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Abstract. Before automatic exposure control was ¢tted to diagnostic X-ray sets, radiographers
were faced with the problem of choosing the parameters that would give the best radiographic
image. For a new X-ray set whose performance was unknown, this was no easy matter, and often
required considerable trial and error because of the number of variables involved. To reduce the
amount of work, special slide rules were invented which calculated the e¡ect of some of these vari-
ables. Five such slide rules, dating from between about 1910 and 1950, are illustrated and discussed,
including the light they shed on changes in radiographic practice over the years.

Until their replacement by small electronic cal-
culators about 25 years ago, slide rules were widely
used. Anyone entering a science-based career
would be expected to have at least a reasonable £u-
ency with the device. Radiology was no exception.
As an example of its importance, Kemp [1], in an
elementary textbook intended for student radio-
graphers published in 1951, included a 29-page
chapter on how to use a slide rule. The basic slide
rule in common use was intended for the rapid
multiplication and division of numbers to an accu-
racy of about 0.5%. It had two pairs of logarithmic
scales, with the upper pair being the square of the
numbers on the lower pair. A sliding cursor
enabled one to read between two scales that were
not adjacent to each other.

Since their invention in the early part of the 17th
century, slide rules had been designed for many
specialized purposes. So long as the e¡ect of one
variable on another was known, either by a math-
ematical formula or by measurement, or even by
de¢nition (such as tax legislation), then a slide rule
could be designed in order to calculate the e¡ect.
The manufacture and sale of such a slide rule
depended on whether there were su¤cient
customers who were prepared to purchase it.

As has been well documented, the use of X-radia-
tion for medical radiography increased very rapidly
during the early years of the 20th century. It was
soon realized that, while it was not di¤cult to
obtain a recognizable image on a photographic
plate, for the best results it was necessary to choose
the penetrating power of the beam and the expo-
sure time as carefully as possible. With early X-ray
equipment this was far from easy, and could involve
either considerable calculation or a great deal of
trial and error. It is not surprising therefore that a
demand arose for a specially designed slide rule to

help in these calculations. As a slide rule could soon
pay for itself by saving both time and wasted X-ray
plates, it was not long before a manufacturer pro-
duced such a device. However, in order to under-
stand its use, it is helpful to discuss what medical
radiography was like in those early days.

The early X-ray department
Compared with a modern department, one

important di¡erence of the early X-ray department
was the use of gas X-ray tubes in which the gas (air)
inside was not an undesirable fault but an essential
feature, because the cathode was unheated and the
electrons that were accelerated to the target (called
the anticathode in those days) were obtained from
the ionization of the gas by the high voltage
applied to the tube. Another di¡erence was the
type of high voltage generator. The ¢rst type was
an electrostatic generator such as a Wimshurst
machine. Unfortunately, the output current (and
therefore tube current) was rather small, some-
times necessitating exposures of 15 or 20 minutes,
or even longer. This was soon superseded by the
induction coil, the larger current from which
enabled exposure times to be reduced to less than
a couple of minutes or so.

When a gas tube was used over a period of time,
the gas was gradually absorbed, so increasing the
resistance of the tube. This had two consequences.
Firstly, the tube current decreased, until eventually
the tube became unusable. Secondly, with the high
voltage generators available at that time, the vol-
tage across the tube was increased, i.e. the tube
became ``harder''. In consequence, radiologists
found it convenient to possess a collection of gas
tubes of di¡erent hardnesses (or penetrating
powers) which could be chosen for di¡erent X-ray
examinations. These tubes were often kept in a
special rack near the high voltage generator.

With the technology available at that time it was
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not convenient to measure the kV applied to the
tube, so the penetrating power of the beam was
measured by a penetrameter. These came in var-
ious types, of which theWehnelt penetrameter con-
sisted of a plate of a high atomic number metal
(silver) adjacent to a range of thicknesses of a low
atomic number metal (aluminium). The ``Wehnelt
number'' referred to the thickness of aluminium
that attenuated an X-ray beam by the same
amount as the silver plate. This was not an easy
device to use, so it was eventually superseded by
an adjustable spark gap in parallel with the X-ray
tube; the minimum gap distance which just pre-
vented an arc depended on the kV, and was taken
as a measure of the penetrating power of the beam.

The original recording medium was the ordinary
photographic dry plate, with some high atomic
number materials added to the emulsion to increase
its sensitivity to X-radiation. At this time photogra-
phers were changing over from glass plates to ¢lm.
However, this presented di¤culties in radiography.
Because of their large size, the ¢lms tended to curl
up at the edges and corners when being processed;
this made it di¤cult to keep them immersed in the
horizontal shallow trays used at that time to con-
tain the developing and ¢xing £uids. Glass plates
therefore continued to be used in some X-ray
departments well into the 1930s.

