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Dose–area product-to-effective dose (E) conversion factors for chest, abdomen and abdomen–chest neonatal radiographs were
computed. Seven patient models in the Monte Carlo software, PCXMC, were defined, representing neonates ranging in
weight from 0.5 to 6.0 kg. Conversion factors for a tube potential range of 50–80 kVp at two beam filtrations (3.0 mm Al and
3.0 mm Al10.1 mm Cu) were calculated. For 133 neonatal radiographs, effective dose values determined using these conversion
factors were compared with those obtained from PCXMC simulations customised for each radiograph. For a 3.0-kg newborn
irradiated at 60 kVp/3.0 mm Al beam filtration, the conversion factors were 2.58, 1.90 and 1.91 mSv (mGy cm2)21 for chest,
chest–abdomen and abdomen radiographs, respectively. Average dose difference between the conversion factors and customised
dose calculations was 16 %. Disagreement in effective dose was most strongly correlated with under-collimation in the lateral
direction.

INTRODUCTION

Ionizing radiation poses a greater biological risk for
children than that for adults. Children have young dif-
ferentiating cells and longer life expectancy, which
make them more susceptible to the stochastic effects
of radiation. These effects include radiogenic cancers
and leukaemia(1). For common radiographic exami-
nations such as chest or abdomen, the lifetime risk
of cancer to young children is about twice that to
adults(2). Therefore, patient dose must be kept as low
as reasonably achievable (ALARA)(3, 4).

Neonatal babies born with breathing and other dis-
orders are hospitalised in the neonatal intensive care
unit (NICU). X-ray imaging is regularly performed in
the NICU, and patients can be subjected to several
radiographs per day. Anterior–posterior (AP) chest
and abdominal radiographs are the most common
diagnostic imaging examinations(5).

Due to their smaller size, manyof the sensitive organs
of neonates fall within the field of exposure during a
radiographic examination, which include the lungs,
stomach, bladder, colon, liver, thyroid and gonads. It
is typical that a patient in the NICU receives multiple
radiographic examinations, where the frequency dep-
ends on the birth weight, gestational age and clinical
conditions(5, 6). Several studies have sought to docu-
ment neonatal doses(5 – 10), employing a variety of

techniques, including Monte Carlo simulations(7) and
skin dose measurements or estimates(5, 8 – 10).

Dose–area-product (DAP) or kerma–area-product
meters are now common features of radiographic or
fluoroscopic imaging systems. They provide either ac-
tual readings or software estimates based on system
calibration measurements, in units of gray-meter squared
(Gy m2). DAP meters offer several advantages. The
DAP reading does not change with distance from the
X-ray source because of the inverse relationship bet-
ween X-ray beam intensity and area. This facilitates
measurements and removes the need for geometric
correction. Further, DAP readings account for the
irradiated area. Unlike air kerma, the DAP will in-
crease or decrease with the area of the X-ray beam.
This is useful in assessing patient exposure as long as
the exposure is over collimated. Once the beam extends
well beyond the patient edges, DAP readings become
misleading. Like incident air kerma, however, the
DAP is a surrogate for dose and cannot directly be
translated into an assessment of risk.

Effective dose (E) is the parameter often used to
quantify risk. Effective dose(3) is a weighted average of
the organ doses resulting from an exposure, with the
weighting representing the relative susceptibility of
humanorganstoradiationdamage.Usingeffectivedose
for estimating risk in clinical settings is a controversial
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concept but remains widely used(11, 12). Several
groups have used effective dose to report on the doses
of their NICU populations(5, 9, 10, 13).

