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Abstract

Conflicting evidence suggests that bone lead or blood lead may reduce areal bone mineral density 

(BMD). Little is known about how lead at either compartment affects bone structure. This study 

examined postmenopausal women (N = 38, mean age 76 ± 8, body mass index (BMI): 26.74 

± 4.26 kg/m2) within the Hamilton cohort of the Canadian Multicentre Osteoporosis Study 

(CaMos), measuring bone lead at 66% of the non-dominant leg and at the calcaneus using 
109Cadmium X-ray fluorescence. Volumetric BMD and structural parameters were obtained from 

peripheral quantitative computed tomography images (200 μm in-plane resolution, 2.3 ± 0.5 mm 

slice thickness) of the same 66% site and of the distal 4% site of the tibia length. Blood lead was 

measured using atomic absorption spectrometry and blood-to-bone lead partition coefficients 

(PBB, log ratio) were computed. Multivariable linear regression examined each of bone lead at the 

66% tibia, calcaneus, blood lead and PBB as related to each of volumetric BMD and structural 

parameters, adjusting for age and BMI, diabetes or antiresorptive therapy. Regression coefficients 

were reported along with 95% confidence intervals. Higher amounts of bone lead at the tibia were 

associated with thinner distal tibia cortices (−0.972 (−1.882, −0.061) per 100 μg Pb/g of bone 

mineral) and integral volumetric BMD (−3.05 (−6.05, −0.05) per μg Pb/g of bone mineral). A 

higher PBB was associated with larger trabecular separation (0.115 (0.053, 0.178)), lower 

trabecular volumetric BMD (−26.83 (−50.37, −3.29)) and trabecular number (−0.08 (−0.14, 

−0.02)), per 100 μg Pb/g of bone mineral after adjusting for age and BMI, and remained 

significant while accounting for diabetes or use of antiresorptives. Total lead exposure activities 
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related to bone lead at the calcaneus (8.29 (0.11, 16.48)) and remained significant after age and 

antiresorptives-adjustment. Lead accumulated in bone can have a mild insult on bone structure; but 

greater partitioning of lead in blood versus bone revealed more dramatic effects on both 

microstructure and volumetric BMD.
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Introduction

The heavy metal lead (Pb) is found residentially in the contaminated dust of older homes 

built before the 1960s, due primarily to the remnants of lead-based paints [1]. These remains 

can also leach into soil and subsequently into running water, and when in higher 

concentrations, present in air, which has been linked to higher blood lead levels [1,2]. 

Exposure to lead can be elevated for contractors reconstructing home exteriors [3], in 

addition to those working in the automobile [4], ammunition [5] and battery manufacturing 

[6] industries. Lead has primarily direct effects on impairing the immune and central 

nervous systems. An increase in lead concentrations in blood by 10 to 20 μg/dL led to a 2.6-

point decrease in IQ score in children as shown in one meta-analysis [7]. Other well-

documented effects on the body at higher concentrations include anemia, renal dysfunction, 

peripheral neuropathy, hypertension, and teratogenicities [8].

At low concentrations, lead is bound to red blood cells and is subsequently delivered in 

plasma after saturation at equilibrium. Plasma transfer of lead into bone, through partition 

exchange, results in the replacement of calcium within hydroxyapatite crystals by lead [9]. A 

three-compartment model of human lead metabolism and exchange developed by 

Rabinowitz et al. illustrates the mean lifetime exposure of lead within soft tissue, blood, and 

bone [10]. Over time, bone serves as the largest volume for lead distribution with a total 

burden as high as 90–95% by adulthood [11]. Despite the more prominent presence of lead 

within bone compared to any other part of the body, the effects of lead on bone have not 

been extensively studied. With increased bone turnover in altered endocrine states such as 

osteoporosis [12], the release of lead from bone into plasma can be accelerated, resulting in 

potential for higher blood, immune, and central nervous system exposure to lead with aging. 

In extreme cases such as hyperthyroidism [13] and pregnancy [14] where bone metabolism 

is accelerated, acute blood lead poisoning can occur.

