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Objectives. No consensus exists regarding the preferred treatment of childhood lead poi-
soning. The authors used decision analysis to compare the clinical impacts and cost—ef-
fectiveness of four management strategies for childhood lead poisoning, and to investigate
how effective chelation therapy must be in reducing neuropsychologic sequelae to warrant
its use. Methods. The model was based on a 2-year-old child with moderate lead poisoning
[blood lead level 1.21 to 1.88 pmol/L (25 to 39 ug/dL)]. The following strategies were
compared: 1) no treatment; 2) EDTA provocation testing, followed by chelation if testing is
positive (PROV); 3) penicillamine chelation with crossover to EDTA provocation testing if
toxicity occurs (PCA); 4) EDTA provocation testing with crossover to penicillamine chelation
if testing is negative (EDTA). Resuits. The EDTA and PCA strategies prevented 22.5% of
the cases of reading disability and resulted in an increase of 1.02 quality-adjusted life years
compared with no treatment. When the costs of outpatient EDTA testing and chelation are
considered, the EDTA strategy is more cost-effective than the PCA strategy; when inpatient
costs are considered, the PCA strategy becomes more cost-effective. When costs of remedial
education are considered, all strategies are cost-saving compared with no treatment if che-
lation reduces the risk of lead-induced reading disability by more than 20%. Conclusions.
Treatment strategies for childhood lead poisoning vary in clinical impact, cost, and cost—
effectiveness. Chelation of the 1.4% of United States preschoolers whose blood lead levels
are 1.21 umol/L (25 png/dL) or higher could prevent more than 45,000 cases of reading
disability, and save more than $900 million per year in overall costs when the costs of
remedial education are considered. Key words: lead poisoning; decision analysis; cost anal-

ysis; chelation. (Med Decis Making 1995;15:13-24)

Lead poisoning is one of the most common illnesses
of childhood. It is generally agreed that reducing a
child’s exposure to lead is the cornerstone of effective
therapy. Chelation for lead poisoning is often sug-
gested for children whose venous blood lead levels are
1.21 pmol/L (25 pg/dL) or higher,' but this is not uni-
formly agreed upon. There is no consensus among
lead toxicologists or pediatricians regarding the pre-
ferred treatment strategy for low-level lead poisoning
in children. In a survey of pediatric lead-poisoning
clinics, Glotzer and Bauchner determined that there
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is a wide range in the minimum blood lead levels for
which chelation is recommended; 19% of survey re-
spondents did not recommend chelation therapy for
a child with a blood lead level below 1.93 wmol/L (40
pg/dL), and there is substantial variability in the treat-
ment regimens recommended to reduce an elevated
lead burden.?

Although it is well established that asymptomatic
children with elevated lead burdens are at increased
risk for neuropsychologic dysfunction,>~'" including
reading disability,'* no definitive data exist regarding
the effect of chelation with respect to lead-induced
neurotoxicity. Chelation therapy with a variety of phar-
macologic agents can be effective in reducing the blood
lead level and the overall body lead burden, but ex-
isting data are inconclusive about which strategy is
optimal. Lead-treatment strategies differ in the inci-
dence and severity of adverse drug effects, inconven-
ience associated with treatment, treatment costs, and
possibly, cognitive outcomes. However, the relative
tradeoffs of these factors have not been investigated.

The United States Public Health Service has esti-
mated that 1.4% (>200,000) of this nation’s preschool
children have blood levels of 1.21 pmol/L (25 pg/dL)
or more." Therefore, if there are significant differences
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in outcomes or costs among treatment strategies, the
choice of a particular management strategy would have
a substantial impact on the monetary and human re-
source costs to society. The objective of this study was
to compare the clinical impacts and cost—effective-
ness ratios of different management strategies for
childhood lead poisoning, and to investigate how ef-
fective chelation therapy must be in reducing neu-
ropsychologic sequelae to warrant its use.

These issues were explored using decision analy-
sis."*~'® Decision analysis is a systematic method of
modeling clinical scenarios. It can be used to deter-
mine which management option is preferred for given
a set of specified conditions, and can identify those
variables within the model that are most important in
decision making. It has a particularly useful role with
respect to the management of childhood lead poison-
ing, because results of randomized controlled trials
that address these issues will not be available for many
years due the complexity and cost of performing the
relevant studies and the lengthy follow-up required to
collect the appropriate data.

STRUCTURE OF DECISION MODEL (FIGURE 1)

We used decision analysis to compare the following
four management strategies: 1) no treatment (NO Rx);
2) calcium disodium ethylenediamine tetraacetate
(EDTA) provocation testing, followed by EDTA chela-
tion if the test result is positive, or no treatment if the
test result is negative (prov); 3) penicillamine chelation
with crossover to EDTA provocation testing if toxicity
necessitates discontinuation of penicillamine or if there
is an unsatisfactory response to penicillamine chela-
tion (pca); 4) EDTA provocation testing followed by
EDTA chelation if the test result is positive, or peni-
cillamine chelation if the test result is negative or if
there is an unsatisfactory response to EDTA chelation
{EDTA). The decision model was based on a prototyp-
ical 2-year-old child with newly-identified moderate
lead poisoning [blood lead level 1.21 to 1.88 pmol/L
(25 to 39 pg/dL)].

