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Abstract

We have previously reported the design of a portable ' °°Cd x-ray fluorescence (XRF) system to
measure iron levels in the skin of patients with either iron overload disease, such as thalassemia, or
iron deficiency disease, such as anemia. In phantom studies, the system was found to have a detection
limit of 1.35 g Fe per g of tissue for a dose of 1.1 mSv. However, the system must provide accurate as
well as precise measurements of iron levels in the skin in order to be suitable for human studies. The
accuracy of the system has been explored using several methods. First, the iron concentrations of ten
pigskin samples were assessed using both the portable XRF system and ICP-MS, and the results were
compared. Overall, it was found that XRF and ICP-MS reported average values for iron in skin that
were comparable to within uncertainties. The mean difference between the two methodologies was
not significant, 2.5 &= 4.6 ug Fe per g. On this basis, the system could be considered accurate. However,
ICP-MS measurements reported a wider range of values than XRF, with two individual samples
having ICP-MS results that were significantly elevated (p < 0.05) compared to XRF. Synchrotron
1XRF maps of iron levels in pigskin were acquired on the BioXAS beam line of the Canadian Light
Source. The ¢ XRF maps indicated two important features in the distribution of iron in pigskin. First,
there were small areas of high iron concentration in the pigskin samples, that were predominantly
located in the dermis and hypodermis at depths greater than 0.5 mm. Monte Carlo modelling using
the EGS 5 code determined that if these iron ‘hot spots’ were located towards the back of the skin at
depths greater than 0.5 mm, they would not be observed by XRF, but would be measured by ICP-MS.
These results support a hypothesis that iron levels in the two samples that reported significantly
elevated ICP-MS results compared to XRF may have had small blood vessels at the back of the skin.
Second, the synchrotron ¢ XRF maps also showed a narrow (approximately 100pm thick) layer of
elevated iron at the surface of the skin. Monte Carlo models determined that, as expected, the XRF
system was most sensitive to these skin layers. However, the simulations found that the XRF system,
when calibrated against homogenous water-based phantoms, was found to accurately measure
average iron levels in the skin of normal pigs despite the greater sensitivity to the surface layer. The
Monte Carlo results further indicated that with highly elevated skin surface iron levels, the XRF system
would not provide a good estimate of average skin iron levels. The XRF estimate could, with correction
factors, provide a good estimate of the iron levels in the surface layers of skin. There is limited data on
iron distribution in skin, especially under conditions of disease. If iron levels are elevated at the skin
surface by diseases including thalassemia and hemochromatosis, this XRF device may prove to be an
accurate clinical tool. However, further data are required on skin iron distributions in healthy and iron
overload disease before this system can be verified to provide accurate measurements.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Introduction

Iron overload and skin iron storage

We have previously described the development of a
portable x-ray fluorescence system for the in vivo
measurement of iron in the skin [1]. The system was
designed to measure the potentially elevated iron levels
in the skin of patients suffering from hemochromato-
sis or thalassemia [2]. The liver is the primary storage
site and a target organ for excess iron in the body, with
excess iron in the liver causing cirrhosis, hepatic
fibrosis and carcinoma [3]. However, it is difficult to
measure the liver. Studies have shown a strong
correlation between skin iron and liver iron concen-
trations [2, 4], and so a measure of iron levels in the
skin by XRF is intended as a surrogate measurement
for iron overload in the liver (and potentially other
organs).

The system is fully described in our previous work
[1]. However, to summarise: the silver x-rays from the
electron capture decay of '*’Cd to '*’Ag are used as a
fluorescing source to excite iron atoms in skin samples
as shown in figure 1). The source is combined with a
silicon drift detector to detect the characteristic x-rays
from iron in the sample in an approximate 180° back-
scatter geometry as shown in figure 1. The system was
calibrated against water-based iron phantoms and
achieved a phantom-based minimum detectable limit
(MDL) of 1.35 ug Fe per g in a 30-minute (real-time)
measurement delivering a dose of 1.1 mSv to the skin.

The precision of the system in phantom measure-
ments is thus well known. However, before the system
can be used for in vivo measurements, it is necessary to
test whether XRF measurements of the iron levels in
the skin are accurate. In addition, we wanted to know
whether our phantoms can be considered a good cali-
bration model for skin and whether the MDLs of an
in vitro skin model differ from the MDL in phantoms.
Our system is calibrated using homogenous water
phantoms, but the structure of skin is more compli-
cated. Skin consists of two main layers, the epidermis
and dermis. The epidermis is the skin’s outermost
layer and is further divided into five layers. The stra-
tum basale lies deep and close to the dermis; the stra-
tum spinosum, the stratum granulosum, and stratum
lucidum are present in thick skin like palms and soles,
and the stratum corneum, which is the outermost
layer of skin. The deep skin layer, the dermis, contains
blood vessels and nerve endings [5].

