 24.96
Vil

X =

The maximum number of boxes of 35X 43 c¢m film likely to
be used is (¥p + 1.670). Here, Xp + 1.670 = 28.4 boxes.

It is possible to say with reasonable confidence, but not
certainty, that no more than 29 boxes of 35 X 43 cm film will
be used in the forthcoming 30 day period. This amounts to
saying that the absolute maximum film usage between the
five hospitals in the next 30 days will be 29 boxes, or ap-
proximately one box per day. The correct number required
for the 38 day period is 36.7 boxes but 37 boxes would be
ordered. Asamatter of interest, 35 boxes wereactually used in
this particular 38 day period. Looking at the present stock
holding of 35X43 cmfilmasattheend of January 1977 (Table
4.4)thereare 12boxesinstock. Itis necessarytoorder (37 -12)
= 25 boxes of this size and type of film on 31 January 1977.

This procedure predicts maximum possible film usage for
the forthcoming period, maintains a minimum safe stock
level at the time of placing an ‘order, and provides an
acceptable stock level for audit purposes. This procedure
also provides information on the maximum film storage
capacity required to be set aside in the X-ray department (if
this is where films are to be stored).

It has been noticed in practice, that, on average, the
remaining shelf-life for X-ray films at the time of delivery is
1-1'% years under ideal storage conditions. Using the above
method of stock control and ensuring a system whereby
films are used in correct rotation then no box of films is likely
to remain in the film store longer than about 14 months.
Certain film sizes may be recognized as slow-moving stock
items in which case serious consideration should be given to
changing to a more popular item to avoid wastage of film.
The predicted film usage is based on previous known usage
and therefore cannot take into account possible sudden large
increases in film use that might be due, for example, to the
introduction of a new clinic, the opening of an extension to
the X-ray department or the addition of new radiographic
techniques. In such cases, prior knowledge of these oc-
currences would be available and possible film requirements
estimated. This method has distinct advantages over the
other methods but is more time-consuming in terms of order
estimation. Only one order is placed and this is done
regularly each month. Continuous stock taking is not
necessary. No statistical method can guarantee 1009, ac-
curacy; no prediction method caneither but thisshould not be
a deterrent to the use of this method.

Cost and Security

Film stocks are extremely costly and security should not be
disregarded. Ideally film stores should be kept locked es-
pecially where popularly used film materials are stored —
35mm black-and-white roll film, and Polaroid film for
example - which could present a temptation to anyone so
inclined.
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Intensifying Screens

INTRODUCTION

The term intensifying screen refers to the screens used in
X-ray cassettes in contact with the film. Where the film has
a single emulsion, a single intensifying screen is used facing
and in contact with the emulsion side of the film. Paired
intensifying screens are used with duplitized screen-type
film. In all cases, the emission spectrum of the screens is
matched to the spectral sensitivity of the film emulsion.
Intensifying screens intensify the effect of the X-ray beam
energy on the film by energy conversion. Some X-ray energy
is absorbed by the screen and re-emitted as u.v. and visible
light energy (Figure 5.1), to which the film has a greater
sensitivity, thus producing a greater film response. The total
quantity of X-ray energy converted depends on the ability of
the screen to detect or absorb X-ray photons or quanta.
Providing the film spectral sensitivity is matched to the
screen emission spectrum then the screen with the highest
quantum detection efficiency (QDE) produces the greatest
film effect for a given radiation dose, phosphor layer
thickness and packing density. Phosphor materials (i.e.
materials capable of luminescence), used in rare-earth
intensifying screens have higher QDE’s than calcium

X-RAY BEAM

RN

PRIMARY SCATTERED
X-RAY X-RAY PHOTON
PHOTONS

Figure 5.1 Interaction of X-rays with an intensifying screen fluorescent
layer

tungstate, which is employed as the phosphor material in the
most widely used intensifying screens. Because screens have
this intensifying effect then smaller exposures can be used
when screens are employed.

LUMINESCENCE

Luminescence is the term used to describe the emission of
light by a material when excited by any form of energy
(the process of incandescence is excluded as being a form of
luminescence). Here the excitation is due to absorption of
X-ray photon energy by the phosphor material of the inten-
sifying screen. The most important absorption process in
intensifying screens involves the release of photoelectrons
which in turn produce ionization in the phosphor material
with the eventual release of energy as near-visible or visible
light.
Luminescence is of two types:

(i) fluorescence, and
(ii) phosphorescence.

Fluorescence describes luminescence which ceases within
10*s of the removal of the exciting X-radiation.
Luminescence which is delayed or continues for an indefinite
period after the exciting X-radiation ceases is known as
phosphorescence. If intensifying screens possess this proper-
ty then the effect of exposure becomes unpredictable. A
further disadvantage of phosphorescence is that if it con-
tinues after the cassette has been reloaded a double image
will be apparent after use. In practical radiography, using
intensifying screens, fluorescence is the only kind of
luminescence required. Energy conversion and dissipation is
immediate and the film effect predictable. This is certainly
practically desirable. Afterglow is negligible in modern
screens.

Intensifying screen emission is mainly responsible for
forming the latent image. In a paired system, X-ray photons
not involved in any interaction in one screen must pass into
the film to reach the other intensifying screen. An interaction
can occur in the film so X-ray photons can directly form a
latent image. The degree to which this occurs is negligible in
comparison with the effect of screen emission.
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kV, mA AND SCREEN EMISSION

QDE varies with X-ray photon energy and so the screen
emission intensity will vary with the kV chosen for the
exposure, and with the percentage of scattered radiation in
the transmitted X-ray beam. The emission intensity also
varies with the intensity of X-radiation absorbed by the
screen, being higher the greater the intensity of X-radiation
absorbed. Increasing the intensity of the X-ray beam by
increasing mA will increase the emission intensity. In-
creasing kV also increases incident beam intensity producing
an increase in emission intensity, but here the photon energy
must also be considered so the relationship is not linear.

The absorption of an X-ray photon with the emission of
light must follow the conservation of energy principle. The
X-ray photon has a greater energy than a light photonand in
general many light photons are emitted for the absorption of
one X-ray photon. This is the intensification action already
mentioned in Chapter 1.

The choice of exposure factors (p. 90) and the resulting
image quality is strongly influenced by the type and relative
speed of intensifying screens used with a film material. The
use of intensifying screens makes possible a reduction in
radiation dose required to produce the image. This facility
can be used in a number of different ways. Intensifying
screens introduce additional image unsharpness but increase
radiographic image contrast. Assume that a direct exposure
film is used for a particular technique. A change from this to
a film-intensifying screen combination with a relative
system speed of 4:1 would mean that only a quarter of the
exposure would be required. How can this reduction best be
utilized?

Increasing FFD, reducing focus size (p. 130) and reducing
exposure time all reduce image unsharpness. If FFD used
with the non-screen film produces a negligible geometric
unsharpness (p. 130) then increasing FFD for the
film-screen system is not likely to make any visible improve-
ment. Focus size could be reduced but this is unlikely to
make much of an improvement if the choice is already
satisfactory. Similarly where patient movement is no
problem a reduction in exposure time is unlikely to affect
image quality. The greatest relative advantages are those of a
reduction in patient dose and an increase in radiographic
contrast, but the latter may be more of a nuisance in that it
reduces film latitude. Obviously a reduction in exposure
must be made but here it does not seem to matter how the dose
reduction to the patient and film is achieved.

INTENSIFYING SCREEN STRUCTURE

Figure 5.2 shows the structure of a high speed intensifying
screen for general radiography (A) and a very high resolu-
tion screen for extremity radiography (B). It should be noted
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Figure 5.2 Structure of intensifying screens

that high resolution screens are used for extremity
radiography not because extremity imaging requires higher
resolution than other areas but because these parts are small.
For an acceptable radiation dose a particularly high resolu-
tion can be obtained at the screen speed required. For larger
patient parts, and for an acceptable radiation dose, higher
screen speeds are required. An inverse relationship exists
between screen speed and resolution for any given phosphor
material so an increase in screen speed implies a reduction in
screen resolution.

A typical intensifying screen consists of phosphor par-
ticles suspended in a transparent binder material and coated
ona plastic base. The screen is very thin since the thickness of
the fluorescent layer and base are both about 0.2 mm. In high
resolution screens there may be fewer layers than in high
speed screens. Here the term high resolution is a relative one.
It simply means that such screens have a higher image detail
resolving power at a given level of contrast. This implies that
small details of structure of the object are subjectively better
defined in the image when these screens are used than when
faster screens are used. This assumes that image unsharpness
from such sources as patient movement and positional
geometry is not a major contribution to total unsharpness.

Protective Supercoat

This is a thin, waterproof protective coat. It must be thinand
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transparent to allow the light produced by the fluorescent
layer to reach the film with minimum unsharpness being
produced. Because it is thin, its protective function is limited,
and great care should be exercised in handling and cleaning
intensifying screens. This is particularly important when
considering the enormous cost of the rare-earth intensifying
screens. In modern screens the layer is made of cellulose
acetate and care must be taken to use the correct screen
cleaner, otherwise the layer may be damaged. The supercoat
extends round the edges of the screen and onto the back
surface completely covering it. At the edges it forms a seal
preventing water or cleaning fluid penetrating the fluores-
cent layer; some phosphors are hygroscopic and suffer
reduced luminescence if they absorb water. The layer on the
back surface prevents the screen curling.

Fluorescent Layer

The fluorescent layer consists of particles of fluorescent
material suspended in a binding substance. There are a
variety of substances used for the fluorescent material, the
most important of which are listed below:

(i) Calcium tungstate
(ii) Barium strontium sulphate
(iii) Oxybromides or oxysulphides of gadolinium and
lanthanum
(iv) Barium fluorochloride
(v) Barium lead sulphate

The binder serves to hold the fluorescent material together
and may contain a pigment. The pigment reduces internal
reflections within the fluorescent layer thus reducing the
intensifying screen’s contribution to image unsharpness.
Unfortunately this measure also reduces the speed of the
intensifying screen and more exposure is necessary to
produce the required image. Intensifying screens used for
extremity radiography generally employ binder pigments. In
some modern screens, the internal screen irradiation is
reduced and resolution thus improved by including carbon
granules in the binder rather than a pigment material.
Irradiation refers to the scattering of light within the fluores-
cent layer through reflection from phosphor particle to
phosphor particle. Eventually the scattered light may reach
the film and produce a latent image. Light emission from a
single phosphor particle can thus spread over a considerable
film area overlapping images produced by emission from
other phosphor particles. This represents considerable un-
sharpness and reduction in image contrast. The binder
material is polyurethane which again is important because of
the hygroscopic property of the phosphor.

Figure 5.3 illustrates the function of the binder pigment.
Note in this case the absence of the reflective layer where the
binder pigment is used. In A, the light emitted by a single
particle of fluorescent material is scattered to a considerable

A X-RAY PHOTON
ANTICURL
<« LAYER

PLASTIC
BASE

REFLECTIVE
- LAYER

(
o) SN0 OO, FLURESCENT
~ QQOO L0 0550 « e
ictes 7~ 17 TN « SPERCOH
FILM EMULSION

B X-RAY PHOTON

2 ANTICURL
L LAYRR

PLASTIC
BASE

FLUORESCENT
O LAYER WITH

Fitn O Q. @) )
EMULSION OOoO Q%’OOO 009 O O " PIGHENTED
o 77N w_BINDER

SCREEN
SUPERCOAT

Figure 5.3 The function of the binder pigment

extent due to the transparency of the binder and the presence
of the reflective layer and the other particles of fluorescent
material. This gives rise to an extensive and unsharp image
of the particle which emitted the light, but since virtually all
the light produced has reached the film in this case then
image density is high. In B, the pigmented binder presents a
relatively high opacity to light and tends to preferentially
absorb the light followinga long pathtothe film(i.e. scattered
light), allowing light following a much shorter path to reach
the film. In other words the light following the short path is
less attenuated by the pigment than the light following the
longer path. This results in a less extensive image and less
unsharpness but unfortunately since less light reaches the film
the image density is much lower. Since intensifying screen
speed is related to the exposure required to produce a given
image density, it may be said that the screen in A has a higher
speed than B.

Besides being used in ‘high resolution’ film-screen
systems, pigmented binders may also be employed in some
intensifying screen sets used in multisection cassettes (Figure
5.4). Here the concentration of pigment decreases from the
first pair of screens to the last in a direction away from the
tube side of the cassette in an effort to equalize screen speed,
since radiation attenuation occurs at each screen and
succeeding screen pairs must increase in speed to maintain a
constant image density at each film.
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Figure 5.4 Section through a cassette for simultaneous multisection
tomography

The Base or Support

This is usually made of clear plastic (the same as film base)
and acts as a flexible support for the other layers. The base
may or may not be coated with a reflective layer depending
on the application of the intensifying screen. The polyester
base is coated on its back surface with an anticurl layer of
cellulose acetate, the same substance as is used for the
supercoat of the screen. If a reflective layer is used then the
base is impregnated with titanium dioxide which is a highly
reflective white powder. The function of the reflective layer is
to increase the speed of the screen by reflecting light towards
the film (see Figure 5.3A).

