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Abstract:

When analyzing characteristic peaks in X-ray fluorescence (XRF) spectra, the peak area is the
value most often used to quantify peak size. However, some studies have reported the amplitude
of the peak instead of the area. When the width of the peak is allowed to vary from trial to trial in
order to provide the best possible fit to the data, these two alternative methods can yield slightly
different results. In the current study, these two approaches to peak analysis are compared for
data obtained from bone reference materials having certified lead concentrations of 1.09 + 0.03
ng/g, 16.1 + 0.3 ng/g, 13.2 +£ 0.3 pg/g, and 31.5 + 0.7 ng/g. Measurements were made with an
Olympus Innov-X Delta Premium portable XRF system. Using both the area and amplitude
methods, lines of best fit were constructed for the lead Lo and lead L signals as a function of
lead concentration. Additionally, coefficients of variation were calculated for each reference
material and condition of analysis. To assess possible variations over time, the procedure was
performed at two points separated by about one year. The amplitude and area methods were
found to produce results which were consistent and proportional. Using either method, lead XRF
signal plotted as a function of known lead concentration produced adjusted r* values of ~0.99.
The amplitude method provided slightly higher adjusted r* values overall. Coefficients of
variation were generally very similar between the two methods, although more pronounced
differences emerged from measurements of the lowest concentration reference material.
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Introduction:

X-ray fluorescence (XRF) is a non-destructive, convenient, and fast technique which may be
used to assess the elemental composition of a sample. By bombarding the sample with X-rays or
y-rays having energy greater than the binding energy of the electrons of a particular element or
elements, electrons may be ejected via the photoelectric effect. Within a given atom, an electron
from a higher energy orbital may then replace an ejected electron. Such an electron transition can
then be accompanied by the release of a characteristic X-ray, having an energy corresponding to
the nature of the transition and the element. Characteristic X-rays recorded by a radiation
detector thus provide information on the composition of the sample. The number of detected
counts, plotted as a function of energy, produces an XRF spectrum with characteristic energy
peaks corresponding to the various elements within the sample. Analysis of these peaks can help

determine the concentration of the elements in the sample.

An XRF spectrum has two main components to consider: the continuum (or background noise),
and the characteristic X-ray peaks. The continuum is a base level of counts, and may increase or
decrease as a function of energy over a certain region of the spectrum. The continuum is caused
primarily by scattered photons reaching the detector, and its contribution may be well

approximated by a linear function over some regions of the spectrum or an exponential function
over other regions. The characteristic X-ray peak from a particular element of interest is a signal

located on top of the continuum. A Gaussian function is used to model a given signal peak:
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where h is the height (or amplitude) of the Gaussian function, p is the center of the function, o is

the standard deviation of the function, and A is the area of the peak. 'l The standard deviation of
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the Gaussian function also relates directly to the peak’s full width at half of the maximum height,
or the full width half max (FWHM), through the approximate relationship: FWHM = 2.350
(Knoll, 2000). Figure 1 illustrates these parameters using an actual XRF spectrum peak, fitted by

a Gaussian function on top of the continuum (background).

For a fixed measurement condition and type of sample, the size of the characteristic peak from a
given element is proportional to the concentration of that element in the sample. When fitting the
data using a Gaussian function, the size of a given peak can be quantified in two different ways,
using either the peak amplitude or the area of the peak (Van Grieken and Markowicz, 1993). The
area of the peak is normally preferred since, in principle, it is expected to result in a lower
statistical uncertainty (Van Grieken and Markowicz, 1993). Indeed, the primary literature on the
use of XRF spectroscopy for measuring samples generally reflects adoption of the area method
of analysis (Moise et al., 2014; Da Silva et al., 2013; Moise et al., 2012; Zamburlini et al., 2007,
Desouza et al., 2013; Luo et al., 2007). However, from experience working with both methods,
our group has favored the amplitude approach (Fleming and Ware, 2017; Fleming et al., 2017;
Gherase et al., 2017; Groskopf et al., 2017; Mclver et al., 2015; Fleming et al., 2015a; Fleming et
al., 2015b). We have not, to this point, provided justification for this preference. Certainly, when
the amplitude method has been used in the assessment of standard addition calibration phantoms,
plots of amplitude against known phantom concentration have been highly linear. In recent
studies, coefficients of determination (1) for such lines of calibration have reached or exceeded
0.99 (Fleming and Ware, 2017; Fleming et al., 2017). These results in themselves, however, are
not sufficient justification for preferring the amplitude approach over the area approach. It may

be important for future measurement applications involving medical samples to more closely
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examine these two alternative approaches to the analysis of XRF spectra. The purpose of the
current study is therefore to directly compare results, obtained under carefully controlled
experimental conditions using certified reference materials, from both the peak area and the peak

amplitude methods.

