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The aim of this review is to describe the steps of constructing exposure tables for use of digital detector 

systems (DRx) in equine practice. Introductory, selected underlying technical aspects of digital radiogra- 

phy are illustrated. 

Unlike screen-film radiography (SFR), DRx have a uniform signal response of the detector over a large 

dose range. This enables generation of diagnostic images from exposures that were previously nondi- 

agnostic on SFR, thus reducing retakes. However, with decreasing detector entrance dose, image noise 

increasingly hampers the image quality. Conversely, unlike the blackening observed on SFR, overexpo- 

sures can go visibly undetected by the observer. In DRx the numeric exposure indicator value is the only 

dose-control tool. In digital radiography the challenge is to reduce the dose and reduce the radiation risk 

to staff whilst maintaining diagnostic image quality. We provide a stepwise method of developing expo- 

sure tables as tools for controlling exposure levels. The identified kVp - mAs combinations in the table 

are derived from the predefined exposure indicator values of the detector system. Further recommenda- 

tions are given as to how the exposure indicator can be integrated into routine workflow for rechecking 

the reliability of the formerly identified settings and how these tables might serve a basis for further 

reduction of the exposure level. Detector quantum efficiency (DQE) is an important parameter of assess- 

ing performance of an imaging system. Detectors with higher DQE can generate diagnostic images with 

a lower dose, thus having a greater potential for dose reduction than detectors with low DQE. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In veterinary radiology, digital detector systems (DRx) have 

argely replaced screen-film systems. In a survey in 2013, 75% of 

mall animal practices were using digital radiographs in the UK 

nd Ireland [1] . In Ireland, meanwhile all equine practitioners have 

eplaced screen film radiography (SFR) with DRx [2] . One can only 

ssume this trend has continued and is mirrored in other coun- 

ries. 

Two significant advantages are driving this adoption of new 

echnology in equine practice. DRx - in particular flat-panel detec- 

ors - can easily be integrated into the technical infrastructure of 
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 mobile practice and can achieve a constantly high image quality 

 3 , 4 ]. DRx emit a uniform signal over a broad dose range. On the

ne hand, this enables DRx to forgive exposure faults avoiding re- 

akes of images for this reason. On the other hand, overexposures 

re not readily visible. Unlike SFR, image brightness is completely 

ndependent from exposure settings in digital radiography [ 5–7 ]. 

In contrast to human radiology - where it is mandatory to es- 

ablish alternative tools of exposure control and monitoring pri- 

arily for patient protection [6] - comparable precise and legally 

inding obligations for veterinary applications do not exist in Eu- 

ope to our knowledge. The application of suitable tools is relevant 

n veterinary radiology so as to avoid unnecessary radiation expo- 

ures of both staff and animal patients [ 8 , 9 ]. 

This article first provides an overview of technical terms and 

rinciples of digital radiography as related to exposure level and 

mage quality. In the second part, we demonstrate the principle 

f developing exposure tables for equine radiography and how the 

ystem-specific exposure indicator can subsequently be integrated 

nto the clinical routine for ongoing tracking of the exposure level. 
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Fig. 1. Characteristic curve. The scheme illustrates the dynamic range of DRx and 

SFR. In contrast to SFR, DRx cover a very wide exposure range (adapted from [11] ). 
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Table 1 

Exposure indicators. The factors listed influence histogram analysis. Errors in the 

histogram analysis lead to incorrect exposure indicator values. 

Factor Cause 

Exposure field recognition error Collimation margins not correctly 

detected 
• object placed outside the center 

of the exposed field 

• very small objects 

• very small field-size 

• failure of the analysis software to 

detect margins of the exposed 

field 

Metallic materials Histogram widening due to unusual 

pixel values 

Extreme overexposure Histogram widening due to unusual 

pixel values 

Extreme underexposure Histogram analysis error due to 

excessive quantum mottle 
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he described approach can serve as a guidance to support opti- 

ization of exposure technique in veterinary practice. 

. Physical Principles of Digital Radiography 

.1. ‘Characteristic Curve’ and ‘Dynamic Range’ 

‘Characteristic curve’ (‘intensity transfer function’) is a graph 

escribing the relationship between the detector entrance dose 

nd the signal response of the detector [ 10 , 11 ]. In SFR, ‘signal’ is

quivalent with ‘optical density’ which again is a physical mea- 

ure of the blackening of the film. The curve is steep and sigmoid- 

haped. ‘Dynamic range’ defines the range of X-ray attenuation dif- 

erences detectable. In SFR it is low and correlates with narrow ex- 

osure limits. As soon as the detector entrance dose is outside of 

hese limits, the image is either underexposed (too bright = too 

ow optical density) or overexposed (too dark = to high optical 

ensity). Consequently, film blackening is a very useful direct indi- 

ator about the detector entrance dose [ 10 , 12 ]. In contrast, DRx are

ble to register signal differences in a linear manner over a very 

ide exposure range. The dynamic range of DRx exceeds more 

han 100 times the range of SFR [ 10 , 11 ] ( Fig. 1 ). 

