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ABSTRACT. Erythrocyte protoporphyrin (EP) was intro-
duced in the 1970s as an inexpensive screening test for
lead poisoning. As greater knowledge of lead poisoning
has accumulated, the recommended EP level at which
further evaluation for lead poisoning should be initiated
has been lowered from =50 ug/dL to =35 ug/dL. The
purpose of this study was to evaluate the utility of this
EP threshold. A receiver operator characteristic curve
was constructed to assess the relationship between the
true-positive rate and false-positive rate of EP at various
decision thresholds. The receiver operator characteristic
curve was constructed with data from the second Na-
tional Health and Nutrition Examination Survey from
1976 to 1980, which included 2673 children 6 years of age
or younger who had both blood lead and EP level deter-
minations. Decision analysis was then used to determine
the optimal EP decision threshold for detecting a blood
lead level =25 ug/dL. The receiver operator characteristic
curve demonstrated that EP is a poor predictor of a blood
lead level =25 ug/dL. At the currently recommended EP
decision threshold of 35 ug/dL, the true-positive rates
and false-positive rates of EP are 0.23 and 0.04, respec-
tively. As a result of the inadequate performance of EP
screening for lead poisoning, when the prevalence of lead
poisoning is greater than 8%, there is no EP decision
threshold that optimizes the relationship between the
cost of screening normal children and the benefit of
detecting lead-poisoned children. Erythrocyte protopor-
phyrin measurement is not sufficiently sensitive to be
recommended uniformly as a screening test for lead poi-
soning. Pediatrics 1991;88:121-131; cost-benefit analysis,
decision analysis, erythrocyte protoporphyrin, lead poison-
ing, receiver operator characteristic curve.

ABBREVIATIONS. CDC, Centers for Disease Control; EP, eryth-
rocyte protoporphyrin; ROC, receiver operator characteristic;
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NHANES I, second National Health and Nutrition Examina-
tion Survey.

As a greater understanding of the physiological
and neuropsychological effects of lead has evolved,
the definition of lead poisoning has changed. In
1971 the American Academy of Pediatrics recom-
mended that lead poisoning be defined as two blood
lead levels =50 ug/dL.' In 1978, the Centers for
Disease Control (CDC) recommended that the def-
inition of an elevated blood lead level be reduced to
=30 ug/dL, and in 1985% their recommendation
changed such that the definition was reduced to
=25 ug/dL. The recent decision to decrease the
blood lead level that defines lead poisoning was in
response to studies that demonstrated the adverse
health effects of moderately high blood lead levels
(blood lead levels <40 ug/dL).%>

The accurate measurement of lead in the blood
is labor-intensive. Consequently, lead measure-
ments have not routinely been used to screen for
lead poisoning. The measurement of erythrocyte
protoporphyrin (EP) in the blood has been the
primary screening technique for lead poisoning be-
cause it is easy to perform and inexpensive. At a
blood lead level =40 ug/dL, the EP level rises
exponentially.” Thus, an EP level greater than a
specified level serves as an index of excessive lead
exposure and is the basis for further evaluation for
lead poisoning.

In addition to the new definition of an abnormal
blood lead level, the EP decision threshold, the EP
level at which further diagnostic work should be
done, has recently been lowered from =50 ug/dL to
=35 ug/dL.2 The reason for reducing the threshold
is to identify lead poisoning in more asymptomatic
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children. The American Academy of Pediatrics has
stated “as the evidence of the low-dose toxicity of
lead continues to develop, these definitions will be
lowered still further.”® Neither the CDC nor the
Academy addressed the effectiveness of EP screen-
ing for lead toxicity at the new decision threshold
value.

A measure of a good screening test is its ability
to detect individuals with the disease (sensitivity),
as well as to identify individuals without the disease
(specificity). Setting the EP decision threshold pre-
sents the dilemma of a trade-off between sensitivity
and specificity. The lower the decision threshold,
the higher is the sensitivity and the lower is the
specificity. On the other hand, at a higher decision
threshold, the sensitivity is lower and the specificity
is higher. A receiver operator characteristic (ROC)
curve is a graphic depiction of the relationship
between sensitivity and specificity. The curve de-
picts the relationship between the true-positive rate
(sensitivity) and false-positive rate (1-specificity)
over a range of decision thresholds.

The decision threshold that maximizes the ex-
pected utility of testing takes into account the
prevalence of the disease, as well as the ratio of the
cost to the benefit of screening.” !° To establish the
optimal decision threshold requires the prevalence
of the disease; a ROC curve for the test; and an
assessment of the costs associated with the four
possible outcomes of the test: true-positive result,
false-positive result, true-negative result, and false-
negative result.

The purpose of our study is to assess the perform-
ance characteristics of EP for lead poisoning
screening and to determine the optimal decision
threshold for EP screening for lead poisoning in
children 6 years of age or younger.