Effective dose cannot be directly measured. It can
be estimated from Monte Carlo simulations or organ
measurements in phantoms. Both methods can provide
conversion factors (CFs) that can be used in obtain-
ing an estimate of effective dose from a readily meas-
urable quantity, such as entrance skin dose (ESD),
incident air kerma (Kai) or DAP. Makri et al.(7) mea-
sured ESD and then reported ESD-to-organ dose and
Kai-to-organ dose CFs for neonatal radiographs of
the chest and abdominal regions. Karambatsakidou
et al.(14) and Schmidt et al.(15) formulated dose–area
product-to-effective dose (DAP-to-E) CFs for paedi-
atric cardiology using the Monte Carlo-based dose
calculation software, PCXMC(16). Smans et al.(17)

compared Kai-to-organ dose CFs for radiographs of
premature babies resulting from simulations using sty-
lised mathematical phantom with those resulting from
more representative voxelised phantoms. Damilakis
et al.(18) reported CFs for gastrointenstinal tract con-
trast studies performed on infants. Hart et al.(19) pub-
lished CFs for estimating effective doses from paediatric
examinations, but these CFs were based on ICRP
60(20) and combined all neonates in a single category
of age 0.

PCXMC 2.0 (STUK, Finland) (henceforth referred
to as PCXMC) is a dose calculation software based
on MC simulations(16). It uses stylised mathematical
hermaphrodite phantoms to represent patients from
age 0 to adulthood. Some of its beneficial features
include a graphical user interface and customisation
of the mathematical phantom by height and weight.
It has been used for neonatal dosimetry(21) and was
shown to give results comparable with those from
simulations based on voxelised phantoms of prema-
ture babies(17). Similarly, earlier work by the authors’
group resulted in effective dose values for neonatal
radiography using PCXMC and direct organ dose
measurements in a physical phantom(22) being com-
parable. A PCXMC simulation requires the user to
enter information about the imaging geometry, expos-
ure field, patient parameters and beam conditions
and may therefore pose a challenge for a busy imaging
practice or the non-technical user.

The purpose of this study is to use PCXMC to de-
termine a set of DAP-to-E CFs for neonatal radiog-
raphy. The CFs are based on patient weight and beam
quality and can be easily used in look-up table or
formula form to determine effective dose. To assess
the accuracy of the CFs, the authors collected DAP
readings from clinical radiographs in their institu-
tion’s NICU and compared the effective dose ob-
tained from the CFs with the effective dose obtained
from PCXMC simulations customised for each radio-
graph. With the increasing interest in establishing
dose records, CFs can provide a relatively simple and

accurate method for recording dose and determining
the risk for this susceptible population of patients.

MATERIALS AND METHODS

PCXMC model

In PCXMC, the authors defined seven patient
models, with weights ranging from 500 to 6000 g. To
determine the heights of these patient models, the
authors collected weight and height data of 144 NICU
cases and generated a logarithmic fit of height as a
function of weight. To validate the weight–height re-
lationship, the authors compared their fit with that
obtained from the weight–height charts reported by
Fenton(23).

For each patient model, the authors set the source-
to-image receptor distance in PCXMC to 105 cm and
the phantom exit to image distance to 5 cm. The
latter represents the gap between the patient and the
image receptor caused by the patient mattress or
image receptor tray. With the input of a board-
certified paediatric radiologist, the authors adjusted
the X-ray field incident on the PCXMC stylised
phantom so that it mimics clinical practice, allowing
for typical under-collimation in NICU radiography
based on the radiologist’s experience. Models for AP
chest, abdomen and combined chest–abdomen exam-
inations were defined. Figure 1 shows the irradiated
field of view of the PCXMC model for a 3-kg patient
for AP chest, abdomen and chest–abdomen. Table 1
provides the details of the irradiated field of view for
each weight and examination protocol considered.
Reflecting common clinical practice, the chest field
directly irradiated the thyroid partially and the
abdomen field irradiated the gonads.

Figure 1. The irradiated field of view of the PCXCM
stylised phantom used to derive DAP-to-E CFs for AP chest
(left), AP abdomen (middle) and AP chest–abdomen of a

3.0 kg neonate.
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In each case, 2 million photons with a maximum
energy of 150 keV were simulated, to achieve statistic-
al uncertainty of no more than 3 %. All of the 24
organs included in the PCXMC phantom were
included in the simulation, even if they were not in the
direct path of the X-ray beam. The phantom arms
were not included. The effective dose was calculated
using the most recent tissue weighting factors(3).