Bone lead can be measured non-invasively using 109Cadmium (Cd) X-ray fluorescence 

(XRF) at sites where soft tissue is minimal, such as the anterior aspect of the mid-tibia, 

calcaneus, and patella [15]. Lead detection by XRF operates on the principle that lead atoms 

absorb incident photons of a given energy from the radioactive 109Cd source and emit a 

characteristic lower energy, specific to the lead atom. From spectral data collected by 

Germanium detectors arranged in backscatter configuration, the lead Kα1 transition energy 

peak at 75.0 keV can be measured. To obtain an accurate representation of the amount of 

lead, the area under this curve (AUC) is normalized to the total energy peak AUC related to 
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elastic scattering of photons due to interaction with bone mineral; hence, lead content is 

expressed as μg lead/g of bone mineral [8].

One previous study quantified a modest relationship between a higher amount of bone lead 

content at the tibia [16] and a lower areal bone mineral density (aBMD) measured at the 

lumbar spine by dual-energy X-ray absorptiometry (DXA). However, no study has examined 

the relationship between bone lead content and structural properties of bone. Although two 

studies of exposed individuals showed that blood lead content was associated with a lower 

aBMD at the lumbar spine [17,18], two other studies did not reveal a significant relationship 

between blood lead and aBMD [16,19]. The conflicting evidence that blood lead may have 

an effect on aBMD may be explained by the cohort’s level of exposure. No study has shown 

any association between either blood or bone lead content and bone structure in any 

population. The present study aimed to determine how bone lead content at the mid-tibia and 

at the calcaneus is related to bone microstructure and volumetric density at the ultradistal 

tibia in a random sample of women above 50 years of age. To investigate the partitioning of 

bone lead into the blood, blood lead content was also examined independently and in 

conjunction with bone lead as a blood:bone lead partition coefficient to determine its effect 

on bone structure and volumetric density.

Methods

Study design

This cross-sectional observational cohort study quantified the relationships between bone or 

blood lead content and each of bone structure and volumetric density measured within the 

same period. All study procedures were performed in a cohort (Hamilton, ON, Canada) 

representing an intended population of peri- and post-menopausal Canadian women. All 

measurements were collected within 1.5 years. Women ≥50 years of age enrolled in the 

Canadian Multicentre Osteoporosis Study (CaMos) and living within a 50 km radius of the 

Hamilton CaMos site were considered eligible to participate (N = 340) in this study. Among 

these, 60 randomly selected women were invited to participate. Of those invited, 38 agreed 

to participate. Study declines were mostly related to high study procedure burden. No 

exclusion criteria were imposed. CaMos is an ongoing, prospective population-based cohort 

study of community-dwelling, randomly selected women and men ≥25 years of age at nine 

major Canadian cities. The main CaMos objectives, methodology and sampling framework 

are described in detail elsewhere [20]. Participants volunteered in the completion of a 

peripheral quantitative computed tomography (pQCT) (XCT2000, Stratec Medizintechnik, 

Pforzheim, Germany) scan to measure bone apparent microstructure and volumetric bone 

mineral density (vBMD) and an XRF scan to obtain bone lead content at the mid-tibia and 

calcaneus. Height and weight were obtained on a standiometer and standard scale, 

respectively. Body mass index was computed as weight (kg) divided by height (m) squared.

pQCT scans of the distal and mid-tibia

All pQCT scans were performed on the non-dominant leg at 4% and 66% of the tibial length 

measured from the distal articulating aspect of the medial malleolus towards the medial 

condyle of the tibial plateau. A single 2.3 ± 0.5 mm transaxial slice was obtained at each 
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region of interest using an X-ray beam energy of 38 kVp, a tube current of 0.3 mA, 

reconstructed by filtered back-projection on a matrix of 256 × 256. The 4% site, which was 

used to derive bone apparent microstructure, was scanned at 10 mm/s CT speed to yield an 

in-plane resolution of 200 μm; the 66% site was scanned at 20 mm/s CT speed to yield an 

in-plane resolution of 500 μm and was used to derive cortical geometry and volumetric 

density information. Hydroxyapatite phantoms were assessed on days in which scans were 

obtained. Only images with no discontinuities in the cortical bone were accepted for image 

analyses. Integral (vBMDi), cortical (vBMDc), and trabecular (vBMDtr) vBMD measures 

were computed using Stratec Analysis Software v6.0 (Orthometrix Inc., White Plains, NY, 