From these technical characteristics, a number of consequences 

or the use of DRx can be derived: 

• Digital radiography overcomes the dynamic range limitations of 

SFR. The dynamic range of digital systems range from 10 (1,024 

shades of gray) to 16 bit (65,536 shades of gray). The large 

number of gray scales represents superior image contrast [ 6 , 11 ].
• In digital radiography image brightness is not related with the 

detector entrance dose. Instead, gray scale displaying is entirely 

determined by the algorithm of signal processing and the map- 

ping of the individual pixel values into monitor signal by pre- 

defined translation regulations, so-called ‘look-up tables’ (LUT) 

[ 13 , 14 ]. Because brightness is not usable for the visual exposure 

control, there is an obvious risk for undetected ongoing overex- 

posures [ 15 , 16 ]. 
• The large dynamic range allows potential dose reduction. How- 

ever, with decreasing detector entrance dose image noise - pix- 

elation of the images best seen in areas of the image with 

uniform X-ray attenuation - is getting increasingly obvious 

[ 13 , 17 , 18 ]. A decreasing ‘signal-to noise ratio’ (SNR) means that

the level of the given background noise originating from the de- 

tector cannot be compensated by a sufficient number of X-ray 

photons ( Fig. 2 ). Therefore, the question arises at which point of 

dose reduction is the noise significantly obscuring image details 

and thus unacceptably limits the diagnostic value of the image. 

The question is not easily answered because the ‘beauty of an 
2

image’ has to be distinguished from the ‘diagnostic suitability 

of an image’. In particular, the latter represents a category that 

is based on very subjective assessments [19] . 
• Higher detector exposures produce images with improved noise 

characteristics. But this is at the expense of increased staff and 

animal patient doses resulting in increased stochastic radiation 

risks. The phenomenon of ongoing up-ward exposure adjust- 

ments to be ‘on the safe side’ with regard to image quality is 

called ‘dose creep’ [ 20 , 21 ]. 
• Extreme mal-exposures visibly hamper image quality. Extreme 

overexposure results in detector saturation in which the abil- 

ity of the detector to record low attenuation differences in low 

attenuating body parts got lost. Extremely underexposed im- 

ages cannot be evaluated because of low SNR-based pixilation 

[ 6 , 8 , 13 ] ( Fig. 2 ). The described signal characteristics and techni-

cal interrelationships underline the need to implement robust 

and easily applicable exposure monitoring tools for veterinary 

radiography. The twin objectives are clear: protecting people 

carrying out examinations and animal patients from unjustified, 

high doses whilst maintaining a diagnostic image quality. 

.2. Exposure Indicators 

In digital radiography, a useful tool for the identification of the 

chieved level of exposure is to review the value of the exposure 

ndicator provided by the imaging system. These exposure indica- 

ors do not result from any dose measurement. Instead, exposure 

ndicators are numerical parameters derived from the recorded sig- 

al characteristics. The parameter is calculated from the conver- 

ion of the pixel values during the exposure. Pixel values represent 

he intensity of light photons deposited in the pixel. The radiation 

evel at the surface of the detector can be derived from the fre- 

uency and distribution of these pixel values (‘histogram’) [6] . The 

alue represents a relative exposure measure and correlates with 

he achieved SNR [22] . Therefore, the displayed values of the expo- 

ure indicator can be used twofold, as a tool to track the detector 

ntrance dose and as a tool to control noise-based image quality 

 23–25 ] ( Fig. 3 ). 