Materials and Method:

To provide an effective and valuable comparison of the peak area and peak amplitude methods
of data analysis requires a very particular type of sample set. An ideal sample set would consist
of a variety of individual samples with well-defined concentrations of a particular element. In
addition, the samples within the set should span a range of concentrations, be uniform in size and
shape, homogeneous in composition, and model a biologically relevant measurement. For these
reasons, we selected as our sample set a group of bone reference materials, produced from a
population of goats (caprines) and cows (bovines) maintained by the New York State

Department of Health (NYSDOH) (Bellis et al., 2008).

As described previously (Bellis et al., 2008), for the purpose of evaluating analytical methods for
lead detection and measurement, the NYSDOH maintained a herd of goats and cows which were
regularly dosed with known amounts of lead acetate according to a standard protocol. The
protocol (01-096) was approved by the NYSDOH Wadsworth Center Institutional Animal Care
and Use Committee. The tibia, femur, humerus, and radius bones were harvested from the goats
and cows post mortem, stripped of adhered tissue, and cleaned of remaining tissue using
hydrogen peroxide and ether (Bellis et al., 2008). The bones were pooled into four different

levels of lead dosage, shattered, ground, homogenized, and vacuum-sealed with a thin layer of

Accepted Manuscript downloaded from Mount Allison University Institutional Repository 4
Published journal article available at https://doi.org/10.1016/j.apradiso.2019.01.033
CC-BY-NC-ND



plastic into disks labeled 05-01 through 05-04, with each disk presenting a different
concentration of lead (Bellis et al., 2008). Each disk had the same size, with a diameter of 4.0 cm
and a thickness of 0.8 cm. The complete set of reference materials thus produced consists of four
disks having lead concentrations of 1.09 &+ 0.03 ug/g (05-01), 16.1 £ 0.3 ng/g (05-02), 13.2 £0.3
ug/g (05-03), and 31.5 £ 0.7 ng/g (05-04) (Bellis et al., 2008). The concentrations of these disks
were determined to high precision using isotope dilution inductively coupled plasma mass
spectrometry (ID-ICP-MS), and confirmed through inter-laboratory comparisons using a variety
of methods including ICP-MS and electrothermal atomic absorption spectrometry (ETAAS)

(Bellis et al., 2008).

For the purpose of this study, the disks were analyzed using a portable XRF Olympus Innov-X
Delta Premium (DP-2000) system in tabletop mode (Figure 2) (Innov-X Technologies Canada;
Vancouver, BC). The system used a peak voltage of 40 kV and a beam current of 37 pA. Each of
the four disks was initially measured in 2016 for 180 seconds (real time) per trial for five trials,
resulting in 20 energy spectra. The entire measurement procedure was repeated approximately
one year following the initial measurements, resulting in an additional 20 energy spectra. The
purpose of this additional set of measurements was to investigate whether variations in overall

results may be expected to occur as a function of time or measurement condition.

During data analysis, the uncertainty associated with the count in each energy channel was
determined (see, for example, Figure 1). The energy range of interest was 10 keV to 13 keV,
encompassing the Pb Lo and L peaks at 10.5 keV and 12.6 keV, respectively (Kortright and

Thompson, 2001). As a consequence of the X-ray detector and the plastic packaging of the disks,
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two additional peaks were also present in the spectra: a Au LP peak at 11.5 keV and a Br Ka
peak at 11.9 keV (Kortright and Thompson, 2001). Each of the energy spectra was therefore
fitted using a multi-parameter non-linear function, consisting of a series of Gaussian peaks on
top of an exponential background. The software used to perform this fitting was OriginPro 9.1
(OriginLab Co., Northampton, MA). The complete fitting function had the following form:
f(x) — Ple—PZ(x—PS)Z + P4e—P5(x—P6)2 + P7e—P8(x—P9)2 + Ploe—P11(x—P12)2 + P13eP14x
+ P15
Here, the P1, P4, P7, and P10 parameters were the amplitudes (h) of the Pb Lo, Au L, Br Ka,

and Pb LP Gaussian peaks, respectively. Likewise, the P2, P5, P8, and P11 parameters
represented half of the inverse square of the standard deviation (#) of the same four peaks. The

P3, P6, P9, and P12 parameters were the energies () at which the peaks for Pb Lo, Au Lj, Br
Ka, and Pb L were centered. To achieve the best functional fit to the data, the p values were

allowed to vary +0.1 keV from their initial input values of 10.5 keV (for Pb La), 11.5 keV (for

AuLp), 11.9 keV (for Br Ka), and 12.6 keV (for Pb LP). Likewise, the (ﬁ) values were
permitted to vary over a small range. Finally, the P13, P14, and P15 parameters modeled the

shape of the continuum or background. The Origin software provided a best fit output value for

each of these parameters, with a corresponding standard error.