USA) after an edge-detection-based segmentation algorithm separated soft tissue from bone 

using a threshold of 280 mg/cm3. Primary measures of apparent trabecular microstructure 

(trabecular separation (Tb.Sp), bone volume fraction (BV/TV), trabecular number (Tb.N), 

trabecular thickness (Tb.Th)) and cortical thickness (Ct.Th) were computed with the custom 

software package, pQCT OsteoQ (Inglis Software Solutions Inc., Hamilton, ON), which 

applied a combination of threshold-based and region-growing algorithms. All bone apparent 

microstructure measurements have previously been validated and all outcomes shown here 

have demonstrated short-term reproducibility within 5% [21].

XRF scans of tibia and calcaneus

A single operator completed all XRF scans using an 88.04 keV 109Cd source yielding 

between 0.744 and 0.580 GBq of radioactivity between the first and last scans performed in 

this study (5 months) respectively. With participants sitting up-right in a padded chair, the 

66% site of the tibia and lateral aspect of the calcaneus of the same leg were positioned and 

braced in an axial plane perpendicular to the 109Cd source. Measurement sites were swabbed 

with isopropyl alcohol to minimize surface contaminants. Integration time at both the 

calcaneus and 66% tibia sites was 30 min, as previously suggested [22]. Distance from 

anatomy to source was calibrated to limit dead time to between 10 and 30%. Quality control 

was performed on a daily basis using a custom bone mineral phantom with known 

concentrations of lead content (ppm).

Spectral readings from germanium detectors were analyzed using Genie2000 software 

(Canberra Industries Inc., USA). A Marquardt nonlinear least-squares regression curve was 

fit to spectral data to estimate peak amplitudes and AUCs [23]. K-shell lead X-ray peak 

AUCs were normalized to the total energy peak AUC found in the emission spectrum. The 

normalized ratio was converted to μg lead/g bone mineral by calibration against the lead-

bone mineral phantom. Each bone lead measurement included an uncertainty interval, which 

reflected the counting statistics of the lead X-ray peak, the elastic peak, and linear 

calibration. Because actual number of counts may fall below those predicted by the 

background curve, bone lead measurement values <0 μg lead/ g bone mineral were possible. 

Bone lead measurements of the calcaneus and tibia have previously been shown to be 

reproducible with a median uncertainty of 4.26 μg lead/g bone [23] and valid as compared to 

atomic absorption spectrometry of autopsy samples [24].
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Blood lead measurement

Refrigerated whole-blood samples (2–8 °C) were analyzed under graphite-furnace atomic 

absorption spectrometry (GFAAS) using a single Perkins & Elmer 600 instrument. The 

minimum detectable limit of this technique was 2.01 μg/dL blood lead. Blood lead units 

were converted to μg/dL to be consistent with units reported in the literature.

Medical history questionnaires

A questionnaire was designed to collect information on the degree of exposure of individuals 

to lead during their lifetime. A composite score of residential exposure to lead was 

formulated for each dwelling occupied (current, childhood and other), computed as a 

function of the number of years occupying the dwelling, the location (small town, suburb or 

inner city), type of water source (hard, soft), whether a water treatment or filtration device 

was used, type of water consumed (tap, bottled, treated), type of plumbing (lead, lead 

soldering, non-lead), presence of lead based paint in the interior and exterior of the home. 

Total occupational exposure of lead was estimated by multiplying years in occupation and a 

self-report of whether or not the occupation exposed them to lead. Total activities exposure 

to lead was computed by summing the participation (yes (1), no (0)) in each of 13 activities 

(home renovations, interior decorating, jewelry or badge making, SCUBA diving, fishing, 

electronics fabrication, metalwork, car maintenance, hunting/ shooting/ammunition 

handling, cosmetics used from the Middle East, Southeast Asia, India, the Dominican 

Republic or Mexico, use of leaded crystal ware, gardening, use of a soldering iron or gun). 

