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a b s t r a c t

Whether environmental exposure to nephrotoxic agents that potentially interfere with calcium home-
ostasis, such as lead and cadmium, contribute to the incidence of nephrolithiasis needs further clar-
ification. We investigated the relation between nephrolithiasis incidence and environmental lead and
cadmium exposure in a general population. In 1302 participants randomly recruited from a Flemish
population (50.9% women; mean age, 47.9 years), we obtained baseline measurements (1985–2005) of
blood lead (BPb), blood cadmium (BCd), 24-h urinary cadmium (UCd) and covariables. We monitored the
incidence of kidney stones until October 6, 2014. We used Cox regression to calculate multivariable-
adjusted hazard ratios for nephrolithiasis. At baseline, geometric mean BPb, BCd and UCd was 0.29 mmol/
L, 9.0 nmol/L, and 8.5 nmol per 24 h, respectively. Over 11.5 years (median), nephrolithiasis occurred in
40 people. Contrasting the low and top tertiles of the distributions, the sex- and age-standardized rates of
nephrolithiasis expressed as events per 1000 person-years were 0.68 vs. 3.36 (p¼0.0016) for BPb, 1.80 vs.
3.28 (p¼0.11) for BCd, and 1.65 vs. 2.95 (p¼0.28) for UCd. In continuous analysis, with adjustments
applied for sex, age, serum magnesium, and 24-h urinary volume and calcium, the hazard ratios ex-
pressing the risk associated with a doubling of the exposure biomarkers were 1.35 (p¼0.015) for BPb, 1.13
(p¼0.22) for BCd, and 1.23 (p¼0.070) for UCd. In conclusion, our results suggest that environmental lead
exposure is a risk factor for nephrolithiasis in the general population.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Kidney stones cause severe pain and are highly recurrent (Moe,
2006). Prevalence and incidence rates of nephrolithiasis are in-
creasing worldwide (Stamatelou et al., 2003; Romero et al., 2010).
Risk factors contributing to the pathogenesis of nephrolithiasis
include genetic predisposition, sex, geographic region, diet, low
fluid intake and socioeconomic status (Romero et al., 2010; Sor-
ensen et al., 2014). A potential additional cause of nephrolithiasis,
which remains insufficiently explored, is the environmental ex-
posure to nephrotoxic pollutants.

Workers occupationally exposed to cadmium have a high risk
Centre, Research Unit Hy-
uven Department of Cardio-
afaël, Kapucijnenvoer 35, Box
of kidney stones (Elinder et al., 1985; Jarup and Elinder, 1993). As
previously reported by us (Buchet et al., 1990; Staessen et al., 1991,
1999; Schutte et al., 2008) environmental exposure to cadmium
increases the urinary excretion of calcium (Staessen et al., 1991)
because of renal tubular dysfunction (Buchet et al., 1990; Staessen
et al., 1991) and a direct osteolytic effect (Schutte et al., 2008),
thereby diminishing bone density and increasing fracture risk in
postmenopausal women (Staessen et al., 1999). On the other hand,
two recent studies did not find any association between ne-
phrolithiasis and non-occupational low-level cadmium exposure
(Ferraro et al., 2011; Thomas et al., 2013). Similar to cadmium, lead
is nephrotoxic (Wedeen et al., 1975; Staessen et al., 1992). It
competes with calcium to bind to calcium-binding receptors
(Handlogten et al., 2000). Disturbances in the calcium balance
might therefore result in kidney stones (Renkema et al., 2011).
However, to the best of our knowledge, there is no previous po-
pulation study reporting on the association of nephrolithiasis with
blood lead, as index of exposure. In the current study, we in-
vestigated the relation between the incidence of nephrolithiasis
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and blood lead and blood and urinary cadmium.
 3343 enrolled

396 had no samples in the biobank

2947 with blood and urine samples

1067 had no any measurement of BPb, BCd or UCd
  398 teenagers

1482 considered for analysis

152 had no follow-up
  21 had inaccurate urine collections
    7 had outlying values

1302 analyzed

1107 enrolled in CadmiBel
  823 re-examined in PheeCad
2236 familymembers

1302 had measurement of BPb, BCd and UCd
  747 had 2 measurements of BPb and BCd
  708 had 2 measurements of UCd

Fig. 1. Flow of participants from enrollment to analysis.
2. Methods

2.1. Study population

The Cadmium in Belgium (CadmiBel) study (1985–1989)
(Lauwerys et al., 1990) included 1107 Flemish participants ran-
domly recruited from ten districts in northeastern Belgium
(Staessen et al., 1994). The geometric mean cadmium concentra-
tion in the soil sampled from 85 kitchen gardens was 5.3 mg per
kilogram (5th–95th percentile interval, 1.4–18.9) in six districts,
which bordered on three zinc/cadmium smelters, and 0.9 mg per
kilogram (0.4–1.6) in four districts, which were more than 10 km
away from the smelters (Hogervorst et al., 2007). The participants
of the ten districts had similar characteristics apart from exposure
to cadmium (Staessen et al., 1994, 1999). From 1991 to 1995, those
subjects were invited for further examinations in PheeCad (Public
Health and Environmental Exposure to Cadmium study) (Staessen
et al., 1996). From June 1996 until January 2004 recruitment of
families continued using the former participants as index persons
(1985–1990) (Staessen et al., 2001). Overall, 3343 people were
enrolled with an initial participation rate of 78% (Staessen et al.,
1994). Of the participants aged 20 years or more at baseline, 1482
had blood lead and cadmium and 24-h urinary cadmium mea-
sured during at least one study period and constituted the study
population for the current analysis. We removed 180 participants
from analysis, because of no follow-up (n¼152), because based on
previously published criteria (Staessen et al., 1983; Stolarz-Skrzy-
pek et al., 2011) their 24-h urine collection was over- or under-
collected (n¼21), or because individual values of confounding
factors required in adjusted analyses deviated more than 3 SDs
from the population mean (n¼7). Thus, the number of participants
statistically analyzed totaled 1302 (Fig. 1).

The study complied with the Helsinki Declaration for In-
vestigation of human subjects (41st World Medical Assembly,
1990). The Ethics Committee of the University of Leuven, Belgium,
approved all studies (Lauwerys et al., 1990; Stolarz-Skrzypek et al.,
2011). Participants gave or renewed written informed consent at
baseline and at each follow-up examination.

2.2. Fieldwork

Trained nurses repeatedly visited participants at home and
during follow-up. In addition, participants were also invited for
follow-up examinations at a local field center in the catchment
area of the study. At baseline, blood pressure was measured five
times consecutively at each of two home visits after the subjects
had rested for five minutes in the sitting position. Each partici-
pant's blood pressure was therefore the average of ten readings.
Mean arterial pressure was diastolic blood pressure plus one third
of the difference between systolic and diastolic blood pressure.
Body mass index was weight in kilograms divided by the square of
height in meters. The waist-to-hip ratio was waist circumference
divided by hip circumference. Participants collected 24-h urine
samples in wide-neck polyethylene containers for measurement of
volume, creatinine, electrolytes and cadmium. Within two weeks
of the urine collection, a venous blood sample was obtained for
measurement of creatinine, total calcium, magnesium, uric acid, γ-
glutamyltransferase (biomarker of alcohol intake) in serum, plas-
ma glucose, and blood lead and cadmium. The glomerular filtra-
tion rate was calculated from serum creatinine, using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (Levey et al., 2009). At baseline, the nurses administered
a questionnaire inquiring about each participant's medical history,
smoking and drinking habits, intake of medications, occupational
exposure to heavy metals, and social class. We coded social class
based on property, hierarchical position, skill, manual vs. non-
manual occupations and status (Van de Putte and Miles, 2006).

2.3. Biochemical measurements

We measured serum and urinary creatinine (Bartels and Boh-
mer, 1971) using an automated enzymatic technique (Technicon
Autoanalyzer, Technicon Instruments, Tarrytown, NY, USA). To
measure lead and cadmium in whole blood, we applied electro-
thermal atomic absorption spectrometry with a stabilized-tem-
perature platform furnace and Zeeman background correction
(Lauwerys et al., 1990). The external quality-control program did
not show any time trend in the accuracy of the lead (Staessen
et al., 1996) or cadmium (Staessen et al., 2000) measurements. We
used the baseline measurements of the heavy metals as primary
exposure variable in all participants and the average of the base-
line (1985–1994) and one follow-up measurement (1991–2004) in
participants with repeat assessment of the exposure variables.

2.4. Ascertainment of events

At annual intervals, we ascertained vital status of all partici-
pants via the National Population Registry (Brussels, Belgium). We
obtained the International Classification of Disease codes for the
immediate and underlying causes of death from the Flemish
Registry of Death Certificates. For 1302 participants followed up
until October 6, 2014, we collected information on the incidence of
nonfatal endpoints, including nephrolithiasis, either via face-to-
face follow-up visits with repeated administration of the same
standardized questionnaire as used at baseline (n¼1136), via a
structured telephone interview (n¼158), or via contact with the
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participant's general practitioner (n¼8). Follow-up data were
available from one visit in 306 participants, from two in 174, from
three in 285, and from four or more in 371 participants. Trained
nurses used the International Classification of Diseases to code
nephrolithiasis. Two investigators (A.H. and J.A.S.) blinded with
regard to the levels of heavy metals adjudicated all prevalent, re-
current and incident nephrolithiasis cases against the medical
records of general practitioners or hospitals. Cases were sympto-
matic patients, who often had been hospitalized for diagnosis and
treatment. None of cases rested on incidental findings. We did not
include ureterolithiasis or bladder stones into the study endpoint.