As inputs to PCXMC, the authors entered tube
potential, beam filtration and an incident DAP value
of 1 mGy cm2 and varied the tube potential (kV)
from 50 to 80 kV in steps of 5 kV, for beam filtrations
3.0 mm Al and 3.0 mm Al plus 0.1 mm Cu.

Clinical data

The portable radiographic system (AMX4, GE
HeathCare, Waukesha, WI) used in the NICU at the
Winnipeg Children’s Hospital was equipped with a
Diamentor CX DAP meter (PTW Corp., Freiburg,
Germany). The technologists recorded the DAP read-
ings by annotating the radiographic image in the ac-
quisition software of the computed radiography
system (Agfa Healthcare, Mortsel, Belgium). For the
purpose of this study, the authors retrieved the DAP
readings, patient weights and heights, kVp and patient
age for 133 NICU radiographs acquired over a period
of two months (19 May to 20 July 2010). This set of
images was different from the one used to determine
the patient height–weight relationship. For each image,
the effective dose was determined using the DAP-to-
E CFs computed in this study. The beam filtration in
the authors’ NICU is estimated at 2.7 mm Al. The
authors therefore used the CFs for 3.0 mm Al filtra-
tion. The effective dose resulting from each specific
radiograph using a PCXMC simulation customised
for that radiograph was also determined, using a
beam area as close as possible to that evident in the
radiograph, the actual kVp and filtration, and the
actual patient weight and height.

The effective dose determined from CFs was com-
pared with that determined directly from PCXMC by
calculating their per cent relative difference, according
to the following formula:

D ¼ Ep � EDAP

1=2 � ðEp þ EDAPÞ
� 100;

where D is the per cent difference, Ep is the patient-
specific effective dose and EDAP is the effective dose
computed from the CFs. The average, median and
standard deviation of D and its absolute value for all
cases and for chest, abdomen and chest–abdomen
cases were computed separately. A negative value of
D indicated that the CF method over estimated effect-
ive dose.

The Pearson correlation between the absolute value
of D and the differences in beam width (right-to-left
of patient), beam length (craniocaudal direction),
kVp and patient weight were computed. All clinical
cases for which the absolute value of D was larger
than the average plus one standard deviation were
examined.

RESULTS

Weight–height model

The logarithmic fit for weight and height data obtained
from clinical cases is shown in Figure 2. The following
is the fit equation:

H ¼ 13:20� lnðWÞ þ 35:33;

where H is the height of the infant in cm, and W is the
weight of the infant in kg. The average difference
between the fit and actual height values is 4 % and
that between the fit and the median height data
reported by Fenton(23) is 10 %. The height values
used for the PCXMC patient models are listed in
Table 1.

Table 1. Patient models and X-ray beam dimensions used in all CF computations.

Patient weight (kg) Patient height (cm) Chest APa Abdomen APa Chest–abdomen APa

0.5 26.2 7.0̀�6.0, 8.5 7.2̀�8.7, 3.5 8.2̀�12.0, 5.5
1.0 35.3 10.0̀�9.0, 11.0 8.8̀�12.0, 4.7 10.0̀�16.5, 7.0
2.0 44.5 11.0̀�11.0, 14.0 11.1̀�13.3, 5.9 12.6̀�20.0, 9.6
3.0 49.8 13.0̀�11.0, 16.5 12.9̀�15.5, 6.6 14.6̀�22.5, 10.5
4.0 53.6 16.0̀�12.0, 17.5 14.3̀�17.2, 7.1 15.4̀�24.5, 11.5
5.0 56.6 17.0̀�13.0, 18.5 14.3̀�18.0, 7.5 15.2̀�26.0, 11.5
6.0 59.0 17.0̀�14.0, 19.0 15.0̀�19.0, 8.0 15.1̀�27.0, 12.3

aThe entries in each cell have units of cm and are respectively the X-ray beam width̀�height and Zref. In PCXMC, user-
specified coordinates (Xref, Yref, Zref) define the centre of the beam. The authors set Xref and Yref to zero. Zref defines the
centre of the beam along the longitudinal axis of the patient. The origin point (0,0,0) places the beam centre near the gonads
of a 3.0 kg neonate.
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Conversion factors

Tables 2–7 list the CFs as a function of weight for
each beam filtration considered. The tables also
provide the mean and standard deviation of the CFs
averaged over kVp.

