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F ield screening test methods are often used in 
environmental and industrial hygiene appli­
cations for the on-site detection and/or 

measurement of toxic substances. On-site screening 
tests are carried out in the field in order to estimate 
the contents of toxic chemicals in environmental 
matrices, or to estimate human exposures to toxic 
species, so that overexposures to these substances 
can be prevented. The goal of screening analysis may 
not necessarily be to quantitatively determine the 
level of a particular toxic substance, but rather to as­
sess whether the chemical species of concern is pres­
ent above or below regulatory or recommended stan­
dard values or action levels. Field screening methods 
can provide a timely means for assessing exposures, 
but the validity of such methods is called into ques­
tion if their performance has not been evaluated or 
verified. 

Field screening tests can be classified into three 
method types: qualitative, semiquantitative, and 
quantitative. Qualitative techniques, such as chemical 
spot tests, give either positive or negative (i.e., yes/no) 
responses for target analytes;1- 3 in some cases, incon­
clusive results are also possible.3

•
4 Semiquantitative 

methods are analyses that give estimated values for 

Field screening tests can be 
classifi.ed into three method types: 
qualitative, semiquantitative, and 
quantitative. 

analyte concentration, but with less precision and/or 
greater bias than quantitative methods.3•5- 7 Quantita­
tive methods are procedures meeting desired accuracy 
criteria for "definitive" tests, such as those described 
by the U.S. National Institute for Occupational Safety 
and Health (NIOSH) for industrial hygiene applica­
tions. 8 Quantitative and semiquantitative methods, 
when used for screening analysis, can be treated in a 
qualitative manner by converting measured values to 
positive or negative results via comparison with a 
specified threshold value. 

Herein, performance functions are described for 
qualitative, semiquantitative, and quantitative meth­
ods. Statistical protocols are outlined that provide 
the mathematical tools whereby performance criteria 
and characteristics for each type of screening analysis 
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can be rigorously compared and contrasted. Through 
examination of the performance functions of the dif~ 
ferent types of methods, it becomes possible to unify 
the statistical treatment in a manner that enables di­
rect comparisons of performance attributes to be 
made. If the performance criteria and charac·teristics 
of candidate screening tests have been closely esti­
mated based on thorough testing and statistical eval­
uation, the potential uses of such tests for field 
screening analyses can be assessed. 

Performance curves for qualitative screening 
methods 

Before a given qualitative method is used in 
screening tests, its performance must be evaluated. 
For the method to be deemed acceptable, its perfor­
mance must be found to meet desired performance 
criteria. A minimum requirement of a qualitative test 
method has to do with false-positive and false­
negative rates. A test result is referred to as a false 
negative if a negative result is observed but the true 
value is above the exposure standard or action level. 
Conversely, an observation is called a false positive if 
a positive result is observed when the true value is be­
low this level. For screening applications it is desired 
to minimize both false-positive and false-negative 
rates to acceptably low frequencies. 

Qualitative test methods ordinarily demonstrate 
nonzero false-positive and/or false-negative response 
rates. Thus, a realistic requirement for qualitative 
screening methods should allow for limited false­
negative and false-positive response rates, along with 
specified uncertainty regions about the applicable 
threshold values. It is expected that the positive re­
sponse rate of a given qualitative test method will in­
crease as the true concentration increases.3

•
4 In order 

to statistically model the performance curve of a 
qualitative test method, it is necessary to define sev­
eral variables and functions . In this paper, x will be 
the true analyte concentration, c the threshold value, 
P(x) the positive response rate, and N(x) the negative 
response rate of the method at x. A qualitative 
method can be statistically characterized by P(x) and 
N(x), referred to as performance functions. To handle 
inconclusive responses, let I(x) = l - P(x) - N(x). Th s, 
l(x) is the inconclusive rate of responses at x. For a 
method reporting only positive or negative responses, 
i.e., no "inconclusive" results, l(x) = 0. 

