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abstract
background

Previous research suggests that environmental lead exposure correlates with age-related
decreases in renal function.
methods

Two hundred two patients with chronic renal insufficiency (indicated by a serum creatinine level between 1.5 mg per deciliter and 3.9 mg per deciliter) who had a normal total-body lead burden and no history of exposure to lead were observed for 24 months.
After the observation period, 64 subjects with an elevated body lead burden were randomly assigned to the chelation control groups. For three months, the patients in the
chelation group received lead-chelation therapy with calcium disodium EDTA, and the
control group received placebo. During the ensuing 24 months, repeated chelation
therapy was administered weekly to 32 patients with high-normal body lead burdens
(at least 80 µg but less than 600 µg) unless on repeated testing the body lead burden
fell below 60 µg; the other 32 patients served as controls and received weekly placebo
infusions for 5 weeks every 6 months. The primary end point was an increase in the
serum creatinine level to 1.5 times the base-line value during the observation period. A
secondary end point was the change in renal function during the intervention period.
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results

The primary end point occurred in 24 patients during the observation period; the serum creatinine levels and body lead burden at base line were the most important risk
factors. The glomerular filtration rate improved significantly by the end of the 27-month
intervention period in patients receiving chelation therapy: the mean (±SD) change
in the glomerular filtration rate in the patients in the chelation group was 2.1±5.7 ml
per minute per 1.73 m2 of body-surface area, as compared with –6.0±5.8 ml per minute
per 1.73 m2 of body-surface area in the controls (P<0.001). The rate of decline in the glomerular filtration rate in the chelation group was also lower than that in the controls
during the 24-month period of repeated chelation therapy or placebo.
conclusions

Low-level environmental lead exposure may accelerate progressive renal insufficiency
in patients without diabetes who have chronic renal disease. Repeated chelation therapy may improve renal function and slow the progression of renal insufficiency.
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mg per deciliter (132.6 µmol per liter) and 3.9 mg
per deciliter (344.8 µmol per liter), with a decrease
in the glomerular filtration rate of less than 5 ml per
minute over a period of at least six months; blood
pressure less than 140/90 mm Hg; a cholesterol level below 240 mg per deciliter (6.21 mmol per liter);
daily protein intake under 1 g per kilogram of body
weight; and no known history of exposure to lead
or other heavy metals (body lead burden, less than
600 µg [2.90 µmol], as measured by EDTA mobilization testing and 72-hour urine collection). Specific renal diagnoses were based on the patient’s history and the results of laboratory evaluations, renal
imaging, and renal histologic examination.22
The exclusion criteria were renal insufficiency
with a potentially reversible cause, such as malignant hypertension, urinary tract infection, hypercalcemia, or drug-induced nephrotoxic effects; systemic diseases, such as connective-tissue diseases or
diabetes mellitus; use of drugs that might alter the
course of renal disease, such as nonsteroidal antiinflammatory agents, steroids, or immunosuppressive drugs; rapidly progressive glomerulonephritis
or a high level of 24-hour urinary protein excretion
(more than 8 g per day); previous marked exposure
to lead (lead poisoning or occupational exposure);
drug allergies; and absence of informed consent.
Blood pressure was controlled with diuretics and
angiotensin-converting–enzyme inhibitors, with
or without nondihydropyridine calcium-blocking
agents. No angiotensin-receptor–antagonist agents
were used. Patients with normal blood pressure were
not prescribed angiotensin-converting–enzyme inhibitors, in accordance with practice in Taiwan at
the time of the study. Blood pressure, cholesterol,
and protein intake were well controlled in all patients. Calcium carbonate was prescribed to control
phosphate levels. No patients received vitamin D3
supplements or erythropoietin treatment. The patients received dietary consultation, with recommendation of a normal-protein diet (0.8 to 1.0 g of protein per kilogram of body weight per day, provided
by foods such as meat, fish, chicken, and eggs).
A nutritionist reviewed the dietary intake of each
methods
patient every three to six months, and 24-hour urea
subjects
excretion was measured every three months to deThe Medical Ethics Committee of Chang Gung termine nitrogen balance and dietary compliance.23
Memorial Hospital in Taipei, Taiwan, approved the
protocol, and all patients provided written informed measurements of blood lead levels
and body lead burden
consent.
Patients from 18 through 80 years of age who Blood lead levels and body lead burden were meashad chronic renal insufficiency were eligible if they ured as described previously.15,16,22 Body lead burhad a serum creatinine concentration between 1.5 den was measured by EDTA-mobilization tests de-

