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BACKGROUND: Lead exposure remains a key problem for children during development. One treatment for lead poisoning is
chelation - a topic that remains controversial with varied results. Bone lead serves as a marker of total body burden of lead and
encompasses between 60-90% of lead storage in children.

OBJECTIVE: In this study, we aimed to identify the change in bone lead as a result of chelation therapy in a group of lead poisoned
children (blood lead >25 ug/dL).

METHODS: Upon diagnosis with lead poisoning at Xinhua Hospital in Shanghai, China, children were recruited to our study, had
their bone lead levels measured, and underwent one-week of intravenous, in-patient ethylenediaminetetraacetic acid chelation
treatment. Up to three clinical visits with the same treatment protocol and bone lead measurements were completed over the two-
year study. We measured biomarkers of lead exposure for children exposed via various potential sources, including home
contaminants, local industrial emissions, traditional medicines, or lead cookware.

RESULTS: We observed significant differences with bone lead after chelation therapy (p < 0.0001), even after calculating a
conservative model for theoretical decay from known bone turnover (p =0.01). The difference identified between our observed
change in bone lead and literature established bone lead change significantly increased with more chelation treatments. A
significant reduction in bone lead was observed following chelation treatment of children with lead poisoning - a difference that
increased more with more chelation.

SIGNIFICANCE: Study results indicate that chelation treatment is effective in reducing bone lead stores in children with initial blood
lead levels greater than 25 pg/dL.

IMPACT STATEMENT: Lead exposure in children is a consistent problem - drastically impacting health across the life span. After
exposure, lead stores in the bone of children serving as a potential endogenous source of exposure for years to decades. Our study
demonstrated that chelation therapy, while reducing blood lead levels, additionally reduced bone lead levels. A reduction in bone
lead would effectively reduce the potential for endogenous release of lead and restrict the damage done by lead exposure.
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INTRODUCTION

Lead (Pb) exposure continues to plague vulnerable communities
with exposure to children causing a litany of health disorders
throughout life [1-7]. Previous work in children has focused on the
cognitive impacts, but it is likely these early life exposures have
lifetime impacts on many major organ systems, as studies have
shown cardiovascular disease and neurodegenerative impacts later
in life [5, 7, 8]. To combat some of these major health impacts, many
hospitals implement clinical treatments for children impacted by
high levels of Pb exposure to reduce biological burden. In China, the
standard of care in Pb-poisoned children (defined as blood Pb
>25ug/dL) involves inpatient chelation using ethylenediaminete-
traacetic acid (EDTA) administered intravenously. Chelation has

been shown previously to successfully remove Pb from blood, but
can have negative impacts on growth with potentially little benefit
for cognition [9-11]. The point at which chelation is used as a
standard of care varies among treatment facilities, with some widely
cited references in the US recommending treatment if blood Pb
levels exceed 45 ug/dL and other hospitals not recommending
chelation at any level [12, 13]. However, previous studies
investigating chelation only identified non-significant effects on
cognition at blood lead levels less than 45 pg/dL, with only one
study considering the impact of the treatment on total body stores
of Pb [14, 15].

It is well-known that Pb in the body is stored primarily in bone,
with up to 90% of total Pb stores in adults residing in bone with
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Fig. 1 Study and Treatment Timeline. Subject treatment and
follow-up schedule with each study visit point including bone and
blood Pb measurements.

