





Figure 30. Distributions of the percentage differences
between the anode-cathode and the transverse dimensions

of the focal spots of diagnostic x-ray tubes.
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inaccuracies, both with and without filtration being considered. The wide variation in output
persisted, however.

The x-ray exposure device results (Tables 21 and 22) would not implicate timer inaccuracies as
being a major factor in output variations. We had no means of assessing mA accuracies, and this
is likely to be a considerable source of variability in outputs over the different units. Other sources
of output variabilities include anode target angle and tube age, and HT cable effects on the
waveforms.

When the output data presented by the HPA® for constant potential generators are compared
with the data from this survey, the agreement is within 20%, as shown in Table 24. The HPA data
specifies total filtration in addition to 3 mm of beryllium and 4.7 mm of perspex. Using the method
described by Nagel(s), an aluminium equivalence of 0.5 mm is assigned to this inherent filtration
to give the total filtration values used in Table 24. This comparison is yet another illustration that
any given tube can have a considerably different output to any other tube, even when operated
under ostensibly identical conditions.

Table 24: Comparison of radiographic x-ray output for 6 and 12-pulse x-ray machines from
this survey (ex Table 1) and from the HPA for constant potential units, For the HPA data, the
inherent filtration of 3 mm Be +4.7 mm perspex has been assumed to have an equivalence of
0.5 mm Al

kvp Total filtration Radiographic output (¢Gy/mAs at 1 m)
mm Al This survey HPA

70 3.6 36 43

80 34 50 61

90 33 70 81

100 34 94 100

The ratio of outputs for 6- and 12-pulse units to that of the 2-pulse units was approximately 1.3
for the data simply expressed in terms of the kVp set (Table 4). This ratio increased to
approximately 1.6 for the filtration grouped data (Table 7) and the true kVp grouped data (Table
8), and increased further to approximately 2 for the data grouped according to both true kVp and
filtration (Table 10). The initial ratio of 1.3 reflects the lower average filtration of the 2-pulse
units relative to the 6- and 12-pulse units (see Table 20), and that the average true kVp of the
2-pulse units was typically 4 kV higher than set (giving increased output), whereas the 6- and
12-pulse units had a true kVp very close to the set value (Table 16). The final ratio of
approximately twice the output for 6- and 12-pulse units relative to 2-pulse units operated at the
same( 4r)adiographic factors is in agreement with Edmonds® analysis of data presented by Birch
etal~.

Log-normal distributions were successfully fitted to the skewed output distributions (Tables 4 and
8), thus providing an analytical description of the distribution of radiographic outputs as a function
of set parameters. In general the mean from the log-normal distribution agreed more closely with
the median value, suggesting that these two statistics are the better estimators of central values
than the arithmetic mean of the distributions.

When curves of the formy = a + b In xwere fitted to the average output values as a function of
set or true kVp, the slope of the line (or index of kVp) was in the range 2.0 to 2.8. These values
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are slightly higher than the often quoted "power-of-two" rule of thumb relationship linking kVp
and output in the incident primary beam. As the primary beam is attenuated, either by body parts
or additional filtration (or both), the index of the power relationship increases. Typically, for exit
beams in diagnostic radiology this index is in the range 4 to 8, depending upon the body part and
patient size. Therefore the higher indices fitted to the data in this report are presumably due to
actual primary beam filtration values (inherent plus added) greater than the filtration levels
commonly in use when the "rule of thumb" evolved.

From the least squares fits presented in Tables 5 and 9, we can summarize formulae for estimating
the average radiographic output (uGy/mAs to air at 1 metre) for a given generator waveform
either in terms of kVp set or, if known, true kVp. These are given in Table 25. Filtration effects
have not been separated out, but the average filtration of the data used is given in each case.
Reference should be made to Tables 7 and 10 if an estimate of output is required for a given
filtration.

Table 25: Formulae for estimating typical x-ray outputs per mAs at 1 metre for x-ray units of
various waveforms. The formulae are derived from lines of the formIny = a + b Inx fitted
to output data under least squares criteria. The average filtration of the tubes whose outputs

were used in the analysis is also given.

kvp Waveform Average Output (uGy/mAs at 1m) Applicable Average
kVrange filtration (mm Al)

set value 1 output = exp(1.76 In(kV) - 8.34) 50- 90 2.8
2 output = exp(2.28 In(kV) - 6.50) 50-110 3.0
6& 12 output = exp(2.30 In(kV) - 6.34) 50-110 45
CD output = exp{2.64 In(kV) - 7.68) 50-110 35
true value 2 output = exp(2.15 In(kV) - 6.02) 60-110 3.0
6&12 output = exp(2.15 In(kV) - 5.56) 60-110 4.0

Fluoroscopic dose rates (Tables 14 and 15) exhibited the same wide range of values as the
radiographic outputs, and again the factors of filtration, kV and mA accuracy, tube age and target
angle, and cable effects on the waveform would all contribute to this variability.