ABBREVIATIONS

EDTA = calcium disodium ethylenediamine
tetraacetate

BAL = dimercaprol

OALE = quality-adjusted life expectancy

QALY = quality-adjusted life years

QOL = quality of life

MEDICAL DECISION MAKING

The outcome measures evaluated in the model were:
1) direct medical costs; 2} cases of reading disability
prevented; and, 3) quality-adjusted life expectancy
(QALE).'” The QALE is the average projected life ex-
pectancy adjusted for long-term disability, such as
reading disability, as well as short-term toxicity and
inconvenience associated with medical treatment. It
equates the projected lifetime in a state of less than
perfect health to the number of equivalent years of
perfect health. The cost of remedial education was not
included in the baseline analysis, but the effect of this
cost was explored in a sensitivity analysis.

Baseline estimates used in the model were obtained
from the medical literature when available. The qual-
ity-of-life (QOL) adjustment for reading disability was
based on a survey of 13 pediatricians and pediatrics
educators at Boston City Hospital. Estimates required
for the model that were not available from the medical
literature represent the authors’ (DEG and HB) opin-
ons.

Costs were obtained from the 1990 rate book of Chil-
dren’s Hospital, Boston, Massachusetts,'® using rate-
book charges and cost-to-charge ratios specific for each
cost center. Costs, rather than charges, were used for
this analysis, because costs more accurately reflect
true resource use." Future costs and quality-adjusted
life years (QALYs) (QALY = unit of measure of QALE)
were discounted at 5%.

Sensitivity analysis was used to explore the effects
of changing variables over a range of clinically reason-
able values. The variables and costs used in the model,
the ranges tested in the sensitivity analyses, and the
components of each cost estimate are listed in ap-
pendices A—C. The decision tree was constructed and
evaluated using SMLTREE software*® on an IBM-
compatible personal computer.

MODEL ASSUMPTIONS

Chelation. The model was based on a 2-year-old child
because the incidence of lead poisoning is highest in
this group, and blood lead levels peak between 18 and
24 months of age. Chelation therapy is generally in-
stituted as soon as possible once the need for chela-
tion is established.

Although some children undergoing chelation ther-
apy may receive more than one treatinent course, in
the baseline analysis we assumed that each child would
be managed according to only one of the four strat-
egies described and would not re-enter the decision
model. We conducted sensitivity analyses to investi-
gate the impact of an additional course of chelation.

We defined a course of EDTA or penicillamine che-
lation as successful if the blood lead level was reduced
to below 1.21 pmol/L (25 pg/dL). Although it is not
clear that a change in blood lead level is the best
measure of chelator effectiveness, we elected to use it
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Ficure 1. Decision model for treatment of childhood lead poisoning. See text for explanation of management strategies. Square nodes
represent decisions; circular nodes represent chance occurrences; double lines represent label nodes; rectangular nodes represent outcomes;
a bracket indicates that branches ending at the bracket enter subtrees depicted 1o the right of the bracket. A broken line indicates that the
strategy begins with the EDTA provocation test (see text for description of all treatment strategies).

in this model because it is the parameter most fre-
quently used to assess the outcome of chelation in
clinical practice. A course of penicillamine chelation
for low-level lead poisoning will successfully reduce
the blood lead level 90% of the time.>* There are no
data that describe the effectiveness of EDTA in reduc-
ing the blood lead levels in children whose EDTA prov-
ocation test results are positive. However, a positive
provocation test result is considered to indicate the
subset of children most likely to respond to a full
course of EDTA chelation. Therefore, in the baseline
analysis we assumed that almost all children chelated
with EDTA following a positive provocation test (98%)
will have substantial declines in their blood lead levels.

Although prompt chelation with EDTA and dimer-
caprol (BAL) can substantially reduce the mortality
and morbidity of symptomatic lead poisoning,* there
are no controlled or conclusive data that indicate the
long-term effect of reducing the lead burden in chil-
dren with asymptomatic low-level poisoning. The
premise that chelation confers a benefit with regard
to neurodevelopment outcome is a critical assumption
in this model. While there currently are no definitive

data that address this issue, this premise forms the
basis for pediatric lead-treatment programs. In the
baseline analysis we assumed that in children whose
blood lead levels were reduced by chelation or EDTA
or penicillamine, the risk of developing reading dis-
ability as a result of lead poisoning decreased by 70%
(appendix D). Because of the degree of uncertainty
inherent in this assumption, a sensitivity analysis over
the entire range of possible values (0—100%) was per-
formed. We assumed that EDTA and penicillamine
would have equal effects on the risk of reading dis-
ability for a similar decline in blood lead level, since
there are no data about this parameter for either che-
lating agent investigated in our model. If clinical stud-
ies demonstrate that chelating agents differ in effec-
tiveness with regard to neuropsychological sequelae,
the impact of the difference could be examined in this
model.

