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ABSTRACT

Introduction: Knee X-rays are a standard examination to diagnose
multiple conditions ranging from traumatic injuries, degeneration,
and cancer. This study explores the differences between adult Anterior-
Posterior (AP) and Posterior-Anterior (PA) weight-bearing knee exam-
inations using absorbed radiation dose data and image quality.

Methods: The study modelled and compared AP and PA knee X-
ray radiation dose data using Monte-Carlo software, an Ion Chamber,
and thermoluminescence dosemeters (TLDs) on a Rando phantom.
Imaging parameters used were 66kVp, 4mAs, 100cm distance and
13 x 24cm collimation. The interval data analysis used a two-tailed
t-test. The image quality of a sample of the AP and PA knee X-rays was
assessed using Likert 5-point ordinal Image Quality Scoring (IQS) and
the Wilcoxon matched pairs test.

Results: Monte-Carlo modelling provided limited results; the Ion
Chamber data for absorbed dose provided no variation between AP
and PA positions but was similar to the AP TLD dose. The absorbed
doses recorded with batches of TLDs demonstrated a 27.4% reduc-
tion (46.1Gy; p=0.01) in Skin Entrance Dose (ESD) and 9 - 58%
dose reduction (1.6 — 16.4uGy; p=0.00-0.2) to the tissues and organs
while maintaining diagnostic image quality (p=0.67).

Conclusion: The study has highlighted the various challenges of using
different dosimetry approaches to measure absorbed radiation dose in
extremity (knee) X-ray imaging. The Monte-Carlo simulated absorbed

knee dose was overestimated, but the simulated body organ/tissue
doses were lower than the actual TLD absorbed doses. The Ion Cham-
ber absorbed doses did not differentiate between the positions. The
TLD organ/tissue absorbed doses demonstrated a reduction in dose
in the PA position compared to the AP position, without a detrimen-
tal effect on image quality. The study findings in laboratory conditions
raise awareness of opportunities and potential to lower radiation dose,
with further study replicated in a clinical site recommended.

Résumé

Introduction: Les radiographies du genou sont un examen standard
pour diagnostiquer de multiples conditions allant des blessures trau-
matiques a la dégénérescence et au cancer. Cette étude explore les dif-
férences entre les examens du genou en appui sur le poids chez I'adulte
en position antéro-postérieure (AP) et postéro-antérieure (PA) en util-
isant les données sur la dose de rayonnement absorbée et la qualité de
image.

Méthodologie:
de rayonnement X du genou AP et PA en utilisant le logiciel Monte-
Carlo, une chambre d’ionisation et des dosimétres a thermolumines-

*étude a modélisé et comparé les données de dose

cence (DTL) sur un fantdme Rando. Les paramétres d’imagerie utilisés
étaient les suivants : 66kVp, 4mAs, distance de 100cm et collimation
de 13 x 24cm. La qualité d’'image d’un échantillon des radiographies
AP et PA du genou a été évaluée a I'aide d’un score ordinal de qualité
de 'image (IQS) selon une échelle de Likert en 5 points.
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Résultats: La modélisation de Monte-Carlo a fourni des résultats lim-
ités; les données de la chambre d’ionisation pour la dose absorbée n’ont
fourni aucune variation entre les positions AP et PA mais étaient simi-
laires 2 la dose AP du DTL. Les doses absorbées enregistrées avec les lots
de DTL ont démontré une réduction de 27,4 % (46,14 Gy; p=0,01)
de la dose a I'entrée de la peau (ESD) et une réduction de 9 4 58 %
de la dose (1,6 - 16,44 Gy; p=0,00-0,2) aux tissus et organes tout en
maintenant la qualité de 'image diagnostique (p=0,22-0,74).

Conclusion: Cette étude a mis en évidence les différents défis liés
3 l'utilisation de différentes approches de dosimétrie pour mesurer la

[mNS;January 14, 2023;16:2]

dose de rayonnement absorbée dans I'imagerie radiologique des ex-
trémités (genou). La dose absorbée simulée par Monte-Carlo pour le
genou était surestimée, mais les doses simulées pour les organes/tissus
du corps étaient inférieures aux doses absorbées réelles par DTL. Les
doses absorbées par la chambre d’ionisation ne faisaient pas la dif-
férence entre les positions. Les doses absorbées par DTL pour les or-
ganes/tissus ont montré une réduction de la dose en position PA par
rapport 2 la position AP, sans effet négatif sur la qualité de 'image. Les
résultats de 'étude dans des conditions de laboratoire sensibilisent aux
possibilités et au potentiel de réduction de la dose de rayonnement, et
il est recommandé de poursuivre I'étude dans un site clinique.

