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The study of in vivo x-ray fluorescence (XRF) technique
for gadolinium (Gd) measurements in human bone
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ABSTRACT: An in vivo K x-ray fluorescence system, based on '®’Cd source, for the detection of
gadolinium has been investigated. Gd is of interest because of the extensive use of Gd-based
contrast agents in MR imaging. A human simulating bone phantom set has been developed. The
phantoms were doped with seven concentrations of Gd. Additional elements important for in vivo
x-ray fluorescence, Na, Cl and Ca, were also included to create an overall elemental composition
consistent with the Reference Man. A new 5GBq °°Cd source was purchased to improve the
source activity in comparison to the previous study (0.17 GBq). The previously published minimum
detection limit (MDL) for Gd phantom measurements using KXRF system was 3.3 ppm. In this
study the minimum detection limit for bare bone phantoms was found to reduce the MDL to 0.8, a
factor of 4.1. The previous published data used only three layers of plastic as soft tissue equivalent
materials and found the MDL of 4-4.8 ppm. In this study we have used the plastic with more
realistic thicknesses to simulate a soft tissue at tibia. The detection limits for phantoms with Lucite
as a tissue equivalent, using a new source, was determined to be 1.81 to 3.47 ppm (ug Gd per gram
phantom). Our next study would be testing an in vivo K x-ray fluorescence system, based on '®°Cd
source on human volunteers who went through MR imaging and were injected by Gd.
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1 Introduction

Gadolinium-based contrast agents has used clinically as a contrast enhancement agent in magnetic
resonance imaging (MRI). Gadolinium is a rare earth element of the lanthanide group (Z = 64)
which is used to shorten T relaxation times in the tissue [3, 7, 13]. Darrah et al. study showed the
ability of releasing and integrating of free Gd>* ions into the body [4]. Gd longevity within the body
is more complicated than previously believed. A study done by Noseworthy et al. 2002 demonstrates
the fact that Gd enters vascular endothelial cells after an acute Gd-chelate injection [18]. Study
done by Kanda 2013 confirms the connection between Gd and abnormalities in two regions of
brain, which represents the Gd toxicity in the brain [11]. Another study by Japanese researcher
Kanda 2015, confirmed the existence of Gd contrast in the brains for people who have received
contrast-enhanced MRI [10]. Previous studies demonstrated the possibility of long-term retention
and toxicity of Gd in bone [1, 21]. The biological half-life for Gd in bone mineral has been
estimated to be 3500 days [9]. Darrah et al. study showed the Gd chelates are cleared from the
body after 90 minutes of injection [4], and almost 1-2% of injected gadodiamide (Gd-DTPA-BMA)
was reported to be stored in bone for longer than 8 years [2, 4]. Studies showed the use of Gd as a
contrast agent can increase the risk of Nephrogenic Systemic Fibrosis (NSF) in patients with renal
disease [6, 12, 22]. Gd concentrations of 0.7 to 10 ppm have been measured in-vitro on the femoral
head of patients who had undergone hip replacement surgery. These patients were injected by Gd
previously as a contrast enhanced MRI scans [4, 23].

In order to find the amount of Gd in bone in-vivo, a noninvasive method using bone phantom
and x-ray-fluorescence (XRF) system to assess Gd retention was investigated. The amount of Gd
could be of importance in studies of Gd retention and thus assessment of exposure and potential
toxicity.



2 Method

The '%°Cd source with activity of 5GBq, which is mounted coaxially in a tungsten cup on the
front of a four-detector ‘clover-leaf” array, was used. This source emits 88 keV y-rays and a series
of silver x-rays at 22keV. The detectors only measure the signal that is scattered back from the
phantoms (180° or backscatter geometry). A 0.5 mm copper is placed in front of the tungsten cup to
reduce the silver x-ray signal by 99.99%, while only reducing the 88 keV y-rays by 25%. The four
detectors are coaxial p-type hyperpure germanium (HPGe) low-energy photon detectors (model
GL0210S, CANBERRA) which are 16 mm in diameter and 10 mm thick. The signals from the
HPGe detectors are processed with four digital pulse processing systems (DSA-1000) and logged
into separate spectra in a computer. The geometry of the four detectors is shown in figure 1.

Figure 1. A photograph the four HPGe detectors. A Gd phantom is shown placed in front of the system.