For values of x > c, P(x) is the correct positive .e-
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Figure 1 Performance fundions and performance parame­
ters for a binary {yes/no) quafitative test method. 

sponse rate, and N(x) is the false-negative rate at x. 
Conversely, for x < c, P(x) is the false-positive rate, 
and N(x) is the correct negative response rate at x. It 
may be specified to limit the false-positive and false­
negative rates in terms of probabilities ao and 0:1. This 
results in an interval (co, c1) such that the region 
bounded by P(co) = o:o and N(c1) = 0:1 is the uncer­
tainty region corresponding to false response rates. 
When I(x) = 0 (i.e., no inconclusive results are possi­
ble) (co, c1) is also the uncertainty region correspond­
ing to correct response rates (Figure 1): 

1 - N(co) = ao, 

1 - P(c1) = 0:1 
(1) 

But, if I(x) > 0, the uncertainty region correspond­
ing to correct response rate is different from that cor­
responding to false response rates. Here the uncer­
tainty region corresponding to correct response rates 
is given by (do, d1), where do and d1 are concentration 
levels (Figure 2): 

1 - N(do) = ao, 
(2) 

1 - P(d1) = 0:1 

Figures 1 and 2 illustrate generic sigmoidal perfor­
mance curves for qualitative analyses in the absence 
(Figure 1) and presence (Figure 2) of inconclusive re­
sults. If inconclusive readings are possible, the uncer­
tainty region is usually greater than in the corre­
sponding case where only yes/no results are possible, 
i.e., (co, c1) c (do, d1); compare Figures 1 and 2. 

In order to ensure the quality of qualitative 
screening tests, the applicable performance criteria 
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Figure 2 Performance functions and performance parame­
ters of a qualitative test method with inconclusive outcomes. 

for a qualitative method must specify the uncertainty 
region (co, c,) and the maximum false-positive and/or 
negative response rates allowed. Alternatively, the 
performance criteria for a qualitative method need to 
specify the uncertainty region (do, di), and the correct 
positive and/or negative response rates required. The 
former case applies when only yes or no results are 
possible, whiie the latter situation is operative if in­
conclusive readings are also possible. Stated in terms 
of false-positive and negative response rates, (I) the 
false-positive rate at or below c0 is less than or equal 
to ao, and the false-negative response rate at or above 
c1 is less than or equal to 0:1. 

Stated in terms of correct positive and negative re­
sponse rates (where inconclusive results are possible), 
(II) the correct negative response rate at or below do is 
greater than or equal to 1 - ao, and the correct posi­
tive response rate at or above d1 is greater than or 
equal to 1- 0:1. 

For qualitative screening tests in medically re­
lated applications, the correct positive response rate 
is referred to as sensitivity, while the correct nega­
tive response rate is called specificity.9 Positive and 
negative response rates would be expressed with re­
spect to the applicable action level(s) and a desired 
confidence level (usually at least 95% for analytical 
applications). 

For screening test methods that report either posi­
tive or negative results, the two criteria (I) and (II) 
above are identical. In this instance, if the perfor­
mance function P(x) is a monotonically increasing 
function of x, then the performance criterion is 
equivalent to: 

P(co) :c, ao 
and 

(3) 

(4) 



This case is illustrated in Figure l. However, a qual­
itative test method could meet the first criterion, but 
not the second. This situation applies when using a 
test method that can report a result as either positive, 
negative, or inconclusive, as shown in Figure 2. 

Performance curves for semiquantitative and 
quantitative screening methods 

Methods yielding numerical values are often used 
for screening analysis in the field. Screening methods 
demonstrating poorer overall accuracy than defini­
tive quantitative methods (used for fixed-site labora­
tory analysis) may nonetheless prove useful for on­
site analyses. Such methods may be viewed as 
quantitative procedures that have low precision 
and/or high bias. Screening methods of this kind are 
commonly referred to as semiquantitative to indicate 
that these methods do not meet the same perfor­
mance requirements for accuracy {precision and bias) 
as the more definitive quantitative methods. Cer­
tainly, quantitative procedures that meet more strin­
gent performance requirements for overall method 

Methods yielding numerical 
values are oft.en used for screening . 
analysis in the field. 

accuracy can also be used for screening purposes. Ap­
plications of semiquantitative and/or quantitative 
methods for screening may be manifested in the use 
of such procedures for making decisions on whether 
measured concentrations of analyte(s) is(are) above 
or below levels of concern. 