The depth distribution of iron and the presence of
blood vessels in the skin may complicate the measure-
ment of iron by XRF. The distribution of iron is still
not well known: one study of cadaver samples showed
that the maximum iron content was found in the deep
layer of the epidermis, the stratum basale; a further
study of iron levels in patients with haemachromatosis
indicated raised iron levels in the stratum corneum
and epidermis during different phases of the dis-
ease [6,7].
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The XRF system does not detect iron in the differ-
ent layers of skin equally well. The sensitivity of the
system, i.e., the detected number of iron counts per
mg of iron, falls with increasing depth, and iron at sites
deeper than 0.5-1 mm is not detected. It is not known
if the XRF measurement of iron can be considered an
accurate measurement of the ‘bulk’ sample in real
skin. Hence, it is essential to test the XRF instrument’s
performance and clinical
application.

This article describes work that is the first step in
assessing whether the '*’Cd-based portable XRF sys-
tem can accurately measure iron levels in skin, and
whether homogenous water-based phantoms can be
considered a good calibration model for XRF mea-
surements of iron in skin. We compare the measure-
ment precision of phantoms and skin and describe
validation studies performed to compare XRF analysis
of pigskin iron concentrations against the total iron
content of the same samples measured with Induc-
tively Coupled Plasma Mass Spectroscopy (ICP-MS).
We provide new information on iron distribution in
pigskin assessed using synchrotron p(XRF, and show,
through the use of Monte Carlo models of varying skin
iron concentration, the factors which may impact the
accuracy of the XRF measurement system.

accuracy prior to

Methods and materials

Pigskin as a model for human skin measurement
Human skin is generally not very readily available and
requires human research ethical approval prior to use.
In addition, the Public Health Agency of Canada
recommends that work with human samples be
performed to biosafety level 2 standards. In the current
study, iron concentrations were therefore measured in
ethically sourced pigskin due to the similarities of
pigskin with human skin [8]. Pigskin is composed of
an epidermis and dermis, similar to human skin, and
the ratios of their epidermis thickness are comparable
[9, 10]. Numerous studies have used pigskin as a
substitute for human skin [8, 9, 11] and so the
substitution of pigskin for human skin was considered
acceptable for system validation.

As this work did not involve live animals, ethical
approval from an animal research ethics board was not
required for the study. Fresh skin of domestic pigs was
sourced from a local butcher. This is considered ethi-
cal sourcing as the skin was marked for disposal. The
pigskin was thus food grade, and this work did not
require biosafety approval, although samples were dis-
posed of into the biohazard waste stream after use.

Portable XRF and ICP-MS Comparison

Our a priori expectation of the comparison of iron
levels as measured by ICP-MS and XRF was that the
two techniques would measure the same iron concen-
trations if a) the two techniques measured the identical
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Figure 1. Experimental setup for measuring pigskin concentration. The skin sample is mounted at 0.5 cm from the source [1].

DSPEC

surface areas of the same samples and b) iron in the
pigskin could be considered to be relatively homo-
geneously distributed. The techniques might not
match if the iron had a strong spatial distribution with
depth through the skin.

This assumption was made because the two tech-
niques sample slightly different volumes. The working
principle behind XRF analysis is the photoelectric
effect. Silver photons from our '°’Cd radioactive
source can create a vacancy in an iron atom in the sam-
ple when an inner shell electron absorbs the photon
energy and is emitted from the atom. The electronic
transitions from the higher shells to the lower shells to
fill the vacancies can result in x-rays being emitted, the
energy of which is the difference in the energy of the
transition shells involved. The x-rays are characteristic
of and specific to iron and are then measured with a
suitable detector. The '°°Cd silver x-rays that are used
as the fluorescing source in this system are 22 and
25 keV, while the characteristic Koy, x-rays from iron
are of energy 6.4 keV. These silver and iron x-rays are
highly attenuated by soft tissue. The intensity of an
iron signal received at the detector from a sample in
our XRF measurement is a strong function of depth.
To a first approximation, the drop off in iron signal
with depth depends on the attenuation of the silver
x-rays as they enter the tissue multiplied by the
attenuation of the iron x-rays as they exit the tissue.
There are additional geometric factors as the angle
subtended by the detector from a point in the sample
varies with depth. The XRF measurement, therefore,
does not sample equally through the depth of the tis-
sue. A higher proportion of the overall XRF signal
comes from volumes near the surface of the skin sam-
ple than volumes further back.