Keywords: Knee; X-ray; Positioning; Monte Carlo method; Thermoluminescence dosimeters; Image Quality

Introduction

The National Health Service (NHS) England Diagnostic Imag-
ing Dataset [1] reporting service delivery to improve patient
outcomes [2,3] recorded 41.7 million imaging examinations
between December 2020 and November 2021. Of these, 3.6
million occurred in November 2021, [1] with X-rays as the
most common test (1.77 million) [1]. Knee X-rays are a stan-
dard examination to assess the bony structure for multiple con-
ditions ranging from traumatic injuries, degenerative joint dis-
ease to cancer. The presenting patients come from many dif-
ferent patient pathways and referral routes and include every
possible age range.

There is published literature investigating the image qual-
ity of the standard knee positioning of the Anterior-Posterior
(AP) weight-bearing straight leg. Still, limited studies review
the alternative Posterior-Anterior (PA) position. The majority
of studies investigate flexed PA views, [4] 45 degrees [5] includ-
ing the Rosenburg view (angling the tube 10-20 degrees), [6,7]
20-30 degrees (including Lyon Schuss views),[8-10] Fixed
Flexion Views,[11,12] and semi-flexed Buckland-Wright views
[13,14]. The evidence is best evaluated by the literature review
of tibiofemoral joint space narrowing in degeneration using
PA knee flexion by Duncan et al. [15] Supported by Vince,
Singhania and Glasgow [16] whose survey of #=800 members
of the British Orthopaedic Association (BOA) who preferred
PA weight-bearing knee X-rays (82%), citing the superiority
in demonstrating the alignment of the joint for degenerative
change. The survey was repeated six years later by Bhatnagar
etal. [17] with =990 BOA members, and the preference had
risen to 86%, although with an inclination for a 30-degree flex-
ion of the knee.

The United Kingdom (UK) Ionising Radiation (Medical
Exposure) Regulations [18] (IR(ME)R) require the ‘practi-
tioner’ (radiographer in the UK; radiologic technologist, or
medical radiation technologist internationally) to adhere to
keeping radiation dose ‘As Low As Reasonable Practicable’
(ALARP) [19,20] reduces the risk of tissue reactions and
stochastic effects. Current Diagnostic Reference Levels (DRLs)
have been set within the UK [21] for knee x-ray exposures at 0.3

milligrays (mGy) Entrance Skin Dose (ESD) per image (mean
of n=3,295 patients, at 61 (52-68) Kilovoltage (kV); 4 (1-125)
milliampere-seconds (mAs) [22].

Very little has been studied on the variance between adult
AP and PA straight leg knee X-ray dose [23]. The UK Col-
lege of Radiographers (CoR) Research Priorities for the radio-
graphic profession [24] has “dose optimisation”, “image qual-
ity”, “methods to reduce ionising radiation”, and “evidence-
based procedures” within their top ten priority of topics. The
CoR Research Strategy [25] highlights the need for research
so that “all patients undergoing diagnostic imaging deserve
evidence-based practice to underpin their care”.

This novel and original study aims to assess AP and PA
weight-bearing straight leg knee X-ray positioning, evaluating
radiation dose and image quality. Using a three-stage approach
of virtual simulation of dose (Monte Carlo software) and real
dose measurements with Ion Chambers and Thermolumines-
cent Dosimeters (TLDs). With a null hypothesis (Hy) of no
change in dose/image quality between AP and PA position-
ing and an alternative hypothesis (H;) there was a change in
dose/image quality between AP and PA positioning.

Methods

Three stages of dose collection methods were used to ob-
tain and compare data. The first stage acquired a virtual patient
simulation using Monte-Carlo software (PCXMC 2.0%%) to
model the absorbed radiation doses between the two knee posi-
tions (AP and PA) using an adult mathematical hermaphrodite
Cristy phantom [27] (default modelling of a 30-year-old
male Euro-American [27]). PCXMC [26] uses simulations of
the interactions of photons to matter, accounting for photo-
electric absorption, coherent (Rayleigh) scattering, and inco-
herent (Compton) scattering, [28] correlating well with Na-
tional Radiological Protection Board (NRPB) modelling data
[29-32]. Monte-Carlo calculations then estimate the absorbed
dose and effective (organ and whole-body) dose using Interna-
tional Commission on Radiological Protection [33] (ICRP) tis-
sue weighting (W) factors and lifetime risk estimate of cancer
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Fig. 1. Monte Carlo modelling using PCXMC?° software of an AP (left image) and PA (right image) adult knee X-ray.

