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associated with diagnostic radiology. 
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1. INTRODUCTION 

There are two stages in the x-ray image formirg process; first, the 
irradiation of the patient to produce the x-ray pattern in jpace, known as 
the primary radiological image, and second, the conversion of this pattern 
into a visible form. This report discusses the first stage and its 
interrelation with image quality and patient dose. 

1.1 P-pduction of X-rays 

A diagnostic x-ray machine has three basic components; a control unit, a high 
voltage generator, and an x-ray tube. Figure 1 is a schematic diagram of an 
x-ray machine, showing the basic components in block diagram form For 
simplicity some of the components are not shown, nor are the details of the 
circuitry. 

The main components of the control unit are the kilovoltage (kV) selector, 
x-ray tube current (mA) selector (and/or mAs selector), and exposure timer, 
together with the kV and mA meter, and line voltage, and mAs meters, if fitted. 

The kV selection is done via an autotransformer, which is a variable-turns-ratio 
transformer with the primary and secondary windings in series on the same core. 
This provides an adjustable voltage to the primary of the high voltage 
transformer, giving the range of kV settings. 

The mA selection is usually effected by varying the resistance in the filament 
supply circuit, or selecting different 'taps' on the filament supply transformer. 

The timer itself is electronic on modern equipment, but mechanical timers are 
still found on older machines. 

The high voltage generator includes a high voltage transformer which produces 
the required kV for the x-ray tube, a transformer to supply the tube filament 
current, and the rectification circuits if it is a rectified machine. These 
components are immersed in oil for insulation and cooling purposes. 

A typical diagnostic x-ray tube is shown in Figure 2. The filament is heated 
by a current (which typically is 3 to 5 amps) to a temperature at which it 
emits electrons (thermionic emission). The number of electrons emitted depends 
on the temperature of the filament, which in turn depends on the filament 
current. The x-ray tube current depends only on the number of electrons emitted 
from the filament. Thus the x-ray tube current is adjusted by varying the 
filament temperature, which in turn is done by varying the current from the 
filament transformer. 
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FIGURE 1: Schematic block diagram of typical x-ray machine. 
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FIGURE 2: Schematic diagram of typical diagnostic x-ray tube. 

When the x-ray tube kV is switched on, the electrons from the filament are 
accelerated across to the anode where they strike the target area (focal spot). 
(A few electrons strike outside the target area producing what is called off-
focus radiation. This stray radiation results in some loss of image quality. 

(2) (Thomas et al. ) Most (99%) of the electron energy is released as heat in 
the target. The rest is converted to x-rays with energies between zero and the 
peak generating potential. The anode usually consists either of a tungsten 
target embedded in the face of a copper block (stationary anode tube) or a 
rotating disc which can be of copper with a tungsten focal track, entirely 
tungsten, various alloys of tungsten, or molybdenum for mammography tubes 
(rotating anode tube). Development of other materials for anodes is continuing. 
The rotating anode is driven by an induction-type electric motor. The reason 
for rotating the anode is to increase the effective area of the target, to 
allow both higher tube current and/or kilovoltage without overheating the focal 
spot. The removal of heat from the anode is a difficult problem and is a 
limiting factor in x-ray tube output. 
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1.2 Specification and Measurement of X-ray Beams 

To completely describe a beam of x-radiation it is necessary to give its energy 
spectrum, i.e., the number (intensity) of photons of each energy present in 
the beam. The energy spectrum of a typical diagnostic x-ray beam is given in 
Figure 3. 

(3) The dashed line in Figure 3 is the theoretical spectrum from a "thick" 
target with no absorption. In practice, however, photons produced below the 
surface of the target may be absorbed by the target material. Some will also 
be absorbed by the x-ray tube window and any beam-limiting device fitted. This 
absorption is greatest for the low energy photons, giving curve 1 of Figure 3. 
The absorbing material in the beam due to target, tube window and light beam 
diaphragm (LBD) is termed inherent filtration. With diagnostic x-ray tubes 
further material is added to the tube to remove more of the low energy photons. 
This is because the low energy photons are absorbed by the patient and do not 
contribute to film blackening. This gives curve 2 of Figure 3. 

Relative 
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N (J) Tube window + LBD 

g> Added filtration 

X-ray energy(keV) 
kVp 

FIGURE 3: A typical diagnostic x-ray energy spectrum. 
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In practice it is simpler and often more convenient to specify the x-ray beam 
in terms of its interaction with matter rather than its spectrum. This is 
done in terms of one or more of the kVp, the half-value layer, the ionization 
produced in air (exposure), the kinetic energy imparted (Kerma), the energy 
absorbed by any absorber (dose) and biological effects (dose equivalent). 

The half-value layer (HVL) is the thickness of material (usually aluminium) 
that has to be added to the beam to reduce its intensity to a half. The HVL 
increases as filtration is added to the beam, and thus it is possible for beams 
to have the same kVp but different HVLs. Therefore both kVp and HVL (or total 
filtration) should be specified. As filtration is added, the beam becomes more 
like a homogeneous beam with all photon energies close to kVp. Adding further 
filtration to such a beam has little further effect on HVL. 

The exposure X is the quotient -r*, where dQ is the absolute value of the total 
charge of ions of one sign produced in air when all the electrons liberated by 
photons in a volume element of air having mass dm are completely stopped in air. 

In other words the exposure is the number of ions created per unit volume by the 
incident x-rays. This depends on both the number of x-ray photons and their 
energies. The SI unit of exposure (which has no special name) is the coulomb 
per kilogram. The still widely used special unit is the Roentgen (R) equal to 
2.58 x 10"4 C kg"1. 

Kerma is the Kinetic Energy Released per unit MAss of substance by indirectly 
ionizing radiations (e.g., photons, neutrons). Kerma is closely related to 
exposure, since exposure is the number of ionizations per unit mass caused by 
indirectly ionizing radiations, and since the energy required to produce an 
ion pair in a given medium is constant, then a given kerma will result in a 
given number of ionizations. The air kerma is therefore directly proportional 
to exposure, (and may replace exposure in the SI system). In the range of 
diagnostic x-ray energies, where electronic equilibrium exists, (the condition 
that the same number of electrons are let in motion in a given volume as come to 
rest in that volume), and there is no bremsstrahlung generated during 
absorption processes, air kerma is equal to absorbed dose in air. For example; 
an x-ray exposure of 100 R is identical to a kerma in air of 0.87 Gy, which is 
also identical to an absorbed dose in air of 0.87 Gy. 

The absorbed dose is the energy imparted to matter by ionizing radiation per 
unit mass of irradiated material at the place of interest. The unit of 
absorbed dose is the joule per kilogram (J kg" ) given the special name gray (Gy) 
in the SI system. Previously the rad (10* J kg" ) was the special unit for 
absorbed dose. 
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What is measured using ion chambers or thermoluminescent dosemeters (calibrated 
against ion chambers) is the exposure in air, and this is virtually always in R 
or mR. The following conversion factors (which include the R to rad, and rad 
to Gy conversions), are useful. 

Exposure in air (R) x 8.7 » Dose to air (mGy) 
Exposure in air (mR) x 8.7 * Dose to air (yGy) 
Exposure in air (R) x 9.0 • Dose to tissue (mGy) 
Exposure in air (mR) x 9.0 • Dose to tissue (yGy) 

The factor 9.0 for exposure to dose in tissue conversion will be within 3Z over 
(4) the range 60-120 kVp for H 20 equivalent tissue 

The dose equivalent at the point of interest in tissue is the product of the 
absorbed dose, and factors which take into account the biological effects of 
the particular type of radiation. The special SI unit is the sievert (Sv) 
replacing the rem. For diagnostic x-rays the modifying factors are equal to 1, 
and an absorbed dose of 1 Gy (100 rad) results in a dose equivalent of 1 Sv 
(100 rem). (For neutrons, protons, etc., the factors are greater than one.) 

1.3 Measurement of Dose to the Patient 

As mentioned above, the quantity measured by most radiation dosemeters is Che 
exposure in air. The quantity of interest however is the absorbed dose to the 
patient. In particular the doses of interest are the skin dose, the integral 
dose, the doae to individual radiosensitive organs, and some index of risk to 
the patient from the examination. 

The skin dose is the dose received at any point on the patient's skin. Skin 
dose is measured because it is the primary indication of risk to the patient, 
and because it is relatively atraightforward to obtain, using ionization 
chambers, TLD, or x-ray machine calibration data. It is however only 
indicative of dose to internal organs, and for more meaningful estimates 
integral dose, organ dose and some form of dose index are used. 

The integral dose is the total radiation energy absorbed by the body, measured 
in joules or kg.Gy. It can be divided by the mass of the body to give the 
average whole body dose in Gy. In practice the measurement of the integral 
dose is a difficult procedure, requiring dosemeters to be distributed 
throughout the irradiated volume at a large number of points. However with 
diagnostic x-ray beams most of the incident x-ray beam is absorbed in the patient 
and hence a measure of the incident araa exposure (the average exposure at the 
patient skin, times the cross-sectional area of the beam at the skin) can be used 
to calculate the integral dose. 
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Incident area exposure is measured with a large, flat, x-ray and light 
transparent ion chamber connected to a normal dosemeter. It is usually mounted 
on the LBD. This chamber gives a reading which is directly proportional to 
both the exposure and to the area of the chaaber irradiated. 

The integral dose is calculated from the incident area exposure, by considering 
the effects of field size, focus to skin distance, beam quality, attenuation in 
the patient, and scatter. These calculations then give energy absorbed per unit 

2 (5) 
R cm incident exposure . Uncertainties arise in the chamber calibration and 
in the assumptions on which the calculations are based. 

Measurement of integral dose gives a qualitative indication of risk tc the 
patient, as it includes both the amount of radiation energy absorbed and the 
mass of the patient affected. It does not, however, consider the sensitivity of 
various tissues to radiation. To do this, individual organ doses must be 
measured. 

Organ doses may be determined experimentally by placing dosemeters at the organ 
sites in a patient-equivalent (anthropomorphic) phantom or, in a few cases, in 
the body cavities of real patients. Alternatively organ doses may be calculated 
from the exposure in air measured by a dosemeter, or from the skin dose measured 
using e.g. TLD. 

Finally it may be desired to calculate an index of risk for an examination, in 
order for example to compare two different procedures with respect to risk to 
the patient. Skin dose, integral dose and organ doses provide only very crude 
and sometimes misleading estimates of the relative risks from various procedures. 
To obtain a better estimate it is necessary to Cake into account the doses to 
all che radiosensicive organs of che body, their radiosensitivities, and che 
severity of any effects which may accrue. This is then expressed as i dose 
which, if delivered uniformly to the whole body, would produce the same risk as 
che actual exposure. Thin may be cermed an equivalent whole-body dose. 

A mechod of assessing all of these factors was devised by che ICRP , and 
intended for use with occupational exposure. It was subsequently adopted by 
UNSCEAR and applied co risk assessmenc for patients. The ICRP define a 
quanticy called che effeccive dose equivalenc. This is determined by applying 
a weighcing faccor co che doses co each irradiated organ, the weighting factors 
compensating for Che different tadiosensicivitits and morcalicies for each 
organ. The weighcing faccors are given in Table I. 
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TABLE i: ICRP weighting factors for calculation of effective dose equivalent. 

Tissue Weighting Factor, W T 

Gonads 
Breast 

0.25 
0.15 

I 
Red bone marrow 0.12 
Lungs 0.12 
Thyroid 0.03 
Bone surfaces 0.03 
Remainder 0.30 

To calculate the remainder in Table 1, a weighting factor of 0.06 is applied 
to each of the five remaining organs receiving the highest dose equivalent.0; 
exposure of all other organs is neglected. (When the Gl tract is irradiated, 
the stomach, small intestine, upper large intestine and lower large intestine 
are treated as separate organs.) If one of the tissues were to be the skin the 
dose averaged over the total skin would be used, with a weighting factor of 0.01; 
therefore the skin is unlikely to be one of the five other organs. 