METHODS

Sample Design

We used the second National Health and Nutri-
tion Examination Survey (NHANES II) conducted
by the National Center for Health Statistics from
1976 to 1980 as our sample population. NHANES
II was a cross-sectional study of the United States
population aged 6 months to 74 years of age.'' A
total of 27 801 individuals from 64 sampling areas
were selected as a weighted representation of the
national population. As part of the survey, 2673
children, 6 years of age or younger, had both a blood
lead and an EP level determination.
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Definition of Lead Poisoning

We defined lead poisoning as a blood lead level
=25 ug/dL. This definition is based on a modified
version of the CDC’s recommendation for lead poi-
soning, a blood lead level =25 ug/dL and an EP
level 235 ug/dL. We were unable to use EP as part
of our definition for lead poisoning because EP is
the screening test being evaluated. Of the 2673
children, 313 had a blood lead level =25 ug/dL
(prevalence, 12%).

Severity of Lead Poisoning

To assess the indirect and direct costs of lead
poisoning, we used the CDC’s recommendations for
classifying children with lead toxicity to place each
child with lead poisoning into either class II (blood
lead level =25 ug/dL and EP level >35 ug/dL and
<109 ug/dL), class III (blood lead level =25 ug/dL
and <50 ug/dL with an EP level =110 pg/dL or
blood lead level =50 ug/dL and <69 ug/dL with an
EP level =235 ug/dL and <250 ug/dL), or class IV
(blood lead level =50 ug/dL and <69 ug/dL with an
EP level =250 ug/dL or blood lead level =70 ug/dL
with an EP level =110 ug/dL).? The percentage of
the 313 NHANES II children with lead poisoning
in each of the three classes were 86.3%, class II;
10.9%, class III; and 2.8%, class IV. Children in
class III who were identified as having lead poison-
ing were further subdivided as having a positive or
negative provocative chelation challenge. Based on
the data from Graef,'> an estimated 40% of the
children in class III will have a positive provocative
chelation challenge, defined as the lead excretion
ratio (the total urinary excretion of lead divided by
the amount of disodium calcium-edetate given) ex-
ceeding 0.6.

Inasmuch as prognosis depends on the presence
of symptoms, class IV was subdivided into children
with and without symptoms of lead toxicity. We
were unaware of any publication that provides the
percentage of children in class IV that were with
and without symptoms; therefore, we estimated
that approximately 80% of the children with class
IV lead poisoning will be asymptomatic and 20%
will have symptoms of lead toxicity.

Laboratory Analysis

The blood lead and EP levels were determined
by the Clinical Chemistry Division, Center for En-
vironmental Health of the CDC. The blood lead
evaluation was done by atomic absorption spectro-
photometry using a modified Delves cup micro-
method.”® Specimens were analyzed in duplicate
and the average of the two results were used.'® The
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EP determination was done using the modified
ethyl acetic acid extraction method.'® Quality con-
trol measures for both procedures are described
elsewhere.”

Limitations of the Data

Not all participants in the NHANES II survey
had a blood lead level determination. Fifty-one
percent of the children from 6 months through 5
years of age and 28.6% of those 6 through 17 years
of age did not have a blood lead determination.'*
Individuals with a blood lead determination have
been previously compared to the total sampled pop-
ulation. The subsample with a blood lead determi-
nation was found to be the same as the subsample
without a blood lead determination in race, sex,
annual family income, and degree of urbanization
of residence.’® Erythrocyte protoporphyrin level
was not measured in 0.6% of the persons with a
blood lead determination.’®

Receiver Operator Characteristic Curve

The ROC curve was generated from the data of
NHANES II survey. The data set for the survey is
available in electronic form and is in the public
domain. The sample consisted of 2673 children 6
years of age or younger who had a blood lead and
EP determination. The ROC curve was generated
by determining the true-positive rate and false-
positive rate of EP at selected EP decision thresh-
olds. The true-positive rate is the number of chil-
dren in the sample with a blood lead level =25 ug/
dL and an EP value greater than or equal to the
decision threshold divided by the number of chil-
dren with a blood lead level =25 ug/dL. The false-
positive rate is the number of children with a blood
lead level <25 ug/dL and an EP level greater than
or equal to the decision threshold divided by the
number of children with a blood lead level <25 ug/
dL.

A series of EP decision thresholds (10, 15, 20, 25,
35, and 50 ug/dL) were chosen and the true-positive
rate and the false-positive rate of each was deter-
mined. The true-positive rate and false-positive
rate for each of the six EP decision thresholds were
plotted as an ROC curve, with the y axis as the
true-positive rate and the x axis as the false-positive
rate. The best-fit ROC curve was generated by the
MacROC computer program using the six points
from each decision threshold. (This analysis was
performed by John Swets, PhD; personal commu-
nication.) Table 1 shows the corresponding true-
positive rate and false-positive rate (x1 SD) for
each decision threshold. Figure 1 shows the ROC
curve.