A set of seven phantoms were made using GdClz.6H,O (Sigma-Aldrich, St. Louis, MO) as
the doping agent with concentrations of 0, 5, 10, 20, 40, 80 and 100 ppm Gd. The compounds
NaNO3 (1.29 g of Na), NH4Cl1 (1.2 g of CI), CaS0O4.1/2H,0 (13.9 g of Ca) were also included in
the phantoms in order to maintain a trace element composition consistent with Reference Man [4].
Mowiol® 4-88 [20] was used as a binder [15, 16]. The phantoms are mixed to create a homogenous
distribution of gadolinium and calcium. The units of concentration used are the mass of gadolinium
per unit mass of phantom. The phantoms are made as cylinder shape with 3 cm radius and 3 cm
height.

The phantom set was first measured bare i.e. with no overlying soft-tissue material over the
bone to simulate bare bone measurements. The phantom set was then measured with soft-tissue-
equivalent nine plastic sheets (Lucite), with thicknesses of 0.61, 1.09, 1.7, 2.18, 2.79, 3.28, 3.89, 5.01
and 6.13 mm, placed between the phantom and the '°°Cd source to simulate an in vivo measurement
where soft tissue overlies the bone. Phantoms (both bare and with plastic overlay) were all measured
for 3600 s real time.



The effective and the equivalent dose to a subject’s leg for one hour measurement was 0.26 uSv,
and 0.714 mSv respectively [17]. This dose is negligible in comparison to maximum annual effective
dose limit (5 mSv) and doses associated with standard medical imaging procedures (e.g. the dose
for a typical chest x-ray is about 0.1 mSv).

For each measurement four spectra were obtained from the detection system, which con-
sists of four detectors. The Gd x-ray peak contains two areas (Ka; = 42.9962keV and Ka, =
42.3089keV). The peak fitting algorithm was used to extract the Gd x-ray peak areas. Therefore,
for each phantom concentration eight x-ray peak areas were obtained. Calibration lines were con-
structed using the Gd counts versus Gd concentration (ppm) to calculate the minimum detection
limit.

The Levenberg-Marquardt fitting algorithm was used to extract peak areas and the analysis
was programmed by Matlab. We initially fitted the data with an equation of 8 parameters (six for
the Gaussian peaks and two for the exponential background). In this study, the fitting was found
to be improved (determined by an improved chi-square) with a reduced number of parameters.
Therefore, our results were obtained by fitting with a reduced number of parameters. The same
width, fixed relative position (in terms of energy) and fixed ratio area were chosen for both Gaussian
peaks. Therefore, both x-ray peaks were fitted by five parameters (three Gaussian parameters and
two parameters for the exponential background):

A (_l(x—xa)z) RLEC T (_l(x— (Xq + 13.66))2)
o1 \V2n 20 oy o1 V2r 2 o1

Where, y represents the count rate (s™!) and m represents the slope of the exponential background,

y = Bexp (mx) +

B is the intercept of exponential background, A; is the peak area, o is the peak widths (standard
Energy difference between two peaks
Gain
ratio of Kap/Ka. To maintain stability of all the fits for the spectra obtained from the detectors,

deviation), x, is the peak centroids, 13.66 =

and 0.56 is the intensity

the peak widths and centroid positions were constrained to fall within 0.5 standard deviations of the
values determined from the highest concentration peaks.
The minimum detectable limit (MDL) was calculated in the following manner.

MDL = 2 X 4/background

slope

Four estimates of the Gd concentrations which were extracted from four spectra were obtained from
each phantom. Therefore, the total counts estimated for gadolinium phantoms were calculated from
equation (2.1). The total uncertainty (o0-) was calculated by equation (2.2) as a weighted average of
all of the estimates. The weighted average taking the slight differences in the detectors performance
(the uncertainties on some estimates are better than others) into account.

A total count estimated and uncertainty for gadolinium phantoms was calculated in the following
manner:
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Where x| to y4 are the numbers of counts and o to o4 are the uncertainties, which were obtained
from each phantom by different detectors. Figure 2 shows the Gd spectral shape.

100 ppm Gd phantom spectra
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Figure 2. XRF spectra from 100 ppm Gd phantom (1: Compton back-scattered tungsten x-rays from the
source collimator, 2: Compton back-scattered photons passing through the detector and then backscattered
back into the detector (Compton of the Compton = S — E, = 66keV), 3: Compton peak).
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3 Results

3.1 Using bare bone phantoms

A set of seven phantoms with different amount of Gd concentration were measured. The calibration
line of the x-ray signal for the bare bone phantoms are shown in figure 3 (error bars are too small
and cannot be seen on the graph). The minimum detection limit from x-ray signals was determined
via the inverse weighting method as previously described and found to be 0.8 ppm.