l

ead-induced nephropathy is well
recognized in persons with a high level of
exposure to lead.1-4 Several epidemiologic
studies5-7 have demonstrated a positive association
between blood lead levels and the rate of the usual
decrease in renal function that occurs with age in
the general population. However, those studies did
not control for factors that influence progression,
such as blood pressure, the presence or absence of
hyperlipidemia, and urinary protein excretion.8-13
The blood lead level reflects only recent lead exposure and not the lead burden of the body. Thus,
whether low-level environmental lead exposure influences the progression of renal insufficiency remains unknown.
The most reliable methods of measuring body
lead burden are bone x-ray fluorescence studies and
calcium disodium EDTA mobilization tests.14 A person with a body lead burden of more than 600 µg
(2.90 µmol), as assessed by calcium disodium
EDTA mobilization, is considered to have lead poisoning. We previously conducted EDTA-mobilization tests to assess the body lead burden of patients
without known lead exposure who had renal insufficiency15-20; the results suggest that long-term lowlevel environmental lead exposure may be associated with the progression of renal insufficiency,15,16
as well as with renal tubular and glomerular damage
in the general population.19,20 Although short-term
lead-chelation therapy has been used to improve renal function and slow the progression of renal insufficiency in lead workers,9 in patients with chronic renal insufficiency,15 and in rats with long-term
low-level lead exposure,21 the efficacy of long-term,
repeated lead-chelation therapy in slowing progressive renal insufficiency remains undetermined.
We conducted a 24-month prospective observational study, followed by a 27-month placebo-controlled clinical trial of chelation therapy, to determine whether chronic, low-level environmental lead
exposure influences the progression of renal insufficiency and whether chelation can retard its course.

278

n engl j med 348;4

www.nejm.org

january 23, 2003

Downloaded from www.nejm.org by MR STEPHEN W. ANDRIKO on February 17, 2005 .
Copyright © 2003 Massachusetts Medical Society. All rights reserved.

lead-chelation therapy and progression of renal insufficiency

veloped by Emmerson and modified by Behringer
et al.24 Blood lead levels and body lead burden assessed by 72-hour urinary lead excretion after the
intravenous infusion of 1 g of calcium disodium
EDTA (edetate calcium disodium [Calcium Disodium Versenate], Abbott Laboratories) were measured
by electrothermal atomic-absorption spectrometry
(model 5100 PC, Perkin-Elmer) with Zeeman background correction and a L’vov platform. Internal
and external quality-control procedures yielded consistently satisfactory results.22
study protocol

Base-Line Data-Collection Period

a 1:1 ratio. During the first three months, the patients in the chelation group received intravenous
infusions of one vial (1 g) of calcium disodium
EDTA mixed with 200 ml of normal saline over a
period of two hours weekly unless the body lead
burden fell below 60 µg (0.29 µmol). Control patients received weekly infusions of one vial (20 ml)
of 50 percent glucose mixed with 200 ml of normal
saline over a period of two hours for five weeks.16
Laboratory measurements were performed every 3 months for an additional 24 months after the
initial placebo or chelation therapy to document
possible changes in renal function. The patients in
the chelation group received repeated lead-chelation
therapy with weekly infusions of 1 g of calcium disodium EDTA, as in the first three months, if their
body lead burden, assessed every six months during this period, exceeded 60 µg. Control patients
received placebo weekly for five weeks every six
months during this period.