Model for Determining the Optimal Decision
Threshold

The optimal decision threshold was chosen by
determining the point on the ROC curve where the
expected utility of using the test was maximized.’
The optimal decision threshold takes into account
the prevalence of lead poisoning in the screening
population and the ratio of the cost of using the
test in normal children to the benefit of using the
test in children with lead poisoning (see Appendix
for equation 1).

To estimate cost and benefits, we needed to rep-
resent all outcomes of lead poisoning screening.
Each of the four outcomes of the test—true-posi-
tive, true-negative, false-positive, or false-nega-
tive—has a cost. We calculated the total cost in
dollars of each outcome as the sum of its direct cost
and its indirect cost. The direct cost was the cost
of medical care that each child would receive as a
result of lead screening. The indirect cost was the
reduction in future earnings of a child who has
either mental retardation or a learning disability
secondary to lead poisoning.

We used a tree representation to show the out-
comes of a true-positive and false-negative EP re-
sult. As a result, we were able to calculate the
expected indirect and direct cost of illness for a
true-positive and false-negative test result. The ex-
pected cost of both a true-positive and false-nega-
tive depends on the interrelationship of several
factors: the class of lead poisoning, the sequence of
events for each class of lead poisoning, and the
associated probabilities. Figure 2 shows the tree
representation of a true-positive and false-negative
test result. The only difference between the two
results is that the events after a false-negative
result do not include the provocative chelation test
in class III.

The probability that sequelae will develop in a
child with lead poisoning is difficult to assess. We
used the work of Berwick and Komaroff,'® who
pooled the available studies and used expert opinion
to estimate the probability, for each class of lead
toxicity, that a child will become mentally retarded
or learning disabled. The effectiveness of lead
screening in preventing the sequelae of lead poison-
ing is unknown. We used Berwick and Komaroff ’s'®
estimate that lead poisoning programs are 50%
effective in preventing mental retardation and
learning disabilities. Table 2 lists, for both a true-
positive and false-negative screening result, the
probability of being in each class, given that a child
has lead poisoning, and the probability of sequelae
for each class of lead toxicity, given that the child
is treated or not treated.
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TABLE 1. True-Positive Rate and False-Positive Rate for Various Protoporphyrin De-
cision Thresholds (Second National Health and Nutrition Examination Survey Data)*
EP DT, Children With Lead Children Without Lead Slope of the
ug/dL Poisoning (n = 313) Poisoning (n = 2360) Tangent to the
n TPR 1SD n FPR  1SD ROC Curve
10 313 1.00 0.00 2360 1.00 0.00 0.0
15 282 0.90 0.02 2114 0.90 0.01 0.7
20 197 0.63 0.02 1345 0.57 0.01 0.7
25 147 0.47 0.03 475 0.20 0.01 1.1
35 73 0.23 0.02 96 0.04 0.00 2.1
50 33 0.11 0.02 23 0.01 0.00 3.8

* Lead poisoning defined as a blood lead level =25 ug/dL. The slope of the tangent to the
receiver operator characteristic (ROC) curve was determined by drawing a line tangent to
the receiver operator characteristic curve at the decision threshold and measuring the rise
over the run. EP DT, erythrocyte protoporphyrin decision threshold; TPR, true-positive

rate; FPR, false-positive rate.
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Fig 1. The receiver operator characteristic curve for the Class IV Sequelae
natgo‘nal population 'of children <6 years of age. Tme- without sx's Learning Disabilty |
positive rate (TPR) is defined as the number of children
with a blood lead level =25 ug/dL and erythrocyte pro- No Sequelae No Mental Retardation
toporphyrin level greater than or equal to the decision No Learning Disability
threshold divided by the number of children with blood -
.y . Mental Retardation l
lead level =25 ug/dL. False-positive rate (FPR) is defined
as the number of children with a blood lead level <25 ug/ Class IV —
dL and erythrocyte protoporphyrin level greater than or

equal to the decision threshold divided by the number of
children with a blood lead level <25 ug/dL. Figure 1 is
based on the second National Health and Nutrition Ex-
amination Survey (NHANES II) data shown in Table 1.
Each point denotes a different decision threshold.

Direct Medical Cost of Lead Poisoning

We based our calculation of the direct medical
cost of the four outcomes of testing on the average
medical care that a child would experience if a
pediatrician were to follow the recommendations of
the CDC. We assumed that lead screening was done
as part of a well-child examination and that the
direct medical costs that were incurred would be
typical for a pediatrician in general practice in 1986.
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No Sequelae No Mental Retardation
No Learning Disability

Fig 2. Tree representation of the events that follow a
true-positive result of screening for lead poisoning.