Figures 3–5 illustrate kVp-averaged CFs as a func-
tion of weight, for each beam filtration. The results

show that the CFs decrease as the weight increases. In
other words, for the same DAP reading, a larger patient
will have a smaller effective dose than a smaller
patient, which is expected. The results also show that,
relative to the mean, the standard deviation of the
CFs increases with patient weight, suggesting that the
relative variation with kVp is greater for bigger chil-
dren. This is the case for all three types of examina-
tions, with the largest variations observed in the case
of the abdomen.

Of the 133 patient radiographs considered, there
were 16 abdomens, 63 chests and 54 combined chest–
abdomen radiographs. Patient weights ranged from
1.0 to 5.9 kg. The average DAP reading was 3.5 mGy cm2

with a range of 1.1 to 14.3 mGy cm2. The average
kVp was 62.7, and the range was 58–70. Table 8 pro-
vides DAP ranges and averages and average kVp for
four patient weight groups.

The overall average relative difference in effective
dose between the CFs method and the customised
simulations methods was 27.7 %, with a standard
deviation of 19.5 % and a median of 27.0 %. For
the absolute value of the relative difference, the
average was 16.0 %; the standard deviation, 13.5 %;
and the median, 11.7 %. For chest radiographs, the
average relative difference was 29.0 % (absolute
value, 17.6 %). For abdomen radiographs, the differ-
ence was similar, 29.0 % (absolute value, 14.6 %).

Table 2. CFs (mSv/mGy cm2) for AP chest with 3.0 mm Al filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 9.68 10.04 10.33 10.57 10.77 10.96 11.12 10.49+0.51
1.0 4.89 5.09 5.26 5.40 5.53 5.64 5.75 5.37+0.31
2.0 3.25 3.41 3.54 3.65 3.75 3.85 3.94 3.63+0.25
3.0 2.35 2.47 2.58 2.66 2.74 2.82 2.88 2.64+0.19
4.0 1.71 1.80 1.88 1.95 2.01 2.07 2.13 1.93+0.15
5.0 1.49 1.57 1.65 1.71 1.77 1.82 1.87 1.70+0.14
6.0 1.38 1.46 1.54 1.61 1.67 1.73 1.78 1.60+0.15

The CFs were obtained from PCXMC using the parameters in Table 1.

Table 3. CFs (mSv/mGy cm2) for chest AP with 3.0 mm Al10.1 mm Cu filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 10.95 11.34 11.63 11.84 12.00 12.14 12.26 11.74+0.47
1.0 5.62 5.84 6.01 6.14 6.25 6.34 6.42 6.09+0.28
2.0 3.80 3.97 4.11 4.22 4.31 4.40 4.47 4.18+0.24
3.0 2.78 2.91 3.02 3.10 3.18 3.24 3.30 3.07+0.19
4.0 2.01 2.12 2.21 2.28 2.34 2.40 2.45 2.26+0.16
5.0 1.77 1.87 1.95 2.01 2.07 2.12 2.17 1.99+0.14
6.0 1.64 1.75 1.84 1.92 1.98 2.04 2.09 1.90+0.16

The CFs were obtained from PCXMC using the parameters in Table 1.

Figure 2. Patient height as a function of patient weight
obtained from 144 neonatal cases. The data were used
to derive patient height using the fitted equation

H ¼ 13:20� lnðWÞ þ 35:33:
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Table 5. CFs (mSv/mGy cm2) for abdomen AP with 3.0 mm Al10.1 mm Cu filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 8.59 8.96 9.26 9.50 9.69 9.85 9.99 9.41+0.50
1.0 4.89 5.14 5.35 5.52 5.66 5.78 5.89 5.46+0.36
2.0 2.96 3.15 3.31 3.44 3.55 3.65 3.73 3.40+0.28
3.0 2.11 2.27 2.39 2.50 2.59 2.67 2.75 2.47+0.23
4.0 1.71 1.85 1.97 2.06 2.15 2.22 2.29 2.03+0.21
5.0 1.54 1.67 1.79 1.88 1.97 2.05 2.11 1.86+0.21
6.0 1.30 1.42 1.51 1.60 1.67 1.73 1.79 1.57+0.18

The CFs were obtained from PCXMC using the parameters in Table 1.