It should be noted that the four Gaussian peaks described above each individually included
detections of multiple characteristic X-ray contributions having slightly different transition
energies. For example, the Pb La peak included contributions from Loy (10.55 keV) and Low
(10.45 keV). Nonetheless, the use of a single peak to fit this type of data has been common when

the separation between the different energies is small relative to the energy resolution of the
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detector (Zamburlini et al., 2007; Luo et al., 2007; Moise et al., 2014). From the output values
for the parameters mentioned above it was then straightforward to arrive at the two desired
measures of size for a given peak: the amplitude of the peak and the area of the peak. The
amplitude in each case was provided directly from the fitting output, as described above. The
area was calculated from the amplitude and width of the peak, according to the following

equation:

h
0.3989

g

Here, A represents the area of the peak, h is again the amplitude of the peak, and o is the
standard deviation of the peak (Gaussian function). It is important to note that, were the o value
held fixed from trial to trial, the A result and the h result would differ only by a constant.
However, in this study, the ¢ value was allowed to vary from trial to trial in order to provide the

best possible fit to the data.

For each of the measurement trials performed we thus determined the amplitude and area for
each peak. In this study, the Pb La and Pb L peaks were the two peaks of interest, since they
were expected to directly reflect the concentration of lead within the various reference materials.
The mean and sample standard deviation from both the amplitude results and the area results
were determined for the Pb La and Pb L peaks from both 2017 and 2016, using each of the
reference materials in turn (05-01, 05-02, 05-03, and 05-04). These results were plotted as a
function of the known lead concentrations from the reference materials. Lines of best fit were
determined for the results as a function of lead concentration. Correlations between the

amplitude results and the lead concentrations, and between the area results and the lead
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concentrations, were examined. The adjusted r? values (coefficients of determination) from the
lines of best fit were used to compare between the amplitude and area methods. In addition, the
reproducibility of measurement from each group of five trials, using both the peak amplitude and

area methods, were compared using the coefficient of variation (CV):
1\s
CV = (1 + —): x 100%
4n/ x

Here, X is the mean result, s is the sample standard deviation, and n is the number of trials. It was
anticipated that the coefficient of variation would be informative when comparing the
consistency of results obtained from the amplitude and area methods, in particular for the lowest

lead concentration reference material (05-01).

Results:

Two typical energy spectra, and their associated functional fits, are provided in Figure 3. These
two spectra represent measurements from: a) the reference material having the highest lead
concentration (05-04); and b) the reference material having the lowest lead concentration (05-
01). The four peaks of interest over the energy range shown are those from Pb La (10.5 keV), Au
LB (11.5keV), Br Ka (11.9 keV), and Pb L (12.6 keV). The functional fits were successful in
fitting the data for all of the different trials performed. The average reduced > results ranged
from 1.02 (for reference material 05-02) to 1.17 (05-01) for the 2017 measurements, and from
1.01 (05-04) to 1.12 (05-02) for the 2016 measurements. It is clear from Figure 3 that the Pb La
and Pb L peaks vary in size with lead concentration. For all measurements performed (both in
2017 and 2016), the size of these peaks was assessed using both the amplitude and area methods.
In each case, the average results from five trials and the standard deviation of these results are

shown, as a function of the reference material lead concentration, in Figures 4 and 5. Figure 4a
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provides the lines of best fit for the Pb La peak assessed from the 2017 trials, Figure 4b for the
Pb LB peak from the 2017 trials, Figure 5a for the Pb La peak from the 2016 trials, and Figure 5b
for the Pb L peak from the 2016 trials. Table 1 summarizes these same results in terms of
parameters from the lines of best fit, including the adjusted r* values. Coefficients of variation
from the five trials under each experimental condition, and using both the amplitude and area
methods, were also reviewed. Coefficients of variation from the two methods are presented as a

function of reference material lead concentration in Figures 6 and 7.