2.5. Statistical analysis

For database management and statistical analysis, we used SAS
software version 9.3 (SAS Institute Inc., Cary, NC). The variables
that required a logarithmic transformation to approximate the
normal distribution, included blood lead and cadmium, 24-h ur-
inary cadmium, plasma glucose and serum γ-glutamyltransferase
(biomarker of alcohol intake). For logarithmically transformed
variables, we report central tendency and spread of data as geo-
metric mean and interquartile range, respectively. Significance was
a two-tailed α-level of 0.05 or less. Means and proportions were
compared using ANOVA and Fisher's exact test, respectively.

In a first step of the analysis, we plotted the incidence of ne-
phrolithiasis standardized for sex and age (o40, 40–59, Z60
years) by the direct method by tertiles of the distributions of the
exposure variables. Next, we used Cox regression to compute
multivariable-adjusted hazard ratios, which express the risk
Table 1
Baseline characteristics.

Characteristic All

Number 1302
Mean of characteristics (SD)

Age (years) 47.6 (15.6)
Body mass index (kg/m2) 26.0 (4.4)
Waist-to-hip ratio 0.86 (0.09)
Mean arterial pressure (mmHg) 93.0 (10.6)
Serum total calcium (mmol/L) 2.36 (0.10)
Serum magnesium (mmol/L) 0.93 (0.11)
eGFR (mL/min/1.73 m2) 74.1 (18.0)
Serum uric acid (mmol/L) 299 (78)
24-h urine volume (L) 1.64 (0.65)
Calcium excretion (mmol/24 h) 4.3 (2.4)

Geometric mean (IQR)
Plasma glucose (mmol/L) 4.8 (4.2–5.5)
Serum γ-glutamyltransferase (U/L) 19.1 (12.5–26.0)
Blood lead, baseline (mmol/L) 0.29 (0.16–0.50)
Blood lead, mean (mmol/L)a 0.26 (0.15–0.43)
Blood cadmium, baseline (nmol/L) 9.0 (5.3–16.0)
Blood cadmium, mean (nmol/L)a 8.2 (4.9–14.2)
Urinary cadmium, baseline (nmol/24 h) 8.5 (5.0–13.7)
Urinary cadmium, mean (nmol/24 h)a 8.1 (4.9–13.0)

Number with characteristics (%)
Women 663 (50.9)
Intake of thiazides 89 (6.8)
Smoker 456 (35.0)
Drinking alcohol 332 (25.5)
Middle and upper class 346 (26.6)
Occupational exposure 60 (4.6)
Nephrolithiasis history 27 (2.1)

IQR indicates interquartile range. eGFR is the glomerular filtration rate derived from ser
EPI) equation (Levey et al. 2009). To convert lead from μmol/L to μg/dL, multiply by 20.

a Mean indicates that for participants with repeat measurements of blood lead an
surement was substituted by the average of baseline and follow-up.
associated with a doubling of exposure. The baseline character-
istics considered as covariables in Cox regression were sex, age,
body mass index, waist-to-hip ratio, mean arterial pressure, serum
calcium, magnesium, uric acid, γ-glutamyltransferase, plasma
glucose, 24-h urinary volume and calcium, eGFR, smoking, treat-
ment with thiazides, and occupational exposure. We identified
covariables to be retained in the analyses by a step-down proce-
dure, removing the least significant covariable at each step until all
p-values of covariables were less than 0.15. Finally, we computed
hazard ratios for nephrolithiasis in relation to exposure corrected
for regression dilution bias using the quantile approach (Frost and
Thompson, 2000; Gasowski et al., 2008) in participants with
baseline and follow-up measurements of the heavy metals.
3. Results

3.1. Characteristics of participants

Age at enrollment averaged 47.6 years (range, 20–88 years). The
study population included 663 women (50.9%). Among 1302 par-
ticipants, 456 (35.0%) reported smoking, 332 (25.5%) consumed
alcohol, and 89 (6.8%) used thiazide diuretics (Table 1). Possible
occupational exposure to heavy metals was reported by 60 parti-
cipants (4.6%), of whom 59 were male. At baseline, the geometric
mean was 0.29 μmol/L (60 μg/L) for blood lead, 9.0 nmol/L (1.0 μg/
L) for blood cadmium, and 8.5 nmol (0.96 μg) for 24-h urinary
cadmium (Table 1).
Non-cases Cases p

1262 40

47.8 (15.7) 41.9 (10.8) 0.019
26.0 (4.4) 25.8 (3.3) 0.76
0.86 (0.09) 0.89 (0.07) 0.026
93.0 (10.6) 92.2 (8.6) 0.64
2.36 (0.10) 2.39 (0.08) 0.088
0.93 (0.11) 0.99 (0.09) 0.0007
74.0 (18.1) 78.4 (14.7) 0.12
299 (79) 318 (69) 0.12
1.64 (0.65) 1.45 (0.61) 0.060
4.3 (2.4) 5.5 (2.4) 0.0016

4.8 (4.2–5.5) 4.4 (3.9–4.8) 0.011
19.1 (12.5–26.0) 21.2 (16.1–32.1) 0.27
0.28 (0.16–0.49) 0.46 (0.35–0.64) o0.0001
0.25 (0.15–0.43) 0.38 (0.28–0.52) 0.0004
9.0 (5.3–16.0) 10.9 (6.7–21.4) 0.10
8.2 (4.9–14.2) 9.1 (5.6–16.0) 0.39
8.4 (4.9–13.7) 9.9 (6.6–13.9) 0.20
8.0 (4.9–12.9) 9.4 (6.4–14.9) 0.17

654 (51.8) 9 (22.5) 0.0003
88 (7.0) 1 (2.5) 0.52
438 (34.7) 18 (45.0) 0.18
325 (25.8) 7 (17.5) 0.27
334 (26.5) 12 (30.0) 0.59
57 (4.5) 3 (7.5) 0.43
11 (0.87) 16 (40.0) o0.0001

um creatinine using the Chronic Kidney Disease Epidemiology Collaboration (CKD-
721. To convert cadmium from nmol/L to μg/L, multiply by 0.112397.

d cadmium (n¼747) or 24-h urinary cadmium (n¼708), the single baseline mea-
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3.2. Follow-up of participants

After 5.2 years (median; 5th–95th percentile interval, 4.6–6.7
years), measurements of blood lead and cadmium and urinary
cadmium were repeated in 747, 747 and 708 participants, respec-
tively. From baseline to follow-up, metal levels dropped
(po0.0001) by 16.6% (95% confidence interval [CI], 15.4–17.8%) for
blood lead, by 14.1% (95% CI, 12.3–15.8%) for blood cadmium, and
by 7.4% (95% CI, 5.9–8.9%) for 24-h urinary cadmium. Fig. 2 shows
the distributions of the exposure biomarkers at baseline and fol-
low-up. The Supplemental Material shows the quartiles of the sex-
specific distributions of blood lead (Tables S1), blood cadmium
(Table S2) and 24-h urinary cadmium (Table S3) at baseline and
follow-up. From these data, factors to correct for regression dilu-
tion bias in Cox regression were computed.

At enrollment, 27 participants (2.1%) had a history of ne-
phrolithiasis. Over a median follow-up of 11.5 years (5th–95th
percentile interval, 2.2–26.5 years) 40 patients (9 women and 31
men) experienced recurrent (n¼16) or incident (n¼24) ne-
phrolithiasis. Table 1 lists the baseline characteristics of cases and
non-cases. Waist-to-hip ratio, serum magnesium, 24-h urinary
calcium, and the prevalence of a nephrolithiasis history were
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higher among cases than non-cases (pr0.026), whereas the op-
posite was observed for age, plasma glucose and the percentage of
women (pr0.019). At baseline, cases had higher blood lead than
non-cases (0.46 vs. 0.25 μmol/L; po0.0001), whereas blood cad-
mium (10.9 vs. 9.0 nmol/L; p¼0.10) and 24-h urinary cadmium
(9.9 vs. 8.4 nmol/24 h; p¼0.20) were not statistically significant
different between cases and non-cases.
3.3. Unadjusted analyses

Fig. 3 shows the sex- and age-standardized incidence ratio of
kidney stone by tertiles of first measurements of blood lead and
cadmium concentration and 24-h urinary cadmium excretion.
Compared to the low third of the blood lead distribution, the sex-
and age-standardized rates of kidney stones were higher in the top
third (0.68 vs. 3.36 events per 1000 person-years; p¼0.0016). The
corresponding associations with blood cadmium (1.80 vs. 3.28
events per 1000 person-years; p¼0.11) and 24-h urinary cadmium
(1.65 vs. 2.95 events per 1000 person-years; p¼0.28) were not
significant.
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Table 2
Hazard ratios expressing the risk of nephrolithiasis associated with exposure to
metals.

