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ABSTRACT

Background and objective: Bone strontium (Sr) is a reliable biomarker for studying related bone health outcomes
and the effectiveness of Sr supplements in osteoporosis disease treatment. In this study, we evaluated the
sensitivity of portable x-ray fluorescence (XRF) technology for in vivo bone Sr quantification among adults.
Materials and methods: Sr-doped bone-equivalent phantoms were used for system calibration. Using the portable
XRF, we measured bone Sr levels in vivo in mid-tibia bone in 76 adults, 38-95 years of age, living in Indiana, US;
we also analyzed bone data of 29 adults, 53-82 years of age, living in Shanghai, China. The same portable XRF
device and system settings were used in measuring their mid-tibia bone. We compared bone Sr concentrations by
sex, age, and recruitment site. We also used multiple linear regression model to estimate the association of age
with bone Sr concentration, adjusting for sex and recruitment site.

Results: The uncertainty of in vivo individual measurement increased with higher soft tissue thickness overlying
bone, and it ranged from 1.0 ug/g dry bone (ppm) to 2.4 ppm with thickness ranging from 2 to 7 mm, with a
measurement time of 5 min. Geometric mean (95% confidence interval (CI)) of the bone Sr concentration was
79.1 (70.1, 89.3) ppm. After adjustment for recruitment site and sex, an increase in five years of age was
associated with a 8.9% (95% CI: 2.5%, 15.6%) increase in geometric mean bone Sr concentration.

Discussion and conclusion: Sr concentrations were consistently well above detection limits of the portable XRF,
and exhibited an expected increase with age. These data suggest that the portable XRF can be a valuable
technology to quantify Sr concentration in bone, and in the study of Sr-related health outcomes among adults,
such as bone mineral density (BMD) and bone fracture risk.

1. Introduction

Sr is a bone-seeking element. Excessive intake of Sr could disturb
calcium metabolism [1,4] and cause bone abnormalities [4-6]. On the

Strontium (Sr) is a non-essential element in humans. It is ubiqui-
tously present in food and drinking water. Over 99% of total body Sr is
deposited in bone and teeth [1]. Diet is the primary source of human Sr
exposure; the average daily Sr intake is approximately 2-4 mg [2]. The
concentration of Sr varies by food. For example, vegetables, grain, and
seafood contain more Sr than meats [1], and cereal and vegetables are
the dominant dietary sources of human Sr exposure [3]. Hence, the
amount of dietary Sr intake and its accumulation in human tissue may
vary by dietary composition.

other hand, low-dose Sr supplement has been used to treat bone diseases
[7-9]. A few in vivo studies and clinical trials have shown that the use of
low-dose strontium ranelate, a therapeutic agent for treating osteopo-
rosis, can increase bone formation and decrease bone resorption,
reducing the incidence of fracture caused by osteoporosis [1,10,11],
especially among postmenopausal women [12-14]. Increased risk of
myocardial infarction, however, has been found in patients who took
strontium ranelate [15,16]. In its recent benefit-risk reassessment, the
European Medicines Agency (EMA) recommended strontium ranelate
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use only for persons with severe osteoporosis but without cardiovascular
contraindications [17,18]. In addition, a recent study in China showed
that there is a significant positive correlation between Sr concentration
in drinking water and bone mineral density (BMD) in the elderly. The
same study also reported a significant positive association between Sr
concentration in drinking water and increased incidence of children’s
rickets [19].

To study the health effects that are associated with long-term Sr
exposure, it is critical to have a practical technology that can measure
body Sr stores in vivo. Urinary Sr has been used to study Sr exposure and
health effects such as hypertension, infertility, and cancer [20-22],
however, urinary Sr is expected to be a short-term exposure biomarker.
The long-term retention of Sr in bones [23,24] makes bone Sr a good
biomarker of long-term Sr exposure. In this study, we used the portable
x-ray fluorescence technology (XRF) developed in our group [25-27] to
non-invasively quantify the cumulative bone Sr concentration among
adults and determine its sensitivity.

2. Materials and methods
2.1. Study population

We recruited participants from the general population at recruitment
sites in the US and China. Seventy-six American adults were recruited
from northwestern Indiana. This same population has been studied in a
parallel project of bone lead with portable XRF [28]. Bone Sr concen-
trations from three participants were estimated with extremely high
uncertainty, due to unusually thick skin overlying their tibia bones (>9
mm), leaving 73 participants from this site whose data were included in
our analyses. We also recruited twenty-nine Chinese adults living in
Shanghai, China. The data from the Chinese population was used in a
parallel study of bone lead, with the data collected by the same portable
XRF [29]. Thus, our study analyses involved data from a total of 102
participants. The Institutional Review Boards of Purdue University,
Boston University, Harvard University, and Xinhua Hospital affiliated to
Shanghai Jiaotong University have approved this study. All participants
provided their informed consent forms before undergoing the study
procedures.