In using a semiquantitative or quantitative 
method for screening tests, a threshold value may be 
established in order to convert each numerical mea­
surement to a qualitative (yes/no) outcome. For a 
given measurement method yielding numerical val­
ues, the performance of the method is characterized 
by its bias and precision, or its measurement distribu­
tion. Assuming that measurements are distributed 
normally, the distribution of results is determined by 
the mean and standard deviation at each concentra­
tion level. As a qualitative test procedure, the perfor­
mance function of the semiquantitative or quantita­
tive method for screening applications depends on 
the threshold value and its distribution of numerical 
measurements (which are converted to positive or 
negative responses). 

Let m(x) and s(x) be the estimated mean response 
function and the estimated standard deviation func­
tion, respectively, of a given semiquantitative or 
quantitative measurement method. The performance 
function of the derived qualitative method is then 
expressed by: 

P(x) = <I>l[m(x) - t]/s(x)} (5) 

where <I>(x) is the cumulative distribution function of 
a standard normal random variable x, and t is the 
threshold value. The threshold value can be defined 
as the expected response value at the standard or ac­
tion level: t = m(c). 

The mean response function and the standard devi­
ation function of a semiquantitative or quantitative 
method is now considered. The performance function 

. and performance parameters of this method will de­
pend on the threshold value of concern. With false­
positive and false-negative rates ao and u1 (expressed as 
probabilities), the (1- ao- u1) x 100% confidence inter­
val at x can be expressed by functions L(x) and U(x): 

L(x) = m(x) - z(l - u1)s(x), 
(6) 

U(x) = m(x) + z(l - ao)s(x) 

where z(l - u1,o) is the (1 - u1 ,o) x 100% percentile of 
the standard normal distribution. The associated un­
certainty region (co, ci) can be obtained by solving 
U(co) = t and L(c1) = t. 

For a method with constant bias B and a constant 
precision (expressed in terms of relative standard de­
viation) R, 

m(x) = (B + l)x 
and 

s(x) = Rm(x) = R(B +l)x 

(7) 

(8) 

Here, the uncertainty region (in terms of concen­
trations) is given by: 

Co= t/((1 + B)[l + Rz(l - uo)]l, 

C1 = t/{(l + B)[l - Rz(l - <X1)]l 
(9) 

The method bias can be corrected for if B is known 
and is small in magnitude.8 If R is not constant but is 
concentration dependent, co and c1 can be computed 
using R = R(x). 

For analytical applications, at least 95% confi­
dence is desired, hence uo = u1 = 0.05 is chosen. For 
an unbiased method, B = 0, and with uo = u1 = 0.05, 

and 

Co= t/(1 + l.645R) 

C1 = t/(1 - l.645R) 

(10) 

(11) 

A semiquantitative or quantitative method can be 
characterized by its overall accuracy A. For measure­
ments of airborne toxic substances in the occupa­
tional hygiene arena, a desired method accuracy cri­
terion has been defined by the NIOSH.8 This criterion 
states that at least 95% of measurements must fall 
within ±A% of the "true" concentration level, where 
accuracy is defined as a function of precision and 
bias. An approximation of the relationship linking 
accuracy to precision and bias is expressed as: 
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, FiELD.SCREENING continued . .. . .. 
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A= 1.96 x (B2 + R2
)~ 

if JBI < R/1.645, or 

A = JBI + l.645R 

(12) 

otherwise (i.e., with high bias B) .10 An analytical 
method meets the NIOSH accuracy criterion if A ~ 
0.25; i.e., at least 95% of the measurements must fall 
within ±25% of the "true" value.8 