[34]. PCXMC [26] is designed for both localised anatomy and
whole-body irritation simulations, thus, calculating the effec-
tive dose which is appropriate for whole-body irradiation [35].
In imaging examinations where a single organ (knee X-ray) re-
ceives the majority of doses, the mean absorbed doses should
be used as the most appropriate quantity for organ and tissue
doses as an indicator of deterministic effects [19]. The virtual
patient simulation (Fig. 1) used adult knee imaging parameters
(66kv, 4mAs, 100 centimeters (cm), source to image detector
(SID), light beam collimation of 13 x 24cm, simulated Phan-
tom height 178.6cm and mass 73.2 kilograms (kg).

The second stage assessment recorded real-world ESD from
AP and PA knee X-ray examinations using a tissue equiva-
lent male Alderson Rando phantom [36] and Ion Chamber
[37] dosimeter [38] (Fig. 2) to determine the dose [39]. Po-
sitioning of the AP weight-bearing knee view followed clinical
practice positioning, centring the horizontal beam lcm below
the apex of the patella through the joint space and collimated
to include 1/3 of the tibia, fibula and femur [40]. For the PA
weight-bearing positioning, the phantom was rotated 180 de-
grees, keeping the same X-ray tube centring position and SID,
similar to the AP view [40]. The exposure factors used the lo-
cal clinical X-ray protocol of 66kV, 4mAs, a small focal spot, a
SID of 100cm, and collimation of 13 x 24cm set to the area
of interest [40]. All X-ray equipment (X-ray tube [41], Direct
Digital Radiography plate [42], Ion Chamber [37]) was quality
assured at the start. Additionally, the Dose Area Product (DAP)
meter data were recorded throughout the experiment to consis-
tently monitor X-ray tube output.

Dosimetry studies routinely use a three-step process start-
ing with recording the absorbed dose (micrograys (L Gy), then
manually calculate [33] (Fig. 3) the equivalent dose (based on

Fig. 2. Ion Chamber’?” positioning for AP skin entrance (absorbed) dose read-
ings.

the average absorbed dose in the volume of a specified organ
or tissue [19]) and then converted into units of microsiev-
erts (uSv) and millisieverts (mSv) [43] for effective whole-
body dose (harmful ‘biological effect’ of the X-rays photons)
[19]. But effective dose estimates are only useful for compar-
ing whole-body irradiation from different diagnostic modalities
and techniques with different spatial distributions of radiation
within body tissues [19].

The ICRP [19] recommend when considering exposures di-
rected to a single organ (i.e. knee), mean absorbed doses should
be used. The absorbed doses were recorded from three expo-
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Fig. 3. Absorbed, equivalent and effective ionising radiation dose equations.

sures taken consecutively at each projection to ensure the re-
liability of exposure output. This considered minor generator
voltage fluctuation/ripple effect, electron kinetic energies across
the tube, and any thermomechanical stress of the X-ray tube
from previous usage.

The next stage used the same Alderson Rando [36] phan-
tom, applying TLDs [44] to record real-world absorbed doses
to the knee (ESD), skin exit, [28,38] adjacent limb, and the
radiosensitive organs [33] (internal positioning holes between
the assembled Rando [36] slices [28,33,38,45]) in both AP and
PA positions (Figs. 4,5).

The TLDs [44] of Lithium Fluoride (LiF) crystals are tis-
sue equivalent (Human tissue atomic number (Z) = 7.4, LiF
Z = 8.2%). The manufacturing process causes microscopic
crystal lattice imperfections and impurities [28] in the TLDs,
acting as electron traps to capture the X-ray energy when irra-
diated. Thus, each TLD has minor variations and differences in
sensitivity (light counts from the same X-ray irradiation) [46].

The TLDs were stored in a dark, temperature-controlled
steel cupboard to reduce background radiation and sensitivity
to daylight and fluorescent light [28]. Each TLD was moved
using vacuum tweezers, as the surface coating of the TLDs is
sensitive to the oil, grease, and associated dirt from human han-
dling [28]. When read at high temperatures (242 degrees Cel-
sius (°C), oil and grease ignite and give off a higher heat/light
count value than the actual true value, giving false data [39]. Us-
ing vacuum tweezers further reduces the risk of dropping onto
soiled surfaces, [39] causing fractures to the TLD structure and
consequential errors in readings.