Intensifying screens used in the older Siemans-Elema
AOT changers have the phosphor layer coated onto
aluminium rather than plastic which in turn is fixed to an
aluminium pressure plate. This is necessary for mechanical
strength. Unfortunately this thickness of aluminium has a
considerable filtration effect which only serves to reduce
radiographic contrast. A rare-earth intensifying screen pair

is now available where the screen fluorescent layer is coated
onto plastic which is fixed to a carbon fibre pressure plate.
This virtually eliminates the considerable beam filtration
problem and much higher radiographic contrast is ob-
tainable. Rather than coating the fluorescent layer on a
plastic base screens are available where the base is baryta-
coated paper (baryta is barium sulphate). This is said to
improve the film transport reliability.

MOUNTING AND CARE OF INTENSIFYING
SCREENS

Mounting

Intensifying screen pairs must be permanently and securely
fixed in the cassette in which they are to be used. This helps
reduce the possibility of screen damage when loading and
unloading the cassette. In any pair of intensifying screens,
one acts as a front screen and the other as a back screen. The
front screen lies between the front of the cassette and the film
and is nearer the X-ray tube than the back screen. If a
distinction is made between front and back screens they must
be mounted in the correct order in the cassette to avoid
producing an image of poor quality. Some screen pairs
offer no distinction between front and back screens and they
may be used in any order. It is important to examine the
literature supplied and the screen backs to see if a distinction
is made.

Screens may be mounted in a new cassette or in a used
cassette from which the old screens have first been removed.
In the latter case all traces of screen adhesive should be
removed from the cassette well and the pressure pad in-
spected for defects. A damaged pressure pad leads to poor
film-screen contact and considerable image unsharpness. A
damaged pressure pad must be replaced.

New screens .are carefully unpacked and should be
handled only at the edges. The inside of the cassette should
be clean and dry. The protective strips are removed from the

PRESSURE
PAD

/- CASSETTE BACK

CASSETTE WELL

CASSETTE FRONT

Figure 5.5 Structure of a typical cassette. (The cassette locking device has
been omitted)
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back of the front screen and it is placed carefully in the
cassette well (Figure 5.5) for the adhesive to make contact
with the floor of the well. The white paper layer protecting
the active surface of the screen in its packing can be placed
over its active surface. The protective strips are removed
from the adhesive of the back screen which is then laid face
down on the white paper covering the front screen. At no
time should manual pressure be applied. The cassette is
carefully closed avoiding trapping the back screen in the
cassette hinge. The cassette is locked and left for a short
while to allow proper adhesion. The paper is removed and
the film can be loaded in the cassette and it is then ready for
film-screen contact assessment (p. 74). If the result is
satisfactory the cassette may be released for general use. The
outside of the cassette should be identified with the type of
screens it contains and the date of mounting. In practice the
identification system must be considered. Generally a piece
of lead (lead blocker) of suitable size and lead equivalent is
stuck to the inside surface of the cassette well and a portion
of the new front screen should be cut out to accommodate
this. The screen should not be stuck down over the lead.
Unfortunately the cut edge of the screen now has no edge seal
and as a safeguard can be carefully coated with clear nail
varnish, being careful not to coat the front of the screen. This
is done before the front screen is mounted.

Finally, following mounting, adhesive identification
numbers can be put along one edge of the active surface of
one of the screens so that their image will appear on each film
taken with the cassette. Similar numbers can be stuck to the
outside of the cassette to identify the film with the cassette in
the case of artefacts due to dirty screens. Cassettes can be
purchased with screens ready mounted by the manufacturer.
Screen pairs in some cassettes for multilayer tomography are
not permanently mounted. They are hinged along one edge
and held between spacers by elastic bands. The whole
arrangement of screen pairs and spacers can then be opened
as the pages of a book to facilitate film loading.

Screen Care

Screens employing oxybromides or oxysulphides of
gadolinium and lanthanum are particularly expensive and
every care should be taken in the handling and use of these as
with all screens. Occasionally the surface of the supercoat
requires cleaning, because a dirty screen surface reduces the
intensity of light reaching the film from the screen. This
represents a reduction in screen speed requiring a larger
exposure dose to produce a given density. Before cleaning
screens the hands should be washed and thoroughly dried.
Screen surfaces only should be cleaned and a water and mild-
soap solution or a recommended screen cleaner should be
used. Cotton wool used to apply the screen cleaner should be
damp and not wet and at no time should excess fluid appear
on the screen. The screen is wiped carefully with the damp

cotton wool and then wiped dry with a fresh, clean cotton
wool ball. The cassette containing the screens should be left
partly open and stood on its edges so that the screens are
vertical. It should remain like this until the screens are dry.
The date of cleaning should be recorded, for example on the
back of the cassette.

TYPES OF INTENSIFYING SCREENS

Intensifying screens may be used either singly or in pairs.
Single intensifying screens are relatively slow (i.e. have a low
relative speed) but have a high resolution and are used for
extremity radiography and soft tissue radiography of small
body parts. Paired intensifying screens are used for general
radiography and vary in speed and resolution depending on
application. High speed, low resolution systems are
employed where either radiation dose must be low, exposure
time very short or the X-ray equipment is such that insuf-
ficient exposure can be delivered in a short enough time
using slower systems with higher resolution. Medium speed
systems provide sufficient resolution for an acceptable
radiation dose when applied to general radiography and
offer the best compromise in many situations. Low speed
systems of paired screens have a sufficiently high resolution
to be used for extremity radiography but not mam-
mography. These systems are faster than the single screen
system employing the same phosphor material.

The majority of intensifying screen pairs employ calcium
tungstate as the phosphor, but the last few years have seen
the introduction of several new phosphor materials each
having distinct advantages relative to each other and to
calcium tungstate. Barium strontium sulphate is the
phosphor material used, in particular, in a high resolution
imaging system to replace non-screen film for all extremity
radiography, and it offers a significant reduction in required
exposure dose. Its emission is predominantly ultraviolet.
Barium fluorochloride as a phosphor material has a higher
QDE than calcium tungstate and offers significant dose
reduction because of its higher relative speed while main-
taining a similar resolution. Barium fluorochloride emits
mainly u.v. and violet light. The rare-earth materials
gadolinium and lanthanum as oxybromides or oxy-
sulphides are the phosphor materials in the various rare-
earth screens. Like barium fluorochloride they have a higher
relative speed than calcium tungstate for the same resolu-
tion. On the other hand if they are constructed to have the
same speed as calcium tungstate screens they have a higher
resolution. Gadolinium and lanthanum oxysulphides are
predominantly green emitters while lanthanum oxybromide
is a blue emitter. Rare-earth phosphors are used in paired
and single screen systems suitable for the complete range of
radiography but, due in part to their considerable cost, are
not yet universally employed to replace calcium tungstate.
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To reduce costs yet gain a little in speed a pair of rare-earth
screens and a pair of calcium tungstate screens have been
mixed to produce two pairs of intensifying screens each
having one rare-earth screen. Of course, to do this the rare-
earth screens must have a spectral emission matched to the
film normally used with calcium tungstate screens.

Each type of screen so far discussed has a fluorescent layer
which is of uniform thickness and packing density and,
where applicable, a uniform pigment density throughout.
Another type, the graduated intensifying screen, does not
have a uniform fluorescent layer. The relative speed of this
screen varies gradually from one side to the other. These
screens are used in pairs with application in orthodontic
radiography, for example. The outside of the cassette is
usually identified to indicate the low and high relative speed
sides of the screens. For example a “+’ indicates the high
relative speed end of the screens and a ‘-’ the other end.
However, these are specialized screens and their range of
application is limited. Finally, a single high resolution
u.v./blue emitting screen has been used with an Agfa-
Gevaert Medichrome film for mammography to obtain all
the required information from one exposure in each projec-
tion.

ACTIVATORS

Activatoers are substances added to the phosphor material
during preparation to control both intensity of emission and
emission spectrum. Terbium or europium are common
activators used and like gadolinium and lanthanum belong
to the lanthanide (rare-earth) series of elements which has
atomic numbers from 57 to 71. Barium strontium sulphate
doped with europium has a strong ultraviolet fluorescence
while combined gadolinium and lanthanum oxysulphides
doped with terbium produce a fluorescent material with a
strong green emission suitable for use with an ortho-
chromatic film. Another phosphor material with a strong
ultraviolet fluorescence is barium fluorochloride doped with
europium. Yttrium oxysulphide doped with terbium has a
strong green emission and an even stronger blue emission,
the overall appearance being that of a bluish-white
fluorescence.

Film materials have been developed having spectral sen-
sitivities matching the emission spectra of intensifying
screens using the above phosphor materials and it is essential
to use the optimum combination of film and screen. It is
possible to obtain two film-screen combinations both hav-
ing the same resolution but different contrast rendition
characteristics and even different speeds. This problem did
not exist when the only phosphor material available was
calcium tungstate. Now the choice is very wide and it is
essential before choosing any particular film-screen com-
bination that a comparative evaluation be done on as many

of the different phosphor screens available as possible under
the existing conditions. Only then can a valid choice be
made. The tests used in the evaluation process are relatively
simple and mainly based on visual comparisons but before
comparing image definition, film-screen contact should
always be checked. Some of these tests are discussed later.

RECIPROCITY AND RECIPROCITY FAILURE

A film exposed to X- or Y-radiation of a given radiation
intensity for a given time produces on development a certain
image density. If the intensity (/) and time (¢) are changed but
the value of their product remains unchanged then the same
density will be produced. This is a demonstration of the
reciprocity relationship first described by Bunsen and
Roscoe and known as the Bunsen-Roscoe law.
Unfortunately when the film is exposed to light, such as
the emission from an intensifying screen, this reciprocity
relationship fails at high and low intensities (or short and
long exposure times). A given value of the product of
intensity and time will produce a lower density when the
intensity is very large or very small (i.e. when the exposure
time is very short or very long) than when it has a value
somewhere between the extremes. This reciprocity failure
appears minimal for an exposure time of about 0.1s but
increases for shorter and longer times. Figure 5.6 shows the
relationship between the product /, and exposure time ; for
a given image density. The more ¢ deviates from about 0.1's
in either direction the larger the product /; must become to
maintain a constant density. In practice, exposure times used
normally lie within the interval indicated in Figure 5.7.

/‘DIRECT EXPOSURE FILM
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Figure 5.6 Relationship between /, and 1 for a given image density
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Figure 5.7 The range of normally employed exposure times. A and B
represent the extra exposure required (above that required at 0.1s) at the
longest and shortest exposure times employed

For a given kV, compared to an exposure at 0.1s an
exposure at 0.003 s will require a larger mAs to achieve the
same density. The amount of increase is some 109 but this is
hardly significant in practice and reciprocity failure is
usually ignored. The highest film-intensifying screen speed
is obtained at 0.1s but it is not possible to use this for all
radiography, and some reciprocity failure must be accepted
as inevitable in chest radiography and radiography of the
lateral lumbar-sacral angle, for example.

Calibration of mA settings at a given kV may be carried
out using a stepwedge and film-screen combination (assum-
ing the exposure time values have previously been calibrated
and found correct). Exposures are made at different mA
values but at a constant mAs and kV. Where necessary the
mA is adjusted by the engineer so that a constant density is
achieved for each exposure. Any reciprocity failure is mask-
ed by this procedure because now the film-screen combina-
tion appears to obey the reciprocity law - i.e. a given mAs at
a particular kV will produce a constant density irrespective
of the mA value used. This apparent obeying of the
reciprocity law is certainly helpful in practice because
reciprocity failure can be completely ignored for film-inten-
sifying screen combinations when changes are made in mA
and exposure time values while maintaining a constant mAs.
Unfortunately if non-screen film were used over the same
range of exposure times with this X-ray equipment it would
suffer apparent reciprocity failure in reverse! This film
would appear relatively slow at 0.1 s but increase in speed at
shorter and longer times. This of course is because of the
method of calibration of mA values. Practical exposure
times for non-screen films are relatively long and the range
over which they are varied is small so this phenomenon is not

aproblem. If mA calibration had been carried out using non-
screen film then reciprocity failure would be apparent with
film-intensifying screen combinations. Non-screen films do
not suffer reciprocity failure under normal circumstances
and the calibration would be independent of it. This would
be a small disadvantage in practice when using intensifying
screens. Because of reciprocity failure the need for a larger
mAs at shorter or longer times than 0.1 s really represents a
reduction in relative speed of the imaging system.

MOTTLE

A film alone exposed to a uniform beam of X-rays produces
an image which has a visible unevenness in density. This
unevenness is graininess and is due tothe fact that theimage is
composed of a large number of distinct and separate black
metallic silver deposits. Graininess increases with increasing
film speed and with increasing kV. Fast films have a coarser
grain structure than slower films and require less exposure.
Increasing kV increases the kinetic energy of electrons
released in the emulsion by X-ray photons. These electrons
track through the emulsion forming a latent image and
within the diagnostic range the higher the photon energy the
longer the track and the larger the developed grain appears.