Predictor variable Hazard ratio (95% confidence interval) p

Blood lead
Baseline 1.35 (1.06–1.73) 0.015
Meana 1.32 (1.03–1.71) 0.031
Baseline corrected for RDB 1.44 (1.07–1.93) 0.015

Blood cadmium
Baseline 1.13 (0.93–1.38) 0.22
Meana 1.12 (0.92–1.37) 0.26
Baseline corrected for RDB 1.17 (0.91–1.49) 0.22

24-h urinary cadmium excretion
Baseline 1.23 (0.98–1.54) 0.070
Meana 1.25 (1.01–1.58) 0.054
Baseline corrected for RDB 1.30 (0.98–1.74) 0.070

RDB, regression dilution bias. Hazard ratios express the risk of nephrolithiasis as-
sociated with a doubling of exposure. Hazard ratios were adjusted for sex, age,
serum magnesium, and 24-h urinary volume and calcium.

a Mean indicates that for participants with repeat measurements of blood lead
and cadmium (n¼747) or 24-h urinary cadmium (n¼708), the single baseline
measurement was substituted by the average of baseline and follow-up.
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3.4. Adjusted analyses

The baseline covariables retained in the stepdown procedure
were sex, age, serum magnesium, and 24-h urinary volume and
calcium. The mutually adjusted hazard ratios were 0.34 (95% CI,
0.16–0.72; p¼0.0046) for being female, and per 1-SD increment,
0.71 (95% CI, 0.50–1.01; p¼0.058) for age (þ15 year), 1.65 (95% CI,
1.15–2.37; p¼0.0068) for serum magnesium (þ0.11 mmol/L), 0.65
(95% CI, 0.43–0.97; p¼0.037) for urinary volume (þ0.65 L/24 h),
and 1.36 (95% CI, 1.03–1.81; p¼0.033) for calcium excretion
(þ2.42 mmol/24 h). The covariables not associated with the in-
cidence of nephrolithiasis included body mass index, waist-to-hip
ratio, mean arterial pressure, serum calcium, uric acid, γ-gluta-
myltransferase, plasma glucose, eGFR, smoking, treatment with
thiazides, and occupational exposure.

With adjustments applied for sex, age, serum magnesium, and
24-h urinary volume and calcium (Table 2), the hazard ratios ex-
pressing the risk of nephrolithiasis associated with a doubling of
the exposure biomarker were 1.35 (p¼0.015) for blood lead, 1.13
(p¼0.22) for blood cadmium, and 1.23 (p¼0.070) for 24-h urinary
cadmium. The hazard ratios remained similar when for partici-
pants with repeat measurements of blood lead and cadmium
(n¼747) or 24-h urinary cadmium (n¼708), the single baseline
measurement was substituted by the average of baseline and fol-
low-up (Table 2). The multivariable-adjusted hazard ratios cor-
rected for regression dilution bias were 1.44 (p¼0.015) for blood
lead, 1.17 (p¼0.22) for blood cadmium, and 1.30 (p¼0.070) for 24-
h urinary cadmium.

3.5. Sensitivity analyses

After exclusion of 16 patients with recurrent kidney stones, the
multivariable-adjusted hazard ratio for nephrolithiasis associated
with a doubling of the baseline blood lead concentration was 1.47
(95% CI, 1.09–1.98; p¼0.012). When all 27 patients with a history
of nephrolithiasis at baseline were excluded, the corresponding
hazard ratio was 1.48 (95% CI, 1.10–2.00; p¼0.011). Among parti-
cipants not occupationally exposed, the hazard ratios for ne-
phrolithiasis associated with a doubling of the baseline blood lead
concentration was 1.43 (95% CI, 1.10–1.85; p¼0.0081). Interaction
term between blood lead and serum magnesium or 24-h urine
volume were not significant when the interaction terms were in-
cluded in the Cox regression model (p¼0.9 and p¼0.06, respec-
tively). Finally, with adjustments applied as before, we constructed
Cox models including both blood lead and 24-h urinary cadmium.
The hazard ratios associated with a doubling of the baseline values
of these markers were 1.29 (95% CI, 0.99–1.68; p¼0.059) and 1.12
(95% CI, 0.88–1.43; p¼0.36), respectively; after removal of 24-h
urinary calcium from the model, these hazard ratios were 1.28
(95% CI, 0.99–1.66; p¼0.064) for blood lead and 1.15 (95% CI, 0.91–
1.47; p¼0.25) for 24-h urinary cadmium.
4. Discussion

To our knowledge, our current study is the first to assess the
risk of nephrolithiasis in relation to environmental lead exposure.
The key finding was that blood lead – and surprisingly not blood
cadmium or 24-h urinary cadmium – was a risk factor for ne-
phrolithiasis. Doubling of the blood lead concentration conferred a
35% increased risk. Sensitivity analyses confined to incident ne-
phrolithiasis with exclusion of kidney stone recurrence or con-
sidering both blood lead and 24-h urinary cadmium in the same
model were confirmatory. Several of our observations with regard
to the incidence of nephrolithiasis are in line with the literature
and support the validity of our study endpoint. In North America
and the United States (Pak, 1998), the yearly incidence of ne-
phrolithiasis is approximately 0.5%. In our current study, it was
similar (0.3%). Second, nephrolithiasis is more common in men
than in women throughout most of adult life except in the sixth
decade, when the incidence falls in men but rises in women (Moe,
2006). In our study, women had a 66% lower risk than men had.
The most important pathophysiological factors for calcium ne-
phrolithiasis are low urinary volume and hypercalciuria (Moe,
2006). In our study, 1-SD increments in 24-h urinary volume and
calciuria at baseline were associated with 35% lower and 36%
higher risk of nephroliths.

The mechanisms underlying the association between kidney
stone formation and lead exposure at the levels noticed in our
current study remain to be elucidated. Calcareous stones are by far
the most common kidney nephroliths, accounting for more than
80% of cases (Coe et al., 2005; Moe 2006; Mandel and Mandel,
1989; Pak et al., 2003). Among 2800 patients examined at a renal
stone clinic in Southampton (Walker et al., 2013), most stones
were calcium oxalate (89%) with a 1:4 ratio of calcium oxalate to
mixed calcium oxalate phosphate stones. Pure calcium phosphate
stones were rare (2%). In Sweden, around 85% of all stones formed
in the urinary tract can be classified as calcium stones, including
calcium oxalate and calcium phosphate (Tiselius, 2011). As a di-
valent cation, lead has the ability to substitute for calcium ions and
to compete with calcium at various target sites (Rosen, 1983). The
extracellular Ca2þ-sensing receptor is a physiological regulator of
systemic calcium homeostasis and is expressed in the kidney. This
receptor is promiscuous in that it binds to a number of divalent
cations, including lead and cadmium (Handlogten et al., 2000).
Defects in the renal handling of calcium ions can lead to hy-
percalciuria, kidney stone formation, and obstructive nephropathy
(Renkema et al., 2011). In a study of surgically removed kidneys
conducted in Merida (Yucatan, Mexico), the researchers (May-Ix
et al., 2012) did not detect any differences in the kidney tissue
levels of lead and cadmium between 27 patients with ne-
phrolithiasis and 23 with other kidney disease (neoplasms, allo-
graft rejection, congenital malformation or chronic infection).
However, this study (May-Ix et al., 2012) is difficult to interpret,
because the control group did not consist of healthy people, be-
cause the age range was wide (1–75 years), and because the
specific distribution of lead in the explanted kidneys was
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unknown. In addition, the prevalence of nephrolithiasis in Yucatan
is higher than elsewhere in Mexico (5.5 vs. 0.2%) and the source
and route of lead exposure remain unidentified (May-Ix et al.,
2012).

Approximately 95% of the total body burden of lead is stored in
the skeleton (Hu et al., 2007). Lead is not only nephrotoxic, but
osteotoxic as well (Angle et al., 1993). In cross-sectional analyses of
our baseline data, with adjustments applied for sex and age,
doubling of the blood lead concentration was associated with a
0.21 mmol/24-h higher calciuria (p¼0.0009). However, our ob-
servational study does not allow differentiating whether the hy-
percalciuria originated from the nephrotoxic or osteotoxic effects
of lead or both. Uric acid stones represent about 5–10% of ne-
phroliths (Moe, 2006). In our study, however, serum uric acid did
not differ between participants with and without kidney stones it
(Table 2; p¼0.10). Nevertheless, kidney stones composed of uric
acid occurring as a consequence of the decreased urinary excretion
of uric acid may be partially explained by the lead-induced in-
hibition of urate secretion (Emmerson et al., 1971; Lin et al., 2002).