The baseline costs of EDTA provocation testing and
chelation used in the model represent the estimated
costs of outpatient management. EDTA can be safely
administered by either the intramuscular or the in-
travenous route in low-level lead poisoning, and the
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route of administration is based on physician and
parental preference, and sometimes insurance man-
dates. Although outpatient management is less labor-
and resource-intensive and thus less costly than in-
patient treatment, EDTA intramuscular injections are
painful, and it can be difficult to achieve satisfactory
hydration without intravenous access. Many pedia-
tricians, therefore, prefer to administer EDTA by the
intravenous route, which usually requires inpatient
management. We investigated inpatient costs in the
sensitivity analyses.

It was assumed that EDTA chelation would not cause
toxicity sufficient to necessitate additional treatment
or evaluation beyond a standard five-day treatment
course with routine monitoring. Although EDTA is as-
sociated with serious adverse effects in patients who
have lead encephalopathy and extremely high blood
lead levels, this does not occur in patients with low-
level lead poisoning.

Cost and QOL estimates associated with uncom-
plicated penicillamine chelation were based on a ten-
week course of medication with weekly visits for the
first two weeks of therapy and biweekly visits for the
remainder of the treatment course (seven visits total).
Additional costs and quality adjustments were added
for penicillamine toxicity.

Neurodevelopmental outcome. Needleman's data on
the incidence of reading disability in lead-poisoned
children were based on dentin lead levels.'> However,
the high-lead-burden group had a mean blood lead
level of 1.71 pmol/L (35.5 pg/dL),*” which is in the range
of lead exposure upon which the model is based. After
controlling for confounding variables such as parental
IQ, education, and socioeconomic status, the odds
ratio of a lead-poisoned child’s having reading dis-
ability compared with less exposed peers has a 95%
confidence interval that ranges from 1.7 to 19.7"* The

MEDICAL DECISION MAKING

The QOL adjustment for reading disability is based
on a scale of 0 to 1.00, with a state of perfect health
without any disability valued at 1.00, and death valued
at 0. Survey responses ranged from 0.50 to 0.98, with
a mean value of 0.77 = 0.14, which was applied to all
future life years of reading disabled children. Reading
disability is not an all-or-none phenomenon, but in-
stead occurs along a continuum. The QOL adjustment
used in this model represents the adjustment for an
average disability. Sensitivity analysis was used to in-
vestigate the effect of varying the QOL adjustment from
0.50 to 1.00.

We assumed that all children with reading disability
would receive a neuropsychologic evaluation, and
would receive remedial education in grades 1-12. The
costs of neuropsychologic evaluation were included
in the baseline analysis. Remedial education costs were
not included in the baseline analysis since the baseline
model examined only direct medical costs. However,
the effect of these costs was explored in a sensitivity
analysis. The costs of remedial education used in this
model represent average costs, and may under- or
overestimate the educational costs for an individual
child, depending on the extent of disability.

Resuits

BASELINE RESULTS (TABLE 1)

The average projected cost of the no-treatment strat-
egy is $463 per child. The costs incurred from this
strategy are from the costs of neuropsychologic eval-
uation in children who develop reading disability. The
projected QALE for a lead-poisoned child who does
not receive treatment is 18.25 years, which reflects
both a reduced QALE due to reading disability and

range of these odds ratios was explored in a sensitivity discounting of future life years (69.61 years = 62.55
analysis. OALYs = 18.25 discounted QALYs).
Tabie 1 o Bascline Results*
Case of Reading Cost/Case
Probability Disability Prevented Cost/QALY]| Prevented
of Reading Compared with Compared with Compared
Cost QALES Disability"] NO RxY NO RX with NO Rx
Strategyt (Bt (years) (%) (%) ($/Year) %)
NO RX 463 18.25 441 — — —
PROV 786 18.65 35.3 8.8 804 3,688
EDTA 1,778 19.27 21.6 225 1,286 5,855
PCA 2,032 19.27 21.6 22.5 1,540 6,986

*Direct medical costs only, costs of remedial education not included.

TNORx = no treatment; PrRov = EDTA provocation test, with no treatment if test result is negative; eEnta = EDTA provocation test with crossover to penicillamine
if test result is negative; Pca = penicillamine chelation with crossover to EDTA provocation test if toxicity occurs.

tRounded to nearest $1.

$QALE, quality-adjusted life expectancy, discounted at 5% per year, rounded to nearest 0.01 years.

YIResults rounded to nearest 0.1%.
[IQALY, quality-adjusted life year.
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Tale 2 o incremental Cost—Effectiveness Ratios*+

Cost/Case
Cost/QALYS Prevented!
Strategies Compared+ ($/year) %)
PROV VS NO RX 804 3,688
EDTA VS PROV 1,597 7,238

PCA VS EDTA EDTA dominates|| EDTA dominates

“Direct medical costs only, costs of remedial education not included.

#Incremental cost-effectiveness ratios indicate the additional cost per ad-
ditional unit of benefit (QALY or case prevented).

iNORX = no treatment; PrOv = EDTA provocation test, with no treatment
if test result is negative; eota = EDTA provocation test with crossover to
penicillamine if test result is negative; pca = penicillamine chelation with cross-
over to EDTA provocation test if toxicity occurs.