Direct Medical Care Cost of a True-Positive Re-
sult. The average direct medical care cost of treating
a child correctly identified as having lead poisoning
was $1463. The cost is the sum of the costs of
treating a child in each toxicity class weighted by
the proportion of children in the class (Table 3).

Each child with correctly diagnosed lead poison-
ing was assumed to have an initial office visit with
laboratory fees ($63) and a follow-up visit with
laboratory fees ($105). Because of the wide range
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TABLE 2. Probabilities of Events Associated With Lead Poisoning*

Event Probability
Estimate
True-positive screening result
Class 11 0.863
Sequelae 0.135
Learning disabilities 0.930
Mental retardation 0.070
No sequelae 0.865
Class III (provocative chelation done) 0.109
Positive results 0.400
Sequelae 0.225
Learning disabilities 0.890
Mental retardation 0.111
No sequelae 0.775
Negative resultst 0.600
Sequelae 0.180
Learning disabilities 0.910
Mental retardation 0.090
No sequelae 0.820
Class IV without symptoms of lead poisoning 0.023
Sequelae 0.225
Learning disabilities 0.880
Mental retardation 0.120
No sequelae 0.875
Class IV with symptoms of lead poisoning 0.005
Sequelae 0.500
Learning disabilities 0.550
Mental retardation 0.450
No sequelae 0.500
False-negative screening result
Class II 0.863
Sequelae 0.270
Learning disabilities 0.930
Mental retardation 0.070
No sequelae 0.730
Class III 0.109
Sequelae 0.450
Learning disabilities 0.890
Mental retardation 0.110
No sequelae 0.550
Class IV without symptoms of lead poisoning} 0.023
Sequelae 0.450
Learning disabilities 0.880
Mental retardation 0.120
No sequelae 0.550
Class IV with symptoms of lead poisoning 0.005
Sequelae 1.000
Learning disabilities 0.530
Mental retardation 0.470
No sequelae 0.000
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* The percentage of lead-poisoned children in each class was obtained from the second
National Health and Nutrition Examination Survey (NHANES II). Except for provocative
chelation therapy, the probability of developing sequelae from lead poisoning was obtained
from Berwick and Komaroff’s analysis.'®
t The percentage of children who have a negative provocative test and subsequently
develop sequelae is unknown. The probability of developing sequelae after a negative
provocative test was estimated by taking the average of the probability of sequelae in class
IT and class III with a positive provocative test.
§ The percentage of children who were class IV was determined from NHANES II;
however, there was no assessment of whether symptoms were present. We estimated that
approximately 20% of the children in class IV had symptoms.
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TABLE 3. Total and Weighted Direct Medical Care Costs of Each Class of Lead

Poisoning
Class Actual Cost, $  Weighted Cost, $*

Class II 1200 1036
Class III with positive provocative treatment 3723 162
Class III with negative provocative treatment 1946 127
Class IV with no symptoms 3 569 82
Class IV with symptoms 10 891 55

Total 1463

* Weighted direct medical cost equals the actual cost multiplied by the proportion of lead-

poisoned children in the class.

of possible charges associated with a child with lead
poisoning, a base case was assumed. The following
assumptions were made about the base case: (1) the
child with a diagnosis of lead toxicity was 3 years
old; (2) the child was monitored for lead poisoning
until he or she reached the age of 6; and the total
charges for the office visits that occurred 1, 2, and
3 years after diagnosis were discounted at a rate of
6% annually; (3) the child with diagnosed and
treated lead poisoning did not have subsequent
episodes of lead poisoning.

The CDC recommends specific treatment and
medical follow-up protocols for each toxicity class.?
We used the charges associated with these protocols
to approximate the costs that would be incurred by
a child in each disease class. Except for one charge,
we used the fee schedule for the outpatient and
inpatient pediatric department of Santa Clara Val-
ley Medical Center, Santa Clara County, California,
for 1986. The exception was the determination of
an EP level. We used the charge for the EP meas-
urement by the public health department for the
state of New York ($5) to approximate the cost in
states where lead poisoning screening is done rou-
tinely as part of the well-child visit. We used Santa
Clara Valley Medical Center and New York State
charges because they were readily available.

The estimated cost for a medical follow-up visit
after treatment was $71. The CDC’s protocol for
each follow-up visit requires a hematocrit, EP, and/
or lead determination, depending on the time of the
visit and the disease class. A base laboratory fee for
each visit was taken as the averaged charge of (1)
a hematocrit plus an EP level; and (2) a hematocrit,
EP, and blood lead level.