However, a film-intensifying screen combination exposed
to a uniform beam of X-rays produces an image with
irregular density giving the image a mottled appearance,
which is not film graininess.

Mottle is much coarser than film graininess and is due to
non-uniform light emission from the intensifying screen.
The image is formed by light emitted by the screen which in
turn is dependent on the energy transfer from an X-ray
photon. If the emitted light is intense then little of it is needed
to produce a given density. In other words it is only necessary
to excite a few of the phosphor particles to get sufficient light
to form the required density. Alternatively, the faster the
film, the fewer the number of particles that need exciting to
produce sufficient light to give the required density. The
fewer the particles excited, the more widespread they will be
when the whole film is exposed. The light from each particle
produces a small local density in the image, and the more
widespread these are the more noticeable they become.
Subjectively this represents an increase in mottle.

From this discussion the faster the system becomes, the
smaller the exposure required, and the greater the
appearance of mottle. This is quantum mottle and arises
because there is a sufficient number of X-ray photons to
produce the required density but insufficient to provide all
the information detail. The many minute parts that are
missing make the parts that are present more noticeable as
distinct and separate small entities, hence the mottled
appearance. This immediately places a limit on the ultimate
speed attainable. The higher the speed the greater the mottle.
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Figure 5.8 Microdensitometer traces across the edge of an object with (A)
low noise image and (B) high noise image

Quantum mottle represents image noise and can eventually
become so bad that it makes visualization of image detail
virtually impossible. In Figure 5.8 a microdensitometer trace
across the edge of an object (A and B) with a low contrast
image and a low noise value shows that the edge can be
visualized providing there is sufficient contrast (A). In-
creasing the noise (quantum mottle) makes visualization of
the same information difficult if not impossible (B). The
pattern due to quantum mottle is different each time even
though the same film type, intensifying screen and exposure
may be given, indicating the random nature of X-ray photon
production.

A film-intensifying screen combination of low relative
speed will have a relatively high resolution making quantum
mottle more readily visible, but because the system is slow
the exposure required is high and quantum mottle effect is
small. The faster the system, the greater the quantum mottle,
but as the speed increases the resolution decreases and
quantum mottle while still present becomes less well defined.
Unfortunately quantum mottle is readily apparent in high
speed systems even with the reduced resolution and such
systems are only suitable for imaging large details. There is
too much noise to see minute detail.

In comparison with calcium tungstate screens one of the
problems with some rare-earth intensifying screens is the

increased contrast they provide with the increased speed at a
given kV. The higher contrast makes quantum mottle more
easily visible and, in comparison at a given kV, images
produced with the rare-earth system show more mottle. This
can be overcome if some speed is sacrificed. For example a
single rare-earth screen can be used with a calcium tungstate
screen to form a pair. Alternatively a slower film can be used
with the pair of rare-earth screens. It should be emphasized
however that patient movement may produce so much image
unsharpness with a slow system that the image is
diagnostically useless. Using a faster system might give a
disturbing level of quantum mottle but the reduction in
unsharpness from patient movement by using a shorter
exposure time is likely to result in a diagnostically acceptable
image. Again, this indicates the importance of compromise.

EMISSION SPECTRA

The phosphor materials used for intensifying screens have
been described on pp. 61-64. These intensifying screens
will each emit light when irradiated with X-rays but their
emission spectrum depends on the phosphor material used.
It is important that the film spectral sensitivity is matched to
the particular screen emission spectrum otherwise a reduc-
tion in imaging system relative speed will occur.

Figure 5.9 illustrates the emission spectra for three
different intensifying screens. The three phosphors are
known as broad band emitters. For each given phosphor the
maximum emission intensity occurs at a particular
wavelength and is arbitrarily designated 100. Intensities at

SCREEN 2 (BARIUM STRONTIUM SULPHATE)

100
SCREEN 1 (CALCIUM
RELATIVE TUNGSTATE)
EMISSION
INTENSITY SPECTRAL
AT EACH & SENSITIVITY
WAVELENGTH CURVE FOR A
MONOCHROMATIC

RELATIVE SCREEN-TYPE FILM
FILM
SENSITIVITY SCREEN 3
T0 EACH (BARIUM
WAVELENGTH FLUOROCHLORIDE)

300 400 500 600

A(NM)

Figure 5.9 Emission spectra of three different intensifying screens
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other wavelengths are measured relative to the maximum.
Relative speed differences between the screens are thus
hidden and such information cannot be obtained from this
graph. In practice, for example, a typical barium
fluorochloride screen is significantly faster than a calcium
tungstate screen of equivalent resolution. A mono-
chromatic screen-type film is certainly suitable for use with
all these screens as this film is sensitive to all the emitted
wavelengths.

The rare-earth materials are described as line emitters
since they emit at discrete wavelengths (Figure 5.10). In A,
both monochromatic and orthochromatic film could be
used, but in B an orthochromatic film is essential to respond
to the emission at 550 mm and beyond.

Temperature Effects

The relative speed of an intensifying screen-film combina-
tion gradually decreases with increasing temperature but the
amount of variation over the temperature range normally
encountered is insignificant and for all practical purposes
can be neglected.

A 100 _—
MONOCHROMATIC
FILM SPECTRAL
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Figure 5.10 Emission spectra of rare-earth screens

INTENSIFICATION FACTOR

Intensification (or intensifying) factor is defined as the ratio
of the exposure required to produce a given density on a
screen-type film alone to the exposure required to produce
the same density using the same film type with intensifying
screens. It describes the magnitude of exposure reduction
possible as a result of using intensifying screens.
Intensification factor is easily determined in practice by
choosing a particular kV and mA for the FFD used and then
selecting an exposure time to give the required density on the
screen-type film. The intensifying screen—film combination
is then exposed under the same conditions but adjusting
exposure time until a similar density is produced. The ratio
of the two exposure times represents the intensification
factor for the exposure and processing conditions used and
at the density chosen. Hence, intensification factor (IF) is
simply
5]
IF = —
L

where 1, = exposure time without screens, and ¢, = exposure
time with screens,

the same kV, mA, FFD, film type, processing conditions and
density level being used for both exposures. Reciprocity
failure can be ignored. If a different density level is chosen
and the procedure repeated, the IF will be different. Further-
more, if the procedure is repeated using a different kV but
the same density level another different value of IF will be
obtained. Varying processing conditions will alter relative
densities and hence affect the IF value obtained.

To summarize the procedure for obtaining a measure of
IF:

(i) Two exposures are made. In each case the same film
type is used (a screen-type film).

(ii) The two exposures must produce the same density.
Obviously the same processing conditions must be
used.

(ili) Any image density may be chosen but it is usual to
choose a density within the useful density range, i.e.
D~1.0.

(iv) One exposure is made with intensifying screens and
the other without. In the first case the film is exposed
to the effects of X-rays and light, while in the second
X-rays alone are used. The light produced by the
intensifying screens intensifies the effect of the
X-rays onthefilm. Itisthe magnitude of thiseffect that
is determined by the intensification factor.

(v) A kV value must be chosen and this value used for
each exposure. Emission intensity from the screen
increases with increasing kV. This means that for a
given film and screen (or screen pair) different values
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for IF will be obtained at different kV values selected.
If an object is placed in the beam, the radiation
reaching the imaging system will contain a certain
percentage of scatter. The greater the scatter percen-
tage at a given kV the lower will be the screen
emission intensity. IF is then influenced by the
amount of scatter in the beam. To approximate a
practical situation 1F measurements should perhaps
be made using a suitable tissue equivalent phantom in
the X-ray beam.

A value for intensifying factor can be obtained by reference
to characteristic curves. Consider the characteristic curves of
Figure 5.11. Y is the curve obtained from the screen-type film
exposed to X-rays alone. X is the curve obtained for the
film-screen combination exposed to X-rays. In both X and
Y the same film type was used.

Ll.
DENSITY
3¢
2
1
0
L06 E,= 1.0 L06 Ey= 2.9
L0G. REL.EXP.

Figure 5.11 Characteristic curves of screen-type film with (X) and without
(Y) intensifying screen

Intensifying factor =

Exposure without screens  E,

Exposure with screens E,

At D = 1.0 the distance ABis simply (log E, - log E|) = log
(Ey/ Ey)

If intensification factor =

'EZ

E| e

=log -2] = the distance AB
E| |

, then log (intensification factor)

The distance AB is simply (2.9 - 1.0) = 1.9
Hence, log(intensification factor) = 1.9
and intensification factor = antilog (1.9) =90

However, the question must be asked ‘how useful is IF in
practice?

The information relating to exposure which may be
required in practice is the factor by which exposure must be
changed when:

(@)

Using a screen-type film for direct exposure (non-
screen) extremity work when no direct exposure film
is available nor a suitable film-screen combination.
Here an approximate idea of the exposure required
for extremities is known for the screen-type film used
with the intensifying screens normally employed for
general radiography. Knowing the IF for these
screens at the kV to be used would enable an ap-
propriate exposure to be selected. Suppose 45kVisto
be used for the particular extremity and the IF for the
screens is 80 at this kV. Further, suppose that with the
film-screen combination the exposure required is
2mAs. Then the mAs required without screens will be
160 mAs, i.e. (2 X80) mAs, since

Exposure (mAs) without screens = IF X exposure (mAs)
with screens.

(it)

Using a direct exposure film for extremity work
instead of a high resolution film-screen combination.
Unfortunately, in this case, knowing the IF for the
high resolution intensifying screens does not seem to
be of much help because the direct exposure film is
not the same type as the film used with the screens. To
use the formula

Exposure without screens = IF X exposure with screens

(ii1)

the film type must be the same for both exposures,
and in this case it is obviously not. The relative speed
of the two imaging systems - the film-screen system
and the non-screen system - is the essential informa-
tion required, as this would indicate how much more
mAs the slower system requires to produce a satisfac-
tory image density. A simple test is required to
determine relative system speed and should not
require any knowledge of I1F but, like IF, the measure
obtained for speed depends on the kV used. Perfor-
ming the test procedure at one fixed kV will give a
measure quite different from that obtained by
repeating the procedure at some other fixed kV.
Fortunately, in practice, the kV range normally used
for extremity work is limited and any speed
variations due to kV changes will be small since the
kV changes themselves are likely to be small. The test
to determine the relative speed of a pair of imaging
systems is described later.

Using an imaging system with different film and
intensifying screens from those normally employed.
Again a measure of relative speed is required rather
than IF measurements.
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RELATIVE SPEED

Relative speed is usually determined at some particular kV
and mA and expressed as a ratio of exposure times. For
example, if one imaging system requires 0.1 s to produce a
particular density, and another imaging system requires 0.2 s
to produce the same density at the same kV and mA, then the
relative speed of the two systems is 0.2:0.1 or 2: 1. In other
words the first is twice the speed of the second.

A measure of relative speed may be required when chang-
ing from:

(i) direct exposure film to a film-screen combination,
(i1) one film-screen combination to another, and
(ii1) one film type to another.

The test procedure required in each case is slightly
different; (i) and (ii) are described below, and (iii) has been
described in Chapter 3, p. 44.

Test Procedure to Determine the Relative Speed of a Direct
Exposure Film and a Film-Screen Combination

This is in many ways similar to the test required for (iii). The
behaviour of the film is assumed to be more or less uniform
throughout the diagnostic range of kV values. This means
that for any kV chosen, a given radiation dose will produce
the same photographic density in the film. Unfortunately
this is not true when intensifying screens are used. Here, as
the kV increases, so does the intensification factor, and it is
false to assume that having done the test at one k'V value and
obtained a measure of relative speed, the two systems will
have the same relative speed at other kV values. As kV
increases, so will the value for relative speed. Having done
the test procedure once at one kV value it should be repeated
at different kV values throughout the diagnostic range.
The equipment for the test is arranged for exposure as
shown in Figure 5.12. A kV is chosen representative of the
range within which the film is to be used in practice, say
50kVp. An mAs is chosen to produce, on the screen-type
film, an image which adequately demonstrates a reasonable
number of steps with densities covering the useful density
range. The FFD should be constant throughout the test.
Following exposure, both films are processed together in the
automatic processor (1t is assumed that the non-screen film
may be autoprocessed). On the screen-type film, the density
of steps near the middle of the stepwedge image is measured.
The step with the density nearest to D= 1.0 is chosen, its
number is noted and its density recorded. Assume it is the
middle step. The non-screen film image is inspected to gain
an idea of how much it may be necessary to increase the
exposure time (kV and mA remaining constant) so that the
middle step of the stepwedge image on the non-screen film
can be made the same density as the corresponding step on
the screen-type film. A series of exposures is made at
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Figure 5.12 Arrangement of equipment for test (i)

different exposure times on a similar non-screen film until
the same middle step density is achieved. If ¢, is the exposure
time required to do this and ¢, is the exposure time used for
the screen-type film then the measure of relative speed
required is #,/¢,.

