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In vivo EDXRF scanning analysis of human nail
R. G. Figueroa,®* I. R. Chavez® and E. Bonzi®

This paper presents the results of a new technique for in vivo energy dispersive X-ray fluorescence (EDXRF) scan analysis, applied
to human fingernails. The scan employs a specially designed EDXRF spectrometer, which allows a concentration profile of the
elements detected in a human nail. In order to carry out this technique, a group of nail fragments taken from different people
was analyzed. The elements S, Ca, Cu, Fe, Cu, Zn, and Pb were detected in most of the samples. A bidimensional (x, y) scan was
also performed on a whole removed nail in which the 2D spatial distribution of the detected elements was observed. Significant
differences in some of the detected elements were noted. Minimum time of average detection per element was determined, based
on the EDXRF spectra of the nail fragment. The time required to obtain an in vivo element profile of a typical nail was thus deter-
mined, applying the same geometry and acquisition conditions for all cases. The dose that the person undergoing this type of
EDXRF scan analysis would be exposed to was also determined. Exposure time does not exceed 15 s, and the calculated adminis-
tered dose is in the surface nail region of 0.1 mGy/s. The results of this study demonstrate that it is possible to carry out an in vivo
X-ray fluorescence scan analysis. This information may be used in different fields of medicine, such as nutrition and toxicology,
and in other areas that establish a correlation between the concentration of the detected elements and certain diseases. Nail
and hair are known to be ‘accumulating tissues’ unlike bodily fluids. In some aspects, nail analysis can be equal to a blood test.
Copyright © 2014 John Wiley & Sons, Ltd.

Introduction

Fingernails are mainly made up of a fibrous protein, known as ker-
atin, found in several epidermal formations such as feathers, horns,
scales, nails, and hair." Nails contain small quantities of trace ele-
ments such as Fe, Cu, and Zn."” The absence or excess of these
elements has been associated with disorders or diseases, as well
as nutritional factors. Dermatological studies show that changes
in elements that nails are made up of and release are closely linked
to people’s health."! For example, Fe and Zn deficiencies have been
detected in cystic fibrosis and asthma patients.” Significant alter-
ations of Fe and Cu have been found in prostate, breast, thyroid,
and lung cancer patients.!” In vivo study of human nails is therefore
important and relevant.

Studies of characterization of human nails removed from patients
using the particle induced X-ray emission technique have been
performed.” The results obtained using this technique show that
elements such as Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn,
Se, Br, Au, and Hg are present. Besides Hg, no toxic elements were
found, e.g. As, Pb, and Cd, which would reflect any special anomaly
in an individual’s health. Other studies show the presence of heavy-
contaminating elements in human bones, such as Pb./®' With the
energy dispersive X-ray fluorescence (EDXRF) technique, studies of
element concentrations in organs and parts removed from living
beings may be performed, as well as other investigations.”” The
technique has also been applied to in vivo analysis in different exter-
nal parts of the human body, including knees, previous to the study
of the dose delivered associated with these applications.!

Nails grow longitudinally, beginning in the proliferative matrix
and extending toward its distal end. Their growth rate is 0.1 mm/
day in adults™; thus, an entire nail takes approximately 150 days
to grow. The individual’s nutrition and toxicological history may
be studied using the element composition of the nail at its various
stages of growth.

Nails and hair are known to be ‘accumulating tissues’ compared
with bodily fluids. In some aspects, nail analysis can be said to be

equal to a blood test but involving the examination of a less labile
source of information.l'” The time schedule is therefore much
longer in these tissues. This allows us to observe the evolution of
a disease through the fluorescent intensity profile or 2D image
EDXRF of any chemical element as a biomarker along the line of nail
growth. Hence, measurement in nails is especially important be-
cause the EDXRF technique is nondestructive, it can be performed
in vivo, and given its features, it does not require any preparation,
only that the nails are clean.