Base-line blood lead levels, hemoglobin levels, and
body lead burden were assessed for nine months
before the study in 250 patients. Serum creatinine,
blood urea nitrogen, and cholesterol, as well as urinary protein, creatinine, and urea excretion, were
measured every three months with use of an autoanalyzer system (Hitachi) to ensure that the entry criadherence
teria were met.
Patients were withdrawn from the study if they
dropped out or if there was nonadherence to therLongitudinal Observation Period
Serum creatinine, blood urea nitrogen, and choles- apy, development of poorly controlled hypertenterol, as well as urinary protein, creatinine, and urea sion (blood pressure above 160/95 mm Hg), hyperexcretion, were determined every three months from lipidemia (cholesterol above 260 mg per deciliter
month 0 to month 24 in 202 patients who complet- [6.72 mmol per liter]), a protein intake exceeding
ed the observation period. Urinary excretion meas- 1.5 g per kilogram per day for more than six months,
urements were the average of values from two con- or acute deterioration of renal function.
secutive 24-hour urine collections. Renal function
was assessed by measurement of creatinine clear- outcome measures
ance and estimation of the glomerular filtration rate The primary end point was an increase in serum
(both in milliliters per minute per 1.73 m2 of body- creatinine to 1.5 times the base-line value, measured
on two occasions one month apart, or the need for
surface area).25
hemodialysis during the longitudinal observation
Intervention Period
period. A secondary end point was a change in the
The 24-month observational study was followed creatinine clearance or glomerular filtration rate
by a single-blind, randomized, placebo-controlled during the intervention period.
study, lasting a total of 27 months, in which all patients were randomly assigned to receive placebo or statistical analysis
chelation therapy during the first 3 months and then The sample size was calculated with PASS software
received either placebo or repeated chelation thera- (power analysis and sample-size package, NCSS
statistical software). For a two-sided test at the 0.05
py, if necessary, over the next 24 months.
On the basis of previous work,16 a high-normal significance level, a sample size of 64 patients (32
body lead burden was defined as at least 80 µg in each group) would be sufficient to permit the
(0.39 µmol) and less than 600 µg (2.90 µmol) of study to detect a difference between treatment
lead. Among the 202 patients who completed the groups in the rate of change in the glomerular filobservation period, 64 with high-normal body lead tration rate of 0.31 ml per minute per three-month
burden and serum creatinine levels of less than 4.2 interval, with a power of 0.95. The Cox proportionmg per deciliter (371.3 µmol per liter) were ran- al-hazards model was used to determine the signifdomly assigned to the control or chelation group in icance of the variables in predicting the primary
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end point during the observation period. This model considered all variables related to the progression
of renal insufficiency in the literature.4-6 To examine further whether a predictor was associated with
the progression of renal insufficiency in the study
subjects during the observation period, generalized estimating equations were used in longitudinal multivariate analyses with SAS statistical software (version 6.12). The differences in the rates of
progressive renal failure between the two groups
were analyzed with a chi-square test, a paired t-test,
and Student’s t-test. The Mann–Whitney U test was
used for data that were not normally distributed. All
P values were two-tailed, and all results are presented as means ±SD. An intention-to-treat analysis was
performed, but a sensitivity analysis was not performed, because only three patients were lost to follow-up during the intervention period. Randomization was performed by the random-digit method,
on the basis of computer-generated numbers.