An essential part of the evaluation of a child with
lead poisoning is the assessment of the home envi-
ronment for lead exposure. The cost of a public
health nurse home visit for 2 hours in Santa Clara
County was estimated as $28.00, which is derived
from the average hourly wage of a public health
nurse who has home visits as part of her job de-
scription.
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Direct Medical Care Cost of a True-Negative Re-
sult. The direct medical cost of a true-negative ($63)
was the sum of the costs of a yearly well-child office
visit ($30), a complete blood cell count ($28), and
EP determination ($5).

Direct Medical Care Cost of a False-Positive Re-
sult. A false-positive result is, by definition, a pos-
itive EP followed by an evaluation that shows a
blood lead level <25 ug/dL. The direct medical care
cost of a false-positive ($105) was the sum of the
costs of an office visit ($30), complete blood cell
count ($28), EP determination ($5), blood lead de-
termination ($16), and serum iron with total iron
binding capacity ($26).

Direct Medical Care Cost of a False-Negative Re-
sult. The direct medical care cost of a false-negative
was the cost of the initial office visit ($63). Lead
poisoning might subsequently be correctly diag-
nosed in a child with a false-negative result, and
the child would be treated; however, we did not
model any medical treatment and follow-up costs
that might be incurred in the future.

Indirect Cost of Lead Poisoning

The human capital approach was used to deter-
mine the indirect cost of lead poisoning.!” In this
approach, an illness that causes a reduction in
future earnings is considered to have an indirect
cost to society. The major forms of morbidity from
lead poisoning are mental retardation and learning
disabilities. Children who are mentally retarded as
a result of lead poisoning were assumed to have an
average intelligence quotient (IQ) between 50 and
70, the level that previous cost-benefit studies of
lead poisoning assumed.'®'® Conley' states that one
of the better studies on the earnings of mentally
retarded persons showed that the annual earnings
were reduced by 14% compared with a person of
normal intelligence, and we assumed this value for
our analysis.

The average future earnings, discounted at 6%
per year, of a 3-year-old male and female child in
1980 were $222 067 and $183 597, respectively.?’ We
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estimated the average future earnings for a child in
1985 by using the average weekly earnings in 1980
and 1985 to create an earning index of 1.33.2' The
resulting average future earnings of a male and
female child are $295 349 and $244 184, respec-
tively. In our analysis we used future earnings of a
generic child, $269 767, which is the average of the
future earnings of a 3-year-old male and female. A
14% reduction in annual earnings results in a life-
time loss of $37 673.

The other effect of lead poisoning that leads
directly to loss of income is learning disability
without mental retardation. The loss of annual
income attributable to learning disability has not
been estimated in prior published studies. Our
analysis was done with a reduced annual income of
7% for a child with a learning disability. The earn-
ings loss was discounted at a rate of 6% each year.

Indirect Cost of a True-Positive Result. The in-
direct cost of a true-positive result was $2898. In-
direct costs for a true-positive occur when a child
is screened, detected as having lead toxicity,
treated, but develops either mental retardation or
learning disability. To calculate the average indirect
cost of a true-positive, we used a tree representation
to structure the sequence of events. Each event has
an associated probability of occurrence and an in-
direct cost. The expected cost of each event is the
probability of the event multiplied by its indirect
cost. Figure 2 represents a true-positive outcome, a
child with lead poisoning who was treated.

Indirect Cost of a False-Negative Result. The in-
direct cost of a false-negative result was $6096.
Indirect costs of a false-negative result occur when
a child with lead toxicity is not detected by the
screening test and develops mental retardation or
learning disability. We estimated these costs by the
same method as the indirect costs of a true-positive
result.

Indirect Cost of True-Negative and False-Positive
Results. There are no indirect costs associated with
a true-negative or a false-positive outcome because
these results occur, by definition, in children who
do not have lead poisoning.

Selecting the Optimal Threshold Value for
Erythrocyte Protoporphyrin

The optimal EP decision threshold, the definition
of an abnormal result that maximizes the utility of
screening for lead poisoning, was determined with
the following assumptions: disease prevalence of
12%, a 6% discount rate of future earnings, a 14%
and 7% annual reduction in annual earnings sec-
ondary to mental retardation and learning disabil-
ity, respectively.

The optimal EP decision threshold for each set
of assumptions was calculated in the following man-
ner: (1) we drew a line tangent to the ROC curve
at each decision threshold (10, 15, 20, 25, 35, and
50 ug/dL); (2) we measured the slope of each tan-
gent line (Table 1); (3) we used equation 1 to
calculate the slope of the ROC curve at the optimal
decision threshold, given our baseline set of as-
sumptions about the costs of screening and the
prevalence of lead poisoning; (4) we compared the
calculated slope (step 3) to the measured slope of
the ROC curve at each decision threshold (step 2);
(5) when we found that the calculated slope of the
tangent line at the optimal EP decision threshold
was intermediate between the measured slopes for
two decision thresholds on the ROC curve (step 2),
we extrapolated between the two decision thresh-
olds to set the optimal decision threshold; (6) the
measured slope was never less than 0.6, as shown
in Fig 1. For some sets of assumptions about cost
and prevalence the calculated slope of the tangent
to the ROC curve was less than 0.6. When the
calculated slope of the tangent to the ROC curve
was less than 0.6 there was no calculable optimal
EP decision threshold.