Table 4. CFs (mSv/mGy cm2) for abdomen AP with 3.0 mm Al filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 7.21 7.58 7.88 8.14 8.37 8.58 8.76 8.07+0.56
1.0 4.02 4.26 4.46 4.64 4.79 4.93 5.07 4.59+0.37
2.0 2.36 2.54 2.68 2.81 2.93 3.03 3.13 2.78+0.28
3.0 1.65 1.79 1.91 2.01 2.10 2.19 2.27 1.99+0.22
4.0 1.32 1.44 1.55 1.64 1.72 1.80 1.87 1.62+0.20
5.0 1.18 1.29 1.39 1.48 1.56 1.64 1.71 1.47+0.19
6.0 0.99 1.09 1.17 1.25 1.32 1.38 1.45 1.24+0.16

The CFs were obtained from PCXMC using the parameters in Table 1.

Table 6. CFs (mSv/mGy cm2) for abdomen–chest AP 3.0 mm Al filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 7.13 7.43 7.68 7.89 8.07 8.23 8.39 7.83+0.45
1.0 3.96 4.16 4.32 4.45 4.57 4.68 4.79 4.42+0.29
2.0 2.36 2.50 2.62 2.72 2.81 2.89 2.97 2.70+0.22
3.0 1.70 1.81 1.90 1.99 2.06 2.13 2.19 1.97+0.17
4.0 1.45 1.55 1.63 1.71 1.77 1.84 1.90 1.69+0.16
5.0 1.30 1.39 1.47 1.55 1.61 1.67 1.73 1.53+0.15
6.0 1.29 1.38 1.45 1.52 1.58 1.64 1.69 1.50+0.14

The CFs were obtained from PCXMC using the parameters in Table 1.

Table 7. CFs (mSv/mGy cm2) for abdomen–chest AP with 3.0 mm Al10.1 mm Cu filtration.

kV kg 50 55 60 65 70 75 80 Average+SD

0.5 8.22 8.53 8.78 8.97 9.12 9.26 9.37 8.89+0.41
1.0 4.67 4.88 5.04 5.17 5.27 5.36 5.44 5.12+0.27
2.0 2.83 2.98 3.11 3.21 3.30 3.38 3.44 3.18+0.22
3.0 2.06 2.18 2.29 2.37 2.45 2.51 2.57 2.35+0.18
4.0 1.78 1.89 1.98 2.06 2.12 2.19 2.22 2.03+0.16
5.0 1.60 1.71 1.80 1.88 1.94 2.00 2.06 1.86+0.16
6.0 1.59 1.68 1.76 1.83 1.89 1.95 2.01 1.82+0.15

The CFs were obtained from PCXMC using the parameters in Table 1.
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Agreement was slightly better for chest–abdomen
radiographs, with average relative differences of
25.8 % (absolute value, 14.5 %).

The authors illustrate the comparison between the
CFs methods and the customised method with an
example. An abdomen examination case has a DAP
reading of 3.2 mGy.m2, patient weight of 2.9 kg,
62 kVp, beam filtration of 2.7 mm Al, and beam
width and height of 15.13 and 15.44 cm, respectively.
Entering these parameters in PCXMC and visually
matching the PCXCM radiation field with the one
evident from the image, the authors arrive at an ef-
fective dose of 5.8 mSv. This is what the authors refer
to as a customised PCXCM dose calculation. The CF
closest to the actual parameters of this case is the CF
for 60 kVp, patient weight of 3.0 kg and beam filtra-
tion of 3.0 mm Al. The value of the CF is 1.91 mSv/
mGy.m2. Multiplying the CF with the DAP reading
of 3.2 mGy.m2 yields an effective dose of 6.1 mSv.