Test Procedureto Determine the Relative Speed of Two
Different Film-Screen Combinations

Here again the relative speed measure obtained will depend
on the kV used, since once more intensifying screens are
used. Similarly, once carried out at one kV value, the test
should be repeated at other kV values representative of the
kV range to be used. Thisis in case the intensification factors
for the two screen pairs change at different rates with
changing kV. In the case of two different film-screen com-
binations it is not an essential requirement that the film used
for one pair of screens is the same as the film used for the
other pair. This is certainly true when a calcium tungstate
intensifying screen-monochromatic film system is compared

CENTRAL RAY
OF X-RAY
BEAM

ALUMINIUM
STEPWEDGE

.

FILM-SCREEN

FILM-SCREEN SYSTEM B

SYSTEM A

Figure 5.13 Arrangement of equipment for test (ii). (The film-screen
systems are different but the cassettes are similar)
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with a rare earth green-emitting intensifying screen-ortho-
chromatic film system.

The equipment is arranged for exposure as in Figure 5.13.
A kV near the middle of the diagnostic range is chosen to
start, say 70kVp. An mAs is chosen to produce, on the
‘faster’ film-screen combination, an image which adequately
demonstrates a reasonable number of steps as before. It may
be found, of course, that both have the same speed, in which
case a further similar exposure should be made at some other
kV (say 100 kVp) to see if they are still the same. If they are
then the test can be terminated. But in this case assume that
they are not the same at 70 kVp. The FFD should be constant
throughout the test. Following exposure, both films are
processed together in the automatic processor. On the image
produced with the ‘faster’ system, the density of a few steps
near the middle of the stepwedge image is measured. Again
the one with the density nearest to D= 1.0 may be chosen.
The step number is noted and the density recorded. Again
for convenience assume it is the middle step. The image
produced with the ‘slower’ film-screen system is inspected to
gain some idea of how much the exposure time must be
increased (kV and mA remaining constant) so that the
middle step of the stepwedge image on the ‘slower’ system
can be made the same density as the corresponding step on
the image produced with the ‘faster’ system. A series of
exposures is made at different exposure times on the ‘slower’
system until the same middle step density is achieved. If 7, is
the exposure time required to do this and ¢, is the exposure
time used for the ‘faster’ system then the measure of relative
speed is #,/¢,. Repeat the whole procedure at other different
kV values to obtain the appropriate relative speed at these
kV values.

FACTORS AFFECTING INTENSIFICATION
FACTOR

There are many factors which control the value of inten-
sification factor and hence relative speed obtained, and may
be described as

(i) those inherent in the intensifying screens and depen-
dent on manufacture, and

(ii) those dependent on conditions under which the
intensifying screens (and film) are used.

Inherent Factors

Perhaps the most important points relate to phosphor type
used in the manufacture of the screens, and whether or not
the binder of the fluorescent layer is pigmented. The newer
phosphor materials employed, when irradiated, produce
higher relative emission intensities than calcium tungstate.
Of course the wavelengths emitted may be somewhat
different and the light receptor (the film) will have to be

matched to the screen. Nevertheless, the use of these newer
phosphor materials gives rise to higher intensification fac-
tors than calcium tungstate and the higher relative speed can
be fully utilized when used with matched films. Pigment
materials may be used in the binder of the fluorescent layer
of the intensifying screen to control resolution. Unfortunate-
ly the higher the resolution required, the ‘slower’ the inten-
sifying screen becomes because of the increased amount of
binder pigment used. Even though the same phosphor
material may be used each time, the more pigment that is
used the lower will be the value of intensification factor
obtained at any given kV.

Factors Dependent on Conditions of Use

The factors which are considered as being practically impor-
tant are

(i) the kV used at which to make the exposure, and
(ii) the photographic density used for determining the
intensification factor.

The degree of development is often stated as one of the
factors influencing the value obtained for intensification
factor. This is interesting but hardly relevant when using an
automatic processor in the determination of intensification
factor, providing the processor is operating within normally
acceptable limits, which is usually the case.

kV

The important fact in practice is what happens to intensifica-
tion factor as kV is varied. Consider the table of kV values
(Table 5.1) and associated intensification factors, each being
measured at a density of D= 1.0. These figures might apply
to a typical high speed calcium tungstate screen. Figure 5.14
shows a graph of the information in Table 5.1, and illustrates
how the speed of the film-intensifying screen combination
changes with changing kV. For example, the system used at
80 kVp has 114 times the speed at 40 kVp. In other words the
system becomes more efficient (relative to a system
represented by a film alone) as kV increases, i.e. relative
speed increases.

Table 5.1 Variation of intensification factor with kV, measured at D =1.0,
for a typical calcium tungstate screen

kVp Intensification factor
40 70
50 80
60 90
70 100
80 105
90 108
100 110
110 112
120 114
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Figure 5.14 Variation of IF with kV (from Table 5.1)

Photographic Density

Consider again the graph in Figure 5.11 used to obtain a
measure of intensification factor shown again in Figure 5.15.
Instead of measuring the intensification factor at D=1.0,
say, D = 2.5 may be used. Now the intensification factor will
have the value,

IF = E,| E;
The distance CD is (log E, - log E;) = log (E,/ E;)
If the intensification factor IF = E,/ E;, then

log (IF) = log (E,/ E;) = distance CD.

CDis (3.5-1.5)=12.0, hence log(IF) =2.0and so IF=
antilog 2.0 = 100

By choosing a higher photographic density at which to
measure intensification factor, a higher value is obtained.
When comparing intensification factors it is essential to
know the density used for the measurements. It would be
useless trying to make ‘speed’ comparisons for two systems if
the intensification factors (or relative speeds) were obtained
for different densities (or different kV values!)

It should be noted that the results of the test procedure for
relative system speed must be used with caution. A relative
speed test can be done on two systems without the use of a
stepwedge if desired. Consider the case where both systems
employ intensifying screens. A kV is chosen, and one of the
systems is given the mAs required to produce animage density
of 1.0. Using the same mA and kV, the exposure time is
adjusted to produce the same density with the other system.
The ratio of the two exposure timesisa measure of the relative
speed of the two systems when exposed only to primary
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Figure 5.15 Characteristic curves of screen-type film with (X) and without
(Y) intensifying screens

radiation. The question is: ‘Will this relative speed figure be
the sameasthat obtained usingthe stepwedgeatthe same kV?’
When using the stepwedge, and even more so when using a
patient, each system is exposed not only to primary radiation
but also to scatter produced in the object being irradiated.
From previous discussion we know the intensification factor
increases with increasing kV. In other words, the intensifica-
tion factor increases with decreasing wavelength of radiation.
A beam consisting only of primary radiation gives a higher
intensification factor compared with a beam consisting of
both primary and scatter when the same kV factor is set for
both. Indeed, for a given set kV, the intensification factorcan
be expected to belowerthe greater theamount of scatterin the
beam reaching the film, for the same film density. If a beam
produced at a particular kV is passed through an object both
primary and scatter will leave the object to reach the film to
produce the density of 1.0, say. Since scatter is of longer
wavelength than primary the average intensification factor
obtained for primary and scatter will be lower than for
primary alone. If primary radiation alone is used (and no
object) the same intensification factor as for primary and
scatter could be obtained if only a lower kV were used.
Assume that at 100 kVp the relative speed for two systems
exposed to primary radiation alone is 5.75. If relative speed
is measured again at the same kV by exposing the two
systems to primary and scatter (as might occur when the
X-ray beam has first passed through a patient) it will be
found to beless, the difference depending on the percentage of
scatter in the beam (say 4.25). The relative speed figure of
4.25 could also be obtained by exposing the two systems to
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Figure 5.16 Relative speeds for two systems using primary beam alone, and
primary + scatter

primary radiation only, produced at 65 kVp. These figures
can be obtained from Figure 5.16, which demonstrates that
rare-earth systems are more efficient at higher kV. The faster
system (system 2) is a rare-earth screen—film combination
while system 1 is a calcium tungstate screen—film system. The
vertical axis shows the speed of system 2 relative to the speed
of system 1 throughout the kV range shown. For example, if
at 60 kVp, system 2 is 3% times the speed of system 1, so the
relative speed value of 1 can be given to system 1, and the
value of 3% to system 2 (these figures refer to the curve
labelled ‘primary + scatter’). Again, if at 100 kVp, system 2 is
4.25 times the speed of system 1, the relative speed value of 1
can be given to system 1, and the value of 4.25 to system 2.
Proceeding in this way the value of 1 can be given to the
calcium tungstate system throughout the kV range and show
the speed of system 2 relative to this value of 1, both in the
case of primary and primary + scatter. The graph clearly
illustrates the effect of scatter on relative speed for these two
systems.

What has been said regarding the effect of scatter is
important when comparing the speeds of two systems in
which one system employs a different phosphor type to the
other. In this case the phosphor response to scatter may (or
may not) be different in each case to different wavelength
X-rays. This gives rise to what has just been discussed. Onthe
other hand, if similar phosphors are used, although one
screen pair may be ‘faster’ than the other, the intensification
factors for the two screen pairs may change at the same rate
with changing kV (Figure 5.17) irrespective of scatter. The
relative speed curves would then be parallel. Relative speed
values obtained with a stepwedge would then apply directly
to practice. In addition the test need only be done at one kV
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Figure 5.17 Relative speeds for two systems whose IFs change at the same
rate

value. Figure 5.17 does not imply that the intensification
factor is constant throughout the kV range indicated. For
example at 60 kVp, the intensification factors for systems 1
and 2 might be 30 and 60 respectively giving a relative speed
of 60:30 or 2:1. At 100kV, the intensification factors for
systems 1 and 2 might be 50 and 100 respectively, again
giving a relative speed of 2:1. So although relative speed
may remain constant, intensification factors may not.

The relative speed obtained depends on the amount of
scatter in the beam reaching the two systems. The amount of
scatter reaching the two systems, when using a stepwedge to
measure relative speed, will certainly be smaller than that
reaching the two systems when using a large patient’s
abdomen, for example. So a higher relative speed can be
expected when using a stepwedge than when using a large
patient. Do not expect results obtained with a stepwedge to
tally exactly with conditions found to exist when patients are
concerned. The stepwedge is so easy to use but unfortunately
the results obtained can only be used as a guide. If greater
accuracy is required, relative speed must be measured using a
tissue equivalent phantom rather than a stepwedge alone to
get somewhere near the amount of scatter found in practice.

SCREEN EFFECT ON IMAGE QUALITY

The imaging properties of an intensifying screen depend on
many factors including

(i) phosphor material: type, particle size and packing
density (number of particles per unit volume),
(i1) activator, and
(ii1) fluorescent layer thickness.
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These factors determine the practically important proper-
ties of screen resolution, speed and contrast amplification. It
is important to realize that an image is not formed using
just an intensifying screen. The system of screens, film and
cassette must be used and each influences the quality of the
final image. The cassette houses the film and screens in a
light-tight environment and holds the film and screens
together under pressure to ensure good contact. Poor con-
tact reduces system resolution recognized as poor definition
(and contrast) in the image.

Contrast

Radiographs, made using screen-type X-ray films in con-
junction with intensifying screens, are of higher contrast
than radiographs made by direct exposure on non-screen
films. This effect is of great practical importance when
comparing screen and non-screen exposures. It is due mainly
to the nature of the radiation responsible for forming the
image, i.e. light instead of X-rays, and, to a small degree, to
scattered radiation being preferentially absorbed by the
cassette front and the support of the front intensifying
screen. Of course, scattered radiation is of lower energy than
primary and produces a lower screen emission intensity in
comparison. Primary radiation thus has a greater imaging
effect than scatter with a resulting contrast amplification.

In Figure 5.18 X is the characteristic curve for a
film-screen combination, while Y is the curve for the screen-
type film used alone. The slope of ABis the average gradient
for curve X between net densities of 0.25 and 2.0, while the
slope of CD is the average gradient for curve Y over the same
interval. It is obvious that the slope of ABis greater than that
of CD. The use of intensifying screens has thus increased film
contrast, i.e. given rise to contrast amplification.

2.0

DENSITY
(NET)

0.25
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Figure 5.18 Characteristic curves for film-screen combination (X) and
screen-type film alone (Y) showing contrast amplification

Unsharpness

Unfortunately the use of intensifying screens introduces a
comparatively large degree of unsharpness into the image
recording system (see Figures 1.24 and 3.5) due to:

(1) The finite distance between emitting phosphor par-
ticles and film emulsion. The greater the distance the
greater the divergence of light and the more diffuse
and unsharp the image.

(i1) The cross-over effect, but this is avoided if a single
screen-single emulsion film is used.

