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ARTICLE INFO ABSTRACT

Keywords:

The ability of a 1°°Cd-based portable X-ray fluorescence (1°°Cd pXRF) system to differentiate iron (Fe) levels in

XRF the ex vivo skin of 28 rats dosed with Fe?* via intraperitoneal injection has been tested. The 28 animals included

Laboratory XRF
Portable XRF

control rats and those dosed with either 80 mg Fe?"/kg or 160 mg Fe?*/kg. The system was able to distinguish
between groups of control and dosed rats based on their measured skin iron concentration (p = 0.001 and p =

0.002). Further, linear regression analysis of individual rat skin Fe levels against Fe?* dose in mg/kg showed a
strong correlation @ = 0.84, p < 0.0001) and indicated that the system could determine whether individual
animals had been dosed with Fe. Strong correlation (% = 0.85, p < 0.0001) between the 1°°Cd pXRF system skin
Fe measurements and skin Fe measurements using a laboratory-based XRF system (which had previously shown a
correlation between skin Fe and with liver Fe) suggest that 1°°Cd pXRF measurements could be used to predict

elevated Fe levels in the liver.

1. Introduction

Fe is an essential element that regulates many physiological func-
tions in the body however, Fe overload leads to critical organ failure.
Peak serum Fe levels of less than 350 pg/dl are considered minimally
toxic, while levels greater than 500 pg/dl are classed as severe toxicity
[1]. Fe overload causes organ damage as a result of deposition of Fe in
the tissues. Organs susceptible to damage from Fe deposition include the
liver, pancreas, heart, skin and pituitary gland. There are numerous
diseases where patients are monitored and treated for Fe overload.
B-thalassemia and hereditary hemochromatosis, are examples of genetic
disorders that require long-term monitoring of Fe levels because both
patient populations can experience Fe overload (although for different
reasons). fB-thalassemia is an inherited disorder in which the formation
of B-globin chains in hemoglobin are reduced. Clinical presentations
vary depending on genetic profile and how many p-globin genes are
impacted. Patients with thalassemia major are dependant upon repeated
blood transfusion due to life-long and severe anemia. Multiple blood
transfusions in the absence of bleeding places these patients at risk of Fe
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overload as each transfused unit of red blood cells (RBCs) contains Fe.
Hereditary hemochromatosis is a genetic disorder in which the body
absorbs too much Fe from the intestine, accumulating excess Fe in
critical organs [2]. Accurate monitoring of Fe levels is essential in both
these groups of patients and in some other disorders. As has been
described in a prior publication [3], there are currently limitations to the
available clinical methods for the assessment of Fe overload [4]. Blood
tests, MRI imaging and biopsy of different tissues and organs are
currently used to measure Fe levels in the body; each of these methods
have limitations including: results being affected by bacterial or viral
infection (blood); cost and availability (MRI and SQUID); and risk of
infection (biopsy). None of these technologies provide immediate results
and so referring the patient for tests, and discussing results with the
patient, requires two separate appointments with a physician, increasing
costs and incurring delays. New technologies that permit rapid, accu-
rate, reproducible and minimally invasive point-of-care assessment of Fe
levels in vivo are urgently needed to provide effective and efficient care
to patients with Fe overload.
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1.1. In vivo X-ray fluorescence

X-ray Fluorescence (XRF) is a measurement technique that has been
widely used to measure elements in vivo [4]. The premise of XRF is
simple: a sample or person is irradiated with x- or y-rays of energy above
the absorption edge of the element of interest, and the subsequent
characteristic x-rays are measured. In practice, accurate measurement in
vivo is complex and challenging because the low average atomic number
of human tissues often means that background signals from Compton
scattering can be large, leading to poor signal to noise ratios. In addition,
people present in a wide variety of shapes and sizes and so quantitation
is often performed by comparing the signal from a person with the signal
from an anthropomorphic phantom of known concentration that
matches the size, shape and elemental composition of the person.
However, rather than directly comparing x-ray signals of an in vivo
measurement against an anthropomorphic phantom to estimate con-
centration, some researchers have taken a different analysis approach
and employed a fundamental parameter method for XRF, using cross-
section data, knowledge of the excitation spectrum and measurements
of detector broadening to evaluate concentrations [5-7]. In either
approach, measurements must be validated, and effort has been spent
over the last few decades on the development of appropriate phantoms
[8] and/or reference standards [9].