Duration of antiresorptive therapy, calcium and vitamin D3 supplementation information was 

collected. Use of other medications and medical history including ascertained incident 

fragility fractures within the last 14 years was obtained from the CaMos database. Fragility 

fractures were defined as non-traumatic fractures occurring as the result of a fall from 

standing height or less, excluding any fractures of the skull, fingers and toes. All study 

procedures were overseen and approved by the St. Joseph’s Healthcare Research Ethics 

Board in Hamilton (08-3073).

Data analysis

Blood lead and bone lead were expressed as a blood:bone lead partition coefficient (PBB = 

LOG(blood lead content [μg/dL]/bone lead content [μg/g bone])) after first linear 

transforming bone lead content values such that all values were >0.0 μg lead/g bone. Larger 

PBB values were indicative of a greater proportion of lead in blood versus bone. A linear 

regression analysis determined the relationship between mid-tibial or calcaneal bone lead 

content derived from XRF and each of bone structural or densitometric parameters derived 

from pQCT at the 4% and 66% sites of the tibia. The same analyses were performed with 

blood lead and the PBB in place of bone lead content. Linear regression analyses were also 

used to examine the relationship between lead exposure variables and each of blood lead and 

bone lead content at the calcaneus and mid-tibia. Regression coefficients were reported 

along with 95% confidence intervals and model fit quantified by R2 with and without 

adjusting for age and BMI. Because diabetes was identified in 3 individuals, this was also 

explored as a covariate in a third model that included age. In post-hoc analyses, to explore 

the relationship between bone lead at the calcaneus in explaining a potential inverse 
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relationship at the tibia, a linear regression analysis was performed between these two 

variables as well.

Results

Participant characteristics

Women in this study were on average within the marginally over-weight range of BMI. Over 

a quarter of the women were on bisphosphonate (10/38 (26.3%)) or estrogen replacement 

(2/38 (5.3%)) therapy, while a large proportion was taking calcium and vitamin D3 

supplements (Table 1). None of the participants used selective estrogen receptor modulators, 

bone formation agents, or aromatase inhibitors, but one used glucocorticoids for less than 2 

months. Of the 38 women, 19 have had a history of fragility fractures within the last 14 

years and only 7 of those were on bisphosphonate or estrogen replacement therapy. None of 

the participants had kidney disease, metabolic bone disease, rheumatoid arthritis, thyroid 

diseases, osteoarthritis, eating disorders, had an organ transplant or any neuromuscular 

disorders. However, 3 women (7.9%) had type 2 diabetes, 1 had type 1 diabetes (2.6%), 2 

had cancer (5.3%) and 5 had a cardiovascular event or stroke (13.2%).

Bone and blood lead distributions were variable across the cohort with calcaneal bone lead 

being more variable than tibial bone lead (Table 2). Bone lead at the calcaneus was 

marginally higher than that at the mid-tibia (p = 0.076). Exposure to residential sources of 

lead was the highest in childhood residences compared to current or other dwellings 

occupied. Only two participants reported occupational exposure to lead for durations of 15, 

and 20 years. Of the 38 participants, 8 were noted to have participated in one activity that 

involved exposure to lead. Only 4 participants had a history of smoking. These activity-

associated exposure levels are reported along with exposure to lead in residential dwellings 

in Table 3.

Bone and blood lead relationships

Contrary to the hypothesized relationship between bone lead and bone quality, a higher 

amount of bone lead at the calcaneus was associated with higher trabecular vBMD, integral 

BMC (Table 4), smaller trabecular separation, bone volume fraction, and trabecular number 