Due to the small but finite thickness of the fluorescent
layer of an intensifying screen the phosphor particles lie at
varying distances from the emulsion of a film placed in
contact with the screen. X-radiation passing into an inten-
sifying screen before reaching the film will produce most
light from interactions with phosphor particles furthest from
the film. This results in a relatively large unsharpness (Figure
5.19). With a back screen light is emitted by particles
nearest the film with a reduction in unsharpness. This
illustrates why there is usually an unequal coating weight of
phosphor material between front and back intensifying
screens especially in high resolution systems.
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Figure 5.19 Single screens used as front and back screens
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Speed

Suppose that two speeds of screen-type film are available for
use, one twice the speed of the other. Further suppose that
there are three types of screen available with relative speeds
of 1, 2 and 4 at some particular kV value. To find the
combination of film and intensifying screen pair which
produce the ‘fastest’ system multiply the relative speed for
the intensifying screen (x) by the relative speed for the film
() (Table 5.2). The film-screen combination which gives the
largest number on multiplication is the ‘fastest’ system. This
has been done in Table 5.2 for each of the possible
film-screen combinations. The combinations marked with
an asterisk have the same relative speed, but can it be
assumed that the high resolution system will provide the
better image quality. Using the faster film may result in a
higher radiographic contrast and this would render quantum
mottle even more readily visible. Graininess would also be
more apparent. The improvement in image quality hoped for
is thus unlikely to be realized due to the increased image
noise interfering with the visualization of image detail. The
degree to which this effect is troublesome depends on the
region of the body being investigated. A high resolution
intensifying screen pair could well be used with a fast film for
extremity work or other body parts where bone detail is
required. On the other hand a fast screen with a slow film is
better where fairly large, low contrast information is re-
quired, e.g. some types of gallstones.

Table 5.2 Possible combinations of two films and three screens

Intensifying Relative speed Relative speed  Relative speed
screen of intensifying of film (y) of imaging
screen system (xy)
High speed 4 2 8
High speed 4 1 4
Medium speed 2 2 4
Medium speed 2 1 2%
High resolution 1 2 2%
High resolution 1 1 1

* See text

FILM-INTENSIFYING SCREEN CONTACT
ASSESSMENT

Poor film-screen contact introduces unacceptable un-
sharpness in the image and contact should be periodically
assessed. The test is described in British Standard 4304
(1968) for testing cassettes. Unlike a test using wire mesh, it is
not unsharpness in the image that is looked for, but regions
of increased density in the areas of the film under the metal of
the test object. This is described as a sheet of perforated zinc
about 1 mm thick and with about nine perforations per
square centimetre. It has a 1 cm?2area cut out of the centre of

Figure 5.20 Test object for BS 4034 (1968)

the sheet. The image density in this area is used for correct
density assessment. The dimensions of the sheet should be at
least the same as those of the cassette to be tested. One sheet
(35X 43 cm) is suitable for all cassette sizes and is found to
produce satisfactory results provided reasonable care is
taken (Figure 5.20). The correct specification zinc sheet is
expensive and when not in use must be stored flat.

Requirements for the test:

(i) Test object

(i1) Cassette to be tested, loaded with medium speed,
unexposed film. Of course, the term medium speed is
a relative term. Only one speed of film may be
available in a department, and whatever its relative
speed, it would have to be used

(iii) Equipment for exposure. The exposure factors
recommended in the British Standard are 50 kVp,
1.5m FFD, 1-1.5mm focus and 2.0 mm Al equi-
valent total tube filtration. It is not absolutely
essential to adhere precisely to the kV, FFD and
focus size recommended. Suffice to say that not more
than about 50 kVp is used to avoid penetration of the
zinc sheet since this would mask the effect due to
unsharpness. The FFD and focus size suggested are
to minimize geometric unsharpness. The correct mAs
must be determined by trial and error such that an
image density of between 2 and 3 is produced on the
film under the central 1cm? hole. Providing this
density is obtained, then the effect of poor film screen
contact is clearly visible at the normal viewing dis-
tance using a conventional illuminator. A lower
image density makes the effect more difficult to see

(iv) Automatic processing facilities.
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Figure 5.21 Equipment for BS 4034 (1968)

Figure 5.22 Test object placed on a cassette

Figures 5.21 and 5.22 show the equipment arrangement
for exposure. Where the screens are not in an easily handled
cassette but form a built-in part of an automated film
handling system the zinc sheet must be supported over the
imaging area as close as possible to the film.

Poor film-intensifying screen contact experienced when
the cassette is used in a vertical position need not necessarily
be apparent when the film is used horizontally. Unsharpness
seen on a chest film, for example, taken erect and thought to

be due to poor film-screen contact would require a test to be
done with the cassette vertical if poor film-screen contact
could not be demonstrated with the cassette horizontal.

Assessment of Film-Screen Contact

If the film-screen contact is satisfactory then the image will
appear as a series of black dots representing the perforations
and a black square representing the central cutout area,
while the remainder of the film will be blank. If poor
film-screen contact exists, then in the areas of poor
film-screen contact the normally blank areas will record a
visible density (Figures 5.23 and 5.24).

Figure 5.23 Good film-screen contact (A) gives distinct dots while poor
contact (B) gives overlap, in severe cases producing a uniform high density
area

Figure 5.24 Film-intensifying screen contact test film
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INTENSIFYING SCREENS AND AUTOMATIC
EXPOSURE

In Figure 5.17 it is seen that if an automatic exposure system
is calibrated to produce a given density for system 1 at any
kV within the interval shown then changing to system 2
requires only a simple change in the sensitivity of the
automatic exposure device. It can then be operated at any of
the kV values shown and the same density as before will
result. The use of system 2 of Figure 5.16 however is much
more complex. The relative speed is not constant at each kV
value and a simple sensitivity change while suitable at one kV
would not be suitable for the entire range. A different
sensitivity is required at each kV. It is probable that a change
to rare-earth intensifying screens would necessitate complete
recalibration of the automatic exposure system if it is to be
used throughout the diagnostic range of kV values for a
constant density.

DISCUSSION

The factors to be considered when choosing practical imag-
ing systems using intensifying screens are similar to those
given on pp. 37-38, but any choice must be governed by the
image results obtained and required. Comparative testing
should always be done and a visual assessment of images
made. Unfortunately there are many pitfalls and false
conclusions which can be reached. For example, definition
can be assessed visually by comparing the images produced
in each of two systems but to do this effectively the image
contrasts should be identical as should the unsharpness
contribution due to geometry. A suitable tissue equivalent
phantom should be used as a reasonable approximationtoa
patient and if possible contrasts equalized for the two
systems using the kV control. Images should be visually
assessed for noise content. Information concerning contrast
can be obtained from plotting relative characteristic curves
for the two systems considered and relative speed should be
assessed at different kV values.

A variety of film-intensifying screen combinations is
available. These include:

(i) single screen + single emulsion film
(i) paired screens + duplitized film
(i) multiscreen systems + duplitized films.

An example of (iii) is used in the multisection cassette
for tomography. A number of film-intensifying screen com-
binations are contained in the same cassette each separated
by radiolucent spacers of the required thickness. The relative
speeds of these combinations are adjusted to give a constant
film density. It should be remembered that the phosphor
material of an intensifying screen absorbs energy from the
X-ray beam and successive screen pairs will progressively
attenuate the beam. This means that each succeeding
film-intensifying screen combination must have a higher
relative speed than its predecessor. In addition, the greater
the number of intensifying screen pairs used the higher the
energy required in the incident beam to produce a given
density on the last film in the sequence. In comparison with
plain radiography, subject contrast is much lower for tomo-
graphic examinations. This, together with the increasing kV
required for an increasing number of film-intensifying
screen combinations used simultaneously, places a limit on
the usefulness of multisection tomography because of the
low image contrast achieved. The smaller the number of
combinations used the better the image contrast because of
the lower kV possible. Unfortunately one of the advantages
of multisection tomography is that images of several body
layers can be obtained for just one exposure thus reducing
exposure dose to the patient. Since one layer is imaged for
each combination of film and intensifying screens used then
reducing the number of combinations in order to achieve a
particular image contrast reduces the number of layers
imaged for a single exposure. In terms of radiation dose this
again is a disadvantage particularly where a large number of
layers are required. Further disadvantages accrue as a result
of increasing the relative speed of each successive combina-
tion. Resolution and speed are reciprocally related. The
reduction in resolution with increasing speed is not helped by
the fact that film-intensifying screen contact is not as good in
a multisection cassette as it can be in an ordinary radio-
graphic cassette.
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INTRODUCTION

A film cassette is a container for exposed or unexposed film.
The size and shape of the cassette depends on the film it
contains, which can be a single sheet of film of any of the
manufactured sizes, a number of sheet films of similar size
when unexposed, a number of similar or different size sheet
films when exposed, or a roll of film. An exception to this is
the xerographic cassette which contains not film, but a
selenium-coated aluminium plate. Here the image is formed
as a charge pattern on the selenium and only transferred toa
paper image during the processing stage; this is discussed
more fully in Chapter 15.

For direct exposure radiography the X-ray cassette con-
tains only X-ray film and this cassette is simply a paper or
plastic, light-tight envelope. For most radiographic techni-
ques where intensifying screens are used the cassette is more
robust and specialized to maintain close contact between
film and screens. Alternatively, for economy and where
strength is lacking, close contact is achieved by vacuum
packing film and screen in a plastic envelope.

X-ray cassettes are available which can house more than
one set of film and screens. The cassette for multisection
tomography is an example. So-called ‘daylight’ film hand-
ling systems often employ outwardly conventional cassettes
which are designed for opening, unloading, loading and
closing automatically. Other automatic systems have film
and screens as an integral and inseparable part of the system
so neither a film nor a cassette containing screens is handled.
Such systems can employ an automatic feed to the processor
so that the only time the film is seen and handled is after
processing. This eliminates film handling faults.

In automatic film changers such as the Siemans Elema
sheet film AOT equipment two cassettes are used, neither of
which contains intensifying screens. The screens are an
integral part of the equipment. The only immediately
detachable parts of the equipment are the two cassettes. One
acts as a film-feed cassette into which unexposed films are
loaded and stored. The other is the take-up cassette which
houses exposed film prior to processing. Figure 6.1 shows an
AOT changer with the two cassettes in place. The two
cassettes are shown in Figure 6.2.

Cassettes for miniature film may contain sheet or roll film.
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Figure 6.1 An AOT cut film changer

B
Figure 6.2 Film-feed cassette (A) and take-up cassette (B) for AOT changer
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B

Figure 6.3 Film-feed cassette (A) and take-up cassette (B) for 70 mm roll
film

The Odelca camera for example employs 100 mm sheet film
or 70mm roll film depending on which camera model is
used. Film-feed and take-up cassettes are again employed.
70 mm roll-film cameras used in photofluorography also
have film-feed and take-up cassettes (Figure 6.3). In some
automatic film handling systems the film-feed cassette
supplies only one size and type of unexposed film to the
system while the take-up cassette will accept all sizes and
types used. Cine cameras for cinefluorography have
cassettes in which the film-feed and take-up cassettes are
incorporated in a single cassette attached to the camera
(Figure 6.4). A film-feed cassette is often referred to as a film
loading magazine.

THE X-RAY CASSETTE

Structure and Functional Requirements

The typical X-ray cassette (Figure 6.5) consists of a front and
back hinged at one side. The front is a shallow box, the cavity

B

Figure 6.4 A:35 mm cinefilm film-feed and take-up cassette. B: cassette with
cover removed

of which is often called the cassette well (Figure 6.6) and
contains the front intensifying screen and the lead piece
forming part of the film identification system. The back of
the cassette forms a support for the pressure pad used for
maintaining good film-intensifying screen contact, and may
be made of steel, aluminium lined with steel or aluminium
lined with lead foil. The back intensifying screen adheres to
the surface of the pressure pad.

When loaded and closed the cassette

(1) keeps the film flat and sandwiched in position
between the intensifying screens preventing move-
ment of film relative to screens,

(ii) compresses the pressure pad to produce good
film-intensifying screen contact,

(iii) provides a light-tight environment for the film before
and after exposure. During exposure, of course, the
film is affected by the light emission from the screens,
but no other light source can affect the film while it is
in the cassette (unless the cassette is faulty),
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b
Figure 6.5 A typical X-ray cassette; closed (a), open (b)

Figure 6.6 Main parts of a typical X-ray cassette
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(iv) provides a relatively radiolucent window (the cassette
front) for X-radiation to reach the film-intensifying
screen combination,

(v) provides a relatively radio-opaque barrier (the
cassette back) to X-radiation passing through the
cassette thus reducing the intensity of radiation
behind the cassette and reducing back scatter, and

(vi) protects the film and intensifying screens from
damage.

The cassette serves as a support for the pressure pad and
the intensifying screens. From an operational point of view
it should be light in weight for transporting, strong to with-
stand the considerable mechanical stress and strain through
normal handling, be easy to open and close for the purpose
of film loading and unloading but not easy to open acciden-
tally, and have rounded corners and edges to avoid injury.
From an economic point of view it should be durable and of
low cost and from an imaging point of view should fulfil the
requirements listed in points (i) to (vi). In addition uniform
and consistent film-screen contact should be possible
throughout the working life of the cassette.