However, despite the challenges, XRF systems have been successfully
developed. For example, measurements of lead in bone have been used
for over 40 years to safely assess long-term or chronic lead exposure
[10-14], while studies of uranium in bone were used to study the
exposure of veterans from the Gulf War in the 1990s [15,16]. These
early XRF systems used radioisotope sources, but more recently the use
of hand-held XRF systems have been developed and applied to the study
of lead and strontium in bone in vivo [17-25]. These hand-held systems
have been shown to perform significantly better than radioisotope sys-
tems for systems such as the measurement of strontium in bone [26], but
the improved detection limit comes at a cost of significantly higher ra-
diation dose. The proven utility of the XRF technique means that many
researchers have attempted to develop systems to measure iron in vivo
and some systems been successfully applied in the measurement of iron
in vivo in animals and humans [27-33,3].

The systems that have been previously tested for the study of iron in
vivo include the use of a 238Pu x-ray source with an Si-PIN photodiode
detector in a human study of patients with iron overload disease [27].
This system reported a detection limit of 13 ppm and delivered a dose of
10 mSv to the skin. People’s skin was measured three times for 50 s and
an average estimate calculated. The authors of this human study also
report using the device successfully in mice to identify infection but did
not report radiation dose data [34]. A recent study reported the use of a
commercial hand-held x-ray device (an Olympus Delta Professional XRF
Analyzer) to measure iron in the skin of rats in vivo [32]. This system
employed a small x-ray tube and measurements were made at incident
energies of 40 and 15 keV. The study did not report a detection limit but
instead reported measurement uncertainties of 0.3 % in the iron signal
from control rats. However, data provided in the publication [32] show
that the measurement uncertainty rose significantly in iron-dosed ani-
mals, and the average skin dose for a 30 s measurement at an operating
voltage of 15 keV was high, 87 + 20 mSv [32], and so further devel-
opment of the system was ceased.

This initial in vivo study [32] using the commercial hand-held device
did, however, yield valuable data. The researchers performed ex vivo
measurements of iron levels in the skin, liver and kidney of rats that had
been sacrificed after in vivo measurement. They found that skin Fe
concentration correlated to liver Fe concentration [32], corroborating
an earlier ex vivo XRF study which found correlations between skin iron
and liver iron levels in rats [35]. The relationship between skin iron level
and liver iron level has also been demonstrated in other studies using a
variety of techniques [35-39].

There is good evidence therefore that an elevated skin iron level
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correlates to an elevated liver iron level and a technology that can
accurately identify whether Fe levels in the skin are elevated could
potentially be predictive of risk to a critical organ, the liver. We have
developed a portable device for measurement of Fe in the skin using
109¢d based X-ray fluorescence 1%9¢cq PXRF) [3]. The system has shown
potential utility and has been demonstrated accurate [33]. In this article
we report the results of testing the performance of the 1°°Cd pXRF sys-
tem in assaying the Fe skin levels of rats dosed with varying levels of Fe.

The researchers who had used the commercial hand-held x-ray de-
vice to study Fe levels in the skin of rats both in vivo and ex vivo [32]
had archived ex vivo samples in a —80° freezer. The archived samples
were made available for this study. The 1°°Cd pXRF system was used to
measure the Fe levels of these archival ex vivo rat skin samples and was
tested to see if it could be intercalibrated with a laboratory-based XRF
system. This opportunistic use of existing samples was considered an
ethical method of testing the system as it avoided the sacrifice of further
animals. However, it should be noted that the Fe dosing of the rats was
designed for the prior study and was not necessarily best tailored for the
work presented here. However, it was decided that these rat skin sample
measurements would allow the predictive capabilities of the system in
skin to be tested. As prior ex vivo measurements with the laboratory
system had shown correlations between skin and liver Fe levels in in-
dividual animals, inter-calibration of skin Fe measurements using the
109Cd pXRF system against skin Fe levels in the laboratory-based system
aimed to show that the '°°Cd pXRF results could be inferred to be pre-
dictive of levels in organs at risk such as the liver. The goal was to
determine whether the system was able to distinguish between the skin
Fe levels of groups of rats dosed with varying levels of Fe or possibly
whether the system was able to distinguish between the Fe levels of
individual animals.