Different X-ray fluorescence (XRF) scan techniques have also
been developed to obtain images or maps of elements in diverse
biological and mineral samples."" These techniques generally use
very small-sized samples. Other techniques that employ larger
sample sizes have also been developed.™

A new large-area EDXRF scan technique that employs a robotic
arm has recently captured bidimensional images of the spatial dis-
tribution of the chemical elements present in large-sized biological
samples, such as human hands and jaw bones, chicken feet, rat
liver, among others!'? There are currently no known studies of
in vivo scan analysis of nails that show the trace elements present
in nails nor their spatial distribution.

An in vivo EDXRF scan technique for nails was analyzed and de-
veloped in this study according to the aforementioned information.
This technique employs a specially designed EDXRF spectrometer
that obtains a profile of the concentration of elements found along
the length of a human nail, in addition to capturing bidimensional
images of the chemical element distribution of the nail.
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Methodology

In order to perform this study, a spectrometer composed of a mini
tube X-ray (MTXR) Amptek 40kV, 4W, a digital pulse processor
(DPP) with MCA (Amptek-PX4), a Silicon Drift Detector Si(Li) Amptex
XR 100SDD, and a robotic arm was used. The detector and MTXR
were placed at the end of the robotic arm at, at 45° and 90°, respec-
tively, in relation to the sample’s horizontal plane (X, Y). A finger
holder was attached to the support table, which also holds a scan
control device and DPP. These were both connected to the soft-
ware that controls the mechanical scan system and the capture
and processing of the XRF images. This software controls the step
length, the acquisition time per point, the size of the 2D rectangular
scan, the MTXR's voltage and current, and the DPP control. A
photograph of the whole device is shown in Fig. 1.

The chemical elements, which have to be detected in nails by the
EDXRF device, need to be established in advance. Thus, fixed-mode
(nonscan) multi-element spectra of nail fragments, taken from a
group of ten volunteers, were acquired (Universidad de la Frontera
Scientific Ethics Committee, Approval Record number 86/2013),
using a voltage of 40 (KeV), a current of 60 (uA) for the MTXR at a
tube-sample distance of 15 (mm) and sample-detector distance of
10 mm. This was achieved by using geometry with the sample plane
set at 90° in relation to the MTXR beam and 45° to the detector axis.
The mode used in this case was fixed with an acquisition time of
180's for each spectrum. Nail fragments were of various sizes and
shapes of approximately 8 mm?, cleaned with acetone and alcohol.

Then, in order to determine the spatial distribution (2D) of the
elements present in a whole nail, an XRF image scan technique,
developed by one of the authors,"*! was applied. Using the same

voltage and current conditions as employed for the MTXR and
the same geometry. With the intention of including the nail and

Figure 1. EDXRF scan spectrometer, showing its various components: (1)
DPP multiprocessor, (2) scan control, (3) robotic arm support table, (4) ro-
botic arm, (5) X-Ray mini tube, (6) SDD Si(Li) detector, and (7) finger holder.

the finger — fully and loosely — a scan covering 9cm? (50 x 50
point-matrix) was performed with a 100-ms acquisition time per
point (pixel), considering that nails have an area of approximately
270mm? (17 X 16 mm>).

The technique that was used practically suspends the sample in
the air with a thin Plexiglas support, while the MTXR and the detec-
tor pass over the sample. When no scanning is carried out, the sen-
sitivity depends on the EDXRF spectrometer, the setup, the matrix,
and the elements that are present. Given that the nail is formed
by curved homogeneous material, it is slightly higher in the center
than at the edges (2-3 mm). In this study, the aforementioned text
was not taken into account in the carrying out of the measurements.

Subsequently, the dose for an in vivo application was determined by
a redundant pencil beam-type algorithm, supposing that the kinetic
energy release in the medium absorption is the same as the dose.

Finally, the in vivo EDXRF technique was applied to two similar
nails belonging to two in vivo volunteers, using the same voltage
and current conditions along with an exposure time of 15s. Two
different software were used to obtain the in vivo EDXRF spectra.
The first was developed by the authors for EDXRF image capture.
The second software comes with the multiple-pulse DPP proces-
sors (the detector, amplifier, ADC, and MCA power supply from
Amptek Inc.). The former software processes the bidimensional im-
ages, and the latter reports the energies of the fluorescence peaks,
so as to then identify the elements present in the samples.