2.2. Portable XRF system

The portable XRF used in this study was a customized device from
Thermo Fisher Scientific (Thermo Niton XL3t GOLDD+, Billerica, MA).
The silver x-ray tube has an energy span up to 50 kV and uses a
thermoelectric-cooled silicon drift detector with 25 mm? area and 1 mm
thickness. The x-ray tube was set up at a voltage of 50 kV and a current of
40 pA with a silver (Ag) and iron (Fe) combination filter. Three mea-
surement times, 2 min, 3 min, and 5 min, were used to assess how
measurement duration affects the system sensitivity. The effective ra-
diation dose to the participants from the 3-minute measurement is about
2.4 pSv [30], and from the 2-minute and 5-minute measurements are
about 1.6 pSv and 4.0 pSv, respectively.

The interactions between material and photons, as well as the prin-
ciple of x-ray fluorescence are described in detail somewhere else [31].
For this project, Sr K-shell characteristic x-rays were generated in the
measurements with energies of 14.17 keV (K,) and 15.84 keV (Kp). Only
the K,, peak was used for the bone Sr concentration calculation because it
has lower background under the Sr peak region. The Ky peak only rep-
resents 14% of the total characteristics x-rays, which will thus only
minimally contribute to the determination of total Sr concentration. An
in-house peak fitting program written in MatLab was used to calculate
bone Sr concentration and its uncertainty. We used peak fitting with
least-squares algorithm to extract the net counts of Sr K, where a
Gaussian function was used to fit the Sr K, peak and an exponential
function to fit the background level. The bone Sr concentration obtained
from an indiviual measurement has a unit of pg/g dry bone (ppm).
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2.3. System calibration

We calibrated the portable XRF system using a 274 ppm Sr-doped
bone-equivalent phantom. This bone-equivalent phantom used Mowiol
4-88 and bone meal, and composition of the matrix was described by
Mostafaei et al. [32]. The Sr K x-rays are attenuated by the soft tissue
overlying bone. As the soft tissue thickness increases, the system detects
fewer Sr K x-rays and more Compton scattering counts from the soft
tissue. Thus, to simulate the soft tissue over bone, we placed Lucite
plates of 0-8 mm, in increments of 1 mm, over the bone phantom, and
determined the relation between the Sr K net counts and Compton
scattering counts. This relation represented the system calibration line.
The in vivo bone Sr concentration was calculated by relating an in vivo
Sr K, net count to a known count per concentration from the 274 ppm
bone phantom, as shown in the following equation.

St wivo  |ppm] = SrNetCountsi, o % (274  ppm /SrNetCountS274ppm)
(@)

where, Sri, vivo iS the bone Sr concentration of an in vivo measurement;
SrNetCountsiy vy, is the measured Sr K, net counts; SrNetCountsyzappm is
the Sr K, net counts of the 274 ppm phantom calculated from the rela-
tion between the Sr net counts and Compton scattering counts, at the
location where the Compton scattering counts was the same as that
calculated from the in vivo measurement. This relation allowed us to use
the Compton scattering counts from the in vivo measurements to correct
for the attenuation of the Sr signal caused by overlying tissue.

From the portable XRF calibration data, we also determined the
relation between Lucite thickness and Compton scattering counts and
used it to estimate the overlying skin thickness for an individual
participant. All the calibration data were collected with 3-minute
measurements.

2.4. System detection limit

The detection limit (DL) of the portable XRF for in vivo bone Sr
measurements was determined by Specht et al. [26]. Instead of using
one bone phantom, a set of bone phantoms with different Sr concen-
trations of 74-274 ppm were used to determine the DL. Since the soft
tissue thickness could influence the signal detection, Lucite plates of
0-9 mm were placed between the bone phantoms and detector to
determine the DL for each Lucite thickness. As demonstrated in Specht
et al. [26], the DL increased with thicker Lucite, varying from 1.3 ppm
with a 0 mm Lucite to around 15 ppm with a 9 mm Lucite. However, the
discrepancy between the human soft tissue and Lucite plates could result
in inaccurate DL estimates for the phantom with Lucite, thus, the un-
certainty of in vivo bone Sr measurement for each participant was used
to estimate an empirical DL.