XRF measurements were compared to analysis of
iron content of the same samples by inductively cou-
pled plasma mass spectroscopy, because it is a rela-
tively standard technique for the elemental analysis of
biological and environmental samples [12]. ICP-MS
has many advantages for measuring elemental con-
centrations in a sample: high sensitivity and low

Phantom  paraffin

wax Pig Skin

|

|

Figure 2. The phantom s filled with pigskin sample, with paraffin
wax positioned behind the skin to replicate similar scattering
properties to those of tissues. Reproduced from [1]. CCBY 4.0.

detection limits for most elements down to parts per
billion (ppb) levels [13]. The limitation of ICP-MS as a
comparison to XRF is that it measures the average
concentration of iron over a bulk sample, as tissue
samples are homogenized and digested in acid prior to
measurement.

Pigskin sample preparation

The whole skin layer plus the underlying layer of
subcutaneous fat, was cut and included in the mea-
surement. The pigskin samples consisted of both the
skin and the subcutaneous fat behind the skin and
were approximately 5 mm deep, with the skin layer
being approximately 2 mm thick. The volume of the
phantom behind the skin was filled with paraffin wax
before inserting the skin samples (figure 2).

Paraffin wax is composed of carbon and hydrogen
and has x-ray scattering properties similar to human
(and pig) soft tissue. Ten samples of fresh pigskin, each
a4 cm diameter circle cut to fit into the front phantom
face, were cut and stored in the freezer prior to mea-
surement. The ten samples were cut from two larger
sheets of pigskin. It was not known if the two pigskin
sheets came from one or two pigs.

3
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Figure 3. A comparison of a pigskin XRF spectrum and a 10 ppm water-based calibration phantom. The phantom and skin spectra

Portable system pigskin experiment

The XRF system details have been fully described
previously in other work, but we provide some
information here to explain the pigskin measure-
ments. A '°’Cd source was used to irradiate the 4 cm
diameter skin samples that had been inserted into the
front-face of the phantoms as shown in figure 2. The
source is in a tantalum collimator, attached to one side
of the detector onto a styrene window, as shown in
figure 2. The collimator ensures that the detector
cannot see direct emissions from the source. The
system is said to be in a 180° or backscatter geometry.
The source activity at the time of measurement was
0.109 GBq.

Iron characteristic x-rays produce a signal in the
detector and, after amplification, are processed by an
Ortec Digital Gamma-Ray Spectrometer (DSPEC).
The acquisition of the data is carried out with Gamma
Vision software. The dead time during measurement
was low, approximately 5%. The samples were mea-
sured for a live time of 1800 s, and each measurement
was repeated three times to get a better estimate of the
uncertainty in a measurement.

The source is collimated and so only irradiates a
small surface area of skin. To compare the XRF and
ICP-MS samples, it was important to ensure both
techniques measured the same skin sample areas. The
skin samples were cut to 4 cm in diameter to fit in the
phantom but were cut down further, to the beam sam-
ple area, before being sent for analysis by ICP-MS. The
area irradiated by the '°?Cd source on the larger 4 cm
diameter skin samples was estimated using
chromatograph films. As the irradiation area at the
sample surface is dependent on the distance between
the sample and the source, the same geometry was
used for beam size measurement and XRF measure-
ments on the skin samples. A circular dark spot of 1
cm diameter appeared on the chromatograph film

after exposure to the x- and -rays from '°°Cd and the
darkened spot on the film permitted identification of
the measurement area.

After the XRF measurements the circular surface
area of 1 cm diameter that matched the measured irra-
diation area was cut from the skin samples, and the
subcutaneous fat layer underneath the skin was
removed, before sending the samples to the Analytical
and Environmental Services Laboratory of Kinectrics
Canada to measure total iron content by ICP-MS.

A typical spectrum resulting in the skin measure-
ment is shown in figure 3. The prominent peak from
nickel Ko x-rays in the spectrum is due to the presence
of nickel in the detector. This nickel peak is used to
normalize the measurement system, which allows for a
more robust XRF measurement. We have shown that
the ratio of Fe x-ray signal to Ni x-ray signal does not
change with distance from the detector [1].

