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Abstract

O��������� To induce a reduction in dose, using a paediatric phantom, through the 

variation of exposure parameters and !ltration, without adversely affecting image 

quality.

Methods: All images were acquired using a Kyoto Kagaku paediatric phantom and 

a Canon DR detector. The phantom was positioned supine for all projections: wrist 

(DP, lateral) and ribs (AP, oblique). Three dose protocols were established using 

different mAs values (high, medium and low) and copper (Cu) !ltration was added 

to each protocol. DAP was used to calculate the ESD for each exposure. 
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Using ImageJ, CNR was calculated for the physical measurement of image 

quality. Image quality was assessed by !fteen observers (visual grading analysis 

(VGA)). 

Results: The highest doses were recorded with the high dose protocol, ranging 

from 5.60-39.22µGy for the wrist and 5.33-129.67µGy for the ribs. When increasing 

the Cu !ltration a decrease in ESD was observed. A difference of 0.1 in VGA score 

was noted between high and low dose protocols without the use of !ltration, while 

a difference of 0.3 was noted when using !ltration. As mAs increased, VGA scores 

increased. Fracture visibility was minimally affected by Cu !ltration or projection 

variation. 

Conclusion: The variation of exposure parameters in digital radiography can 

achieve a dose reduction without impairing image quality in bone fractures. 

Superior image quality can be achieved for DP and lateral wrist projections without 

Cu !ltration. However, the addition of Cu !ltration for the rib projections has almost 

no impact on overall image quality. 

Introduction
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imperative that the dose received by the patient be 

as low as reasonably achievable (ALARA), whilst 

still obtaining images of a clinically acceptable 

standard (1). This is of particular importance when 

considering paediatric patients who, due to their 

additional life expectancy and increased tissue 

radio-sensitivity, are considerably more sensitive 

to the detrimental effects of ionising radiation (2). 

Although the radiation dose received for diagnostic 

purposes is low, it is pertinent that each exposure be 

minimised due to the cumulative nature of radiation. 

This is because the cumulative dose received 

through multiple exposures can substantially 

increase the lifetime risk of certain cancers (3). Our 

work follows on from previous research (4–6) and 

further evaluates the plausibility of ascertaining 

decreased patient dose through modi!ed exposure 

parameters, whilst assuring that the acquired images 

are clinically acceptable.
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Several fundamental differences exist between 

conventional !lm-screen radiography and digital 

radiography. Hence, new protocols and strategies are 

required for effective optimisation in digital imaging 

(7). Various optimisation studies identify methods of 

dose reduction, by providing a systematic approach 

to recognising the factors that could be manipulated 

easily in a clinical setting (8). Our study assessed 

the impact of mAs and additional beam !ltration on 

paediatric phantom dose and image quality. Copper 

(Cu) !ltration is currently recommended for both 

adult and paediatric exposures, particularly if highly 

radiosensitive organs are directly exposed (9), and 

added !ltration has been shown to reduce the overall 

effective dose for each individual paediatric exposure 

by up to 38% (8).

Paediatric digital radiography remains a challenge 

for many radiographers (10). The subsequent need 

for focused paediatric care is outlined by ‘The Image 

Gently Campaign’ (11), which reports a lack of both 

expertise and educational resources surrounding 

this area. This requirement is reinforced by The 

International Commission on Radiological Protection 

(ICRP), which identi!es a need for both optimisation 

and consistence in digital paediatric imaging (12). 

Although a considerable proportion of recent research 

surrounds paediatric diagnostic imaging, Jones 

et. al highlights an absence of literature regarding 

optimisation in paediatric extremity imaging (6).

The question to be addressed through our study is 

as follows; using a paediatric phantom with multiple 

bone fractures, could the variation of exposure 

parameters and !ltration in Digital Radiography 

achieve a reduction in dose without substantially 

affecting image quality? 

The aim of our study was to induce a dose reduction 

for a paediatric phantom with bone fractures through 

the variation of exposure parameters and !ltration 

without adversely affecting image quality.

Methods and Materials 

S���� ��� �!"

A Kyoto Kagaku 5-year-old (105cm/20kg) paediatric 

anthropomorphic phantom (PBU-70B) (Figure 1)� ,as 

imaged. Fractures were present on the left side of the 

phantom (13)(14). Two regions were selected for this 

study, namely wrist and rib. Wrist fractures are one of 

the most commonly occurring fractures in paediatric 

patients and rib fractures have a considerable risk of 

misdiagnosis (15).