The weighting factor for the gonads includes the effects on the succeeding two 
generations. The factors are averaged over both »mx»s and all ages, and include 
only the risks of fatal tumours. The detriment due to non-fatal tumours is not 
accounted for, and neither are the differences in risk for males and females due 
primarily to the potential for breast cancer in females. However UNSCEAR 
consider that since the statistical uncertainties in the weighting factors are 
large, the extra (apparent) precision obtained by incorporating male/female 
differences, and non-fatal cancers is not justifiable. 

However attempts have been made to derive such an improved index. One example 
(8 9 10) is called the Somatic Dose Index ' ' (Ij.). Again several especially 

sensitive organs have been identified. The dose to each of these organs is 
multiplied by a factor vhich takes into account the radiosensitivity of that 
organ, and the severity of any potential effect due to irradiation of that 
organ, (e.g., leukemia due to bone-marrow irradiation which has a very low 
survival rate, and thyroid cancer which has a high survival rate). These 
modified doses are then summed, and the sum is divided by the sum of the 
modifying factors. The factors are given in Table 2. There are separate $*t» 
for males and females, and the detriment of non-fatal cancers is incluaed. 
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TABLE 2: Modifying factors for calculation of somatic dose index. 

Organ or tissue Modifying factor 
(Male) 

Modifying factor 
(Female) 

Red bone marrow 1.50 1.00 
Thyroid 0.45 0.90 
Breast 0 3.90 
Lung 1.00 1.00 
Other tissues 2.00 2.00 

(Note that the total risk for females is 1.78 times that for males.) 

Examples to clarify the calculation of the effective dose equivalent, and 1_ 
are given in Tables 3 and 4. The examination used is a female chest x-ray, 
comparing the AP and PA projections. The doses are illustrative only, but 
realistic. The techniques used would be 4 mm HVL, 2 m focus-film distance, with 
a free-in-air entrance skin exposure of 100 yGy. 

TABLE 3: An example of effective dose equivalent calculation. 

Organ Weighting 
Factor 

Do*e (uGy) Weighted Dose (pGy) Organ Weighting 
Factor 

PA AP PA AP 

Ovaries 0.25 0.1 0.1 0.025 0.025 
Breast 0.15 2 90 0.30 13.5 
Red bone marrow 0.12 60 2 7.2 0.24 
Lungs 0.12 40 40 4.8 4.8 
Thyroid 0.03 0.1 0.1 - -
Bone surfaces 0.03 10 10 0.3 0.3 
Remainder 0.30 1 1 0.3 0.3 
TOTAL 12.93 19.17 
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TABLE 4: An example of somatic dose index calculation. 

Organ Modifying 
Factor 
(Female) 

Dose (uGy) Modified Dose (uGy) Organ Modifying 
Factor 
(Female) PA AP PA AP 

Marrow 
Thyroid 
Breast 
Lung 
Other tissues 

TOTAL 

1.0 
0.9 
3.9 
1.0 
2.0 

8.8 

60 
0.1 
2 

40 
20 

2 
0.1 
90 
40 
20 

60 

7.8 
40 
40 

148 

2 

351 
40 
40 

433 

The I- for the PA projection is 148/8.8 * 16.8 yGy and similarly the I-. for 
the AP is 49.2 uGy. The relative risk associated with the AP projection is 
greater than that for the PA. This is due almost entirely to the 
radiosensitivity of the breast, and the severity of breast cancer. The ICRP 
estimate is lower because of the averaging of breast tissue between male and 
female. Comparison of the skin doses and/or the integral doses for these 
projections or even calculation of the organ doses, particularly lung, marrow, 
and breast doses would not have given realistic relative risks for the PA and 
AP projections. 

All doses indices are based on two underlying assumptions: 

(i) chac Che risk of effecc is direccly proportional co che dose 
(che linear hypochesis) 

(ii) chac Chere is no threshold dose below which Che probability 
of effecc is zero. 

Ic should also be realised chac che risk factors are based on current knowledge, 
while che severicies of various cancers depends on current cure races which may 
be improved in fucure. Therefore Che modifying faccors of Tables 1 and 2 may 
be subject co change it knowledge and survival races improve. 

1.4 Attenuation of X-ray Beams 

The attenuation of a monoepsrgetic, narrow bean of x-ray photons is given by a 
simple formula: 

I - Io e~^ 

where Io is the initial intensity, I is the intensity remaining after the beam 



- 11 -

travels a distance c in Che material, and u is the linear attenuation 
coefficient, u is a extant for a given material and phocon energy. For 
example for 70 keV photons, Che linear attenuation coefficient of perspex is 
0.216 cm'1 (Hubbell) • Thus Che intensity of the beam at a depth of 2 cm 
is 

I - 100 x e " ° ' 2 , 6 x 2 - 64.9Z 

Unfortunately, diagnostic x-ray beams are neicher narrow, nor monoenergecic. 
The large field sizes in radiology mean chac scatter causes the intensity at 
each depth to increase, while Che spectrum of phocon energies means chac each 
phocon energy has to be treated separately, using equation 1. 

To simplify the calculation of dose at depch in tissue, Cables of depch dose 
have been determined, either experimentally or theoretically. These tables 
may be arranged with the depch doses expressed . s percentages of the surface 
dose. It is conventional to give the cables in terms of the kVp, HVL, field 
size and FFD of the x-ray beam. Examples of depth dose daca are Chose of 
Harrison , TrouC ec al. and Seelencag and Klotz . The latter two are 
presented graphically. 

Using these cables, Che dose ac a given depch may be determined, from a 
measurement of Che enCrance skin dose. If Che entrance skin dose has not been 
measured, then it can be decermined from dose in air measurements or x-ray tube 
output calibrations. The dose at the position of the patient skin has to be 
corrected for scatter, using a back-scatter factor. There are also tables of 
back-scatter factors, e.g. BJR Supplement 17 

Thus the dose to an organ ac depth d in a patient will be given approximately 
by 

Dose « mAs x D . x BSF x DDF x ISO 
air 

D . is the x-ray tube output at 1 m per mAs 
BSF is the back-scatter factor 
DDF is the depth dose factor for depth d 
ISQ is a correction for the focus to skin distance 

ISQ - - S D3 , FSD being the focus to film distance 
and where BSF and DDF are taken from tables for the appropriate kVp, HVL, 

FSD and field size. 

This simple formula ignores the complex shape, distribution, and density 
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variations of the human anatomy. Organ dose calculations which include all 
of the above factors, plus allowance for tissue variations have been published 
by the United States Bureau of Radiological Health . These data were 
determined by Rosenstein using a Monte Carlo computer program to follow 
individual photon histories in a standard reference patient, of mathematically 
simplified anatomy. Organ doses from this work are again expressed as dose 
per unit free-in-air entrance skin exposure. The organs considered are the 
thyroid, active bone marrow, male and female gonads and uterus. Breast and 
lung doses are not given. 

2. FACTORS AFFECTING X-RAY OOTPOI 

The x-ray output of an x-ray tube is usually expressed in terms of dose in 
air at one metre per mAs set (yGy mAs" , mR mAs" ) and measured with an 
ionization chamber-type dosemeter at a selection of mA and kV settings. Such 
measurements have been made on x-ray machines by National Radiation Laboratory 
(NRL) staff during routine field visits. From this output information, the 
free-in-air entrance exposure (neglecting back-scatter from the patient) can 
be predicted with fair accuracy for an examination, provided the x-ray technique 
factors and the focus to skin distance are known. 

Figure 4 gives the output calibrations of the NRL Toshiba 2-pulse diagnostic 
machine, and the NRL Seifert constant potential modified industrial machine. 
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10 20 30 40 60 80 100 
tube kilovoltage set (kV) 

200 300 

FIGURE 4: X-ray output vs tube kilovoltage, constant potential and full wave 
(2-pulse) machine. 

The output of x-ray tubes varies between tubes, and also varies for the sane 
tube, depending on its installation, age and the technique factors chosen. 
The factors which affect x-ray output are discussed in sections 2.1 to 2.11. 



- 14 -

2.1 X-ray Tube Ratings 

Since 99Z of the beam energy is converted to heat in the anode, the rate of 
heat production in the anode is (within IZ) the product of the mA and the 
average kV. For example, with a 12-pulse machine, operation at 500 mA and 
80 kVp, the rate of heat production is close to 40 000 joules per second 
(watts). This is equivalent to the heat output of some 40 single element bar 
heaters concentrated in the focal track of the anode . For radiographic 
purposes, however, arbitrary units called heat units (HU) are used for tube 
ratings. I HU - 1 kVp x 1 mA x 1 sec If a constant potential, or 12-pulse 
generator, is used then HU * 1.35 x kVp x mA x s. 

For very short time-settings the maximum kV and mA are limited by the maximum 
temperature which the focal track will withstand, which is limited by how 
quickly heat is dissipated into the rest of the anode. This in turn is limited 
by how hot the anode already is, i.e. its heat storage capacity. Heat storage 
is specified by manufacturers in heat units (HU), and charts provided by them 
show the maximum combinations of kV, mA and time which can be used for single 
exposures. An example is given in Figure 5. 
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FIGURE 5: A tube rating chart, giving maximum technique factors allowed for 
single exposures. 
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FIGURE 6: An example of a manufacturer's anode cooling curve. 

One method of producing the shortest possible exposure time for a given mAs is 
to use the falling load technique, in which the mA starts at maximum and is 
reduced during the exposure to compensate for the increasing temperature of the 
focal track and anode. Thus, during the exposure, the mA is always at the 
maximum allowed by the heat rating, resulting in the minimum exposure time. 

The rate at which heavy exposures can be repeated is limited by how fast the 
anode can cool between exposures. The anode loses heat by radiation to the 
tube envelope and then conduction to the cooling oil and housing. Graphs 
giving the cooling rate of the anode are supplied by the manufacturer, and 
these must be consulted for sequences of heavy exposures. Figure 6 shows a 
typical anode cooling chart. 
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FIGURE 7: X-ray energy spectrum; kilovoltage dependence. 

The ultimate limit to the load of an x-ray tube is the heat storage capacity 
of the tube housing itself. After a large number of exposures the housing 
becomes sufficiently hot to significantly reduce the rate of heat transfer 
from the tube. The tube housing heat storage capacities are also specified by 
the manufacturer and are typically 500 000 to 2 000 000 HU. 

2.2 Kilovolcage 

Figure 7 shows the effect on the x-ray beam energy spectrum of changes in the 
kilovoltage. The dotted lines show the spectra with no target absorption and 
no filtration. As both the intensity (i.e. 'amount' of x-rays) and the energy 
of the x-rays are directly proportional to the kV, the beam energy (which is 
the area under the spectrum) is proportional to the square of the kV. 
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However, the self absorption of the target and the effect of inherent and 
added filtration reduces both the energy and intensity of the low energy 
photons preferentially. For this reason alone, the x-ray beam energy may not 
be proportional to the square of the kV. In addition to this effect, above 

(3) . certain energies, cnaracteristic radiation is produced, which causes 
further deviation from the 'square' relationship (see section 1.1). Over 
small ranges of kV settings, the square relationship is however approximately 
valid. 

The output variation with kVp measured for the NRL Toshiba is plotted on 
log/log paper in Figure 4. 

As output (I) is proportional to kVp , taking logs gives: log I a n log kVp. 

Thus a plot of log I vs log kVp will have a slope n, where n is approximately 
equal to 2 if the 'square' relationship is valid. The dashed lines in Figure 4 
are for n » 2. The approximate values of n, from Figure 4, are given in 
Table 5. 

