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ARTICLE INFO ABSTRACT

Purpose: The new lower eye lens dose limit is of relevance in interventional radiology, where higher dose
procedures result in increased scattered radiation to staff. The eye lens dose may be monitored using the di-
rectional dose equivalent at 3 mm depth, Hy(3), or through H,(10) or H,(0.07) measurements and using con-
version factors. However, there are a considerable range of factors which contribute to measurement un-
certainties, one of which is the incident photon energy. This study investigated the energy spectra of scattered
radiation in interventional radiology, and the dosimetry accuracy of dosimeter types, evaluating their energy
dependence.

Methods: Scatter X-ray energy spectra were recorded under varied conditions in a fluoroscopy imaging suite.
Dosimetry accuracy of eye dosimeters, including TLDs (100s, 100Hs), Landauer H,(3), John Caunt ED3 and
Electronic Personal dosimeters (EPDs) were compared to air kerma measurements across a range of tube vol-
tages.

Results: The variation of energy spectra with changing phantom thickness, spectrometer angulation and filtra-
tion are presented. The 100 and 100H TLDs, and EPDs showed a consistent air kerma response (within 10%)
with changes in energy. The real-time silicon diode detectors showed a variable over response of between 10 and
25% across the energies investigated while Landauers dedicated H,(3) eye dosimeters showed considerable
variation between dosimeters for similar conditions, a 17% variation at 50 kV,.

Conclusion: The work aimed to validate the scattered energy spectra typically encountered in interventional
radiology and to further determine the accuracy of eye dosimeters in relation to energy response variations.
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1. Introduction/Lit review

The effect of ionising radiation on the eye lens has been the topic of
many epidemiological studies [1-3]. The development of cataracts had
previously been assumed to occur above a dose threshold of 0.5 Gy [4];
however, recent studies have shown the eye lens to have a much greater
sensitivity than previously thought [1,5-7] and consequently, it has
been recognised that the formation of cataracts can occur at doses lower
than the original 0.5 Gy threshold. As a result, the most recently issued
International Commission of Radiation Protection (ICRP) guidelines
have recommended the reduction of eye dose limits from 150 mSv to
20 mSv per annum averaged over a five-year period with no more than
50 mSv received in one year [4,8]. The new limits have been enacted
into legislation, in the form of the International Basic Safety Standards
(BSS), with the new occupational dose limits taking effect on enactment
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[9].

The eye lens radiosensitivity has raised concerns particularly in
areas of interventional radiology (IR) and cardiology (IC) [10] where
physicians are in close proximity to the patient, the principal source of
scattered X-ray radiation, and subsequently potentially subject to high
scattered radiation doses. Prior to the recent ICRP guidance, it had been
deemed sufficient to monitor the eye lens using either a dosimeter
placed at the level of the thyroid or using the whole-body dosimeter
measurement multiplied by a correction factor. This approximation
proved reasonable where the limit was set at 150 mSv per annum [11];
however, during a review of these surrogate measurements in the
context of the new guidance, and in preparation for the new legislation,
it was found that many radiologists and cardiologist appeared to exceed
the new dose limit [12]. As a result, there has been an increased focus
on eye lens monitoring and radiation protection for staff members.
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While the dose to the eye lens is not measured directly, dose metrics
such as personal dose equivalents, H,(d), may be measured using do-
simeters placed close to the organ of interest. Personal dose equivalent
dosimeters measure the dose to a depth, d, in millimetres (mm) in
tissue. The ICRP recommended the equivalent measurement depth of
3 mm (Hy(3)) for the eye lens [13,14]. As H,(3) dosimeters were limited
at the time of the report, alternative techniques were investigated and
developed. These have included the use of correction factors and ap-
plying them to detectors already in use, using available H(0.07) de-
tectors as a conservative measure and/or using conversion factors to
convert between different operational quantities [8,11].