UXRF Measurements of iron distribution in skin

A pXRF image of iron distribution in pigskin was
made available from a separate ongoing study in our
laboratory. That study is of percutaneous absorption
of Pb in pigskin (CLS project number 37G12956).
However, pigskin samples from the same source as
previously described for portable XRF and ICP-MS
measurements, were measured as blank standards as
part of that study. The samples were trimmed and had
the subcutaneous layer of fat removed. They were not
exposed to lead, instead samples had 100 ul of
phosphate buffered saline placed on the skin surface
and left to diffuse into the skin for 24 h. After saline
diffusion, the samples were freeze microtomed to
25 pm thick sections and placed onto 4 ym thick XRF
film microscope slides. The sample was XRF scanned
at 20 pum resolution using the Bio-XAS beam line of
the Canadian Light Source with an excitation energy of
13.45 keV. The iron signals were extracted from each

4
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measurement pixel using the PYMCA code and a
2-dimensional map of the relative iron level in the skin
was obtained.

Monte Carlo simulations

The effects of variations in iron distribution that
differed from the a priori assumption that iron in
pigskin was homogeneously distributed in pigskin
were not known. Monte Carlo simulations of the
system were performed to test the effects of iron
distribution on XRF measurement. The XRF system
was simulated using the Electron Gamma Shower
version 5 (EGS5) Monte Carlo code. This is a well
developed code frequently used for x-ray studies, that
permits the coupled transport of electrons, positrons
and photons within a given geometry. The simulation
modelled the experimental system geometry illu-
strated in figure 2. The model incorporated the
detector geometry, comprised of the Si detector with
an aluminum cap and a tantalum source collimator, as
utilized for the XRF analysis of pigskin iron. The x-ray
excitation energies were set to those of the silver x-rays
(22.1 keV and 24.9 keV) and the 88 keV gamma rays
from the source were also incorporated into the
model.

The model performance was first tested against the
experimental calibration of the portable XRF instru-
ment to assess the accuracy of the simulation. The
experimental system uses a normalized calibration
line of Fe Ko x-ray peak area to the Ni Ko x-ray peak
area. Ideally, the experimental and modelled system
comparisons would have been of this ratio. However,
in this instance, the full details of the experimental sys-
tem were not known. The detector manufacturer con-
siders certain information proprietary, and the
information is not disclosed. For example, the exper-
imental system utilizes a nickel x-ray signal from the
detector for normalization to compensate for both
the variations in phantom-to-detector distance and
the radioactive decay of the source. However, the exact
location, mass etc. of the nickel in the system is uncer-
tain. Attempts were made to simulate the presence of
the nickel in the detector setup, but an exact match
between experiment and model could not be obtained
without the knowledge of the location, mass and dis-
tribution of the nickel. Instead, the simulated model
was verified by showing that experiment and simula-
tion Fe K, counts were correlated for a fixed geometry,
and the simulation could thus be used to predict mea-
surement system results.

The experimental calibration of the portable XRF
instrument was based on water-based phantoms and
so water-based phantoms of volume 25 ml with vary-
ing iron concentrations were simulated using the
EGS5 code, and a calibration line was developed from
simulated data. The validated Monte Carlo model was
then used to simulate distributions of iron that were
indicated from synchrotron p-XRF measurements of

SU Bangash etal

iron in pigskin. These included simulations of hot-
spots created by blood vessels in the skin, and hetero-
geneous distributions of iron across the skin layers.

Results

Pigskin and phantom spectral comparison
The XRF spectrum obtained from one of the pigskin
samples is shown in figure 3. A phantom spectrum is
shown in the same chart for comparison. As can be
seen, the phantom and the skin sample have approxi-
mately the same spectral shape and background. The
average uncertainty in repeat measurements of a 10
ppm calibration phantom and the pigskin samples was
found to be similar: 12.7 + 0.6 ug Fe per gand 11.3 &
1.8 ug Fe per g, respectively. Thus, the water-based
phantom appears from spectral examination, and
comparison of measurement reproducibility, to be a
relatively good model for XRF measurements of skin.
It also has the benefits of being low-cost and simple to
create.

Our previous published work on this system found
a detection limit in phantoms of 1.35 £ 0.35 ug Fe per
g in a 30-minute (real-time) measurement. The phan-
tom detection limit at the time of this work was found
to be slightly higher, but not significantly so: 1.48 +
0.99 ug Fe per g. A small increase was expected due to
the decay of the radioactive source since the previous
set of published data.