Imaging Systems and Positioning

All images were acquired using an Arcoma X-ray 

imaging system with DAP integration. The X-ray tube 

has the option to add 0.1, 0.2 or 0.3mm Cu !ltration 

(16). All images were acquired on the same indirect 

Canon DR detector (CXDI-701C Wireless General 

Purpose) with a caesium iodide scintillator with a 
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detective quantum ef!ciency (DQE) of >70%. This 

detector has a pixel size of 125x125μm and an image 

matrix size of 2800x3408 pixels, with an effective 

imaging area of 35x43cm. The resolution of the 

detector is 4.0lp/mm with 4096 gradations (17)(18). No 

anti-scatter grid was used during this study, as this 

would increase patient dose (19).

The phantom was imaged in the supine position for 

both antero-posterior (AP) and oblique rib projections. 

For the oblique projection, a radiolucent pad was 

placed beneath the phantom, positioning the phantom 

at 20-degrees obliquity. The collimated !eld remained 

constant at 15x26cm, with a source-to-image-

distance (SID) of 110cm. Dorso-palmar (DP) and 

lateral standard wrist projections were also acquired, 

with the collimated !eld !xed at 14.5x8cm and an 

SID of 110cm (20). A !ne focal spot was used for both 

wrist projections, while a broad focal spot was used 

for both rib projections. 

Figure 1: Picture of the 

phantom used for this 

study (14)
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Protocol

A total of thirty-six images were acquired, nine for 

each projection. Three separate image acquisition 

dose protocols were used; low, medium and high. 

The high dose protocol employed standard exposure 

parameters, with tube potentials of 48kV and 52kV 

for the DP and lateral wrist projections, respectively. 

A tube intensity time product of 2mAs was applied 

for both DP and lateral wrist projections, when this 

was used (20). The high dose protocol employed 

60kV and 0.63mAs for the AP rib projection and 68kV 

and 3.2mAs for the oblique rib projection (2). For 

each projection, the mAs was then lowered in two 

separate steps and low and medium protocols were 

constructed (Tables 1 and 2). $or each protocol, the 

effect of Cu !ltration was assessed using no !ltration 

as well as 0.1mm and 0.2mm added Cu !ltration. 

Dose Measurement

Dose Area Product (DAP) values were derived using 

a calibrated integrated ionization chamber. DAP was 

then used to calculate the Entrance Skin Dose (ESD) 

for each exposure, using equation 1.

ESD = (
DAB

A
) * BSF (
%. &'

The size of the collimated !eld is represented by A 

and the backscatter factor is represented by BSF. The 

backscatter factor used throughout this study was 

1.3, as recommended by Toivonen et al (21).

Image Quality

Contrast-to-noise ratio (CNR) was used to determine 

a physical measurement of image quality. CNR 

assesses the effect of changes in beam quality on 

image quality. ImageJ (22) was used to de!ne regions 

of interest (ROIs) for CNR calculations. Four ROIs 

were placed on homogenous regions within each of 

the thirty-six total images, two on soft tissue and two 

on bone (Figure 2). $or the two ROIs placed on soft 

tissue and the two placed on bone, a mean value 

was calculated to get more reliable measurements. 

CNR was then calculated using equation 2, where 

S
1
 represents the mean pixel value within the ROIs 

placed on bone, and S
2
 represents the mean pixel 

value within the ROIs placed on soft tissue. The 
1
 

represents the standard deviation of bone (6)(23). 

CNR = 
(S

1
 - S

2
)

1

 (
%. )'

Fifteen observers assessed visual image quality 

for each image through visual grading analysis 

(VGA). The observer group consisted of thirteen 

Radiography students of varying levels (years 1-4), 

as well as two experienced radiographers. ViewDEX 

was used to display the images, illustrate visual 
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T+-/0 12 Wrist protocol 

with dose and image quality 

measurements

Table 2: Ribs protocol 

with dose and image quality 

measurements
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scoring criteria and also collect observer scores 

(24). Prior to image-viewing, the observers were 

trained in the visual assessment task in order to 

maximise validity and reliability. The observers 

could pan and zoom, but the use of windowing was 

prohibited. They were made aware of the fracture 

location prior to rating the images. The observers 

!rst scored the eighteen wrist images, followed 

by a short break, before scoring the eighteen rib 

images. All images were randomized and observers 

were blinded to acquisition conditions and exposure 

factor information. A !ve-point Likert scale was 

used to assess !ve criteria: overall image quality, 

contrast, sharpness, noise and fracture visibility. 