The cassette front is either plastic or metal of low
radio-opacity to the photon energies transmitted by the
patient. Aluminium is commonly employed. The front
should be of uniform thickness and density and not show an
image structure on exposure. The British Standard 4304
(1968) recommends that the cassette front should have no
greater than a 1.6 mm Al equivalent at 60 kVp with a single
phase unit having a total beam filtration of 2mm Al
equivalent. Plastic-fronted cassettes may have as little as
0.2mm Al equivalent while most aluminium fronted
cassettes have about 1 mm Al equivalent. The difference in
image contrast between plastic and aluminium is usually not
significant in practice particularly at higher values of kV.

The cassette back is usually steel or some much lighter
material of lower radio-opacity lined with lead foil (Figures
6.7 and 6.8). Where lead foilis used it lies between the pressure
pad and the cassette back. The cassette back should have a
lead equivalent of at least 0.12mm at 150kV constant
potential. If a phototiming device is employed for automatic
exposure control and the device is placed behind the cassette
to measure radiation dose then the cassette back must be
radiolucent similar to the front. lonization chamber devices
used in automatic exposure control are placed in front of the
cassette so this restriction does not apply and conventional
X-ray cassettes can be used.

The pressure pad is usually composed of a plastic sponge
material. It is important that the pressure pad when used
under the front screen should be homogeneous and not show
an image structure on exposure, and the plastic sponge
material is ideal for this.

There are several varieties of locking devices for cassettes
but each behave so as to apply and maintain pressure to the
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Figure 6.7 The Kodak X-omatic cassette. Note the additional pressure pad
under the front screen, very much thinner than the back pad but with the
same composition. The cassette is shown without an identification window.
DuPont market a similar cassette but its intensifying screens are more easily
exchanged

film-screen combination and thusachieve good contact. The
spring back of the Kodak X-omatic cassette for example
supplies the force while the clip lock ensures that when the
cassette is closed the pressure force is applied and main-
tained on the film—screen combination.

The sides of the cassette are usually metal, as are the hinge
and locking clips, but other materials can be used. The
X-omatic cassette has plastic for three cassette sides and the
hinge, the fourth side engagingthe locking clip being of metal.

Figure 6.8 The Kodak X-omatic cassette, without the lead piece and
identification window

When closed the cassette must be light-tight and often the
internal surfaces are blackened. Unfortunately in some
cassettes the material used for this purpose can flake off in
very small pieces which inevitably drop in the intensifying
screens preventing light emission reaching the film. This is
often the result of careless and rough handling. All particles
like this likely to get into the cassette and onto the screen
surface can damage the protective supercoat exposing the
fluorescent layer to screen cleaning fluid when used. The
fluid can destroy the luminescent property of the phosphor
particles with which it makes contact producing low density
specks in the image.

The lead piece contained in the well of the cassette should
be large enough, and in the correct position, to leave an
unexposed area of film following exposure to allow subse-
quent film identification. The lead equivalent is important
and should be sufficient to prevent film exposure up to the
highest kV used. In most cases the film must be removed
from the cassette before patient identification can be ex-
posed onto it but in the Kodak X-omatic system an ident-
ification camera is available and the cassette has an ident-
ification window in one corner of the back of the cassette

B

Figure 6.9 Curved cassettes. A is for general radiography while B is used
only for orthopantomography
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coincident with the position of the lead piece in the cassette
well. The card with the patient information is placed in the
top of the camera while the cassette is slid into the bottom.
The identification window is automatically slid open in
darkness within the camera, the exposure made, and the
window closed.

The outside of the back of a cassette may be used to attach
labels identifying the intensifying screens and film con-
tained, to indicate the date of last screen cleaning and carry
any other identification marks required. Curved X-ray
cassettes are available (Figure 6.9) for special applications.

The Gridded X-ray Cassette

This is similar to the conventional X-ray cassette but con-
tains a stationary, secondary radiation grid (p. 104) in the
cassette well, between the front screen and the front of the
cassette (Figure 6.10). This cassette is used for radiography
where it is inconvenient or impossible to use a moving grid
for the technique. Details of the grid should appear on the
outside of the cassette to assist the user in optimizing the
exposure conditions.

Figure 6.10 A gridded cassette

X-ray Cassette for Multisection Tomography

Figures 6.11 and 6.12 illustrate the typical structure of the
cassette which is used in tomography to obtain several
images for a single exposure and to ensure that the layers
recorded are different and bear an approximately constant
relationship to one another. The basic structure of the
cassette is similar to that of a conventional X-ray cassette but

Figure 6.11 Cutaway of a multisection tomography cassette

Figure 6.12 Cassette for multisection tomography

is larger toaccommodate the additional intensifying screens,
films and spacers. The cassette illustrated takes 24X 30 cm
film, has several radiolucent spacers, each 5 mm thick, which
can be used separately or in groups providing different
thicknesses of spacer (in multiples of 0.5 mm) as required
with up to seven films being exposed simultaneously. The
greater the number of films exposed simultaneously the
greater the X-ray beam attenuation before the lowermost
film is exposed, and therefore the higher the kV necessary.
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Multisection cassettes have been described where a con-
ventional X-ray cassette is used loaded only with film-inten-
sifying screen combinations and no spacers since there is no
room for them. Here the spacing between films is due to the
screen thicknesses only. The use of this cassette is not
confined to tomography. In plain radiography, by choosing
suitable film-intensifying screen combinations it is possible
to produce two or even three radiographs with different
density ranges and contrasts using one exposure, or to
produce two or more similar radiographs again using one
exposure. These are examples of multiple radiography.

Direct Exposure Film Cassette

Direct exposure film does not require the use of intensifying
screens and an elaborate cassette is not necessary. This film
type is usually supplied prepacked in a light-tight paper
envelope containing the film and a piece of cardboard for
support. Occasionally it may be necessary to employ
duplitized film which is not prepacked and then a suitable
cassette must be used. A common type is shown in Figure
6.13. It is made of plastic, is matt-black inside, has a stiffened

B

Figure 6.13 A direct exposure film cassette; closed (A), open (B)

back and radiolucent front, and a Velcro fastener for
closing the flap. With high resolution film-intensifying
screen combinations now available for extremity
radiography the application of such a cassette is very limited.

Vacuum Cassette

A vacuum cassette once loaded with film has the air
evacuated using a pump so that an intimate contact is
obtained between film and intensifying screen(s). Such
cassettes have been developed and made available as the
result of interest in mammographic techniques over the last
few years, but their application is not confined to mam-
mography. There are a variety of manufacturers of vacuum
cassettes but a particularly simple to use system is that
produced by the E-Z-Em Company Inc. Their Vac-U-Pac*
cassette is made of flexible carbonized vinyl, high frequency
welded along three sides, and incorporating a one-way valve
(Figure 6.14). The cassettes are reusable, and are open at one
side to allow insertion of film and intensifying screen. The
vinyl material is opaque to light but not X-rays so as not to
produce a structure pattern on the resulting radiograph
especially at the low photon energies used in mammo-
graphy. For mammography the single, high resolution
intensifying screen is mounted on the blue plastic folder
provided with each cassette. The emulsion side of the film is
placed in contact with the active surface of the intensifying
screen and the folder closed and inserted into the Vac-U-
Pac* cassette (which should be lying flat on a flat surface)
right up to the seat of the valve. The open end of the cassette
is sealed by running the heel of the hand across the cassette
just above the opening. In this way the opposing inner

/SLIDE CLAMP

Figure 6.14 The Vac-U-Pac* cassette

* Vac-U-Pac is a trade mark of the E-Z-Em Company Inc.
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surfaces of the cassette are brought into contact and adhere.
The slide clamp is pushed into place, the vacuum pump is
attached and the cassette evacuated. Once the air is removed
the film and screen are held together by atmospheric
pressure distributed uniformly. This minimizes unsharpness
which in ordinary cassettes is due to less than perfect
film-intensifying screen contact. In this type of cassette the
use of a vacuum is the only way to ensure good film-inten-
sifying screen contact.

The edges of the cassette and the valve stem, being flexible,
may be folded under so that the edge of the film is right at the
edge of the cassette and in mammography may be placed
well up to the chest wall. Cassettes are available with the
valve at the top or at the side and in sizes 18 X24 cm and
24 X 30 cm. A 35 X 43 cm Vac-U-Pac cassette is being
developed for use with paired intensifying screens and
duplitized film. The smaller sizes are suitable for mam-
mography and extremity radiography while the 35X43 cm
size is intended for more general application.

Care should be exercised in handling these cassettes to
avoid damage to the plastic bag or valve seat which would
prevent a vacuum being obtained, and to avoid dust particles
collecting on the intensifying screen. For general use a rigid
plastic-fronted cassette tunnel is used to house the vacuum
cassette. Another type of vacuum cassette system employs a
plastic envelope in which the film-intensifying screen com-
bination is placed. This envelope is placed inside equipment
which evacuates the air from the envelope and heat seals the
open edge. This method is very effective but the equipment is
extremely expensive and the cassettes are not continuously
reusable.

Xeroradiographic Cassette

The functions of this cassette are in many ways similar to
those of a conventional X-ray cassette but the contents are
different. In a conventional cassette the imaging mediumisa
film forced into close contact with single or paired inten-
sifying screens. In the xeroradiographic cassette (Figure
6.15) the imaging medium consists of a very thin layer of
photoreceptor semiconductor material deposited on a
relatively thick conducting metal sheet. The metal sheet is
inserted into a cassette just before use,a procedure carried out
automatically. There is no pressure pad since a film and
screens are not used.

The photoreceptor can only act as an imaging medium if it
carries a uniform electrostatic charge and is contained in a
light-tight cassette. Accidental exposure to light, X-rays or
excessive heat will cause the charge to leak from the
photoreceptor rendering it unsuitable for imaging until it
can be recharged. Once the photoreceptor is fully charged
and enclosed in the cassette it should be handled with care
avoiding excessive pressure on the cassette front which could
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Figure 6.15 Diagrammatic section of a xeroradiographic cassette

cause it to flex and touch the photoreceptor surface causing
local discharge.

Film-feed and Take-up Cassettes

These are used in automatic film handling systems using roll
film and in systems employing sheet films. Four examples
are considered, two sheet film systems and two roll film
systems:

(i) Siemans Elema AOT rapid film changer for sheet

film (35X35cm),

(ii) Oldelft Odelca camera system using 100 mm sheet
film,

(iii) Philips 70 mm camera system for photofluoro-
graphy (roll film), and

(iv) a typical cassette for 35 mm cinefluorography (roll
film).

Other examples of cassettes used in automatic film hand-

ling systems will be considered later.

Siemans Elema AOT System

Siemans Elema AOT cassettes form an integral part of the
AOT rapid film changer. The film-feed cassette (loading
magazine) (Figure 6.16) contains unexposed sheet film to a
maximum of 30 films, each placed between metal separators.
The cassette is loaded with film under suitable safelighting
conditions by opening the sliding panels and inserting the
required number of films between the appropriate spacers
one at a time. The panels are closed and the cassette, now
light-tight, may be transported to and inserted in the AOT
equipment. The take-up (receiving) cassette (Figure 6.17)
has a sliding lid which is open when the cassette is in the AOT
film changer. It receives films following exposure and at the
end of the series the button on the side of the cassette is
pressed, the lid closes and the cassette can be withdrawn
from the AOT film changer and transported to the film
processor. The relative positions occupied by the two
cassettes are shown in Figure 6.18.
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Figure 6.16 The AOT film-feed cassette

Odelca Camera System

The Odelca 100 camera uses 100X 100 mm cut film fed from
a cassette (Figure 6.19) loaded with up to 50 unexposed
films. The film-feed cassette (magazine) is spring loaded so
that once a film is removed another is pushed forward ready
to be taken. Care must be exercised when loading this

Figure 6.17 Film take-up (receiving) cassette shown with lid open

Figure 6.18 AOT film changer showing positions occupied by the two
cassettes

cassette with film since the film used has a single emulsion
and it must be loaded the correct way around. The film has
an anti-halation (light absorbing) layer and if loaded in-
correctly will be exposed with the anti-halation layer facing
the exposing light source.

Figure 6.19 Film-feed cassette for Odelca camera
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Figure 6.20 Take-up cassette for Odelca camera

The take-up cassette (Figure 6.20) is a light-tight box into
which exposed films are passed to await transport to the
darkroom for processing. Like the film-feed cassette it has a
sliding lid which when closed provides a light-tight environ-
ment for the films. The lid must be opened after the take-up
cassette is attached to the Odelca camera to allow exposed
films to enter it. The sliding lids on film-feed and take-up
cassettes are often called dark slides.