Comparison of iron analysis by XRF and ICP-MS
The comparison of the results from the portable XRF
system and the reported concentrations from ICP-MS
measurements for the 10 pigskin samples is summar-
ized in table 1.

The Poisson statistics which govern XRF measure-
ments mean that if the estimates by XRF and ICP-MS
were equal on average, we would expect in five cases
the XRF estimate would be higher than the ICP-MS
estimate and vice versa. As can be seen in table 1, the
XREF results are similar to ICP-MS results, with seven
samples where the ICP-MS estimate is higher than the
XRF estimate. However, the difference in estimate
between the ICP-MS estimate and the XRF estimate is
significant at the 95% confidence level in only two
samples; S2 and S6 (shaded grey in the table). The dif-
ferences between the individual sample estimate from
XRF and ICP-MS vary from-14.7% to 44.1% (—1.6 to
8.9 ug Fe per g), with the ICP-MS estimates being on
average 13.4% (2.5 ug Fe per g) higher than the XRF
estimates, suggestive of a trend towards higher ICP-
MS than XRF estimates.

The iron concentration distributions of the two
data sets from XRF and ICP-MS are shown in figure 4.
Anderson-Darling normality tests were applied (using
Minitab) to the two distributions; XRF estimates and
ICP-MS estimates. Given the limited number of

5
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Figure 4. The distributions of skin iron levels measured by XRF and ICP-MS.
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Table 1. Results in jig Fe per g of XRF and ICP-MS analysis of
pigskin samples. XRF results are reported as the average of three
measurements, and the XRF uncertainty is reported as the standard
error of the mean. ICP-MS results were not reported with
uncertainty but were quoted as having a detection limit of 1 pg Fe
per g, from which it is inferred that each sample should be
considered to have a measurement uncertainty of 0.3—0.5 /g Fe per
g. The two samples in the table marked in dark grey are the two
samples where the ICP-MS and XRF measurements are significantly
different from each other.

XRF

Mean XREF Stan- ICP-MS
Sample Estimate dard Error Estimate % Difference
S1 11.7 6 10.2 —14.7
S2 13 3 20.9 37.7
S3 14.2 5.1 12.6 —12.7
S4 9.3 5.3 10.4 10.6
S5 11.4 4.4 15.5 26.5
S6 11.3 4.7 20.2 44.1
S7 7.7 3.4 8.8 12.6
S8 10.8 4.3 10.2 —-59
S9 10.1 5.1 13 22.3
S10 10.4 4.8 12 9.6

samples, the test was set to reject the normality
hypothesis if the p-value was less than 0.05.

It was found that both the ICP-MS (p = 0.068) and
XRF data (p = 0.892) could be considered normally
distributed. Paired t-tests were applied to determine
whether the mean of the ICP-MS and the mean of the
XRF data are the same, i.e., whether on average, the
two sets of skin iron estimates are comparable. The
results of the paired t-test are shown in table 2.

The paired t-test result found that a mean XRF
estimate of the XRF measurements of 11.0 & 1.8 ug Fe
per g compared to a mean ICP-MS estimate of 13.5
+4.2 ug Fe per g (p = 0.034, one-tailed test and
p = 0.068, two tailed test). The one-tailed paired t-test
is significant at the 5% level, which would suggest that
the mean ICP-MS estimate of iron in the pigskin sam-
ples is higher than the XRF estimate. However, there
was no prior expectation that ICP-MS estimates

Table 2. Paired t-test analysis for XRF and ICP-MS data.

XRF ICP-MS
Distribution Mean (g Fe per g) 11.0 13.48
Variance 3.3 17.8
t Stat —2.06
P(T<=t) one-tail 0.035
P(T<=t) two-tail 0.070

would always be higher, so a one-tailed test is possibly
unfair. The two-tailed t-test indicates that the two
sample means are not different at the p = 0.05 level. In
this small sample, the XRF can be considered, on aver-
age, to accurately assess iron levels at a 95% confidence
interval level in the skin as estimated by ICP-MS.
However, while the one-tailed paired t-test is not fair
given prior expectations, it, and the individual sample
differences shown in table 1, may suggest a pattern to
the data. As shown in figure 4, the two samples that
were measured as having a significantly different iron
content by ICP-MS compared to XRF are both much
higher than the XRF result.