Perhaps the most obvious di¡erence from a
modern X-ray department was the fact that the
equipment was not shock proof. Bare wires sup-
ported by insulators connected the X-ray tube to
the generator. Great care had to be taken not to
electrocute either the patient or the operator, or
both. It did have the advantage that frequent
changes of X-ray tubes could be made without dif-
¢culty. On the other hand it was often necessary to
position a patient much further away from the tube
than would otherwise be desired, so preventing any
standardization of target^plate distance.

Schall & Son slide rule
The slide rule shown in Figure 1 was included in

an illustrated catalogue of electromedical

equipment published by Schall & Son of London
[2] in 1914. Its invention is unlikely to date back
to earlier than about 1910, because the range of
exposure times on the scale (0.25^120 s) is appro-
priate to the use of an early induction coil such as
the high voltage generator, rather than an electro-
static generator which would have needed longer
exposures.

There are two slides and the operation is very sim-
ple,startingwiththetopscaleandendingwiththebot-
tom scale. First, the top slide is adjusted so that the
thickness of the part of the anatomy being radio-
graphedissettobeadjacenttotheanticathode(target)
X-ray plate distance used. Next, the lower slide is
adjusted so that the tube current is set to be adjacent
to the penetrating power of the X-ray tube in
Wehnelt units. Finally, the required exposure time is
read on the bottom scale adjacent to the index line
marked``medium''.Analternativemodeofoperation
istouseoneoftheletters interspersedinthe``thickness
ofobject'' scale.Thesecorrespondtodi¡erentpartsof
the anatomy, a list of which is given on the reverse of
the slide rule, ranging in decreasing mass thickness
from ``A'' for lumbar vertebrae to ``J'' for a hand and
``L'' for lungs. In this case, one of the four index lines
shouldbeusedcorrespondingtothesizeofthepatient.

All the scales are logarithmic, with the exposure
time being inversely proportional to the tube cur-
rent and proportional to the square of the target^
plate distance, as would be expected from the
inverse square law. Less obviously, the exposure
time is proportional to the square of the thickness
of the object, and inversely proportional to the
square of the penetrating power of the tube in
Wehnelt units; presumably these latter two scales
were derived experimentally. No provision is made
for di¡erent X-ray plate sensitivities, but on the
reverse of the rule it is stated that ``The slide rule
gives mean values and these are only right when
special X-ray dry plates and properly working
tubes are used''. The importance of eliminating
any inverse current through the X-ray tube is also
emphasized, highly relevant when using gas tubes.

Another slide rule with the same arrangement
and range of scales, but without the letters allow-

Figure 1. Schall & Son radiographic slide rule (ca. 1912).
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ing the alternative mode of operation described
earlier, was illustrated in a catalogue of
Cavendish Electrical Co. (London) in about 1912.
Slightly earlier versions of both of these slide rules,
but with inscriptions in German, were marketed by
Reiniger, Gebbert & Schall (Erlangen) and a dis-
cussion published by a member of that company
[3], later corrected by Christen [4] who took the
discussion further.

Eastman Kodak slide rule
The date printed on the reverse of this slide rule

is 1919. As shown in Figure 2, there are two slides,
and again the operation is very simple, but this
time working from right to left. First, the right-
hand slide is adjusted to set the target^plate

distance adjacent to the name of the part of the
anatomy to be radiographed. Next, the left-hand
slide is adjusted to set the tube current adjacent
to the spark gap separation that just prevents an
arc forming. Finally, the required exposure time
is indicated on the left-hand scale adjacent to the
type of X-ray ¢lm or plate being used.

With the exception of the scale of spark gap
separation, the numerical scales are logarithmic,
with the exposure time being inversely propor-
tional to the tube current and proportional to
the square of the target^plate distance. As would
be expected, increasing spark gap separation
requires shorter exposure times, but the exact
numerical relationship was presumably derived
experimentally.

The right-hand slide is double sided, and can be
removed and turned over, with the target^plate
distance and spark gap separation scaled in centi-
metres instead of inches. No adjustment is pro-
vided for variations in the size of the patient, and
in the instructions it is stated that the settings
relate to a normal subject weighing 150 lbs (68 kg).