But here, it was desired to use a quantitative or 
semiquantitative method for screening purposes. Con­
sider first a situation in which the accuracy criterion is 
met for a method demonstrating no bias, A= 0.25 and 
B = 0. We thus have co= 0.827t and c1 = l.267t. So, if B 
= 0 and t = m(c) = cat the threshold concentration, co= 
0.827c and c1 = 1.267c (Figure 3). Figure 3 illustrates the 
situation in which a quantitative method satisfying 
the NIOSH accuracy criterion can be used for screening 
purposes through the conversion of numerical values 
to positive or negative outcomes. 

To reiterate, a semiquantitative method can be de­
scribed as a quantitative analysis that demonstrates 
poorer precision and/or greater bias than a method 
that meets the NIOSH accuracy criterion. But a semi­
quantitative method can meet the criterion (I) previ­
ously described for qualitative methods. This can be 
accomplished by reporting results near the threshold 
value as inconclusive, which may thereby reduce 
false-negative and false-positive rates. Such a method 
having a nonzero inconclusive rate can be character­
ized by its positive response rate function P(x) and its 
negative response rate function N(x) . Recall that the 
inconclusive response rate is given by: 

l(x) = 1 - P(x) - N(x) (13) 

For methods with inconclusive possibilities, there 
are two classes of uncertainty intervals: (co, c1) de­
fined in terms of the false-positive and false-negative 
rates, and (do, d1) defined in terms of the correct posi­
tive and correct negative response rates (recall Figure 
2). But if l(x) = 0 for all x, then c0 = do and c1 = d1 .. 

A semiquantitative method not meeting the per­
formance criterion (II) could meet the performance 
criterion (I) in consideration of the threshold level t. 
The method could then meet criterion (I) by defining 
an inconclusive range (to, t1) in terms of lower and 
upper limits that are concentration dependent: 

to= L(c1) = L(yc), 

t1 = U(co) = U(6c) 
(14) 

where y and 6 are coefficients such that y > 1; 6 < 1. 
Figure 4 demonstrates an example of such a case, in 
which the inconclusive range is defined with y = 0.5; 
6 = 2 (i.e., co= 0.5c; c1 = 2c) . For semiquantitative 
screening, P(x) is the probability that a measurement 
at x is greater than t1, N(x) is the probability that a 
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Figure 3 A quantitative method with A= 0.25 and con­
verted to qualitative outcomes (positive or negative with 
respect to a threshold level) by use of a threshold value. 
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Figure 4 A semiquantitative method converted to qualita­
tive results {positive or negative} with inconclusive 
oukomes. 

measurement at x is less than to, and l(x) is the proba­
bility that a measurement at x falls within the inter­
val (to, t1); compare Figures 2 and 4. By defining an 
inconclusive range, we provide for a semiquantita­
tive method to be used as a screening technique. The 
width of the inconclusive range will of course de­
pend on the precision and bias characteristics of the 
semiquantitative procedure. 



The approach presented here applies to situations 
in which the action level or threshold value is signifi­
cantly above the detection limit, and a concentration­
independent estimate of method uncertainty, which is 
constant, is assumed. But in cases where the action 
level is close to the detection limit (and method un­
certainty is therefore much greater than at higher con­
centrations), error rates may increase to such an ex­
tent that the desired confidence levels cannot be 
achieved. For these reasons, as a general rule it is de­
sired that the detection limit of an analytical method 
be at least an order of magnitude below the action 
level or threshold value.8 Hence, the use of screening 
methods may be limited to those instances in which 
the method detection limits are sufficiently low. 

Examples 

A few example cases of screening analysis concern­
ing samples of interest in occupational and environ­
mental health are presented. The use of qualitative, 
semiquantitative, and quantitative methods for 
screening purposes is demonstrated in light of the pre­
vious development. While the examples illustrated are 
specific for lead measurement in dust or air samples, it 
is emphasized that similar treatments may apply to 
virtually any analyte/matrix/method combination. 