1.2. Comparison of rat and human skin

The question of whether the results of testing the system in rats is
predictive of performance of the system in measurements in human skin
is dependent on the similarities between rat and human skin. The choice
of an animal as a model in a pre-clinical study depends on how easily
they can be handled, their cost and availability. Since rats are inex-
pensive, readily available, and have skin similarities to humans, they
were used as a model to study Fe overload conditions in the prior XRF
study [32].

As shown in Fig. 1, the epidermis, the outer layer of skin, is sub-
divided into four distinct sublayers: the basal layer (deepest), spinous
layer, granular layer, and the stratum corneum (the most superficial
layer) [39]. The stratum corneum is a thin layer of dead cells. In both
human and rat skin, the cells within this layer have lost their nuclei and
organelles. These cells, called keratinocytes, are filled with a protein
called keratin, and contain lipids. The primary function of this layer in
both types of skin is to prevent excessive water loss and to act as a
protective barrier [40]. In rats and humans, keratinocytes in the basal
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Fig. 1. An illustration of human skin structure depicting the distinct layers of
the skin [40].
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layer proliferate and migrate toward the surface and both rat and human
basal layers contain melanocytes (responsible for pigmentation) and
Merkel cells (a type of mechanoreceptor) [40].

Rat skin is generally thinner than human skin, although there is some
overlap in the thickness of the epidermis in rats and humans, and in
some regions of skin, the thickness of the rat epidermis closely ap-
proximates that of human skin. For instance, the thickness of the
epidermis on the feet of rats (ranging from 350 to 450 pm) is comparable
to the average thickness of the epidermis on the human palm and soles of
the feet (ranging from 300 to 400 pm) [41].

The stratum spinosum is present in humans as well as in the thick
skin found in rats, such as the skin on their paws [40]. Keratinocytes
within this layer continue to differentiate and undergo significant
transformation, a process that is similar in both human and rat skin. The
next layer, the stratum granulosum, is clearly marked in rat skin. The
primary function of this layer in both humans and rats is to act as a
protective barrier in skin cells [41].

Beneath the basal layer lies the dermis. The dermis in both rats and
humans consists of connective tissues and elastic fibres that provide
strength [42]. Both rat and human skin are equipped with nerve endings
responsible for sensory perception. The dermis is also supplied with
blood vessels to deliver nutrients and oxygen to the skin [40]. However,
the density and distribution of blood vessels and nerve endings may be
different in rat and human skin. The thickness of the dermis in human
skin varies from 1 to 4 mm [42] depending upon the location of the skin,
while it ranges from 0.1 mm to 3 mm in rat skin [41]. The boundary
between the dermis and epidermis is not flat in human skin; instead, it
has downward epidermis extensions, known as rete ridges, that are
absent in rat skin [40].

As discussed, humans and rats both have three layers of skin, but rat
skin is more loosely attached compared to human skin [43]. This is
however a result of the structure of the hypodermis, not the epidermis or
dermis. While there is some overlap in epidermal thickness, the average
epidermal thickness in rat skin is thinner than in humans as it ranges
from approximately 15 to 170 pm with skin being thickest during
adolescence [41]. The average epidermal thickness in human skin is
approximately 100 pm, with a range of 50 pm-1 mm [44]. However, as
previously mentioned, human epidermal thickness varies strongly with
location with the thickest skin in the human body being found on the
plantar aspect of the foot [8] while the thinnest is found in the pubic and
genital areas of the body (average thicknesses 31 and 45 pm) [45].
However, neither of these epidermal thickness extremes are likely sites
for a point-of-care in vivo measurement. The more likely sites of the
volar or dorsal forearm, wrist or dorsum of the hand, have average
thicknesses from 75 to 94 pm. As rat epidermal thicknesses vary from 15
to 170 pm, there is therefore some overlap in the thickness of the human
epidermis that would be measured in vivo and the epidermis thickness in
rats.