studies showing that even for young children more than 60% of
total body Pb is in bone [16, 17]. Blood Pb has a half-residence
time of about 30 days and thus is typically only reflective of acute
exposures within a few months of collection; however, this can
depend on the amount of lead in bone that is resorbed into blood
over time [18]. Resorption of bone lead to blood lead can result in
sustained blood lead levels for years [18, 19]. The storage of Pb in
bone can be measured using x-ray fluorescence (XRF) and is
reflective of cumulative exposures on the order of years to
decades [16, 18, 20]. However, Pb in bone can be remobilized over
time and represents a continuing threat to the individual as Pb is
resorbed from bone into blood to potentially impact cognitive
health, cardiovascular health, and numerous other organ systems
impacted by Pb [21-23]. In the major clinical trials of chelation on
Pb-poisoned children, the effects were only evaluated using blood
measurements; thus, they are missing a critically important aspect
of Pb exposure via the total body stores in bone [10, 11, 13, 24].
Chelation, while actively reducing blood Pb levels, would be
dependent on bone stores of Pb, which would be released over
time after the decrease of Pb in blood. Measuring bone Pb in
studies of Pb poisoning is critical to understand the potential for
ongoing endogenous release of Pb impacting health. The
reduction of bone Pb stores would thus lead to a potential
reduction in lifelong exposure from endogenous release of Pb.
However, it remains unclear how bone Pb is impacted by
chelation treatments. One previous study measured the changes
of bone Pb in a pediatric population — noting that the bone Pb did
decrease over time [14]. Importantly, this study was not able to
clarify if this change could be related to chelation or if this was
due to natural decay of bone stores in children [14]. Another case
study identified changes in bone Pb associated with treatment,
but again did not compare this data to predicted decay from
known release of Pb from bone [25]. Understanding the effects of
chelation of Pb in bone is important, and with little definitive
literature on this critical aspect of chelation therapy, it is difficult to
assess the potential effect of chelation on total body Pb stores.

In our study, we evaluated the impact of chelation on bone Pb
measured via XRF of Pb-poisoned children in China in comparison
to known bone turnover parameters. Thus, we are able to fill a
critical gap in evidence relating chelation more directly to
decreases in bone Pb. Using repeated measures of blood and
bone Pb, we are uniquely able to determine the impact of
chelation on bone Pb in comparison with natural bone turnover in
a pediatric population.

MATERIALS AND METHODS

Study Population

The study methods were detailed in two previous manuscripts [26, 27]. Fig. 1
shows the treatment schedule and follow-up measurements used for the
analysis. Briefly, 157 Pb poisoned children were diagnosed using blood Pb
levels, defined as levels >25 ug/dL. The standard of care at Xinhua Hospital
incorporated treatment by chelation for children with blood lead levels >25
ug/dL, which differs from the CDC recommendation of 45 ug/dL. The primary
sources of Pb exposure for these children were identified and removed prior
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to the study visit at Point 1 in most cases (Fig. 1). 43% of the children in the
study had exposures that were related to in-home exposures or local
industrial pollution (removed by separating children from work area or
relocation), and 21% had exposures that were attributed to the use of lead
cookware. Additionally, source removal was verified in our previous study
using blood and bone relationships. A total of 95% variance in blood lead
was explained by bone lead one year after source removal [26]. At
enrollment, all study subjects underwent bone and blood Pb testing. After
the initial testing, children had chelation treatment using intravenous EDTA.
The chelator used was Calcium Disodium EDTA with a dosage of 1000 mg/
m?/d [28]. For children’s weight <30 kg, we used the equation:

body surface area = weight * 0.035 + 0.1

where weight is in kilograms and body surface area is given in m>. For
children’s weight >30 kg, we used the equation:

body surface area = (weight — 30) % 0.02 + 1.05

to define body surface area. The intravenous infusion lasted 24 hours with
5 days of follow up. Children who were more highly exposed returned for
multiple chelation treatments throughout the study period (between
Points 1 and 2 on Fig. 1). Of the 58 subjects that returned for follow-up
visits with chelation, 1 had missing data and 14 had initial bone lead levels
lower than the uncertainty and were excluded from our analysis of
changes in bone lead (since they were starting from effectively
undetectable levels). Thus, the final analytic sample was 43 participants.

The study received IRB approval from Purdue University and Xinhua
Hospital. Study participants and parents were provided study information
and consent documents at recruitment by a trained research assistant.
Signed consent forms were received from the parents of each child, as well
as assent forms from any child >7 years of age.

KXRF bone Pb measurement system

The KXRF bone Pb measurement system was used to measure tibia bone
Pb as a metric of each individual's cumulative Pb exposure. We used a
cloverleaf Cd-109 based KXRF system to measure bone Pb, which has a
detection limit of 2-3 ug/g for bone Pb measurements [29-31]. Prior to
measurements, the participants’ legs were cleaned using both alcohol and
EDTA cotton swabs. The KXRF measurements were 30 minutes and taken
while the child watched a movie. The whole body effective radiation dose
delivered to the subject from this system was estimated to be < 5 uSv for
this population [32].