§QALY = quality-adjusted life year, discounted at 5% per year.

YCase prevented: case of reading disability prevented.

lleDTA dominates: more expensive strategy (pca) is not more effective.

The provocation-treatment strategy costs $786 per
child, yields 18.65 OALYs, and will prevent 8.8% of
cases of reading disability compared with no treat-
ment. This strategy will cost $804 for each additional
QALY gained and $3,688 per case of reading disability
prevented compared with no treatment.

The EDTA and penicillamine strategies result in equal
OQALEs (19.27 years), and will prevent the same number
of reading disability cases compared with no treat-
ment (22.5%). However, under baseline conditions the
penicillamine strategy costs more than the EDTA strat-
egy, so that the cost per case of reading disability
prevented compared with no treatment is higher with
the penicillamine strategy ($6,986) than with the EDTA
strategy ($5,855). Therefore, under baseline conditions
the penicillamine strategy is not cost-effective com-
pared with the EDTA strategy.

INCREMENTAL COST-EFFECTIVENESS (TABLE 2)

Incremental cost—effectiveness ratios are shown in
table 2. These ratios indicate the additional cost in-
curred for each additional unit of benefit (QALY or
case of reading disability prevented) realized by using
a more costly, but more effective, strategy. They can
be used to determine the most appropriate allocation
of limited financial resources. Although the no-treatment
strategy is the least expensive strategy in terms of av-
erage costs, the projected QALE and the number of
cases of reading disability prevented using each of the
other strategies are greater. Management with the EDTA
strategy increases the OALE by 0.62 years [(19.27 OA-
LYs) — (18.65 QALYs)] compared with the provocation
test strategy, and will prevent an additional 13.7%
((22.5%) — (8.8%)] of cases of reading disability at a
cost of $1,597 per additional QALY gained, and $7,238
per additional case of disability prevented. Under
baseline conditions the penicillamine strategy is dom-
inated by the EDTA strategy, that is, the penicillamine
strategy is more expensive but not more effective.
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SENSITIVITY ANALYSES

Quality-of-life adjustments. The QOL adjustment for
reading disability has a substantial impact on the over-
all QALE. If reading disability has no deleterious effect
on the QOL (as it relates to neuropsychologic out-
come), then any intervention for lead poisoning will
negatively impact the QOL because of the inconven-
ience and toxicity associated with treatment, and the
no-treatment strategy would be preferred over any other
strategy. However, because lead poisoning generally
affects young children, even modest reductions in the
QOL can have a significant impact on the projected
QALE. Table 3 shows the incremental cost—effective-
ness ratios for different treatment strategies as the QOL
adjustment for reading disability is varied. So long as

Table 3 e Sensitivity Analysis: Quality-of-life Adjustment for
Reading Disability*

Strategiesi

Listed in Incremental
Order of cost—effectiveness
QOL Adjustmentt Increasing ratio§
(Baseline = 0.77) Cost) ($/QALYY)

0.90 NO RX —

PROV 1,896

EDTA 3,827

PCA EDTA dominates||
0.95 NO RX —

PROV 3,968

EDTA 8,267

PCA EDTA dominates
0.96 NO RX —

PROV 5,078

EDTA 10,763

PCA EDTA dominates
0.97 NO RX —

PROV 7,048

EDTA 15,421

PCA EDTA dominates
0.98 NO RX —_

PROV 11,519

EDTA 27,182

PCA EDTA dominates
0.99 NO RX —

PROV 31,502

EDTA 114,572

PCA EDTA dominates

*Direct medical costs only, costs of remedial education not considered.

+QOL adjustment = quality-of-life adjustment for reading disability.

$NORX = no treatment; prROvV = EDTA provocation test, with no treatment
if test result is negative; enta = EDTA provocation test with crossover to
penicillamine if test result is negative; pca = pencillamine chelation with cross-
over to EDTA provocation test if toxicity occurs.

$Incremental cost—effectiveness ratio indicates the additional cost per ad-
ditional quality-adjusted life year gained using a more costly and more effective
strategy.

Y$/QALY: cost per quality-adjusted life year, discounted at 5% per year.

|EDTA dominates: more expensive strategy (PCA) is not more effective.
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Table 4 e Sensitivity Analysis

MEDICAL DECISION MAKING

Incremental
Cost/Case Cost—Effectiveness
Variable (Baseline Value, Cost Prevented Ratio:
Value Tested) Strategies™ $) ®t ($/Case Prevented)
Cost: remedial education
(%0, $27,614) EDTA 7,748 —21,763§ —_
PCA 8,001 —20,633 Dominated
PROV 10,540 —23,923 Dominated
NO RX 12,636 — Dominated
Cost: penicillamine chelation
($1,632, $800) NO RX 463 — —
PROV 786 3,688 Extended dominancel|
PCA 1,200 3,281 3,281
EDTA 1,232 3,421 Dominated
Cost: EDTA provocation test
(238, $600) NO RX 463 ’ — —
PROV 1,148 7,821 Extended dominance
PCA 2,099 7,280 7,280
EDTA 2,140 7,466 Dominated
Cost: EDTA chelation
($506, $2500) NO RX 463 — —
PROV 1,484 11,656 Extended dominance
PCA 2,160 7,553 7,553
EDTA 2,476 8,962 Dominated
Probability of positive EDTA provo- .
cation test (355, 105) NO RX 463 — —
PROV 726 10,481 Extended dominance
PCA 2,021 7,308 7,308
EDTA 2,087 7,618 Dominated

*Strategies listed in order of increasing cost: NO Rx = no treatment; pProv = EDTA provocation test, with no treatment if test result is negative; eota = EDTA
provocation test with crossover to penicillamine if test result is negative; Pca = penicillamine chelation with crossover to EDTA provocation test if toxicity occurs.