It has been highlighted that many factors may affect the dosimetry
measurement uncertainty, including the type of scattering medium used
within the dosimeter, whether a backscattering medium is employed
during experiments, the X-ray beam geometry, the angle of incidence of
the beam, the beam energy and range, and whether measurements are
simulated or experimentally acquired [11]. Thorough investigations
were carried out by ORAMED WP2 to establish a theoretical and ex-
perimental basis to assess eye lens doses [15]. The scope of their initial
work involved investigating and developing a prototype for an H,(3)
dosimeter (EYE-D™) meeting ISO and IEC performance standards. In-
cluded in these investigations were the performance of Thermo-
luminescence dosimeters (TLDs) Lif:Mg,Ti and LiF:Mg,Cu,P (TLD 100
and TLD 100H respectively) for their energy and angular response. The
angular dependence of the EYE-D™ prototype (LiF:Mg,Cu,P) fell within
20% for all obtained values between 0 and 80°. The relative energy
response of Lif:Mg,Ti was shown to overestimate by 35% at 30keV,
whereas LiF:Mg,Cu,P displayed a characteristic minimum at 100 keV of
20% which was also observed in compared literature [15]. Indeed,
when comparable tests were carried out in further studies, the energy
response was identified as one of the most significant sources of error
for eye dosimeters [15].

TLDs Lif:Mg,Ti and LiF:Mg,Cu,P and optically-stimulated lumines-
cence dosimeters (OSLDs) have been seen to vary from unity depending
on the incident photon energies. For example, it has been reported that
a variation in OSLDs energy response of between 10 and 15% at 80 kV,
leads to an overestimation by 20% at a photon beam energy of 120 keV
[16]. With regards to TLDs, the literature also suggests that both TLD
types have a variable response at low X-ray energies, with the suggested
deviations varying across studies [17]. Given that the typical scatter
radiation energy range encountered for fluoroscopy procedures is re-
ported to be in the 20-80 keV range [18,19] it is necessary to account
for variations due to energy response to ensure dosimetric accuracy.
Previous work towards evaluating the relative energy responses of
dosimeters have done so against the selected peak tube voltage (kV,);
however, the primary X-ray beam in fluoroscopy is made up of a con-
tinuous spectrum of energies [20] and, furthermore, on interaction with
a scattering medium, the resultant scattered energy spectrum is of a
lower mean energy.

Accordingly, this study initially sought to measure and characterise
the scattered X-ray energy spectra incident on staff under conditions
and settings commonly encountered in interventional radiology. The
accuracy of several detectors was evaluated and compared to air kerma
for a range of clinically relevant scattered radiation energies. Air kerma
measurements were used as a standard reference and obtained using a
Radcal Ion camber. Furthermore, measured scatter energy spectral data
was employed to estimate the relative energy response across the en-
ergy spectrum for each dosimeter type.

2. Materials and Methods
2.1. Characterising scatter energy spectra
A Siemens Axiom Artis DMP C-arm system (Siemens Healthcare,

Erlangan Germany), was used to carry out the experimental aspect of
this study. The peak tube voltage was varied across the range 50-81
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kVp, while the tube current was set in the 1-50 mA range. The X-ray
tube was orientated in the under couch position, as would be typical for
IR procedures, and 0.0-0.3 mm Cu filtration was employed. PMMA was
used as a scattering medium with the centre of the PMMA positioned
97 cm from the tube focus and the focus to detector distance set at
120 cm.

The spectrometer used to characterise the scattered energy spectra
was an Ortec Digidart-LF Portable MCA detector (Ametek-Ortec, PA,
USA), consisting of a 1 X 1in. 905 series Nal(T1) scintillation detector,
attached to a 2in. photomultiplier tube (PMT), with a full width half
maximum (FWHM) resolution of 8.1% for Cs-137 (661 keV). Maestro®
multichannel analyses (MCA) software was used to analyse the spectra.
To reduce the photon fluence and prevent saturation of the detector,
low tube currents were used together with a 4 mm aperture lead pin-
hole collimator placed over the crystal [21] in addition to a detector to
PMMA distance adequate for ensuring the acceptance angle of the de-
tector was large enough to receive the scattered photons from the
PMMA. A single pin-hole aperture placed directly in front of the de-
tector is the simplest form of collimation method and decreases the
photon fluence by reducing the overall surface area of the detector
[22]. To determine the effect of the pin-hole collimator on the spectra,
scattered energy spectra were acquired with and without the collimator
over a range of tube voltages, and a ratio of un-collimated to collimated
counts for each energy channel was obtained as a correction factor for
each peak tube voltage setting. Thereafter, spectra acquired with the
pin-hole collimator in place were corrected for, normalised per mA and
smoothed using a 5-point moving average across the energy channels.
The linearity of the spectrometer with the collimator was measured
using 20 cm of PMMA, the spectrometer was positioned at 0° (Fig. 1)
and at a distance of 1 m from the centre of the phantom. Measurements
were obtained for 50 kV}, 60 kV,,, 70 kV,, and 80 kV, with increasing
tube currents acquired for a set time.