Dose calculation

The main components of the nail's matter (keratin) need to be iden-
tified so as to determine the dose that can be administered to a
patient when undergoing a human nail in vivo EDXRF scan analysis;
the mass attenuation coefficients (u/p) of the keratin in the incident
ray must be determined, including the rest of the exposed matter,
muscle, bone, and skin in the calculation, using Eqn (1).

u

uw(E) =2 :% ZC" ~wi(E)  [em?/g] M

Where C;is the mass elemental concentration of the element j, x;
(E) is the linear attenuation of element i to the energy E, and p is the
density of the matter (keratin).

The incident spectrum of the X-ray tube at 15 mm must also be
known (Fig. 2) and must be considered in the algorithm used to cal-
culate the dose. It should be noted that the enormous peak at low
energy corresponds to the L line of the silver tube, which appears
only at short distance in air; the peak practically disappears at dis-
tances greater than 10 cm of air. However, it must be considered
for dose calculation because it has effects on the surface level,
and the measurements are performed at short distance. This spec-
trum was determined using the minimum current in order to avoid
saturation and was corrected for dead time losses.

In order to calculate the dose (D), the pencil beam method was
employed with narrow beam geometry, along with an algorithm
developed by one of the authors. This was considered in the calcu-
lation of the dose in Egn (2).

AE Nmax ('I _ e_,U(Er') X)
D(x) = — = No(E)) Ej |~—~ J/Ki 2
(00 = 3 = 2 NolE) (pAAX b/ka @
Where,
E; : ith energy of the incident spectrum.
N,(E) : number of photons of energy E;.
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Figure 2. X-ray tube incident spectrum at a short distance from its
output window.

u(E) :linear attenuation coefficient of the material to the ith energy.
x : depth in the material.

p: mass density of the material to estimate i esima energy.

A :irradiated area section.

Ax : irradiated area section thickness considered.

The results were compared with those obtained in a previous
study in which similar calculations were used, as well as a Monte
Carlo simulation (PENELOPE code)'™ plus measurements near the
finger nail surface using a small ionization chamber RADCAL
10X6-3CT.

Results and discussion
Removed nail fragments: fixed mode

Fluorescence peaks can be seenin S, Cl, Ar, Ca, Ti, Cr, Fe, Cu, Zn, and
Pb. Elements were identified by the emissions of K, and K and in
some cases L,. Table 1 shows the net areas under the fluorescence
peaks of the elements with the highest number of counts per

SPECTROMETRY

second, detected by our spectrometer. The information was taken
from the Amtek Inc. program. This information makes it possible
to graph the net areas according to the individuals. These results
are in net counts under the peak and represent the fluorescence
intensity associated with each element detected.

Figure 3 shows the EDXRF spectra corresponding to fragments of
nails from ten volunteers. The presence of minority elements in the
nail can be clearly seen (Ti, Cu, Fe, Zn, Pb). These vary from individ-
ual to individual as does the quantity of each element present in
each nail. For example, significant differences in Zn levels in differ-
ent individuals were observed, seen throughout greater areas un-
der the fluorescence peaks. Pb is an element that is not present in
all individuals or is present in quantities that were not detectable
by our spectrometer but is present in greater amounts in other in-
dividuals. The quantity of Zn, Cu, and Fe differs significantly from
person to person. In some cases, the amount of Cu and Zn doubles
from one individual to the next. Other authors found similar
results,™ and"™ at this stage of the investigation, the minimum de-
tectable has not been provided yet. It is expected to be developed
in a second stage. In any case, the minimum detectable will vary
because it depends on several parameters, including the recording
time per pixel.
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Figure 3. Spectra of ten nail fragments from university students. Number
of net counts according to the number of the detector’s canals.