The penetration of 6.4 keV Fe X-rays within skin is limited, and our
previous work has shown that Fe of depth greater than 0.5 mm does not
contribute significantly to the signal measured by the pXRF instrument
[33]. If elevated Fe levels are located within the epidermis, then the
majority of Fe content in the skin of both rats and humans should be
measurable by the !°°Cd pXRF system. Consequently, the rationale
behind this study is that the disparity in skin thickness between human
and rat skin is unlikely to significantly impact XRF measurements,
making rat skin a viable model for studying the potential performance of
the 19°Cd pXRF system for measurements of Fe overload in human skin.

2. Materials and methods
2.1. Sample preparation
The skin samples used in this study were obtained from rats that were

loaded with Fe in a prior study [32]. As previously discussed, that study
aimed to determine whether Fe loading via intraperitoneal injection
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resulted in elevated levels of Fe in skin. To briefly summarise the in-
formation from that published study: groups of male Wistar rats, a total
of 32 animals, purchased from Charles River Laboratories, were injected
intraperitoneally with Fe dextran (ANEM-X 100- iron injection, Aspen
Veterinary Resources, Ltd.) over a period of three weeks followed by an
eight day pause to allow Fe levels to reach equilibrium. A control group
of rats were injected intraperitoneally with deionized water. The rats
were fed a standard rodent diet and permitted to freely drink deionized
water. No health information e.g. animal weight was provided in the
publication about the rats as a consequence of iron dosing.

The dosing regime showing groups of rats and the total administered
Fe doses are shown in Table 1. While the original study used 32 rats,
viable skin samples were not available for all rats from the archive, and
so 28 samples from 28 rats i.e. one sample per rat, were measured in this
work.

As discussed, after euthanasia skin samples were cut from the ani-
mals and archived in a —80 °C freezer. Samples were released to the
authors of this work. Upon receipt of the stored samples, the skin hairs
were removed, and the skin was cut into a 4 cm diameter circle to fitin a
phantom holder (made of polylactic acid and printed with 3D printer) as
described in the published 1°°Cd pXRF system calibration procedure [3].
The rat skin was approximately 2 mm thick and included a little of the
underlying fat layer. The skin was fitted into the phantom with a paraffin
wax base underneath the skin to simulate the scattering properties ex-
pected from the tissue below the skin in a rat. Twenty-eight skin samples
were prepared from twenty-eight different animals, ranging from 0 mg
Fe2+/kg dose (normal Fe levels) to 160 mg Fe2+/kg dose (Fe overload).

3. Experimental measurements
3.1. Skin sample measurement with the 109¢cq DXRF system

The rat skin samples were measured with a '°°Cd pXRF system,
which utilizes a silicon drift detector (SDD) and 1°°Cd as the excitation
source. 19°Cd decays by electron conversion to 1°°Ag and emits a series
of characteristic silver X-rays ranging in energy from 22.0 keV (Kay) to
25.5 keV (Kﬁz).

Characteristic Fe X-rays are produced when skin samples are irra-
diated with the approximately 22 and 25 keV silver X-rays from the
source, and the detector (which is arranged in a backscatter geometry)
measures the emitted Fe Ka X-rays as shown in Fig. 2.

Full details of the system were previously published [33,3]. Briefly,
the source was collimated in a source holder and consequently irradi-
ated a 1 cm diameter circle of the sample [33]. Each sample was
measured for a real time measurement of 1800 s. The signals were
amplified and analyzed by an Ortec Digital Gamma Ray Spectrometer
(DSPEC, Ortec, Oregon United States) with Gamma Vision software.
Calibration was performed against Fe-doped aqueous phantoms. The Fe
X-ray peak areas were extracted from the XRF spectrum by fitting a
mathematical model to the spectrum, with Gaussian functions and a
linear background being used to model the X-ray peaks and background
using the Marquardt method of analysis in Origin Pro software

Table 1
The total dose in mg Fe>*/kg, the dosing regime and the number of measured
skin samples.