It has to be taken into account that several factors others than 

he detector entrance dose influence the exposure indicator value. 

ignificant fluctuations of the display values arise from differences 

f the collimation, changes of the processing algorithms and errors 

n the histogram analysis [ 6 , 26 ] ( Table 1 ). Therefore, it is important

o avoid such errors by standardization of the acquisition technique 

nd, if unavoidable, respect these factors while interpreting expo- 

ure indicator values. 
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Fig. 2. Effects of the detector dose on the quality of digital images. The images of a cadaver limb are labeled with mAs settings and corresponding S-values. All images 

were obtained with a flat-panel detector (FDR D-EVO II C24i, Fujifilm Corporation, Tokyo, Japan) at 60 kVp and uniform focus-detector distance, collimation and processing 

parameters. Due to use of an adaptive LUT, differences in brightness and contrast are compensated. Over a wide dose range there are no visible differences of the image 

quality. Exclusively extremely low doses (A) attribute to a significant noise-based blurring of anatomic structures. At very high doses (H–J) soft tissues are increasingly 

obliterated (‘burnt out’) from the radiograph due to detector saturation (arrowheads). 

Fig. 3. Screenshot of a workstation monitor. The value of the exposure indicator - here the S-value (green arrow) - is displayed as part of the image information. 
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With the introduction of the first digital detector system in the 

980s the individual manufacturers established their own propri- 

tary exposure indicators. Over time, the multitude of existing pa- 

ameters with different scaling of the values made comparisons 

ifficult. Thankfully, manufacturers are increasingly adopting the 

nified ‘standardized exposure index’ (S-EI)( Table 2 ). This stan- 

ard was defined by the International Electrotechnical Commission 

IEC 62494-1) [27] and the American Association of Physicists in 

edicine (AAPM tg-116) [28] to overcome the difficulties related 

ith the use of the diverse existing indicators. S-EI is indepen- 
3

ent of the manufacturer and the technology. Meanwhile, it has 

roven to be overall reliable in human radiology [ 29 , 30 ] and it was

emonstrated that even patient doses could be estimated from the 

enerated data [ 31 , 32 ]. 

The advantage of S-EI is that the user only had to be familiar 

ith the meaning of three parameters: 

1 ‘Exposure index’ (EI) is the value displayed for an individual 

image. The value is a function of the applied exposure set- 

tings (kVp, mAs), but also of the predefined examination type 
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Table 2 

Exposure indicators. Relationships between detector doses, the standardized 

exposure index (S-EI) values and proprietary reporting terminology of selected 

manufacturers. Due to differences in calibration the presented data demon- 

strate approximate relationships (compiled from [ 6 , 23 , 43 , 53 ]. 

Detector Dose (μGy) 

Parameter 1.25 2.5 5 10 

IEC, AAPM EI (S - EI) 125 250 500 1,0 0 0 

Agfa (SC 200) lgM 1.3 1.6 1.9 2.2 

Agfa (SC 400) lgM 1.6 1.9 2.2 2.5 

Canon (B 16, C 10) REX 12.5 25 50 100 

Carestream (CR, STD) EI 1,100 1,400 1,700 2,000 

Fuji, Konica S 1,600 800 400 200 

Philips EI 800 400 200 100 

Siemens EXI 190 380 760 1,520 

Fig. 4. Standardized exposure index (S-EI). Range of DI values and the AAPM rec- 

ommendations on the interpretation for clinical use in human radiology. The tar- 

get range is 0 ± 0.5. For DI from + 1 to + 3 (‘overexposure’) and greater than + 3 

(excessive radiation exposure) from the image quality point of view the action is 

‘repeat only if necessary’. Basically, this is the same for values lower than −1 (un- 

derexposed). Mostly images with DI lower than -3 are nondiagnostic and must be 

repeated. From the radiation safety point of view, values outside the target range 

require immediate effort s to prevent further exposure faults (adapted from [28] ). 
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Table 3 

Selected technical features of digital imaging systems. In contrast to minor 

differences in the pixel size, remarkable differences of the detective quan- 

tum efficiency (DQE) exist between the systems. 

Computed Radiography 

Pixel size: 100 ... 200 μm (5 ... 2.5 lp mm 
−1 ) 

CR with powder-structured image-plate 

X-ray recording: BaFX:Eu 2 + photostimulable phosphor 

DQE (70 kVp, 1 lp mm 
−1 ): 18 ... 25 % 

Dual-side reading CR 

X-ray recording: BaFBrl:Eu2 + photostimulable phosp1hor 

DQE (70 kVp, 1 lp mm 
−1 ): 30 % 

CR with needle-structured image-plate 

X-ray recording: CsBr:Eu2 + photostimulable phosphor 

DQE (70 kVp, 1 lp mm 
−1 ): 35 % 

Flat panel detectors 

Detector element size: 100 ... 200 μm (5 ... 2.5 lp mm 
−1 ) 

Indirect conversion 

X-ray recording: Gd 2 O 2 S or Csl phosphor + TFT array 

DQE (70 kVp, 1 lp mm 
−1 ): 50 / 65 % 

Direct conversion 

X-ray recording: amorphous Se photoconductor + TFT array 

DQE (70 kVp, 1 lp mm 
−1 ): 30 % 
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(e.g., hoof, carpus) and the ‘region of interest (ROI)’ identified 

in the signal processing. EI is linearly related to detector expo- 

sure. Therefore, for example, doubling the mAs settings doubles 

the EI. 