TABLE 5: Variation of output with kVp - NRL Toshiba. 

kVp Output 
(uGy mAs"1) 

kV Exponent, n Output from 
Edmond's Formula 

(yGy mAs"1) 

40 10 3.3 15 
50 20 2.6 23 
60 31 2.3 32 
70 43 2.0 42 
80 59 1.8 53 
90 71 1.7 64 
100 84 1.6 77 

Also in Table 5 are given the outputs calculated from a general formula for 
(18) 

two pulse equipment (Edmonds ): 

where mAs - total mAs 
FSD - focus to skin distance (cm) 
T - total filtration (mm) 

kV * peak generator potential 



- 18 -

For the SRL Toshiba with T - 2 ma and using i mAs at ! metre, the formula is 
(18) seen to be within 20Z between 50 and 100 kVp. Edmonds also gives a formula 

for constant potential/multipulse equipment: 

, ^ 836 ( k V ) 1 , 7 4 (mAs) H , n ,,,A Output (uGy) * ^ J 2 [-+0.114J 

2.3 Waveform 
There are several different kV waveforms used for diagnostic x-ray machines, 
(Figure 8a, b and c). Low-powered dental, veterinary and mobile equipment is 
usually half wave rectified (single pulse). General purpose medium powered 
equipment is usually full wave rectified (2-pulse). Full wave rectification, 
with 3-phase mains supply to the high voltage transformer gives a 6-pulse 
waveform, and a modification of this using two different windings in series on 
the secondary side of the high voltage transformer gives a I2-pulse waveform. 
Some generators using high voltage tetrode valves produce essentially constant 
potential waveforms. A recent development, the "medium frequency generator", 
(Figure 8(b)) uses solid state electronics to increase the frequency of the 
primary voltage waveform to the high voltage transformer, to the region of 
10 kHz. The efficiency of transformers is substantially better at these 
frequencies, enabling a virtually constant potential waveform to be produced 
from lighter and more compact transformers. 

For mobile equipment, where the mains supply to the generator is restricted, 
the capacitor discharge (CD) machine is often useful (Figure 8(c)). With this 
machine type che mains supply is used with a transformer and rectifier, co 
charge a large capacitor up to che required kVp. The x-ray exposure is made 
by discharging che capacitor through the x-ray tube. The kV is only allowed to 
drop to a certain level before terminating the exposure, as the x-ray 
penetration below this level is insufficient. Typically the voltage drop 
may be 1 kV per mAs, with a minimum of 40 kV. 

The current during the exposure is approximately constant however, as it is 
determined by the x-ray cube filament temperature (see section 3). 
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V 

single pulse 

100% ripple 

time 

two pulse 

100% ripple 

six pulse 

13% ripple 

time 

twelve pulse 

3-5% ripple 

time 

FIGURE 8(a): Singlt and thrtt-phase waveforms. 
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k V p = kVeff smoothed high frequency 
or constant potent ia l : 

no ripple . 

time 

FIGURE 8(b): Medium frequency or constant potential waveform. 

final kV 

capacitor discharge 

FIGURE 3: Kilovoltage output of capacitor discharge 
machines. 

FIGURE 8(c): Kilovoltage output of capacitor discharge machine. 
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The output available from a CD machine is limited Co about SO mAs by the 
capacitor size, and such machines are suited mainly to radiography of limbs, 
extremities and chests. 

Note in Figure 8 that as the number of pulses is increased the variation 
between the lowest and highest kV during each cycle (ripple) is decreased. 
The ripple for single and 2-pulse is 100Z, for 6-pulse it is approximately 
13% and for 12-pulse it is approximately 3-̂ 2, depending on the tube current. 
With 6- and 12-pulse equipment the average kV is close to the peak kV, whereas 
for 1- and 2-pulse equipment the average kV is only about two thirds of the 
peak kV. This 'average' kV during the exposure is termed the kV effective 
(kV ..) and is equal to the kVp of a constant potential generator which would 
give the equivalent effect. kV .. is a property of the kilovoltage waveform, 
and does not reflect the average photon energy in the resulting photon beam, 
which is filtration dependent. 

The value of kV , f is given approximately by 

kV .. » kVp - h ripple 

so that a six pulse generator at 80 kVp set, with 141 ripple, will give a 
kV . . of 74.4 kV. eff 

The x-ray output and the beam HVL (hardness) are significiantly greater for 
6-pulse, 12-pulse and constant potential machines using the same technique 
factors and filtration than for 1- and 2-pulse machines. 

It is important to note that the same technique factors can be used on both 1-
and 2-pulse machines. It might be expected that a 2-pulse machine would 
require only half the exposure times. However, the mA meter measures the 
average current flowing in the circuit during the exposure, not the peak 
current. The peak current for a single pulse machine is higher, for a given 
average current. This is demonstrated in Figure 9. The average kV is also the 
sane for both machine types, as the ripple is 100% in both cases. Thus the 
same kV and mA settings will produce the same results on both types. The 
increased output obtained from 6- and 12-pulse equipment is due to the increase 
in average kV for a given set kVp and not an increase in the current. 
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FIGURE 9: The average current of single-pulse and 2-pulse waveforms. 

2.4 Tube Current 

As mentioned in section 2.3, the current which is indicated on the mA meter is 
the average current during the exposure, and is therefore not waveform 
dependent. 

The radiation output should be directly proportional to the tube current 
setting. However in practice t>is may not be so, as shown in Table 6. This 
variation may be due to several factors: 

(a) Self capacitance of the high tension circuit 
Capacitance exists between the core of the high voltage transformer and its 
secondary windings, between the windings themselves, and also between the 
conducting core and outer sheath of the high voltage cables. These capacitances 
may be drawn as in Figure 10. Their combined effect is to allow an extra 
current to flow through the mA meter which does not I'.OW through the x-ray tube. 
This current is of the order of 2 aA at 100 kV and is therefore important only 
at fluoroscopy current. X-ray generators have a compensation circuit to correct 
for this effect, but tni* may not be exact, or may be incorrectly adjusted. 
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tube 

C1 4= mA 
primary 
windings 

secondary 
windings 

C 1 circuit equivalent of self capacitance 
of secondary windings. 

C 2 circuit equivalent of self capacitance 
of high tension lead -

FIGURE 10: Circuit equivalent capacitances of the self capacitance of the high 
voltage circuit. 

(b) Errors in the mA calibration 
The indicated mA may not be the same as the true mA. The various tube current 
settings on the x-ray machine correspond to different tube filament 
temperatures; th- higher the filament temperature the more electrons are 
theraionically emitted, and the higher is the tube current. The filament 
temperature is varied by changing the filament current, whish is usually done 
by selecting different resistors in the filament transformer primary circuit, 
or different taps on the transformer. 
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The cube current is very sensitive to small changes in the filament temperature, 
a 5% change in the temperature causing about 30% change in the tube currentv 

Thus small errors in the values of mA selector resistors, or aging of the tube 
filament, can cause errors in the mA calibration. 

(c) mA changes with kV setting and mains supply fluctuations 
Modern x-ray generators contain circuits which compensate for mains voltage 
fluctuation, mains frequency variations, variation of kV with mA due to space 
charge effects and kV drop during exposure. Any or all of these circuits may 
not act precisely over Che full range of possible mA settings. Thus Che output 
in \iGy mA s may change with mA setting because Che actual current may be 
different to the set current, or because the kV may change with different 
current settings. 

(d) Current fall-off during exposure 
As mentioned in (b) above, che mA is very sensitive Co changes in che filament 

(19) temperature. Recent investigations have shown that the filament actually 
cools during the first 0.4 seconds or so of an exposure. This cooling is due 
co evaporacion of electrons from che filament. The magnitude of che consequent 
reduction in the mA is of che order of 10%. The radiation oucpuc per unic time 
is therefore greatest for short times, le«s Chan 0.4 s. Very few modern 
generators have circuitry to compensate for this effect. 

TABLE 6: Changes in output with mA setcing for two typical diagnostic 
machines, measured during an NRL routine survey. 

kV Focus mA Output (yGy mA s"1) 

Machine 1 70 Broad 100 
200 
400 

31 
30 
36 

Fine 100 
60 

32 
31 

Machine 2 70 Broad 100 
200 
400 

35 
34 
31 

Fine 100 
50 

31 
18 

2.5 Exposure Time 

The output per unit cime should not vary with Che time setting provided that 
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the timer is accurate. However, for very short times the timer itself may be 
inconsistent, and also switching transients may cause variations in output. 
Thus the output per unit time may vary between settings, and may also vary 
between exposures at the same setting. The NRL Toshiba gave the results shown 
in Table 7. Note that when the outputs are corrected for the timer error, they 
are more consistent. 

Some generators operate on the falling load principle, in which the current is 
reduced during the exposure, to match the rate at which the anode temperature 
increases. This results in the shortest possible exposure for a given mAs. 
Such generators nay exhibit changes in output with timer setting, if the kVp 
is not correctly compensated for the falling tube current; so that the average 
kV changes with different timer settings. 

TABLE 7: Variation of x-ray output per unit time for NRL Toshiba x-ray 
machine. 

TIME OUTPUT 

Set 
(s) 

Measured 
(s) 

uGy mA s 
Using Set Time 

jiGy mA s 
Using Measured Time 

5.0 
2.0 
1.0 
0.3 
0.05 
0.02 

5.15 
2.05 
1.02 
0.303 
0.045 
0.016 

61.1 
60.0 
59.2 
58.0 
56.8 
47.9 

59.2 
59.0 
57.9 
57.4 
62.6 
60.0 

2.6 Filtration 

As described in the Introduction, filtration is the material in the beam 
between the focal spot and the patient. The filtration is measured in terms 
of the thickness of aluminium required to give an equivalent filtration. The 
inherent filtration consists of the x-ray tube window, usually 0.5 to 1 mm 
aluminium equivalent, and the light beam diaphragm, typically 0.5 to 1.5 mm 
aluminium equivalent. Extra filtration is added to absorb the low energy 
photons which would otherwise be primarily absorbed in the patient. The change 
in output with added filtration is shown in Figure 11. 
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FIGURE II: Change in x-ray output as filtration is added to an x-ray tube. 
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Excess filtration has the effect of reducing contrast through an over reduction 
of the low energy photons. This is because the absorption characteristics of 
the various anatomical tissues vary the most at low photon energies. However, 
the reduction in contrast may only be perceived at values of filtration much 
greater than those normally used. 

Minimum filtration specified by the International Commission on Radiological 
Protection (ICRP 33) , and in NRL C5 "Code of Safe Practice for the Use of 
X-rays in Diagnosis (Medical)" , are that filtration shall be equivalent to 
not less than 2.5 mm Al, of which 1.5 nm shall be permanent. Dental equipment 
with a maximum kilovoltage not exceeding 70 kV require not less than 1.5 mm Al 
equivalent. Soft tissue studies which r-quire very soft radiation must still 
have not less than 0.5 mm Al equivalent, or 0.03 mm Mo. 

2.7 Focal Distance 

The output variation with distance from a point source is given by the inverse 
square law. Scattered radiation from any beam-limiting device will however 
give a greater increase at short distances than predicted, as the measurements 
in Table 8 show. The outputs were measured at a machine setting of 80 kV, 
100 mA and Is. A light beam diaphragm was fitted which extended to a focal 
distance of 28 cm. 

TABLE 8: Variation of x-ray output with focal distance. 

Focal 
Distance 

Output 
(mGy) 

Output 
normalized 

% greater than 
predicted from 

(cm) to 1 m 
(mGyd 2) 

measurement at 
1 m 

110 4.95 5.99 -
100 5.99 5.99 -
70 12.9 6.32 6 
50 25.8 6.45 8 
40 42.4 6.85 14 
30 78.6 7.07 18 

2.8 Distribution in the Beam 

In order to have high current loading factors, modern x-ray anodes have small 
target angles to give a large effective target area, with a small effective 
focal spot size.' This is shown in Figure 12. An unfortunate consequence of 
this is chat the radiation intensity is greatest at the cathode side of the 
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x-ray field. The reason for this is that x-rays produced by electron 
interactions deeper in the target have further to travel through the target 
towards the anode end of the field, as shown in Figure 13. This also means 
that the beam HVL is greater towards the anode end. 

relatively large 
target area 

small area 
viewed from 

film 

FIGURE 12: The use of an angled focal track, to give a large target area, but 
small projected area of the focal spot. 
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\ 
short path length^ 
towards cathode^ 

longer path 
length towards 
anode end 

tungsten anode 

X - rays 

lower intensity higher intensity 

FIGURE 13: Heel effect; the target angle causes a reduction in output, and an 
increase in HVL towards the anode end. 