+Compared with no-treatment strategy.

tIncremental cost—effectiveness ratios indicate the additional cost per additional case of reading disability prevented using a more costly and more effective

strategy.

§Negative numbers indicate that epTa, Pca, and PrRov strategies are cost-saving when costs of remedial education are included.

YDominated indicates that strategy is not cost-effective compared with the next less expensive strategy because of higher costs and equal or lower effectiveness.

|IExtended dominance indicates that strategy is not cost-effective compared with next more expensive strategy because it has a higher incremental cost—
effectiveness ratio. The more expensive strategy is associated with more effectiveness for a fixed cost.

the QOL adjustment for reading disability is 0.97 or
less (1.00 = state of perfect health, without disability),
the cost—effectiveness ratio for medical intervention
remains below $20,000 per QALY gained, a ratio that
is considered reasonable in many health policy anal-
yses.?® Thus, although the QOL adjustment for reading
disability was based on a survey of a small number of
physicians, and is therefore somewhat imprecise, the
model is relatively insensitive to changes in this var-
iable.

The results are not substantially affected by changes
in the QOL adjustments for all medical interventions,
including those estimated by the authors.

Educational costs. The added cost of remedial ed-
ucation has an important effect on the results of our
decision model. Raphael et al. have reported that the
mean educational expenditure for learning-disabled
students is 1.8 times greater than the mean educa-
tional expenditure for students receiving regular ed-
ucation,® for an additional annual cost of $3,607 per
learning-disabled child.*® The projected additional cost

of remedial education from grades 1-12 is $27,614 in
present value dollars discounted at 5% per year.

Under baseline conditions (table 1) and most con-
ditions tested in the sensitivity analyses (table 4), the
cost per case of reading disability prevented by each
strategy compared with no treatment is far less than
the cost of remedial education. This indicates that
when educational costs are included in this model,
the provocation test, EDTA, and penicillamine strat-
egies are all cost-saving compared with no treatment.
The no-treatment strategy, which is the least effective
strategy, becomes the most expensive strategy when
the cost of remedial education is considered. The EDTA
strategy dominates all other strategies because it is the
least costly and most effective strategy.

Medical costs. The model is also sensitive to changes
in the costs of penicillamine chelation, EDTA provo-
cation testing, and EDTA chelation (table 4). The base-
line cost estimate of a course of penicillamine chela-
tion is $1,632. The cost to administer therapy probably
would be lower if care were given in a non-hospital
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setting. If the cost of a course of penicillamine che-
lation is $800, the EDTA strategy becomes more costly,
but not more effective, than the penicillamine strategy,
and therefore is dominated by the less expensive pen-
icillamine strategy. The penicillamine strategy is also
more cost-effective than the provocation test strategy
when the cost of penicillamine chelation is reduced.

When higher costs of inpatient EDTA provocation
testing ($600) and chelation ($2,500) are considered,
both the provocation test and EDTA strategies are not
cost-effective compared with the penicillamine strat-
egy.

The results are not substantially affected by changes
in the costs of penicillamine toxicity (minor, major,
and severe) or the cost of evaluation for a child with
a reading disability.

The costs used in this model represent costs from
a not-for-profit academic teaching institution in Bos-
ton, Massachusetts. While these costs are likely to be
higher than national averages, the baseline estimates
for all strategies tested represent outpatient costs, and
therefore it is unlikely that the high cost of medical
care in Boston favored any one strategy over another.

Additional chelation. The baseline model assumes
that each child will receive only a single course of
chelation. It is possible that some children will require
an additional course of chelation to achieve a suc-
cessful chelation result. However, even if as many as
50% of children undergo a second course of chelation,
the relative costs and the cost—effectiveness ratios of
the strategies do not change.

EDTA provocation testing. In the baseline analysis
we assumed that EDTA provocation test would be pos-
itive 35% of the time.** If only 10% of tested children
have positive provocation test results, as found by
Weinberger et al.*® the penicillamine strategy becomes
more cost-effective than the EDTA or provocation-test
strategies.