2 ‘Target EI’ (EI T ) is the reference for an optimal exposure. It 

could be defined either by the manufacturer giving recommen- 

dations based on image receptor dose for certain applications 

or by the veterinary user. The latter preferably should be based 

on results of image quality studies. 

3 The ‘deviation index’ (DI) quantifies the degree of deviation of 

the actual EI from the EI T . In an ideal scenario, it should be

zero, that is, EI and EI T are the same. DI is calculated from 

DI = 10log 10 (EI/EI T ). Deviations of exposure settings from the 

predefined level are easy to recognize. The AAPM has made 

suggestions on the interpretation of DI-values for clinical use 

in human radiology. The tolerable range for the DI-value is 0 ±
0.5. As it is a logarithmic scale; a DI-value of + 3 indicate that 

EI is twice the EI T, and a DI value of -3 means that EI is half

of EI T [28] ( Fig. 4 ). For veterinary radiology these recommenda- 

tions may serve as a starting point for further adjustments. 

For digital radiography systems where the S-EI is not available, 

he feasibility of adding this capability (e.g., with a software up- 

rade), should be explored. The uniform use of S-EI can give bet- 

er control and make users less susceptible to misinterpretation of 

ecorded data, especially in departments equipped with multiple 

igital systems from differing manufacturers. 

Regardless of the type of exposure indicator that is imple- 

ented in a given imaging system; dose indicators are an easily 
4 
pplicable method of monitoring the exposure level, providing a 

ood orientation. The approach is always the same: Each examina- 

ion has a predefined target exposure indicator range that the real 

alue is compared with. Values outside this tolerable range indi- 

ate too high or too low detector entrance doses. Monitoring of 

he displayed value can thus be easily integrated into the routine 

orkflow ( Fig. 3 ). 

.3. Detector Technologies 

Two different detector technologies are currently in use 

overviews in [ 6 , 11 , 33 , 34 ] ( Table 3 ). 

.3.1. Computed Radiography (CR) (Synonym: Storage Phosphor 

ystem) 

In CR-systems, introduced in the mid-1980s, a cassette contains 

 storage-phosphor plate. The plate has a layer of photostimulable 

rystals with halogenides, representing the sensor material. During 

he readout process - performed by a separate reader unit - laser 

ight is applied to release the stored energy. Photodiodes then cap- 

ure the emitted visible light and convert it into a digital signal. 

epending on the plate size and the scan matrix, the readout pro- 

ess takes approximately 20 to 40 seconds. 

Since its introduction, the modification of the basic CR principle 

as improved readout speed, spatial resolution and sensitivity. If 

he use of a CR system in mobile equine practice is planned, it 

hould be noted that the readout unit needs some space in the 

ar, and that it is less tolerant for mechanical vibrations, dust and 

uctuations of temperature and humidity. 

.3.2. Flat-Panel Detectors (Synonyms: Direct Radiography, DR; Direct 

igital Radiography, DDR) 

Flat-panel detectors convert X-rays direct into electrical charge 

ithout intermediate mechanical read-out steps. Image is immedi- 

tely available. 

Since 20 0 0, two subtypes of flat-panel detectors are in use: 

• Indirect flat-panel detectors has an upper scintillator layer (ce- 

sium iodide, gadolinium- or lanthanum oxide sulfide) where 

X-rays are converted into visible light. Underneath the scintil- 

lator, there is an array of semiconductors of amorphous sili- 

con (a-Si). Each pixel contains a photodiode, a capacitor and a 

thin-film transistor (TFT). The photodiode converts the incom- 

ing light into electrons. The capacitor stores this electric charge 
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Table 4 

Technical features of the detector (data from Fujifilm, Tokyo, Japan: https://www. 

fujifilm.com ). 