L] Calibration line with bare bone phantom
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Figure 3. Phantom Calibration line for bare bone phantom.



3.2 Soft tissue phantoms

Bare bone phantom with an overlay of soft tissue equivalent plastic sheets (Lucite with 0.61, 1.09,
1.7, 2.18, 2.79, 3.28, 3.89, 5.01 and 6.13 mm) were examined. Pejovi¢-Mili¢ et al, 2002 study
showed the average tissue thickness of 4.8 mm at tibia [19]. Layers of plastic were used and placed
between the bare bone phantom and '°Cd source, they were measured for one hour (figure 4).
Table 1 shows the Gd MDLs for these phantoms. The minimum detection limit of bone phantoms
with soft tissue was found to be a factor of 2.2—4.3 poorer than using the bare bone phantom. These
differences are regarding to the vy-rays and x-rays attenuation due to overlying tissue, and also the
phantom’s distance from the source and phantom’s distance from the detectors which increase by
adding each plastic sheet. The distances from source to phantom, and phantom to the detector were
5 mm and 10 mm respectively. The calibration lines of the Gd x-ray signal for bone phantoms with

adding each layer of Lucite are shown in figure 5.

Figure 4. The 6.13 mm Lucite is shown placed between Gd phantom and detection system.

Table 1. Gadolinium phantom minimum detection limit determined from x-ray peaks for different tissue

overlay thicknesses.

Lucite Thickness (mm)

0.61

1.09

1.7

2.18

2.79

3.28

3.89

5.01

6.13

Inverse Variance
Weighted MDL (ppm)

1.81

2.16

2.33

2.56

2.73

2.85

3.03

3.22

3.47
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4 Discussions

The results were constructed from 5 parameters (same width, fixed relative position and fixed ratio
area) in Gaussian peaks. Physically, K@ and K, intensities are correlated, the intensities’ ratio
is about 0.56 (Ka>/Ka) therefore these peaks were analyzed together [24]. Also, reduction in
uncertainty was achieved as the number of parameters was reduced.

Bone phantom measurements show that dead time is in the range 11-16% with a 5 GBq source.
To estimate the number of counts and MDL, and also have a comparison with previous study, the
increased counts with a 5 GBq source instead of 0.17 GBq in the same real time measurement period
(3600 s) can be estimated slightly conservatively to be 0.84 X 5/0.17 = 24.7. The MDL can be pre-
dicted to be lowered by the square root of this figure, or a factor of 4.9. Mostafaei et al. 2015 study the
MDL was found to be 3.3 ppm for bare bone phantom using 0.17 GBq '%Cd source [14]. In this study
MDL was found to be 0.8 ppm, which is improved by factor of 4.1. The small deviation was observed
between predicted MDL (calculated theoretically) from previous study and measured MDL in this
study. This should be due to differences in dead time used in calculation and correction. Also, by us-
ing 0.17 GBq source, the MDL with 2—4 mm of overlying skin thicknesses was predicted to be 6.1 to
8.6 ppm in previous study [14]. With a new 5GBq '*’Cd source the MDL with more realistic overly-
ing skin thicknesses of 0.61-6.13 mm of Lucite as tissue equivalent was found to be 1.8 to 3.47 ppm.

The levels of Gd in the bone of patients who received Gd contrast agent were reported as low
as 0.7-10 ppm which was measured by in-vitro method [5, 23]. The MDL lies within the range of
measured levels of found in patients administered Gd imaging agents. Hence, the system can be
used on volunteers who went through MR imaging procedure and used Gd as a contrast agent.

5 Conclusions

A series of improvements have been undertaken to a system for the measurement of gadolinium in
bone in vivo.

1. an improvement in minimum detection limit resulting from using stronger source (5 GBq
instead of 0.17 GBq) of a factor of 4.1;

2. the development of better fitting algorithm (using 5 parameters instead of 8 parameters in
Gaussian peaks) which improved the uncertainty and MDL;

3. the use of more plastics as soft tissue equivalent to simulate an actual soft tissue at tibia and
to have more realistic measurements;

The '°Cd y-ray based K-XRF system now has an in phantom detection limit of 0.8 ppm compared

to a previous detection limit of 3.3 ppm. The system can now be tested on human volunteers to see
if individuals who received Gd contrast agent can be distinguished using this technique.
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