The interwar years
The 1920s and 1930s witnessed many improve-

ments in X-ray technology. The gas tube was
replaced by the Coolidge tube (as used to the pre-
sent day). This had a heated cathode providing a
beam of electrons by thermionic emission and,
when operated under saturation conditions, the
tube current could be adjusted to whatever value
required, and the kV applied across the tube could
be chosen independently of the tube current. After
some years of development, the Coolidge tube was
capable of coping with much higher beam currents,
and therefore much shorter exposure times, than
the gas tube. Induction coils were replaced by
alternating current (ac) transformers as ac mains
supplies became readily available in hospitals.
Developments in high voltage technology allowed
the kV to be adjusted to any required value, and a
pre-reading kV meter enabled the kV during an
exposure to be indicated in advance of the actual
exposure.

Heavy and expensive glass plates were even-
tually replaced by X-ray ¢lms once departments
had equipped themselves with vertical processing
tanks, and hangers which kept the ¢lm under ten-
sion during development and ¢xing. Safety in an
X-ray department was greatly improved by the
introduction of shock-proof equipment, with insu-
lated cables replacing bare wires. As a result, it
became possible to choose target^¢lm distances
to give the best results without any danger of
electrocution, and often to choose one standard
distance for a wide range of techniques.

The Schall & Son slide rule was replaced in that

Figure 2. Eastman Kodak radiographic slide rule
(1919).
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manufacturer's catalogue, 18th edition in 1925 [5]
by the Eastman Kodak slide rule. This slide rule
was also advertised in the catalogues of several
other suppliers of X-ray equipment and accessories
until 1939. The fact that this slide rule still used
spark gap separation as an indicator of beam pene-
tration and still referred to glass plates implies that
the replacement of old equipment in X-ray depart-
ments lagged behind the development of new types
of X-ray equipment.

During this period two new radiographic expo-
sure slide rules are known to have been produced,
and were marketed by Watson & Sons (London).
The earlier is a ``Sunic'' compact calculator ``suit-
able for the waistcoat pocket'' and consisting of
four co-axial discs with ¢ve scales having the same
purpose as the linear scales of the Schall & Son
slide rule, but with the beam penetrating power
being expressed in Benoist penetrameter units.
The later slide rule of about 1930 is of linear
design, with two slides and a rectangular attach-
ment with what appears to be a long cursor; the
accompanying text claimed that ``exposures can
be calculated for radiographing any part of the
body, and allowances are made not only for kilo-
voltage and milliamperage, but also for tube dis-
tance, speed of ¢lm and whether a Potter^Bucky
Diaphragm is used or not''.

A third slide rule appeared for the ¢rst time in
the 5th edition (1940) of Schall's textbook on X-
ray apparatus [6]. The invention is attributed to
Dr Bruce MacLean, and the manufacturer is
Schall (London). It consists of a circular disc able
to rotate over a £at rectangular plate. On the
right-hand side of the disc there is a scale of thick-
ness of the part to be radiographed adjacent to a
scale of generating potential on the lower plate,
such that an increase of 2 cm in thickness corre-
sponds to an increase of 5 kV. This relation
between kV and thickness is based on experimen-
tal results by Rhinehart [7]. On the left-hand side
of the disc is a scale of focus^¢lm distance; adja-
cent to this on the lower plate are scales of milli-
ampere-seconds (mAs) and exposure times in a
¢xed relation corresponding to a tube current of
30 mA. Numerical corrections are provided for
the use of grids, screens, di¡erent ¢lm speeds,
and for special types of examinations such as
chests. This slide rule also appeared in Schall's

6th edition (1947) but not in the subsequent 7th
(1956) and 8th (1961) editions.

The continuous improvement in technology dur-
ing these years did not permit much standardiza-
tion to take place, and there were so many
possible combinations of equipment, X-ray ¢lms,
grids and intensifying screens that it was impossible
to predict in advance what the best settings should
be for a new X-ray set. On the other hand, what
also improved was the manufacturer's quality con-
trol of equipment, ¢lm, etc., so that once suitable
settings had been found by experience, these would
then stay the same for the lifetime of the X-ray set,
despite replacements of X-ray tubes and the regular
supply of X-ray ¢lm. This allowed tables to be
drawn up and displayed adjacent to control panels,
listing standard settings and the variations to be
employed for patients of di¡erent sizes.

Soon after World War II, three more slide rules
appeared which were intended to reduce the
amount of trial and error involved in drawing up
these tables. They all used the same basic principle
that the calculations had to be standardized by an
initial trial on each X-ray set to ¢nd the best kVand
exposure time for one or more types of X-ray
examinations, but the subsequent procedure
di¡ered for the three slide rules.