Feature Specification - Data 

Flat-panel detector FDR D-EVO II C24i 

Manufacturer Fujifilm Corporation, Tokyo, Japan 

X-ray recording Cesium iodide (Csl) 

phosphor + TFT array 

Size 24 × 30 cm 
2 

Weight 1.5 kg 

Matrix 1.536 × 1.920 pixel 

Detector element size 150 μm 

Detective quantum efficiency (DQE) 62 % (at 0 lp mm 
−1 , 1 mR) 

54 % (at 1 lp mm 
−1 , 1 mR) 

Modulation transfer function (MTF) 80 % (at 1 lp mm 
−1 , 1 mR) 
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and afterword each pixel is readout individually by the TFT. The 

amount of charge on a pixel is proportional to the incident ra- 

diation. 
• Direct flat-panel detectors convert incident X-ray photons di- 

rectly into electric charge. The detector has a photoconductor 

layer (e.g., amorphous selenium, a-Se) in lieu of the scintilla- 

tor and the photodiode. An electric field is applied to this se- 

lenium layer. Underneath this selenium layer, a layer of elec- 

trodes transmit the released electrons to an array of TFTs. In 

this second layer, the electrons move perpendicular to the sur- 

face of the selenium layer and in the direction of the electric 

field. Afterwards, the TFTs sample and store the energy of the 

electrons for the readout process. The read-out process is simi- 

lar to those of indirect flat-panel detectors. 

All technologies have advantages and disadvantages with re- 

pect to handling and image quality [6] . Due to decreasing pur- 

hase and maintenance costs, and increasingly slimmer design, 

at-panel radiography is on course to surpass use of computed ra- 

iography in veterinary medicine. 

From a dose management point of view, ‘detector quantum effi- 

iency’ (DQE) is certainly the most important parameter to charac- 

erize the detector performance [16] . DQE describes how efficient 

 detector is able to convert incoming X-rays into image informa- 

ion. An ideal detector is one that outputs the same signal to noise 

atio (SNR) at it receives as input, has a DQE of 100 %. The DQE

f any real detector is always below 100%. While comparing detec- 

ors with low and high DQE images from a detector with high DQE 

ave a superior image quality because images have lower noise or, 

n other words, a higher SNR. Further, systems with higher DQE 

eeds less detector entrance dose to achieve the same noise level 

han a system with lower DQE. A greater dose saving potential ex- 

sts with those systems [6] ( Table 3 ). 

. Development and Use of Exposure Tables 

Exposure charts contain validated exposure settings for a given 

ody region and radiographic projection, based in the main on 

he tissue thickness, while as many other variables as possible are 

tandardized. In SFR they are needed to hit the narrow detector 

ntrance dose limits to achieve constantly suitable film blackening 

nd to thus avoiding image retakes ( Fig. 1 ). In digital radiography 

f humans, exposure charts are applied to keep the detector en- 

rance dose within predefined limits [ 29 , 35 ]. 

The idea behind the second part of this review is to demon- 

trate the principal approach to motivate users to establish their 

wn exposure controlling system in a comparable manner. Re- 

ently, our institution replaced an older CR-system with a flat- 

anel system ( Table 4 ). Due to the numerous necessary techni- 

al adjustments, the previous exposure tables were not adaptable. 

ompletely new tables had to be developed and subsequently val- 
5 
dated. As in a cookbook, the steps to construct exposure table - 

n this case, radiographs of the distal limb - should serve as an 

xample and should prevent pitfalls. 

.1. Step 1 - Preparation 

.1.1. Definition of the Target Value the System-Specific Exposure 

ndicator and its Tolerable Range 

The exposure index of the system is used to monitor the level 

f the detector entrance dose in an exposure series of phantoms. 

ccording to the manufacturer’s recommendations for the use of 

he detector in human radiology the target S-value and the tolera- 

le range were set with 400 ± 10 % ( Table 5 ). 

.1.2. Definition of the ‘Constant’ Parameters 

Parameters that kept constant were: the X-ray machine (Super 

00 CP, Philips Healthcare, Hamburg, Germany) with a 100 kW 

igh-frequency generator; the focal spot size of 1.2 × 1.2 mm 
2 ; 

ocus to detector distance (FDD) of 100 cm; total filtration of 2.0 

m Al; and no antiscatter grid usage ( Table 5 ). Uniform process- 

ng was employed for the individual projections. The parameters 

f the manufacturer’s multifrequency processing algorithms (APL 

oftware V12.1, Fujifilm, Tokyo, Japan) had been optimized in pre- 

ious studies. 

.1.3. Selection and Preparation of Phantoms 

Cadaver limbs of three horses, representing three categories of 

atient size were used. These size categories were termed ‘Pony 

ype’ (body weight of about 200 kg), ‘Warmblood type’ (body 

eight of about 450 kg) and ‘Noriker type’ (body weight of about 

00 kg). For the radiographic studies, special fixation devices for 

he cadaver limbs and positioning devices for the detector were 

sed ( Fig. 5 ). In this way, standardized exposure conditions were 

iven and radiation exposures of the people who carried out the 

xamination could be avoided. 