Figure 14 shows the dose variation of the NRL Toshiba for a 44 x 44 cm field 
at a focal distance of 1 metre. The dose variation in the anode-cathode 
direction is known as the heel effect. 

A variation in intensity will also be found across the longitudinal axis of 
the tube caused by the increased focal distance off the tube axis, the beam 
passing obliquely through any filtration, and sometimes a differing tube 
window composition off the central axis. This variation is shown in Figure 15, 

Figure 16 shows the variation in beam "hardness" (HVL) in the anode-cathode 
direction. 
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FIGURE 14: Dose variation of a 17*x 17*' film tor NRL Toshiba. 

44* 44 cm field at 1 m 
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FIGURE 15: Variation in tube output perpendicular to the tube axis. 
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FIGURE 16: Variation in tube HVL along anode-cathode axis. 
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2.9 Tube Age 

The radiation output tends to fall as the x-ray tube ages. Small target angle 
Cubes are sensitive to pitting of the anode since x-rays produced in pits or 
cracks will tend to be absorbed in the anode. This causes reduction of output 

(21) as the tube ages 

2.10 Incorrect Line Voltage 

Most x-ray machines have compensation for variations in the mains supply (line) 
voltage . On simpler machines this is manually adjusted by the radiographer, 
and on more sophisticated equipment the compensation is automatic. On manually 
compensated machines it is important that Che line voltage be correctly 

2 adjusted. As the output is proportional to kV (approximately), small changes 
in line volts will cause large changes in output. 

2.11 Focal Spot Size 

If the x-ray tube mA and kV were the same for large and small focal spot sizes, 
then the radiation output should remain the same. Variations in machine 
calibration for the large and small focal spocs may cause Che radiation output 
Co vary. The following radiation outputs measured on the NRL Toshiba 
demonstrate this (70 kVp and focal distance of 1 metre, Table 9). 

TABLE 9: Variation of x-ray output with focal spot size. 

Tube Current 

Radiation output jjGy mA s 

Tube Current Fine Focus Broad Focus 

20 
50 
100 

33.4 
42.8 
36.0 

22.6 
43.8 
47.4 

3. FACTORS AFFECTING PATIENT DOSE 

The factors which affect the dose to the patient in a diagnostic x-ray 
examination are many and varied, and often interrelated. However, a major 
factor is whether or not the examination is performed in the first place; 
if a particular examination is considered unntcessary and is cancelled, then 
the patient dose is zero. One category of unnecessary examination might 
include compulsory checks for legal, insurance or some employment purposes 
(e.g., lower lumbar examination for manual workers). 
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A second category includes examinations of proven low clinical yield, some of 
which are currently controversial. Such examinations include plain skull 
films in trauma cases, chest x-rays in infants for "failure to thrive" and 
pre-operative chest x-rays. 

A third category involves repeating films on referral of patients between 
institutions because of failure to transfer relevant films with the patient, 
or 'lack of faith' in another institution's technical ability. These include 

(22) areas such as chiropractic radiography, and referral of patients from 
small provincial hospitals to major hospitals. 

A fourth category is repeat examinations (not including retakes for clinical 
reasons after evaluation of previous films). Wrong exposure factors, 

(23) (control panel roulette/random technique selection, Stopford ), patient 
positioning, film or cassette selection or faulty processing may lead to a 
wasted examination and unnecessary dose. Retake rates may usually be reduced 

(21) by instituting a quality assurance program (Gray et al.) 

Before considering in detail the many factors which may affect the dose to 
the patient, the general effects of dose-saving measures should be considered. 
In general there are two types of factors involved, first those which affect 
the overall dose to the patient, and second those which affect the 
distribution of dose. The first category includes such factors as film/screen 
combination, grid ratio, anl film density, the second category includes for 
example filtration, kilove itage and focus-to-skin distance. The overriding 
consideration should be the effect on the somatic dose index. This is 
generally much more strongly dependent on the first category than the second. 
This will become clearer as the factors are considered in turn. 

In order to illustrate the effects of each factor on patient dose, an 
experiment was conducted in which the effect of each variable on a standard 
examination was measured. The standard examination was chosen to approximate 
an AF pelvis/IVF etc projection. The experimental arrangement shown in 
Figure 17, was chosen to approximately reproduce the technique used for the 
NRL Rando patient-equivalent phantom. 
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L B D Patient equivalent 
epoxy slabs 2 mm a I 

• 3mm air 

Ionization 
chamber 

720 mm 

Film /cassette 

Grid 

25mm->t K- i 
1 180 mm '100 mm 

->+e — > H < s» 
I 
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FIGURE 17: Experimental arrangement to determine the effects of various 
factors on patient dose. 

The patient was represented by 17.5 cm of tissue equivalent epoxy resin 
(White et al.), consisting of 20 x 20 cm x 2.5 cm thick slabs; with 2 mm 
of aluminium 5 cm from the back to represent the bone, and 3 mm air gap, making 
the total thickness 18 cm. 

The somatic dose index (ID, section 1.3) for this projection is given (for 
females) by ( 8 ) 

« (2 x D „ • 1 x D_J / 8.8 TB BM' 

where D T B and D B M are the average total body, and average bone marrow doses 
respectively, and 8.8 is the sum of the weight factors for females. 
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The technique factors for the examination were as follows: 

Kilovoltage: 80 kVp two pulse Filtration: 2 mm Al equivalent total 
Tube current: 80 mA Timer Setting: 0.8 seconds 
Film: Agfa Curix RPl Screens: K">dak X-omatic Regular 
Grid: 10:1 Developer temperature: 29 C 
Entrance field size: 20 cm x 20 cm 

(400 cm2) 
Film density: 0.9 net, 1.2 gross 
Focus-film distance: 100 cm 
Exit skin-film distance: 10 cm 
Focus-skin distance: 72 cm. 

The entrance skin and bone marrow doses were measured directly using an 
ionization chamber, the bone marrow was assumed to be concentrated 5 cm from 
the back of the patient. From the entrance skin dose and entrance field 
size, the exposure area product was determined, and this was used to derive 
the integral dose, and hence the average total body dose from the formula: 

Integral Dose, I - D F f. 

where D is the entrance skin dose 
F is the entrance field area 

(4) and f. are factors given by Wachsmann and Drexler. 

The total body dose is just I/m where m is the body mass, chosen to be 57 kg 
for this patient (9 stone). 

The doses measured for the standard examination were: 

Entrance Skin: 7.9 mGy 
Bone Marrow: 410 yGy 
Total Body: 300 uGy 
Somatic Dose Index: 1 IS uGy 

Throughout the following section examples from this experiment will be given 
where appropriate, as well as examples from the literature. 

3.1 Choice of Examination Method 

There are many different radiographic and fluoroscopic techniques available to 
(25) the radiologist, as well as newer imaging methods such as ultrasound, 

(26 27) (28 29) 
transillumination, ' and Nuclear Magnetic Resonance. ' The choice 
of an x-ray technique, or use of a non-x-ray method, can affect or even 
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eliminate the dose to the patient. For example, transillumination of a 
(26) neonate could diagnose pneumothorax within seconds with no radiation risk, 
(30) cholecystography by ultrasound may be a superior alternative to radiography, 

and NMR imaging is demonstrating superior soft tissue visualization in head 
(29) studies to that achieved by CT scanning 

Some examinations demand a particular x-ray method for adequate diagnosis; 
heart studies using cine fluorography, for example. In other examinations the 
choice of technique lies with the radiologist. In general, the image quality 
for low-dose techniques is worse than for high-dose techniques. It is the 
responsibility of the radiologist to choose an examination method which will 
give adequate image quality for diagnosis with the minimum dose to the patient. 

However some techniques, due to technical inferiority, produce both poor 
quality images and high doses. For example, mass miniature radiography using 
photofluorography for chest surveys gives poorer quality images with at least 
five times the x-ray dose, than a conventional chest film. Photofluorography 
has been used for its convenience and inexpensiveness. 

Fluoroscopy in general gives higher doses than radiography arid inferior image 
quality. It should only be used when radiography will not provide the 
information required. 

Recent examples of consideration of alternative techniques, and criteria for 
" (31) examinations, include: "A rational approach to diagnostic radiology , 

(32) "Diagnostic imaging in perspective", barium enema examinations; single or 
double contrast, postcatheterization urograms, and trauma x-rays . 

3.2 Conduct of the Examination 

Within the guidelines for the examination set by the radiologist, the radio
grapher has a range of techniques available. The expertise of the radiographer 
and the equipment available have a considerable influence on the conduct of the 
examination and Che consequent dose to the patient. 

3.2.1 Choice of film/screen combination 
The choice of a high-speed calcium tungstst.e or rare-earth film screen 
combination, rathe** than a slow-speed system, can result in substantial dose 

(36) reduction. A factor of six was noted in a Canadian survey . The 
radiographer has of course only a restricted range of screen and film types 
available for a given institution. For this reason Che dose levels of Che 
entire institution are set to some degree by the executive decision of film 
and screen purchase. Radiation dosimetry surveys in two regional hospitals 
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in New Zealand found a factor of four between the skin doses, which was 
largely attributable to the choice of film/screen combination by the two 
hospitals, although partly due also to differences in the kilovoltages 
used. The bone marrow doses were found to differ by a factor of two which 
would be almost entirely due to he differences in film speed. 

Further evidence of differing <.:.ecutive choice in film and screen purchase is 
shown by the film/screen combinations used for chest examinations in New 
Zealand.* These are shown in Table 10. As can be seen there is a large 
variation in film/screen speeds; if the fastest combinations were used 
universally, the dose saving for chest examinations in New Zealand would be 
approximately 402. Admittedly the image quality with the Lanex, and Quanta 11/ 
Quanta III screens may be unacceptable for some applications. 

TABLE 10: Film/screens for PA chests in Mew Zealand. 

Screen Type Approximate Percentage 
of All Examinations 

Approximate Speed 
Relative to par 

Dupont Hi-plus 20 2 
Agfa Curix Special 6 2 
Dupont Par 11 1 
Kodak X-omat Regular 15 1.5 
Kodak Lanex Regular 10 2.5 
11ford Fast Tungstate 14 2 
Dupont Quanta II 8 3.5 
Other 16 — 

Film Type Approximate Percentage 
of All Examinations 

Approximate Speed 
Relative to RP1 

Agfa RP1 36 1 
Kodak XRP1 22 1 
Fuji RX 17 1 
Kodak Ortho G 8 -
Other 17 — 

The somatic dose index for an examination is directly dependent on the film 
speed, a factor of two increase in film speed would halve the somatic dose 

* NRL Patient Dose Survey; to be published. 
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index. This is illustrated in Table 11 which gives the doses for a range of 
film/screen combinations for the AP pelvis examination. 

TABLE 11: Dependence of patient dose on film/screen combination. 

Screen/Film 
Combination mAs 

Skin 
Dose 
(mGy) 

Bone 
Marrow 
Dose 
(MGy) 

Total 
Body 
Dose 
(UGy) 

Somatic 
Dose 
Index 
(uGy) 

Quanta III/RP1 13 1.4 83 55 21.9 
Lanex Regular/ 
Ortho G 24 2.8 153 107 41.0 
Hi Plus/RPl 40 4.5 256 172 65.2 
X-omatic Regular/ 
RP1 64 7.9 410 300 115 
X-omatic Fine/RPl 320 37.1 2050 1422 540 
X-omatic Fine/XOG 640 75.0 4100 2876 1091 

As may be seen there is a factor of 6 between the doses for combinations which 
are likely to be used, viz Quanta III/RP1: X0R/RP1, the slower combinations 
are unlikely to be used for this examination. 