(Table 5) at the 4% distal tibia after accounting for age and BMI. However, accounting for 

diabetes, only the association between calcaneal bone lead and integral vBMC remained 

significant. Adjusting for antiresorptive therapy revealed a significant effect of bone lead at 

the calcaneus and trabecular vBMC. In contrast, a higher amount of mid-tibial bone lead 

was associated with thinner cortices at the 4% distal tibia (Table 5, Fig. 1) – an observation 

that coincided with the study hypotheses, and which remained significant after accounting 

for age and BMI, age and diabetes, or age and antiresorptive therapy. Bone lead at the mid-

tibia did not associate with any bone properties at this same 66% region of interest as 

measured by pQCT, which consists only of cortical bone. However, after accounting for age 

and antiresorptive therapy, an association between higher mid-tibial bone lead and lower 

integral vBMC was observed. Despite the fact that blood lead did not display any 

associations with vBMD or bone apparent structure (data not shown), a larger 

PBB(calcaneus) was significantly associated with larger trabecular separation, and lower 
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trabecular vBMD, integral vBMC (Table 4), trabecular thickness, bone volume fraction, and 

trabecular number at the 4% distal tibia (Table 5). These relationships were all preserved 

after accounting for age and BMI. Including diabetes as a covariate did not render 

relationships of PBB(calcaneus) and each of trabecular vBMD, Tb.Sp, BV/TV or Tb.N to be 

non-significant. Including antiresorptives as a covariate maintained statistical significance 

for the same measures except BV/TV which was only marginally significant. Bone measures 

at the 66% site did not associate with PBB(calcaneus). However, vBMDC displayed a 

marginally significant relationship after adjusting for age and antiresorptive therapy (B = 

−16.32 (−35.84, 3.18)) or age and diabetes (−16.46 (−34.92, 1.99)). Unlike the calcaneus, 

PBB(tibia) did not associate with any structural or vBMD measures at either 4% or 66% tibia 

sites.

Post-hoc analyses

Upon closer examination of bone lead at the two locations, there was no significant inverse 

relationship between the amount of lead within the calcaneus and the mid-tibia (p = 0.574). 

There was also no significant association between blood lead and either bone lead at the 

mid-tibia (p = 0.472) or at the calcaneus (p = 0.767). There was no difference in the amount 

of tibial bone lead or calcaneal bone lead between those who have or have not taken 

antiresorptives, even after age adjustment; though there appeared to be a trend (p = 0.082) 

towards smaller bone lead at the mid-tibia in those having taken antiresorptives (1.72 ± 6.75 

μg/dL) compared to those who have not (3.96 ± 5.67 μg/dL). Similarly, there was a 

marginally larger PBB in those treated with antiresorptives. Most of the lead exposure 

variables computed were not associated with bone or blood lead levels, except total activities 

exposure to lead was related to bone lead content at the calcaneus (8.29 (0.11, 16.48)) but 

not at the tibia. This relationship was preserved after accounting for age and antiresorptive 

therapy (12.53 (4.06, 21.01)) but only marginally significant after accounting for age and 

diabetes (8.55 (−0.07, 17.16)).

Discussion

Tibia bone lead relationship with bone density and structure

Exposure to residential, industrial, and environmental sources of lead remains an overlooked 

public health concern. While half-life of lead is short within the blood stream (35 days), 

blood lead levels can remain elevated due to internal tissue mobilization – such as from 

bone. In the present study, blood lead levels were mostly negligible or low for our cohort of 

unexposed women. In contrast to blood lead, bone lead half-life is in the decades [25]. Put 

into context, the larger amount of bone lead at the tibia observed in the present study, being 

associated with smaller cortical thickness and lower integral vBMD after adjusting for age 

and antiresorptives, was consistent with the hypothesis that bone lead stored for long periods 

may have a negative effect on bone integrity. Mechanistic evidence to support this 

association was presented by Beier et al. who saw that lead caused a decrease in osteoblast 

cell number, leading to reduced bone formation, corresponding to elevated levels of 

sclerostin and reduced β-catenin and Runx2 signaling in bone precursors [26]. The loss of 

bone structural integrity could also be explained by lead’s activation of the peroxisome 

proliferator-activated receptor (PPAR)-γ pathway, leading to preferential differentiation of 
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mesenchymal stem cells to adipocytes rather than to osteocytes[26]. Cortical thickness was 

the primary variable that showed any effect due to bone lead, and is also one of the most 

clinically impacted structural outcomes previously reported to relate directly to fracture risk 

[27,28]. Trabecular bone exhibits a higher turnover than cortical bone. It is possible that 

bone lead has a longer half-life in cortical compared to trabecular bone, therefore, exhibiting 

more of its bone toxicities on the cortical shell. This proposition is supported by evidence 

from a study by Brito et al. who measured a faster rate of trabecular bone lead transfer to 

blood than from cortical bone to blood [29].