Thus the conclusion concerning outputs is that with the multiplicity of interdependent factors
affecting x-ray outputs, the distribution of a set of measured outputs will exhibit a wide range of
values. It is hoped that the data presented in the tables and figures will enable reasonable
estimates of output to be made for any combination of technique factors (e.g., either known or
set kVp, known or unspecified filtration, and waveform).

It is important that an x-ray generator exhibits good linearity across its mA and mAs settings.
Non-linear behaviour will lead to incorrect exposures and hence repeat radiographs. The level
of compliance with the NRL C5 requirement for linearity of x-ray output was not particularly
good at 71% (Table 11), especially when one considers that the NRL C5 linearity requirement is
between adjacent mA settings, rather than the more stringent requirement between any pair of
mA settings.

The worst units for non-linearity, when classified according to waveform, were the 6-pulse units.
Many of these 6-pulse units were old (=10 years) and the degree of non-compliance was greater
amongst these older generators - almost 50% non-compliance for 6-pulse generators of age 10
years or more. There was no significant difference in the age of 2-pulse gencrators that complicd
compared with those that did not. Similarly there was no difference in the compliance rate of
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fixed 2-pulse units versus mobile 2-pulse units, with compliance rates of 73% and 69%
respectively. The compliance rate of the 12-pulse generators was more acceptable (87%) and
may reflect the greater sophistication and stability of these units,

The reproducibility of x-ray output on a given unit was very good with only 2% of units failing to
comply with NRL C5 (Table 13). Given that good reproducibility of output is essential to avoid
repeats, this high compliance rate is highly gratifying. If we take the more stringent 5% value for
the coefficient of variation, then mobiles (and in particular elderly mobiles) become the major
non-compliers. The 6-pulse generators were the next greatest non-compliers, followed by fixed
2-pulse units. All the 12-pulse generators tested complied.

5.2 Peak kilovoltage

Itis evident from the distribution of true kVp versus set kVp presented in Figures 18-22, and from
Table 16, that it was more likely for the true kVp to be higher than the set value, than vice versa.
Regardless of whether the generators were grouped according to waveform, or were aggregated,
the ratio was approximately 2:1 for a true kVp being higher than was set. This result is likely to
be a consequence of a low true kVp being readily noticed by the radiographer due to the lack of
output and penetration. A true kVp higher than was set is likely to be more difficult to detect
with only subtle changes in contrast to indicate that the kVp may be incorrect. It was also found
that as the kVp set increased, the ratio of true kVp above set values to those below, became closer
to 1:1.

It is also evident from the distributions (Figures 18-22) that there exists a lowest bound, typically
10 kV below the set value, but there is no corresponding highest bound, with deviations of more
than 20 kV being not uncommon. Again this is probably due to an image being able to be formed
at a grossly high kVp (be it with less diagnostic value), while for a grossly low kVp difficulty is
experienced in obtaining enough output for an image, thus alerting those concerned.

When the analysis of kVp measurements was performed for each generator as a separate entity
(Figure 23 and Table 18), it was found that the mean average absolute deviation of the true kVp
from the set kVp per generator is less for the 6- and 12-pulse units than for the 1- and 2-pulse
generators (3.6 versus 6.2). One possible explanation for this is that most 6- and 12-pulse
generators are found in major public hospitals and may be more regularly serviced than the 1-
and 2-pulse units that are found at small hospitals and private practices (as well as major
hospitals). It is also likely that the more sophisticated multi-pulse generators are more stable with
time.

The results in Figure 24 indicate that there are many generators that would be difficult to use in
practice. Without regard to actual accuracy of the kV setting, 32% of generators tested gave a
kV variation greater than 5% when changing the mA station. From the x-ray output results, a
change of 5 kV at 80 kVp will produce a change in output of approximately 13%, and a change
of 10 kV, again at 80 kVp set, will give a 30% change in output. It would be difficult to avoid
repeat radiographs using generators that exhibit kV changes of greater than 5% when selecting
different mA stations. The effect of focus selection was less dramatic (Figure 24), with an average
change of 2.9 kV.

The kVp accuracy of 66% of generators did not comply with the 5% tolerance specified in NRL
CS.. This poor level of compliance is probably a reflection of the difficulty in measuring kVp on
an x-ray unit. It is only in more recent years that quick non-invasive methods of measuring the
kVp have become available, and further it is only a recent trend that the x-ray service companies
are being equipped with calibrated test equipment. Some generators definitely have design
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shortcomings that make it virtually impossible to have all the kVp settings correct at all the mA
stations at any given time. Any generator requires a patient systematic approach to the setting
up of kilovoltages and tube current, and often under the pressure of time this does not happen.