Blood Pb analysis

Blood was collected in trace metal-free tubes with EDTA-K2 anticoagulants,
in a metal free environment. The participants’ skin was cleaned using
alcohol swabs before the venipuncture collection. Whole blood samples
were frozen and stored at -80° C immediately after collection. Blood Pb
concentrations were measured and analyzed using a Graphite Furnace
Atomic Absorption Spectrometer (AAS) (AA900Z, PE) and standard
methodology [33]. The sensitivity of our device was 0.01 pug/dL, and inter
and intra assay variability was 5%. Typically, GF-AAS has a detection limit of
1-3 pg/dL in most measured data.

Bone kinetic parameters and calculation
In order to identify the effect of chelation therapy on bone Pb, we
calculated observed and theoretical values for the bone Pb changes
between Point 1 and Point 2 (Fig. 1). Bone Pb biokinetics mostly act under
a standard two-compartment model and we assume the source of
exposure ceased in our study, thus, there are two parameters that estimate
the change in bone Pb over time (Fig. 2). One is the resorption rate of bone
over time, which we calculate using a power model fit of data from the
International Commission on Radiological Protection (ICRP) [34]. The other
necessary parameter is the estimation of Pb uptake from blood into bone,
for which we conservatively use a factor reflective of 60% uptake in our
analysis [34-37]. An uptake factor of 60% was shown to be the lowest level
for bone accumulation from previous studies, with more recent studies
indicating this could be much higher than 60% in most children
[26, 27, 35].

Because we are looking at a difference over time, we used our observed
difference data in comparison to the calculated difference data from Eq. 1
and the corresponding estimate for uptake of 60% (i.e. the difference in

Journal of Exposure Science & Environmental Epidemiology



Blood Lead

K BRemodeling

Bone Lead

Fig. 2 Compartmental Model for Bone Lead. Two compartment
model of lead in bone and blood, where K;, is the known source, K
is elimination rate, K, is the lead absorbed from blood to bone, and
Bremodeling is the bone turnover releasing bone lead into blood.

time between Point 1 and Point 2 on Fig. 1). The bone turnover per day
was calculated using

t2

BRemode//ng = / 125 # t 038t M
J t0

where t is age of the subject integrated over the time during bone
turnover and Bgemodeiing is the bone remodeling rate in percent over the full
time between study visits [26, 34]. Thus, solving the integral and
implementing unit conversions we used the equation

ABN = 0.4 % BNPb * Bremodeling = 116 * BnPb x (19432 — ¢3:432) )

where BnPb is the initial bone Pb on enrollment of the subject, Bremodeiing iS
the bone remodeling rate in percent, t, and t, are the age of the individual
at each respective study visit, 0.4 accounts for the 60% conservative uptake
of Pb in bone, and ABn is the theoretical change in bone lead.

Statistical Methods

Spearman correlations were used to assess associations between bone
lead change, initial bone lead, initial blood lead, treatment number, age,
sex, height, and weight. We used Wilcoxon rank sum difference tests to
calculate p-values for differences between observed and expected lead
measures and chelation number groups. All statistical analysis was done
using R version 3.3.3.

RESULTS

Bone and blood Pb concentrations and age, sex, height, and
weight measurements in the study population

Table 1 describes the demographic and Pb biomarker data for the
Pb poisoned children in our analysis. Our sample was majority
male (64%) and had a mean age of 4.2 years. The blood and bone
Pb data reflect only the first measurements. 22 participants’ blood
Pb values are lower than the recruitment criteria, because some
subjects had a time gap between being diagnosed as Pb poisoned
and being enrolled in the study. However, with the blood Pb
being high at a previous time, the median bone Pb level (19.4 pg/
g) is still higher in our Pb-poisoned population versus controls
from a previous study [26].

Correlation Matrix of Covariates

Figure 3 shows the correlation of different covariates from the
study. Difference in bone lead is the observed in the difference
between point 1 and 2 on Fig. 1. Excess bone turnover is the
difference between the observed difference in bone lead in the
study participants and the calculated values from Eq. 2. This value
represents the excess bone Pb removed during chelation.

