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RESULTS OF THE ANALYSIS OF
THE BLOOD LYMPHOCYTE PROLIFERATION TEST DATA

FROM THE NATIONAL JEWISH CENTER

E. L. Frome
L.S. Newman
M. M. Mroz

Abstract

A new approach to the analysis of the blood beryllium lymphocyte proliferation test
(LPT) was presented to the Committee to Accredit Beryllium Sensitization Testing-Beryllium
Industry Scientific Advisory Committee in April, 1994. Two new outlier resistant meth-
ods were proposed for the analysis of the blood LPT and compared with the approach
then in use by most labs. The method based on a least absolute values (LAV) analysis of
the log of the well counts was recommended for routine use. It was considered impor-
tant to “field test” the method on a new data base from another laboratory, since results
were obtained using data from a single laboratory—Oak Ridge Institute for Science and
Education (ORISE).

The National Jewish Center (NJC) agreed to provide data (similar to that from ORISE
in ORNL-6818) from a study that was underway at that time. Three groups of LPT data
are considered; i) a sample of 168 beryllium exposed (BE) workers and 20 nonexposed
(NE) persons; ii) 25 unacceptable LPTs, and iii) 32 abnormal LPTSs for individuals known
to have chronic beryllium disease (CBD). The LAV method described in ORNL-6818 was
applied to each LPT. Graphical and numerical summaries similar to those presented for
the ORISE data are given. Three methods were used to identify abnormal LPTs. All three
methods correctly identified the 32 known CBD cases as abnormal. Results of applying
the three methods to the BE-sample and Unacceptable data sets are presented, and results
for each of the three methods for the 20 Unacceptable LPTs and retest results are given.

These results support the earlier recommendation that the LAV method is a simple and
effective method for routine analysis of the blood beryllium LPT that is not effected by
outliers.
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1. Introduction

On April 22, 1994 a new approach to the analysis of the blood beryllium lymphocyte pro-
liferation test (LPT)! was presented at the Committee to Accredit Beryllium Sensitization
Testing-Beryllium Industry Scientific Advisory Committee meeting in Washington, D.C. The
details of the method are descrilfenly Fromeet alin a research report (ORNL-6818) [4] and

were presented on November 8, 1994 attheference on Beryllium Related Disea&dsAt

the meeting there was general satisfaction with the proposed methods, but it was considered
important to “field test” the method on a new data base from another laboratory—results in
ORNL-6818 were obtained using data from the Oak Ridge Institute for Science and Education
(ORISE) laboratory. The National Jewish Center (NJC) agreed to provide data similar to that
in ORNL-6818 from a study that was underway at that time.

In ORNL-6818 two outlier resistant methods were proposed for the estimation of the stim-
ulation index (SI), which is the ratio of the response of beryllium stimulated cells to control
cells. These outlier resistant methods were compared with the approach then in use by most
labs. The method based on a least absolute values (LAV) analysis (Section 2.2) of the log of the
well counts was recommended for routine Uaehis report all of the results are based on
the LAV method. All LPTs showed an adequate response to concanavalin-A (ConA) and
phytohemagglutinin (PHA) and those with obvious “laboratory error” (i.e. many wells
with no response above background) have been eliminated.

1Abbreviations used: AB,abnormal; Be,beryllium; BE,beryllium exposed; CBD,chronic beryllium dis-
ease; ConA,concanavalin-A; CV,coefficient of variation; df,degrees of freedom; LAV,least absolute values;
LPT,lymphocyte proliferation test; NE,nonexposed; NJC,National Jewish Center; ORISE,Oak Ridge Institute for
Science and Education; ORNL,Oak Ridge National Laboratory; PHA,phytohemagglutinin; Sl,stimulation index;
UN,unacceptable;

20n the Internet see URL: http://www.epm.ornl.gov/ frome/BeLPT/index.html
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1.1. Description of Data From National Jewish Center

Three groups of LPT data are considered:

e LPTs for a sample of 168 beryllium exposed (BE) workers
and 20 nonexposed (NE) persons.

e 25 unacceptable (UN) LPTs, and

e 32 abnormal (AB) LPT data sets.