With this scale, a score of 1 indicates Poor, while 

that of 5 indicates Excellent. Numerical scales as 

such are often used to simplify information and to 

improve inter-observer agreement (24). Ambient 

lighting conditions in the observation room remained 

constant throughout the image-viewing process 

at less than 10 lux (25)(26). The monitor used for 

observer analysis was also !xed throughout the 

study, with an area of 32.4x43.2cm. 

Images were displayed on a 21.3-inch Monochrome 

LCD monitor MS25i2 (ML21025), manufactured by 

F45690 :2 ROIs for the wrist 

DP and rib AP views, with ROI 

1 and 2 on bone and ROI 3 and 

4 on soft tissue
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TotokuTM (27), calibrated to the DICOM greyscale 

standard (28). All observer information was 

anonymised. The total VGA (VGA
T
) was calculated 

using equation 3. 

VGA
T
 = 

∑
O,I

Sc

N
i
N

O

 (
%.<'

In equation 3, S
c
 represents each criterion score given 

by the observers, O represents the observer and I 

represents the image. N
i
 represents the total number 

of images and N
o 
is the total number of observers (29). 

A separate VGA score was calculated using the three 

primary visual image quality parameters; contrast, 

sharpness and noise (VGA
CSN

) (30). This score was 

calculated by adding the observer scores from these 

three criteria and generating a mean value. The 

VGA
CSN

 was then correlated with fracture visibility for 

each projection.

Statistics 

Descriptive statistics were used to analyse the data. 

This data was imported to Statistical Package for 

the Social Sciences (SPSS). Mean VGA, CNR and R2 

correlations were calculated using Excel. A very high 

correlation is noted between 0.90 and 1, while a high 

correlation is between 0.70 and 0.90. A moderate 

correlation is seen between 0.50 and 0.70 (31). An 

independent samples Kruskal-Wallis non-parametric 

test was used to analyse statistically signi!cant 

differences at 95% con!dence level between the 

15 observers regarding VGA. 

Ethics

As this study involved the use of an anthropomorphic 

phantom and no human subjects, ethical review was 

not necessary. All observers gave their informed 

consent prior to this study, through their participation 

in the OPTIMAX 2017 summer school. 

Results

=!>� �?!�!�!@>

Table 1 �A��A�� �
 B�������� ��� ,���� ,�� ���


and image quality measures: kV, mAs, ESD and 

VGAT. As expected, dose measurements and 

CNR decreased with added !ltration. The average 

reduction for all three !lters was identical for DP and 

lateral wrist projections, at 76%. The most substantial 

reduction in image quality occurred with 0.2mm 

added Cu !ltration. Overall, the addition of !ltration 

reduced dose for all projections, however this results 

in an overall reduction in image quality. VGAT is lower 

with the addition of !ltration.

Table 2 �
��������
� �
 �
��������B C
�,

�

dose measurements (DAP and ESD), CNR, and 

VGA
T
 for each of the three dose protocols for both 

rib projections. The primary focus of this table is on 

AP and oblique rib projections and again, both dose 
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and CNR values decreased with added !ltration. 

For the AP rib projection, with no added !ltration, 

there was a 36% dose decrease from high to low 

dose protocols, with an equal decrease between 

both high and medium, and medium and low dose 

protocols. However, the VGA
T
 differed by merely 0.1 

between high and low dose protocols with no added 

!ltration. When 0.1mm Cu !ltration was added, there 

was a comparable dose decrease of 36% between 

high and low dose protocols, with an 18% decrease 

between high and medium dose protocols, and 

a 22% decrease between medium and low dose 

protocols. However, the VGA
T
 differed by just 0.3 

between high and low dose protocols with 0.1mm 

added !ltration. With 0.2mm added Cu !ltration, there 

was a similar dose decrease of 38% from high to 

low dose protocols, with a 19% decrease between 

high and medium protocols and a 23% decrease 

between medium and low dose protocols. Again, the 

VGA
T
 differed by just 0.3 between high and low dose 

protocols, with 0.2mm added !ltration.

For the oblique rib projection, with no added !ltration, 

there was a 37% dose decrease from high to low dose 

protocols, with a reduction of just 0.2 in VGA
T
. When 

0.1mm Cu !ltration was added, there was a similar 

37% reduction in dose, with an increase of 0.1 in 

VGA
T
. With 0.2mm added !ltration, there was a dose 

decrease of 38% and a reduction of just 0.3 in VGA
T
. 

