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Abstract

Radiographs are most commonly taken in the neonatal period to assist in the diagnosis and management of respiratory
difficulties. Frequent accurate radiographic assessment is required and a knowledge of the radiation dose is necessary to make
the justification of such exposures. A survey of radiation doses to neonates from diagnostic X-ray examinations (chest and
abdomen) has been carried out in the special care baby unit (SCBU) of the Royal Free Hospital. Entrance surface dose (ESD)
was calculated from Quality Control measurements on the X-ray set itself Direct measurement of radiation doses was also
performed using highly sensitive thermoluminescence dosimeters (LiF:Mg,Cu,P), calibrated and tested for consistency in
sensitivity. The mean ESD per radiograph was calculated to be 36^Gy (with a standard deviation of 6uGy), averaged over 95 X-
ray examinations. The ESD's as derived from the TLD crystals, ranged from 18uGy to 60uGy. The mean energy imparted (El)
and the mean whole body dose per radiograph were estimated to be 14uJ and lOuGy respectively. Assuming that neonates and
foetuses are equally susceptible to carcinogenic effects of radiation (it involves an overestimation of risk), the radiation risk of
childhood cancer from a single radiograph WEIS estimated to be of the order (0.3-1.3)xlO"6. Radiation doses compared
favourably with the reference value of 80nGy ESD published by CEC in 1996.

1. Introduction

Diagnostic radiology plays an important role in the assessment and treatment of neonates
requiring intensive care. It is often necessary to perform a large number of X-ray examinations
depending upon the infant's birthweight, gestational age and respiratory problems. X-ray
examination of children, especially neonates, attracts particular interest because of the
increased opportunity for expression of delayed radiogenic cancers as a consequence of
relative longer life expectancy. Also, the small sizes of the newborn infants brings all organs
within or closer to the useful beam resulting in a relatively higher overall exposure per
radiograph than may be the case with adults. It is therefore important to ensure that radiation
doses from radiographic examinations carried out in neo-natal units are kept to a minimum
while maintaining the quality of radiographic images.

Wide variations have been found in techniques, equipment performance and radiation dose in
different hospitals in a European survey of paediatric radiology [1]. The results have
highlighted the need to develop dose standards for paediatric and neonatal examinations. The
requirement towards dose optimisation, led to the European Commission recommending a
standard radiological technique for neonates with the aim of at least achieving a "reference
entrance skin dose" of 80uGy [2].

This paper describes a prospective study of radiation dosimetry performed in the SCBU at the
Royal Free Hospital. A variety of dosimetric quantities: ESD, El and whole body dose have
been measured and recorded. Finally, an attempt has been made to evaluate the applicability
of TLD LiF: Mg,Cu,P as a reliable dosimetry method used in a SCBU.

2. Materials and methods

All radiographic examinations were performed with a capacitor discharge mobile X-ray unit
type 38S(GEC) with a single phase generator, total filtration 3.6mm aluminium equivalent
thickness, and an X-ray tube target angle of 17°, using Kodak Lanex Regular Screen
combination with a 400 relative film-screen combination speed. In most cases the examination
was carried out with the baby in the incubator and placed directly on the top of the cassette
with the focus-to-film distance (FFD) set at 100cm. Pieces of lead rubber were placed on the
perspex top of the incubator in order to reduce the size of the X-ray beam to the area of
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interest. More detailed description about the way that the pieces of lead may be placed on the
perspex top of incubator can be found in [3].

2.1. Indirect method of measurements
Measurements of tube output were made using a 15cc ionisation chamber with calibration
traceable to a national standard. ESD was estimated for each patient and for each exposure
from knowledge of the technique factors, X-ray tube output and backscatter factors (BSF), in
accordance with the following formula: Entrance surface dose (uGy) = output (uGy mAs'^x
mAsxBSFxISLx LF(|Wp)tis/(|Wp)airVTA BSF of 1.1±5% was employed, determined by [4] for
a neonate with body thickness of 5 cm with tube potentials in the range 50-70kVp for a field
size of 70-300cm2 using Monte Carlo techniques. The ISL factor is an inverse square law
correction from the chamber calibration distance (100cm from the focus) to the focus-to-skin
distance (FSD). The FSD was not measured directly, but approximated by the difference
between the known FFD and the neonate equivalent diameter. Because of difficulties in
obtaining an accurate measurement of the length or trunk diameter, we used an average
equivalent patient diameter of 7.5±1.4cm [5].

The mass energy absorption coefficient ratio averaged over the X-ray energy spectrum was
evaluated for muscle as defined by the International Commission on Radiation Units and
Measurements (ICRU) and is equal to 1.05 for the range of 50-58kVp used in this study, with
an uncertainty of no more than ±1% [6].