The sample data consists of the first 168 persons whose blood arrived at NJC for beryllium
testing as part of a recent study and are considered to be representative of the study cohort.
One LPT from the beryllium exposed workers was removed because of laboratory error (eight
of twelve control wells showed background counts). The nonexposed LPT data are from 20
people who have no known beryllium exposure or respiratory disorders. These 20 LPTs were
performed by a single NJC technician.

The unacceptable data are from 25 patients who have “high variability” in their beryllium

test results or control cells. Data are flagged as unacceptable for any of the following reasons:

e three or more of the six beryllium stimulated groups are excluded due to high variation
e more than five control well data values are excluded due to high variation,
e ConA and PHA Sis are low (indicating low cell viability), or

e cell control counts are judged to be too high or too low (indicating possible contamina-
tion, failure to pulse, or other laboratory error).

High variation is defined in several ways. For beryllium stimulated quadruplicates (groups
of four at a particular beryllium concentration), values are rank ordered and the coefficient of
variation (CV) is calculated. If the CV is greater than 30%, the value farthest from the mean
is dropped and the CV is recalculated. If the CV for the remaining three values is still above
30%, the group is excluded. Three or more excluded groups is considered high variation.
High variation for cell control groups is the same as for beryllium stimulated groups with one
exception. It is defined as more than five control well counts excluded from the group without

achieving an acceptable CV.
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The abnormal data are from 32 patients who have clinically confirmed beryllium disease
or beryllium sensitivity. The data are considered abnormal if two or more Sls exceed the
technician’s cut-off value. The cut-off value is two standard deviations above the mean peak

Sl for nonexposed people.

2. Estimation of Sls Using Least Absolute Values Method

Results in this report are based on the LAV method described in detail in ORNL-6818. The

main results are summarized here.

2.1. Regression Model for the LPT Data

Let yjx denote the well count for thié" replicate of thejt" set of culture conditions. The

expected count in each well can be represented by a log-linear regression function:

E(yjk) =Aj = exfgX;B), (1)

wherej=1,...,10 andk=1,...,12 for the controls ank= 1,2, 3,4 for the beryllium stim-

ulated cells and the positive controls. In (4)js a row vector of indicator variables apds

the vector of regression parameters (see below). It is further assumed that the variance of the
well counts is proportional to the square of the expected count:

Var(yj) = (¢hj)% (2)

Equations 1 and 2 together are referred to as a generalized linear model with constant coeffi-

cient of variationp (see ORNL-6818 for more details)

2.2. Least Absolute Value Regression on Log(y)

The first step in this approach is to take the log of the counts since this is the variance-stabilizing
transformation and leads to a linear model ingay- log(yix), i.e.

E(ij) = XjB—(pz/Z andVar(zjk) o~ (pz

In this report all logs are natural (base e) logarithmdf outliers are not present, applying
ordinary least squares to the transformed data will yield consistent estimates for the log(Sl)

parameters [7]. The effect of outliers is minimized by using least absolute values (or some



-4 -

other robust method) on tm. Least absolute value regression—also knownjasokm,

least absolute deviations and minimum sum of absolute errors—is well known to be resistant
to outliers and is an important particular case of a general class of robust methods known as
M-estimators [10, 9]. In general, LAV regression requires special computational resources to
calculate parameter estimates [1]. In this situation, however, it is only necessary to find the
median of the log of the well counts for each set of design conditions and then subtract the
control median for each harvest day from the beryllium stimulated medians (see Appendices
ORNL-6818). Letzj denote the median for thé& beryllium concentration arzj denote the
median of the log well counts for beryllium stimulated cells and the corresponding control
wells. The LAV estimate of th¢" log(SI), Bj, is