Studies in workers (Elinder et al., 1985; Scott et al., 1982; Jarup
and Elinder, 1993; Jarup et al., 1997) and in residents of severely
polluted villages in Thailand (Kaewnate et al., 2012) highlighted
the risk of nephrolithiasis associated with cadmium exposure. In
the Belgian (Buchet et al., 1990) and Flemish population (Staessen
et al., 1991, 1999; Schutte et al., 2008) environmental exposure to
cadmium increases the urinary excretion of calcium (Staessen
et al., 1991), because of nephrotoxic (Buchet et al., 1990; Staessen
et al., 1991) and osteotoxic effects (Schutte et al., 2008). Never-
theless, large population studies on the relation between ne-
phrolithiasis and environmental exposure to cadmium produced
equivocal results (Ferraro et al. 2011; Thomas et al., 2013). In a
cross-sectional analysis of 15,690 participants enrolled in NHANES
III (National Health and Nutrition Examination Survey), there was
no association among men, whereas women with a urinary cad-
mium excretion greater than 1 μg/g had a 40% higher risk of
forming kidney stones than those with lower excretion (Ferraro
et al., 2011). In Sweden, researchers (Thomas et al., 2013) assessed
cadmium exposure from dietary data and the concentration of
cadmium in food. Over 12 years of follow-up, the incidence of
nephrolithiasis ascertained by linkage with national registries
amounted to 290 cases (0.88%) among 33,050 women (48–83
years) and 707 cases (1.99%) among 35,545 men (45–79 years), all
free of nephroliths at baseline. The multivariable-adjusted hazard
ratios contrasting the top with the low tertile of the distribution of
estimated dietary exposure were 0.99 (95% CI, 0.89–1.43) in wo-
men and 0.97 (95% CI, 0.77–1.23) in men (Thomas et al., 2013). In
our study, urinary and blood cadmium were not associated with
nephrolithiasis. Environmental exposure to cadmium is often as-
sociated with lead exposure, whereby lead may modify the toxic
effect of cadmium, or vice versa, depending on the exposure levels
to each metal (Åkesson et al., 2005; Hambach et al., 2013). In our
present study, whenwe included both blood lead and 24-h urinary
cadmium in the Cox models, blood lead retained marginal statis-
tical significance in relation to nephrolithiasis (p¼0.059), whereas
24-h urinary cadmium was far from significant (p¼0.36).

Blood and urinary cadmium were used for the assessment of
recent and lifetime exposure to cadmium, respectively. However,
at low exposure, urinary cadmium varies widely within and be-
tween individuals depending on individual exposure levels over
time (Bernard, 2015). Moreover, low-level urinary cadmium in-
creases with proteinuria and essential element deficiencies, be-
cause cadmium follows the same transport pathways as plasma
proteins for its urinary excretion and as essential elements for its
intestinal absorption (Bernard, 2015). In addition to the inaccuracy
of low-level urinary cadmium as biomarker of lifelong exposure,
other factors might explain the lack of association between
nephrolithiasis and cadmium in our current study. First, con-
sidering that over the duration of follow-up, blood and urinary
cadmium declined by about one fifth, the exposure might have
been too low to result in a significant association between ne-
phrolithiasis and biomarkers of cadmium exposure. Second, al-
though our current results are in line with the recently published
population data on the relation between nephrolithiasis and cad-
mium exposure (Ferraro et al., 2011; Thomas et al., 2013), the
number of incident cases might have been too small to demon-
strate a significant association between nephrolithiasis and ex-
posure to cadmium. On the other hand, our study also has
strengths, including the long-term follow-up, the blinded ad-
judication of endpoints against the medical records of general
practitioners and hospitals, and the duplicate measurement of
blood lead in approximately 60% of our study population, making a
correction of the hazard ratios for regression dilution bias possible
(Frost and Thompson, 2000; Gasowski et al., 2008).

Our study should be interpreted within the context of its pos-
sible limitations. First, we have no information of the composition
of the nephroliths. The presence of trace elements in nephroliths
may be indicative of environmental pollution and identify the
causative toxin (Giannossi et al., 2013). Second, we could not es-
tablish whether the increased calciuria associated with lead ex-
posure resulted from nephrotoxic or osteotoxic effects. However,
excluding 24-h urinary calcium, which reflects the distal part of
pathophysiological pathway leading to stone formation from
models including both blood lead and urinary cadmium, did not
materially change the hazard ratios. Third, most of our baseline
data (64.6%) were collected from 1985 until 1989. Over this period,
blood lead and cadmium and urinary cadmium averaged
0.43 μmol/L (89 μg/dL), 11.5 nmol/L (1.3 μg/L), and 10.7 nmol/24 h
(1.2 μg/24 h), respectively. In our participants with repeat assess-
ment of their exposure, over 5 years, blood lead and cadmium and
24-h urinary cadmium dropped by approximately 17%, 19% and
22%, respectively. Extrapolating from this observation and as-
suming a linear time trend, over 15 years, blood lead and cadmium
and the urinary cadmium excretion might have dropped to
0.25 μmol/L (52 μg/L), 6.0 nmol/L (0.7 μg/L), and 5.1 nmol/24 h
(0.6 μg/24 h). Along similar lines, in the United States, NHANES
documented a progressive decline in the geometric blood lead
concentration and urinary cadmium over time. Among adults,
mean blood lead levels decreased from 0.63 μmol/L (13 μg/L) in
NHANES II (1976–1980) (Pirkle et al., 1994; Gartside, 1988) to
0.13 μmol/L (28 μg/L) in NHANES III (1988–1994) (Muntner et al.,
2005) and next to 0.07 μmol/L (15 μg/L) in NHANES IV (2003–
2010) (Hara et al., 2014). Urinary cadmium concentrations also
decreased by 34.3% from 1988–1994 to 2003–2008 in the US adult
population (Tellez-Plaza et al., 2012). Thus, in the developed world,
current exposure levels are substantially lower than noticed in our
study. Whether at current exposure levels, the risk of ne-
phrolithiasis remains elevated remains unknown. Finally, ap-
proximately 95% of the total body burden of lead is present in the
skeleton and measurement of bone lead levels can provide a more
reliable measure of the internal dose (Hu et al., 2007). Blood lead
reflects both recent exogenous exposure and endogenous redis-
tribution of the lead stored in bone, but may underestimate the
internal dose of lead. We did not collect any information on bone
lead in our participants.

In our current study, contaminated soils and house dust were
the most important sources of exposure to lead and cadmium
(Hogervorst et al., 2007). The Flemish Government started saniti-
zation of contaminated soils after we showed association between
lung cancer and exposure to cadmium (Nawrot et al., 2006). In the
developing world, environmental exposure to lead remains a
public health problem. Average levels of blood lead are 0.67 μmol/
L (13.9 μg/dL) and 1.23 μmol/L (25.5 μg/dL) in normotensive and
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hypertensive inhabitants living in Rawalpindi, Pakistan (Rahman
et al. 2006), 0.69 μmol/L (14.4 μg/dL) and 0.49 μmol/L (10.2 μg/dL)
in smoking and non-smoking Egyptian men (Mortada et al., 2004),
and 1.47 μmol/L (30.1 μg/dL) and 1.22 μmol/L (28.8 μg/dL) in Iba-
dan and less urbanized towns of South Western Nigeria (Adeba-
mowo et al., 2006). Moreover, there is an Afro-Asian stone-form-
ing belt stretching from Sudan, over the Arab countries, Pakistan
and India and South-East Asia to the Philippines, where the pre-
valence of nephrolithiasis ranges from 4% to 20% (Dirks et al.,
2006). Foremost, reducing exposure to pollutants is of paramount
importance. Furthermore, nephrolithiasis is preventable by in-
creasing diuresis, dietary measures, hypocalciuric agents such as
thiazide diuretics, and potassium alkali treatment (Moe, 2006).
Such measures are cost effective (Lotan et al., 2012). It is within
this context, that the clinical implications of our study should be
gauged.

In conclusion, our results suggest that in the general population
low-level lead exposure is associated with kidney stone formation.
Further experimental research should clarify the nephrotoxic and
osteotoxic mechanisms underlying the pathogenesis. Furthermore,
our current findings need replication, in particular at exposure
levels lower than in the present study. Finally, human studies in
workers and populations should provide further information on
the dose-effect and dose-response curves relating lead exposure to
kidney stone incidence.
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Abstract    

Whether environmental exposure to nephrotoxic agents that potentially interfere with calcium 

homeostasis, such as lead and cadmium, contribute to the incidence of nephrolithiasis 

needs further clarification.  We investigated the relation between nephrolithiasis incidence 

and environmental lead and cadmium exposure in a general population.  In 1302 participants 

randomly recruited from a Flemish population (50.9% women; mean age, 47.9 years), we 

obtained baseline measurements (1985–2005) of blood lead (BPb), blood cadmium (BCd), 

24-h urinary cadmium (UCd) and covariables.  We monitored the incidence of kidney stones 

until October 6, 2014.  We used Cox regression to calculate multivariable-adjusted hazard 

ratios for nephrolithiasis.  At baseline, geometric mean BPb, BCd and UCd was 0.29 µmol/L, 

9.0 nmol/L, and 8.5 nmol per 24 h, respectively.  Over 11.5 years (median), nephrolithiasis 

occurred in 40 people.  Contrasting the low and top tertiles of the distributions, the sex- and 

age-standardized rates of nephrolithiasis expressed as events per 1000 person-years were 

0.68 vs. 3.36 (p = 0.0016) for BPb, 1.80 vs. 3.28 (p = 0.11) for BCd, and 1.65 vs. 2.95 (p = 

0.28) for UCd.  In continuous analysis, with adjustments applied for sex, age, serum magne-

sium, and 24-h urinary volume and calcium, the hazard ratios expressing the risk associated 

with a doubling of the exposure biomarkers were 1.35 (p = 0.015) for BPb, 1.13 (p = 0.22) 

for BCd, and 1.23 (p = 0.070) for UCd.  In conclusion, our results suggest that environmental 

lead exposure is a risk factor for nephrolithiasis in the general population.   