Effectiveness of chelation in reducing risk of reading
disability. Changes in the effectiveness of chelation in
reducing the risk of lead-induced reading disability
affect the cost—effectiveness ratios of different strate-
gies (fig. 2). We determined the minimum chelation
effectiveness at which the cost of remedial education
exceeds the cost of medical management. Assuming
that chelation reduces the risk of developing reading
disability by 20% or more, the estimated cost of re-
medial education for a reading-disabled, lead-poisoned
child ($27,614) exceeds the cost of preventing the read-
ing disability when the EDTA strategy is compared
with the provocation-test strategy. Therefore, the EDTA
strategy is cost-saving compared with all other strat-
egies when direct medical and educational costs are
considered. If chelation effectiveness is between 12%
and 20%, the cost of remedial education is greater than
the cost of preventing a case of reading disability with
the provocative-test strategy but not the EDTA strat-
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Ficure 2. The impacts of changes in the effectiveness of chelation
in reducing the risk of lead-induced reading disability on the in-
cremental cost—effectiveness of the EDTA and provocation test strat-
egies. The cost of medical treatment exceeds the cost of remedial
education ($27,614) only if chelation reduces the risk of reading
disability by less than 12% (area A). The cost of preventing lead-
induced reading disability with the EDTA strategy exceeds the cost
of remedial education if the effectiveness of chelation is between
12% and 20% (area B). If chelation effectiveness is between 12% and
20%, the cost of preventing a case of reading disability with the
provocation test strategy is less than the cost of remedial education
(area C). If chelation effectiveness is 20% or greater, the EDTA strat-
egy is cost-saving compared with all other strategies if the costs of
remedial education are considered (area D).

egy. For all estimates of chelation effectiveness, the
risk of lead-induced reading disability is lower for a
child managed with the EDTA strategy than with the
provocation-test strategy. However, the incremental cost
of preventing disability with the EDTA strategy com-
pared with the provocation-test strategy becomes sub-
stantially higher as the effectiveness of chelation
decreases because of the lower cost of the provoca-
tion-test strategy. The costs of medical treatment with
all treatment strategies are greater than the costs of
remedial education only if chelation is less than 12%
effective in reducing the risk of reading disability.

Risk of reading disability in lead-poisoned children.
If the risk of reading disability is only 1.7 times greater
in lead-poisoned children, then the cost of preventing
a case of reading disability exceeds the cost of remedial
education services for all strategies. However, if the
risk of having reading disability is 1.8 or greater, the
medical costs incurred by the provocation-test strat-
egy to prevent reading disability are less than the cost
of remedial education. The minimum odds ratios that
make the EDTA and penicillamine strategies cost-saving
compared with no treatment are 2.2 and 2 4, respec-
tively.

Other variables. Changes in the estimated preva-
lence of reading disability is non-poisoned children,
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in the QOL adjustments for all medical interventions
{including the authors’ estimates), in the probability
of penicillamine-related toxicity, and in the discount
rate, do not substantially affect the results.

The management (and many other aspects) of child-
hood lead poisoning is a controversial topic. Much of
this controversy arises from gaps in our current under-
standing of this disease. There is a clear need for better
data regarding the impact of chelation of children with
lead poisoning. However, such data do not exist at
present, and there are significant limitations, such as
cost and length of follow-up, in terms of conducting
the relevant studies to compile the data. In the absence
of such data, decision analysis can provide prelimi-
nary answers to important questions: How effective is
chelation in reducing the risk of adverse sequelae of
lead poisoning? Are there differences in available treat-
ments to clearly recommend one approach over an-
other?

This analysis demonstrates that different strategies
for the treatment of childhood lead poisoning vary in
direct medical costs and cost—eftectiveness. Under the
baseline conditions tested, the EDTA and penicillam-
ine strategies were substantially more effective than
the provocation-test and no-treatment strategies in
terms of cases of reading disability prevented and in
quality-adjusted life years gained. Although these
strategies are more expensive than the less effective
strategies, they appear to be cost-saving when the cost
of remedial education is considered. Even if remedial
education costs are not considered, the more expen-
sive and more effective chelation strategies are at least
as cost-effective as many medical interventions that
are generally accepted for widespread use, including
neonatal intensive care ($36,250 per QALY gained®’),
screening for sickle cell disease in the general popu-
lation of newborn infants ($41,436 per life saved®'), or
the treatment of hypertension in adults ($13,640 per
year of life saved®?) (all costs were converted to 1990
dollars using the medical care component of the Con-
sumer Price Index*?).

Chelation of asymptomatic low-level lead poisoning
is often recommended in an attempt to prevent lead-
induced neurotoxicity, although there are no definitive
data indicating the effectiveness of chelation in pre-
venting neuropsychologic morbidity. However, previ-
ously we reported that 48% to 79% of lead-poisoning
clinic directors, practicing in areas where childhood
lead poisoning is most prevalent, recommend chela-
tion for children whose blood lead levels are 1.21 to
1.88 pmol/L (25 to 39 pg/dL).* This indicates that al-
though there are differing positions on this issue, the
consensus view is that chelation is warranted for such

MEDICAL DECISION MAKING

children. That chelation may decrease the risk of neu-
ropsychologic sequelae is a critical assumption in our
model. The results of this analysis suggest that che-
lation would not have to be very effective to be cost-
saving. Even if chelation reduced the risk of lead-induced
disability by only 12% to 20%, depending on treatment
strategy, it would be cost-saving.