Remainder* tissues: adrenals, extra thoracic tissue, gall bladder,
heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas,
prostate, small intestine, spleen, thymus, uterus/cervix

33

Fig. 4. TLDs* in batches of three positioned (N) as shown for ESD (absorbed)
dose readings to the AP knee.

Before calibration, [47] the TLDs were annealed (242°C for
10 minutes, before rapidly cooling to 80°C for 20 minutes, be-
fore step cooled down) in an electric Carbolite Annealing oven
[48]. This released any stored energy [38,48,49] in the TLD
‘valence band’” and re-combine the electrons and holes (traps)
[50].

To reduce TLD variation in sensitivity (up to 10-30%),
[46,49] =100 TLDs were calibrated, by irradiating to the
knee X-ray exposure, [26,37] on a tissue equivalent material
(to reduce backscatter of low energy Compton X-rays [38])
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Fig. 5. AP and PA Alderson Rando® phantom standing on tissue-equivalent material displaying the positioning of TLDs"* (A — Brain (Rando slice 1-2); B — Salivary
glands (Rando slices 6-7); C — Oesophagus (Rando slice 8-9); D — Right and left thyroid (Rando slice 9-10); E - Right and left lung (Rando slice 15-16); F - Right
and left breast (Rando slice 17-18); G - Stomach (Rando slice 19-20); H — Liver (Rando slice 20-21); I — Colon (Rando slice 23-24); ] - Right and left ovaries (Rando
slice 28-29); K- Bladder (Rando slice 32-33); L - Right and left testes (Rando slice 34-35); M — Right knee scatter (skin entrance and exit); N — Left knee primary

beam (skin entrance and exit).

grouped within a 5-inch diameter circle [45]. The TLDs were
then read and reordered into a sensitivity range [49] with the
n=3 highest light counts (least variance) chosen for the ex-
periment [50]. The mean light count from the batch of #n=3
TLDs irradiated at each anatomical area in the phantom (in a
reusable, re-sealable small plastic zip storage bag) to the same
exposure and collimation as the PCXMC [26] and Ion Cham-
ber [37] was recorded for the absorbed dose [19]. There were
n=21 anatomical locations for the TLDs (Fig. 5), exposed and
read, then repeated twice more in total #=126 exposures and
readings of the TLD batch for the AP and PA positions.

After irradiation, the TLD reader [46] and software [51] use
a Time/Temperature Profile (TTP) protocol [45,52] in a nitro-
gen atmosphere (purging the air during reading to reduce back-
ground radiation [47]) to preheat the TLDs (50°C) to remove
shallow traps/low-temperature peaks [45]. Then fast heated
(240°C) to acquire the high glow curve peaks [28] recorded
in a generic unit (Nanocoulombs (nC), then the TLDs are fast
annealed (quenched) to empty the traps [28,39,45,46].

The resulting light count (nC) data was then manually cal-
culated (Fig. 6) as not auto-calibrated to a consistent local
source of Caesium-137 or Strontium-90 [46]. Assessing the en-
ergy absorbed, minus the background radiation, [45] then con-
verting the generic units (nC) to dose units (4 Gy), before cal-
culating the mean absorbed dose from the batch of =3 TLDs
for each anatomical region.

The doses were presented in means with standard devia-
tions (SD) [46] and analysed using inferential statistics of a
two-tailed (direction of relationship) paired sample (AP vs PA)
t-test to compare the mean ESD/absorbed dose for any statisti-
cally significant difference (chance or real effect using a p-value
[55] (p) < 0.05 in hypothesis testing) difference between the
AP and PA positioning. The two-tailed #test [55] was chosen
as TLD data is interval, and the hypothesis does not state which
position would be higher/lower in dose.

The method to assess image quality used the Image Qual-
ity Scoring (IQS) [56] with Likert 5-point ordinal scales. A
random selection of #»=3 AP and »=3 PA knee X-ray im-
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ages from the TLD stage were randomly ordered (Random Se-
quence Generator [57]) to reduce bias [58] and presented on
a Picture Archiving and Communication System (PACS) [59].
The participant criteria to evaluate the image quality used diag-
nostic radiographers (a sample of 3-10 radiographers are recom-
mended [60-62]) independently blinded to each other’s evalu-
ation. The IQS ordinal data analysis applied a non-parametric
Wilcoxon matched pairs test [55] (the equivalent of the two-
tailed paired #test), using p < 0.05, to test for statistical signif-
icance between the AP and PA knee image quality.
Institutional ethical approval was received for this study
[ETH2021-0264]. Written informed consent was obtained for
all IQS participants. No images were altered, electronically
cropped, or post-process manipulated for the IQS evaluation.