Number of measured
skin samples in this

Group  Total Administered Fe
Dose as reported

Dosing regime
(injections per week)

as reported study
A 0 mg Fe?*/kg 1 x 0.8 ml 8
B 80 mg Fe>"//kg 1 x 0.8 ml 6
C 160 mg Fe*"/kg 1 x 1.6 ml 5
D 160 mg Fe?*/kg 2 x 0.8 ml 4
E 60 mg Fe?"/kg 3 x 0.2ml 2
F 75 mg Fe*" /kg 3 x 0.25 ml 1
I 120 mg Fe*'/kg 3 x 0.4 ml 2
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A) Front view
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B) Side view

Source

Phantom

Detector cap

Fig. 2. Photographs of the experimental arrangement for measuring a rat skin sample using the '°°Cd pXRF system. View A shows the location of the source and
collimator with respect to the detector face. View B shows the ‘backscatter’ geometry employed in a measurement.

(Northampton, Massachusetts, USA). The system delivers a skin dose of
1.1 mSv for an 1800 s measurement. Radioisotope measurements were
performed under a permit issued by the Department of Health Physics at
McMaster University. While the radioisotope is in a collimated holder, a
radiation survey of emissions around the system was conducted to
ensure that researcher doses were kept low and the ALARA principle (As
Low As Reasonably Achievable) was followed for all measurements.

3.2. Measurement with the laboratory XRF system

The skin samples were also measured with a laboratory-based XRF
system that was originally designed for studies of elemental distribu-
tions in cancer tissues [46,47] and which was utilized in the initial rat Fe
loading study [32]. The laboratory XRF system utilizes a silicon drift
detector (almost identical to that used in the 109¢4_based system), but in
the laboratory system, the fluorescing source is a molybdenum target
microfocus X-ray tube that produces an approximately monochromated
beam of energy approximately 17.5 keV. The beam is focused using a
multilayer x-ray optical device (AXO Dresden, GmbH, Germany; reso-
lution for Mo-Ka 1 %) to a size of 2 mm x 2 mm incident on the sample.
The samples were placed in a sample holder and covered with 4 pm thick
Ultraline X-ray film on both sides. The detector was mounted at an angle
of 90° to the incident beam, and samples were mounted at 45° to the
beam and to the detector. Each sample was measured for a live time of 1
h. The laboratory system is encased by a shielding box that is attached to
the room infrastructure. It can only measure small samples and is not
suitable for in vivo measurements.

3.3. Normalization to nickel

There was a prominent nickel (Ni) peak in the spectra obtained from
both the 1°°Cd pXRF and laboratory XRF systems due to the presence of
nickel in the SDD detectors. The area of the Fe Ka peak and the area of
the Ni Ka peak are both extracted from the spectrum in each system. The
Fe Ka peak was normalized to the Ni Ka peak, as we have shown in
previous work using the '°°Cd system [4] that this reduces the effect of
phantom distance on the results in the 1°°Cd XRF system. In addition to
the Ni peak, as the laboratory XRF system is in an enclosed shielding
box, a prominent argon peak arising from air is observed. The earlier
study [32] utilized the argon peak for normalization purposes and
measured each sample once. Consequently, to enhance comparability,
each sample was only measured once using the 1°°Cd pXRF system.

4. Results
4.1. Features in rat skin and phantom spectra

The 1%°Cd pXRF system spectrum obtained from a rat skin sample (of
estimated concentration 10 pg Fe/g) and a 10 pg Fe/g calibration
phantom, both measured for 1800 s, are compared in Fig. 3. The con-
centration of the rat skin was estimated by dividing the Fe/Ni x-ray peak
ratio obtained from the rat skin spectrum by the slope of the calibration
line of Fe/Ni ratio versus Fe concentration obtained using Fe-doped
phantoms. The spectra are similar, but the background under the Fe
and Ni Ka X-rays in the 10 pg Fe/g phantom spectrum is higher than the
background under the Fe and Ni Ka X-rays in the rat skin sample. The
ratio of the backgrounds is a factor of 1.4. However, while the back-
ground appears larger in the phantom spectrum, the uncertainties in the
measurements of the rat skin sample (not dosed with Fe) and a 10 pg/g
water-based phantom are not significantly different.