Table 1. Net areas of the fluorescence peaks for each element of each analyzed nail

Element Nail 1 Nail 2 Nail 3 Nail 4 Nail 5
Pb 0 1490 + 40 2020+50 1760 + 40 1560 + 40
Ti 1320+£40 530220 730+£30 3470+ 60 LDL

Fe 2480+ 50 2090 +50 2470+ 50 440070 3520+ 60
Cu 3540+ 60 5630+ 80 5340+70 5060+ 70 7670+90
Zn 5570+ 80 3670+ 60 4530+70 5990+ 80 5530+70
Ca 4290+70 LDL 6200 + 80 6060 + 80 4830+70
Element Nail 6 Nail 7 Nail 8 Nail 9 Nail 10
Pb LDL 1350+£40 1080+ 30 2000 + 50 151040
Ti 690 +30 LDL LDL LDL LDL

Fe 2860+ 50 1990+ 50 1500 £40 2160+ 50 1990 £ 50
Cu 5930+ 80 4960 + 70 4910+70 5560+ 80 4690+ 70
Zn 3600+ 60 4550+70 4570+70 4560+ 70 4670+70
Ca LDL 7900 + 90 4700+70 6200+ 80 7250+90
S 12000+ 100 14200+ 100 9040 + 90 13400+ 100 13800+ 100
LDL, low detection limit.

These results are in total net counts under the peak.
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Ti is an element that is present in approximately 50% of the ana-
lyzed nails. This coincides with the results obtained by other authors.”

The methodology and technique employed in this study gener-
ally represent the ability to discriminate and differentiate the pres-
ence and concentration of elements among individuals.

Whole nail using bidimensional scan

Figure 4 shows EDXRF scans of a nail removed from a person, in-
cluding its different substrates: acrylic (in green and greater back-
ground above), whole nail in air (violet, in the middle), and
longitudinal segment of the nail (light blue, below).

The fluorescence peaks of S, Ar, Ca, Cu, Fe, Zn, and Pb are seen in
the three spectra. There is a minimal difference in the matrix, which
indicates that it is possible to perform a short-interval longitudinal
scan of the nail without losing any relevant information about its
composition. This can be seen in the light blue spectrum, which
only differs from the others in its lesser intensity and background
(matrix + nail). With the purpose of reducing the presence of

Counts

16

Energy [keV]

Figure 4. X-ray fluorescence spectra of a nail removed from a patient.
Green spectrum, whole nail with PMMA base/background; red spectrum,
whole nail in air; light blue spectrum, longitudinal scan of 16 mm? area with
an exposure time less than 20 s (set times each).

unwanted setup element contributions, full scans were performed
in air on a whole extracted nail. Furthermore, when working
in vivo, the beam was collimated to a narrow beam of 1.5 mm effec-
tive size in diameter on the surface of the nail, so it would impact
only the central part of the nail, thus minimizing the potential con-
tributions of setup elements.

The bidimensional distributions of the six elements detected in
the removed nail were obtained using a specially designed EDXRF
scan program.'® These distributions were edited using the Image
J program, which is shown in Fig. 5. The images were based upon
the percentage analysis of net areas in relation to the total area of
the fluorescence peaks of each element so as to subtract the input
of the background matrix at each intensity. Hence, the greater
‘luminosity’ in each image shows, approximately, the net presence
of each element in the nail (Fig. 5).

These results show the relevance of making such longitudinal
scan, because the elements detected appear to have a fixed posi-
tion within the nail matrix, for the time elapsed during the measure-
ment. Thus, it displays a snapshot of the past 3 months with lot of
detailed information. However, despite the fact that this research
does not intend to decode that information, it is important to
mention that a similar analysis is not possible through blood tests,
biopsies, or other types of fluids.

Most of the elements have an irregular distribution, with higher
or lower periods of presence within the whole nail. For example,
Fe and Cu appear only slightly in the center of the nail but are pres-
ent at a higher concentration at the nail’s proximal end. Zn and Ca
also present a higher concentration at the distal end of the nail and
a weak concentration in the rest of it. Pb presents a greater concen-
tration at both distal and proximal ends of the nail. However, S is
distributed almost uniformly along the entire nail, which coincides
with the fact that S is one of the components of keratin, which is the
nail matrix.