Results

The PCXMC [26] Monte-Carlo modelling of the absorbed
dose between the two positions (AP and PA) is displayed in
Table 1. In the PA view, the average organ and tissue absorbed
dose decreased by 3% (supplementary tables 1 and 2). The cal-
culated stochastic radiation risk values [33] using the Risk of
Exposure-induced Cancer Death (REID) metrics for the AP
position was 4.7E-6% (0.0000047%) compared to the lower
PA position of 4.24E-6% (0.0000042%). There was no differ-

28,45,46,49,50,53,54

ence in predicated remaining lifetime years (45.2 years) or es-
timated Loss of Life Expectancy (LLE) of 28.1 years using the
imaging parameters and Cristy phantom [27] (age, weight).

The Ion Chamber [37] PA absorbed dose (169uGry;
Tables 2,3) demonstrated a minor variance (594 Gy) from the
PCXMC [26] PA calculated absorbed dose (110uGy).

The TLD absorbed dose values determined with the Alder-
son Rando Phantom [36] (Table 4 and Fig. 7) indicated the PA
positioning reduced the mean absorbed dose / ESD to the knee
by 27.4% (46.1uGy; p=0.01) compared to the AP position.
Further organ dose reductions using the PA position indicated
a range of 9 - 58% (1.6 — 16.4uGy; p=0.00-0.28) to the tis-
sues and organs compared to the AP position. Although not all
p-values were significant, the exposed knee exit dose was 38%
lower but p=0.07.

A comparison of the TLD AP position mean absorbed dose
/ ESD (168.1.Gy) to the Ion Chamber [37] ESD (169.8uGy)
displayed similar values, with the TLD PA position ESD lower
(121.9uGy). Potential reasons include the TLD on the phan-
tom surface in the AP position has the patella protruding from
the skin surface toward the X-ray tube. In the PA position, the
popliteal fossa indents the skin surface away, varying the dis-
tance slightly. In comparison, the Ion Chamber, [37] was a large
size when in position on the skin surface, reducing distance vari-
ation.

6 P Lockwood and M. Mitchell/ Journal of Medical Imaging and Radiation Sciences xxx (xxxx) xxx

Please cite this article as: . Lockwood and M. Mitchell, An assessment of the dose and image quality difference between AP and PA positioned adult radiographic
knee examinations, Journal of Medical Imaging and Radiation Sciences, https://doi.org/10.1016/j.jmir.2022.12.004



https://doi.org/10.1016/j.jmir.2022.12.004

JID: JMIR

[mNS;January 14, 2023;16:2]

Table 1
PCXMC?® Monte-Carlo modelling of tissue/organ absorbed dose (uGy) from the AP and PA position simulated adult knee X-ray.

AP positioning PA positioning
ROI Anatomy Dose (uGy) Error (%) Dose (1Gy) Error (%) Dose change %
Upper leg bones 0.095 38.2 0.207 30.9 +117%
Middle leg bones 49.15 2.1 114.834 1.3 +133%
lower leg bones 340.694 0.9 248.967 1.2 -27%
Skin 42.389 1.0 31.382 0.9 -26%
Muscle 22.381 0.3 22.041 0.3 -1%
Testes 0.114 71.8 0.07 81.4 -38%
Bladder 0.00 N/A 0.11 100 0%
Opvaries 0.00 N/A 0.00 N/A 0%
Colon 0.00 N/A 0.003 81.2 0%
Liver 0.00 N/A 0.00 N/A 0%
Stomach 0.00 N/A 0.00 N/A 0%
Breasts 0.00 N/A 0.00 N/A 0%
Lung 0.00 N/A 0.00 N/A 0%
Thyroid 0.00 N/A 0.00 N/A 0%
Oesophagus 0.00 N/A 0.00 N/A 0%
Salivary gland 0.00 N/A 0.00 N/A 0%
Brain 0.00 N/A 0.00 N/A 0%
Table 2

Ton Chamber’” AP knee absorbed and equivalent dose modelling using ICRP* weighting coefficients of biological effects of radiation type (WR = photons).