The average measurement uncertainty of the rat skin samples was
11.0 + 2.8 pg Fe/g while the average measurement uncertainty of the
phantoms was 10.0 + 1.8 pg Fe/g, respectively. In general, while the
background may be larger, the spectral shape and measurement
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Fig. 3. Comparison of a 10 pg/g Fe phantom spectrum with an individual rat
skin measurement spectrum.
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uncertainty suggest that the water-based phantoms are good represen-
tation of rat skin Fe measurement spectra. However, the accuracy of the
109¢d pXRF system has been previously published [33] and it has been
shown, through Monte Carlo modelling, that a limitation of the phan-
toms may be that they are water-based phantoms with homogeneously
distributed Fe content. This may not be an accurate model of the Fe
distribution in the rat skin, which likely has higher Fe content at the skin
surface. However, in the earlier study using pigskin [33], it was
concluded that the system could be considered to be accurate over a
range of Fe concentrations, although a correction factor may be neces-
sary in some applications.

4.2. Ability of the 19°Cd pXRF system to predict rat dosage level

The rats whose skin was measured in this study received different
doses of injected Fe as previously summarised in Table 1. In order to
determine whether the 1°°Cd pXRF system can distinguish between the
Fe levels of the different dose groups, t-tests were applied between
groups which followed the same dosing regime of one 0.8 ml injection
per week but with different levels of iron. These three groups all had five
or more animals. Testing was therefore performed for groups A, B and C,
who had received doses of 0, 80 and 160 mg Fe>*/kg’ respectively. Each
rat group distribution was tested for normality using Anderson-Darling
methods with a rejection level of p = 0.05. The mean of group B (83.4
+ 13.8 pg Fe/g) was found to be significantly higher than the mean of
group A (10.7 + 1.3 ug Fe/g, p < 0.003) and the mean of group C (197.8
+ 7.2 pg Fe/g) was found to be significantly higher than the mean of
group B, (p < 0.0002). The 1°°Cd pXRF system was, therefore, able to
distinguish between three different groups (each with 5 or more than 5
animals) who had been dosed following the same regime with Fe dosage
steps of 80 mg Fe?*/kg from 0 to 160 mg Fe?*/kg.

To further test the ability of the 1°°Cd pXRF system to distinguish
between Fe dosage levels, and to include data from dosage groups with
different dosing patterns with less than 5 animals, a linear regression
was performed of group mean 1°°Cd pXRF measurement of Fe content
versus group Fe dosage level as shown in Fig. 4. This meant that mea-
surements of animals from two different groups who were treated to the
same total level of 160 mg Fe>"/kg using different dosing regimes were
tested together. A two-tailed t-test of the mean Fe levels in the two
groups of animals found that the iron levels were not significantly
different between dosing regime groups (p = 0.07). The measured skin
Fe level was found to be strongly correlated with group dosage level (R?
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o R*=0.91
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g 100
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Fig. 4. The plot of the regression of group average Fe concentration in units of
ug Fe/g wet weight measured in rat skin by '°°Cd pXRF versus total adminis-
tered Fe®* dose to rats in mg/kg. Plotted uncertainty data are the standard
deviation of the mean. Rats dosed to 160 Fe?" mg/kg were dosed using two
different dosing regimes hence there are two 160 Fe>" mg/kg dose groups. The
different dose regime groups are shown in Table 1.
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of 0.88) and increases by 1 jig Fe/g per mg/kg of injected Fe2* dose. The
regression is significant at the 95 % confidence level (p = 0.05).

The intercept 5.1 + 15.6 pg Fe/g. was not found to be significantly
different from zero. Using the variance data from t-tests, we can assume
a standard deviation of approximately 30 pg Fe/g in the mean estimate
of Fe content in a group of Fe-dosed rats. This suggests that a group of
five animals with mean skin levels of approximately 40 ug Fe/g) would
be identified as being Fe-dosed. This corresponds to a dose of 35 mg
Fe?"/kg. A 19°Cd pXRF Fe skin measurement can thus identify rat groups
treated with Fe and distinguish them from a group of control animals
even at the lowest doses measured in this study.