Bi=%—%. 3)
A resistant estimate of the coefficient of variatiphdan then be obtained as
@ = C x mediar{|zjx — |}, (4)

whereC = 1.48 x \/n/(n— p), n = number of wells, angh = the number of medians. On

the log scalep corresponds to the standard deviation of the log counts. For the overall pooled
estimaten = 48 andp = 8 in this report. The value & is chosen to make the estimate
consistent for the standard deviation for a Gaussian error model and for consistency with the
usual least squares results in which the estimated variance is multiplied by the correction factor
n/(n— p) — see [6] and S-PLUS functiamd in [12]. Alternative approaches to estimating

@ have been discussed in the context of LAV regression (see e.g., [11, 9]) and there is no
consensus as to the best approach. In addition to the fact that this parameter is of direct interest

in this situation, it is also needed to obtain an estimate of the parameter covariance matrix
WXX)

wherew? = [2f(0)] 2 is the asymptotic variance of the sample median [2]. Following the
approach of [8] we assume that the underlying error distribution is Gaussian in the center and
usew= \/ﬂfn_ to obtain an estimate of the standard deviation of the log of the stimulation
indices. The appropriate diagonal term froxiX) 1 is 4/12, and consequently the estimated
standard deviation of log(Sl) is2bp (0.58) = 0.72¢,.
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3. Identification of LPTs With Large Sls

This section describes three approaches to the the problem of identification of an “abnormal
LPT. Each of these methods uses the LAV estim[é;ej; 1,...,6, of the log(Sl)s and resistant
estimates of. Note thatf&j is a statistical shorthand for the LAV estimate of thejt" log(Sl).

3.1. Method 1- Using Distribution of Maximum SI From Nonexposed Controls and/or
Historical Population of Beryllium Exposed Workers

This approach parallels that currently in use for identification of LPTs with large SlIs. The
procedure is to use the distribution of the maximum log(Slyéfeaence data base LPT data

sets to determine a “cut point”. The reference data base could be composed of LPTs for a group
of nonexposed individuals, or nonexposed plus historical data from beryllium exposed workers
with no indication of beryllium sensitivity. In this report there are LPTs for 20 nonexposed
individuals, and these, alone or in combination with the sample of 167 beryllium exposed
workers, will serve as the reference data base. The individuals with abnormahdTisot

been removed. The methods we use are outlier resistant and should be effective as long as the
proportion of abnormal LPTs in the study population is not too Ig&rgen LPT is considered
abnormal ifat least twolog(Sl)s exceed this cut point. The steps for this procedure are as

follows:

1. FindB; = ma>{f3ij ,j=1,...,6]fori=1,...,N, whereN= number of LPTs imeference
data base

2. FindM = medianf;,i =1,...,N] and S the median absolute deviation (MAD) estimate
of the standard deviation of tf.

3. Then calculateut= M + z,S, wherez, is the p" quantile of the standard normal distri-
bution. If p= 0.975 therg, ~ 2.

4. An LPT is defined to babnormal if at least two log(Sl)s exceed. cut

The probability of a statistical false positive for this procedure is less than 1-p.

3|f the reference data base is restricted to NE individuals, then the moment estimates of location and scale could
be used instead of the resistant estimates. This approach is based on the assumption that there are no beryllium
sensitive individuals in the NE group.
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3.2. Method 1A- Using Distribution of Second Largest SI From Nonexposed Controls
and/or Historical Population of Beryllium Exposed Workers

This approach is the same as Method 1 except the second largest log(&ieieiece data
baseof LPT data sets is used to determine the “cut point”. An LPT is considered abnormal if
the second largestlog(Sl) exceeds this cut point. The steps for this procedure are as follows:

1. FindB;r = secondlarge@?ij ,j=1,...,6]fori =1,...,N, whereN=number of LPTs in
reference data set

2. FindM = mediaﬂjBiT?i =1,...,N] and S the median absolute deviation (MAD) estimate
of the standard deviation of ti.

3. Then calculateut= M + z,S, wherez, is the p quantile of the standard normal distri-
bution. If p= 0.975 therg, = 1.96.