ROI Anatomy Exposure Absorbed Dose (1Gy) Equivalent Dose weightings Equivalent Dose (uSv)
AP 1 169.8 x WR (1) 169.8
Skin Entrance Left Knee* 2 169.9 x WR (1) 169.9

3 169.8 x WR (1) 169.8

4 169.9 x WR (1) 169.9

5 170 x WR (1) 170

mean 169.88 mean 169.88

Table 3

Ton Chamber®” PA knee absorbed and equivalent dose modelling using ICRP?* weighting coefficients of biological effects of radiation type (WR = photons).

ROI Anatomy Exposure Absorbed Dose (1Gy) Equivalent Dose weightings Equivalent Dose (uSv)
PA 1 169.8 x WR (1) 169.8
Skin Entrance Left Knee* 2 169.9 x WR (1) 169.9
3 169.8 x WR (1) 169.8
4 169.9 x WR (1) 169.9
5 170 x WR (1) 170
mean 169.88 mean 169.88
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Fig. 7. Comparison of AP and PA positioned absorbed doses measured using TLDs. %4
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Table 4
TLD* doses for the ICRP3? radiation-sensitive organs, measured using the Alderson Rando Phantom.>®

AP Positioning PA Positioning
ROI Anatomy Exposure 1~ Exposure 2 Exposure 3 ~ Mean Dose Conversion  Exposure 1~ Exposure 2 Exposure 3 ~ Mean Dose Conversion  Dose -test

Mean TLD  Mean TLD  Mean TLD  (uGy £SD) to mGy Mean TLD  Mean TLD  Mean TLD  (uGy £SD) to mGy Change % p-value

(nGy) (nGy) (nGy) (nGy) (nGy) (nGy)
Skin Entrance Left Knee* 174.14 157.54 172.68 168.12 £ 9.1 0.16 121.25 123.29 121.37 121.97 £ 1.1 0.12 -27.4% »=0.016
Skin Exit Left Knee 70.61 68.88 51.3 63.59 £ 10.6 0.06 37.84 40.94 39.35 39.38 £ 1.5 0.03 -38% »=0.072
Skin Entrance Right Knee 46.2 40.96 38.42 41.86 £ 3.9 0.04 26.13 22.16 27.88 2539 +£29 0.02 -39.3% »=0.031
Skin Exit Right Knee 45.4 45.73 24.59 38.58 £ 12.1 0.03 32.2 26.94 30.34 29.83 £ 2.6 0.02 -22.68% »=0.360
Skin Entrance Left Testes 18.94 22.67 22.24 21.28 +£2.0 0.02 13.97 11.91 13.27 13.05 £ 1.0 0.01 -38.6% »=0.040
Skin Entrance Right Testes 21.6 19.65 18.05 19.77 £ 1.7 0.01 16.01 14.28 15.24 15.17 £ 0.8 0.01 -23.3% »=0.035
Bladder 19.01 25.03 20.27 21.43 £ 3.1 0.02 15.2 19.49 15.4 16.70 + 2.4 0.01 -22% »=0.011
Left Ovary 20.31 20.77 18.18 19.75 £ 1.3 0.01 15.7 15.27 15.67 15.54 £ 0.2 0.01 -21.3% p=0.041
Right Ovary 20.6 22.74 14.72 19.35 £ 4.1 0.01 16.83 16.11 14.38 1577 £ 1.2 0.01 -18.5% p=0.187
Colon 17.41 15.87 18.43 17.24 £ 1.2 0.01 14.02 13.55 14.01 13.86 £ 0.2 0.01 -19.6% »=0.030
Liver 19.51 15.07 16.41 16.99 £ 2.2 0.01 16.29 15.67 14.00 1532 £ 1.1 0.01 -9.8% »=0.285
Stomach 20.83 20.04 20.08 20.32 + 0.4 0.02 13.14 14.55 11.66 13.12+ 1.4 0.01 -35.4% »=0.014
Left Breast 13.98 12.78 14.47 13.74 £ 0.8 0.01 9.6 9.87 10.28 9.92+£0.3 0.009 -27.8% »=0.014
Right Breast 16.84 16.5 16.77 16.7 £ 0.1 0.01 11.83 12.58 11.39 11.93 £0.5 0.01 -28.5% »=0.008
Left Lung 17.92 21.61 17.06 18.87 £ 2.4 0.01 11.7 11.3 9.51 10.78 £ 1.1 0.01 -42.8% 2=0.021
Right Lung 23.14 18.66 20.46 20.75 £ 2.2 0.02 8.41 9.09 9.82 9.11 +£0.7 0.009 -56% »=0.017
Left Thyroid 25.71 19.74 19.26 21.57 £ 3.5 0.02 15.37 12.54 13.06 13.66 £ 1.5 0.01 -36.7% 2=0.023
Right Thyroid 27.6 23.76 19.13 23.5+4.2 0.02 11.21 10.33 10.49 10.68 £ 0.4 0.01 -54.5% »=0.029
Oesophagus 17.32 16.08 17.53 16.97 £ 0.7 0.01 8.42 10.41 11.2 10.01 £ 1.4 0.01 -41% »=0.019
Salivary gland 19.39 18.64 23.12 20.39 £2.3 0.02 10.44 11.5 9.73 10.56 £ 0.8 0.01 -48.2% »=0.033
Brain 23.19 25.02 21.62 2328 + 1.7 0.02 8.48 11.62 8.7 9.60 £ 1.7 0.009 -58.7% 2=0.001
Skin Entrance Left Knee* AP Mean Absorbed Dose 168.12uGy AP Mean Absorbed Dose 121.97 4Gy -27.4% p=0.016