Discussion:

The data presented above highlight broad similarities and subtle differences in the results
obtained between the amplitude and area methods of analysis. Overall, the amplitude and area
methods return results which are proportional to each other in a consistent way, and that increase
in a linear fashion as a function of lead concentration. This is clearly illustrated by Figures 4 and
5. The generally consistent proportionality of results holds regardless of whether one examines
the alpha peak results, the beta peak results, the results from 2016, or the results from 2017. The
slopes and intercepts of the lines of best fit in Table 1 highlight the consistency of results from
both methods of analysis between 2016 and 2017. As shown by the adjusted 1? results in Table 1,
typically greater than 99% of the observed variance in the amplitude (or the area) of a peak is
accounted for by the lead concentration. The only deviation from this general trend came from a
slightly lower adjusted r? result (0.983) when using the area analysis method with the 2017 Lp
fits. Notably, the adjusted r* value is slightly higher when using the amplitude method as
opposed to the area method for all four head-to-head comparisons from Table 1 (2017 La, 2017

LB, 2016 La, 2016 LB).
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Examining the coefficient of variation outcomes, the amplitude and area methods produced
results which were generally very similar to each other for the trials involving the reference
materials 05-02, 05-03, and 05-04. The one exception to this was from the 2016 Pb L
measurements of the reference material 05-02, where the amplitude method returned a lower
coefficient of variation (Figure 7). However, for reference material 05-01 (having the relatively
low lead concentration of 1.09 + 0.03 pg/g), more pronounced differences between the two
methods were evident. The amplitude method resulted in a consistently smaller coefficient of
variation for the Lo peak (2016 and 2017 data) and a slightly lower coefficient of variation for
the 2016 Pb L peak, but a higher coefficient of variation for the 2017 L peak (Figures 6 and 7).
Notably, the peak widths (or Gaussian ¢ values) were generally very similar between the Pb La
and Pb L detection peaks. Excluding reference material 05-01 (for which the peaks were
difficult to fit consistently), the average peak widths agreed within 5% between the Pb La and Pb

Lp fits for both the 2016 and 2017 data.

Overall, one apparent conclusion from this study is that there is little difference resulting from
analysis using the amplitude method and analysis using the area method. This is not at all
surprising given the very similar underlying nature of the two methods. As noted above, if a
constant peak width (or Gaussian ¢ value) were assigned and maintained, the two methods
would essentially reduce to being equivalent. Where there are any differences observed between
the two methods, they emerge from slight trial to trial variations in the fitting of peak widths to
the data. The results here suggest that such differences are most likely to arise when analyzing
low concentration samples. This makes sense since the signal resulting from a low concentration

sample is inherently more difficult to fit, and therefore more susceptible to random fluctuations
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in the data. It appears that variations in results from the amplitude method are less pronounced
than variations in results from the area method, suggesting slightly more robust results when
using the amplitude method. From the current data, however, there is little to suggest a strong
preference between the amplitude method and the area method of analysis. The amplitude
method does present a slightly higher degree of linearity in plots of signal against known
concentration (Table 1), and a slight tendency for smaller coefficients of variation between trials
(Figures 6 and 7). These findings are consistent with previous experience, which has led our
group to favor the amplitude method in the past (Fleming and Ware, 2017; Fleming et al., 2017;
Gherase et al., 2017; Groskopf et al., 2017; Mclver et al., 2015; Fleming et al., 2015a; Fleming et

al., 2015b).

Beyond a comparison of the amplitude and area methods of analysis, other points of interest also
emerge from the current results. For example, examining the ratio of the slope results obtained
between the amplitude and area methods as a function of lead concentration is informative. From
Table 1, the ratio of the amplitude slope to the area slope provides results of 4.80 + 0.14 from the
2017 Lo measurements, 4.71 £+ 0.43 from the 2017 L measurements, 4.88 &+ 0.17 from the 2016
Lo measurements, and 4.82 + 0.18 from the 2016 LB measurements. Although all four of these
ratios are consistent with each other within uncertainty, two trends are suggested: (1) the La
ratios are slightly greater than the Lp ratios for a given year; and (2) the 2016 ratios are slightly
greater than the 2017 ratios for a given characteristic X-ray. Both of these trends reflect expected

results in the following sense: if we consider two of the relationships provided above, A =