Calcaneus bone lead relationship with volumetric bone density and structure

The observation that bone lead at the calcaneus was associated with positive effects on bone 

structure and density at the distal tibia was unexpected. Although the effect sizes for vBMD 

were small (<1% difference), effects for bone apparent microstructure were between 5% and 

15% of mean measurements per 10 μg of lead/g of bone mineral. In either case, accounting 

for diabetes and antiresorptive therapy attenuated these positive effects of lead on bone 

density and structure, which suggests that confounding by these variables was possible. It 

was postulated that a larger sequestration of lead into the calcaneus may avert accumulation 

in the tibia, thus rescuing any potential lead-mediated toxicities on tibia bone structure. 

However, we did not observe a significant inverse relationship between bone lead at the 

calcaneus versus the tibia. While we did not directly measure bone lead at the distal tibia –

only lead at the 66% site of the tibia was quantified – it is possible that bone lead at the 

calcaneus may still relate inversely to the distal tibia rather than at the mid-tibia. At this 

time, distal tibia bone lead measures are difficult to perform due to the larger amount of soft 

tissue around the ankle compared to the anterior aspect of the mid-tibia. Without a thorough 

investigation of how site-specific sources of lead affect the skeleton systemically versus site-

specifically, it remains difficult to conclude how lead may mediate its toxic effects on bone 

structure and density.

Blood:bone lead partitioning and its relationship with trabecular bone density and 
structure

The significant relationships between higher blood:calcaneal bone lead partition coefficients 

and poorer trabecular structural integrity may support the above proposition at the end of the 

Tibia bone lead relationship with bone density and structure section that lead may be in 

smaller amounts in trabeculae. A larger distribution of lead within blood versus bone may be 

indicative of a higher discharge of lead from bone, possibly due to greater trabecular bone 

turnover. The larger trabecular separation, smaller number of trabeculae, and lower bone 

volume fraction provide evidence that greater bone loss was present. Although no bone 

turnover markers were measured in the present study, the cohort consisted of women half of 

whom had fractures within the last 14 years, and many of whom were not on antiresorptive 

therapy. One study by Gulson showed data that suggested that bisphosphonate therapy can 

prevent the release of lead from bone into the bloodstream [30]. However, individuals on 

antiresorptive therapy in the present cohort showed marginally larger bone lead content than 

those not on antiresorptives. That said, it is possible that those not on antiresorptives are 

healthier – a proper control group will be required to better support this proposition. 

Incidentally, adjusting for antiresorptive therapy did not abolish some of the relationships 
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between blood:calcaneal bone lead and bone apparent microstructure. On the contrary, it is 

possible that a higher partitioning of lead from bone into blood may result in larger negative 

effects on bone, mediated by blood through more systemic pathways, rather than on local 

mechanisms related to the presence of lead in bone. One study by Potula et al. showed a 

large effect of blood lead levels in former smelter workers on reducing spinal aBMD 

measured by DXA [17].

The direction of causation between the presence of lead in blood and bone structure is 

difficult to establish in the present study without performing a longitudinal study. This 

challenge was similarly noted in a previous study by Adachi et al. measuring lead in patients 

with Paget’s disease [31]. Effect sizes for the relationship between bone apparent 

microstructure and PBB were variable – with 1 unit in PBB (i.e. 10 μg/dL lead in blood per 1 

μg lead/g of bone mineral) being associated with as much as 5% (BV/TV) to 25% (Tb.Sp) 

difference in terms of the means of bone structure values. Meanwhile for bone density, effect 

sizes were closer to 10% decreases from the mean per unit increase in PBB. The fact that the 

same blood:bone partition coefficient calculated using tibial bone lead did not associate with 

any bone outcome is consistent with the lack of associations observed with tibia versus 

calcaneal bone lead alone. It may also be possible that the smaller variability in lead content 

at the mid-tibia compared to the calcaneus limited the ability to observe significant effects.