The system can thus distinguish between groups of rats, and to test
the ability of the system to determine whether an individual rat has been
dosed with Fe, a regression was performed of individual rat skin Fe
levels measured by the 1°°Cd pXRF system in pg Fe/g against the Fe dose
delivered to rats in mg Fe?*/kg. The plot of the regression is shown in
Fig. 5. The two variables were strongly correlated, r> = 0.83, and the
relationship was highly significant, p < 0.0001. Like the correlations
between group skin Fe and dosage levels, the slope predicts that indi-
vidual rat skin Fe levels will increase by 1 pg Fe/g per mg/kg of FeZ*
dose. The intercept was 7.7 + 9.2 pg Fe/g. This suggests that the 1°°Cd
PXRF system can determine whether an individual rat has been dosed
with Fe, using this regression curve, if the skin level is above approxi-
mately 25 pg Fe/g. This equates to an Fe dose of 18 mg Fe?"/kg. The
individual rat prediction is better than the group prediction because the
regression data for individual animals is more precise than the regres-
sion data for the groups. The system can thus identify whether an in-
dividual animal has Fe levels that are above ‘normal’ for all dose levels
in this study.

4.3. 19°Cd pXRF system comparison to laboratory XRF system

The rat samples’ skin Fe concentrations were measured with both the
laboratory XRF system and the 19°Cd pXRF system because the labora-
tory system had been used in prior published rat dosing studies [13]. It
had been found in those studies that measurements of Fe levels in skin
samples using the laboratory system could be correlated to Fe levels in
liver samples from the same animal. We compared the °°Cd pXRF skin
estimates to the laboratory skin estimates, to assess more directly
whether the 1°°Cd pXRF measurements could be used as a surrogate for
liver Fe measurement, our argument being: pXRF skin Fe measurement
 laboratory XRF skin Fe measurement « laboratory XRF liver Fe
measurement. The Fe/Ni ratio obtained for rat skin samples by the 1°°Cd
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Fig. 5. A plot of the regression of individual rat skin Fe concentration measured
in units of pg per g wet weight by °°Cd pXRF versus individual rat total Fe dose
administered in mg Fe?*/kg. Rats dosed to a total dose of 160 mg Fe>"/kg were
dosed using two different dosing regimes. The different dose regime groups are
shown in Table 1.
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PXRF system was therefore regressed against the laboratory system Fe/
Ni ratio from the same samples, as shown in Fig. 6. The graph shows a
strong linear correlation between the system measurements with a co-
efficient of determination (R?) of 0.85. The relationship is highly sta-
tistically significant (p < 0.0001).

This initial regression analysis assumes that the laboratory XRF es-
timates have no or negligible measurement uncertainty, which is not
valid. The uncertainties in the laboratory estimates are smaller than for
the 19°Cd pXRF system estimates, but they are not negligible. To assess
the limits of the relationship, the laboratory XRF results were then
regressed against the 1°°Cd pXRF results, and the equation rearranged to
provide a relationship for the 1°°Cd pXRF in terms of the laboratory XRF.
The results are shown in Table 2 and the regression lines can be seen in
Fig. 6. While the regression of pXRF versus laboratory has an intercept
that is significantly different than zero, it is not significant when
regressed in the other direction, so there is little evidence of an offset in
the relationship between the two systems. The results indicate a linear
relationship between the 1°°Cd pXRF and the laboratory skin Fe esti-
mates and as the laboratory skin Fe estimates are linearly correlated
with the liver estimates, then the 1°°Cd pXRF skin measurements are
expected be correlated with the liver Fe levels in these animals. A
measurement of elevated skin Fe level by the 1°°Cd pXRF system can
potentially be assumed to be a surrogate measurement indicating
elevated liver Fe levels in Fe dosed animals.

5. Discussion

Efficient, effective and minimally invasive monitoring of Fe levels in
real time is essential for management of patients with Fe overload. The
results of the ex vivo work indicate that the 1°°Cd pXRF system shows
potential not only for use in rats with varying degrees of iron overload
over time but is likely able to monitor changes in individual animals.
However, the level at which the system can determine ‘elevated’ Fe in an
individual rat in vivo will depend on the establishment of a strong set of
baseline in vivo low Fe level data against which an individual rat’s Fe
level can be compared. The ability to determine the dose an animal
received by a measurement of skin Fe alone, will depend on the estab-
lishment of a precise calibration line obtained from measurements in an
in vivo study. This work shows that such a study may be worth
undertaking.