2.5. In vivo portable XRF bone Sr measurements

In the in vivo portable XRF bone Sr measurement, the participant sat
on a chair and straightened one leg and rested it on another chair.
Alcohol prep-swabs were used to clean the mid-tibia area before the
measurement to eliminate any extraneous contamination. The portable
XRF device was placed in contact with the participant’s skin right above
the center of the tibia bone area. A 2-minute measurement was per-
formed on the twenty-nine Chinese participants. To investigate the ef-
fect of longer measurement time on system DL reduction, we took 3-
minute measurements on sixty-two U.S. participants and 5-minute
measurements on the other eleven U.S. participants.

2.6. Statistical analyses

The bone Sr concentrations were not normally distributed; thus, the
geometric mean was calculated to describe the bone Sr concentrations in
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the sample. We used the Kruskal-Wallis (KW) test to compare the bone Sr
by recruitment site and sex. A Spearman correlation was computed to
assess the correlation between bone Sr concentration and age. We also
used adjusted linear regression models of natural log-transformed bone
Sr concentration to estimate the percentage difference in bone Sr con-
centration (the exponentiated coefficient) with increasing age, adjusting
for recruitment site (Shanghai, Indiana) and sex (female, male). We
conducted these statistical analyses using SYSTAT (San Jose, CA) and
Stata 16 (College Station, TX) software.

3. Results
3.1. Study population

The 102 participants ranged in age from 38 to 95 years (mean
[standard deviation (SD)], 65.4 [11.2]; Table 1). Compared with par-
ticipants recruited in Indiana (USA), participants recruited in Shanghai
(China) were somewhat older and more likely to be female.

3.2. System calibration

We utilized the Compton scattering interactions with the soft tissue
and bone originated from the incident x-rays to correct for soft tissue
thickness. Fig. 1 shows the increase in Compton scattering counts with
the increase of the Lucite plate thickness (coefficient of determination R?
= 0.995). Using this relation, we estimated the overlying soft tissue
thickness for an individual participant directly from the XRF spectrum of
their portable XRF bone Sr measurement. These soft tissue thicknesses
were also used to evaluate how tissue thickness affects the uncertainty of
the bone Sr concentration in in vivo measurements. Fig. 2 shows that the
Sr K, net counts decrease with the increase of the Compton scattering
counts due to the signal attenuation, measured from the 274 ppm bone
Sr phantom (R% = 0.998). Through this relation, the count per concen-
tration from the 274 ppm bone phantom was calculated in relation to
the Compton scattering counts. The in vivo bone Sr concentration was
then calculated by relating an in vivo Sr K, net count to this known count
per concentration ratio, as shown in Eq. (1).

3.3. System detection limit

A consequence of signal attenuation by soft tissue over the bone was
that the system DL calculated from the phantom and Lucite plates
increased with thicker Lucite plates. Likewise, the uncertainty of in vivo
bone Sr measurements using portable XRF was higher with progressively
thicker overlying soft tissue (Table 2). Extending the measurement time
from 2 min to 3 min reduced the uncertainty by a factor of 1.2. Simi-
larly, extending the measurement time from 3 min to 5 min further
reduced the uncertainty by a factor of 1.3. The measured in vivo bone Sr
concentration was greater than twice uncertainty for all the participants
(N = 102) regardless of overlying soft tissue.

Table 1
Age, sex, and soft tissue thickness of participants by recruitment site.
Recruitment site Indiana Shanghai Overall
(USA) (China)
N of participants 73 29 102
Age (Mean + SD, years) 63.3+11.2 70.6 9.2 65.4
+11.2
Male (N (%)) 39 (53.4%) 14 (48.3%) 54
(52.9%)
Female (N (%)) 34 (46.6%) 15 (51.7%) 48
(47.1%)
Soft tissue thickness (Mean + SD, 5.0 +1.7 51+21 50+1.8

mm)
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Fig. 1. Soft tissue thickness versus Compton scattering signal.
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Fig. 2. Net count rate of Sr K, versus Compton scattering signal measured from
a 274 ppm Sr bone phantom.

3.4. In vivo bone Sr concentration by recruitment site, sex, and age

In unadjusted analyses, estimated bone Sr concentration did not
discernibly vary by recruitment site (K-W p: 0.52) or sex (K-W p: 0.94)
(Fig. 3; Table 3).

Spearman correlation analysis showed a positive correlation be-
tween bone Sr and age (Spearman’s p = 0.179). From adjusted analyses
of log-transformed bone Sr concentration, for each 5-year increment in
age, bone Sr concentrations were about 8.9% higher (95% CIL:
2.5-15.6%) (Table 4; Fig. 4).