A dose variation of 20-22% was found between high 

and medium, and medium and low dose protocols, for 

all three !ltration settings for all three dose protocols. 

Dose Measurements 

Figure 3 �
��������
� �
 ���C��
� �
�� GHD

for the high, medium and low dose protocols for 

wrist and ribs. As expected, the highest doses were 

recorded using the high dose protocol. The dose 

Figure 3: Mean ESD for each 

protocol and Cu !ltration level
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levels ranged from 8.09-28.23µGy, from 10.85-

38.27µGy and from 15.31-55.15µGy for the low, 

medium and high dose protocols, respectively. 

There was an overall decrease in ESD with added 

Cu !ltration, as seen in Figure 3. Jhere was a 51.8% 

reduction in ESD when 0.1mm Cu !ltration was 

added, with the low dose protocol. The entrance 

surface dose was reduced by 47.7% and by 53.0% 

for the medium and high dose protocols, respectively. 

A greater dose reduction was achieved with 0.2mm 

added Cu !ltration, at 71.4%, 71.6% and 72.2% for 

the low, medium and high dose protocols. 

Contrast-Noise-Ratio Measurements

Figure 4 ���B��K� �
 �
�� LMN ��� 
�� B��P
�����

and for each of the three dose protocols. A wide 

range is seen in CNR values for both wrist projections, 

with that of the DP wrist varying between 3.7 and 16.2 

and that of the lateral wrist varying between 6.9 and 

16.3. The difference between CNR values for both 

rib projections, however, is much less varied, ranging 

between 2.9 and 5.9 for the AP projection, and 1.5 

and 2.3 for the oblique projection. As expected, the 

CNR for all exposures decreased with increased 

!ltration, for all three dose protocols. 

Quality of Phantom Images

As seen in Tables 3 and 4� QGA
CSN

 scores increase 

as mAs increases. However, with added !ltration, a 

notable reduction is seen in image quality scores for 

all projections. This reduction is marked in the DP 

wrist projection, with a reduction of 2.07 for the low 

dose protocol, 1.53 for the medium dose protocol, 

and 1.27 for the high dose protocol. A similar 

reduction in image quality is seen in the lateral wrist 

projection, with a decrease of 1.2 for the low dose 

F45690 R2 Mean CNR for each 

protocol and Cu !ltration level
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T+-/0 U2 Wrist image quality 

visual grading scores and CNR

Table 4: Ribs imaget quality 

visual grading scores and CNR
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protocol, 1.4 for the medium dose protocol, and 1 for 

the high dose protocol. A decrease is also noted in 

overall image quality for both rib projections, however 

this is far less apparent, with a reduction of 0.87 

for the low dose protocol, 0.6 for the medium dose 

protocol and 0.73 for the high dose protocol for the 

AP rib projection. For the oblique rib projection, there 

was a reduction of 0.33 for the low dose protocol, 

0.87 for the medium dose protocol, and 0.34 for the 

high dose protocol. 

Fracture visibility was minimally affected by beam 

!ltration and projection variation. For the DP wrist, 

a difference of just 0.37 was noted between low 

and high dose protocols, with no added !ltration. 

Similarly, a difference of just 0.53 occurred between 

low and high dose protocols for the lateral wrist, 

with no added !ltration. A negligible difference of 

0.2 was noted in fracture visibility for the AP rib 

projection between high and low dose protocols, 

and a difference of 0.4 was noted in the oblique rib 

projection. VGA
CSN

 scores follow a similar pattern to 

overall image quality scores, with decreasing values 

as Cu !ltration is added. For all projections, using 

all protocols, fracture visibility also decreased as Cu 

!ltration was added. It is clear from these tables that 

overall fracture visibility was higher in the wrist than in 

the ribs.

Visual and Physical Image Quality Measurements

For each of the four projections, the fracture visibility 

scores were correlated with both physical (CNR) and 

visual measurements (VGA
CSN

) (See Table 5). V �trong 

correlation was found between CNR and fracture 

visibility for both DP and lateral wrist projections. CNR 

and fracture visibility for the AP rib projection also 

shows a strong correlation. Regarding the oblique rib 

projection, a moderate correlation was found between 

CNR and fracture visibility. Similar !ndings can be 

seen in the relationship between VGA
CSN

 and fracture 

visibility, with the strongest correlations occurring 

in the DP wrist, lateral wrist and AP rib projections. 

The weakest correlation was found in the oblique rib 

projection (See Table 5).