The statistical treatment outlined 
can be applied to virtually any 
method that yields. a numerical 
value for any analyte of interest. 

Spot test for lead in air samples 

A statistical model was used to describe the perfor­
mance characteristics of a qualitative spot test for 
lead in workplace air samples.1 The following distri­
bution function was used to fit observed yes/no spot 
test data. 

P(x; a, b) = 1- exp[- (x/a)b] (for x ;:;;: 0) (15) 

Here, P is the probability of observing a positive 
response and is a function of the lead mass x and pa­
rameters a and b, which are location and scale pa­
rameters, respectively. An increase in the value of a 
shifts the performance curve to higher concentration 
values, while increasing the value of b serves to in­
crease the slope of the curve. 

Spot test performance parameters of interest are at 
lead levels giving 5, 50, and 95% chances of a posi­
tive response (i.e., p = 0.05, 0.50, and 0.95). These 
performance parameters can be expressed as func­
tions of the primary parameters a and b: 

xp = a[-ln(l -P)] 1/b (for P= 0.05; 0.50; 0.95) (16) 

where Xp is the lead level ata given probability of posi-
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Figure 5 Data fitted by statistical modeling: lead spot test 
applied on workplace air filter samples. 1 Plot of spot test 
response/probability versus mass of lead per filter (deter­
mined by GFAASJ. +: individual data points;-: modeled 
performance curve. 

tive test response. The 50% response point, xo.so, is de­
fined as the identification limit of the spot test 
method. This value is of interest in that it is equiva­
lent to the detection limit of a quantitative analytical 
method in the following sense: Both the identifica­
tion limit of a qualitative test procedure11 and the de­
tection limit of a quantitative method12 correspond 
to analyte levels at which there is a 50% chance of a 
negative result. The 5% and 95% response points 
(xo.os and xo.9s, respectively) provide information such 
that when a test r~sponse is observed, one may be at 
least 95% confident that the lead level is either above 
xo.os in the case of a positive result, or below x0.95 in 
the event of a negative reading. Thus xo.os, xo.50, and 
xo.9s are parameters that may be used to characterize 
the performance of the spot test procedure. 

For the lead-in-air spot test data, the maximum 
likelihood method13 was used to estimate the pri­
mary performance parameters a and b, enabling esti­
mation of the 5, 50, and 95% response points. The 
performance curve of the spot test data was modeled 
semiempirically, and the best estimates of a and b 
were discovered to be -4.7 and -1.4, respectively (di­
mensionless quantities). Calcu1ated estimates for 
Xo.os, xo.so, and xo.9s from experimental data were ap­
prox. 0.5 7, 3.6, and 10.2 µg Pb, respectively. 1 The 

· performance curve of this lead spot test method is 
shown in Figure 5. A NIOSH spot test screening 
method for lead in air filter samples has been pro­
mulgated based on this work. 14 

The implications for using the lead-in-air spot test 
are as follows. If a negative result is observed, one 
may be at least 95% confident that the amount of 
lead in the sample is less than 10.2 µg. Conversely, if 
a positive response is seen, one may be at least 95% 
confident that the amount of lead in the sample is 
greater than 0.57 µg. With knowledge of sampling 
times and flow rates, these values can be used by the 
industrial hygienist to predict compliance or non-

. compliance with applicable action levels, e.g., Occu-
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Figure 6 Plot of field-portable XRF data versus GFAAS 
results for lead in dust wipe samples. 17 (Courtesy of D. T. 
Woody and Prof. C.S. Clark, Universify of Cincinnati.) 