Philips 70 mm Camera System

The Philips 70 mm film camera (Figures 6.21 and 6.22) isused
for recording the image produced at the output phosphor or
the image intensifier tube. A 70 mm roll film is used and the
camera employs automatic film threading from the film-feed
cassette to take-up cassette. From the film-feed cassette the
film runs into the take-up cassette until either the required
number of exposures have been taken or the maximum
number permissible has been reached. The take-up cassette
can be removed at any time and the contained film sent to be
processed. To do this the cutting blade button is depressed
slicing through the film and then the take-up cassette can be
removed from the camera. An empty, replacement take-up
cassette isattached and the film automatically threads intoit.
The camera is now ready for use again but before makingany
further exposures, it is a wise precaution to wind on an
additional 4 cm film into the take-up cassette by pressing the
film transport button in case film fogging occurred to the

Figure 6.21 The Philips 70 mm roll film camera attached to the optical
image distributor

B

Figure 6.22 The Philips 70 mm roll film camera with cover removed. The
film-feed cassette is on the left. In A note the light source in the top left-hand
corner of the camera for serially identifying the exposed frames. In B the
pressure plate has been lifted to show the film
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unexposed end of the film when the take-up cassette was
removed. While this measure can waste film it avoids the
necessity of repeat exposures due to possible film fogging.

UNEXPOSED FILM

EXPOSED FILM

j‘-—FILM MAGAZINE

CAMERA

/
)
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w——FILM GATE
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Figure 6.23 Typical cinecamera and film magazine. The magazine and
camera cover have been removed

35 mm Cinefluorography

Figure 6.23 illustrates a 35mm cinecamera and film
magazine in which the same cassette contains both unex-
posed and exposed film. The unexposed film is fed into the
camera and, once exposed, returns to the same cassette.
Panchromatic film may be employed in which case the
magazine should be loaded in darkness. Practice is needed
and it is a good idea to use a roll of processed film and load
and unload the magazine in daylight. Once proficierit the
same manoeuvre can be practised in total darkness until
once again proficiency is achieved. Orthochromatic cine film
is available and if used can be loaded using suitable
safelighting conditions.

X-ray Cassettes and Automated Film Handling System

Some automatic film handling systems have been designed
around conventional X-ray cassettes. These cassettes can be
used with manual film loading and unloading and also when
inserted into the automatic film handling equipment can be
loaded and unloaded with film automatically and without
the necessity of a darkroom. The unloading procedure can
be done with film handling equipment attached to the feed-in
side of an automatic processor when the film isautomatically
fed into the processor from the cassette, again without the
necessity for a darkroom. The idea is that cassettes already in
use can be used in the automatic film handling system when
it is introduced thus saving on costs by avoiding purchase of

special cassettes. Other systems have specially designed
cassettes which means that when a department becomes
wholly committed the previously used cassettes become
redundant. This is economically wasteful and these cassettes
might well be used to replace older cassettes in a smaller
department not employing automatic film handling.

CASSETTE ASSESSMENT TECHNIQUES

The properties of an X-ray cassette are among the many
important factors influencing image quality and an un-
derstanding of the essential properties is necessary. Techni-
ques for assessing cassette behaviour as a means of con-
sidering these properties should be appreciated.

Cassette design should demonstrate

(i) light weight

(i1) rounded corners and no sharp edges

(iii) a perfectly flat, relatively radiolucent cassette front of
uniform thickness and structure

(iv) an effective hinge and locking clip easy to operate for
film loading and unloading

(v) light-tightness when closed

(vi) a relatively radio-opaque cassette back or cassette
back lining

(vii) a pressure pad (or pads) of uniform thickness and
structure, radiolucent and capable, when com-
pressed, of applying uniform pressure

(viii) considerable strength and rigidity

(ix) non-flaking paint where paint is used

(x) a cassette front preferably not cold to the touch
(perhaps plastic lined)

(xi) suitability for use in an acceptable automatic film
handling system where a total committal system is
not contemplated

(xii) acceptance of a standard metric film size

(xiii) compatibility with standard cassette holders and
cassette transport systems

(xiv) an external film-intensifying screen combination
identification system easily recognized even under
darkroom safelighting conditions.

Visual inspection, physical handling and trial use will
allow assessment of the effectiveness of the design specifica-
tion incorporating the above properties.

Lightweight cassettes have less strength than the older
heavier cassettes and rough handling can damage the hinge
and warp the flat cassette front. Hinge damage can result in
light leakage into the cassette causing film fogging while a
warped cassette front can result in poor film-screen contact.

The possibility of light leakage would be suspected from
the appearance of processed films. Light fogging tends to
produce high densities commonly around the edge of the
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film but in severe cases can extend over larger areas. To testa
suspect cassette it should be loaded with film and each side
and edge exposed in turn for several minutes to a bright,
white light source. The film is then processed and inspected
for signs of light fogging. If fogging is present the cassette
may be considered for repair, discarded or given to a school
of radiography.

The effectiveness of film-screen contact is assessed by the
method already discussed in Chapter 5. The light leakage
and contact tests should be carried out whenever a new
cassette and screens are introduced and then periodically as
required, depending on the results of visual inspection of
cassettes and radiographs. The intensifying screens when
mounted form an integral part of the cassette and any visual
inspection of the cassette should include the screens. The
screen protective coat is very thin (to reduce photographic
unsharpness) and is easily damaged. Flakes of paint from
some cassettes or small pieces of grit can become embedded
in the screen damaging the protective coat and exposing the
fluorescent layer. Subsequent screen cleaning can cause
desensitization of the phosphor material in the exposed
areas and it will then not fluoresce. Regular cassette inspec-
tion and maintenance is essential.

Loading the cassette with film by sliding it into the cassette
very quickly damages the protective coat. Films should be
placed notslid into the cassette. Fingers should not be placed
on the screens when loading and unloading as resulting
grease marks can be seen as image artefacts. The screen
surfaces should be frequently inspected. Defects in the
protective coat can be easily seen using an ultraviolet light
source. This procedure must be done with care.

The cassette front while relatively radiolucent does act as a
filter for the X-ray beam and the magnitude of its aluminium
equivalent will influence the radiographic image contrast.
The radiographic contrast is less using a cassette with a
1.6mm Al equivalent front than using a plastic-fronted
cassette with 0.2 mm Al equivalent at the same low kV witha
small patient part. Cassette fronts incorporating carbon
fibre material, while having considerable strength, also have
a low filtration but are expensive and are unlikely ever to
become economic because at higher kV values in the
diagnostic range there is no practical advantage to be gained
animage quality between plastic, carbon fibre oraluminium-
fronted cassettes.

The cassette front should not show a structure patternona
film. This can be assessed by opening the cassette and, before
screens are mounted, placing the cassette front in contact
with a direct exposure film (Figure 6.24). To assess com-
parative filtration different thicknesses of aluminium or
other material with similar aluminium equivalent can be
placed on the same film next to the open cassette. An
exposure is made on a single phase unit at 60 kVp (assessed
using the Wisconsin cassette, for example) and the film
processed and inspected. The image of the cassette front can
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Figure 6.24 Assessing structure pattern of cassette front

be assessed for uniformity of density and its density value
compared with the densities produced for the different
aluminium or aluminium equivalent material thicknesses to
determine the aluminium equivalent of the cassette front, at
the kV chosen. Cassette fronts with different Al equivalents
attenuate the beam to different extents and different radia-
tion doses will be required for the same image density. This is
important in specialized chest work, for example, where
automatic exposure control is used. Here the radiation dose
to the cassette will be constant but slight density and contrast
variations occur if different types of cassettes are used in
which the only difference is the attenuation property of the
cassette front.

Film-feed magazines and take-up cassettes require
periodic inspection and testing for effective operation, signs
of excessive wear and possible damage and light leakage
necessitating cassette repair or replacement. Intensifying
screens in automatic film handling systems should also be
checked periodically for effectiveness of film-intensifying
screen contact using the standard technique already describ-
ed but modifying it to suit the equipment under test.

Occasionally in an X-ray cassette low density image
artefacts can be due to dirt, grit or even bits of metal trapped
behind the front screen during mounting requiring removal
of the front screen. This can happen even with the most
careful of techniques. To check this a film can be sandwiched
between two pieces of black paper, opaque to intensifying
screen emission, of the same size as the film, and inserted into
the cassette (Figure 6.25). An exposure is made to produce a
density of about one and the film inspected following
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Figure 6.25 Checking for particles of foreign material in the cassette

processing. If low density marks are seen then either the
intensifying screen or cassette front are not uniformly
radiolucent or particles of foreign material are sandwiched
between the cassette front and front screen. The cassette front
can be eliminated because it should have been assessed for
uniformity of structure and attenuation properties before
mounting the screens. The front screen could be eliminated if
before mounting the screens it had been placed flat on a non-
screen film and an exposure made and the resulting image
inspected for uniformity of density.

During the period of use of a cassette the intensifying
screens suffer considerable wear and image artefacts can
result. Before replacing intensifying screens it is well worth
determining the condition of each screen individually to
determine the degree of wear. This is achieved following
screen cleaning by loading the cassette with film, covering
the front screen with black paper and making an exposure. A
second exposure is made using another film but this time
covering the back screen only. The two films are processed
and inspected for uniformity of density. One film will have
been exposed only to the emission of the front screen while
the other will have received an exposure only from the back
screen. If both films show many artefacts then a decision
must be made to replace the screens. If only one film shows
artefacts then the decision rests between replacing both or
only one screen, but in any case film loading and unloading
and cassette care and handling techniques should be in-
vestigated. If both screens demonstrate excessive wear in a
short period and if the care and handling techniques
employed are considered satisfactory the manufacturer’s
advice may be sought. In the light of present day costs it is
probably well worth replacing a single screen if only one is
affected, provided that the front and back screen pair

purchased are interchangeable and staff are notified of the
relative speed change resulting. When changing a single
screen in a cassette it is an advantage to do so in two cassettes
requiring the change to avoid having to store single inten-
sifying screens in the department.

X-RAY CASSETTES IN USE

Relative to X-ray equipment the cost of an X-ray cassette is
insignificant, but its influence on image quality js out of all
proportion to its cost. For this reason the cassette should
receive as much care in handling and use as the most
expensive instrumentation if consistently good results are to
be obtained. Rough handling should be avoided since this
inevitably leads to poor film-screen contact. Wherever
possible, a cassette tunnel should be used to avoid the
situation of a patient placing a considerable part of their
weight on the cassette in no-grid techniques (These are
radiographic imaging techniques where a secondary radia-
tion grid is not used.)

Cassettes should be placed in waterproof, thin plastic
covers where a liquid is likely to come in contact with the
cassette and this cover should be removed before the cassette
is transferred to a darkroom. Any liquid or wet plaster of
paris for example which comes in contact with the cassette
should be removed as soon as possible. Cassettes should be
regularly cleaned with a damp (not wet) cloth. Identification
labels and marks on cassettes should be periodically in-
spected and renewed if they become indistinct. Cassettes
should not be carried gripped between the fingers because
this way they are easily dropped. A cassette should
preferably be carried, held between arm and body with
fingers curled around the lower edge. No attempt should be
made to carry more than two cassettes at a time especially if
they are different sizes because this will greatly increase the
risk of dropping them.

Cassettes are ideally stored flat on a flat surface but not
one on top of the other. Unfortunately space requirements
prevent this and cassettes are generally loaded and stored on
edge in a closed cassette hatch or in a lead-lined cassette
chest. Each cassette should be placed as near vertical as
possible and not at an angle with other smaller cassettes
leaning heavily against it. To allow systematic checks to be
made on all cassettes, a record should be kept of what checks
and tests are made and when. The date a new cassette is
introduced into general use should be recorded so that its
useful life can be measured. This will provide useful informa-
tion for future cost estimation for funding. The same infor-
mation should be recorded for intensifying screens.

Loading and unloading an X-ray cassette is a relatively
simple procedure but requires care because the normal
useful life of intensifying screens depends on the amount of
physical wear they receive. They should be protected as
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Figure 6.26 Removing exposed film from a cassette

much as possible from the abrasion which can occur when
sliding an unexposed film into the cassette well or drawing
an exposed film out of the cassette by sliding it over the
screen surface. To remove an exposed film from an X-ray
cassette, the cassette is opened (Figure 6.26a) under safe-
lighting by gently raising the cassette back after the locking
clip has been released. The film lies in the cassette well and to
remove it the cassette back is laid flat on the bench by fully
opening the cassette while at the same time the cassette front
is lifted off the bench to the vertical position (Figure 6.26b)
and gently rocked back and forth. The film will fall away

from the cassette well (Figure 6.26¢) and should be caught at
its edge by the free hand. It should be lifted from the cassette
(Figure 6.26d) and the cassette allowed to close. An unex-
posed film is placed, not slid, into the cassette well, handling
the film only at its edge. Make sure that the film is fully in the
cassette well before gently closing and locking the cassette. A
rough technique each time this procedure is carried out can
encourage dirt and grit to enter the cassette, cause damage to
the film and screens and ultimately result in damage to the
cassette.
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Exposure Factor Manipulation
and Control

INTRODUCTION

The beam of X-radiation used in radiographic imaging must
possess particular characteristics if the required image qual-
ity is to be obtained, and hence a control system is required.
X-ray beam characteristics such as photon energy, intensity
and duration are controlled by appropriate selection of
voltage (kV), tube current (mA) and exposure time (z). The
selected kV determines the minimum wavelength of radia-
tion (A p;p) for the beam of X-ray photons, and also the beam
intensity. The mA chosen determines beam intensity in
common with kV, but for a given radiographic contrast the
kV must remain constant and mA is used as the prime
control of beam intensity. For a given kV and mA, beam
intensity at any point may be varied by altering the distance
between the X-ray source and the point. Exposure time
determines the duration for which the X-ray beam is allowed
to act on an imaging medium.