results
longitudinal observation period

Two hundred two of the 250 patients initially enrolled completed the 24-month observation period (167 men and 35 women) (Fig. 1). At base line,
the patients’ mean age was 56.6±12.6 years (range,
25 to 80); their body-mass index (the weight in
kilograms divided by the square of the height in
meters), 25.4±3.5 (range, 17.7 to 35.0); serum creatinine level, 2.1±0.6 mg per deciliter (185.6±
53.0 µmol per liter; range, 1.5 to 3.9 mg per deciliter [132.6 to 344.8 µmol per liter]); creatinine
clearance rate, 40.0±13.1 ml per minute per 1.73 m2
of body-surface area (range, 12.7 to 72.7); estimated glomerular filtration rate, 41.6±14.4 ml per
minute per 1.73 m2 of body-surface area (range,
16.0 to 81.3); daily protein excretion, 0.82±1.01 g
(range, 0.03 to 6.5 g); daily protein intake, 0.87±
0.23 g per kilogram (range, 0.29 to 1.82); blood
lead level, 5.3±2.9 µg per deciliter (0.26±0.14 µmol
per liter; range, 0.6 to 16.1 µg per deciliter [0.03 to
0.78 µmol per liter]); and body lead burden, 104.5±
106.3 µg (0.50±0.51 µmol; range, 80 to 596 µg [0.39
to 2.88 µmol]). Forty-six patients (22.8 percent) had
hyperlipidemia. One hundred thirty-nine patients
(68.8 percent) had hypertension, which was treated
with angiotensin-converting–enzyme inhibitors in
125 (61.9 percent). Nineteen patients (9.4 percent)
smoked.
Underlying renal diseases included chronic glo-
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merulonephritis in 102 patients (50.5 percent), hypertensive nephropathy in 23 (11.4 percent), analgesic nephropathy in 25 (12.4 percent), polycystic
kidney disease in 14 (6.9 percent), obstructive uropathy in 9 (4.5 percent), and unknown diseases in
29 (14.4 percent). At the end of the 24-month observation period, the serum creatinine level was 2.6±1.2
mg per deciliter (229.8±106.1 µmol per liter; range,
1.5 to 8.6 mg per deciliter [132.6 to 760.2 µmol per
liter]), the creatinine clearance rate was 36.1±14.6
ml per minute per 1.73 m2 of body-surface area
(range, 8.3 to 72.1), and the estimated glomerular
filtration rate was 36.5±14.6 ml per minute per
1.73 m2 of body-surface area (range, 7.9 to 70.6).
Twenty-four patients reached the primary end
point during the observation period, but none needed hemodialysis. Cox regression analysis showed
that the base-line creatinine level and body lead
burden were the most significant risk factors for
the progression of renal insufficiency, even after
adjustment for other factors (Table 1). Longitudinal multivariate analysis with a generalized estimating equation of the data from all patients revealed that higher base-line serum creatinine level,
higher body lead burden, higher daily urinary protein excretion, and the presence of polycystic kidney disease were significant predictors of progressive decline in the glomerular filtration rate but that
male sex and higher daily protein intake were significant predictors of a progressive increase in the
glomerular filtration rate. Specifically, each increase
of 100 µg (0.5 µmol) in the body lead burden led to
a decrease in the glomerular filtration rate of 0.3 ml
per minute per 1.73 m2 of body-surface area during
the observation period, after adjustment for other
factors (P<0.001) (Table 2).
intervention period

Initial Chelation Therapy

A total of 64 patients with a high-normal body lead
burden participated in the intervention trial. They
were randomly divided into two groups, consisting
of 32 patients each. One group received chelation
therapy for three months, and the other (the controls) received placebo. The groups had similar
base-line characteristics (Table 3). After three
months of lead-chelation therapy, the body lead burden of the patients in the chelation group decreased
to 43.2±22.3 µg (0.21±0.11 µmol; range, 2.5 to
59.8 µg [0.01 to 0.29 µmol]), and their blood lead
levels decreased to 3.9±1.3 µg per deciliter (0.19±
0.06 µmol per liter; range, 1.9 to 7.1 µg per decili-
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250 Patients with serum creatinine ≥1.5
and ≤3.9 mg/dl, without previous lead
exposure, and body lead burden <600 µg

12 with poor blood-pressure control
11 with poor cholesterol control
8 with poor dietary-protein control
6 with drug-related acute renal failure
11 lost to follow-up for unknown reasons

202 Patients completed the 24-month
longitudinal observation period

107 with body lead burden <80 µg excluded
31 with body lead burden ≥80 µg and <600 µg
and serum creatinine >4.2 mg/dl excluded

64 Patients with body lead burden ≥80 µg
and <600 µg and serum creatinine ≤4.2 mg/dl
randomly assigned to treatment

32 Patients assigned to
lead-chelation therapy

32 Patients assigned
to placebo

Initial 3 months of
chelation therapy

Initial 3 months of
placebo

24 Months of repeated
chelation as needed

24 Months of placebo

2 lost to follow-up

1 lost to follow-up

31 Patients completed
the 27-month study

30 Patients completed
the 27-month study

Figure 1. Flow Chart Showing the Enrollment and Status of Patients.
To convert values for serum creatinine to micromoles per liter, multiply by 88.4. To convert values for body lead burden
to micromoles, multiply by 0.004826.
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Table 1. Cox Regression Analysis of the Overall Risk of the Primary Outcome of Progressive Renal Insufficiency
in 202 Patients, According to Base-Line Prognostic Factors.*
Variable

Relative Risk (95% CI)

P Value

Age (each increment of 1 yr)

1.02 (0.98–1.05)

0.43

Female sex

1.88 (0.67–5.29)

0.23

Base-line body-mass index (each increment of 1)

0.92 (0.80–1.07)

0.28

Smoking

2.61 (0.85–8.00)