KEY WORDS: cadmium, lead, nephrolithiasis, population science, risk stratification   
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1. Introduction  

Kidney stones cause severe pain and are highly recurrent (Moe 2006).  Prevalence and inci-

dence rates of nephrolithiasis are increasing worldwide (Stamatelou et al. 2003; Romero et 

al. 2010).  Risk factors contributing to the pathogenesis of nephrolithiasis include genetic 

predisposition, sex, geographic region, diet, low fluid intake and socioeconomic status 

(Romero et al. 2010; Sorensen et al. 2014).  A potential additional cause of nephrolithiasis, 

which remains insufficiently explored, is the environmental exposure to nephrotoxic pollu-

tants.   

Workers occupationally exposed to cadmium have a high risk of kidney stones (Elinder et 

al. 1985; Jarup and Elinder 1993).  As previously reported by us (Buchet et al. 1990; 

Staessen et al. 1991; Staessen et al. 1999; Schutte et al. 2008) environmental exposure to 

cadmium increases the urinary excretion of calcium (Staessen et al. 1991) because of renal 

tubular dysfunction (Buchet et al. 1990; Staessen et al. 1991) and a direct osteolytic effect 

(Schutte et al. 2008), thereby diminishing bone density and increasing fracture risk in post-

menopausal women (Staessen et al. 1999).  On the other hand, two recent studies did not 

find any association between nephrolithiasis and non-occupational low-level cadmium expo-

sure (Ferraro et al. 2011; Thomas et al. 2013).  Similar to cadmium, lead is nephrotoxic 

(Wedeen et al. 1975; Staessen et al. 1992).  It competes with calcium to bind to calcium-

binding receptors (Handlogten et al. 2000).  Disturbances in the calcium balance might 

therefore result in kidney stones (Renkema et al. 2011).  However, to the best of our 

knowledge, there is no previous population study reporting on the association of nephrolithi-

asis with blood lead, as index of exposure.  In the current study, we investigated the relation 

between the incidence of nephrolithiasis and blood lead and blood and urinary cadmium.   
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2. Methods   

2.1. Study population.  The Cadmium in Belgium (CadmiBel) study (1985–1989) 

(Lauwerys et al. 1990) included 1107 Flemish participants randomly recruited from ten dis-

tricts in northeastern Belgium (Staessen et al. 1994).  The geometric mean cadmium con-

centration in the soil sampled from 85 kitchen gardens was 5.3 mg per kilogram (5th–95th 

percentile interval, 1.4 to 18.9) in six districts, which bordered on three zinc/cadmium smel-

ters, and 0.9 mg per kilogram (0.4 to 1.6) in four districts, which were more than 10 km away 

from the smelters (Hogervorst et al. 2007).  The participants of the ten districts had similar 

characteristics apart from exposure to cadmium (Staessen et al. 1994; Staessen et al. 

1999).  From 1991 to 1995, those subjects were invited for further examinations in PheeCad 

(Public Health and Environmental Exposure to Cadmium study) (Staessen et al. 1996).  

From June 1996 until January 2004 recruitment of families continued using the former partic-

ipants as index persons (1985-1990) (Staessen et al. 2001).  Overall, 3343 people were en-

rolled with an initial participation rate of 78% (Staessen et al. 1994).  Of the participants 

aged 20 years or more at baseline, 1482 had blood lead and cadmium and 24-h urinary 

cadmium measured during at least one study period and constituted the study population for 

the current analysis.  We removed 180 participants from analysis, because of no follow-up 

(n=152), because based on previously published criteria (Staessen et al. 1983; Stolarz-

Skrzypek et al. 2011) their 24-h urine collection was over- or under-collected (n=21), or be-

cause individual values of confounding factors required in adjusted analyses deviated more 

than 3 SDs from the population mean (n=7).  Thus, the number of participants statistically 

analyzed totaled 1302 (Fig. 1).   

The study complied with the Helsinki Declaration for Investigation of human subjects (41st 

World Medical Assembly 1990).  The Ethics Committee of the University of Leuven, Belgium, 
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approved all studies (Lauwerys et al. 1990; Stolarz-Skrzypek et al. 2011).  Participants gave 

or renewed written informed consent at baseline and at each follow-up examination.   

2.2. Fieldwork.  Trained nurses repeatedly visited participants at home and during follow-

up.  In addition, participants were also invited for follow-up examinations at a local field cen-

ter in the catchment area of the study.  At baseline, blood pressure was measured five times 

consecutively at each of two home visits after the subjects had rested for five minutes in the 

sitting position.  Each participant’s blood pressure was therefore the average of ten read-

ings.  Mean arterial pressure was diastolic blood pressure plus one third of the difference be-

tween systolic and diastolic blood pressure.  Body mass index was weight in kilograms divid-

ed by the square of height in meters.  The waist-to-hip ratio was waist circumference divided 

by hip circumference.  Participants collected 24-h urine samples in wide-neck polyethylene 

containers for measurement of volume, creatinine, electrolytes and cadmium.  Within two 

weeks of the urine collection, a venous blood sample was obtained for measurement of cre-

atinine, total calcium, magnesium, uric acid, -glutamyltransferase (biomarker of alcohol in-

take) in serum, plasma glucose, and blood lead and cadmium.  The glomerular filtration rate 

was calculated from serum creatinine, using the Chronic Kidney Disease Epidemiology Col-

laboration (CKD-EPI) equation (Levey et al. 2009).  At baseline, the nurses administered a 

questionnaire inquiring about each participant’s medical history, smoking and drinking hab-

its, intake of medications, occupational exposure to heavy metals, and social class.  We 

coded social class based on property, hierarchical position, skill, manual vs. non-manual oc-

cupations and status (Van de Putte and Miles 2006).   

2.3. Biochemical measurements.  We measured serum and urinary creatinine (Bartels 

and Bohmer 1971) using an automated enzymatic technique (Technicon Autoanalyzer, 

Technicon Instruments, Tarrytown, NY, USA).  To measure lead and cadmium in whole 

blood, we applied electrothermal atomic absorption spectrometry with a stabilized-
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temperature platform furnace and Zeeman background correction (Lauwerys et al. 1990).  

The external quality-control program did not show any time trend in the accuracy of the lead 

(Staessen et al. 1996) or cadmium (Staessen et al. 2000) measurements.  We used the 

baseline measurements of the heavy metals as primary exposure variable in all participants 

and the average of the baseline (1985–1994) and one follow-up measurement (1991–2004) 

in participants with repeat assessment of the exposure variables.   

2.4. Ascertainment of events.  At annual intervals, we ascertained vital status of all par-

ticipants via the National Population Registry (Brussels, Belgium).  We obtained the Interna-

tional Classification of Disease codes for the immediate and underlying causes of death from 

the Flemish Registry of Death Certificates.  For 1302 participants followed up until October 

6, 2014, we collected information on the incidence of nonfatal endpoints, including nephro-

lithiasis, either via face-to-face follow-up visits with repeated administration of the same 

standardized questionnaire as used at baseline (n=1136), via a structured telephone inter-

view (n=158), or via contact with the participant’s general practitioner (n=8).  Follow-up data 

were available from one visit in 306 participants, from two in 174, from three in 285, and 

from four or more in 371 participants.  Trained nurses used the International Classification of 

Diseases to code nephrolithiasis.  Two investigators (A.H. and J.A.S.) blinded with regard to 

the levels of heavy metals adjudicated all prevalent, recurrent and incident nephrolithiasis 

cases against the medical records of general practitioners or hospitals.  Cases were symp-

tomatic patients, who often had been hospitalized for diagnosis and treatment.  None of 

cases rested on incidental findings.  We did not include ureterolithiasis or bladder stones into 

the study endpoint.   

2.5. Statistical analysis.   For database management and statistical analysis, we used 

SAS software version 9.3 (SAS Institute Inc., Cary, NC).  The variables that required a loga-

rithmic transformation to approximate the normal distribution, included blood lead and cad-
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mium, 24-h urinary cadmium, plasma glucose and serum -glutamyltransferase (biomarker 

of alcohol intake).  For logarithmically transformed variables, we report central tendency and 

spread of data as geometric mean and interquartile range, respectively.  Significance was a 

two-tailed α-level of 0.05 or less.  Means and proportions were compared using ANOVA and 

Fisher's exact test, respectively.   