The uncertainty in ESD was calculated as the quadrature sum of the estimated uncertainties in
output measurement (±3.2%), the use of patient diameter in the ISL correction (±5%) and the
BSF evaluation (±5%) to give a value of ±8%.

The El to the neonate is derived from the ESD integrated over the irradiated area (dose-area
product, DAP). The irradiated body area from each radiograph was deduced from
measurements made on the film. This area varied widely, owing to different patient sizes but
mainly to the varying degrees of collimation employed. The DAP can be approximated by the
product of the ESD and the film area demagnified from the FFD to the FSD. This
approximation results in a DAP evaluation including backscatter, since the ESD has been
calculated after applying the BSF's. The El is calculated from the estimated DAP using
conversion factors for neonates exposed to X-rays with energies between 50 and 70kVp

determined by [4] for a single-phase generator, an anode angle of 17° and a net filtration of
2.5 mm aluminium equivalent. Estimates of radiation risk can be made from El, by assuming
that all radiosensitive organs are considered uniformly distributed through the irradiated
portion of the body [4]. A whole body dose is determined by dividing the imparted energy by
the weight of the neonate.

2.2. Direct method of measurements
In this study TLD LiF:Mg,Cu,P (Harshaw TLD-100H) is employed. Only a few reports [7]
have studied the performance of LiF:Mg,Cu,P in neonatal X-ray dosimetry. Annealing and
read-out of the TLD chips were performed according to the instructions of Qados company
[8].

A dedicated calibration employing a perspex jig and tissue substitute phantom, was performed
using the X-ray unit on the SCBU. The jig held the TLD chips and calibrated 15cc ionisation
chamber. The TLD were individually calibrated and sensitivities established over the exposure
range that they would be measuring. The phantom supported the jig and consisted of lcm
slabs of solid water (WT1) which when stacked represented different patient thicknesses.
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To ensure that the TLD chips would not actually show up on the films and would not obscure
the anatomical and pathological details, the packaged chips were placed on different
thicknesses of solid water and irradiated with the X-ray mobile unit. The image quality test
showed that the chips are seen in the radiographic image when 4 and 5cm of solid water was
used. Consequently, the most appropriate place to put them was considered to be in the X-ray
beam, on the shoulder of the baby, if a chest X-ray and on the hip of the baby, if an abdomen
X-ray is being performed.

3. Results and Discussion

3.1. Indirect patient dose measurements
A total of 30 neonates were included in this study. The mean number of radiographs received
by one neonate was 3.2, which compares with values of 3.8 [9], 5.3 [4] and 4.7 [5] in other
studies. Approximately one half of neonates received only one radiograph, but the frequency
distribution shows a long tail, with a maximum of 17 radiographs for one neonate. The main
influence on the estimated typical total body dose is the number of radiographs taken, which is
related to the clinical problems of the neonates. The neonates having a great number of
radiographs (above 35 was reported in the studies of [4] and [9]) are of particular concern
since they may have an increased probability of further radiography in early childhood.
Dosimetry and protection measures will have special benefit for these children.

ESD's ranged from 28uGy to 58p,Gy. The mean ESD per radiograph was calculated to be
36.3|j.Gy, averaged over the total of 95 X-rays included in the study. The results of our study
show that infants did not receive what might be considered 'excessive' radiation from
diagnostic modalities. ESD's were found below the EC reference dose for mobile chest X-rays
of 80p,Gy [2]. Although this is encouraging it should not lead to complacency, as being below
the reference dose is not an indication of optimum efficiency.

A more significant measure of risk is the El to the neonate; only a few studies [4,5,9] have
considered this quantity in SCBU radiology. The mean El and the mean whole body dose per
radiograph were found to be 14fj.J and lOuGy respectively. The mean El per radiograph is
found to be higher (16uJ) for chest and abdomen examinations than for chest X-ray
examinations (13uJ). This shows that the total El depends strongly on the radiation field area
and this is the reason why X-ray beam collimation is important in radiographic examinations.
Estimates of radiation risk can be made from El, by assuming that all radiosensitive organs are
considered uniformly distributed through the irradiated portion of the body [4]. The problem
is what factor is the most appropriate risk factor for the neonates. The alternatives are whether
to correlate our data with the studies on foetuses in utero, or to assume that the sensitivity to
ionising radiation for the newborn babies is more similar to that ascribed to young children. In
practice of radiation protection, since the majority of neonates were pre-term the appropriate
risk factor was felt to be that for fetal irradiation. According to the ICRP report 60 [10] the
risk of fatal childhood cancer due to prenatal exposure has been estimated to vary from 2.8x
10"2 Sv"1 to 13xlO"2 Sv"1. The authors stress that the risk in the first trimester appears to be
larger than that found in the 2n and 3 rd trimester, but this is not established. If we accept that
the cancer risk, meaning leukaemia, is the same for the 2nd and 3rd trimester it should be fairly
close for X-rays taken shortly after birth. Therefore, using these factors, the risk of childhood
cancer from a single radiograph would be of the order (0.3-1.3) xlO"6. However, the
assumption that the newborn and foetus are equally susceptible to carcinogenic effects of
radiation involves an overestimation of risk. Firstly, irradiation in utero involves whole body
exposure of the foetus, whereas the neonatal radiography involves only partial exposure.
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Secondly, it is not known whether babies in a higher oxygen tension than foetuses run a
greater risk of carcinogenesis from radiation [11].