100( 

pational Safety and Health (OSHA) Permissible Expo­
sure Limits (PELs). 15-16 

Portable XRF saeening for lead in surface dust 

A portable X-ray fluorescence (XRF) device was eval­
uated for its potential use in semiquantitative field 
screening for lead in dust wipe samples. 17 Nearly 200 
surface dust samples were collected onto wipes from 
field sites during lead hazard mitigation activities.18-

19 

The lead content in each wipe was then measured using 
portable XRF. This was followed by confirmatory analy­
sis with graphite furnace atomic absorption spectrome­
try (GFAAS)20 after hotplate digestion of the wipes in ni­
tric acid and hydrogen peroxide. 21 Figure 6 shows a 
log-log plot of portable XRF readings versus analvtical 
results from GFAAS. The XRF method accuracy was 
computed to be approx. 34%, 17 which does not meet 
the NIOSH accuracy criterion.8 Hence, portable XRF 
measurement of lead in dust wipe samples may be con­
sidered a semiquantitative analytical technique. 

These semiquantitative XRF results can be exam­
ined in terms of a screening analysis application, con­
sidering, for instance, an applicable action level c = 40 
µg/ft2 for lead in floor dust. 22 For this example an op­
erative inconclusive range for portable XRF of O.Sx to 
2x the action level is chosen; i.e., to = 20 µg/ft 2 and t1 

= 80 µg/ft 2 (Figure 6) . Regarding GFAAS results as ref­
erence values, no XRF readings were found to be false 
positives or false negatives. For this data set, 14 XRF 
results, or 7.2%, fell within the inconclusive region. 
All XRF data below to were less than c as measured by 
GFAAS, and all XRF results above t1 were greater than 
c as measured by the reference method. This example 
amply demonstrates the utility of portable XRF as a 
screening technique for lead in dust wipe samples. 

On-site measurement of lead in air by field-portable 
electroanalysis 

A field-portable method for the determination of 
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Figure 7 Plot of data obtained by portable UE/ ASV versus 
ICP-AES results for lead in workplace air samples. 23 

lead in workplace air samples, based on the use of 
ultrasonic extraction (UE) and anodic stripping 
voltammetry (ASV), was evaluated.23 Workplace air 
samples were collected onto filters using personal 
sampling pumps. The filters were then subjected to 
UE in diluted nitric acid, and the lead concentration 
in the extracts was m·easured by ASV. Afterwards, 
the extracts and filters were subject .to hotplate di­
gestion prior to lead measurement by inductively 
coupled plasma-atomic emission spectrometry 
(ICP-AES),24 which served as a reference analytical 
method. Figure 7 shows a plot of lead-in-air data ob­
tained using the field electroanalytical method ver­
sus results from ICP-AES. 23 The portable UE/ ASV 
method was found to satisfy NIOSH accuracy crite­
ria, indicating that this method can be regarded as a 
quantitative analytical technique. 

The use of UE/ ASV as a screening method is illus­
trated in Figure 7, where the OSHA action level of 30 
µg/m 3 has been chosen as an operative threshold 
level t. (For a full 8-hr workday, this figure is close to 
30 µg/sample; thus, co= 0.827t = 24.8 µg, c1 = l.267t 
= 38.0 µg.) With 11 = 36, there is one false positive (at 
exactly the threshold) and there are no false nega­
tives. While UE-ASV data can be employed for defini­
tive lead-in-air measurements, 25 this example illus-

. trates the application of a quantitative field method 
for screening analysis. 

Summary 

A statistical formalism has been presented that en­
ables the estimation of performance criteria and 
characteristics of field screening test methods. By im­
plementing appropriate statistical treatments on 
measurement data with subsequent confirmatory 
analysis, it becomes possible to evaluate qualitative, 
semiquantitative, and quantitative field methods for 
their potential use in screening analysis for given an­
alytes of interest. It should therefore be possible to 



use the results from screening analysis to make de­
fensible decisions concerning potential human expo­
sures to toxic substances. 

The use of various methods for screening pur­
poses may depend on the intended applications or 
purposes of the measurements. The discussion here 
has focused on the use of such measurements for 
making decisions concerning analyte concentra­
tions above or below a given standard or action 
level (threshold) . The statistical treatment outlined 
can be applied to virtually any method that yields a 
numerical value for any analyte of interest, and 
therefore has general applicability to field screen­
ing analysis. 
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