Friel^Sturdy slide rule
The slide rule shown in Figure 3 was designed by

two radiographers, manufactured by ``Unique''
Slide Rule Co. and reviewed in Radiography in
1947 [8]. In order to use it, the ¢rst action required
is to derive an E¤ciency Factor which allows for
di¡erences in X-ray output for given kV and mAs
settings, depending on whether the X-ray genera-
tor is self-recti¢ed, constant-potential etc. This is
carried out by a trial process of adjusting the
mAs to give a good radiograph of the hand using
45 kV, usual ¢lter, 30 inch target^¢lm distance,
ordinary X-ray ¢lm and standard intensifying
screens. The E¤ciency Factor E for the X-ray set
is then given by:

E5mAs6(kV/100)45mAs6(45/100)45mAs60.041

For this target^¢lm distance and ¢lm^screen com-
bination, the slide rule enables the mAs required
for any other type of X-ray examination to be

Figure 3. Friel^Sturdy radiographic slide rule (1946).

Radiographic exposure slide rules

51The British Journal of Radiology, January 1999



calculated by multiplying the E¤ciency Factor E
by an Absorption Factor A and a kV Factor H,
using the scales marked E, A and H in succession,
and reading the mAs on the scale at the top by
means of a cursor. Recommended values for the
kV and the Absorption Factor A are given on the
reverse of the slide rule (and in more detail in an
accompanying instruction booklet) for a wide
range of X-ray examinations, ranging from 45 kV
and A50.6 for ¢ngers to 90 kV and A5200 for a
lateral pelvis. The values for the Absorption
Factor are those for an average adult weighing 8
stones (51 kg). The scale for the KV Factor is
marked in kV and is graduated such that, when
used as a multiplying factor, H5(100/kV)4; this
assumes that, to obtain a constant density of a
radiographic image under typical conditions, the
mAs should be varied in the inverse proportion of
the fourth power of the generating voltage, (kV)4.

For a radiograph taken at a di¡erent target^¢lm
distance, an adjustment to the E¤ciency Factor or
the mAs is calculated by using the scale marked D,
which is based on the inverse square law, taking 30
inches as the standard distance. If grids or high
speed or non-screen ¢lms are employed, adjust-
ments can be made to the mAs by means of the
scale marked S, values for which are printed in
the lower right-hand corner of the face of the slide
rule. Two additional scales to convert mAs into the
tube current in mA and the exposure time in sec-
onds are also provided. Although it has been
removed for clarity in Figure 3, a cursor is ¢tted,

and its use is essential to perform the calculations.
Alternative values of kV and the Absorption
Factor are provided for small children, but other-
wise no adjustment is provided for variations in the
size of the patient, which the instructions state
``can be made in the usual way''.

Philips circular slide rule
It is not known exactly when the device shown in

Figure 4 was invented and produced, but it is
thought to date from about 1950. It consists of ¢ve
co-axial discs, and it calculates the changes that
need to be made to the kV and mAs if a patient
di¡ers from the average weight of an adult, taken
to be 10 stones or 60 kg. For each type of X-ray
examination and each particular X-ray set, the best
combination of kV and mAs for an average adult
must be obtained by experience.

For a particular patient the procedure is as fol-
lows. First, the top three discs marked N N N, N N, and N
are rotated so that the combination of mA, expo-
sure time and kV found by experience to give a
good radiograph for the required type of examina-
tion on an average adult are displayed in the
appropriate windows. Next, the disc marked N N N N
is rotated until the weight 10 stones is shown in the
window marked ``Wt''. Finally, for a patient whose
weight di¡ers from 10 stones, the disc marked N N N N N
is rotated until the patient's weight is shown in the
window and, by doing this, revised values of kV

Figure 4. Philips circular radio-
graphic slide rule (ca. 1950).
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and exposure time will appear in the appropriate
windows.

Several of the discs are double sided, enabling
the weight to be displayed in kilograms and/or
the separate indications of tube current and expo-
sure time to be displayed as a single indication of
mAs. No provision is made for changes in target^
¢lm distance, ¢lm speed, grids or intensifying
screens, which are assumed to be standardized for
each type of X-ray examination.

The numbers on the kVdisc are spaced around the
discontheassumptionthat, toobtainaconstantden-
sityofaradiographic imageundertypicalconditions,
themAsshouldbevaried in the inverseproportionof
(kV)5. This corresponds with experimental results
reported by the Philips Laboratories [9].