4. An LPT is defined to babnormal if at least two log(Sl)s exceed.cut
The probability of a false positive for this procedure should be about 1-p.

3.3. Method 2- Using The Empirical Distribution of log(Sl)s For Each Day and Each
Beryllium Concentration

The third approach is the one proposed in Section 3.6 of ORNL-6818. It is based on the
assumption that the log(Sls) are approximately normally distributed (see Figures 5land 6).
this report the reference data base consists of all available LPTs in the BE-sample data
set and the NE data setln practice this data set would change during the course of a study
as new data becomes availablEhe first step is to convert each log(Sl) into a standardized
deviate ~ )
using the values qgf;"ands; given in Table 3. These standardized deviates can be compared
with the quantiles of the standard normal distribution, i.p1 2,] = p. If we assume that the
log(Sls) are independent then the binomial distribution can be used to calculate an approximate
probability of at leask out of six “large” Sls for a given value af. The probability of at least
one large Slis L p®, and the probability of at least two is-{p® + 6(1 — p) p°].

In fact, the log(Sls) are positively correlated, so this probability should be a lower bound

on the chance of finding a false positive LPT.



4. Results
4.1. Descriptive Statistics for Control Wells

An important assumption is that the standard deviation of the well counts is proportional to the
mean as implied by Equation (2). Since each of the LPTs contains 12 replicate control wells
on both day 5 and day 7 we can evaluate this assumption by computing location and scale
estimates for the control wells for each assay on day 5 and day 7. Figure 1 (top) shows the
relationship between the moment estimator of locatpth€ sample mean) and the moment
estimator of scales( the sample standard deviation) for the day 5 control wells. This plot
also shows the resulting line when the standard deviation is regressed on the mean. The least
squares equation for this lineds= 0.29, and the slope (0.29) is an estimate of the coefficient

of variation for day 5. Figure 1 (bottom) is a similar plot but resistant estimates are used in
place of moment estimates. Specifically, the sample megiaeplaces the sample mean, the
MAD estimate §) replaces, and LAV is used to regregsony. The solution to this resistant

fitis 6 = 0.22y and the slope (0.22) is a resistant estimate of the coefficient of variation.

Figure 2 shows the relationship between the resistant estimates of location and scale for the
day 5 control wells (top) and the day 7 control wells (bottom) on a log-log scale. If the standard
deviation is proportional to the mean (i.e. constant coefficient of variation), the log-log plot
should be linear with a slope of 1. The LAV fitgs= 0.262y for the day 7 control wells and
the solid line in Figure 2 (bottom) is 16g) = log(0.262) + log(y). Comparing this fit to the
resistant fit for the day 5 control well§ & 0.216y) reveals that the results on both days are
quite similar. The main difference in the day 5 and day 7 results is that the day 7 results are
shifted to the right since the control well counts are generally higher on day 7 than those on
day 5. The median of thgs on day 5 is 378 compared with 1552 for dayThese results
are consistent with the laboratory observation that day 7 results are generally higher and
show greater variability than well counts on day 5 They also support the regression model
assumption discussed in Section 2.1 that the variance of the well counts is proportional to the
square of the expected counts.

Figure 3 is identical to Figure 2 except the results for Abnormal and Unacceptable LPTs
have been included.
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The dashed lines are the result of applying scatterplot smoothers to the data.



Day 5 Resistant Estimates
S-MAD = 0.216 * Median

5000 10000

1000

S-MAD Estimate
500
L

T T
50 100 500 1000 5000 10000 50000

Median

Day 7 Resistant Estimates
S-MAD = 0.262 * Median

6] BE-sample (n=167) o
q A Nonexposed  (n=20) .