Since this survey in 1983, our evidence from current field visits suggests that the kVp compliance
rate is improving,

5.3 Filtration

The current requirement of NRL C35, following the recommendation of the International
Commission on Radiological Protection™?, is that the minimum total filtration in the useful beam
of x-ray tubes operated at normal diagnostic energies is 2.5 mm Al equivalent. However prior to
the revision in 1983 the original NRL C5 had specified a minimum filtration requirement of
2.0 mm Al equivalent for tubes operated between 70-100 kVp. The values presented in this report
are based on measurements made during 1983, the beginning of the inevitable transition period
associated with the changes in filtration requirements.

Figure 25 shows very skewed distributions for the estimated total filtration values. Each
distribution has a cut-off value in the range 2.0-2.5 mm Al, below which few filtration values occur.
Most tubes (85%) had a total filtration of 2.5 mm Al or greater, thereby meeting the newer
filtration requirement, and nearly all (97%) met the previous minimum requirement of 2.0 mm Al
total filtration.

From Table 19 it is seen that the radiography only tubes on average have about 1 mm Al less
filtration than tubes used for fluoroscopy. This higher level of filtration for fluoroscopy tubes
would result from the extra filtration of table tops, etc., in the primary beam. Closer scrutiny of
the distribution for fluoroscopy tubes (Figure 25) reveals a uniform distribution from 2.5 mm Al
upwards. (A chi-squared test against the uniform distribution was accepted at the 10% level.)
This shape is likely to be the merging of two distributions of tube filtrations - those with no added
filtration, but utilizing the table top, and those with added filtration as well as the table top.

Table 20 presented filtration results in terms of the generator waveform. Itis seen that the single
phase (1- and 2-pulse) x-ray machines have less heavily filtered beams. Presumably the higher
outputs of the 6- and 12-pulse units allow the addition of more filter without adversely affecting
exposure times required for given examinations.

5.4 Timer

From the results (Tables 21 and 22, and Figure 26) it is evident that, in general, the exposure
devices were accurate and reproducible. The range of times at each of the four test settings were
narrower for the 6- and 12-pulse units than for the 1- and 2-pulse units. The non-compliance rate,
both for accuracy and reproducibility, was greater for the 1- and 2-pulse units than for the
multi-pulse units. Although NRL CS5 specifically excludes criteria for times less than 0.2 seconds
it was found that the non-compliance rate for accuracy increased at these shorter times, with 32%
of 1- and 2-pulse units having one or more settings outside compliance, and likewise for 26% of
6- and 12-pulse units. Of the 11 1- and 2-pulse units that failed compliance with the reproducility
criteria, 7 were old mobiles, and the remaining 4 were similarly old fixed units.
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5.5 Light beam diaphragm

NRL C5 specifies 3 requirements for a light beam diaphragm. Under accuracy, the coincidence
of the light field and the x-ray field must be within 2% of the distance at which the test is made.
Under delineation, the centre of the field should be marked, again with an accuracy of 2% of the
test distance. Finally the brightness of the light field should enable it to be clearly seen under
ambient lighting conditions.

No quantitative assessments were made concerning LBD brightness, but few problems were
experienced in using the LBDs to perform our tests. The combined results for accuracy and
delineation (Table 23) show that only 2 units were in gross non-compliance with the Code.
Approximately 8% were at the limits of acceptability. As mentioned in the results, the LBD of a
mobile x-ray unit is more likely to have a misalignment approaching non-compliance, than is a
fixed unit. Because of the implication of LBD misalignment (either a repeat radiograph due to
missed anatomy, or irradiation of a greater patient volume than necessary) it is essential that a
high level of LBD accuracy and delineation are maintained.

5.6 Focal spots

The focal spot size results (Figures 28-30) show that a wide range of focal spot sizes are in current
clinical use. The size of focal spot suitable for a given set of examinations depends upon the
geometry of the examinations (magnification), the sharpness requirements, and the tube loading
requirements. Although the method used to determine focal spot size does not determine actual
physical size, the results do reflect the common nominal sizes offered on the market. Tests should
be made at the time of commissioning a tube to determine whether it meets the manufacturer’s
claims.

6. CONCLUSION

In the course of gathering data for the second national patient dose survey, considerable
information on the characteristics of x-ray machines in use in New Zealand was amassed. These
data are presented in this report to indicate trends in behaviour and to form a reference for
information on x-ray machine characteristics.

* X-ray outputs showed considerable variations between machines with factors such as
generator waveform, kVp accuracy, beam filtration all having major effects.

* Linearity of x-ray output was generally poor, but reproducibility was adequate.

* The accuracy of kilvoltage settings at the time of the survey was poor, but this may
have improved in the last few years.

* Beam filtration and collimation were satisfactory, as was timer performance.
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