There was no evidence of a pattern to the data
when a linear regression analysis was performed of the
XRF estimates against the ICP-MS estimates, p = 0.14.
However, when a linear regression was performed of
the difference between the ICP-MS values and XRF
values against the ICP-MS values, it was found to be
highly significant, p = 0.0004. This regression is plot-
ted in figure 5. The graph shows that the difference
between the XRF and ICP-MS values increases with
increasing ICP-MS value. When the difference
between the XRF estimate and the ICP-MS estimate
was regressed against the XRF estimate, the relation-
ship was found to not be significant, p = 0.83.

Overall, the data show that the ICP-MS estimates
show more variation and a wider range of iron con-
centration values than the XRF estimates, and the dif-
ference between estimates is dependent on the ICP-
MS measurements. The ICP-MS estimates trend
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Figure 5. A plot of the difference in concentration as assessed by ICP-MS and XRF versus ICP-MS.
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(a)

The black and white image (b) is of the iron distribution only.

Figure 6. The distribution of iron in pigskin as assessed by synchrotron pXRF. These are two images of the same sample measurement.
The skin surface, the stratum corneum, is on the left in each image. The resolution of both these images is 20 yzm per pixel. The colour
image (a) shows the distribution of Fe in red, and the distribution of chlorine in green to orient image (b) against the position in skin.

(b)

towards higher values than the XRF estimates. This
may suggest that there may be iron in specific skin
samples that is measured by ICP-MS but is not mea-
sured by XRF because of the decreasing sensitivity of
the XRF measurement with depth.

pXRF maps of iron in skin

The possibility of areas of increased iron towards the
back of the sample is confirmed by the synchrotron
uXRF image (figure 6). It can be seen that there are
iron ‘hot spots’ at points in the sample that possibly
relate to microvasculature in the skin. The number of
observed hot spots increases with depth in this sample
with more hot spots located in the dermis and
hypodermis. In this sample, there is one observable
hotspot at a depth of 260 um below the skin surface;

four hot spots at depths between 500 and 800 pm; and
twelve hot spots at depths greater than 1500 pm.
Figure 6 also suggests that iron is not homogenously
distributed but more concentrated at the skin surface.
The synchrotron yXRF data suggest a layer of higher
iron level of approximate thickness 100 ym at the
surface of the skin.

Simulation results

The initial Monte Carlo simulations modelled mea-
surement of homogeneously distributed water-based
iron-doped phantoms. The simulated iron Ka x-ray
signals for specific concentrations were strongly corre-
lated with the experimental iron K, x-ray signals,
p < 0.0001 and R* = 0.946. The slope of the regression
was 1.13 +£0.12, so the peak area per unit

7
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Figure 7. 2D contour plot representing the effect of iron hot spots on an XRF measurement at various locations in the skin.
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concentrations were found to be the same to with
uncertainties. The experimentally measured iron con-
centration in non-homogeneous phantoms should be
predictable from the simulation as long as the exper-
imental geometry remains fixed.

Using the verified EGS 5 model, simulations were
performed to investigate whether remnants of blood ves-
sels (presumed to be the source of iron ‘hot spots’) at var-
ious skin depths could produce the results that would
explain observed differences in the pigskin iron levels
measured by XRF and ICP-MS. The presence of small
blood vessels were modelled using a circular cylinder of
thickness of 0.2 cm and diameter 2 cm with a total mass
of 0.6284 g to represent the skin. Pigskin samples were
previously found, on average, to contain approximately
11 ppm of iron, and so the concentration of iron in the
cylinder was set to this value. In comparison, whole
blood has an average iron content of 50.3 mg Fe per dL
which approximately equivalent to 500 ppm [14]. Small
spheres of diameter 0.29 cm filled with tissue with Fe
concentrations of 500 ppm were therefore modelled at
various points through the skin to determine the loca-
tions where hot spots would be measurable in a portable
XRF measurement. Hot spots would of course be mea-
sured in all locations in a hypothetical ICP-MS measure-
ment of the same sample.

Figure 7 illustrates a 2D contour plot showing the
impact of an Fe hot spot at various positions within the
skin. The x-axis denotes the depth into the skin, while
the y-axis represents the width (i.e. the position on a line
across the diameter) of the circular face of the skin.

Changes in the measured iron level are shown on a col-
our scale. Blue indicates no change in measured signal,
while red indicates a large change in measured signal. It
can be seen that XRF will likely not detect residual blood
vessels beyond a skin depth of 0.5 mm. In addition, there
are locations off-axis from the source where blood vessels
closer to the surface than 0.5 mm remain undetected.
The maximum effect of the presence of small blood ves-
sels on the portable XRF measurement is when the ves-
sels are near the skin surface. While the synchrotron
#XRF map shown in figure 6 has seventeen observable
iron hotspots, only one hot spot would be detectable by
the XREF system, as sixteen of the hotspots are at depths
greater than 0.5 mm. This data therefore aligns with the
hypothesis that dependant on location, small fragments
of blood vessels, e.g., not removed with the fat at the back
of the skin or small vessels within the skin, would be
detectable by ICP-MS but not by XRF.