Scattered energy spectra were recorded for a range of experimental
set ups. PMMA phantom thickness was varied between 10 and 25 cm
(increments of 5cm) to simulate differences in patient size, while the
effect of changes in Cu filtration (0.0-0.3 mm Cu) and tube voltages on
the scattered energy spectra were also investigated. For these in-
vestigations, the spectrometer was fixed at a distance of 1 m from the
phantom centre and level with the centre of the phantom (0°). To ex-
amine the scatter at different angles from the phantom, the spectro-
meter was angled at 0°, 22.5° and 45° relative to the table (Fig. 1). The
45° angulation has previously been used for simulating scattered ra-
diation to the eye [23]. Spectra were then recorded during live inter-
ventional radiology cases and compared to that obtained during the

&

Detector . 45 degrees

Spectrometer

-

Table

X-ray tube

Fig. 1. Experimental set-up with spectrometer angulation investigations on the
Siemens Axiom Artis DMP C-arm system with spectrometer positioned at 0,
22.5 and 45° and a set distance of 1 m from the centre of the PMMA.
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previous preliminary experiments. The interventional radiology cases
were carried out on using a Siemens Artis Q C-arm system (Siemens
Healthcare, Erlangan Germany).

3. Evaluating detector response with energy

Five detectors types were studied in this work. These included TLD
100s (LiF:Mg,Ti) and 100Hs (LiF:Mg,Cu,P), Thermo EPDs MK2+
(Thermo Fisher Scientific, MA, USA), John Caunt scientific (JCS) 1td
(UK) real-time Hp(0.07) ED3 silicon diode detector and Landauer vision
Eye dosimeters (Landauer, IL USA). The TLD 100s and 100Hs were
calibrated in house at 80 kV,,. TLDs were annealed prior to use and read
24h after exposure using a Thermo Scientific™ HARSHAW 5500
Automatic TLD Reader. EPDs were calibrated in-house against a **’Cs
reference source, exhibiting a measurement accuracy of + 5%. The
Landauer Vision Hy(3) eye dosimeters were sent to Landauer to be read
after experiments. The JCS D4 detectors, which are uncompensated
detectors sensitive to energies in the range 33-60 keV were used to
measure H(0.07) with the ED3 detector system. Two D4 diodes were
used and their correction factors, as suggested by the manufacturer,
were employed. As the ED3 measures H,(0.07) it was necessary to
employ a conversion coefficient to convert the quantity to air kerma.
The accuracy and energy response of each dosimeter was compared
against air kerma measured using a Radcal accu gold + system with
180 cc ion chamber (Radcal corporation, Ca, USA). The dosimeters
were placed free in air, with no backscattering medium, alongside the
ion chamber and spectrometer at a distance of 0.5 m from the centre of
the scatter medium, 20 cm of PMMA, at a 0° orientation as per Fig. 1. It
was ensured that all exposed dosimeters were positioned such that they
were normal to the PMMA, to control for any angular dependence of the
dosimeters themselves. The dosimeter responses were investigated for a
range of tube voltages 50 kVp, 55 kV,,, 60 kVp, 63 kV,,, 66 kVp, 70 kV,,
73 kV,,, 77 kV,, and 81 kV,, exposed to an accumulated incident dose of
approximately 200 pGy for each kV, setting as recorded by Radcal
system. For each tube voltage, a scattered energy spectrum was also
recorded using the Ortec Digidart spectrometer.

The energy response of each detector was further investigated. To
this end, the measured incident scatter energy spectrum for each kV,
setting was separated into 9 X 5keV bins, from 31 to 76 keV, with the
total count for each bin divided by the total counts for the entire
spectrum. For each detector, determining the weighting of each 5keV
bin would offer information on the relative response of a detector to the
incident photons of that energy bin. Thus, as each dosimeter type was
exposed using 9 different energy spectra (50-81 kV},), it was possible to
solve for the weighting factors. This was solved numerically by em-
ploying the excel solver tool, a least squares fitting tool, which was used
to calculate those weighting factors which minimise a Chi-squared
goodness of fit function.