5000 10000

1000

S-MAD Estimate
500
L

50
|

T T
50 100 500 1000 5000 10000 50000

Median
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is 1.
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Figure 3: Results for Nonexposed, Beryllium Exposed Workers- Sample, Abnormal, and Unac-
ceptable LPTs. Relationship between the Mediaand the MAD estimatej of the standard
deviation for the control wells on harvest day 5 (top) and harvest day 7 (bottom). The dashed
lines are the result of applying scatterplot smoothers to the data. Since results are shown on
log-log scale the slope of the line is 1.
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4.2. Graphical Summaries for Sls For Beryllium Exposed Workers and Nonexposed Peo-
ple

Figure 4 shows the Sls for the sample of beryllium exposed (BE) workers and nonexposed
(NE) controls (compare with Fig. 4 for the ORISE-AC Data in Franal. [5]). The vertical

scale on the right hand side of the plots is in Sl units. The Sls for both the NE controls and the
beryllium exposed workers decrease as the beryllium concentration in the test wells increases.
This may be due to a toxic effect of high beryllium concentration that results in “cell killing”.
There is considerably more variability in the log(Sl)s for the BE LPTs than for the NE LPTs at
each concentration on both day 5 and day 7.

Figure 5 shows normal (Gaussian) probability plots for the combined BE and NE Slis for
each of the three beryllium concentrations on day 5 and day 7. In each of the six plots, the data
(ordered values of the log(Sls)) are shown on the vertical scale on the left, and the quantiles of
the standard normal distribution are shown on the horizontal scale. A detailed account of the
construction and interpretation of normal probability plots is provided by Chasthatg3].

In this situation statistical theory indicates that the log(Sls) should be approximately normally
distributed, and the large sample standard deviation should be about 0.28 if the coefficient
of variation is 0.4. If the relation between the empirical quantiles (on the vertical axis) and
theoretical quantiles (on the horizontal axis) is linear, this indicates that the distribution is
Gaussian. Each plot includes the median (labeled M) and a resistant estimate of the standard
deviation (labeled S) for the log Sls. The solid line in each plot shows the relation that is
expected if the log Sl values are from a normal distribution with location parameter M (which
determines the intercept) and standard deviation S (which determines the slope). Resistant
methods were used to estimate the location and scale parameters for the combined data from
the BE and NE groups. This reflects the assumption that most of beryllium exposed workers
do not show an abnormal response, i.e. they look like the nonexposed group. For example,
consider the plot for day 5 Be-10 in Figure 5. The log(Sls) appear to be approximately normal
in the center, but there are several values that are larger than expected (these are the points
above the line). These “outliers” are Sls that indicate hypersensitivity to beryllium. Compare
these results to similar plots for the ORISE data—see [5] Fig. 5.

Normal probability plots for theonexposedworkers alone are shown in Figure 6. Box-
plots for each of the data sets considered in this report are shown in Figure 7. The top panel
contains results for day 5 and the bottom panel for day 7. The NE controls are shown on the left
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Beryllium Exposed Workers Sample (167) and Nonexposed (20) For NJC
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side of each panel. The LAV estimates of the log(Sl)s for the 32 Abnormal LPTs are clearly

increased and show a different profile than the NEs and BE-sample.

4.3. Resistant Estimates of the Coefficient of Variation)

Resistant estimates @f the coefficient of variation, for the NE LPTs on day 5 and day 7 and
for the BE-sample are shown in Figure 8. For example, the boxplot labeled BE5-T is based on
a pooled estimates gffrom the beryllium treated wells on day 5 from the sample of 167 BE
workers. The dotted line corresponds to a value of 0.8.fBigure 8 suggests that the internal
variability may be slightly greater on day 7. There is, however, no indication of increased
variability in the beryllium stimulated wells.