On the outermost disc marked N N N N, the separa-
tion of X-ray examinations into four categoriesö
abdomen, chest, head, and limbs and necköallows
for the di¡erent variation in the thickness of these
regions of the body with total body weight. For
example, the thickness of the head depends much
less on total body weight than does the thickness
of the abdomen. So, if settings of 60 kV and 100
mAs were found to give good radiographs of both
the abdomen and head for a 10 stone patient, the
calculator indicates that for a 20 stone patient the
settings would need to be increased to 80 kV and
400 mAs for the abdomen, but only to 62 kV and
120 mAs for the head.

Ansco slide rule
This slide rule was produced by Ansco, an

American manufacturer of X-ray ¢lm, in 1950. As
shown in Figure 5, there are two slides. Before
using it one must have determined the kV, mAs
and target^¢lm distance which gives a good radio-
graph of a part of the body corresponding to one of
those printed at the top of the rule, and whose
thickness has been measured. The instructions for
standardizing the rule are then as follows. First,
adjust the lower slide to set the value of the mAs
adjacent to the target^¢lm distance. Next, adjust
the upper slide so that the thickness of the part is

adjacent to the kV setting. Finally, draw an arrow
on the upper slide pointing to the line connected to
the name of the part of the body used for this stan-
dardization procedure. Once standardized for a
particular X-ray set and ¢lm, the location of the
arrow should remain constant and no further
adjustment should be necessary for that combina-
tion. If the type of ¢lm, grid or screen is changed,
the position of the arrow will no longer be correct.
However, there is nothing to prevent a user from
drawing two or more arrows corresponding to dif-
ferent ¢lm^screen combinations, with or without a
grid, so long as the various arrows can be clearly
distinguished, possibly by using di¡erent colours.

To use this slide rule for a particular patient,
adjust the upper slide so that the arrow points to
the line connected to the name of that part of the
body being radiographed, then adjust the lower
slide so that the mAs is adjacent to the target^¢lm
distance used. The appropriate kV setting will then
be found adjacent to the thickness of the part being
radiographed. If this kV setting is inconvenient,
the lower slide may be adjusted until a convenient
combination of kVand mAs is found. Scales on the
reverse of the slide rule enable the tube current and
exposure time to be calculated from the mAs.

Although no numbered scale divisions are
marked, the positions of the lines connected to
the anatomical names at the top of the slide rule
constitute in e¡ect a scale of average body density,
taking account of the proportion of air or bone
(instead of soft tissue) in that part of the body.
Setting the upper slide therefore multiplies the lin-
ear thickness of that part of the body by its average
density to provide a setting which is proportional
to its mass thickness, which is the quantity that is
more closely correlated with the attenuation of the
beam than the linear thickness.

The kV scale is graduated such that, to obtain a
constant density of a radiographic image under
typical conditions, the mAs should be varied
approximately in the inverse proportion of
(kV)5.5. If it is assumed that the low end of the kV
range is used to radiograph thin parts of the body,
and the high end for thick parts, then the thickness

Figure 5. Ansco radiographic slide rule (1950).
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scale is graduated such that an increase of 1 cm in
thickness requires an increase of about 2 kV in gen-
erating potential (keeping the mAs constant).

Conclusions
By examining radiographic slide rules and their

modes of operation one can trace the evolution of
X-ray technology from the early days when the
only way to control radiographic image density
was by the timer, to the sophisticated controls
available to operators in later years. It is also inter-
esting to see how the designers of the slide rules
decided what approximations to make for e¡ects
that can only be imperfectly predicted, such as
the variation of ¢lm density with tube potential in
a typical radiographic exposure. Or perhaps
requiring a sociological explanation, their di¡ering
assumptions about the weight of an average adult.

There is no point in trying to judge which of
these slide rules might be ``better'' than another.
Each inventor obviously viewed the problem in a
di¡erent light and under di¡erent conditions. In
any case, none of them is now needed. With the
introduction of automatic exposure control a
radiographer can concentrate on the thing that
matters mostöthe correct positioning of the
patient to give the best radiograph for a particular
purpose. Now, as always, this is where the knowl-
edge, skill and experience of a radiographer is
really required.

In celebrating the centenary of the discovery of
X-rays, many books and articles have recently
been written on the history of radiology, often dis-
cussing the development of X-ray apparatus.
However, radiographic exposure slide rules do
not appear to have received even a mention. One
cannot claim that these devices have been crucial
in radiography, but they seem to have served a
useful purpose. The object of this paper has been
to record their use and the light they shed on
changes in radiographic practice over the years.
It would be a shame if these examples of human
ingenuity in the application of mathematics to
routine medical radiography were allowed to dis-
appear into oblivion.
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