Dose calculation

Figure 6 shows the graph of the dose depending on the depth for
the irradiated finger (heterogeneous sample). The average dose rate
calculated by Eqn (2) was 0.03 mGy/s, and the dose rate extrapolated

Figure 5. EDXRF images showing the bidimensional distribution of sulfur (S), calcium (Ca), iron (Fe), copper (Cu), zinc (Zn), and lead (Pb) in whole nail.
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Figure 6. Depth dose rate calculate with MTXR at 40KV/60 pA, collimator
2 mm, MTXR-nail distance 1.5 cm. Horizontal line gave the average rate dose
equal 30 uGy/s.

to the surface was approximately 0.10 mGy/s. Dose rate peak equals
0.11 mGy/s at 4 mm depth, because of the presence of bone mate-
rial, which has a much greater attenuation coefficient than that of
soft tissues and thus, a greater dose delivery in the bone. Therefore,
the accumulated dose on the surface for an application of 155
equals 1.50 mGy, and the mean dose equals 0.46 mGy.

The latter results are consistent with those obtained using Monte
Carlo PENELOPE code® and with experimental measurements
achieved with RADCAL 10X6-3CT camera, which gave an accumu-
lated dose value of 1.48 mGy + 0.05 considering the same measure-
ment time than that used for calculation. Therefore, it is possible to
perform an in vivo analysis of human nails, as the dose administered
to patients is within the range established for diagnostic exams.!"”?

In vivo EDXRF
In vivo spectra

The graph shown in Fig. 7 shows the fluorescence spectra of the
longitudinal scans of the three analyzed nails (one removed nail
and two in vivo).

Longitudinal images: mono element profiles

The images displayed in Fig. 8 correspond to the lineal distribution
of each element detected in removed nail (red), subject 1 in vivo
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Figure 7. EDXRF spectra of the three nails. Removed nail (red spectrum),
subject nail 1(green spectrum), and subject nail 2(blue spectrum).

nail (blue), and subject 2 in vivo nail (green). The dark color repre-
sents a low presence of the element, and the white shows a high
presence of the element in that section of the nail. The red line rep-
resents the distal end of the nail. Scan: distal end on the left and
proximal end on the right.

When the spectrum of the removed nail was compared with the
two in vivo spectra in Fig. 8, a similar element composition is
evident, with slight variations between element intensities. The
detected elements (sulfur, chlorine, calcium, nickel, iron, copper,
zinc, and lead) are present in each of the nails in various concentra-
tions and spatial distributions unique to each element. This is
shown in the mono element longitudinal profile images (Fig. 9).
For example, a distribution of S with certain variability was ob-
served, despite the fact that this element is identified as a compo-
nent of the nail matrix. The detected elements that are shown in
Fig. 9, such as Ni, Fe and Cu, Zn and Pb, at first glance present irreg-
ular distribution, which accounts for the variations of the concentra-
tions of each element during the growth period of the nail. Error
bars are set upon the statistical errors associated with each mea-
surement peak area. Ca hardly makes an appearance in any of the
three nails, or its concentration was not enough to be detected with
this methodology, given its short exposure time, except the distal
end where its concentration increases in all three cases, although
we have no explanation for this particular fact.

The detected elements coincide with those found by other
authors,™ although this was not the case with their bidimensional
distribution. There is a report concerning the homogeneous distri-
butions of Ca, P, Na, Mg, Rb, Br, Sr, and Se along the nail matrix,
and it does not show distributions of heavy elements.!"*

Detailed variation of the intensities along the length of the nails
is presented in the following text.

In vivo longitudinal profiles

This analysis may be corroborated to a greater extent with the
graphs of the normalized net counts at Argon’s peak, according
to the number of steps corresponding to each bidimensional image
of the detected elements (Fig. 9). Argon peak appears because the
analysis was performed in the presence of air, and Ar is a compo-
nent of it.

Assuming that the matrixes of the nails that were analyzed in vivo
are similar, it can be observed that Zn is present at a higher concen-
tration in subject 1's nail compared with the other two nails and
likewise at the distal end of subject 1’s nail.

Cuis distributed very irregularly along the growth line of the nail,
which moderately accounts for the variations in its concentration
along the growth line. A greater concentration of Cu in subject 1's
nail is also visible in comparison with the other nails.