.1.4. Designing Table Layout 

The exposure table provides an overview about the variable 

onditions that has to be considered when selecting appropriate 

xposure settings: in particular body region, projection and patient 

hickness. To prevent mistakes for future users, the aforementioned 

constant’ parameter should be visible on the chart. The provided 

xample for the table layout design is based on 2 cm increments of 

atient thickness ( Table 5 ). We recommend printing out the empty 

able and using a pencil and an eraser to enter and remove, as nec- 

ssary, the settings identified. 

.2. Step 2 - Trial and Error 

In the second step, image series with changing exposure pa- 

ameters were taken of the fresh cadaver limbs to achieve the 

argeted EI range. An essential prerequisite is to measure the tis- 

ue thickness in the direction of the X-ray beam with a calliper. 

hese measurements were performed at the limb level with the 

reatest thickness relative to the studied region and projection. Im- 

ges were repeated to verify the reproducibility of the S-value. To 

revent motion related unsharpness in living horses, the exposure 

ime should not exceed 20 ms. 

The setting (kVp - mAs combinations) identified in this way for 

he three size categories serves as landmarks while constructing 

he exposure table. Subsequently, exposure settings for remaining 

hicknesses of the respective body region are calculated by use of 

 simple exposure adaptation scheme ( Fig. 6 ). It should be noted, 

hat a number of alternative adaption methods for adding missing 

ettings exists [36] . 

https://www.fujifilm.com
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Table 5 

Exposure table for radiographs of the distal limb of horses. The table is based on standardization of as many different parameters as possible. Variable parameters influencing 

S-value were tissue thickness and field size. 

Region Thickness (cm) 

Field size Projection 6–7 8–9 10–11 12–13 14–15 16–17 18–19 20–21 

Carpus 

dorso-palmar 60–2.5 ∗ 63–2.8 ′ 66–3.0" 

latero-medial 60–2.2 ∗ 63–2.5 ′ " 
oblique 60–2.5 ∗ 63–2.8 ′ 66–3.0" 

Metacarpal(tarsal) 

bone 

dorso- 

palmar/plantar 

60– 2.2 ∗ 60– 3.6’ 63– 2.5”

latero-medial 60– 1.8 ∗ 60– 2.8’ 60– 3.6”

oblique 60– 2.0 ∗ 60– 2.8’ 60– 3.6”

Proximal - 

distal phalanx 

dorso- 

palmar/plantar 

60–3.2 ∗ 66–2.8’ 72–4.0”

latero-medial 60–2.5 ∗ 63–2.5’ 68–3.2”

Oblique 60–2.5 ∗ 63– 2.5’ 68–3.2”

55 °dorso- 
palmar/plantar 

(Oxspring) 

60–2.8 ∗ 66– 2.8’ 68– 3.2”

Tarsus 

dorso-plantar 63– 2.8’ 66– 5.6’ 75– 8.0”

latero-medial 60– 2.5 ∗ 63– 2.8’ 68– 3.6”

oblique 60– 2.5 ∗ 66– 3.0’ 72– 4.0 “

The recorded exposure settings (kVp - mAs combinations) for the target S-value of 400 ( ± 10 %) originate from test exposures of the cadaver limbs of three horses of 

different size ( ∗Pony type, ‘Warmblood type, “Noriker type). Subsequently, missing settings need to be adjusted by assigning each ± 1 cm tissue thickness difference to ± 1 

exposure points (EP) difference. To determine open exposure settings, to the closest approved setting in the table the adequate number of EPs is added (or subtracted). The 

corresponding new mAs- or kVp-values ( Fig. 6 ) are filled in the open boxes of the exposure table. 
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Because of the strong influence of collimation on the exposure 

ndicator value, the borders of the collimation as determined by 

he light beam diaphragm are also documented in the table to en- 

ure consistency in collimation ( Table 5 ). Subsequent changes of 

he collimation are requiring additional exposure setting adjust- 

ents. 

.3. Step 3 - Fine Tuning 

Once the table has been completed the predefined settings 

re monitored in clinical routine. The displayed exposure indica- 

or value acts as control tool for the verification of the formerly 

ecorded data ( Fig. 3 ). If necessary, the setting needs to be cor-

ected. Because of the afore described dependence of the expo- 

ure indicator from small differences in the tissue thickness, care- 

ul thickness measurements by use of a calliper are required. After 

alidation of the data, they are transferred into the final version of 

he table and presented within the radiographic unit. 