Log normal probability plots for th@ values are shown in Figure 9. These plots indicate
that logfp) is approximately normally distributed with very similar parameters.

Figure 10 shows the distributions of the maximum Sis for the NE, BE (sample), AB, and
UN data sets. The values for the NE and/or BE-sample are used as the reference group in
identification of abnormal LPTs as described in Section 3.1.

4.4. ldentification Of LPTs With Large Sls

Table 1 lists the LPTs with large Sls based on Method 1 (Section 3.1). The reference data base
used was the nonexposed controls. There were 11 LPTs in the BE-sample and 4 LPTs in the
unacceptables that were identified as having at least two largeA8182 of the abnormal

LPTs were identified as having at least two large Slso they were not included in Table 1.

Table 2 lists the Sls for LPTs with large Sls based on Method 1A (Section 3.2). The
reference data base used was the nonexposed controls. There were 19 LPTs in the BE-sample
and 14 LPTs in the unacceptables that were identified as having at least two largaliSls.

32 of the abnormal LPTs were identified as having at least two large St they were not
included in Table 2.

Table 3 gives thetandardized deviates defined in Section 3.3 for LPTs with large Sls
based on Method 2. The reference data base used was the nonexposed controls combined with
the BE-sample, ang,, waszgseg = 1.715. The values gfi"andsj are given at the bottom of
Table 3. The Sl value that had to be exceeded for each Be concentration is in the last row of
Table 3. An LPT is abnormal if at least two of the standardized deviates exceed 1.715. There

were 13 LPTs in the BE-sample and 9 LPTs in the unacceptables that were identified as having
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LAV Stimulation Idicies For NJC Blood LPT Data
Top Panel-- Harvest Day 5 Bottom Panel-- Harvest Day 7
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Phitilde (CV) for LAV Method For Log(SI)
Beryllium Workers Sample (167) and Nonexposed (20) For NJC
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Figure 8: Resistant Estimates @{CV) For Nonexposed and Sample of 167 Beryllium Ex-
posed Workers
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Normal Probability Plots For Log(Phitilde)
Beryllium Workers Sample (167) and Nonexposed (20) For NJC
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Figure 9: Resistant Estimates @{CV) For 20 Nonexposed and Sample of 167 Beryllium
Exposed Workers
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Distribution of Maximum Log( SIs )

Nonexposed (Controls) and Berylium Exposed Workers For NIC
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Figure 10: Distributions o The Maximum of Log(Sl)s For NJC Data Sets. There are 32
LPTs in The “Abnormal” Group That Are Confirmed Cases of CBD and 25 LPTs That Were
Considered to Be Unacceptable.
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at least two large SIsAll 32 of the abnormal LPTs were identified as having at least two
large Slsso they were not included in Table 3. An approximate lower bound (see Section 3.3)

on the probability of a false positive is-p®+ 6(1— p)p°] = .025.
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Table 1: Method 1 Results: Log(Sl)s (top panel) and Sls ( bottom panel ) for Individuals from
the BE Sample (167) and Unacceptables (25) with “abnormal” LPTs. The values for M and S
(Section 3.1) are 0.170 and 0.179, respectieeity; 0.521 is the cut point for a large Log(SI)—
exp(.521)=1.68. Theeference data basgsed was the 20 LPTs for Nonexposed individuals.
ALL abnormal LPTs had at least two large Sls and are not listed.