0.09

Base-line serum creatinine (each increment of 1 mg/dl [88 µmol/liter])

2.75 (1.46–5.18)

0.002

Body lead burden (each increment of 1 µg)

1.00 (1.00–1.01)

0.03

Base-line daily protein excretion (each increment of 1 g)

1.32 (0.97–1.81)

0.07

Base-line daily protein intake (each increment of 1 g/kg)

0.47 (0.05–3.91)

0.47

Hypertension

1.50 (0.52–4.31)

0.46

Hyperlipidemia

1.42 (0.53–3.80)

0.49

Chronic glomerulonephritis

0.75 (0.26–2.13)

0.59

* CI denotes confidence interval. The body-mass index is the weight in kilograms divided by the square of the height in meters. The
primary end point was defined as an increase in the serum creatinine level to 1.5 times the base-line value during the observation
period.

Table 2. Longitudinal Analysis of Predictors of Progressive Change in the
Glomerular Filtration Rate, with Use of Generalized Estimating Equations,
in 202 Patients during the 24-Month Longitudinal Observational Period.
Estimate
(Interactive Effect)* P Value

Variable
Age (each increment of 1 yr)

¡0.0017

0.70

0.3475

0.01

Body-mass index (each increment of 1)

¡0.0041

0.80

Hyperlipidemia (yes vs. no)

Sex (male vs. female)

¡0.0011

0.99

Hypertension (yes vs. no)

0.0689

0.59

Smoking (yes vs. no)

0.0178

0.94

Base-line serum creatinine
(each increment of 1 mg/dl [88 µmol/liter])

¡0.2142

0.004

Body lead burden (each increment of 1 µg)

¡0.0030

<0.001

Daily protein excretion (each increment of 1 g)

¡0.2799

<0.001

Daily protein intake (each increment of 1 g/kg)

0.5765

0.007

¡0.1855
¡0.1704
0.0348
¡0.8159
0.3918
—

0.25
0.40
0.87
0.02
0.20
—

Underlying disease
Chronic glomerulonephritis
Hypertensive nephropathy
Analgesic nephropathy
Polycystic kidney disease
Obstructive uropathy
Unknown†

* The interactive effect of variables was calculated by generalized estimating equations. Negative values for the interactive effect indicate a decline in the glomerular
filtration rate, and positive values indicate an increase.
† The unknown group was the reference group.
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ter [0.09 to 0.34 µmol per liter]). The therapeutic
dose of calcium disodium EDTA averaged 5.2±2.0 g
(range, 4 to 13). The change in the glomerular filtration rate in the chelation group was 3.4±4.4 ml
per minute per 1.73 m2 of body-surface area, as
compared with ¡1.0±3.7 ml per minute per 1.73 m2
of body-surface area in the control group (P<0.001
by the Mann–Whitney U test) after initial chelation
therapy (Table 4).
There were no significant differences between
the two groups in body-mass index, mean arterial
pressure, serum cholesterol level, daily urinary protein excretion, or daily protein intake throughout
the intervention period. The improvement in renal
function and the slower progression of renal insufficiency after initial chelation therapy in the chelation group persisted for at least 24 months (Table 4).
In contrast, the rate of decline in the glomerular filtration rate in both groups was similar during the
observation period (Fig. 2).
Repeated Chelation Therapy

Nineteen patients in the chelation group (59 percent)
required repeated chelation therapy because they
had serum creatinine levels that increased above
their pre-chelation levels (the base-line levels at the
beginning of the intervention period). None required more than one repeated chelation treatment
during the 24 months after the initial 3 months of
therapy. The mean body lead burden of these pa-
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tients increased to 111.2±49.3 µg (0.54±0.24 µmol;
range, 63 to 246 µg [0.30 to 1.19 µmol]), and the
mean dose of calcium disodium EDTA for repeated
chelation therapy was 4.1±0.9 g (range, 3 to 5). The
average time between initial and subsequent chelation therapy was 13.7±4.4 months (range, 6 to 18),
and the mean body lead burden after repeated chelation therapy was 33.8±22.0 µg (0.16±0.11 µmol;
range, 0 to 59.2 µg [0 to 0.29 µmol]) in these patients. The glomerular filtration rate improved from
29.5±9.7 ml per minute per 1.73 m2 of body-surface area before repeated chelation to 34.5±11.6 ml
per minute per 1.73 m2 of body-surface area after
repeated chelation (P<0.001 by the paired t-test).
No adverse effects of chelating agents were noted.
One of the 32 patients in the chelation group and
2 control patients were not followed during the final 24 months of the intervention period, for unknown reasons.