Bone lead change during chelation

The effect of chelation on the difference of bone Pb values is
shown in Table 2 and Fig. 4. Additionally, the effect of chelation on
the difference in blood lead from at different time points is
visualized in Fig. 5. We observed a significant decrease in bone Pb
in children undergoing chelation in comparison to previously
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Table 1. Population characteristics for the lead poisoned children
included in our analysis. N =43.
N (%)
Sex
Male 28 (64%)
Female 15 (36%)
Median (Q25, Q75)
Age, years 4.2 (1.9, 5.8)
Height, cm 95 (82, 110)
Weight, kg 16.0 (10.9, 19.5)

Blood Pb, pg/dL
Bone Pb, pg/g

23.9 (16.0, 40.5)
19.4 (9.2, 57.2)

Time to Follow-up, days 159 (91, 259.5)
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Fig. 3 Correlation Matrix of Covariates. Correlation matrix of
covariates and difference in bone lead results (rho values shown in
figure). Blood lead is the initial value at the beginning of the study
(Point 1 in Fig. 1). Excess bone turnover is the difference between
the observed difference in bone lead in the study participants and
the calculated values from Eq. 2. This value should represent the
excess bone Pb removed during chelation.

Table 2. Differences in bone Pb and bone turnover rate under
chelation against literature values (N = 43).
Median (Q25, Q75) P-value
Observed Values
Baseline Bone Lead, pg/g 19.4 (9.2, 57.2) <0.0001
Follow-up Bone Lead, pg/g 15.7 (4.8, 38.2)
Observed Difference, pg/g 4.6 (2.0, 13.7) 0.01

Theoretical Difference, pg/g 2.3 (0.85,5.7)

modeled theoretical values of expected bone Pb change
(p=0.01). Figures 4 and 5 show the individual change in bone
and blood Pb between the two measurement time points in the
study and violin plots of the distribution of bone and blood Pb
measures at each point in the study. Finally, those undergoing
more than one chelation treatment (1 treatment n=27, 2
treatments n = 14, 3 treatments n =1, 4 treatments n=1) had a
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Fig.5 Blood Lead Change Over Time. Panel A Individual blood lead change plotted for each time point in the study showing the decrease in
bone lead; Panel B Violin plot of blood lead at Point 1 and Point 2 in the study showing the decrease in body burden of lead reflected in

blood.

larger difference between observed and expected bone lead
change than those who underwent only one chelation treatment
(average = SD 3.5+ 7.6 ug/g vs 7.8 +13.9 ug/g, p = 0.04).

DISCUSSION

This study demonstrates the positive effects of chelation in
removing Pb from bone and, in-turn, reducing the long-term
storage of Pb in the body. Alongside a multi-participant case study
by Batuman et al. [25]. and a study by Markowitz et al. [14]. this
study bolsters the evidence and found a significant reduction in
total body burden stores of Pb as a result of chelation treatments.
Although the study by Markowitz et al. did not show a significant
reduction after adjustment for initial levels over the 7 week period,
which is different from our study. Our results add vital information
to the debate surrounding the efficacy of chelation treatment
following elevated blood Pb levels.

Notably, this difference was shown to be much greater than
could be attributed to bone turnover alone. Our calculation and
comparison conservatively assumes a value of 60% uptake of Pb
back into bone (K;; in Fig. 2), as other studies have reported ~60%
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for infants and an increase with age that peaks at ~90% in
adulthood [18, 35, 38]. If uptake is in fact greater than 60%,
resulting differences would be greater than what we found in our
analysis. Further, we assumed that the children were completely
removed from external Pb exposures. However, if exposures
continued, the observed differences would move towards a null
association. Thus, based on known bone turnover markers, our
results indicate that chelation therapy is significantly effective in
reducing bone Pb stores as well as blood Pb in highly exposed
children. The bones of children may be more amenable to
chelation of lead than the bones of adults because children’s
bones are more porous than adults - the Haversian canals occupy
a larger space in the bones of children, and therefore afford more
surface area for chelation to occur. However, a previous case study
did show a dramatic reduction in bone lead with chelation
treatments in an adult [25]. Finally, the reduction in bone lead was
greater with more EDTA treatments — even with a non-significant
difference in total time elapsed.