The costs and cost-effectiveness ratios of the EDTA
and penicillamine treatment strategies relative to each
other are greatly affected by the costs of EDTA prov-
ocation testing and chelation. The additional cost of
inpatient EDTA chelation increases the cost and cost
per case of reading disability prevented with the EDTA
strategy by 39% and 53%, respectively, whereas the
cost and cost per case prevented increase by only 6%
and 8%, respectively, with the penicillamine strategy.
When EDTA provocation testing or chelation is ad-
ministered in an impatient setting, initial chelation
with penicillamine is less costly and more cost-effective
than initial management with EDTA. Therefore, based
on the assumptions used in this model, for the ma-
jority of lead-poisoned children initial management
with outpatient penicillamine may be the preferred
treatment strategy.

Although toxic side effects have been reported to
occur in as many as one-third of patients given pen-
icillamine, most side effects are minor and do not
necessitate discontinuation of therapy.** This analysis
suggests that the inconvenience of treatment, moni-
toring associated with treatment, and adverse effects
of treatment are not sufficiently great to avoid the use
of penicillamine in children for whom chelation is
warranted.

Lead-poisoned children may have coexisting con-
ditions that complicate the management of their lead
burdens. For some children, such as those who have
leukopenia or thrombocytopenia, chelation with pen-
icillamine may be contraindicated, and the provoca-
tion-test strategy would be the management strategy
of choice.

This model does not address the treatment of chil-
dren with high initial blood lead levels [=1.93 pmol/
L (40 pwg/dL)), children with elevated lead burdens but
with blood lead levels below 1.21 pmol/L (25 pg/dL),
or children with repeated low-level poisonings who
undergo multiple courses of therapy. The implications
of this model for children in these categories are less
clear. A child’s risk of experiencing cognitive deficits
is generally thought to be related to the duration of
poisoning, the age of the child when initially poisoned,
and the extent of poisoning. However, there are no
data regarding the effects of poisoning at various ages
or for different durations. Therefore, this model was
based on the only available published data that relate
the extent of elevated lead burden to the risk of neu-
ropsychologic sequelae. The possible confounding ef-
fects of coexisting iron-deficiency anemia and other
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medical and social conditions were not explicitly con-
sidered in this model. However, the adjusted odds
ratio of reading disability in lead-poisoned children
used in the model controls for some of these poten-
tially confounding variables.'*

We used the incidence of reading disability as an
outcome measure in the model because, although there
is a range of severity of reading disability in affected
children, it is a discrete endpoint. We elected to use
incidence of reading disability rather than IQ, decre-
ments as an outcome measure in this model because
reading disability represents a functional outcome, and
the cost of remedial education is known.

In this analysis the quality adjustment for reading
disability was obtained with a visual analog scale. Al-
though other scaling methods such as the standard
reference gamble or the time trade-off method gen-
erally result in higher utilities than a rating scale, it is
not clear that these other methods reflect patient pref-
erences more accurately.® 3% Sensitivity analysis in-
dicates that the QOL adjustment for a child with read-
ing disability must exceed 0.97 for the cost—effectiveness
ratio for medical intervention to exceed $20,000 per
OQALY. Therefore, it is unlikely that the results of this
model would change substantially if a different scaling
method were used.

Although initial reports regarding the recently ap-
proved orally active chelating agent, 2,3-dimercapto-
succinic acid, are encouraging, this drug was not in-
cluded in the model because current safety and efficacy
data for its use in children with low-level poisonings
are insufficient to permit analysis at this time. The
strategies considered in the model represent the most
frequently used management strategies used in child-
hood lead-poisoning clinics,” and those for which data
are available to support decision analysis. Other treat-
ment strategies may be reasonable as well. Empiric
EDTA treatment was not considered in this model
because this method of treatment is recommended
less than 10% of the time for children whose blood
lead levels are less than 1.93 pmol/L (40 pg/dL).* Fur-
thermore, empiric EDTA chelation is less expensive
than management with the EDTA provocation test only
if the probability of a positive provocation test is 53%
or greater. Published studies indicate that the EDTA
provocation is positive 9 to 35% of the time for children
whose blood lead levels are less than 1.93 pwmol/L (40
pg/dL),?*?%3¢ and therefore empiric EDTA chelation
would not be a cost-effective strategy.

We did not consider the impacts and cost-—effec-
tiveness ratios of educational, nutritional, and envi-
ronmental interventions for the treatment of child-
hood lead poisoning. Clearly, chelation must be
considered as an adjunct and not a substitute for other
methods of limiting and reducing a child's exposure
to lead. With the exception of household lead paint
abatement, these interventions are “low-tech” and in-
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expensive. Dust-control measures have been shown
to significantly reduce children’s lead exposure, blood
lead levels, and the need for chelation®” A decision
analysis that investigated the financial benefits of pre-
venting lead exposure of children via prophylactic
abatement of lead-based paint indicated that abate-
ment activities can result in substantial overall cost
savings.*®* However, at least for the near future, chil-
dren will continue to become lead-poisoned, and the
lead burdens of a substantial fraction of these children
will not be effectively reduced with environmental and
nutritional interventions alone.