Projection CNR vs 

Fracture Visibility

VGACSN vs 

Fracture Visibility

WX YZ[\] 0.7697 0.8908

Lateral Wrist 0.9067 0.9477

AP Ribs 0.7917 0.8577

Oblique Ribs 0.5384 0.6970

Table 5: R2 correlation 

coef!cients between CNR, 

VGA and fracture visibility
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The distribution of mean ratings was the same 

across all !fteen observers, showing no signi!cant 

statistical difference in VGA
T
 score between observers 

(p=0,450). A strong correlation was found between 

the physical measurement of CNR and the visual 

analysis of each image. This correlation was weaker 

for the oblique rib view than for the remaining three 

projections.

Discussion 

J�� ��	�K ���
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adversely affecting image quality, using a paediatric 

phantom with multiple bone fractures. This involved 

the variation of exposure parameters and beam 

!ltration settings. The low dose images produced in

this study have shown that reducing the dose has

minimal impact on fracture visibility. However, the

CNR values vary widely between dose protocols

and anatomical regions. Similar !ndings were also

reported in other studies (6). The CNR values reported

for the rib projections are markedly lower than those

of the wrist projections. This notable decrease was

re+ected in comments from the observers, reporting

dif!culty in fracture visualisation. However, this

dif!culty could also be due to phantom positioning

and the superimposition of anatomical structures,

particularly in the oblique view.

The results of this study show a strong correlation 

between visual and physical measurements for 

each projection, reinforcing our !ndings. This strong 

correlation poses the question: Are both physical 

and visual measurements needed for image quality 

analysis? Similarly, overall image quality scores were 

similar to VGA
CSN

 values, suggesting that overall 

image quality may be suf!cient for predicting fracture 

visibility and image quality. Similar outcomes were 

found in other studies (30). The standard deviation 

for inter observer assessment is low, meaning that 

observers agreed with one another about each 

criterion. 

The most striking result found in this study was the 

effect of Cu !ltration on both dose and image quality, 

with added !ltration consistently reducing patient 

dose, at the cost of image quality. The values for ESD 

and DAP found in this study mirror those found in 

published research (15)-(20). Physical measurements 

were calculated for each of the thirty-six images 

using the CNR, a common method of image quality 

measurement, whereas visual measurements were 

obtained as !fteen observers rated the images. 

However, this study used predominantly radiography 

students as observers and further research is 

suggested with the aid of experienced radiologists 

and radiographers to allow a comparison with clinical 

practice.
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The primary focus of this study was on wrist and 

rib fractures as wrist fractures are among the most 

common paediatric fractures (32), and rib fractures 

are associated with high rates of misdiagnosis (15). 

In patients between the ages of two and four, the 

largest proportion of limb fractures occur in the 

upper limb (76.0%), the most common of which are 

in the distal humerus (22.0%) and the distal radius 

(21.3%) (32). Similarly, in children between the 

ages of !ve and eleven, the most common fracture 

location is the distal radius (40.3%) (32). In cases of 

abuse, however, many fractures occur in the ribs, the 

most acute of which are frequently missed on initial 

imaging (15). This constitutes an important topic for 

further research in the clinical context, regarding the 

optimization of exposure in the paediatric population.

The results of this research are valid in the context of 

this study and this constitutes the major limitation as 

cannot be valid in the clinical context. Although it has 

been well documented that DR detectors allow the 

production of good quality images at low exposures 

due to their high associated DQE, further research is 

suggested in clinical practice, using real paediatric 

patients. This will help to better determine the 

technical factor modi!cations needed to achieve safe 

radiographic practice at low exposure levels, while 

maintaining image quality. Secondly, the phantom 

used may not have been entirely anthropomorphic, 

with various different materials and their associated 

X-ray absorption properties. However, the use of a 

phantom allowed multiple repeated exposures, with 

maintained absorption properties. 

Furthermore, different hospitals may use different 

positioning methods, detectors and parameters for 

paediatric patients, when compared to those used 

throughout this study. However, this does not mean 

that the parameters used in this study cannot be 

adapted and applied in clinical practice. 

Conclusion

^���A ��A���� �����A��BK� �
 _�������� �� 
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parameters can achieve a reduction in dose, without 

impairing diagnostic image quality or fracture visibility. 

Superior image quality can be achieved for DP and 

lateral wrist projections at higher doses, without 

the use of Cu !ltration. However, the addition of Cu 

!ltration for the rib projections can reduce phantom 

dose with almost no impact on overall image quality. 

Overall, the addition of !ltration reduced dose for all 

projections.
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