The per cent difference in effective dose was posi-
tively correlated with the differences in beam width
and length with Pearson correlations of 0.54 and
0.36, respectively. The correlation was very weak
between weight and dose differences (,0.01). The
correlation between kVp and dose differences was
20.27.

There were 22 images (16 %) where the difference
in case-specific effective dose and CF effective dose
was larger in magnitude than the average difference
plus one standard deviation (�30 %). Visual examin-
ation of these cases revealed the cause for large differ-
ences to be, in order of importance, under-collimation
in the lateral direction, under-collimation in the cra-
niocaudal direction and patient positioning.

DISCUSSION

Strictly speaking, a CF is most accurate when applied
to the same conditions used to derive it. Every patient
image is different and unique, and therefore this is
seldom met in practice. However, CFs remain a useful
tool for estimating effective dose. The accuracy of the
method is demonstrated by the low average difference
between effective dose determined using CFs and that
using case-specific simulations. Non-physics experts
can also easily apply the CFs formulated in this work
and knowledge of the patient weight, kVp and beam
filtration is sufficient. Patient weight and kVp are
readily available to clinicians. Beam filtration can

Figure 3. DAP-to-E CFs averaged over all kVp values for
the beam filtrations considered in this study for the AP chest

protocol. The error bars represent +1 standard deviation.

Figure 4. DAP-to-E conversion factors averaged over all
kVp values for the beam filtrations considered in this study
for the AP chest–abdomen protocol. The error bars

represent +1 standard deviation.

Figure 5. DAP-to-E CFs averaged over all kVp values for
the beam filtrations considered in this study for the AP
abdomen protocol. The error bars represent +1 standard

deviation.

Table 8. Range of DAP values and corresponding mean
values for four patient weight groups.

Weight
(kg)

DAP range
(mGy cm2)

DAP mean
(mGy cm2)

Average
(kVp)

0.5–1.5 1.1–12.0 2.9 60.3
1.5–2.5 1.3–14.3 3.1 62.4
2.5–3.5 1.4–6.5 3.1 62.6
3.5–4.5 3.5–8.3 5.3 59.4
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usually be obtained from the system specifications,
tube labelling or from service personnel. With port-
able radiography, additional filtration is not usually used
and the 3.0 mm Al CFs can be used. Application of
the CFs in practice may be further simplified by using
the values averaged over all kVps. Given the inaccur-
acy inherent in the estimation of effective dose(11),
this is a defensible approach.

Generally, the CFs increase with beam hardening.
For example, for the 3.0 kg model, the CFs increase
by 10–18 % as the kVp increases from 60 to 80. Also,
the CFs increase by 17–25 % when Copper is intro-
duced for the 3.0 kg model. This suggests that for a
fixed incident dose–area product (or air kerma), the
dose will increase with beam hardening. This is con-
sistent with prior results reported in the literature(24).
Dose savings can be achieved with the use of har-
dened beams when the image detector dose is kept
constant. The hardened beams are more penetrating.
They can deliver the required detector dose and result
in an acceptable level of image noise with less overall
radiation absorption in the patient. With harder beams,
there is an overall reduction in subject contrast. This
can be mitigated through contrast enhancement image
processing algorithms.

DAP-to-E CFs are sensitive to the accuracy of the
collimation assumed in their calculation. As compari-
son with clinical data shows, the CFs are fairly accur-
ate in predicting effective dose, with the largest errors
resulting from lateral under-collimation of the beam.
The effect of under-collimation in the craniocaudal
direction on the accuracy of dose calculation is not as
pronounced. This is reasonable given that lateral under-
collimation beyond the left and right sides of the
patient will change the DAP reading without subject-
ing the patient to a significant amount of additional
radiation. The accuracy of the method can be im-
proved by ensuring proper collimation is practiced.
Examination of clinical cases with large errors further
demonstrates the sensitivity of the method to collima-
tion differences and identifies beam centring/patient
positioning as important factors as well. The issue of
collimation is important not for dose calculation ac-
curacy only, but also for practicing proper radio-
graphic technique, applying the ALARA principle
and protecting sensitive organs from unnecessary
irradiation.