Further data on film/screen speeds may be obtained from Venema, (38) 

Wesenberg et al., Cohen et al., J Kodera, Doi and Chan, ' 
(42) (43) 

Chan and Doi, and Braun and Wilson 

3.2.2 Choice of kVp 
The kV chosen for a given projection is under the control of the radiographer, 
within the constraints of the examination type and policy of the institution. 
Minimum patient dose is generally obtained at high kV, with correspondingly 
low mAs values. However, the kV chosen has to be matched to the screen/film 
combination, to the degree of contrast preferred by the radiologist, the body 
part being examined, and to the contrast media being used, if any. In general 
various examination types are performed in a limited range of kVp settings, 
determined by the requirements above, and by the preferences of the institution. 
However the fact that different institutions favour different kV settings 
suggests that the kilovoltages are in many cases not optimized. Harrison et 

(44) al. in a survey of 14 hospitals found chest examinations being performed 
with mean kVps in the range 62 to 69, and lumbar spines from 78 to 102 kVp. 
The factors to be considered in the choice of kV for examination types are the 
contrast, film/screen combination, body part and contrast medium. 
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(i) Contrast 
Contrast is reduced as kV is increased because the higher energy x-rays are 
less selectively absorbed by the different anatomical tissue types. For 
example, the ratio between the linear attenuation coefficients of cortical 

(45) bone and striated muscle (ICRF) is 4.2 at 40 keV and 2.1 at 80 keV, 
(Hubbell), a reduction in contrast by a factor of two. 

Thus the kVp chosen should be as high as possible while maintaining adequate 
contrast. In some cases the reduction in contrast at high kVps can be 
beneficial. The 120 kVp copper-filtered chest technique produces satisfactory 
images of the lung fields behind the heart and bone, at low skin doses of about 
i o o U G y ( 3 6 ' 4 6 ) . 

(ii) Film screen combination 
The sensitivity of film screen combinations varies with the kVp of the 
x-ray beam. It is also different for different brands of screen, and for 
different phosphor compositions (calcium tungstate or rare earth). The 
sensitivity of rare earth systems depends aore strongly on kVp, than calcium 
tungstate systems and so rare earths tend to be used over fixed or narrow kV 

(38) ranges, typically 70-90 kVp with the maximum sensitivity at 80 kVp (Venema) 
For example, the peak sensitivity of Kodak Lanex regular screens is at 80 kVp; 
at 50 kVp the speed is the same as universal screens. 

(iii) Body part 
The choice of kVp also depends on the tissue types, and inherent contrast, of 
the body part being examined, and to some extent on the type of pathology being 
investigated. An extreme example is mammography where very low kVps of about 
20-25 kV are necessary to visualize the differences between normal and 
pathological tissues. Radiography of feet and hands tends to be done at 
50-60 kVp. At the other extreme is the 120 kVp chest technique, mentioned 
above 

Radiography for foreign bodies such as broken needles or bullet fragments 
could be performed at much higher kilovoltages than, for example, radiography 
for soft tissue tumours. 

(IV) Contrast medium 
Three types of contrast medium are in general use; those based on iodine, 
for visualization of blood vessels and other fluid tracts, those based on 
barium for visualization of the gastro-intestinal tract, and air for double 
contrast studies. The maximum x-ray absorption of iodine occurs at its K-
absorption edge, at 33 keV, so the optimum kVp is that which gives the 
maximum number of photons at or slightly above 33 keV. This occurs for 
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diagnostic x-ray spectra, in the region of 60-70 kVp (Birch et al.) 
Consequently, patient doses for suci examinations as IVPs are inevitably 
relatively high. 

The kVp used for barium studies is not as critical because the K-absorption 
edge of barium is higher, at 37 keV, because the density of barium is higher, 
and because the volume of contrast medium used is also greater. Spot films 

(33) in air contrast barium enema studies may be done at 120 kVp for example 

Finally in the consideration of kVp it should be noted that the principal 
effect of kVp is on the entrance skin dose. Depth doses are affected to a 
lesser extent, and exit doses only to a small degree. Thus the effect of kV 
on the somatic dose index is not as great as may at first appear from 
measurements of skin dose. This is demonstrated in Table 12 which shows the 
effect of kV for the standard AP pelvis examination. 

TABLE 12: Effect of kVp on patient dose. 

Bone Total Somatic 
Skin Marrow Body Dose 

kVp mAs Dose Dose Dose Index 
(mGy) (uGy) (uGy) (uGy) 

60 480 27.9 820 974 314 
70 160 13.8 560 511 180 
80 64 7.9 410 300 115 
90 32 4.7 290 190 76 
100 20 3.6 260 155 64 
110 14 2.9 240 130 56 
120 10 2.5 220 115 51 

From 60 to 120 kVp the skin dose reduces by a factor of 11, whereas the 
somatic dose index reduces by the lesser factor of 6. 

3.2.3 Choice of mAs 
There are two aspects to choosing the mAs setting, first the setting of a 
desired optimum optical density for radiographs in the institution, and second 
the choice of mAs for each individual examination in order to ensure that the 
optimum optical density is achieved. 

The first aspect involves the preferences of the radiologists. A net optical 
(36) density in the regions of primary interest of 0.9 may be acceptable 
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Since, over the range of densities in normal use, the optical density is 
proportional to the log of the patient dose, small increases in density are 
only achieved with larger increases in mAs. For a typical film/screen system 
with a slope of the sensitometric curve of 3, an increase in net density from 
0.9 to 1.5 requires an 80Z increase in mAs, and therefore 803 increase in 
patient dose. Hence careful consideration should be given to the choice of 
film density to be aimed at. 

The effects of radiograph optical density on patient dose are clearly seen in 
Table 13; increasing the net density from 0.7 to 2.1 requires 3.3 times the 
dose. 

TABLE 13: Pep adence of patient dose on optical density. 

Net 
Optical 
Density mAs 

Skin 
Dose 
(mGy) 

Bone 
Marrow 
Dose 
(uGy) 

Total 
Body 
Dose 
(uGy) 

Somatic 
Dose 
Index 
(yGy) 

2.1 160 20.0 1037 767 291 
1.6 112 14.0 726 536 203 
1.2 80 10.0 518 383 146 
0.9 64 7.9 410 300 115 
0.7 48 6.0 311 230 87 
0.5 32 4.0 207 153 58 

The second aspect involves the skill of the radiographer in correctly assessing 
die pa ient and choosing the mAs to suit. Careful attention to setting up of 

(23) technique charts, accurate x-ray machine calibrations, and Che use of 
calipers for patient measurement, will increase Che accuracy of mAs setting. 

In summary somatic GJSS index, and hence risk to the patient, is directly 
proportional co the mAs used, other factors being equal. 

3.2.4 Choice of focus-to-film distance 
The x-ray beam originates at the focal spot which behaves approximately as a 
point source. The x-ray beam intensity decreases with distance from the 
focal spot according to Che inverse square of the distance. Therefore che 
free-in-air (i.e., without che pacienc) exposure ac che posicion of che 
pacient skin is greater than Che exposure ac che posicion of che film by che 
faccor <jgfiBI~gg~t^g etescaneffi2, A i t h e r a t i o o f t h * focus-co-film distance 
co focus-co-skin distance is decreased (by moving che x-ray cube further from 
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the patient) the entrance-skin to film-plane exposure ratio is improved. It 
is also improved by ensuring that the patient is as close to the film plane/ 
image receptor as possible (except where an air gap is used as a scatter-
reducing technique). Table 14 illustrates the effect of focus/film distance 
for a patient of 250 mm thickness. 

TABLE 14: Entrance/exit exposure ratios. 

Focus-to-film Focus-to-skin Ratio of FFD Entrance-to-exit 
distance distance to FSD exposure ratio -

Ratio^ 

3 m 2.75 m 1.09 1.19 
2 m 1.75 m 1.14 1.31 
1 m 0.75 m 1.33 1.77 
550 mm 300 mm 1.83 3.35 

(ICRP minimum 
focus) 

The focus-to-film distance is however restrained by the output and heat-loading 
of the x-ray tube, and by the height of the tube stand. As the distance from 
the patient increases, the mAs required at 2 m is four times that required at 
1 m. The effects of focus-to-film distance on mAs and patient dose are shown 
for the standard A? pelvis examination in Table 15. 

TABLE 15: Effect of focus-film distance on patient dose. 

Bone Total Somatic 
Focus-to-film Skin Marrow Body Dose 

distance mAs Dose Dose Dose Index 
(m) (mGy) (yGy) (yGy) (uGy) 

0.75 36 10.4 462 400 143 
1.00 64 7.9 410 300 115 
1.50 144 6.2 365 238 96 
2.00 256 5.5 346 211 87 

From Tables 14 and 15 it can be seen that for focus-to-film distances of 
greater than 1 m, the mAs required increases substantially while the doses are 
only reduced by small amounts. Thus the conventional focus-to-film distance 
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of 1 m (or 40" or 36") is seen to be reasonable; dose reductions of 
approximately 25% may be obtained by increasing this to 2 m, where tube 
loadings and tube stand/room size will permit. 

3.2.5 Collimation and field size 
The area of the patient irradiated for a given examination can range over wide 
values. Older x-ray units fitted with a large circular cone may irradiate 
practically the whole body for all examinations. Ideally the x-ray beam should 
be limited to the area of clinical interest. In practice this is equivalent to 
choosing a film size to cover the region of clinical interest and then 
collimating the beam to the film size. Ideally a margin of about 5 mm around 
the film should be observable on most radiographs. 

Any x-ray beam which falls outside the area of the image receptor is completely 
wasted and contributes to scatter and fog levels. Thus, accurate collimation 
is essential. Even a 2 cm overlap over the edges of a 24 x 30 cm film 
irradiates an area 1.32 times greater than necessary. 

Whereas in some aspects of radiology a compromise between dose and quality is 
involved, no such compromise exists in collimation. Accurate collimation 
reduces dose to the patient, and improves image quality. Collimation may also 
have a major effect on organ doses and hence on the somatic or genetic dose 
index, especially if the organ of interest is adjacent to the region of 
clinical interest, such as male gonads, female breast, or thyroid. 

The practice among some radiologists of rejecting films which demonstrate 
coning marks "because something might have been missed" is to be deplored. 
This amounts to encouragement of the radiographer to perform all radiography 
with the shutters open as wide as possible. 

Beam collimation is usually done using a light beam diaphragm, although fixed 
diaphragms may have applications for particular examinations (e.g., sinuses). 
It follows that light beam diaphragms should be accurately aligned so that 
the light field corresponds to the x-ray field. The NRL code of safe practice 
specifies a maximum allowable alignment error of 2% of the focus to skin 
distance 

NRL field surveys have shown light beam diaphragms in general to be in good 
alignment: recent results show that 86% of LBDs were within 1 cm, 97% were 
within 2 cm and only 3% were in error by more than 2 cm, for a 16 x 16 cm 
field at I m. 

In summary the field size chosen for the examination should be the minimum that 
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adequately covers the region of clinical interest. Excessive field sizes 
increase scatter levels and patient dose. Reduction of field sizes may require 
a small increase in mAs to achieve the same film density because of the reduced 
scatter level. Tables 16a and b show the effects of field size on patient dose 
for constant film density, and constant mAs. 

TABLE 16a: Effect of field size - constant film density. 

Bone Total Somatic 
Field Si e at Skin Marrow Body Dose 
Film Plane mAs Dose Dose Dose Index 
(cm x cm) (mGy) (uGy) (UGy) (uGy) 

14 x 14 72 8.3 340 80 57 
24 x 24 64 7.9 410 303 115 
40 x 40 58 7.6 475 657 203 

Table 16b: Effect of field size - constant mAs. 

Bone Total Somatic 
Field Size at Skin Marrow Body Dose 
Film Plane mAs Dose Dose Dose Index 
(cm x cm) (mGy) (uGy) (uGy) (uGy) 

14 x 14 64 7.4 300 71 51 
24 x 24 64 7.9 410 300 115 
40 x 40 64 8.4 520 726 211 

3.2.6 Exposure time 
The actual exposure time and tube current chosen for a given mAs value may 
not directly affect the dose to the patient, unless the exposure time is 
sufficiently long to cause reciprocity failure of the film/screen system 
The use of faster film combinations with shorter exposure times may improve 

(49) image quality. One study showed that although more film grain and quantum 
mottle were present, the shorter exposure times reduced the movement blurring 
of fine blood vessels. 