A previous study identifying changes in bone Pb in children
after chelation found a similar change in bone Pb on average [14].
In this previous study, bone Pb was measured similarly, but results
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were given as total net counts from the XRF measurement. Using
the average value for the bone net counts of 191.4 in treated
individuals and the average change of this value as 44.9, there is a
23% observed difference in bone lead after chelation. In our study,
using the average values for children before treatment and the
average difference, we observe at 27% difference in bone Pb.
These values are similar and although the previous study used a
higher blood lead Pb cut-off of 45 ug/dL, we saw similar, if not
greater, differences in bone Pb for children with a blood lead cut-
off of 25 ug/dL. This may indicate that chelation has a consistent
impact across differing exposure levels. However, we are not able
to compare important differences, as the study used different
dosing and follow-up procedures in comparison to our study.

Importantly, we were unable to track the potential implications
for changes in these children associated with zinc, copper, or iron.
These bioessential metals would be additionally impacted by
chelation treatments. In a previous clinical trial, children who were
treated using succimer, a different chelating agent, were shorter
on average [13]. It is unclear how repeated EDTA chelation
treatments in our study may additionally impact the nutritional
status of these children.

This study did have limitations that should be acknowledged
when considering the results. The study relied on modeled data
for control results rather than actual measurements of children not
undergoing chelation therapy. This study was limited to young
children with an average age of 4.1+2.9 years, so the general-
izability to other ages is lacking. As identified in our previous
study, biokinetic markers vary significantly by age, and this will
likely mean any biokinetic changes as a result of chelation would
similarly depend on age. This study was also completed on
children with blood Pb levels >25 pg/dL. The reduction may not
have been so drastic had initial exposure levels been lower.
Therefore, the beneficial effects of chelation may also be less.
From Fig. 4, children generally had decreases in bone lead on an
individual basis, which would support the idea that further
ingestion of lead was reduced or eliminated in these individual
cases. However, from Fig. 5 three children had increases in blood
lead level, which may be from short-term exposure. Further
studies would help to reduce these observed limitations and
identify the key components in further reducing long-term bone
Pb stores as a result of chelation therapy. Furthermore, it would be
incredibly beneficial in future studies to identify biochemical
markers of Pb toxicity such as protoporphyrin levels or
aminolaevulinic acid dehydratase, markers of bone turnover,
measurements of urine Pb, and other bioessential elemental
changes.

The previous standard of care for chelation was identified based
on literature that did not show the complete positive impact of
chelation therapy on Pb storage in the body. With our results
demonstrating a reduction of bone Pb after chelation therapy,
there may be significantly increased advantages to treatment,
while the risks remain the same. More research is needed to
identify 1) whether there are potential benefits of removal of Pb
from bone and 2) if so, at which point treatment should be ceased.
These parameters will depend heavily on each individual case.
Endogenous exposure from bone stores of Pb are identified as a
significant source of exposure for years after the initial lead
poisoning event [21-23, 36]. A reduction in bone Pb would mean
a significant reduction in endogenous exposure, which could
reduce circulating Pb levels years after the initial exposure. This
could potentially have a significant positive result on chronic
health outcomes related to Pb exposure, as the release of bone
stores as endogenous exposure is related to health outcomes
[21, 22]. More study is needed to identify how long-term health is
impacted after chelation treatments due to a potential decrease in
endogenous stores. On the other hand, chelating children with
blood Pb levels in the 20-44 ug/dL range failed to result in
demonstrable improvements in measures of intelligence in a
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multi-center NIH-funded randomized trial in the USA [39].
Moreover, the children who received succimer (a lead chelating
agent) had significantly lower increases in height, a phenomenon
that may reflect chelation’s collateral effect of increasing the
excretion of nutrients involved in growth [40]. However, succimer
did seem to improve motor function for children who had
treatment [41]. Finally, succimer did not seem to improve brain
function in the treated children and was shown to be potentially
harmful. Although succimer, the chelating agent used in the trial,
is an oral agent, it otherwise has similar pharmacologic properties
to EDTA.