. Current Status and Considerations for Future Adjustments 

Unlike screen-film systems, in digital radiography, image bright- 

ess is not usable as an indicator for a correct choice of the 

xposure parameters. Therefore, alternative methods for detector 

ntrance-dose surveillance needs to be implemented into the clin- 

cal routine. The primary aim of dose monitoring in human radi- 
6 
logy is to keep the dose of human patients as low as possible 

hilst ensuring sufficient image quality. In veterinary digital radi- 

logy, the selection of appropriate exposure settings also plays an 

mportant role in radiation safety. However, in contrast with hu- 

an radiology, radiation safety is focused on protecting assisting 

taff from avoidable radiation exposure. 

The current philosophy of radiation protection is based on the 

ssumption that without a threshold dose even small doses of ion- 

zing radiation can - with correspondingly low probability - cause 

ancer or hereditary damage and that these stochastic radiation 

isks increase linearly with arising dose (‘Linear - No threshold 

heory’, LNT) [37] . The systematic use of unjustified excessive de- 

ector entrance doses directly correlates with an increase of the 

ffective doses of holding staff and of the animal patients. Espe- 

ially when it is often the same, experienced persons who are car- 

ying out the examinations, the dose accumulation might progress 

apidly [ 38 , 39 ]. Purposeful overexposure to ‘be on the safe side’ is

nacceptable and clearly violates the ALARA (‘as low as reasonably 

chievable’) principle [9] . 

We present a concept that makes it possible to firstly adjust the 

evel of the detector entrance dose and subsequently monitor the 

enerated exposure settings in routine clinical veterinary radiogra- 

hy. 

In the proposed concept, the inherent system exposure indi- 

ator plays a central role. It is used for different purposes: as a 

enchmark for the detector entrance dose while identifying proper 
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Fig. 5. Experimental setting for image series of a cadaver limb. The detector, em- 

bedded in the cover box, is capable to store all the image of one series. Conse- 

quently, there was no need for any changes to the condition of admission. For a 

new image exclusively the mAs-settings had to be changed at the control panel. 
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Fig. 6. Exposure adaptation scheme. The steps from value to value within the two 

columns for mAs, respectively kVp, are equivalent to 1 exposure point (‘EP’) ( ± 1 

EP = ± 1 cm tissue thickness). Changes in the mAs value are linearly related to the 

detector dose: a doubling of the detector dose, which becomes necessary when the 

thickness increases by 3 cm, requires doubling of mAs. Differently, the kVp-value 

is not linearly related with the detector dose: at low kVp, changes in kVp have a 

much stronger effect on the detector dose than at high kVp-values. At low kVp (40–

50 kVp) the exponent is around five and at high kVp (120–150 kVp) the exponent 

is around three (adapted from [52] ). 
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xposure settings, in the subsequent monitoring of their appro- 

riateness and - if necessary - for subsequent fine-tuning of the 

ettings. Although the exposure indicator is not directly based on 

ose measurements, it has an overall good correlation to the de- 

ector entrance dose and - despite other influencing factors - is 

uitable for monitoring exposure settings [30] . 

Once the ideal exposure settings have been established on trial 

atients or phantoms, simple mathematical relationships can be 

sed to fill in the table for any other thickness of the correspond- 

ng body region. This table is a working chart and needs to be 

ested on a variety of animals. With resulting minor corrections, 

ltimately the table becomes a reliable practical tool. 

The constructed exposure tables are based on tissue-thickness 

easurements. In our study we could confirm that even small dif- 

erences in tissue thickness require adjustments of the exposure 

ettings: an increase of tissue thickness of 3 cm requires an ap- 

roximate doubling of the detector entrance dose [36] . Neither the 

ody weight of the patient nor the use of animal size groups can 

erve as resilient fundaments for the establishment of exposure ta- 

les because of their poor correlation with tissue thickness. Simi- 

ar observations have been reported from examinations in pediatric 

adiology [35] . 