An exception is found in cases where deliberate movement is used to blur some 
body parts in relation to others. A good example is the AP open mouth cervical 
projection where the jaw is moved during exposure to blur it out, and reveal 
the immobile cervical vertebrae. 
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3.2.7 Projection 
The dose to internal organs can vary considerably for various projections; an 
example in section 1.3 above showed that the somatic dose index for a female 
chest x-ray was three times greater for the AP projection than the PA. Dose to 

the foetus in a PA abdomen is significantly lower than in the AP direction 
because the spine and pelvic bones absorb much of the radiation before it 
reaches the foetus . (This ignores the considerable but not insurmountable 
difficulties in performing this examination in the PA projection!) A ratio of 

(36) 3 between the PA and AP projections was estimated by Taylor et al. . Dose 
to the eyes is substantially less in the PA than in the AP, for cerebral 
angiography. 

3.2.8 Scatter reduction techniques 
Grids are commonly used to 'clean up' the scattered radiation reaching the film. 
A grid consists of a large number of lead strips, typically 0.05-0.1 mm in 
thickness and 2-3 mm in height, interspersed with lower density material 
(aluminium) and spaced at 20-50 strips per cm. Usually the strips are tilted 
to match the divergence of the primary beam, at a chosen distance from the focus 
(usually approximately 1 m ) , called the focal distance of the grid. In use the 
primary beam travelling parallel to the strips is largely unaffected whilst the 
scattered radiation, travelling in random directions, is intercepted by the 
scrips. Grids are generally categorized by the grid racio, (which is Che ratio 
of widch of gap between scrips to heighc of scrips), the number of strips per cm, 
and the focal length. 

The amount of scatter rejection improves as the grid ratio is increased, but so 
does the attenuation of the useful beam. The attenuation of a grid is 
expressed as the "bucky factor" (BF) which is the ratio of mAs required with 
and without che grid. The contrast improvement of a grid is expressed as the 
contrast improvement factor (CIF) which is the ratio of the contrasts obtained 
with and without the grid. Table 17 gives the BF and CIF for a range of grids 
for four different examination types (Doi et al.) 

Table 17 demonstrate? four points. First, che dose increase caused by che grid 
is substantial, ranging from a factor of 2.15 for thin body parts at 60 kV with 
a 6:1 grid, to 10.33 for chick body pares at 100 kV, using an 18:1 grid. 
Second, Che CIF of high grid ratio grids at low kVs and/or thin body parts is 
only marginally better than che CIF for low grid ratios, ranging from 3.45 for 
a 6:1 grid, to 4.98 for an 18:1 grid, for 10 cm tissue thickness. Third, the 
high ratio grids have substantially better CIF at high kVs, ranging from 3.26 
for a 6:1 grid to 6.17 for an 18:1 grid, at 100 kVp. Finally, the high ratio 
grids have superior CIF for thick body parts, ranging from 3.26 to 6.17 for 
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25 cm tissue thickness. In summary, as the tissue thickness and kVp are 
increased the grid ratio has to be increased also, for low kV/thin body parts 
there is little advantage in using high ratio grids, and whatever the kV and 
body part, the minimum grid ratio consistent with acceptable scatter rejection 
should be chosen. 

TABLE 17: Parameters for a selection of grids. 

Grid ratio 

\ 

40 lines/cm grids 57 lines /cm gr ids 

Technique \ 6:1 8:1 10:1 12:1 14:1 8:1 10:1 12:1 14:1 16:1 18:1 

70 kV CIF V9 3.80 4,27 4,66 4.95 3.51 4,0? 4.43 4,77 5.06 5.25 
25 cm tissue BF 4.73 5.83 6.83 7.66 8.51 5.39 6r32 7.08 7.88 8.53 9.08 

120 kV CIF 2.54 2.95 3,30 3,54 3.74 2.71 3.07 3.36 3.60 3.78 3.95 
15 cm tissue BF 3.65 4.39 5.07 5.64 6.19 4.05 4.69 5.25 5T76 6.19 6.60 

100 kV CIF 3.26 4.07 4.73 5.31 5.78 3.61 4.23 4.84 5.34 5.80 6.17 
25 cm tissue BF 4.68 5.99 7.16 8.46 9.40 5.36 6.43 7.54 8.54 9.47 10.33 
60 kV CIF 2.15 2.29 2.37 2.42 2.46 2.26 2.35 2.42 2.47 2.51 2.53 
10 cm tissue SF 3.45 3.90 4.27 4.61 4.98 3.71 4.01 4.30 4.52 4.77 4.98 

An alternative to use of a grid is to use an air gap between the patient and 
the film. The scattered radiation tends on average to miss the film, thereby 

(52) improving contrast. Niklason et al. found that for the 120 kV chest 
technique, at 3 m FFD, the use of a 30 cm air gap was equivalent to a 6:1 grid 
in scatter rejection. The increase in dose, by moving the patient 30 cm closer 
to the focal spot (for a 25 cm patient thickness) is 26%, which is less than 
the dose increase that would be caused by a grid. 

(53) It has been determined that the image quality for many fluoroscopic 
examinations may be satisfactory without the grid. The grid should therefore 
be removable on fluoroscopy equipment so that examinations may be performed 
without it, except for critical spot films, or extra large patients. The dose 
saving will be proportional to the bucky factor. 

Finally, the somatic dose index is proportional to the bucky factor; use of a 
6:1 grid rather than a 12:1 grid could reduce patient dose by a factor of about 
2, in abdominal radiography, and removal of the grid reduces the somatic dose 
index by a factor of between 5 and 10. This is illustrated in Table 18 which 
gives the dose measurements for the standard AP examination for a selection of 
grids. 
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TABLE 18: Effect of grids on patient dose. 

Grid Bone Total Somatic 
Grid Lines Skin Marrow Body Dose 
Ratio per cm mAs Dose Dose Dose Index 

(mGy) (uGy) (uGy) (nGy) 

12:1 33 64 7.9 410 300 115 
10:1 40 64 7.9 410 300 115 
8:1 40 48 5.9 306 226 86 
6:1 30 40 4.6 256 176 67 
none — 10 1.3 68 50 19 

3.3 The X-ray Machine and Related Equipment 

The fundamental requirements of the x-ray machine are that it be of adequate 
power for the examination, be accurately calibrated, and have sufficient 
filtration. There are also effects due to machine waveform, and due to 
ancillary equipment (photo timers, chest stands, cassette fronts, table 
top, etc). These factors are also illustrated where practicable using the 
standard AF pelvis examination. 

3.3.1 Generator and x-ray tube power 
Use of inadequately powered generators with low rated x-ray tubes results in 
short focus-to-film distances leading to high skin doses, lack of adequate 
filtration again increasing skin doses, and often excessive exposure times 
leading to possible patient movement blurring and retakes. An extreme example 
of a lumbar spine examination was encountered in an NRL routine survey; the 
exposure factors were 70 kVp, 30 mA, 8 s, with heavy patients being given two 
exposures! Total filtration was a bare 2 mm. 

3.3.2 Generator calibration 
The generator calibration is important: the kV settings must be close to the 
actual kilovoltages, the x-ray output should be linear with mA, and the timer 
should be linear and consistent. The kV settings measured on one machine at 
200 mA are given in Table 19. 
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TABLE 19: Kilovoltages measured on NRL field survey. 

kV set kV measured kV set kV measured 

110 112 70 97 
100 108 60 94 
90 104 50 91 
80 99 40 87 

Table 19 is admittedly an extreme example, but it should be pointed out that 
the radiography staff involved were unaware of the magnitude of the kV errors, 
and that the machine had been in that condicion for soae time. The patient 
doses would of course be commendably low in this case, (which raises another 
point; that higher kV, low-dose techniques, can be used without the loss of 
contrast being unacceptable to radiographers or radiologists). Conversely 
where the kV is lower Chan Che indicaced kV, Che pacienc doses will be greater 
than necessary. Ideally therefore Che kilovolcage settings should be as 
indicated. The kV measurements for a large number of machines in New Zealand 
are summarized in Figure 18. This shows that the majority of machines are 
within 10% of the set kVp, but Chac a small buC significanc number of machines 
are in error by at lease 20Z, and a few machines are between 30% and 40% too 
high, or 20% coo low. 

Finally ic should be noted chac kV errors are often associaced wich errors in 
mA calibration, low kV with high mA and vice versa, so that the two effects 
tend to counteract each other, and che x-ray output variations are not as 
great as the kV errors would tend to suggest. 

Errors in the mA calibrations also cause problems. Examples of the changes in 
output wich mA were given in Table 6. Ac best, the mA errors will result in 
a greater range of film densities than desirable with attendant higher doses 
to some patients, at worst it will result in unacceptable film densities and 
retakes. It is not surprising that radiography is considered to be more akin 
to black magic than science by some radiographers! 

The principal requirements on the exposure timer are that it be consistent, 
and that it always terminate che exposure. Consistency and accuracy should 

(21) both be within about 10% . If for example an exposure timer gives 1.1 
seconds when 1 second is set, then ic should always give 1.1 ± 0.1 seconds. 
The basis of the requirement is that mAs variations of ±10% are barely 
perceptible radiographically. Thus differences between rooms of 10% due to 
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FIGURE 18: Summary of kV calibrations of x-ray generators in New Zealand. 

timer inaccuracy of 10Z would probably not be noticed, while variations of 
102 in one room due to timer inconsistency would also be unlikely to be 
noticed. 

Modern electronic timers are however capable of far better accuracy and 
consistency than this, and errors of £10Z should not need to be tolerated. 

Failure to terminate the exposure is a serious fault. Several radiation 
(54) 'incidents' have occurred due to this fault (e.g., Carter and Karp) • To 

guard against the occurrence of this fault all x-ray machines should have some 
visible and/or audible warning that x-rays are being produced. Warning lights, 
audible 'beepers', mA meters, etc., should be fitted to x-ray equipment and 
must be observed by the radiographer during the exposure. 

3,3.3 Generator waveform 
As described in section 2.3, there are several alternative voltage waveforms. 
The major distinction is between single-phase and 3-phase equipment. In 
general, the penetrating power of the x-ray beam from 3-phase equipment is 
greater than from single-phase, at the same peak kV. This is because the 
average kilovoltage of Che 3-phase generator is greater than that of the 
single-phase, due to the lower amount of voltage ripple, and therefore the 
average photon energy is also greater (see section 2.3). Hence the patient 
dose is lower for a 3-phase machine operated at the same peak kV and total 
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filtration as a single-phase machine. This is also true for medium frequency 
and constant potential generators, and fcr CD machines when used with low 
voltage drops (i.e., lowmAs). 

3.3.4 Accessory equipment 
The major requirement here is that aay material present in the x-ray beam 
between the patient and the image receptor be of minimum attenuation, and 
physical thickness, therefore minimizing attenuation and scatter of the exit 
x-ray beam which carries the diagnostic information. Material in the beam may 
include the x-ray couch, vertical cassette stand, photo timer, cassette front 
or fast-film changer front panel (as well as the grid, (section 3.2.7)). 

Hendee gives the exposure reductions achievable by the use of carbon fibre 
table tops, cassette fronts and/or fast-film changer front panels as 15-30Z. 
Schmidt et al. (56) found that carbon fibre cassette fronts would reduce patient 
dose by 28Z at 60 kVp and 17Z at 120 kvp compared to an aluminium cassette. 
Kelley and Trout found that a bakelite cassette front reduced patient dose 
by between 3 and 44Z compared to a selection of aluminium cassettes. 

(581 Rao et al. found that use of a carbon fibre front for fast-film changers 
(36) would reduce patient dose by about 25Z. Taylor et al. report that dose may 

be increased by up to 50% by the use of calcium tungstate type phototimers. 
Ionization chamber timers, or solid state detectors placed behind the cassette 
are to be preferred. (The latter may only be used with appropriate cassettes.) 

Table 20 gives the effect of several table top materials on patient dose for 
the standard AP pelvis examination, at 60, 80 and 100 kVp. 