Voltages normally employed range from 20kVp to
150 kVp . Depending on the type of generator and equipment
exposure times range from 0.002 s upwards normally; from
0.01 s upwards with single phase units, from 0.003s with
3-phase and from 0.002 s with capacitor discharge units.

Exposure factors are usually thought of as comprisingkV,
mA and exposure time but these three factors should not be
considered in isolation. There are many variables which
influence the final choice of these three factors and the
variables should be considered simultaneously as related
details. A statement of kV, mA and ¢ is of little use to a
radiographer without details of the circumstances under
which the factors are used. The particular values chosen for
kV, mA and ¢ depend on the conditions under which the
exposure is made and the image quality required to
demonstrate adequately diagnostically important informa-
tion. The choice of factors is usually a matter of experience in
a manual selection system but it is common practice to
employ an automatic exposure system to control z or both
mA and ¢. Systems are available which take the choice of
factors away from the radiographer reducing exposure
selection to the pressing of a single button corresponding to
the appropriate body part — a seemingly unrewarding task.

kV
The kV selected at the control panel determines the potential
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difference applied to the X-ray tube insert and controls the
minimum wavelength (Amin) of the radiation and hence
maximum photon energy. Increasing kV increases photon
energy and larger patients or patient parts require higher
photon energies to produce the image. In general, the larger
the patient or patient part or the more radiodense that part
becomes due to pathological processes or the introduction of
a contrast medium, the greater the kV required. For a given
patient, increasing the kV has certain distinct disadvantages:

(i) The log exposure range of the transmitted X-ray
beam is reduced with a corresponding reduction in
radiographic contrast.

(ii) More of the scattered radiation produced reaches the
film, further reducing radiographic contrast.

(iii)) Due to the increased path lengths of electrons
generated in the film emulsion at exposure, the
appearance of graininess is increased.

In practice, to avoid these disadvantages the lowest
suitable kV is often chosen. This produces a very large log
exposure range and hence large radiographic contrasts and
unless this log exposure range is equal in magnitude to and
coincidental with the film latitude, information will be lost in
the low and high density areas. A major dilemma is the
difficulty of determining the optimum kV to use for a given
patient part and imaging system. This optimum depends not
only on the patient but also on the type of generator
employed and the total beam filtration used. Calibration is
also important when considering absolute values of kV.

X-rays are produced when a sufficiently high unidirec-
tional voltage is applied between anode and cathode of an
X-ray tube insert and anelectron current passes from cathode
to anode. Electrons interact with the material of the anode
resulting in the emission of X-rays. The voltage applied tothe
X-ray tube insert is obtained from the mains supply; unfor-
tunately this supply is neither unidirectional or of sufficiently
high voltage for direct application. The high tension
transformer and rectification system of the generator used
converts the mains supply to unidirectional supply and steps
up the voltage to the level required.

A constant potential applied to the X-ray tube would be
useful in reducing exposure times but due to the way in
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which the mains electricity is produced, the mains supplyisan
alternating voltage causing an alternating current to flow
when the circuit is completed.

A single-phase rectification system reverses the negative
half-cycle so that the pulsating voltage never becomes
negative, while the high tension transformer steps up ¥, toa
much hlgher value consistent with X-ray production, but the
end result is still a pulsating voltage (Figure 7.1). The
magnitude of the oscillation can be reduced by using
capacitor smoothing or a 3-phase system but a discussion of
this aspect is not the purpose of this section.
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Figure 7.1 Single-phase rectification with transformer
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Figure 7.2 Rectified single-phase (a) and 3-phase (b) voltages

The output voltage and current waveforms are controlled
by the generator. A single-phase generator output waveform
is quite different from that from a 3-phase generator (Figure
7.2). Here it can be assumed for the moment that V,
represents 60kVp, say. In Figure 7.3(a) at 0 volts no
radiation is produced and it is not until ¥is sufficiently large
that the X-ray photon energy is large enough to allow
penetration of the inherent and any added beam filtration.
Useful radiation is thus only produced over a small part of
each half-cycle (Figure 7.3). As the voltage rises from 0, a
voltage V', is reached when the X-ray photons produced
have sufficient energy to penetrate the beam filters and least
radiodense part of the patient area being radiographed and
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Figure 7.3 Rectified single-phase voltage will only produce useful radiation
during the periods A, B, etc.
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take part in image formation. As V increases to F, the
photon energy increases to a maximumat ¥p. Vpdetermines
Amin- Beyond V;, the voltage decreases again to V7 at which
point useful radiation ceases to be produced until ¥} isagain
reached in the next half-cycle.

In Figure 7.4 a 3-phase (6-pulse) voltage waveformisshown
(similar to Figure 7.3(b)). ¥}, and ¥, have the same values as
in Figure 7.4 but it is important to notice that now the
voltage does not drop below V. Vp is the same as before so
Amin Will not change, but because there is now a higher
average voltage the average photon energy will be greater
producing a beam of higher quality. The effect is rather like
that of using a higher kV for imaging with a single-phase
(2-pulse) unit. If ¥p = 60 kVp for both single-phase and 3-
phase systems then the image produced with the single-phase
system will have the higher contrast because of the greater
proportion of longer wavelengths in its X-ray beam. To
achieve approximately similar image contrasts with the two
systems, a lower kV would be required with the 3-phase
system than with the single-phase system.

V
(voLTs)

k——1 CYCLE —1

t(s)

Figure 7.4 With rectified 3-phase voltage, useful radiation is produced
throughout the cycle

A quite different system is that of the capacitor discharge
unit. Here the X-ray tube derives its energy from charged
high voltage capacitors. During exposure (X-ray produc-
tion) the voltage applied to the X-ray tube insert from this
energy source is unidirectional and continuously falling
(Figure 7.5). V, is the kV to which the capacitor system is
charged while ¢, and ¢, represent the beginning and ending of
the exposure (the exposure time being (¢, - £y)). The charge
on the capacitor, is

Q=CV,

If only a small mAs is required then it is unlikely that all of
the charge Q will be used up, in which case the exposure will
commence at A and terminate at B when the residual voltage
across the capacitor will be ¥(¢,). If the exposure had been
allowed to continue (by selecting a larger mAs) then voltages
below ¥(¢,) would produce longer wavelength radiation than

voltages between V;, and V(). Hence, for a given kV, the
spectrum of the X-ray beam is dependent on the mAs
selected, and will affect image contrast. A low kV used with a
large mAs will produce a beam with a large long wavelength
component and will result in a higher contrast image than
that produced on a 3-phase (6-pulse) unit at the same low
starting kV.
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Figure 7.5 Discharge of a capacitor

It should now be realized that not only does the choice of
kV have a considerable influence on image contrast —
increasing it when kV is reduced and decreasing it when kV is
increased - but the type of generator used plays a very
important part in the determination of image contrast. If the
effect on image contrast of different generator output
waveforms is fully appreciated this can be taken into account
when selecting a kV value for a particular examination.

Besides these factors calibration and beam filtration must
be considered. Output voltage waveforms of two similar
pieces of X-ray equipment are never identical in shape but if
it is accepted that they approximate closely enough for
practical purposes kV calibration is certainly practically
important. It is desirable that similar images be produced of
the same patient part using the same exposure factors on
each piece of equipment. Hence it is desirable that for the
same selected kV, similar potential differences are applied
across the X-ray tube insert in each of the two pieces of
equipment. If this does not happen then the kV settings must
be calibrated to achieve the desired result. This involves
engineer adjustment of the kV settings, each adjustment
being checked with the Wisconsin cassette, for example, to
ensure that the stated kV is actually being achieved. The use
of the Wisconsin cassette is discussed in Appendix 4.

The amount of X-ray beam filtration present influences
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the image contrast obtained due to the selective attenuation
effect on the longer wavelength radiation. For a given kV, a
reduced beam filtration will allow a higher image contrast to
be achieved, but if such a measure is to be contemplated care
must be taken to comply with accepted recommendations
regarding patient protection.

Consideration should be given to the patient structure
when selecting a kV value. Certain pathologies produce an
increase (or decrease) in the radiodensity of the region under
investigation. This makes the normally accepted kV for that
region unacceptable. In practice, unfortunately, the
radiographer may be quite unaware that such pathology
exists in the patient and a film of inadequate image quality
will result from the use of an inappropriate kV value. The
situation is improved to some extent, but not completely
corrected by using an automatic exposure system. This
system, if used correctly, will produce an image of correct
average density, but will do nothing to ensure optimum
image contrast.

Finally it is fair to say that any factor which influences
image contrast must influence the choice of kV used in an
attempt toachieve optimumimage contrast. These factorsare
numerous and interrelated and it is little wonder that no
two X-ray departments would use the same kV on the same
patient to produce the same result. It is not possible to
standardize the choice of kV for any particular subject. The
best that can be done is to make the radiographer aware of
the variablesand theireffect,and thenatleast the directionfor
improvement can be determined.
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Figure 7.6 Acceptable contrasts at different average densities

mA

For a given kV and exposure time, mA is the controlling
factor for X-ray beam intensity, and, providing the given kV
is the optimum selected for the subject under investigation,
the mA factor can be used to control average image density.
Increasing mA will increase average image density - in other
words the image will appear darker. Provided image infor-
mation is recorded within the useful density range and the
characteristic curve is reasonably linear over this range then
mA changes will not affect radiographic contrast. However
it is possible to produce a change in image contrast when the
mA change made allows some image information to be
recorded outside the useful density range and some within
(Figures 7.6 and 7.7). In both figures AB and A’B’ represent
the same information but at different mA values, kV remain-
ing constant; ab and a’b’ represent the image densities
produced. In Figure 7.6 (b-a) = (b’-a’) so the contrast has
not been altered. However 14(b’+a’) > 14(b + a) whichshows
that image a’b’ has a higher average density than image ab,
yet both are acceptable images of similar contrast. In Figure
7.7, however, a’ lies outside the useful density range due to
mA being too low. (B-A) = (B'-A’) but (b'-a’) < (b-a) so the
mA change has resulted in an image of lower average density
and reduced image contrast. It is interesting to note that if a
low contrast image is produced with many confusing low
(but differing) density images surrounding an important
diagnostic detail of higher density then visualization is made
easier by reducing average image density. This serves to
reduce low density contrasts to below the level of percep-
tibility when the important, higher density tends to stand out
and is more easily seen.
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Figure 7.7 Here a reduction in mA has reduced image contrast to an
unacceptable level
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Both mA and exposure time may be used to control
average image density and, as has been mentioned, it is usual
to speak of the product of these two quantities as mAs
(milliampere-seconds). For a particular set of exposure
conditions a particular mAs will give a certain average image
density but it should be realized that a given mAs can be
obtained in a number of different ways. Consider the
following example illustrating the reciprocity relationship:

mA X s = mAs
600 X 0.1 = 60
500 X 0.12 = 60
400 X 0.15 = 60
300 X 0.2 = 60
200 X 03 = 60
100 X 0.6 = 60
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Neglecting reciprocity failure, each of these settings will
produce the same average image density. The problem is one
of choice. Is any one of these settings better than the rest?
If patient movement is considered negligible then any one
of the settings is acceptable in terms of exposure time, but
what of mA? Unfortunately the value of mA used can influ-
ence the dimensions of the focus. The focus of an X-ray tube
insert is the area of the anode bombarded by the electron
beam arising from the cathode filament and accelerated
towards the anode by the applied potential difference
(Figure 7.8). The focus is the area from which the X-ray
beam arises (except for the small amount of extrafocal
radiation occurring through secondary electron emission).
In practice a focus size is selected and assumed to remain that
size but it is found that increasing mA may produce an
increasing focal area. Depending on the tube age and
condition, and the state of the filament and its position
relative to the focusing hood, the focus size can more than
double when changing from 100 mA to 400 mA. In newer
tube inserts the change experienced may be insignificant.
In an X-ray tube insert the focal surface of the anode is
angled relative to the electron beam so the anode area ‘seen’
by the electron beam will be different from the actual area.
These again will be different from the effective focal area as
‘seen’ by each point in the subject being imaged. Each of
these areas is interrelated and since image unsharpness
depends in part on the dimensions of the effective focus, the
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Figure 7.9 The effective focal areas
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Figure 7.10 Increased mA causes increased image unsharpness

electron beam dimensions must affect image unsharpness.
Figure 7.9 shows the relationship between the three different
areas. As mA increases, the dimensions of the electron beam
can increase and then so will image unsharpness (Figure
7.10). X-rays are produced from all parts of the focus and in
all directions, but in the figure only two rays are drawn, from
the extremities of the focal area converging on the object
point. This shows how the geometry of the exposure deter-
mines the amount of image unsharpness. The above argu-
ment would suggest that a low mA a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>