The absolute numbers in the presented exposure table are not 

ntended for use verbatim. Except patient related factors (e.g., body 

egion, projection, thickness) deviating equipment and exposure 

onditions - such as DQE of the detector, output of generator, ca- 

acity of the tube, additional beam filtration, focus - detector dis- 

ance, collimation, and characteristics for the antiscatter grid (ra- 

io, type, Bucky factor) - make the table values in general non- 

ransferrable. However, for very similar conditions these might be 

daptable. 
7 
The constructed table can further serve as a starting point for 

ose reduction testing. In image quality studies - in the simplest 

ase by means of visual subjective assessment - it can be checked 

hether a dose reduction is possible basically throughout all re- 

ions and projections or whether this only might only be possible 

or specific predefined indication where a lower SNR is tolerable 

e.g., follow-up control post osteosyntheses) [7] . In human radiol- 

gy, concepts with three image-quality classes (high, medium, low) 

re proposed. The dose is halved from class to class [ 19 , 40 , 41 ]. The

ntroduction of comparable image quality classes into the veteri- 

ary radiology routine would involve considerable changes in work 

rocesses, because the required image quality class must be se- 

ected prospectively before each examination. Drawing on our ex- 

erience, this is unlikely be feasible for many examinations. A real- 

stic scenario for a significant dose reduction is given for detectors 

ith high DQE [ 7 , 42 ]. 

Medical imaging examinations should use acquisition tech- 

iques that are repeatable and adjusted to administer the lowest 

adiation dose that yields a diagnostic image quality. As demon- 
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trated, the linear course of the ‘characteristic curve’ makes it nec- 

ssary to find the right balance between the needs of dose disci- 

line and the safeguarding of a diagnostic image quality [ 14 , 43 ]. In

his interrelationship, dose requirements acts as determinant. For 

adiation safety reasons, a predefined level of dose must not be 

xceeded. As a target for this aimed level, detector entrance doses 

ormerly used in SFR for otherwise identical exposure conditions 

ould be taken as a landmark. 

For generating a maximum of image quality at a given level 

f detector entrance dose, it is necessary that every single el- 

ment of the imaging chain (signal recording, signal processing, 

mage display) are of high performance and the links are well 

atched up. The weakest element in this chain ultimately deter- 

ines the quality of the image and thus its diagnostic suitability 

 19 , 42 , 44 , 45 ]. Image processing has a considerable influence on the

isual perception of image noise and on other parameters charac- 

erizing image quality. Studies in human radiology have shown that 

ith conventional processing software (e.g., Unsharp mask filter- 

ng and variants of it), the application of edge-enhancing parame- 

ers improves detail perception, but also emphasize noise [46] . In 

ther studies with conventional software, the application of opti- 

ized processing parameters partially compensated noise sensa- 

ion. This was more effective at low detector entrance doses than 

t higher dose levels [ 7 , 47 ]. New developments in processing al-

orithms, based on multifrequency software tools, allow suppres- 

ion of noise and the improvement of image detail rendition at 

he same time [ 47 , 48 ]. In an image quality study with images of

he proximal ovine hind limb, it was shown that due to the opti- 

ization of the multifrequency processing software, a reduction of 

he detector entrance dose of up to 61% can be achieved without 

oss of image information, as compared to reference images. Even 

or images of diagnostically acceptable quality, adapted processing 

upported a dose reduction of 88%. Accordingly, the correspond- 

ng effective dose was reduced from 79 μSv to 4 μSv [49] . Specific

eterinary studies focused on the influences of processing onto im- 

ge quality are rare [ 50 , 51 ]. Considering the similar requirements 

or the presentation of image details, it can be assumed that there 

s also considerable potential for dose reduction in veterinary ra- 

iography. Therefore, we recommend that the veterinary user in 

ooperation with an expert of the manufacturer or vendor should 

ptimize parameters of image processing software with respect to 

he diagnostic requirements of image quality and to the detector 

ntrance dose. 

. Conclusions 

In summary, keeping exposures as low as reasonably achievable 

nd monitoring exposure to radiation are key elements of practical 

adiation safety. Digital radiographic examinations should use tech- 

iques that are adjusted to use the lowest detector entrance dose 

hat yields diagnostic image quality. A robust and easily applicable 

ethod to ensure a constant diagnostic image quality and thereby 

eeping control over the exposure level is to utilize exposure tables 

or respective body regions and projections on the basis of tissue 

hickness measurements. The system-specific exposure indicator is 

 despite the number of influences other than exposure settings on 

t - a reliable monitoring tool for: (1) constructing exposure tables; 

2) exposure monitoring during routine clinical radiography and; 

3) the evaluation of dose saving potentials. 

It is recommended that purchasing DRx with high DQE, of- 

ers substantial higher potentials for image quality or dose sav- 

ng. Furthermore, adjustments of processing algorithms have been 

roven to be an important factor in achieving best image quali- 

ies. Optimized the processing parameters can therefore compen- 

ate/maintain image quality while the user benefits from the re- 

uced risk a decreased dose brings. 
8
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