TABLE 20: Effect of table top attenuation on patient dose. 

Table Top 
Material kVp mAs 

Skin 
Dose 
(mGy) 

Bone 
Marrow 
Dose 
(uGy) 

Total 
Body 
Dose 
(uGy) 

Somatic 
Dose 
Index 
(uGy) 

No table top 80 64 7.9 410 300 115 
9 am Plywood plus 80 80 9.9 513 379 144 
1 mm 'Formica' 
3 mm Aluminium 80 88 10.9 563 418 158 
5 mm Formica 80 80 9.9 513 379 144 
5 mm Tufnol 80 80 9.9 513 379 144 
No table top 60 480 30.3 820 1058 334 
Ply/Formica 60 720 45.2 1240 1578 497 
No table top 100 20 3.7 260 158 65 
Ply/Formica 100 24 . . . 310 192 80 
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The physical dimensions of equipment becween the patient and image receptor 
are also important. As described in section 3.2.2, excessive distances result 
in higher entrance skin doses. Equipment between the grid and the image 
receptor also contributes to scatter, and should be minimized for this reason 

(59) also (Johnson and Ravin) . Table 21 shows the increase in dose to the 
patient as the distance between the patient and the film is increased. 

TABLE 21: Effect of exit skin to film distance. 

Exit Skin Bone Total Somatic 
to Film Skin Marrow Body Dose 
Distance Dose Dose Dose Index 

(m) (mGy) (uGy) (uGy) (uGy) 

0 6.1 328 233 89 
5 6.9 365 264 100 
10 7.9 410 300 115 
13 9.1 462 349 132 
20 10.6 526 406 154 
25 12.6 604 483 183 

3.3.5 Filtration 
The value of filtration in reduction of dose to patients was demonstrated by 
Trout et al. (1952) and Ardran et al. (1953), and was well known before 
then. Currently che International Commission on Radiological Protection 
(ICRP) recommends a minimum of 2.5 mm Al total filtration for general 
radiographic equipment, with reduced amounts for dental and soft tissue 
radiography. 

There are numerous papers in the literature which provide evidence of che dose 
reductions obcainable with increased filtration for various examinations, a 

(62) recent example being Wiatrowski et al 

In principle, filtration reduces Che dose to the patient because it removes 
the lower energy components preferentially from the beam. These lower energy 
components would otherwise be largely absorbed in the patient, and not 
contribute to film blackening. 

Evidence chac chis is so can be immediacely derived from any sec of aepch dose 
(12) cables, for example Harrison . The skin doses required for conscanc exic 

doses are readily derived from chese data, examples being given in Table 22. 
Also included in Table 22 are che doses ac 8 cm depth. Sixteen centimetres 
would correspond to a (thin) female AP abdomen, 8 cm would then approximate the 
ovary/foetus position. 
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TABLE 22: Skin and 8 cm depth doses required for unit exit dose at 16 cm 
patient thickness. 30 cm x 30 cm x-ray field, 60 cm focus-to-
skin distance. 

kVp HVL Total Relative Skin Dose Relative 8 cm Dose 
Filtration Skin Dose (yGy) for 8 cm Dose (yGy) for 

(Z) 1 uGy 
Exit Dose 

(Z) 1 UGy 
Exit Dose 

75 1.0 0.55 100 31.2 15.2 4.75 
75 2.0 1.55 76 23.8 14.1 4.41 
75 3.0 3.85 54 16.9 13.4 4.20 
90 1.5 0.50 100 24.4 17.0 4.15 
90 2.0 1.20 79 19.2 16.6 4.04 
90 3.0 2.45 59 14.3 15.7 3.83 

In Table 22 note that the skin doses can be reduced by approximately 50Z by 
the addition of o>3 mm of filtration at 75 kV, whereas the dose at 8 cm depth 
is only reduced by 12% (4.75 to 4.20 uGy). This dose saving is only obtained 
by the first 3 mm added to the inherent filtration of the tube. The addition 
of another 3 mm would have less effect. 

There are however limits to the amount of filtration which may be added to the 
beam. An overall limit is set by the heat loading of the x-ray tube. Although 
the filtration primarily affects the softer components, the higher energy 
photons are attenuated also. Although for small filtration increases the same 
mAs may be used, eventually mAs increases are required. If too much filter is 
present then the mAs values required will exceed the tube ratings. 

Table 23 gives the mAs and dose results for the standard AP pelvis examination 
as filtration is increased. 

TABLE 23: Effect of filtration on mAi and dose. 

Bone Total Somatic 
Total Skin Marrow Body Dose 
Filter HVL mAs Dose Dose Dose Index 
(mm Al) (mm Al) (mGy) (yCy) (yGy) (yGy) 

2 2.1 64 7.9 410 300 115 
4 3.3 80 5.3 408 263 106 
6 4.2 104 4.4 406 252 104 
8 4.8 134 3.9 404 237 100 
10 5.2 153 3.3 401 207 93 
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Another limiting factor is the film contrast required for a diagnostically 
useful radiograph. The lower energy components of the beam are more 
selectively attenuated by different tissues; if too many of these components 
are removed by the filtration, then film contrast suffers, (see also 3.2.2). 

However for increases of 2-4 mm the reduction in contrast may be virtually 
imperceptible, so that even if an x-ray machine already has 3 mm Al total 
filtration, the addition of 2-4 mm of extra filtration will lower patient 
skin doses still further, whilst having only a small effect on contrast 
Another erperiment which demonstrated the effect of filtration on contrast and 

( fiA} skin dose was reported by Wiatroski et al . for a simulated urographic 
procedure. They conclude; "for a given film-screen combination, increasing 
the total filtration from 3.6 to 5.6 mm Al resulted in a significant entrance 
exposure reduction (43Z at 60 kVp) without a significant if any loss in 
contrast of the objects imaged in this study". 

In summary, the effects of filtration are: a significant reduction in 
entrance skin dose, lesser reductions in organ doses and somatic dose index, 
reduction in contrast, and in general an increase in the mAs required. The 
amount of filtration which may be added is limited by the reduction in contrast 
which is acceptable, and by the heat-loading limits of the x-ray tube. The 
greatest dose reduction is obtained by the first few mm of added filtration, 
the addition of further filtration reducing the dose to a lesser extent. 

3.4 Film Processing 

In virtually all hospitals film processing is done by automatic processors. 
It is essential that a programme of systematic periodic checks be performed on 
these processors to ensure that films are correctly developed, and free from 

, „ ,(21) artifacts, see for example Gray et al 

Consistent under-development of films in a department will result in 
excessive dose to patients. Overdevelopment may result in lower doses, but 
the reduced contrast/high fog levels will reduce the diagnostic value of the 
films. Artifacts such as fingerprints, roller marks, static discharges and 
creases, etc., will result in a higher retake rate. 

The effect of developer temperature for the standard AP pelvis examination, 
was measured using the NRL Kodak X-omat M7b automatic processor, and the 
results are given in Table 24. 



- 54 -

TABLE 24: Effect of developer temperature on patient dose. 

Developer 
Temperature 

(°c) 
mAs 

Skin 
Dose 
(mGy) 

Bone 
Marrow 
Dose 
(uGy) 

Total 
Body 
Dose 
(uGy) 

Somatic 
Dose 
Index 
(uGy) 

20 179 22.9 1145 878 336 
22 137 17.6 880 675 253 
24 109 14.0 700 536 202 
26 87 11.1 555 425 160 
28 70 9.0 450 345 130 
30 58 7.4 370 283 107 
32 49 6.3 315 241 91 
34 44 5.6 280 214 81 
36 39 5.0 250 192 72 
38 36 4.6 230 176 66 

Cassettes should be checked regularly for film/screen contact, screen 
cleanliness, screen age and condition, and light leaks. 

The dark room should have the correct level of safe lighting and be free from 
light leaks. Processors should also have adequate ventilation. The fumes may 
cause occupational health problems for radiography personnel which may be 
severe in sensitive individuals 

3.5 The Patienc 

Two features, the weight of the patient and their co-operativeness, may affect 
the dose for an examination. One study of the effect of patient weight on mAs 
used and integral dose, found both of these factors to be correlated with 
patient weight • Another study by Maillie et al. came to a similar 
conclusion; some results from this study are given in Table 25. 

* 
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TABLE 25: Effect of patient thickness on dose. 

kVp HVL 
(mm Al) 

Patient Thickness 
(mm) 

Integral Dose 
(mJ) 

Average Dose 
(uGy) 

85 2.40 100 
150 
200 
250 
300 

0.35 
0.68 
1.30 
2.28 
3.98 

29.1 
38.5 
58.5 
87.1 
133 

100 3.60 100 
150 
200 
250 
300 

0.31 
0.63 
1.11 
1.86 
2.95 

25.5 
35.9 
50.1 
71.0 
99.0 

130 4.80 100 
150 
200 
250 
300 

0.26 
0.48 
0.75 
1.08 
1.53 

21.3 
27.2 
33.6 
41.3 
51.4 

In addition to the increase in mAs required, the grid ratio may have to be 
increased to cope with the increased levels of scatter from large patients. 
This will increase the mAs and hence the dose by the ratio of the bucky 
factors of the two grids. 

Further evidence of the increase in dose and mAs required with increasing 
patient weight is given in Table 26 which gives the effect of patient 
thickness for the standard AP pelvis examination. 

TABLE 26: Effect of patient weight on dose. 

Patient 
Thickness 

(cm) 

Patient 
Weight 
(kg) 

mAs 
Skin 
Dose 
(mGy) 

Bone 
Marrow 
Dose 
(uGy) 

Total 
Body 
Dose 
(uGy) 

Somatic 
Dose 
Index 
(yGy) 

13.0 40 24 2.5 392 127 73 
15.0 50 40 4.5 406 186 88 
18.0 57 64 7.9 410 300 115 
20.5 64 112 15.1 441 519 168 
23.0 70 192 28.2 462 902 257 
25.5 82 320 50.9 485 1390 371 
28.0 95 560 97.0 525 2287 579 
30.5 120 960 184.2 580 3438 847 
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In some cases dose for large patients may be reduced by increasing che kV, buc 
che kV increase required may produce unaccepcably low contrast. In Table 25 
the integral dose for 250 mm patient thickness at 85 kVp is approximately the 
same as the integral dose for 300 mm thickness at 100 kVp. However 15 kV is a 
substantial increase. The higher kVp may also be above che optimum sensitivity 
range of some rare earth screen systems, negating the effect of che extra 

* -• ( 6 6 ) penetration 

Other measures which may be used to compensate for the effects of patient 
weight are the use of compression where appropriate, and the use of adequate 
focus-to-skin distance (section 3.2.3) where the generator output and tube 
ratings are sufficient. 

The ability to co-operate during an examination depends on both the state of 
mind and the physical state of the patient. Very old, very young, seriously 
ill, injured or intoxicated patients, (i.e. nearly all patients?), can cause 
difficulties for the radiographer, resulting in retakes, blurred images or 
excessive fluoroscopy time. The 'bedside manner' of the radiographer can have 
considerable influence on the success or otherwise of radiographic examinations. 
Use of appropriate restraining and supporting devices, particularly with 

.. . . . . . . . . e . . (68) 
paediatric patient* • av oe of considerable benefit in some cases 

3.6 Fluoroscopy 

Fluoroscopic procedures in general result in higher doses than radiography. 
There also tends to be a wide dispersion of patient doses for essentially 
similar x-ray examinations. The factors influencing patient dose in 
fluoroscopy are highly complex and interrelated. However, the two principal 
factors are the x-ray dose rate and the total screening time. The somatic 
dose index is directly proportional to both of these factors, and cases of 
early evident somatic injury have occurred where excessive dose rate has been 
combined with extended fluoroscopy time 

3.6.1 Dose rate 
Dose rates of image intensifier systems vary widely according to the age and 
quality of the equipment, the settings chosen by the engineer, and the technique 
factors chosen by the radiographer. The crucial factor is the dose rate at the 
entrance window of the image intensifier tube. A modern caesium-iodide image 
intensifier should operate satisfactorily at an entrance dose rate of less than 
1.0 uGy s . This figure will increase gradually during the life of the 
intensifier tube as the conversion factor of the tube decreases. The conversion 
factor is a measure of the amplification of the intensifier tube, i.e. the 
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amount of light energy output per unit x-ray energy input. Therefore as the 
conversion factor decreases with increasing tube age, the input dose rate has 
to be increased to maintain, sufficient output brightness and/or a noisier 
image accepted (image brightness can be adjusted by altering the TV system 
gain, but the image noise is dependent on input dose rate and conversion 
factor). 