5 3289 o and FWHM = 2.350, the ratio of amplitude (h) to area (A) can be mathematically related

to the FWHM of the Gaussian peak. This ratio is inversely related to FWHM, such that a higher
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ratio implies a smaller FWHM. (It should be noted that this analysis assumes a constant value of
o for a given characteristic X-ray peak and year of measurement. As mentioned previously, this
assumption does not always hold, but in a general sense ¢ was very nearly constant for such
trials.) Given this inverse relationship between the ratio and FWHM, our ratio results indicate
slightly smaller FWHMSs from the La measurements (relative to L) and from the 2016
measurements (relative to 2017). In the case of the Lo measurements, this is expected since La
X-rays (10.5 keV) are detected at a lower energy than LB X-rays (12.6 keV), and the FWHM
should increase with energy due to statistical considerations (Knoll, 2000). Likewise, when
comparing the 2016 and 2017 measurements, the FWHM is expected to gradually increase for a
given detector over time due to gradual physical degradation of the system (Shanmugam et al.,

2015).

In summary, the current study provided a series of results from analyses of XRF spectra,
obtained from the measurement of bone reference materials having known concentrations of
lead. Two distinct but related methods of quantifying the size of the lead peaks were considered:
one method used the peak area, while the other method used the peak amplitude. The results of
the study were largely consistent with expectation and well established understanding of XRF
spectral analysis. The results, however, also suggested that the amplitude method of peak

analysis is a valid alternative to the more conventionally employed area method.
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Figure 1: XRF spectrum peak fitted using a Gaussian function. The standard deviation, full width
half max, peak amplitude, and peak center are labeled here as 6, FWHM, h, and p, respectively.
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Figure 2: The portable XRF Olympus Innov-X Delta Premium DP-2000 system setup in tabletop
mode.
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Figure 3: XRF spectra from the first measurement trials performed with reference materials a)
05-04 and b) 05-01 in 2017. The spectra are fit using a non-linear function consisting of
Gaussian peaks on top of the continuum.
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Figure 4: a) Lines of best fit from the amplitude and area average results for the Pb La peak from
trials performed in 2017. b) Lines of best fit from the amplitude and area average results for the

Pb LB peak from trials performed in 2017.
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Figure 5: a) Lines of best fit from the amplitude and area average results for the Pb Lo peak from
trials performed in 2016. b) Lines of best fit from the amplitude and area average results for the

Pb L peak from trials performed in 2016.
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Figure 6: a) Coefficient of variation associated with the amplitude and area results for the Pb La
peak from measurements performed in 2017. b) Coefficient of variation associated with the
amplitude and area results for the Pb L3 peak from measurements performed in 2017.

Accepted Manuscript downloaded from Mount Allison University Institutional Repository 21
Published journal article available at https://doi.org/10.1016/j.apradiso.2019.01.033
CC-BY-NC-ND



90
80
70
60
50
40
30
20
10

Coefficient of Variation (%)

90
80
70
60
50
40
30
20
10

Coefficient of Variation (%)

b)

M Alpha Peak Amplitude CV
A Alpha Peak Area CV

o

5 10 15 20 25 30 35
Lead Concentration (ug/g)

M Beta Peak Amplitude CV
A Beta Peak Area CV

A
B g

o

5 10 15 20 25 30 35
Lead Concentration (pg/g)

Figure 7: a) Coefficient of variation associated with the amplitude and area results for the Pb La

peak from measurements performed in 2016. b) Coefficient of variation associated with the
amplitude and area results for the Pb L3 peak from measurements performed in 2016.
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Tables

Table 1: Adjusted 12, slope, and y-intercept of the lines of best fit for the amplitude and area as a
function of lead concentration. Results are presented from the analysis of the La and L peaks,
for measurements made in 2017 and 2016.

Year of Pb Analysis  Adjusted Slope Slope y-intercept  y-intercept

measure peak  method 12 uncertainty uncertainty
2017 La Amplitude 0.99921 3.98 0.065 -2.03 0.86
Area 0.99822 0.83 0.02 -0.34 0.42
Lp Amplitude 0.99304 4.19 0.20 1.44 3.57
Area 0.98273 0.89 0.07 0.15 1.15
2016 La Amplitude 0.99824 3.95 0.10 -1.04 1.52
Area 0.99718 0.81 0.02 -0.09 0.55
Lp Amplitude 0.99943 4.19 0.06 1.41 0.95
Area 0.99696 0.87 0.03 0.26 0.60

Accepted Manuscript downloaded from Mount Allison University Institutional Repository 23

Published journal article available at https://doi.org/10.1016/j.apradiso.2019.01.033
CC-BY-NC-ND