Hart et al.(19) provided DAP CFs for chest and
abdomen examinations for patients of age 0 based on
ICRP 60(20). Comparing the authors’ method with
finer weight stratification with that of Hart et al. was
of interest. The authors conducted a study, the results
of which are not reported here in detail, for chest–
abdomen examinations. As reported earlier, the
authors’ method resulted in an average difference of
25.8%,whereastheaveragedifferencefromthemethod
of Hart et al. was 41 %. This comparison demon-
strates the potential value of the finer stratification by

weight for more accurately assessing the risk arising
from neonatal radiography. Others have similarly
used a fine stratification of patient thickness in deter-
mining ESD normalizing factors for newborns(25).

It is noteworthy that the DAP values obtained
from the clinical neonatal images considered in this
study are comparable with those reported in other
studies(21, 26). This suggests that the CFs presented
herein will be applicable in other neonatal imaging
practices.

CONCLUSIONS

DAP-to-E CFs have been determined for neonatal
radiography of AP chest, AP abdomen and combined
AP chest–abdomen examinations using the PCXMC
Monte Carlo dose calculation software. The CFs are
based on patient weight, kVp and beam filtration.
They represent a simple and fairly accurate method
for calculating effective dose for a population of neo-
nates. The average agreement between CF-based ef-
fective dose calculation and simulations customised
for each radiograph is within 16 %. CFs can be useful
in assessing the dosimetric impact of changes to the
radiographic techniques, in providing data for patient
dose records and in assessing the radiographic prac-
tices of neonatal intensive care units.

ACKNOWLEDGEMENTS

The author is thankful to Dr Martin Reed of the
Pediatric Radiology Department at the Winnipeg
Children’s Hospital for assistance with defining the
beam area in the PCXM models.

FUNDING

This work was supported in part by grants from the
Manitoba Institute of Child Health and the Manitoba
Medical Services Foundation.

REFERENCES

1. Hall, E. J. and Giaccia, A. J. Radiobiology for the
radiologist. Lippincott Williams and Wilkins, ISBN
9789781841514 (2006).

2. Wall, B. F., Haylock, R., Jansen, J. T. M., Hillier, M. C.,
Hard, D. and Shrimpton, P. C. Radiation risks from
medical x-ray examinations as a function of the age and
sex of the patient. Report HPA-CRCE-028. Health
Protection Agency (2011).

3. International Commission on Radiation Protection.
Recommendations of the International Commission on
Radiological Protection. ICRP Publication 103: Annals
of the ICRP 37 (2007).

4. Roebuck, D. J. Risk and benefit in paediatric radiology.
Pediatr. Radiol. 29, 637–640 (1999).

5. Armpilia, C. I., Fife, I. A. and Croasdale, P. L.
Radiation dose quantities and risk in neonates in a special
care baby unit. Br. J. Radiol. 75, 590–595 (2002).

DAP-TO-E CONVERSION FACTORS FOR NEONATAL IMAGING

49



6. Ono, K., Akahane, K., Aota, T., Hada, M., Takano, Y.,
Kai, M. and Kusama, T. Neonatal doses from X ray
examinations by birth weight in a neonatal intensive care
unit. Radiat. Prot. Dosim. 103, 155–162 (2003).

7. Makri, T., Yakoumakis, E., Papadopoulou, G., Gialousis,
G., Theodoropoulos, V., Sandilos, P. and Georgiou, E.
Radiation risk assessment in neonatal radiographic exami-
nations of the chest and abdomen: a clinical and Monte
Carlo dosimetry study. Phys. Med. Biol. 51, 5023–5033
(2006).

8. Olgar, T., Onal, E., Bor, D., Okumus, N., Atalay, Y.,
Turkyilmaz, C., Ergenekon, E. and Koc, E. Radiation
exposure to premature infants in a neonatal intensive care
unit in Turkey. Korean J. Radiol. 9, 416–419 (2008).

9. Brindhaban, A. and Al-Khalifah, K. Radiation dose to
premature infants in neonatal intensive care units in
Kuwait. Radiat. Prot. Dosim. 111, 275–281 (2004).