RESULTS

The ROC curve was generated from the
NHANES II data set on 2673 children 6 years of
age or younger who had both a blood lead and an
EP determination. The range of true-positive rate
obtained from the ROC curve was 0.11 to 1.0. A
true-positive rate of 0.11 corresponds to a decision
threshold of 50 ug/dL, a level that has previously
been described as unacceptably high.>® A true-pos-
itive rate of 1.0 corresponds to an EP decision
threshold of 10 ug/dL, a level that is well within
the range in normal children. The range of false-
positive results was 0.01 to 1.0, corresponding to a
EP decision threshold of 50 ug/dL and 10 ug/dL,
respectively. Based on the ROC curve in this analy-
sis, the currently accepted decision threshold of 35
ug/dL has a true-positive rate of 0.23 and a false-
positive rate of 0.04.

With the currently recommended decision
threshold, erythrocyte protoporphyrin discrimi-
nates poorly between children whose blood lead is
lower than 25 ug/dL and children whose blood lead
is above this level. In fact, for a lead poisoning
prevalence of 12%, the predictive value of a positive
screening test (the probability that a positive
screening result (an EP level of = 35 ug/mL) will
have a blood lead level =25 ug/dL) is 0.4. The
probability that a negative screening result (an EP
level of < 35 ug/mL) will have a blood lead level
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=25 ug/dL is 0.10, which is not very different from
the pretest probability of lead poisoning, 12%.

We used equation 1 (see Appendix) to identify
the point on the ROC curve that corresponds to the
EP decision threshold that maximizes the expected
benefits of screening. Equation 1 requires the costs
of a true-positive result ($4361), a true-negative
result ($63), a false-positive result ($168), and a
false-negative result ($6159) and the nationwide
prevalence of lead poisoning (12%). The calculated
slope of the tangent to the ROC curve at the optimal
EP decision threshold is 0.4. The lowest measurable
slope of a tangent to the ROC curve in Fig 1 is 0.6,
which corresponds to a EP decision threshold less
than 25 pg/dL. Therefore, there is no EP decision
threshold that maximizes the benefits of screening.

Sensitivity Analysis

To do our analysis, we made several assumptions
about direct and indirect costs and prevalence of
lead poisoning. To determine the effect that each
assumption had on the result, we did a sensitivity
analysis for each of these variables.

Effect of Prevalence of Lead Poisoning. At a prev-
alence of lead poisoning of 1%, the optimal EP
decision threshold is indeterminate because the cal-
culated tangent to the slope, 5.30, is greater than
the maximum tangent to the slope on the ROC
curve, 3.8. As the prevalence of lead poisoning
increases from 1% to 3% and the assumptions
remain the same, the optimal decision threshold is
35 ug/dL, the CDC’s currently recommended EP
decision threshold. As the prevalence increases to
8%, the optimal EP decision threshold decreases to
approximately 25 ug/dL. For a disease prevalence
greater than 8%, the optimal tangent to the slope
will be less than 0.6, which does not correspond to
any point on the ROC curve. As a result, there is
no EP decision threshold that maximizes the ben-
efit of screening when the prevalence of lead poi-
soning is greater than 8%.

Effect of Discount Rate of Future Earnings. At an
annual discount rate of 4%, there was no effect on
the optimal EP decision threshold for the base
assumptions. At a 10% discount rate, under the
same assumptions, the direct medical care cost was
greater than the earnings lost from lead poisoning,
indicating that the cost of screening would be
greater than the expected benefits gained from
screening.

Effect of Earnings Loss Secondary to Mental Re-
tardation and Learning Disability. When either the
reduction in earnings attributable to mental retar-
dation or learning disability is increased from 14%
and 7%, respectively, the slope of the tangent to
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the ROC curve at the optimal operation point is
less than 0.6. Thus, under the base assumptions,
when the loss of income secondary to mental retar-
dation or learning disability is increased there is no
optimal EP decision threshold that maximizes the
benefits gained from screening. When the reduction
in earnings attributable to mental retardation is
reduced to 7%, the slope of the tangent to ROC
curve at the optimal operation point remains less
than 0.6.

Effect of Lead Screening Programs. When the
effectiveness of preventing neuropsychological se-
quelae in children identified and treated for lead
poisoning increases from 50% to 75%, the slope of
the tangent of the ROC curve at the optimal oper-
ation point remained less than 0.6 and the decision
threshold was indeterminate. Consequently an im-
provement in the estimated effectiveness of lead
screening programs does not change the results of
our analysis. On the other hand, when the effec-
tiveness of the lead screening program is reduced
to 25%, the slope of the tangent of the ROC curve
at the optimal operation point corresponds to a EP
decision threshold of 25 ug/dL.