AP Mean Equivalent Dose (Wgr) 168.121Sv

AP Mean Equivalent Dose (WR) 121.97uSv

AIAC :dIf
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Fig. 8. AP positioned knee images (A, B, C), and PA positioned knee images (D, E, F).

Table 5

IQS° scores for AP and PA knee images, using a Wilcoxon matched pairs test, were statistically considered equivalent, with a small non-significant change in
g g p y q g 8
quality scores between them.

AP Knee (A) AP Knee (B) AP Knee (C) PAKnee(D) PAKnee(E) PA Knee (F) Wilcoxon matched pairs test
IQS Criteria MeanIQS+ MeanIQS+ MeanIQS+ MeanIQS+ MeanIQS Mean IQS SD z-value p-value
SD SD SD SD + SD + SD
1.1 Visual sharpness of 3.4+ 1.1 34+1.2 34+1.2 3.5+£09 324+ 1.1 324+1.1 1.02  2z=0.12 »=0.90
bone reproduction
1.2 Subject contrast of 3.4+ 1.1 34+1.2 34+1.2 34+1.2 35+ 1.1 32413 0.44 z=-0.20 p=0.84
the bones (femur, tibia,
fibula, patella) with the
adjacent soft tissue
1.3 Signal to noise level 3.4 £+ 1.1 3.1+1.2 35+1.2 3.1+1.2 34+1.1 32+1.3 0.76  z=-0.29 p=0.77
Overall Mean 3.440.0 3.3+£0.1 3.4 +0.0 33402 3.3+0.1 3.24+0.0 0.77 2=0.42 p=0.67

The IQS assessment of image quality comparing the AP and
PA positions was independently evaluated by #»=7 radiogra-
phers with a mean experience of 25 years (13-40 years range)
in image interpretation and image quality assessment. The #=6
images (Fig. 8) were reviewed in a random order without iden-
tifying the positioning, and the IQS (Table 5) inferred a small
non-statistically significant change in quality scores between

them (p=0.67).

Discussion

The PCXMC [26] simulated (Cristy phantom [27]) ab-
sorbed doses overestimated the dose to the lower leg (AP
340.64Gy; PA 248.9uGy) compared to the TLD (Alderson

Rando Phantom [36]) recorded absorbed dose (AP 168.1uGy;
PA 121.9uGy). In contrast, the Ion Chamber [37] recorded
AP and PA absorbed doses were comparable (169.8uGy) and
similar to the TLD AP absorbed knee dose (168.14Gy). But
similar to the PCXMC [26] simulated PA absorbed dose, the
Ion Chamber [37] recorded PA absorbed dose overestimated
compared to the TLD PA recorded absorbed dose (121.94Gy).
In summary, the PCXMC [26] simulation estimated the PA
Knee was 27% lower absorbed dose than the AP position. The
TLD recorded PA Knee absorbed dose was 27.4% lower than
the AP position. Ion Chamber [37] recorded AP and PA knee
absorbed doses were the same, possibly due to the Ion Cham-
ber [37] sensitivity recording backscattered radiation as well as
from the primary x-ray beam entering the phantom, unlike a
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solid-state detector; this may have increased the dose measure-
ment.

The TLD (Alderson Rando Phantom [36]) recorded or-
gan/tissue absorbed doses and calculated equivalent dose
demonstrated a reduction in dose in the PA position compared
to the AP position, without a detrimental effect on image qual-
ity (Table 5), due to a mixture of factors including moving an-
terior radiosensitive organs (thyroid, breast, testes, etc.) away
from the direct primary beam.