In a first step of the analysis, we plotted the incidence of nephrolithiasis standardized for 

sex and age (<40, 40–59, ≥60 years) by the direct method by tertiles of the distributions of 

the exposure variables.  Next, we used Cox regression to compute multivariable-adjusted 

hazard ratios, which express the risk associated with a doubling of exposure.  The baseline 

characteristics considered as covariables in Cox regression were sex, age, body mass in-

dex, waist-to-hip ratio, mean arterial pressure, serum calcium, magnesium, uric acid, 

-glutamyltransferase, plasma glucose, 24-h urinary volume and calcium, eGFR, smoking, 

treatment with thiazides, and occupational exposure.  We identified covariables to be re-

tained in the analyses by a step-down procedure, removing the least significant covariable at 

each step until all p-values of covariables were less than 0.15.  Finally, we computed hazard 

ratios for nephrolithiasis in relation to exposure corrected for regression dilution bias using 

the quantile approach (Frost and Thompson 2000; Gasowski et al. 2008) in participants with 

baseline and follow-up measurements of the heavy metals.  

3. Results   

3.1. Characteristics of participants.   Age at enrolment averaged 47.6 years (range, 20 

to 88 years).  The study population included 663 women (50.9%).  Among 1302 participants, 

456 (35.0%) reported smoking, 332 (25.5%) consumed alcohol, and 89 (6.8%) used thiazide 

diuretics (Table 1).  Possible occupational exposure to heavy metals was reported by 60 par-
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ticipants (4.6%), of whom 59 were male.  At baseline, the geometric mean was 0.29 mol/L 

(60 g/L) for blood lead, 9.0 nmol/L (1.0 g/L) for blood cadmium, and 8.5 nmol (0.96 g) for 

24-h urinary cadmium (Table 1).  

3.2. Follow-up of participants.  After 5.2 years (median; 5th to 95th percentile interval, 

4.6 to 6.7 years), measurements of blood lead and cadmium and urinary cadmium were re-

peated in 747, 747 and 708 participants, respectively.  From baseline to follow-up, metal lev-

els dropped (p < 0.0001) by 16.6% (95% confidence interval [CI], 15.4 to 17.8%) for blood 

lead, by 14.1% (95% CI, 12.3 to 15.8%) for blood cadmium, and by 7.4% (95% CI, 5.9 to 

8.9% for 24-h urinary cadmium.  Fig. 2 shows the distributions of the exposure biomarkers at 

baseline and follow-up.  The Supplemental Material shows the quartiles of the sex-specific 

distributions of blood lead (Tables S1), blood cadmium (Table S2) and 24-h urinary cadmium 

(Table S3) at baseline and follow-up.  From these data, factors to correct for regression dilu-

tion bias in Cox regression were computed.  

At enrolment, 27 participants (2.1%) had a history of nephrolithiasis.  Over a median fol-

low-up of 11.5 years (5th to 95th percentile interval, 2.2 to 26.5 years) 40 patients (9 women 

and 31 men) experienced recurrent (n = 16) or incident (n = 24) nephrolithiasis.  Table 1 lists 

the baseline characteristics of cases and non-cases.  Waist-to-hip ratio, serum magnesium, 

24-h urinary calcium, and the prevalence of a nephrolithiasis history were higher among 

cases than non-cases (p ≤ 0.026), whereas the opposite was observed for age, plasma glu-

cose and the percentage of women (p ≤ 0.019).  At baseline, cases had higher blood lead 

than non-cases (0.46 /L vs. 0.25 mol/L; p < 0.0001), whereas blood cadmium (10.9 vs. 9.0 

nmol/L; p = 0.10) and 24-h urinary cadmium (9.9 vs. 8.4 nmol/24 h; p = 0.20) were not statis-

tically significant different between cases and non-cases.   
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3.3. Unadjusted analyses.   Fig. 3 shows the sex- and age-standardized incidence ratio 

of kidney stone by tertiles of first measurements of blood lead and cadmium concentration 

and 24-h urinary cadmium excretion.  Compared to the low third of the blood lead distribution, 

the sex- and age-standardized rates of kidney stones were higher in the top third (0.68 vs. 

3.36 events per 1000 person-years; p = 0.0016).  The corresponding associations with blood 

cadmium (1.80 vs. 3.28 events per 1000 person-years; p = 0.11) and 24-h urinary cadmium 

(1.65 vs. 2.95 events per 1000 person-years; p = 0.28) were not significant.   

3.4. Adjusted analyses.   The baseline covariables retained in the stepdown procedure 

were sex, age, serum magnesium, and 24-h urinary volume and calcium.  The mutually ad-

justed hazard ratios were 0.34 (95% CI, 0.16 to 0.72; p = 0.0046) for being female, and per 

1-SD increment, 0.71 (95% CI, 0.50 to 1.01; p = 0.058) for age (+15 year), 1.65 (95% CI, 

1.15 to 2.37; p = 0.0068) for serum magnesium (+0.11 mmol/L), 0.65 (95% CI, 0.43 to 0.97; 

p = 0.037) for urinary volume (+0.65 L/24 h), and 1.36 (95% CI, 1.03 to 1.81; p = 0.033) for 

calcium excretion (+2.42 mmol/24 h).  The covariables not associated with the incidence of 

nephrolithiasis included body mass index, waist-to-hip ratio, mean arterial pressure, serum 

calcium, uric acid, -glutamyltransferase, plasma glucose, eGFR, smoking, treatment with 

thiazides, and occupational exposure.   

With adjustments applied for sex, age, serum magnesium, and 24-h urinary volume and 

calcium (Table 2), the hazard ratios expressing the risk of nephrolithiasis associated with a 

doubling of the exposure biomarker were 1.35 (p = 0.015) for blood lead, 1.13 (p = 0.22) for 

blood cadmium, and 1.23 (p = 0.070) for 24-h urinary cadmium.  The hazard ratios remained 

similar when for participants with repeat measurements of blood lead and cadmium (n = 

747) or 24-h urinary cadmium (n = 708), the single baseline measurement was substituted 

by the average of baseline and follow-up (Table 2).  The multivariable-adjusted hazard ratios 
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corrected for regression dilution bias were 1.44 (p = 0.015) for blood lead, 1.17 (p = 0.22) for 

blood cadmium, and 1.30 (p = 0.070) for 24-h urinary cadmium.   

3.5. Sensitivity analyses.   After exclusion of 16 patients with recurrent kidney stones, 

the multivariable-adjusted hazard ratio for nephrolithiasis associated with a doubling of the 

baseline blood lead concentration was 1.47 (95% CI, 1.09 to 1.98; p = 0.012).  When all 27 

patients with a history of nephrolithiasis at baseline were excluded, the corresponding haz-

ard ratio was 1.48 (95% CI, 1.10 to 2.00; p = 0.011).  Among participants not occupationally 

exposed, the hazard ratios for nephrolithiasis associated with a doubling of the baseline 

blood lead concentration was 1.43 (95% CI, 1.10 to 1.85; p = 0.0081).  Interaction term be-

tween blood lead and serum magnesium or 24-h urine volume were not significant when the 

interaction terms were included in the Cox regression model (p = 0.9 and p = 0.06, respec-

tively).  Finally, with adjustments applied as before, we constructed Cox models including 

both blood lead and 24-h urinary cadmium.  The hazard ratios associated with a doubling of 

the baseline values of these markers were 1.29 (95% CI, 0.99 to 1.68; p = 0.059) and 1.12 

(95% CI, 0.88 to 1.43; p = 0.36), respectively; after removal of 24-h urinary calcium from the 

model, these hazard ratios were 1.28 (95% CI, 0.99 to 1.66; p = 0.064) for blood lead and 

1.15 (95% CI, 0.91 to 1.47; p = 0.25) for 24-h urinary cadmium.   

4. Discussion   

To our knowledge, our current study is the first to assess the risk of nephrolithiasis in relation 

to environmental lead exposure.  The key finding was that blood lead – and surprisingly not 

blood cadmium or 24-h urinary cadmium – was a risk factor for nephrolithiasis.  Doubling of 

the blood lead concentration conferred a 35% increased risk.  Sensitivity analyses confined 

to incident nephrolithiasis with exclusion of kidney stone recurrence or considering both 

blood lead and 24-h urinary cadmium in the same model were confirmatory.  Several of our 
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observations with regard to the incidence of nephrolithiasis are in line with the literature and 

support the validity of our study endpoint.  In North America and the United States (Pak 

1998), the yearly incidence of nephrolithiasis is approximately 0.5%.  In our current study, it 

was similar (0.3%).  Second, nephrolithiasis is more common in men than in women 

throughout most of adult life except in the sixth decade, when the incidence falls in men but 

rises in women (Moe 2006).  In our study, women had a 66% lower risk than men had.  The 

most important pathophysiological factors for calcium nephrolithiasis are low urinary volume 

and hypercalciuria (Moe 2006).  In our study, 1-SD increments in 24-h urinary volume and 

calciuria at baseline were associated with 35% lower and 36% higher risk of nephroliths.   