In conclusion, our study suggests that chelating children with
various degrees of lead poisoning with EDTA, a treatment that is
practiced in China and elsewhere, seems to reduce bone stores of
Pb. Whether this ultimately results in improvements to health
outcomes remains an important topic for research.

DATA AVAILABILITY

Data will be made available upon reasonable request.

REFERENCES

1. Canfield RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP.
Intellectual impairment in children with blood lead concentrations below 10 pg
per deciliter. N Engl J Med. 2003;348:26.

2. Fadrowski JJ, Navas-Acien A, Tellez-Plaza M, Guallar E, Weaver VM, Furth SL. Blood
lead level and kidney function in US adolescents: The Third National Health and
Nutrition Examination Survey. Arch Intern Med. 2010;170:75-82.

3. Hong SB, Im MH, Kim JW, Park EJ, Shin MS, Kim BN, et al. Environmental lead
exposure and attention deficit/hyperactivity disorder symptom domains in a
community sample of South Korean school-age children. Env Health Perspect.
2015;123:271-6.

4. Jusko TA, Henderson CR, Lanphear BP, Cory-Slechta DA, Parsons PJ, Canfield RL.
Blood lead concentrations <10 microg/dL and child intelligence at 6 years of age.
Env Health Perspect. 2008;116:243-8.

5. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al. Low-
level environmental lead exposure and children’s intellectual function: an inter-
national pooled analysis. Env Health Perspect. 2005;113:894-9.

6. Mishra KP. Lead exposure and its impact on immune system: a review. Toxicol
Vitro. 2009;23:969-72.

7. Navas-Acien A, Guallar E, Silbergeld EK, Rothenberg SJ. Lead exposure and car-
diovascular disease-a systematic review. Env Health Perspect. 2007;115:472-82.

8. Weisskopf MG, Proctor SP, Wright RO, Schwartz J, Spiro A, Sparrow D, et al.
Cumulative lead exposure and cognitive performance among elderly men. Epi-
demiology. 2007;18:59-66.

9. Ferrero ME. Rationale for the Successful Management of EDTA Chelation Therapy
in Human Burden by Toxic Metals. Biomed Res Int. 2016;2016:8274504.

10. David 0J, Katz S, Arcoleo CG, Clark J. Chelation therapy in children as treatment
of sequelae in severe lead toxicity. Arch Env Health. 1985;40:109-13.

11. Gracia RC, Snodgrass WR. Lead toxicity and chelation therapy. Am J Health Syst
Pharm. 2007;64:45-53.

12. Childhood lead poisoning: Management - UpToDate. 2022. Available from:
https://www.uptodate.com/contents/childhood-lead-poisoning-management.

13. McKay CA Jr. Role of chelation in the treatment of lead poisoning: discussion of
the Treatment of Lead-Exposed Children Trial (TLC). J Med Toxicol.
2013;9:339-43.

14. Rosen JF, Crocetti AF, Balbi K, Balbi J, Bailey C, Clemente |, et al. Bone lead content
assessed by L-line x-ray fluorescence in lead-exposed and non-lead-exposed
suburban populations in the United States. Proc Natl Acad Sci. 1993;90:2789-92.

15. Markowitz ME, Bijur PE, Ruff H, Rosen JF. Effects of calcium disodium versenate
(CaNa2EDTA) chelation in moderate childhood lead poisoning. Pediatrics.
1993;92:265-71.

16. Rabinowitz MB. Bone lead as a biological marker in epidemiologic studies of
chronic toxicity: conceptual paradigms. Env Health Perspect. 1998;106:8.

17. Hu H, Rabinowitz M, Smith D. Bone lead as a biological marker in epidemiologic
studies of chronic toxicity: conceptual paradigms. Environ Health Perspect.
1998;106:1-8.

18. Rabinowitz MB. Toxicokinetics of bone lead. Env Health Perspect. 1991;91:4.

19. Braun JM, Hornung R, Chen A, Dietrich KN, Jacobs DE, Jones R, et al. Effect of
Residential Lead-Hazard Interventions on Childhood Blood Lead Concentrations
and Neurobehavioral Outcomes: A Randomized Clinical Trial. JAMA Pediatr.
2018;172:934-42.