Exposure to lead and bone lead measurements

The lack of an association between lead exposure level variables and all bone or blood lead 

measurements may be due to the homogeneity in lead exposure among the women studied. 

Investigations that specifically examined exposed populations such as those in polluted areas 

[18] or those working in the mining industry [17] saw much larger effect sizes than those 

observed here. In fact, Brito et al. modeled exposure data and showed that half-lives for bone 

lead in the cortex and trabeculae are longer for individuals who are exposed to lead over a 

longer period (half-life: 47.5 ± 2.3 years) compared to those with acute exposure (half-life: 

6.5 ± 0.7 years) [29]. Total lead exposure activities did associate with bone lead at the 

calcaneus after accounting for age and use of antiresorptive therapy. This self-reported 

activities index could be useful for future examinations on lead exposure. No standardized 

lead exposure questionnaire had previously been created, making comparisons with previous 

studies’ lead exposure levels difficult. The lead exposure variables computed in this study 

were formulated on logic, weighted by severity of exposure and adjusted for years of 

exposure. Specifically calculated weights or propensity scores were unavailable, which 

could have improved the accuracy of representing lead exposure in this cohort.

Study limitations and future directions

The biggest limitation of this study is the fact that bone lead and bone structure and density 

information were not measured at the same region of interest. Due to the requirement of 

bone lead measurements to be performed at sites where there is minimal soft tissue, this 

procedure limited the region of interest at which bone structure and density can be 

quantified. This study was performed in a small sample of postmenopausal women, limiting 

the statistical power to perform adjustment of a larger number of covariates. Since 

measurements were performed on only one occasion, this cross-sectional analysis did not 
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permit true measurement of lead partitioning and transfer kinetics, as had been assessed in 

studies by Brito et al. [29,32]. In particular, the partition coefficient, PBB, assumed that the 

transfer of lead from bone to blood was computed at steady-state. Longitudinal assessments 

would also be able to draw more conclusive evidence on the direction of causality between 

blood:bone lead partitioning and bone deterioration. Information on DXA areal BMD and 

bone turnover markers could better gauge the role of bone turnover status on the retention of 

lead in bone. The most recent BMD available from these participants were from four years 

ago.

Given that this cohort consisted of marginally overweight women, it is possible that the 

larger BMI would contribute towards greater uncertainties in the measured bone lead values 

from XRF, which was demonstrated by Ahmed et al. [22]. Future studies examining bone 

microstructure and volumetric densities in exposed versus unexposed cohorts will provide 

greater evidence towards bone lead’s direct effects on bone quality versus potential indirect 

effects mediated through lead released into the bloodstream. It will be important for future 

analyses to consider effects for cortical versus trabecular bone separately, and to explore the 

possibility of adjusting for lead-mediated overestimation of bone density values.

Conclusions

The present study shows evidence that bone lead accumulated from exposure over time can 

have detrimental effects on bone by reducing cortical thickness and integral volumetric bone 

density. Loss of cortical thickness and density has been associated with an increased fracture 

risk. Consequently, those exposed to higher concentrations of lead in the environment may 

translate to having a higher risk of fracturing their bones. A large enough study to support 

this extension of knowledge is difficult to complete with limited accessibility to XRF 

technology. This study also saw greater partitioning of lead into blood versus bone in those 

with weaker bone structure and lower volumetric bone densities, suggesting that lead release 

from bone in postmenopausal women may be of a potential concern. Although blood lead 

levels measured in this cohort were not high, lead released into the blood may exert systemic 

effects on bone mediated through other pathways that must be explored.
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Fig. 1. 
Illustration of the relationship between bone lead at the mid-tibia and cortical thickness. A 

linear regression analysis was performed to determine the relationship between bone lead at 

the mid-tibia and cortical thickness at the distal 4% tibia. Results were similar for Ct.Th 

obtained at two different slices of the 4% distal tibia, separated by 5 mm. Open circle and 

dashed line = more proximal slice; closed circle and solid line = more distal slice.
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