The mechanisms underlying the association between kidney stone formation and lead 

exposure at the levels noticed in our current study remain to be elucidated.  Calcareous 

stones are by far the most common kidney nephroliths, accounting for more than 80% of 

cases (Coe et al. 2005; Moe 2006; Mandel and Mandel 1989; Pak et al. 2003).  Among 2800 

patients examined at a renal stone clinic in Southampton (Walker et al. 2013), most stones 

were calcium oxalate (89%) with a 1:4 ratio of calcium oxalate to mixed calcium oxalate 

phosphate stones.  Pure calcium phosphate stones were rare (2%).  In Sweden, around 

85% of all stones formed in the urinary tract can be classified as calcium stones, including 

calcium oxalate and calcium phosphate (Tiselius 2011).  As a divalent cation, lead has the 

ability to substitute for calcium ions and to compete with calcium at various target sites 

(Rosen 1983).  The extracellular Ca2+-sensing receptor is a physiological regulator of sys-

temic calcium homeostasis and is expressed in the kidney.  This receptor is promiscuous in 

that it binds to a number of divalent cations, including lead and cadmium (Handlogten et al. 

2000).  Defects in the renal handling of calcium ions can lead to hypercalciuria, kidney stone 

formation, and obstructive nephropathy (Renkema et al. 2011).  In a study of surgically re-

moved kidneys conducted in Merida (Yucatan, Mexico), the researchers (May-Ix et al. 2012) 
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did not detect any differences in the kidney tissue levels of lead and cadmium between 27 

patients with nephrolithiasis and 23 with other kidney disease (neoplasms, allograft rejection, 

congenital malformation or chronic infection).  However, this study (May-Ix et al. 2012) is dif-

ficult to interpret, because the control group did not consist of healthy people, because the 

age range was wide (1–75 years), and because the specific distribution of lead in the ex-

planted kidneys was unknown.  In addition, the prevalence of nephrolithiasis in Yucatan is 

higher than elsewhere in Mexico (5.5 vs. 0.2%) and the source and route of lead exposure 

remain unidentified (May-Ix et al. 2012).   

Approximately 95% of the total body burden of lead is stored in the skeleton (Hu et al. 

2007).  Lead is not only nephrotoxic, but osteotoxic as well (Angle et al. 1993).  In cross-

sectional analyses of our baseline data, with adjustments applied for sex and age, doubling 

of the blood lead concentration was associated with a 0.21 mmol/24-h higher calciuria (p = 

0.0009).  However, our observational study does not allow differentiating whether the hyper-

calciuria originated from the nephrotoxic or osteotoxic effects of lead or both.  Uric acid 

stones represent about 5 to 10% of nephroliths (Moe 2006).  In our study, however, serum 

uric acid did not differ between participants with and without kidney stones it (Table 2; p = 

0.10).  Nevertheless, kidney stones composed of uric acid occurring as a consequence of 

the decreased urinary excretion of uric acid may be partially explained by the lead-induced 

inhibition of urate secretion (Emmerson et al. 1971; Lin et al. 2002).   

Studies in workers (Elinder et al. 1985; Scott et al. 1982; Jarup and Elinder 1993; Jarup et 

al. 1997) and in residents of severely polluted villages in Thailand (Kaewnate et al. 2012) 

highlighted the risk of nephrolithiasis associated with cadmium exposure.  In the Belgian 

(Buchet et al. 1990) and Flemish population (Staessen et al. 1991; Staessen et al. 1999; 

Schutte et al. 2008) environmental exposure to cadmium increases the urinary excretion of 

calcium (Staessen et al. 1991), because of nephrotoxic (Buchet et al. 1990; Staessen et al. 
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1991) and osteotoxic effects (Schutte et al. 2008).  Nevertheless, large population studies on 

the relation between nephrolithiasis and environmental exposure to cadmium produced 

equivocal results (Ferraro et al. 2011; Thomas et al. 2013).  In a cross-sectional analysis of 

15,690 participants enrolled in NHANES III (National Health and Nutrition Examination Sur-

vey), there was no association among men, whereas women with a urinary cadmium excre-

tion greater than 1 g/g had a 40% higher risk of forming kidney stones than those with low-

er excretion (Ferraro et al. 2011).  In Sweden, researchers (Thomas et al. 2013) assessed 

cadmium exposure from dietary data and the concentration of cadmium in food.  Over 12 

years of follow-up, the incidence of nephrolithiasis ascertained by linkage with national regis-

tries amounted to 290 cases (0.88%) among 33,050 women (48–83 years) and 707 cases 

(1.99%) among 35,545 men (45–79 years), all free of nephroliths at baseline.  The multivari-

able-adjusted hazard ratios contrasting the top with the low tertile of the distribution of esti-

mated dietary exposure were 0.99 (95% CI, 0.89–1.43) in women and 0.97 (95% CI, 0.77–

1.23) in men (Thomas et al. 2013).  In our study, urinary and blood cadmium were not asso-

ciated with nephrolithiasis.  Environmental exposure to cadmium is often associated with 

lead exposure, whereby lead may modify the toxic effect of cadmium, or vice versa, depend-

ing on the exposure levels to each metal (Åkesson et al. 2005; Hambach et al. 2013).  In our 

present study, when we included both blood lead and 24-h urinary cadmium in the Cox mod-

els, blood lead retained marginal statistical significance in relation to nephrolithiasis (p = 

0.059), whereas 24-h urinary cadmium was far from significant (p = 0.36).   

Blood and urinary cadmium were used for the assessment of recent and lifetime exposure 

to cadmium, respectively.  However, at low exposure, urinary cadmium varies widely within 

and between individuals depending on individual exposure levels over time (Bernard 2015).  

Moreover, low-level urinary cadmium increases with proteinuria and essential element defi-

ciencies, because cadmium follows the same transport pathways as plasma proteins for its 
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urinary excretion and as essential elements for its intestinal absorption (Bernard 2015).  In 

addition to the inaccuracy of low-level urinary cadmium as biomarker of lifelong exposure, 

other factors might explain the lack of association between nephrolithiasis and cadmium in 

our current study.  First, considering that over the duration of follow-up, blood and urinary 

cadmium declined by about one fifth, the exposure might have been too low to result in a 

significant association between nephrolithiasis and biomarkers of cadmium exposure.  Sec-

ond, although our current results are in line with the recently published population data on 

the relation between nephrolithiasis and cadmium exposure (Ferraro et al. 2011; Thomas et 

al. 2013), the number of incident cases might have been too small to demonstrate a signifi-

cant association between nephrolithiasis and exposure to cadmium.  On the other hand, our 

study also has strengths, including the long-term follow-up, the blinded adjudication of end-

points against the medical records of general practitioners and hospitals, and the duplicate 

measurement of blood lead in approximately 60% of our study population, making a correc-

tion of the hazard ratios for regression dilution bias possible (Frost and Thompson 2000; 

Gasowski et al. 2008).  

Our study should be interpreted within the context of its possible limitations.  First, we 

have no information of the composition of the nephroliths.  The presence of trace elements 

in nephroliths may be indicative of environmental pollution and identify the causative toxin 

(Giannossi et al. 2013).  Second, we could not establish whether the increased calciuria as-

sociated with lead exposure resulted from nephrotoxic or osteotoxic effects.  However, ex-

cluding 24-h urinary calcium, which reflects the distal part of pathophysiological pathway 

leading to stone formation from models including both blood lead and urinary cadmium, did 

not materially change the hazard ratios.  Third, most of our baseline data (64.6%) were col-

lected from 1985 until 1989.  Over this period, blood lead and cadmium and urinary cadmium 

averaged 0.43 mol/L (89 g/dL), 11.5 nmol/L (1.3 g/L), and 10.7 nmol/24 h (1.2 g/24 h), 
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respectively.  In our participants with repeat assessment of their exposure, over 5 years, 

blood lead and cadmium and 24-h urinary cadmium dropped by approximately 17%, 19% 

and 22%, respectively.  Extrapolating from this observation and assuming a linear time trend, 

over 15 years, blood lead and cadmium and the urinary cadmium excretion might have 

dropped to 0.25 mol/L (52 g/L), 6.0 nmol/L (0.7 g/L), and 5.1 nmol/24 h (0.6 g/24 h).  

Along similar lines, in the United States, NHANES documented a progressive decline in the 

geometric blood lead concentration and urinary cadmium over time.  Among adults, mean 

blood lead levels decreased from 0.63 mol/L (13 g/L) in NHANES II (1976–1980) (Pirkle et 

al. 1994; Gartside 1988) to 0.13 mol/L (28 g/L) in NHANES III (1988–1994) (Muntner et al. 