10. Puck-Kapst, K., Juran, R., Stoever, B. and Wauer, R.
Radiation exposure in 212 very low and extremely low
birth weight infants. Pediatrics 124, 1556–1564 (2009).

11. Martin, C. J. Effective dose: how should it be applied to
medical exposures? Br. J. Radiol. 80, 639–647 (2007).

12. Borrás, C. and Huda, W. The use of effective dose for
medical procedures is inappropriate. Med. Phys. 39,
3479–3500 (2010).

13. Donadieu, J., Zeghnoun, A., Roudier, C., Maccia, C.,
Pirard, P., Andre, C., Adamsbaum, C., Kalifa, G.,
Legmann, P. and Jarreau, P.-H. Cumulative effective
doses delivered by radiographs to preterm infants in a neo-
natal intensive care unit. Pediatrics 117, 882–888 (2006).

14. Karambatsakidou, A., Sahlgren, B., Hansson, B.,
Lidegran, M. and Fransson, A. Effective dose conversion
factors in paediatric interventional cardiology. Br. J.
Radiol. 82, 748–755 (2009).

15. Schmidt, P. W. E., Dance, D.R., Skinner, C.L.,
Castellano, I.A. and McNeil, J.G. Conversion factors for
the estimation of effective dose in pediatric cardiac angi-
ography. Phys Med. Biol. 45, 3095–3107 (2000).

16. Tapiovaara, M. and Siiskonen, T. PCXMC-A PC-based
Monte Carlo Program for calculating patient doses in

medical X-ray examinations. Rep. Finnish Center for
Radiation and Nuclear Safety (1997).

17. Smans, K., Tapiovaara, M., Cannie, M., Streulens, L.,
Vanhavere, F., Smet, M. and Bosmans, H. Calculation of
organ doses in x-ray examinations of premature babies.
Med. Phys 35, 556–568 (2008).

18. Damilakis, J., Stratakis, J., Raissaki, M., Perisinakis, K.,
Kourbetis, N. and Gourtsoyiannis, N. Normalized dose
data for upper gastrointestinal tract contrast studies per-
formed to infants. Med. Phys 33, 1033–1040 (2006).

19. Hart, D., Jones, D. G. and Wall, B. F. Coefficients for esti-
mating effective doses from paediatric x-ray examinations.
Report NRPB-R279. National Radiological Protection
Board (1996).

20. International Commission on Radiation Protection.
1990 Recommendations of the International Commission
on Radiological Protection. ICRP Publication 60: Annals
of the ICRP 21 (1991).

21. Smans, K., Struelens, L., Smet, M., Bosmans, H. and
Vanhavere, F. Patient dose in neonatal units. Radiat.
Prot. Dosim. 131, 143–147 (2008).

22. Ma, H., Elbakri, I. A. and Reed, M. Estimation of organ
and effective doses from newborn radiography of the chest
and abdomen. Radiat. Prot. Dosim. (in press).
doi:10.1093/rpd/nct050.

23. Fenton, T. R. A new growth chart for preterm babies:
Babson and Benda’s chart updated with recent data and a
new format. BMC Pediatr. 3, 1–10 (2003).

24. Smans, K., Struelens, L., Smet, M., Bosmans, H. and
Vanhavere, F. Cu filtration for dose reduction in neonatal
chest imaging. Radiat. Prot. Dosim. 139, 281–286
(2010).

25. Hart, D., Wall, B. F., Shrimpton, P. C., Bungay, D. R.
and Dance, D. R. Reference doses and patient size in
paediatric radiology. Report NRPB-R318. National
Radiological Protection Board (2000).

26. Dougeni, E. D., Delis, H. B., Karatza, A. A.,
Kalogeropoulou, C. P., Skiadopoulos, S. G., Mantagos, S. P.
and Panayiotakis, G. S. Dose and image quality optimization
in neonatal radiography. Br. J. Radiol. 80, 807–815 (2007).

I. A. ELBAKRI

50


	INTRODUCTION
	MATERIALS AND METHODS
	PCXMC Mmodel
	Clinical Ddata

	RESULTS
	Weight-xheight model
	Conversion Ffactors

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	FUNDING
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