SPRINGER NATURE


https://www.uptodate.com/contents/childhood-lead-poisoning-management

A.J. Specht et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

Hu H, Milder FL, Burger DE. X-ray fluorescence: issues surrounding the application
of a new tool for measuring burden of lead. Env Res. 1989;49:295-317.
Fleming DE, Boulay D, Richard NS, Robin JP, Gordon CL, Webber CE, et al.
Accumulated body burden and endogenous release of lead in employees of a
lead smelter. Env Health Perspect. 1997;105:224-33.

Nie H, Sanchez BN, Wilker E, Weisskopf MG, Schwartz J, Sparrow D, et al. Bone
lead and endogenous exposure in an environmentally exposed elderly popula-
tion: the normative aging study. J Occup Env Med. 2009;51:848-57.

Nilsson U, Attewell R, Christoffersson JO, Schutz A, Ahlgren L, Skerfving S, et al.
Kinetics of lead in bone and blood after end of occupational exposure. Pharmacol
Toxicol. 1991;68:477-84.

Flora G, Gupta D, Tiwari A. Toxicity of lead: A review with recent updates.
Interdiscip Toxicol. 2012;5:47-58.

Batuman V, Wedeen RP, Bogden JD, Balestra DJ, Jones K, Schidlovsky G. Reducing
bone lead content by chelation treatment in chronic lead poisoning: An in vivo
X-ray fluorescence and bone biopsy study. Environ Res. 1989;48:70-5.

Specht AJ, Weisskopf M, Nie LH. Childhood lead biokinetics and associations with
age among a group of lead-poisoned children in China. J Expo Sci Environ Epi-
demiol. 2018. https://doi.org/10.1038/s41370-018-0036-y.

Specht AJ, Lin Y, Weisskopf M, Yan C, Hu H, Xu J, et al. XRF-measured bone lead
(Pb) as a biomarker for Pb exposure and toxicity among children diagnosed with
Pb poisoning. Biomarkers. 2016;21:347-52.

Drugs.com. Edetate Calcium Disodium Dosage Guide + Max Dose, Adjustments.
2024.  Available  from:  https://www.drugs.com/dosage/edetate-calcium-
disodium.html.

Nie H. Studies in bone lead: A new cadmium-109 XRF measurement system.
Modeling bone lead metabolism. Interpreting low concentration data [Internet]
[Thesis (Ph D)]. McMaster University (Canada); 2005. Available from: http://
libaccess.mcmaster.ca/login?url=http://wwwlib.umi.com/dissertations/fullcit/
NR07922.

Nie H, Chettle DR, Stronach IM, Arnold ML, Huang SB, McNeil FE, et al. A Study of
MDL Improvements for the In Vivo Measurement of Lead in Bone. Nucl Instrum
Methods Phys Res B. 2004;213:4.

Specht AJ, Weisskopf M, Nie LH. Portable XRF technology to quantify Pb in bone
in vivo. J Biomark. 2014;2014:9.

Nie H, Chettle D, Luo L, O'Meara J. Dosimetry study for a new in vivo X-ray
fluorescence (XRF) bone lead measurement system. Nucl Instrum Methods Phys
Res Section B. 2007;263:225-30.

Liu KL. Review of atomic spectroscopy. Guang Pu Xue Yu Guang Pu Fen Xi.
2005;25:95-103.

ICRP. Publication 70, Basic anatomical and physiological data for use in radi-
ological protection - the skeleton. Ann ICRP. 1995;25:1-80.

Barry PS. A comparison of concentrations of lead in human tissues. Br J Ind Med.
1975;32:119-39.

Smith DR, Osterloh JD, Flegal AR. Use of endogenous, stable lead isotopes to
determine release of lead from the skeleton. Env Health Perspect. 1996;104:60-6.
Wu L, Martin BR, Braun MM, Wastney ME, McCabe GP, McCabe LD, et al. Calcium
requirements and metabolism in Chinese-American boys and girls. J Bone Min
Res. 2010;25:1842-9.