4. Results

When characterising the collimator using a scattered energy beam,
it was shown that the spectrometer saturated at low tube currents, thus
necessitating the application of the collimator. A collimator with a
4 mm pin-hole aperture was placed over the crystal to reduce the in-
tensity of photons incident on the surface, preventing saturation. This
reduced the effective surface area of the crystal from 5.07 cm? to
0.12 cm?. Preliminary tests using a °*™Tc point source showed a 98%
reduction of the number of counts detected by the spectrometer. There
were no evident effects on the spectra due to the addition of the lead
collimator.

The response of the spectrometer with the collimator proved to be
linear, with R-squared values of greater than 0.99 calculated for 50 kVp,
70 kV,, and 80 kV,, and 0.98 for 60 kV,,. This is illustrated in Fig. 2 for a
range of fluoroscopy tube currents exposed for a set time of 20s. No
detector saturation was evident for these ranges.
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Fig. 2. Linearity of Ortec digi-dart spectrometer using a pin-hole collimator

with fluoroscopy acquisitions acquired for a set time period of 20s.
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Fig. 3. Scattered energy spectra for varying phantom thickness (10-25 cm) at
70 kVy,

The effect of patient thickness (10-25cm) on the scattered energy
spectra at a distance of 1 m and in line (at 0°) with the centre of the
phantom was firstly investigated. This was carried out for peak tube
voltage settings of 50 kV,,, 60 kV, and 70 kV,. Fig. 3 shows the collected
energy spectra at a tube voltage of 60 kV,, for the varied thicknesses.
While a variation in phantom thickness did impact the total counts for
each spectrum (the intensity of the counts recorded reduced by 6% with
an increase in phantom thickness from 10cm to 25cm), the spectra
were normalised to the maximum spectral counts such that the energy
spectrum profile could be examined. No significant variation between
each of the collected spectra when normalised was observed for var-
iations in thicknesses. This was also the case for the tube voltages of 50
and 70 kV,, respectively.

The addition of copper filtration to the primary beam, which would
be expected to lead to primary beam hardening, led to a spectral change
of the scattered energy spectra. With no added filtration at 70 kV,, the
scattered energy spectra relative counts peaked at 34 keV, while the
addition of 0.3 mm Cu caused this peak to increase to 44 keV (Fig. 4
(b)). Similarly, spectral hardening was also observed at lower peak tube
voltages with the relative energy peak increasing from 31keV and
33keV to 34keV and 39keV for tube voltages of 50 and 60 kV,, re-
spectively. Fig. 4 (a) also illustrates how the addition of copper filtra-
tion reduced the overall intensity of the spectrum with the peak in-
tensity of the 0.3 mm Cu spectrum being reduced by nearly 70% when
compared to no filtration. The spectra in Fig. 4 (a) are normalised to the
maximum value of the 0.0 mm Cu spectrum.

Scattered spectra resulting from the increase in detector angulation
from 0° to 22.5° and 45° with the spectrometer maintained at a 1 m
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Fig. 5. Scatter energy spectra for varying spectrometer angle at a tube voltage of 60 kVp, (a): Spectra normalised to maximum counts obtained at 0°, (b): spectra

normalised to maximum counts of each spectrum.

distance were examined with 20 cm of PMMA used as a scatter medium.
It was noted that an increase in the angle led to a reduction in the
number of counts recorded per mAs, by 32% and 50% for the 22.5° and
45° orientations, respectively (Fig. 5 (a)). Fig. 5 (b) is normalised to the
maximum count from the 0° spectrum, it shows data of the three an-
gulations at 60 kV,, displaying the relative spectral counts to vary by
approximately 10% between 30 and 40keV and by 14% between 40
and 60 keV.

Energy spectra were measured during some live interventional
radiology cases. Fig. 6 shows two embolism cases with a maximum tube
voltage of 60 kV;, and 74 kV,, and compares with a controlled phantom
study. 0.3 mm Cu filtration was used in each of the clinical studies and,
for practical reasons, the spectrometer was placed at an angulation of 0°
to the table at mid phantom height.
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Fig. 6. Energy spectra for embolism collected during live interventional radi-
ology cases plotted with data from the phantom study.
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Fig. 7. Relative energy response of each dosimeter compared to air kerma.