2005) and next to 0.07 mol/L (15 g/L) in NHANES IV (2003–2010) (Hara et al. 2014).  Uri-

nary cadmium concentrations also decreased by 34.3% from 1988–1994 to 2003–2008 in 

the US adult population (Tellez-Plaza et al. 2012).  Thus, in the developed world, current ex-

posure levels are substantially lower than noticed in our study.  Whether at current exposure 

levels, the risk of nephrolithiasis remains elevated remains unknown.  Finally, approximately 

95% of the total body burden of lead is present in the skeleton and measurement of bone 

lead levels can provide a more reliable measure of the internal dose (Hu et al. 2007).  Blood 

lead reflects both recent exogenous exposure and endogenous redistribution of the lead 

stored in bone, but may underestimate the internal dose of lead.  We did not collect any in-

formation on bone lead in our participants.   

In our current study, contaminated soils and house dust were the most important sources 

of exposure to lead and cadmium (Hogervorst et al. 2007).  The Flemish Government start-

ed sanitization of contaminated soils after we showed association between lung cancer and 

exposure to cadmium (Nawrot et al. 2006).  In the developing world, environmental exposure 

to lead remains a public health problem.  Average levels of blood lead are 0.67 mol/L (13.9 
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g/dL) and 1.23 mol/L (25.5 g/dL) in normotensive and hypertensive inhabitants living in 

Rawalpindi, Pakistan (Rahman et al. 2006), 0.69 mol/L (14.4 g/dL) and 0.49 mol/L (10.2 

g/dL) in smoking and non-smoking Egyptian men (Mortada et al. 2004), and 1.47 mol/L 

(30.1 g/dL) and 1.22 mol/L (28.8 g/dL) in Ibadan and less urbanized towns of South 

Western Nigeria (Adebamowo et al. 2006).  Moreover, there is an Afro-Asian stone-forming 

belt stretching from Sudan, over the Arab countries, Pakistan and India and South-East Asia 

to the Philippines, where the prevalence of nephrolithiasis ranges from 4% to 20% (Dirks et 

al. 2006).  Foremost, reducing exposure to pollutants is of paramount importance.  Further-

more, nephrolithiasis is preventable by increasing diuresis, dietary measures, hypocalciuric 

agents such as thiazide diuretics, and potassium alkali treatment (Moe 2006).  Such 

measures are cost effective (Lotan et al. 2012).  It is within this context, that the clinical im-

plications of our study should be gauged.   

In conclusion, our results suggest that in the general population low-level lead exposure is 

associated with kidney stone formation.  Further experimental research should clarify the 

nephrotoxic and osteotoxic mechanisms underlying the pathogenesis.  Furthermore, our cur-

rent findings need replication, in particular at exposure levels lower than in the present study.  

Finally, human studies in workers and populations should provide further information on the 

dose-effect and dose-response curves relating lead exposure to kidney stone incidence.  
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Table 1.   Baseline characteristics.   

Characteristic  All  Non-cases  Cases  p  

Number  1302  1262  40   

Mean of characteristics (SD)      

Age (years)  47.6 (15.6)  47.8 (15.7)  41.9 (10.8)  0.019  

Body mass index (kg/m2)  26.0 (4.4)  26.0 (4.4)  25.8 (3.3)  0.76  

Waist-to-hip ratio  0.86 (0.09)  0.86 (0.09)  0.89 (0.07)  0.026  

Mean arterial pressure (mmHg)  93.0 (10.6)  93.0 (10.6)  92.2 (8.6)  0.64  

Serum total calcium (mmol/L)  2.36 (0.10)  2.36 (0.10)  2.39 (0.08)  0.088  

Serum magnesium (mmol/L)  0.93 (0.11)  0.93 (0.11)  0.99 (0.09)  0.0007  

eGFR (mL/min/1.73 m2)  74.1 (18.0)  74.0 (18.1)  78.4 (14.7)  0.12  

Serum uric acid (µmol/L)   299 (78)  299 (79)  318 (69)  0.12  

24-h urine volume (L)   1.64 (0.65)  1.64 (0.65)  1.45 (0.61)  0.060  

Calcium excretion (mmol/24 h)  4.3 (2.4)  4.3 (2.4)  5.5 (2.4)  0.0016  

Geometric mean (IQR)      

Plasma glucose (mmol/L)  4.8 (4.2–5.5)  4.8 (4.2–5.5)  4.4 (3.9–4.8)  0.011  

Serum-glutamyltransferase (U/L)  19.1 (12.5–26.0)  19.1 (12.5–26.0)  21.2 (16.1–32.1)  0.27  

Blood lead, baseline (µmol/L)  0.29 (0.16–0.50)  0.28 (0.16–0.49)  0.46 (0.35–0.64)  <0.0001  

Blood lead, mean (µmol/L)a  0.26 (0.15–0.43)  0.25 (0.15–0.43)  0.38 (0.28–0.52)  0.0004  

Blood cadmium, baseline (nmol/L)  9.0 (5.3–16.0)  9.0 (5.3–16.0)  10.9 (6.7–21.4)  0.10  

Blood cadmium, mean (nmol/L)a   8.2 (4.9–14.2)  8.2 (4.9–14.2)  9.1 (5.6–16.0)  0.39  

Urinary cadmium, baseline (nmol/24 h)  8.5 (5.0–13.7)  8.4 (4.9–13.7)  9.9 (6.6–13.9)  0.20  

Urinary cadmium, mean (nmol/24 h)a   8.1 (4.9–13.0)  8.0 (4.9–12.9)  9.4 (6.4–14.9)  0.17  

Number with characteristics (%)       

Women  663 (50.9)  654 (51.8)  9 (22.5)  0.0003  

Intake of thiazides  89 (6.8)  88 (7.0)  1 (2.5)  0.52  

Smoker  456 (35.0)  438 (34.7)  18 (45.0)  0.18  

Drinking alcohol  332 (25.5)  325 (25.8)  7 (17.5)  0.27  

Middle and upper class  346 (26.6)  334 (26.5)  12 (30.0)  0.59  

Occupational exposure  60 (4.6)  57 (4.5)  3 (7.5)  0.43  

Nephrolithiasis history  27 (2.1)  11 (0.87)  16 (40.0)  <0.0001  

IQR indicates interquartile range.  eGFR is the glomerular filtration rate derived from serum creatinine using the Chronic 

Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (Levey et al. 2009).  To convert lead from mol/L to 

g/dL, multiply by 20.721.  To convert cadmium from nmol/L to g/L, multiply by 0.112397.  
aMean indicates that for participants with repeat measurements of blood lead and cadmium (n = 747) or 24-h urinary 
cadmium (n = 708), the single baseline measurement was substituted by the average of baseline and follow-up.   
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Table 2.   Hazard ratios expressing the risk of nephrolithiasis associated with  

exposure to metals.  

Predictor variable   Hazard ratio  

95% confidence interval  

p  

Blood lead     

Baseline   1.35 (1.06–1.73)  0.015  

Meana   1.32 (1.03–1.71)  0.031  

Baseline corrected for RDB   1.44 (1.07–1.93)  0.015  

Blood cadmium     

Baseline   1.13 (0.93–1.38)  0.22  

Meana   1.12 (0.92–1.37)  0.26  

Baseline corrected for RDB   1.17 (0.91–1.49)  0.22  

24-h urinary cadmium excretion     

Baseline   1.23 (0.98–1.54)  0.070  

Meana   1.25 (1.01–1.58)  0.054  

Baseline corrected for RDB   1.30 (0.98–1.74)  0.070  

RDB, regression dilution bias.  Hazard ratios express the risk of nephrolithiasis associated 
with a doubling of exposure.  Hazard ratios were adjusted for sex, age, serum magnesium, 
and 24-h urinary volume and calcium.   
aMean indicates that for participants with repeat measurements of blood lead and cadmium 
(n = 747) or 24-h urinary cadmium (n = 708), the single baseline measurement was substi-
tuted by the average of baseline and follow-up.   
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Legends to figures  

Fig 1.  Flow of participants from enrolment to analysis.   

Fig. 2.  Distributions of blood lead (A), blood cadmium (B) and 24-hour urinary cadmium (C) at 

baseline and follow-up in participants with repeat assessment of exposure.  Shaded columns 

and full lines depict baseline (BS) and open columns and dotted lines follow-up (FU).  The 

number of participants, geometric means, and percent changes (%; baseline minus follow-up) 

are given.   

Fig. 3.  Incidence of nephrolithiasis per 1000 person-years by tertiles of the distributions of 

blood lead (A), blood cadmium (B) and 24 h urinary cadmium (C).  Incidence rates were stand-

ardized for sex and age (<40, 40–59, ≥60 years) by the direct method.   
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Fig. 1. 

  Flow of participants from enrolment to analysis.   
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Fig. 2. 

  Distributions of blood lead (A), blood cadmium (B) and 24-hour urinary cadmium (C) at baseline and follow-up in participants with repeat as-

sessment of exposure.  Shaded columns and full lines depict baseline (BS) and open columns and dotted lines follow-up (FU).  The number of 

participants, geometric means, and percent changes (%; baseline minus follow-up) are given.   
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Fig. 3. 

  Incidence of nephrolithiasis per 1000 person-years by tertiles of the distributions of blood lead (A), blood cadmium (B) and 24-h urinary cadmium (C).  Inci-

dence rates were standardized for sex and age (<40, 40–59, ≥60 years) by the direct method.   
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