United States. Agency for Toxic Substances and Disease Registry. Toxicological
profile for lead. Atlanta, Ga.: U.S. Dept. of Health and Human Services, Public
Health Service, Agency for Toxic Substances and Disease Registry; 2007. 1 online
resource (528 p.). Available from: http://purl.fdlp.gov/GPO/gpo31474.

Rogan WJ, Dietrich KN, Ware JH, Dockery DW, Salganik M, Radcliffe J, et al. The
effect of chelation therapy with succimer on neuropsychological development in
children exposed to lead. N Engl J Med. 2001;344:1421-6.

Peterson KE, Salganik M, Campbell C, Rhoads GG, Rubin J, Berger O, et al. Effect of
succimer on growth of preschool children with moderate blood lead levels.
Environ Health Perspect. 2004;112:233-7.

SPRINGER NATURE

41. Bhattacharya A, Shukla R, Auyang ED, Dietrich KN, Bornschein R. Effect of suc-
cimer chelation therapy on postural balance and gait outcomes in children with
early exposure to environmental lead. Neurotoxicology. 2007;28:686-95.

ACKNOWLEDGEMENTS

The authors would like to thank the MOE-Shanghai Key Laboratory of Children’s
Environmental Health at Xinhua Hospital affiliated to Shanghai Jiao Tong University
School of Medicine for providing much needed support and resources for the project.
This work was supported by the Nuclear Regulatory Commission (NRC) Faculty
Development Grant NRC-HQ-84-14-G-0048, National Natural Science Foundation of
China (81673189, 81373016, 81974486), National Basic Research Program of China
(“973” Program,2012CB525001), Shanghai Science and Technology Committee
(124119a1400), Purdue Ross Fellowship, CDC/NIOSH KO010HO012528, and Purdue
US-China visiting scholar network travel grant program. Dr. Aisha S. Dickerson was
supported in part by a National Institutes of Health grant KO1ES032046. Dr. Weisskopf
was supported by National Institutes of Health grant P30 ES000002.

AUTHOR CONTRIBUTIONS

AJ Specht: Conceptualization, drafting, reviewing; Y Lin: Drafting, reviewing; J Xu:
Drafting, reviewing; AS Dickerson: Drafting, reviewing; C Yan>: Drafting, reviewing; H
Hu: Drafting, conceptualization, reviewing; MG Weisskopf: Drafting, reviewing,
conceptualization; LH Nie: Drafting, conceptualization, reviewing.

COMPETING INTERESTS

AS served as an expert witness in litigation for plaintiffs in the Flint Water Crisis and
other cases of harm from lead exposure. The other authors have no stated conflicts of
interest.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The study received IRB approval from Purdue University and Xinhua Hospital and
adhered to all guidelines and regulations set forth. When recruited, a trained research
assistant would present the subjects and their parents with the details of the study
and the consent forms. Signed consent forms were received from the parents of each
subject, as well as an assent form from any child age 7 or older.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541370-024-00735-1.

Correspondence and requests for materials should be addressed to Aaron J. Specht.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to
this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

Journal of Exposure Science & Environmental Epidemiology


https://doi.org/10.1038/s41370-018-0036-y
https://www.drugs.com/dosage/edetate-calcium-disodium.html
https://www.drugs.com/dosage/edetate-calcium-disodium.html
http://libaccess.mcmaster.ca/login?url=http://wwwlib.umi.com/dissertations/fullcit/NR07922
http://libaccess.mcmaster.ca/login?url=http://wwwlib.umi.com/dissertations/fullcit/NR07922
http://libaccess.mcmaster.ca/login?url=http://wwwlib.umi.com/dissertations/fullcit/NR07922
http://purl.fdlp.gov/GPO/gpo31474
https://doi.org/10.1038/s41370-024-00735-1
http://www.nature.com/reprints
http://www.nature.com/reprints

	The effect of chelation on bone Pb stores in Pb poisoned children
	Introduction
	Materials and Methods
	Study Population
	KXRF bone Pb measurement system
	Blood Pb analysis
	Bone kinetic parameters and calculation
	Statistical Methods

	Results
	Bone and blood Pb concentrations and age, sex, height, and weight measurements in the study population
	Correlation Matrix of Covariates
	Bone lead change during chelation

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