4. Discussion

The results showed that bone Sr can be detected using the portable
XRF for a general population. This is consistent with the conclusion
made by Da Silva E. et al. in a previous study [33]. The DL increases with
a corresponding increase in soft tissue thickness overlaying the bone.
The DL for people with an average soft tissue thickness (~5 mm) was
estimated to be about 5.2 ppm for a 2-min measurement, whereas the
average bone Sr concentration for the study population was about
79.1 ppm. The measurement DL can be further reduced using a longer
measurement time, as demonstrated by the 2-, 3-, and 5-minute
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Table 2
Mean uncertainty® of in vivo bone Sr by overlying soft tissue thickness and
measurement time using the portable XRF (N = 102).

Soft tissue thickness < 5mm < 6mm <7 mm < 8mm < 9mm
2-minute
measurements
(N =29)
N (% of study 14 21 23(79%) 25 29
population) (48%) (72%) (86%) (100%)
Mean uncertainty, 2.6 3.3 3.6 4.3 8.0
ppm
3-minute
measurements
(N =62)
N (% of study 33 41 52(84%) 61 62
population) (53%) (66%) (98%) (100%)
Mean uncertainty, 2.3 2.6 3.2 4.2 4.4
ppm
5-minute
measurements
(N=11)
N (% of study 7(64%) 10 11 - -
population) (91%) (100%)
Mean uncertainty, 1.8 2.2 2.4 - -
ppm

[a] The DL of the XRF systems is approximately twice the mean uncertainty.

measurements. The results also showed that bone Sr level was signifi-
cantly and positively associated with age. Since Sr intake is highly
related to diet and continuously accumulated in the bones, the increase
of bone Sr with the increase of age is expected. There was no significant
difference in bone Sr by sex in this population.

Although the method presented in the paper is rational, there are
some underlying assumptions in calculating the bone Sr concentrations.
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in vivo measurements. We investigated this in our bone lead (Pb) study
and found that the bone Pb concentrations obtained from the portable
XRF have a better agreement with the concentrations obtained from the
standard KXRF bone Pb concentrations without applying a correction
factor for dry bone and wet bone [28]. There is a mass ratio of about 0.9
between the dry bone and wet bone, so this needs to be examined
further. On the other hand, this does not affect the relative value of the
bone Sr concentrations (i.e. it will only affect the absolute bone Sr
concentrations).

Since over 95% of Sr in the human body deposits in bone and Sr can
replace calcium in bone due to the chemical similarities between these
two elements, Sr has been considered a significant element for bone
health. As described in the introduction, the knowledge gaps on the
effects of Sr in bone health include: the intake level with which Sr could

Table 3
In vivo bone Sr concentration of the participants by recruitment site, sex
(N =102).

Characteristic N Geometric mean [ppm]
(95% confidence interval)
All participants 102 79.1 (70.1, 89.3)
Recruitment site
Indiana, USA 73 78.9 (69.8, 89.3)
Shanghai, China 29 79.4 (58.4, 108.0)
Sex
Male 54 76.8 (64.8, 90.9)
Female 48 81.8 (68.3, 97.8)
Table 4

In vivo bone Sr concentration of the participants by age (N = 102).

The first assumption is that the Compton scattering from the soft tissue is Characteristic N Geometric mean [ppm]
. . . { i
the same as that from the Lucite. The assumption was shown to be valid (95% confidence interval)
in our previous studies: Monte Carlo (MC) simulations were performed All participants 102 79.1 (70.1, 89.3)
and the results showed no significant difference in XRF spectra between ‘;ge()o 0 72,8 (574, 92.2)

. . . . . 60 years X 4,92,
bone-equivalent pha.mto.m with Lucite ar‘ld bone w.1th soft tissue [25]. 61-70 years 28 78.2 (6.8, 91.6)
The second assumption is that no conversion factor is needed to account 70-95 years 34 88.0 (71.3, 108.4)
for the difference between the dry bone in phantoms and the wet bone in
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Fig. 3. Bone Sr concentrations measured by the portable XRF for the participants by recruitment site or sex.
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Fig. 4. Natural log-transformed bone Sr concentrations by age with fitted line.

bring beneficial effects, the association between bone Sr and bone health
overall and among populations with different diet, and how bone Sr can
be used as a biomarker to study Sr in bone health, among others. The
bone Sr measurement technology developed in this project can be a
valuable tool to fill these knowledge gaps.

5. Conclusion

We found that a brief, non-invasive measurement with a portable
XRF can quantify Sr concentration in bone with excellent sensitivity.
Although the uncertainty of in vivo individual measurement increased
with higher soft tissue thickness, we were able to measure bone Sr in all
of the 102 subjects. We also identified an expected association between
age and bone Sr. These observations suggest that the portable XRF can
be a valuable technology to explore health effects of Sr exposure not only
on bone health, but other endpoints as well.
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