There was a disparity when comparing the PCXMC
[26] dose values to the TLD dose values. The exposure fac-
tor (4mAs) was possibly too low for the PCXMC [26] esti-
mation of individual organ absorbed dose, resulting in mini-
mal variance between the two positions. It has been reported
[38] that Monte-Carlo calculations have inherent margins of
error at low energies, and comparing PCXMC [26] simulated
doses to real experiment doses has reported errors [26] of be-
tween 60%,[63] 30%([64] and 10% [65,66]. Potentially due to
the approximation calculations, the finite amount of simulated
photons, and/or phantom geometry differences.

The ICRP [19] recommend the absorbed dose as the most
appropriate quantity to assess organ and tissue doses in terms
of tissue reactions [19] from ionising radiation. The ICRP
[19] propose a future move away from equivalent dose metrics
to inform decisions on the justification of examinations. Cur-
rent DRLs [21, 22] used within the NHS for knee X-ray imag-
ing are 0.3mGy per X-ray (61kV and 4mAs), [21,22] although
useful for optimisation of dose, it is based on a standard from
groups of patients and not an individual patient dose (which
may be higher or lower than the DRL) [35]. This study has
shown that PA positioning dose (0.08mGy) was lower using
66kV and 4mAs.

These small-scale study findings within laboratory condi-
tions are not generalisable to wider clinical radiology depart-
ments. However, these methods can be replicated in a clinical
site for local decision making. The image quality assessment
used a small sample of phantom images, which inferred a small
non-statistically significant change in quality scores between AP
and PA images (p=0.67). Future studies would benefit from
clinical images being assessed to evaluate the ability of PA po-
sitioning to display subtle changes to the bone cortex and tra-
becular patterns in pathological conditions beyond degenera-
tive joint changes, [4,5,8,10,11,13-17] such as tibial plateau
fractures and any associated impact on diagnostic efficacy.

The ICRP [33] model of risk was calculated from Monte-
Carlo calculations [67] for absorbed and effective dose that is
roughly proportional to the ‘radiation detriment’ (subjectively
combined risk of cancer induction, mortality from fatal can-
cer, and heritable effects). Limitations to this procedure are that
nominal probability coeflicients of the risks are made from sim-
plified assumptions on ICRP [33,34] chosen organs and tissues,
applying ICRP [33] rounded tissue weighting factors, which
are averaged from seven long-running cancer registries (n=4
Asian, n=3 Euro-American [67,68] populations), and not spe-
cific to individual UK patients. The lifetime risk of cancer varies
depending on the patient’s organ, age, gender and population

[mNS;January 14, 2023;16:2]

group, although at knee X-ray doses, the absolute risk reduction
observed was low. Additionally, we acknowledge the associated
uncertainties of effective dose (used in the PCXMC [26] esti-
mation) as an approximate indicator for risk-adjusted estimates
related to the probability of health determinates (stochastic ef-
fects) that rely on the Linear-non-Threshold (LNT) model,
which has known errors of up to 40% [19]. Conversely, the
study has not modelled the data to paediatric knee X-rays, of
which the risk estimation would be higher.

The Monte-Carlo simulated dose and risk assessment are
dependent upon the age, sex and weight of the virtual phan-
tom [27] and the imaging parameters. The Ion Chamber
[37] and TLDs used specific imaging parameters and phan-
tom, [36] variations of these methods will result in different
output data. Likewise, image dose and image quality vary be-
tween manufacturers and products; thus, the results are directly
translatable only to the equipment used.

Conclusions

The study findings raise awareness of opportunities and po-
tential to lower radiation absorbed dose using a PA weight-
bearing straight-leg position to the knee by 27.4% (TLD ab-
sorbed dose difference of 46.14Gy; p=0.01) and 9 - 58% (1.6 —
16.4uGy; p=0.00-0.28) to whole-body tissues and organs (H;)
while maintaining diagnostic image quality (p=0.22-0.74; H)
using an adult phantom. The data highlighted the various chal-
lenges of using different dosimetry approaches to record dose
from extremity (knee) X-ray imaging and raises awareness of
the possibilities and feasibilities to lower radiation dose. Fur-
ther study of PA knee examinations replicated in a clinical site
is advised. Additionally, future studies on other common AP
positioned musculoskeletal X-ray examinations to evaluate al-
ternative PA positioning (such as non-trauma spinal imaging)
to reduce patient radiation dose are recommended.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jmir.2022.12.
004.
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