Input dose rates as high as 6.0 uGy s were observed in a survey of special 
procedures in New Zealand . With automatic brightness control (ABC) 
systems the intensifier input dose rate is almost entirely dependent on the 
settings chosen by the x-ray engineer. Once set, the system adjusts the kV or 
mA, or both, tc maintain the output brightness and hence the input dose rate 
at the pre-set level, regardless of patient thickness, region being examined, 
or presence of contrast media. The input dose rate should therefore be set to 
the minimum that will still produce acceptable noise levels, bearing in mind 
the most common use of the equipment (e.g., enemas or cardiac catheterizations). 

The major adjustment in the ABC system is the input iris of the TV camera 
pick-up tube. This iris is similar in principle to the /stop adjustment of 
a camera, except that it is fixed and can be changed only by removing the TV 
camera. The iris is chosen to produce the optimum amount of light for the TV 
camera. If the iris chosen is too small, then the dose rate has to be 
increased to give sufficient brightness at the pick-up tube. Bednarek, Rudin 

(33) and Wong found that increasing the iris size and reducing the dose rate for 
barium enema examinations still resulted in acceptable image quality at a 
substantial dose saving to the patient. The addition of variable iris size to 
fluoroscopic equipment has been suggested 

Because of the use of iris size to set the ABC system, increasing age and 
reduced conversion factor of the intensifier tube is automatically compensated 
for by increased dose rate. Therefore the dose rate of fluoroscopy systems 
should be monitored regularly to ensure that the dose rates have not become 
excessive. 

If this is the case then the iris size can be increased. This will inevitably 
result in higher noise levels in the image, as fewer x-ray photons are being 
utilized by the intensifier tube. The noise levels may still be acceptable; 
if not, then the intensifier tube should be replaced and/or "cascaded" (used 
for examinations which have lesser demands on image quality) but not 

(68) paediatrics 1 

The higher noise levels caused by increasing the iris size can in some cases be 
reduced by increasing the lag of the television camera pictc-up tube. Lag is 
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the effect of blurring of moving objects caused by the finite response time 
of the pick-up tube. 3y increasing this response time the TV image averages 
the effects of a larger number of x-ray photons, thereby decreasing the 
observed noise. The resulting movement blurring may however make the 
intensifier unsuitable for some applications, again requiring it to be 
cascaded. 

3.6.2 Screening time 
The patient dose is directly proportional to the screening time, and therefore 
screening times should be kept to a minimum. Two factors influence the length 
of screening time - the skill and experience of the radiologist, and the 
difficulty of the examination. Equipment factors may also contribute. 

(37) An NRL survey of two regional hospitals noted that average screening times 
for barium meals were 0.2 minutes in one hospital and 4.1 minutes in the other. 
This difference in duration for two ostensibly identical examinations must have 
been largely due to variations in technique by the radiologists concerned. It 
is appreciated that individual differences will always exist between the skills, 
experience and technique preferences of radiologists; however all radiologists 
should attempt to optimize their procedures to minimize the duration of 
screening required, without of course compromising the outcome of the 
examination. 

In an NRL survey of special procedures it was noted that, "the duration of 
catheterizations was affected by the condition of the patient's veins and 
arteries. Some elderly patients had very tortuous blood vessels, making 
catheter positioning very difficult. The longest screening time recorded 

ti 
during the survey was 32.7 minutes. 

The x-ray machine itself has only a small influence on screening times, 
provided that the image quality is sufficient for the procedure being 
attempted. One modern trend that does have a pronounced effect however is 
the use of video recorders combined with pulsed and/or single shot x-ray 
modes. With these systems the image recorded during a short pulse of 
radiation is replayed on the monitor. The image is updated either 
automatically or on demand each time the radiation pulse is repeated. This 
technique can result in substantial dose reductions. A small loss in image 
quality compared to the "live" image may be noted. 

3.6.3 Other factors in fluoroscopic exposure 
The settings of cine cameras and spot film devices have a significant influence 

(72) on patient dose. Leibovic and Fellows noted that during cardiac 
catheterization of paediatric patients, between 29 and 59% of the exposure was 
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due to cine, (depending on projection) and that 45Z of the cine exposure was 
caused by "testing", to set the exposure factors. Many new generators have 
automatic adjustment of cine exposure parameters. The use of such equipment 
is to be encouraged. In the abser.ce of such devices, the skill of the 
radiographer in obtaining the correct exposure parameters as rapidly as 
possible is crucial. 

As with all x-ray equipment, adequate filtration is necessary to prevent 
excessive skin doses; the case referred to above involved removal of the 

•v • (69) filtration as a contributing factor 

The choice of film types and correct processing have a significant effect on 
(73) the doses required in 105 mm and similar spot film cameras, the faster 

films giving lower patient doses, with noisier images. 

Attenuation by the table top can increase patient dose significantly, when 
over table x-ray tubes are used with the intensifier under the table. 

(36) Taylor et al. recommend that manufacturers should pay more attention to 
the design of x-ray couches, especially with modern trends towards C-arm, or 
U-arm systems. 

3.7 Mammography 

Mammography provides special problems in the design of x-ray systems because 
of the subtle difference between the normal and pathologic tissues of the 
breast, and the importance of detecting minute details such as 
microcalcifications and the marginal structural characteristics of soft tissue 
masses. Thus the three major requirements for mammography are low beam 
energies and filtration, small focal spot sizes, and fine grain film/screen 
combinations. The combination of slow film/screens and soft radiation means 
that the doses in mammography are high. Considerable research has gone into 
the reduction of mammography doses, but doses are still relatively much 
greater than for other examinations. 

(74) A survey of 29 mammography machines in Finland found a 5000-fold 
difference between the lowest and highest surface doses, and large variations 
in image quality. The methods recommended in this paper for minimizing dose 
to the breast include, long focus to skin distances, use of 3 phase or 
constant potential generators, us* of compression, correct kilovoltage settings, 
use of screen rather than non-screen film, replacement of old screens and 
cassettes that give poor contact, correct film density and processing. 

The requirements on the x-ray machine are the following: less than 1 mm total 

http://abser.ce
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filtration, less than 35 kV, small focal spot, preferably a molybdenum anode 
and molybdenum filter, long focus-to-film distance, and high output ratings 
f> allow short exposure times. 

There is no justification for performing mammography with unadapted 
conventional equipment (WHO) . Some work has been performed on selection 
of appropriate K-edge filters such as rhodium and paladium, to allow the 
use of tungsten anode tubes. Results are not yet of the quality of specialized 
equipment, and also demand heavy x-ray tube loadings, but may prove to be a 
viable alternative. It is recommended that the average absorbed dose to the 
breast should not exceed 10 mGy y (Ellis). 

3.8 Summary of Factors Affecting Patient Doae, and Relative Magnitude of 
their Effects 

The major factor affecting dose to the patient in x-ray diagnosis, is awareness 
and understanding of the principles outlined in this report, by those who use, 
service *nd purchase x-ray equipment. Provided that equipment is appropriate 
for the task, is used sensibly, serviced correctly and replaced when age and/or 
obsolescence make it no longer suitable, then doses will be as low as 
reasonably achievable. 

Bearing this in mind, the factors which are the most significant are, in 
approximate order of importance: 

(1) Whether or not to perform the examination, and if so, the 
number of films, type of technique, whether or not to use 
fluoroscopy etc. 

(2) Fluoroscopic dose rate and fluoroscopy time. 

(3) Speed of film/screen systems. 

(4) Use of adequate filtration, optimum kV, and three phase 
versus single phase equipment. 

(5) Grids. 

(6) Attenuation of table tops etc. 

(7) Film density and processing. 

(8) Focus-film, focus to skin distance, and collimation. 

3.9 Typical Patient Doses 

Because of the wide range of x-ray techniques, there is a correspondingly wide 
range of possible patient doses. To indicate the magnitude of the doses which 
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might be expected, a list of doses for various examinations is given in 
(8) Tables 27 and 28. These doses are from data by Lavs and Rosenstein, which 

(78) ;.'?s based in turn on United States national dose survey data, and the 
Monte Carlo organ dosimetry calculations of Rosenstein . It should be 
realized that the doses are average doses for the examination which may 
include several films, each with varying frequency. For example the chest 
examination includes 10Z AF, 92Z PA, 50Z LAT, and 2% OBL, with an overall 
average of 1.5 films per examination. Because of the differences in male/ 
female anatomy and risk factors, there is one table for males and one for 
females. 

The data are for average exposure factors from the United States survey, and 
the doses are those to an average patient. Thus the doses do not apply 
directly to any individual, nor do they reflect possible differences between 
the United States and New Zealand in radiographic practice, and average 
anatomy. 
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TABLE 27: Somatic dose index and organ doses for common radiographic 
examinations (female). 

— — ^ — — — — 
Examination Somatic 

Dose 
Index 
(uGy) 

Organ Dose (yGy) — — ^ — — — — 
Examination Somatic 

Dose 
Index 
(uGy) 

Thyroid Active 
Bone 
Marrow 

Lung Breast Ovaries U:?rus/ 
Embryo 

Chest 110 65 30 200 140 0.6 0.6 
Mammography 4450 - - - 10000 - -
Skull 350 2220 310 20 <0.1 <0.I <0.1 
Cervical Spine 490 4040 110 140 <0.1 <0.1 <0.1 
Ribs 2650 1540 420 2960 4110 4 5 
Shoulder (one) 460 580 60 270 770 <0.1 <0.1 
Thoracic Spine 3150 810 410 3790 5360 10 8 
Cholecystogram 460 10 660 1760 <0.1 60 50 
Lumbar Spine 910 3 1260 1330 <0.l 4050 4080 
Upper GI 1380 70 1140 4760 530 450 480 
KUB 290 0.1 480 120 <0.1 2120 2630 
Barium Enema 1320 2 2980 40 <0.1 7870 8220 
Lumbosacral 
Spine 

1190 0.5 2240 350 <0.1 6400 6390 

IVP 820 0.1 1160 350 <0.1 6360 8140 
Pelvis 190 <0.1 270 1! <0.1 1480 1940 
Hip (one) 110 <0.1 170 <0.1 <0.1 780 1280 
Full Spine 
(Chiropractic) 

1670 2710 350 1170 2340 1000 1280 
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TABLE 28: Somatic dose index, and organ doses for common radiographic 
examinations (male). 

Examination Somatic 
Dose 
Index 
(uGy) 

Organ Dose (]iGy) Examination Somatic 
Dose 
Index 
(uGy) 

Thyroid Active 
Bone 
Marrow 

Lung Testes 

Chest 80 65 40 190 <0.1 
Skull 450 2220 310 20 <0.1 
Cervical Spine 520 4040 110 140 <0.1 
Ribs 1350 1540 490 3240 <0.1 
Shoulder (one) 1900 580 60 390 <0.l 
Thoracic Spine 1550 810 520 4210 <0.1 
Cholecystogram 900 10 660 1760 <0.1 
Lumbar Spine 1750 3 1260 1330 70 
Upper GI 2310 7 1170 5320 4 
KUB 570 0.1 480 120 160 
Barium Enema 2600 2 2980 480 580 
Lumbosacial Spine 2310 0.5 2240 350 430 
IVP 1580 0.1 1160 350 490 
Pelvis 360 <0.1 270 11 570 
Hip (one) 210 <0.1 170 <0.1 3680 
Full Spine 
(Chiropractic) 

980 2710 350 1490 100 
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