In addition to hot spots, the synchrotron images
suggest a high iron layer at the skin surface. A Monte
Carlo simulation was performed to model the effect of
a 100 pm thick high iron layer at the front of the skin.
The skin behind this layer was modelled by a lower
iron concentration. The goal of this simulation was to
investigate the impact of an inhomogeneous distribu-
tion of iron within the skin on the XRF signal, and the
accuracy of measurement if this XRF signal was used
to estimate skin iron level using homogenous phan-
toms. Various iron concentrations in the front layer
were simulated, while keeping the concentration in
the back layer constant at 11 ppm.
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Table 3. Results of the simulation comparing surface layer iron
concentration, average iron concentration and XRF estimate of iron
concentration The high iron layer at the skin surface is assumed to
be 100 pum thick and the back layer is assumed to have a
concentration of 11 ppm. Atlow surface iron concentrations, the
XRF and ICP-MS are predicted to produce estimates that are the
same to within experimental measurement uncertainties.

Frontlayer Fe Average Fe Simulated XRF estimate
content (ppm) content (ppm) of Fe content (ppm)
12.8 12.2 11.9

16.3 13.4 14.3

20.0 14.0 16.9

42.8 19.7 36.7

51.5 21.9 45.5

55.9 23.0 52.2

61.5 24.4 57.9

722 27.0 67.3

79.7 34.6 74.0

203.5 75.8 184.3

Table 3 provides a comparison between the aver-
age iron concentration that would be hypothetically
measured by ICP-MS and the XRF estimated iron con-
centration using homogeneous phantoms for
calibration.

The results presented in table 3 demonstrate that
the XRF primarily detects the iron in the front layer.
This observation highlights the higher sensitivity of
the portable XRF system towards the front layer in
comparison to ICP-MS, which quantifies the average
iron concentration across the entire skin sample.

Figure 8 shows the iron concentration of front
layer plotted against the XRF estimate of iron con-
centration as calculated from the simulation.

Discussion

XRF measurements in pigskin samples sample a
thinner layer of the skin than ICP-MS measurements.

The portable XRF system probes approximately the
first 0.5 mm of skin, while the ICP-MS analysis
measures the whole 2 mm depth. Despite this differ-
ence, XRF and ICP-MS analyses of iron levels in skin
were found to be the same on average to within 95%
confidence levels in 10 pigskin samples. However, in
two individual samples, the ICP-MS estimates of iron
content were significantly higher than the XRF esti-
mate, and over the 10 samples the ICP-MS measure-
ments identified a wider variation in iron content in
the skin samples than XRF measurements, with 70%
of samples having estimates of iron that were higher
measured by ICP-MS than measured by XRF. Syn-
chrotron yXRF measurements of iron distribution in
skin and Monte Carlo simulations support the
hypothesis that the higher iron content measured by
ICP-MS is likely due to iron deposits (possibly from
blood vessels) deeper in the skin. In the synchrotron
1XRF map shown in figure 6, sixteen of the seventeen
‘hot spots’ would not be measured by XRF, but would
be measurable by ICP-MS. The iron distribution in
lead-dosed pigskin samples from CLS project number
37G12956 showed similar distributions of iron in skin
to the blank sample presented here. Most iron ‘hot
spots’ were observed at depths greater than 0.5 mm so
would be measured by ICP-MS only, but the occa-
sional hot spot was observed nearer the surface that
would lead to an increase in the measured XRF signal.
In this study, skin samples were cut down from the
skin surface to the bottom of the dermis, and there
may have been small amounts of subcutaneous tissue,
containing vascular and capillary tissue, left on the
back of the sample. The ICP-MS measurements may
therefore not be estimates of iron content in skin only.
However, nXRF measurements of iron distribution in
skin do suggest the possibility of small blood vessels
within the epidermis and dermis. As previously stated,
these would be measured by ICP-MS at all depths, but

9
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only by XRF if they are located near the surface of
the skin.