In the case of Fe, subject 1’s nail has a low concentration of the
element at the proximal end and increases in areas near the distal
end. However, subject 2 has a greater concentration of Fe at the
proximal end, which rises considerably near the distal edge. This
helps us determine that the used methodology permits the dis-
crimination of the differences in concentration from one individual
to the next. In addition, it allows us to discriminate between the
differences of concentration in different positions with regard to
the direction in which the nail grows. We can observe concentra-
tion differences through changes in fluorescence intensity, but for
now, quantifying it is not the purpose of this research.

The information obtained from the removed nail, based on the
bidimensional image and the graphs of each element, was entirely
reproducible and comparable with the in vivo nails. Thus, it is
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Figure 8. Fluorescence intensity profiles along the entire nail (linear images) of present elements detected by the EDXRF system, from left to right: S, Cl, Ca,
Ni, Fe, Cu, Zn, and Pb. The red line represents the distal end of the nail and the lateral rule graduated in (mm). Removed nail (red mark), subject nail 1(green
mark), and subject nail 2(blue mark).
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Figure 9. Comparative intensities K,, peaks of S, Ca, Fe, Cu, and Zn, with their error bars. Removed nail (red curve), subject 1 nail (green curve), and subject 2
nail (blue curve). Vertical lines show the end of the scan for each nail, using the same color criteria.
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inferred that it is possible to perform in vivo analyses employing this
methodology, and therefore, contamination risks are minimal,
because the analysis is performed on clean fingernails.

The technique and methodology proposed in this study are ap-
plicable in vivo because of the low dose that the individual receives
when irradiated for a few seconds. It also analyzes the concentra-
tion and spatial distribution of each element that is present in the
nail and its evolution over time.

In our analysis, we have discarded the presence of elements be-
low the nail, soft tissues, because they have not been reported in
the literature and because of the low energy of the detected fluo-
rescent X-ray. Furthermore, we have reference elements appearing
in vivo samples, which are the same as those of the extracted nail.

In general, reproducibility of the technique is the usual for any
EDXRF technique; the only difference is the spectrometer scan on
the sample. Consequently, reproducibility of this technique
depends mainly on the mechanical characteristics of the scanning
device. In our case, we can establish reproducibility at around
100% for all cases, within the period of analysis of this experiment.

Other analytical techniques such as particle induced X-ray emis-
sion or ASS cannot be compared with this technique, because it is
not possible to scan them. Furthermore, the purpose of this study
was to demonstrate the feasibility of this technique and not be
compared with a gold standard.

Conclusions

The results show the following:

Using an EDXRF scan spectrometer set to fixed mode, the pres-
ence of S, Cl, Ca, Ti, Cr, Fe, Cu, Zn, and Pb was detected in a group
of nail fragments taken from ten volunteers. A similar spectral XRF
profile was noted among the ten, with relative differences in the
areas associated with each of the elements. One may observe that,
spectrally, there are significant element differences between one
individual and another. This could set a type of characteristic mark
between one individual and the next.

With the EDXRF spectrometer set to scan mode, the 2D
(bidimensional) distribution of the elements S, Ca, Fe, Cu, Zn, and
Pb in a whole removed nail was determined. Significant spatial
differences of the elements were observed.

In vivo EDXRF scan applications, using the same device, were per-
formed on the thumb nails of two volunteers. Profiles of the mono
element distribution intensities of approximately 20 mm along the
length of the nails’ direction of growth, specifically in the central
area, were achieved in both samples. The in vivo profiles were ac-
quired in 15 s per finger. There are significant differences, longitudi-
nally, between the detected elements.

The determined dose for this type of in vivo applications was of
around 1.6 mGy and concurs with that calculated in a previous
study. It can be inferred that it was possible to apply this EDXRF scan
methodology on people in vivo at a minimum risk to the individuals.

The technique proposed in this study was the first step in
performing in vivo element scan analysis research on nails. This
could contribute toward the diagnosis of some pathologies and in-
toxications that can be detected because of the chemical elements
that are identified in nails and to the development of a prototype
for clinical use.

Therefore, measured chemical element in nails are especially
important because the EDXRF technique is nondestructive, can
be performed in vivo, and, given its features, it requires practi-
cally no preparation.
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