DISCUSSION

As more has been learned about the toxic effects
of lead, the CDC has lowered the definition of an
elevated blood lead level to be sure that treatment
is given to all who might benefit. The current
definition of an elevated blood lead level, =25 ug/
dL, is almost one half of the previous definition
(=40 ug/dL). However, since the definition of lead
poisoning has been changed, the utility of EP as a
screening test for lead poisoning has not been as-
sessed critically. Using the current definition of an
elevated blood lead level, we studied the utility of
screening for lead with EP.

Our study has an empirical and theoretical com-
ponent. The empirical component is an ROC curve,
derived from a study of children, of a specific
screening test for lead poisoning, EP. The theoret-
ical component is a calculation that can be used to
identify the decision threshold that maximizes the
utility of screening for lead poisoning. We hoped to
link these two components by using the theoretical
calculation and the empirical ROC curve to identify
the optimal decision threshold for EP screening.
We were unable to achieve this goal, because the
poor test performance of EP, as indicated by the
ROC curve, did not allow us to identify an optimal
EP decision threshold. Nevertheless, the two com-
ponents of the study are useful in themselves. The
empirical component demonstrates that EP is a
poor screening test for lead poisoning and that
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alternative strategies should be considered. The
theoretical component can be used to assess future
screening tests for lead poisoning, inasmuch as the
calculation depends only on the cost and benefits
of the four results of screening and the prevalence
of the disease.

The poor performance of the EP screening test
is not surprising. Using NHANES II as the study
population, Mahaffey'* demonstrated that an EP
decision threshold of 30 ug/dL was able to identify
only 53% of the children with a blood lead level
=30 pg/dL. Furthermore, Piomelli et al’ indicated
that there is no correlation between a blood lead
level =40 ug/dL and the EP level.

The Environmental Protection Agency and the
Agency for Toxic Substances and Diseases Registry
have recently stated that neurotoxicity is found at
blood lead levels as low as 10 to 15 ug/dL.?2? Hence
the blood lead level that represents lead poisoning
may again be redefined. Rather than resetting the
EP screening decision threshold to account for the
change in the definition of lead poisoning, utility of
the EP screening test should be reassessed.

There are several shortcomings to our study as
discussed below.

Assessment of the Indirect Cost of Lead
Poisoning

We used the human capital approach to assess
the indirect cost of mental retardation and learning
disability. With the human capital method, the
value of an individual’s life is measured as his or
her discounted future earnings potential.'” The
overall effect of using the human capital approach
is to underestimate the indirect cost of lead poison-
ing to society. Our model allows only for effects of
lead poisoning that have a direct impact on future
earnings, such as mental retardation and learning
disability. This analysis does not account for other
effects of lead poisoning that may not alter a per-
son’s earning potential but may affect the quality
of life (ie, pain from colic).

An important characteristic of the human capital
approach is sensitivity to the discount rate for
future earnings. We used a 6% annual discount
rate. If we had used a 10% rate, the cost of a true-
positive test result would have been greater than
the cost of a false-negative test result because the
direct cost of treating lead poisoning would have
been greater than the earnings loss from a child
with lead poisoning.

Detection of Other Disease

In this model, a false-positive test result was
considered as a cost, even though an abnormal EP

level in a child without lead poisoning may signify
asymptomatic iron deficiency (elevated EP levels
can be an indication of iron deficiency that was
undetected by a hemogram). To date, there has
been no study of the long-term benefit of early
detection of iron deficiency and we had no basis for
including it as a benefit of screening.

Probability of Mental Retardation and Learning
Disability From Lead Poisoning

In this analysis the probability of becoming men-
tally retarded or learning disabled was estimated
using Berwick and Komaroff ’s study.'® At the time
of their analysis, the CDC’s classification of lead
poisoning was slightly different from their current
categorization scheme. The current class II is de-
fined by a lower blood lead level (=25 ug/dL) than
the CDC used when Berwick and Komaroff esti-
mated the probability of learning disability due to
lead poisoning. There is no reason to believe that
this change will substantially alter the predicted
probability of sequelae from lead poisoning, inas-
much as there have been no data to define what
lower threshold of a blood lead level will result in
neuropsychological sequelae.

Additionally, we have estimated two probabilities
that were not reported in Berwick and Komaroff’s
study: (1) the percentage of children who have a
positive or negative lead provocative test and sub-
sequently developed sequelae; and (2) the percent-
age of children who are class IV with and without
symptoms. When these two variables were set at
estimated extreme upper and lower limits, the re-
sults were unchanged, because these variables make
a small contribution to the total cost of treating a
child with lead poisoning.