The synchrotron pXRF map of iron distribution in
pigskin suggests not only that there are hot spots in
skin, but that there is a layer of higher iron concentra-
tion at the surface of skin. This result is different than
observed in prior studies of human cadaver data,
where the highest iron concentrations were at the epi-
dermal/dermal boundary. However, in another
biopsy sampling studies of people suffering from
hemochromatosis, a similar pattern of elevated iron in
the stratum corneum and outer layers of skin was
observed in certain stages of the disease [6, 7].

The observation of a high iron surface layer in
1XRF measurements led to Monte Carlo analysis of
this skin surface iron distribution. The XRF system is
more sensitive to this surface iron layer. However, the
simulations determined that the XRF system would
accurately measure average iron levels in normal pigs
when calibrated against aqueous phantoms despite
this increased sensitivity. This prediction matches the
experimental data where 80% of samples had XRF and
ICP-MS estimates that were within uncertainties of
each other. However, if the iron level increases sub-
stantially in the front layer, then at high iron levels, the
ICP-MS and XRF estimates are expected to diverge.
the Monte Carlo models predicted a strong correlation
between iron concentration in the front layer of the
skin and the estimated iron concentration measured
by the portable XRF system, R* = 0.99 and p < 0.0001.
The slope of the relationship is 0.91 £ 0.01. The rela-
tionship is not 1:1 which suggests that while the XRF
estimate is dominated by the signal from the front iron
layer, there is a contribution to the XRF estimate from
the lower concentration tissues further back in the
skin. The XRF estimate is therefore not accurate at
solely determining the iron content of the front layer,
nor is it completely accurate compared to ICP-MS in
estimating the average iron content over a2 mm depth
of skin. However, if the iron layer is of a relatively con-
stant thickness in all skin samples, then this relation-
ship suggests that applying a correction factor to the
XRF estimate could result in an accurate estimate of
the level of iron in the surface layer. If correction fac-
tors are possible, then the current homogeneous
water-based calibration phantoms could be used. This
would make phantom construction simple as they are
readily manufactured, reproducible and straightfor-
ward to measure. They can be made quickly and are
low-cost.

The application of a correction factor depends on
verification of this distribution of iron in skin. The evi-
dence is relatively scant. Three studies have investi-
gated the distribution of iron in human skin under
conditions of iron overload, such as hemochromatosis
[15-17]. These investigations highlighted elevated
iron concentrations across various layers of the skin.
Particularly heightened iron levels were observed in
the stratum basale, the deepest layer of the epidermis,

SU Bangash etal

although increased iron concentrations were also
detected in upper layers of the epidermis. Overall, the
human epidermis has a thickness ranging from 76.9
26.2 to 267.4 £+ 120.6 um [18]. Any significant ele-
vated iron layer in the epidermis should be detectable
by XRF even in deepest epidermal layers. However, the
consistency of the thickness or position of a high iron
layer in conditions of iron overload remains uncertain.
If position or thickness are found to be variable, addi-
tional methods, perhaps using differential attenuation
techniques, would be required to establish the iron
distribution in an individual before this XRF system
could be used. Development of such technology would
be a significant undertaking. Further studies are thus
required of iron distribution is skin e.g., uXRF syn-
chrotron measurements on human skin samples in
iron overload conditions to verify iron distributions in
order to fully assess the accuracy of this portable XRF
system in vivo.

Even if the finding of an elevated surface iron dis-
tribution is validated, there are yet further studies
must be performed with this system. While previous
studies have determined that increases in iron level in
skin can be observed under conditions of iron over-
load, this portable XRF system has never been tested
under those conditions. Studies must be performed
using this XRF system on skin from iron overload stu-
dies to determine the system’s ability to distinguish
between ‘normal’ and overloaded groups or
individuals.

Conclusion

The accuracy of a hand-held XRF measurement was
tested using XRF measurements of healthy pigskin,
which were analyzed by ICP-MS. The system performed
well, with the mean difference between XRF and ICP-
MS being 2.5 £ 4.6 ug Fe per g. Two individual samples
had ICP-MS estimates that were significantly higher than
XREF estimates. Synchrotron ©XRF maps of iron in skin
and Monte Carlo models are consistent with a hypothesis
that small blood vessels towards the back of the skin can
be observed by ICP-MS but not portable XRF. Further-
more, pXRF mapping suggests that iron may be
increased in a narrow layer at the surface of the skin.
Monte Carlo models predict that if iron is higher at the
skin surface then the portable XRF estimate will reflect
the raised iron levels at the surface and may be a clinically
useful measurement. However, further studies of iron
distribution in skin are required to verify this distribution
ofiron.
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