Fig. 7 illustrates the relative energy response of each of the detectors
when compared to the reference air kerma as measured using the
Radcal 180 cc chamber, the average air kerma values for each dosi-
meter and reference air kerma are as displayed in Table 1. The relative
energy response of TLD 100 s and 100Hs, agreed within 6% across all
the peak tube voltages, EPDs showed an overestimation of between 2
and 9%. Using ISO monenergistic conversion coefficient [24], the ED3
dosimeter was converted from Hj(0.07) to air kerma and was shown to
overestimate the dose by between 10 and 25% depending on the tube
voltage. Conversion factors based on G. Gualdrini et al. [25], was used
to convert Landauer Hp(3) dosimeters to air kerma. These showed a
fluctuating relative response of 0.92 to 1.21 between 50 and 81 kV,.
Each point at each tube voltage represents the average of two mea-
surements for each detector type with uncertainties based on the
standard deviation of these two measurements. We have not in-
vestigated the intrinsic uncertainties of the different detectors but in-
stead have considered the values as direct measures which would
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Table 1

Energy response in Air Kerma (uGy) for each dosimeter. Measurements were
recorded on two occasions, ED3, TLD 100H and TLD 100 are compared to air
kerma (AK) Radcal (1) measurements. EPD and Landauer (Lan) H,(3) were
compared to AK Radcal (2). Conversion coefficients were used to convert from
Hp(0.07) and H,(3) to air kerma for ED3 and Landauer H(3).

Tube AK ED3 (uGy) TLD TLD AK EPD Lan
voltage Radcal 100H 100 Radcal (UGy) Hy(3)
(kVp) @ (uGy) (uGy) (2) (HGy)
(Gy) (uGy)

50 201.1 325.67 189.61 193.08 200.40 208.5 203.59
55 201.5 367.57 198.91 199.58 200.60 207.5 215.57
60 203.8 385.88 196.14 191.78 201.20 206 188.62
63 200.4 393.71 198.07 202.75 202.60 213.5 209.58
66 204.9 403.12 204.77 205.71 201.70 2135 212.57
70 205.5 404.16 198.74 209.65 202.80 213.5 221.56
73 206.1 414.62 203.91 204.41 247.60 253.5 239.52
77 208.2 413.55 203.34 204.11 201.20 214 242.51
81 204.3 407.24 199.57 212.28 201.90 219.5 182.63

typically be the case in the clinical environment.

The relative energy response of each dosimeter was investigated to
determine whether there was equal contribution to the dose across the
energy spectrum. The relative energy response of each energy bin in the
spectra was investigated for TLD 100 s, 100H, EPD and ED3 dosimeters.
Landauer H,(3) dosimeters were excluded from this aspect of the study
due to their large fluctuating response. ED3 dosimeter were shown to
overestimate in the 45-50keV energy bin with a maximum relative
response of 1.81. TLD 100s, 100Hs and EPDs were shown to have a
contribution of within 6% across the energy spectrum (Fig. 8).

5. Discussion

In this work, we used a spectrometer to characterise the scattered
energy spectra that would typically be encountered in an interventional
radiology or fluoroscopy room and, further, investigated how some of
the parameters that would be routinely varied clinically might affect
the scattered spectra. This was of interest given that the literature has
reported some dosimeter types to exhibit significant differences in their
energy responses for the range of scattered photons encountered in
interventional radiology [11,16]. However, there is limited detail in the
literature [23,26,27] of such scattered spectra and, indeed, no data on
how detectors used for eye dosimetry respond to such clinically re-
levant scattered spectra.

In order to measure the scattered energy spectra, it was first ne-
cessary to characterise the spectrometer used. The literature reports
that detectors may be overly sensitive to photon fluence [22,26] or may
not have sufficient energy resolution [26], with those suitable detectors
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Fig. 8. Relative energy response per energy bin for EPDs, TLD 100s, 100H and
ED3 dosimeters.
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often proving too large, cumbersome and expensive for purpose [21].
The sensitivity of a detector to photon fluence is affected by its pulse
counting ability. To record two separate photons, there needs to be an
adequate time delay between the two events to ensure either pulse pile-
up does not occur or that the second event is counted and not missed
[28]. Although yielding different results, pulse pile-up and dead-time
are often not differentiated in the literature [28]; however, both are as a
result of high photon flux incident on the detector and lead to count
loss. The Ortec digidart spectrometer used in this work contains cir-
cuitry in the form of a pulse pile up rejecter with a threshold set to
reject pulses that are detected as too close together by a fast channel
analyser (500 ns) [29]. Although this circuitry will not eliminate pulse
pile-up completely it was deemed sufficient for the purpose of this study
and therefore no numerical corrections were applied for pulse pile, as
has been previously been recommended [30].