discussion
The results of the present study indicate that body
lead burden and initial serum creatinine levels may
be important in determining the progression of
renal insufficiency. Each increase of 100 µg (0.5
µmol) in the body lead burden was associated with
a decrease in the glomerular filtration rate of 0.3 ml
per minute per 1.73 m2 of body-surface area, after
adjustment for other factors (P<0.001). The mean
blood lead level of the study participants was only
5.3 µg per deciliter, whereas the mean body lead
burden was 104.5 µg — far less than the upper limit of the normal range (blood lead level, 20 µg per
deciliter [0.97 µmol per liter]; body lead burden,
600 µg [2.90 µmol]).13 The mean blood lead level
in our patients was similar to that reported in a nationwide survey of lead levels in Taiwan (7.7 µg per
deciliter [0.37 µmol per liter])26 and lies within the
range reported for the general population in Europe
(11.4 µg per deciliter [0.55 µmol per liter])11 and the
United States (2.8 µg per deciliter [0.14 µmol per liter]).27 These findings suggest that chronic low-level environmental lead exposure may subtly influence
the progression of renal insufficiency in patients
without diabetes who have chronic renal disease.
After initial lead-chelation therapy, the body lead
burden in the chelation group decreased from 150.9
µg (0.73 µmol) to 43.2 µg (0.21 µmol), and the glomerular filtration rate increased by 11.9 percent.
Simultaneously, the glomerular filtration rate in the
control group decreased by 3.6 percent, a result consistent with our earlier report.15
n engl j med 348;4

Table 3. Base-Line Characteristics of Patients in the Chelation and Control
Groups with a High-Normal Body Lead Burden at Entry into the Trial.*

Variable

Chelation
Group
(N=32)

Control
Group
(N=32)

Age (yr)
Mean ±SD
Range

57.9±10.7
39–79

57.6±12.8
27–80

26
6

25
7

24.9±2.6
20.4–30.5

25.1±3.5
19.4–31.9

2.7±0.9
1.6–4.1

2.6±0.5
1.5–3.8

Creatinine clearance rate (ml/min/1.73 m2)
Mean ±SD
Range

32.3±12.9
14.8–58

31.6±9.9
17.5–55.1

Glomerular filtration rate (ml/min/1.73 m2)
Mean ±SD
Range

32.0±12.1
18.0–55.8

31.5±9.0
17.8–56.6

Blood lead (µg/dl)§
Mean ±SD
Range

6.1±2.5
2.4–12.3

5.9±3.0
1.3–14.8

150.9±62.4
81.0–349.8

144.5±87.9
80.0–530

Hyperlipidemia (no. of patients)¶

18

20

0.76

Hypertension (no. of patients)¿

22

24

0.78

Use of angiotensin-converting–enzyme
inhibitors for hypertension
(no. of patients)

20

24

0.42

Use of nondihydropyridine calcium-channel
blockers (no. of patients)

16

18

0.63

Use of dihydropyridine calcium-channel
blockers (no. of patients)

8

6

0.56

Smoking (no. of patients)

3

2

1.0

16
3
1
2
2
8

14
4
2
3
3
6

0.80
1.0
1.0
1.0
1.0
0.56

Sex (no. of patients)
Male
Female
Body-mass index
Mean ±SD
Range
Serum creatinine (mg/dl)‡
Mean ±SD
Range

Body lead burden (mg)§
Mean ±SD
Range

Underlying renal disease (no. of patients)
Chronic glomerulonephritis
Hypertensive nephropathy
Analgesic nephropathy
Polycystic kidney disease
Obstructive uropathy
Unknown