The results show the risk from neonatal radiation to be fairly low, and it is considered to be
substantially outweighed by the clinical benefit of the radiograph in assessing the progress of a
sick baby. This is probably even more marked in the tiny prematures. However, the risk versus
benefit of each radiograph is important and must be weighed carefully, especially because
radiation effects are cumulative.

3.2. Direct patient dose measurements
Table 1 gives the results from TLD measurements for each examination and gives a
comparison between ESD's measured with TLD and ESD's calculated from technique factors.

Table 1: Comparison between ESD measured with TLD and ESD derived from the technique factors

Number of
radiographs

30

Mean ESD measured with
TLD (nGy)

28.910.4

Mean ESD calculated from
technique factors (fiGy)

31.8±2.5

Comparison between the two measurement techniques shows that dose levels are similar for
both techniques. These results indicate that TLD LiF:Mg,Cu,P can be applied as a reliable
dosimetry method for effective monitoring of dose levels within a special care baby unit.

Uncertainties in the measurement of doses involve the fact that the TLD chips were not placed
on the centre of the radiation beam during the X-ray examination, so as not to affect image
quality. Since they were placed on the edge of the beam (shoulder/hip), they measured
somewhat lower dose. In fact, a difference of the order of 7% in dose was found. Furthermore,
uncertainties in the calculation of ESD's from technique factors involve statistical
uncertainties in patient's weight, in equivalent patient diameter and in measurements of kV,
mAs and FFD.

3.3. Comparison with previously published results and assessment of dose reduction
techniques in a SCBU
Our results may be compared with previously published data to attempt to delineate
mechanisms for dose reductions. The mean ESD per radiograph, regarding chest X-rays,
found in this study (36uGy), can be compared with the values of 36p,Gy [9], 44uGy [12],
20p,Gy [5] and 53uX3y [13] given by other studies. The mean ESD per radiograph as far as
chest and abdomen examinations are concerned, is found to be 35uGy in this study, whereas
values of 7O|o,Gy and 58|J.Gy have been reported by [11] and [14] respectively. The
comparison shows a range of doses resulting from variations in radiographic techniques used
and from differences between irradiated populations included in each site. The use of rare-
earth screens enables a great dose reduction and should be a major consideration in sites that
still use conventional (fast calcium tungstate) screens. In spite of the recommended high
voltage techniques, lower radiographic voltage is still often used in most of the sites. It must
be remembered that the effective radiographic voltage depends on the type and age of the
generator. Not all the generators allow short exposure times that are required for higher kV
technique.

The range of ESD's encountered between different studies demonstrates that the 'as low as
reasonably achievable' (ALARA) principle is not being applied. Therefore, investigation into
further reduction should be made but without compromising diagnostic information. Probably
the most significant factor in radiological technique, regarding radiation protection for both
infant and staff, is the careful collimation of the field to the area of interest. Therefore, the risk
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of radiation to the newborn is minimized by making sure that only essential radiographs are
taken, that careful collimation confines radiation to the relevant part of the infant, that
radiation shields over the lower abdomen are used unless this area is to be included on the
radiograph. Finally, adequately trained staff perform the radiographs so that the number of
repeat radiographs is reduced to the absolute minimum and that the highest standards of
radiation protection are achieved.

4. Conclusions

Although the radiation risk of X-ray examinations is found to be low considering the benefit
for the infant, radiography of newborns should be performed with full knowledge of the
possible harmful effects, considering that infants are particularly susceptible to radiation
induced cancer and that prematures may require a large number of X-ray examinations during
the early weeks of life.

Comparison between different studies resulting in a large range of doses found in a SCBU
shows a continuing need for assessment of radiation dose on neonates together with regular
review, and implementation, of dose reduction procedures.
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