The Ortec Digidart-LF detector employed was mobile, yet proved
extremely sensitive and, hence, it was necessary to reduce the fluence
incident on the detector using a pin-hole collimator. This has previously
been explored in the literature with theoretical correction factors sug-
gested, which use the crystal and collimator dimensions to account for
the influence the collimator may have on the quantity of incident
counts [22]; however, for the collimator and detector combination
employed in this work the theoretical calculation did not represent the
collimators influence on the spectra. The pin-hole collimator reduced
the surface area of the detector from 5.07 cm? to 0.12 cm?, reducing the
overall intensity by as much as 98% from a point source of *™Tc, in
line with the reduction in the effective crystal size for a relatively
monoenergetic source. The lead collimator was sufficient to shield the
crystal at the lower energy range used in interventional radiology,
however, as the energy of the photons increases so does the penetration,
therefore changing the efficiency of the collimator [22]. It was thus
necessary to acquire energy spectra with and without the pin-hole
collimator attached to the detector for each kVj, to account for the
varying conditions and the pin-hole effect. The detector response
proved to be linear, deeming the spectrometer to be suitable for our
purposes.

The collected scattered energy spectra gave useful information with
regards the energy range of interest in interventional radiology. The
intensity (counts) of the scattered spectra per mAs was shown to reduce
by 6% with the increase in phantom thickness from 10 cm to 25cm,
without any significant change in the relative spectrum profile. In the
clinical setting, automatic exposure control (AEC) would compensate
for the size differences between patients, adjusting the tube voltage and
current in order to maintain image quality [20]. The results show the
mean energy of the scattered spectra to be between 33 and 35 keV for
tube voltages of 50-70 kV,, varying phantom thickness and spectro-
meter angulation. Further, the spectra gathered demonstrated how the
presence of copper filtration in the primary X-ray beam affected the
greatest influence on the scattered energy spectra manifesting as
spectral hardening. Comparing the scattered energy spectra to the pri-
mary beam spectra was not possible in this work due to the sensitivity
of the spectrometer to photon fluence; however, Monte Carlo simula-
tions to compare primary and scattered spectra for a 70 kV, X-ray beam
and copper filtration have shown the scattered spectrum to exhibit a
lower mean energy when compared to the primary spectrum [27].
These simulated results corroborate with the experimental work pre-
sented in this study. Indeed, this is of interest given that dosimeters and
detectors used in diagnostic radiology are typically calibrated using
primary X-ray beams of higher kVs and with higher mean energies
than those used clinically [31]. Finally, preliminary measurements
were recorded during live interventional radiology cases on a different
system to the experimental measurements. We have not directly com-
pared the two sets of data as the experimental data was measured in a
controlled environment while the live cases were measured in a live
working clinical environment. The purpose of this piece was to de-
monstrate that it was feasible to measure the scattered spectra in the
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clinical environment; however, a more in depth examination of this
topic is prompted for future work.