P Value†
0.92

1.0

0.74

0.58

0.81

0.87

0.81

0.74

* A high-normal body lead burden was defined as a lead value of at least 80 µ g (0.39
µ mol) but less than 600 µ g (2.9 µ mol).
† P values were calculated by Fisher’s chi-square test, except in the comparisons of
age, body-mass index, serum creatinine, creatinine clearance, glomerular filtration
rate, blood lead level, and body lead level, which were calculated by Student’s t-test.
‡ To convert values for serum creatinine to micromoles per liter, multiply by 88.4.
§ To convert values for lead to micromoles per liter, multiply by 0.04286.
¶ Hyperlipidemia was defined as a serum cholesterol level above 240 mg per deciliter
(6.2 mmol per liter) after diet control.
¿ Hypertension was defined by the presence of at least two blood-pressure measurements above 140/90 mm Hg in a patient receiving antihypertensive drugs.
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Table 4. Intention-to-Treat Analysis of Renal Function during the Observation and Intervention Periods.*
Chelation Group
(N=32)

Measurement

Control Group
(N=32)

P Value†

95% CI for the Difference
between Groups

ml/min/1.73 m2
Observation period (months 0–24)
Month 0
Creatinine clearance rate
Glomerular filtration rate

38.6±13.3
38.8±11.3

37.2±10.1
37.7±9.7

0.65
0.67

¡7.2 to 4.6
¡6.4 to 4.1

Month 6
Creatinine clearance rate
Glomerular filtration rate

36.4±12.8
36.3±11.3

34.7±10.7
34.7±9.6

0.58
0.55

¡7.5 to 4.3
¡6.8 to 3.7

Month 12
Creatinine clearance rate
Glomerular filtration rate

36.1±13.6
35.8±11.9

34.6±12.0
34.7±10.3

0.66
0.69

¡7.8 to 5.0
¡6.7 to 4.4

Month 18
Creatinine clearance rate
Glomerular filtration rate

34.4±12.8
34.6±11.8

33.4±10.7
33.4±9.7

0.74
0.67

¡6.9 to 4.9
¡6.6 to 4.2

Month 24
Creatinine clearance rate
Glomerular filtration rate

32.3±12.9
32.0±12.1

31.6±9.9
31.5±9.0

0.81
0.87

¡6.4 to 5.0
¡5.8 to 4.9

¡3.2±2.3
¡3.4±2.6

¡2.8±2.5
¡3.0±2.9

0.58
0.42

¡1.5 to 0.9
¡1.9 to 0.9

2.6±3.0
3.4±4.4

¡0.9±3.4
¡1.0±3.7

<0.001
<0.001

¡9.7 to 0.4
¡5.5 to 4.1

35.0±13.3
35.3±12.8

30.7±9.7
30.5±9.9

0.15
0.10

¡10.1 to 1.6
¡10.5 to 0.9

Month 33‡
Creatinine clearance rate
Glomerular filtration rate

35.5±15.5
35.4±14.6

29.0±10.8
28.4±10.3

0.06
0.03

¡13.3 to 0.3
¡13.4 to ¡0.6

Month 39§
Creatinine clearance rate
Glomerular filtration rate

34.4±15.8
34.5±14.7

28.3±11.1
28.0±11.2

0.09
0.06

¡13.1 to 0.9
¡13.2 to 0.2

Month 45§
Creatinine clearance rate
Glomerular filtration rate

34.7±15.2
34.3±14.5

27.3±11.7
26.8±11.8

0.04
0.03

¡14.3 to ¡0.3
¡14.3 to ¡0.7

Month 51§
Creatinine clearance rate
Glomerular filtration rate

34.8±15.7
34.4±14.7

26.1±11.6
25.5±12.3

0.02
0.01

¡15.7 to ¡1.7
¡15.8 to ¡1.9

Yearly rate of decrease in renal function during repeated chelation therapy
Creatinine clearance rate
Glomerular filtration rate

0.3±2.1
0.7±2.5

2.4±2.1
2.6±2.7

<0.001
0.001

1.0 to 3.2
0.6 to 3.2

Change in renal function at the end of the clinical trial
Creatinine clearance rate
Glomerular filtration rate

2.1±4.9
2.1±5.7

¡5.6±4.9
¡6.0±5.8

<0.001
<0.001

¡10.3 to ¡5.3
¡11.0 to ¡5.1

Yearly rate of change in renal function during the observation period
Creatinine clearance rate
Glomerular filtration rate
Intervention period (months 24–51)
Initial chelation therapy (months 24–27)
Change in renal function after initial chelation therapy
Creatinine clearance rate
Glomerular filtration rate
Repeated chelation therapy (months 27–51)
Month 27
Creatinine clearance rate
Glomerular filtration rate