There is no consensus among physicians who fre-
quently treat lead-poisoned children about the pre-
ferred therapeutic approach, and it appears that a
substantial fraction of children who have blood lead
levels above 1.21 pmol/L (25 pg/dL) do not receive che-
lation therapy * If chelation leads to an improved qual-
itv-adjusted life expectancy and overall cost savings,
as suggested by this model, chelation should be strongly
considered for children with elevated blood lead bur-
dens above 1.21 pmol/L (25 pg/dL). The best available
current estimates indicate that 1.4% of United States
preschoolers (over 200,000 children) have blood lead
levels above 1.21 wmol/L (25 pg/dL)."”> Our model sug-
gests that EDTA or penicillamine chelation of these
children could prevent more than 45,000 cases of read-
ing disability annually, and save more than $900 mil-
lion per year in overall costs when both medical and
remedial education costs are considered. We did not
consider the impact of indirect costs of lead poisoning
and its treatment in this model. Lead poisoning during
childhood is likely to decrease overall future lifetime
earnings through reductions in wage rate and labor
force participation.®® Therefore, the results of this anal-
vsis represent a conservative estimate of the financial
benefits of chelation therapy.

The results of this decision model must be ap-
proached with some caution, and should not be viewed
simply as a prescription for the treatment of lead-
poisoned children. Rather, this analysis demonstrates
that data regarding the cognitive outcome of children
who receive chelation for an elevated lead burden are
needed. However, large numbers of children continue
to be exposed to lead and its toxic effects, and treat-
ment of these children cannot wait until there are data
to fully guide decision making. Based on this analysis,
chelation of these children should be strongly con-
sidered.

The authors thank Ellen Coates and Ann Ramsey for help in man-
uscript preparation.
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APPENDIX A
Baseline Estimates in the Model, and Ranges Tested in Sensitivily Analysis
Variable Baseline Range Reference
Life expectancy of 2-year-old child (weighted for racial dis-
tribution of lead poisoning) 69.61 years — Census®
QOL* adjustment for reading disability 0.77/year 0.5-1/year T
Discount rate 5% 0-10% Weinstein and Fineburg'®
Rate of reading disability in general population 7.6% 1-15% Shaywitz et al.?’
Odds ratio of reading disability in lead-poisoned children 58 1-13 Needleman et al.'2
Effectiveness of penicillamine chelation in reducing neu-
ropsychologic sequelae 70% 0-100% ¥
Effectiveness of EDTA chelation in reducing neuropsy-
chologic sequelae 70% 0-100% i
Probability that penicillamine chelation will reduce blood
lead level 90% 50-100% Shannon et al.22
Probability that EDTA chelation will reduce blood lead level
when provocation test is positive 98% 50-100% ¥
Probability of positive EDTA provocation test 35% 5-50% Markowitz and Rosen??
Probability of penicillamine toxicity 33% 0-70% Shannon et al.22
Minor toxicity 72% 50-100% Shannon et al.??
Major toxicity 28% 0-50% Shannon et al.
Severe toxicity/death 0.0003% 0-0.003% i
QOL* adjustment
EDTA provocation test 1 day 0-2 days ¥
EDTA chelation 5 days 0-10 days ¥
Pencillamine chelation 10.5 days 0-20 days S
Penicillamine, minor toxicity 0.25 days 0-2.5 days ¥
Penicillamine, major toxicity 0.75 days 0-7 days ¥
Penicillamine severe toxicity/death 69.61 years — ¥
Cost
EDTA provocation test (outpatient) $238 $100-1,000 Children’s Hospital Rate Book'®
EDTA chelation (outpatient) $506 $200-4,000 Children’s Hospital Rate Book'®
Penicillamine chelation $1,632 $200-3,600 Children’s Hospital Rate Book'®
Penicillamine minor toxicity $188 $100-2,000 Children’s Hospital Rate Book'®
Penicillamine major toxicity $566 $100-5,000 Children’s Hospital Rate Book®
Penicillamine severe toxicity/death $3,896 $1,000-30,000 Children’s Hospital Rate Book'®
Evaluation for reading disability $1,051 $0-3,000 Children’s Hospital Rate Book'8
Remedial education/year $0/year $0-7,000 Census?®; Raphaei et al.?*
*QOL = quality of life.
+No data availabie in the literature; based on survey of 13 pediatricians and pediatrics educators.
No data availabie in the literature; estimates are the authors’.
APPENDIX B
Component Costs Used in the Model
Laboratory and diagnostic tests/procedures Hospitalizations and outpatient visits
Blood lead level $ 16 EDTA provocation test (outpatient) $ 200
Ervthrocyte protoporphyrin level $ 10 EDTA chelation (five-day, outpatient) $ 373
Complete blood count, with differential $ 24 Outpatient visit
Electrolytes (blood) $ 14 Initial $ 164
Urinalysis $ 15 Follow-up $ 133
Urine lead level $ 23 Neuropsychological evaluation $1,051
Venipuncture $ 3 Intensive care unit (per day) $1,583
Arterial blood gas $ 11 Respiratory therapy (per day) $ 25
Electrolytes (urine) 4 20 Assisted ventilation (per day) $ 86
Chest x-ray $ 85

Medication: Penicillamine (10 week course)

$ 95