However, the ultimate goal is to create a device for in vivo mea-
surements in humans, as opposed to a pre-clinical system for studies in
rats. Whether this work indicates potential in human measurements
strongly depends on how well measurements of rat skin indicate the
ability to measure levels in human skin. The question of whether these
measurements in rat skin are an indication of the performance of this
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Fig. 6. A plot of the results of the regression of the '°°Cd pXRF system Fe Ka x-
ray: Ni Ko ratio versus the laboratory XRF Fe Ka x-ray: Ni Ko ratio and vice
versa for rat skin Fe measurements. The regression was performed in both di-
rections to account for the fact that both variables have uncertainties.
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Table 2

The slopes and intercepts determined from the regression of 1°°Cd pXRF mea-
surements versus laboratory XRF measurements obtained from regressions of y
against x and x against y.

Regression Slope Intercept
PXREF versus laboratory 0.110 + 0.010 0.060 + 0.025
Laboratory versus pXRF 0.129 + 0.011 0.019 + 0.011

system in human measurements depends on how well rat skin matches
human skin and whether the 1°°Cd pXRF system measures the same
layers of skin in the two species.

Rat skin is notably thinner and more loosely attached compared to
human skin. However, the skin types do share fundamental similarities
in structure and function. Rats and humans both have skin composed of
layers: at the surface the stratum corneum, then the rest of the
epidermis, dermis and hypodermis. We argue that the similarities be-
tween human skin and rat skin are such that the system would measure
normal human skin as well as it can measure rat skin. However, it is
known that the 1°°Cd pXRF system predominantly measures Fe at the
surface layer of the skin [33]. Differences between rat and human dermis
are possibly less important than differences between rat and human
epidermis. Rat and human epidermis show some overlap in skin thick-
ness and structure.

The question remains as to whether the distribution of Fe in skin will
be the same in rats and humans under conditions of both health and
pathologic Fe accumulation. Overall, studies of Fe distributions in skin
are limited. There is some data on the distribution of Fe in pig [33] or
human skin [36,48-52]. Several of these publications suggest that levels
in the stratum corneum may depend on the health status of the person.
Generally, they indicate that Fe is concentrated at the epidermal/dermal
boundary in healthy individuals but may be increased in the epidermis
and stratum corneum under conditions of disease such as psoriasis or
eczema. Levels also increase in the upper layers of the skin in patients
with hemochromatosis, but the Fe distribution appears to depend on the
treatment status of the patient. Our own work utilizing synchrotron
pXRF measurements to analyze Fe distribution in pig skin [33] has
shown increased levels of Fe in the superficial layers of the skin, with the
thickness of the Fe layer being up to 100 pm thick (Fig. 7).

Our prior simulations of Fe distributions in pig skin samples have
suggested that when a high Fe layer is present at the skin’s surface, the
overall XRF signal predominantly measures the Fe concentration in the
front layer, with lesser contribution from the lower Fe concentrations in
the deeper layers [33].

If high Fe concentrations resulting from overload are localized at the
skin’s surface, it is plausible to infer that the overall thickness difference
between human and rat skin would have a negligible impact on °°cd
PXRF results, and these rat skin measurements likely indicate that the
109Cd pXRF system can distinguish between high and low Fe levels in
humans. However, further work in either a small human in vivo feasi-
bility study or ex vivo skin studies will be required to validate this
hypothesis.

6. Conclusion

A 1%°Cd pXRF system for measurement of Fe in skin was found to be
able to differentiate between normal and Fe-overloaded rat skin sam-
ples. The system was both able to differentiate between the skin Fe levels
of small groups of rats loaded with different levels of Fe and, further,
identify whether an individual rat was from an Fe-loaded or normal
group based on measurement of skin Fe level. Rat skin Fe measurements
using the 1°°Cd pXRF system were found to be highly correlated with a
laboratory XRF system which had determined that rat skin levels were
correlated with liver Fe levels in Fe overloaded rats. The results indicate
that the 1°°Cd pXRF system measurements of skin Fe should be a sur-
rogate measurement for elevated liver Fe levels in rats. Further work is
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Fig. 7. A5 pm resolution pXRF map of Fe in the surface of pigskin diffused with
saline collected in the BioXAS beamline at the Canadian Light Source. Red in-
dicates higher Fe levels and blue lower Fe levels. The skin surface is in the
centre of the image and the scan moves deeper into the skin towards the right.
The higher Fe layer at the skin surface is 80-100 pm thick. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

required to verify the performance of the system in human populations.
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