* Plus–minus values are means ±SD. CI denotes confidence interval. The study lasted a total of 51 months, consisting of a 24-month observation period,
an initial 3-month period of chelation therapy or placebo, and a further 24-month period of repeated chelation therapy, as needed, or placebo.
† P values for yearly rates of decrease and changes were calculated by the Mann–Whitney test; other P values were calculated by Student’s t-test. P<0.05
was considered to indicate a significant difference.
‡ The chelation and the control group each had 31 remaining patients.
§ The chelation and the control group had 31 and 30 remaining patients, respectively.
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Figure 2. Estimated Mean (±2 SE) Glomerular Filtration
Rate According to Time in the Chelation Group (N=31)
and the Control Group (N=30) during the Observation
and Intervention Periods.
The patients in the chelation group received chelation
therapy from month 24 to month 51. The asterisks indicate P<0.05 by Student’s t-test.

Despite the success of initial chelation therapy,
both serum creatinine levels and values for the body
lead burden gradually increased in patients treated
with chelating agents in the months after therapy.
This increase in body lead burden may originate
from either bone lead stores9 or renewed low-level
exposure to lead in diet or water.10 However, the serum creatinine levels decreased after the increased
body lead burden had again been reduced by repeated chelation therapy, suggesting that chronic
low-level environmental lead exposure is important
in accelerating the progression of renal insufficiency. The role of calcium disodium EDTA itself is unclear, but use of this agent was associated with lowering of the total body lead burden. Chelation with
a smaller dose of calcium disodium EDTA at longer
intervals appears safe for treating patients with
chronic renal insufficiency.7-10,15-20,22,28 Some authors, such as Wedeen et al.,29 have used calcium
disodium EDTA extensively and have never noted
toxic effects. Hence, it seems reasonable to consider
repeated chelation therapy with calcium disodium
EDTA as a method of treating patients who have
progressive renal insufficiency and high-normal
body lead burdens.
The mechanism by which lead-chelation therapy
improves renal function and retards the progression
of renal insufficiency is unknown. Chelation ap-

n engl j med 348;4

pears to be effective in treating nephropathy21 and
hypertension30 induced in animals by long-term,
low-level lead exposure. Chronic low-level lead exposure, but not high-level exposure, may increase
the level of reactive oxygen species, including nitrotyrosine and malondialdehyde, and increase nitric
oxide inactivation.31,32 Furthermore, lead-chelation
therapy may reduce the levels of reactive oxygen
species associated with nitric oxide inactivation and
thus enhance the availability of nitric oxide to the
vascular smooth muscle, potentially improving renal function and ameliorating hypertension after
the removal of body lead.21,31 The improvement in
renal function in our patients after chelation therapy may have resulted in part from a reduction in the
level of reactive oxygen species.
We used creatinine clearance and the estimated
glomerular filtration rate as indicators of renal
function, given constraints on resources that prevented the use of inulin or isotopic clearances.32
The use of creatinine clearance to assess changes in
renal function may limit the results of this study.
However, an estimation of the glomerular filtration
rate by Levey et al.25 indicated a strong association
with isotopic glomerular filtration rate (r2 =0.91).
Other limitations include the relatively small number of patients receiving chelation therapy and the
unknown effects of calcium disodium EDTA. It is
uncertain whether the present findings can be generalized to patients with multifactorial causes of renal insufficiency.
Our findings suggest that repeated chelation
therapy can improve renal function and retard the
progression of renal insufficiency for at least 24
months. At the end of the study, the difference in
the glomerular filtration rate between the chelation
and control groups was approximately 8.1 ml per
minute per 1.73 m2 of body-surface area. This finding implies that treated patients might delay dialysis therapy by about three years, given the rate of
decline in the glomerular filtration rate of approximately 3.0 ml per minute per year. The cost of this
treatment for all 32 patients in the chelation group,
including chelating agents, measurements of lead,
frequent hospital visits, and staff salaries, was approximately $120,000 (or $3,750 per patient). However, the cost of three years of hemodialysis for
this number of patients would be approximately
$1,950,000 ($61,000 per patient). Thus, the treatment is likely to be cost effective.
Supported in part by a grant (NSC90-2314-B-182A-081) from the
National Science Council Foundation of the Republic of China.
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