Cost of Mental Retardation and Learning
Disability

The expected annual reduction of earnings sec-
ondary to mental retardation, 14%, is a conserva-
tive estimate derived from a study that was done in
1960."° This study compared the earnings of men-
tally retarded persons with those of normal persons.
In 1986, the reduction in earnings secondary to
mental retardation should be higher than in 1960,
because labor-intensive jobs have decreased since
1960 and highly technical jobs have increased. One
would expect that a mentally retarded person who
could perform a labor-intensive job would be less
able to do a highly technological job. Furthermore,
the model assumes that the employment rate of
mentally retarded individuals is the same as that of
normal individuals.
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In summary, our estimate of the loss of earnings
associated with mental retardation and learning
disability is lower than what actually may be. How-
ever, as indicated in the sensitivity analysis, in-
creasing the loss of earnings attributable to mental
retardation or learning disability will not alter the
results of the study.

Total Societal Cost of Lead Poisoning

We assessed the societal cost of lead poisoning
as the direct medical care cost of a child with lead
poisoning and the loss of income attributable to
lead poisoning. The model excluded costs that
would not be considered uniform for all lead-poi-
soned children. For example, the cost of residential
abatement of lead paint was not included nor the
cost of a parent’s time to bring the child to and
from the office. The addition of both of these costs
would increase the cost of treating a child with lead
poisoning. The cost of other intangibles related to
untreated lead poisoning, such as pain, inconveni-
ence, and time out of school because of illness, were
not addressed. Adding these costs would raise the
total cost of a false-negative screening result.

Effectiveness of Lead Screening Programs

There has been no published study on the effect
that lead screening programs have in reducing men-
tal retardation and learning disability in children
who have been identified as having lead poisoning.
We made a conservative estimate that lead poison-
ing programs are 50% effective in preventing the
sequelae of lead poisoning once it has been identi-
fied and appropriately treated. More effective lead
screening programs would not have changed the
results of our analysis.

Effect of Subsequent Screening at a Later Age

Our model did not take into account the possi-
bility that a child with a false-negative EP result
would be rescreened the following year and identi-
fied as having lead poisoning. In addition, we did
not model the care of a child who was correctly
identified as not having lead poisoning in one year
but developed lead poisoning the following year.
Both situations would have required more complex
decision models than were used.

CONCLUSION

The measurement of blood lead concentration
has not customarily been viewed as a screening test
because it is both expensive and difficult to perform
accurately. As a result, EP measurement has been
used as an inexpensive alternative for lead screen-
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ing. We addressed the following issue: Is EP an
adequate screening test for lead toxicity as cur-
rently defined by the CDC? If so, what is the best
decision threshold? Currently, the recommended
EP decision threshold is 35 ug/dL.

We used a national population-based sample to
construct a ROC curve to assess the relationship
between the true-positive rate and false-positive
rate of EP at various decision thresholds for screen-
ing of lead poisoning. The ROC curve showed that
EP simply does not discriminate well enough be-
tween children with and without an elevated blood
lead level. Additionally, we used the ROC curve and
decision analysis to determine the decision thresh-
old that maximized the utility of EP screening for
lead poisoning. Our findings indicate that at the
present EP decision threshold of 35 ug/dL, too
many children with lead poisoning are being missed
and placed at risk of developing neuropsychological
sequelae.

Our results strongly suggest that EP should not
be recommended uniformly as a national screening
test for lead poisoning. In communities where the
prevalence of lead poisoning is low, such as 3%, the
current EP threshold of 35 ug/dL may be appropri-
ate. In areas in which the prevalence of lead poi-
soning is greater than 8%, EP measurement is not
sensitive enough to identify individuals with lead
toxicity.
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APPENDIX

Equation 1%'°

ROC curve slope at best operating point
_P(D-) CFP - CTN
" P(D+) ~ CFN - CTP

where P(D+) = national prevalence of lead poisoning in
children, P(D—) = 1 — national prevalence of lead poi-
soning, both in children <6 years of age, CFP = the cost
of a false-positive result, CTN = the cost of a true-
negative result, CFN = the cost of a false-negative result,
CTP = the cost of a true-positive result, [CFP — CTN]
= the cost of using the test in children without lead
poisoning, and [CFN — CTP] = the benefit of using the
test in children with lead poisoning.
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SOWING THE SEEDS OF A VIOLENT FUTURE

In general, the families that suffer the most social stress receive the least
social support. The widening gap in this country between rich and poor make
it even more likely that these [needy] children will repeat their parents’ poverty.
They will not be prepared to contribute to society - except in an antagonistic,

often violent way.

Brazelton TB. Why is America failing its children. The New York Times Magazine. September 9,

1990.
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