The energy responses of the detectors used in this work were in-
vestigated within the typical diagnostic X-ray energy range. The relia-
bility of dosimeters in interventional radiology is of significance in
order to accurately measure the dose received by staff in close proxi-
mity to the patient. The angular response of the detectors was not in-
vestigated in this study and was controlled for by maintaining an in-
cident angle of 0°. Contrary to the literature [15,17], our results showed
the energy response of the TLDs to have little dependence on the in-
cident energy, with the relative energy response within 6% of the air
kerma measurements. When investigated for energy dependence across
the entire spectrum, for 5keV energy bins, both TLD types were cal-
culated to measure within 5% of the air kerma measurement. Accord-
ingly, the TLD 100s and 100 Hs proved to be ideal for eye dosimetry,
provided an appropriate conversion factor to Hy(3) is selected. Simi-
larly, the EPDs which are typically used to measure whole body doses
showed a consistent energy response of between 1.02 and 1.08 within
the measured energy range, albeit these dosimeters are bulky and,
therefore, would not practical for use in measuring eye doses in the
clinical environment. In contrast, the ED3 dosimeters which are typical
for H,(0.07) measurement were shown to overestimate air kerma by 10
to 25%. Again, the energy dependence of the detector was assessed per
5keV energy bin with a less consistent response evident (Fig. 8). The
highest relative response was in the 46-50 keV energy range, coinciding
with the 50 keV peak response as stated by the manufacturers. The
advantages of the ED3 dosimeters lie with their subtle size and real-
time monitoring capabilities. In accounting for the ED3 energy depen-
dence and subsequently improving the accuracy of the dosimeter, the
detector could prove to be a very useful tool. The relative response of
the Landauer Vision Hy(3) detector was shown to deviate from the air
kerma measurement by as much as 21% at 77 kV,,, where we assumed
an air kerma to Hp(3) factor of 1.66 for this energy based on factors
published by Gualdrini et al. [25]. Knowledge of the exact conversion
factor used by the company was not known. The energy response of the
EYE-D™ prototype showed an energy response of within 10% [11]. The
results of this study lie within ISO performance standards which have
an energy response criterion of = 50% and within ORAMED WP2 re-
commended range of = 30% [15]. However, taking into account the
work load and energy range used in Interventional Radiology and
Cardiology, the over-response of ED3 and Landauer H,(3) detectors
could lead to overestimates. While the other dosimeters displayed
predictable trends, respectively, of changes in response with energy,
this was not the case with the Landauer dosimeters. Indeed, in addition,
the standard deviations of the H,(3) detectors were notably high in
comparison to the other dosimeters with a maximum coefficient of
variation (CV) of 17% at 50 kV,,, ISO recommend a CV of within 10%
[15]. This was most prominent at 50 kV,, where relative responses of
0.94 and 1.19 were recorded for the dosimeters employed. This large
CV meant it was not possible to determine the contribution of each
5keV energy bin to the overall energy response. In this work only 2
dosimeters were used for each set kV, measurement and, thus, further
work on the agreement and accuracy of the Landauer H,(3) Vision
dosimeters is merited.

This study focused on the relative response of dosimeters to air
kerma and presents a methodology for such evaluation; however, it is
necessary to use conversion factors to convert to Hy(3) data in order to
account for the dose to the eye lens. A number of such factors and
operational quantities have been published in the literature from both
independent research groups and from recognised international orga-
nisations, such as the ICRU and ICRP [11]. There appear to be varia-
tions in the methodology as to how these values are obtained and there
are also differences in the published air kerma to H,(3) conversion
coefficients [7,9,27]. Thus, while in this work every effort has been
made to investigate and account for the energy responses of dosimeters
used for monitoring of the eye lens, the resultant estimated dose from
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an exposure could be significantly different depending on the H,(3)
conversion coefficients used. On a practical level, this could lead to an
overestimation of eye lens dose and, thus, a potentially unnecessary
curtailing of workload for staff members who may be approaching and/
or exceeding the eye lens limits of the latest legislation. On the con-
trary, an underestimation may unknowingly put staff at risk of re-
ceiving a higher eye lens dose than the legal limit [11]. Therefore, there
is a clear need for the factors affecting dosimeter accuracy to be es-
tablished and accounted for, and also for there to be international
agreement on Hy(3) conversion coefficients.

6. Conclusion

In this study we present a means of investigating the relative re-
sponse of dosimeters to incident energy. Unshielded scattered energy
spectra typically encountered in interventional radiology or fluoro-
scopy suites have been presented and some investigations as to the
parameters which affect these spectra have been reported. A range of
different dosimeter types were investigated for their energy dependence
as compared with air kerma measurements. We report 100 and 100H
TLDs, and those EPDs evaluated in this work, to show a consistent re-
sponse to changes in energy, as compared with air kerma. The real-time
silicon diode detectors showed a variable response across the energies
investigated while Landauers dedicated H,(3) eye dosimeters were
shown to exhibit considerable variation across dosimeters for similar
conditions. Indeed, while the focus of this work has been to improve the
accuracy of eye dosimeters by accounting for energy response varia-
tions, the ultimate estimated eye dose accuracy may be further subject
to the Hy(3) conversion factors used.
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