ID Day 5 Day 7

bel | be10| be 100| bel | be 10| be 100

Log(SI)s
BS1033| 0.19| 1.65| 0.15| -0.07| 1.03| -1.35
BS1034| 0.31| 092| 0.60| -0.50| -1.29| -1.68
BS1035| 0.63| 1.57| 0.97 | -1.43| -2.47| -3.78
BS1091| -0.10| 1.37| 165 | -0.42| 0.20| 1.25
BS1259| 0.62| -0.71| -1.42| 0.90| -2.09| -4.08
BS1269| 1.20| 1.60| 1.43| -0.55| -0.72| -0.44
BS1271| 0.68| 0.86| 0.03| 0.20| 1.09| -2.30
BS1315|| 0.00| 0.74| 129 | -0.76| -0.80| -1.32
BS1316| -0.12| 1.70| 3.40| 0.49| 2.13| 3.24
BS1321|| 0.80| 1.47| -0.20| -0.72| -2.30| -2.89
BS472 || 0.38| 1.89| 045 | 0.26| 0.74| -0.99
BU1033| 0.19| 1.65| 0.15]| -0.07| 1.03| -1.35
BU2685| 1.05| 1.06| 0.02 | 0.57| -0.42| -1.20
BU3064| 0.36| 0.77| 059 | 0.29| -0.15| 0.03
BU3287| 0.96| 0.07| 0.61| 0.47| -0.32| 0.25

Sls
BS1033|| 1.20| 5.22| 1.16| 0.93| 2.80| 0.26
BS1034| 1.36| 250| 182 | 0.61| 0.28| 0.19
BS1035| 1.88| 4.80| 2.63| 0.24| 0.08| 0.02
BS1091|| 0.90| 3.95| 5.22| 0.66| 1.22| 3.47
BS1259| 1.87| 0.49| 0.24| 247| 0.12| 0.02
BS1269| 3.31| 494| 4.19| 058| 0.49| 0.64
BS1271| 1.98| 2.37| 1.03 1.22| 298| 0.10
BS1315| 1.00| 2.10| 3.64 | 0.47| 0.45| 0.27
BS1316| 0.89| 5.45| 29.85| 1.63| 8.45| 25.41
BS1321| 2.21| 437| 0.82| 0.49| 0.10| 0.06
BS472 146 | 6.62| 1.56 1.30| 2.10| 0.37

BU1033| 1.20| 5.22| 1.16| 0.93| 2.80| 0.26
BU2685| 2.85| 2.88| 1.02 1.77| 0.66| 0.30
BU3064| 1.43| 2.16| 180 | 1.34| 0.86| 1.03
BU3287| 2.61| 1.07| 184 | 161| 0.73| 1.28
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Table 2: Method 1A Results: Slis for Beryllium Workers Sample (167), Unacceptables(25)
LPTs For NJC Data. The values for M and S (Section 3.2 ) are -0.197 and 0.240, respectively,
andcut= 0.274 is the cut point for a large Log(Sl) and exp(0.274)= 1.32 RHfierence Data

Base used was made up of the 20 LPTs for Nonexposedpand.975, with a false positive

rate of about 2.5 percemiLL abnormal LPTs had at least two large Sls and are not listed.

ID Day 5 Day 7

bel| bel1l0| be 100| be 1l | be 10| be 100
BS1027|| 0.57| 8.02| 0.56 || 0.62| 1.45| 0.10
BS1033|| 1.20| 5.22| 1.16 || 0.93| 2.80| 0.26
BS1034| 1.36| 250| 1.82 || 0.61| 0.28| 0.19
BS1035| 1.88| 4.80| 2.63 || 0.24| 0.08| 0.02
BS1087| 1.48| 1.27| 1.67 || 0.20| 0.14| 0.20
BS1091|| 0.90| 3.95| 522 || 0.66| 1.22| 3.47
BS1259| 1.87| 0.49| 0.24 || 2.47| 0.12| 0.02
BS1269|| 3.31| 494 | 4.19 || 0.58| 0.49| 0.64
BS1271| 1.98| 2.37| 1.03 || 1.22| 298| 0.10
BS1315|| 1.00| 2.10| 3.64 || 0.47| 0.45| 0.27
BS1316|| 0.89| 5.45| 29.85 | 1.63| 8.45| 2541
BS1321|| 2.21| 437 | 0.82 || 0.49| 0.10| 0.06
BS425 1.44| 0.90| 0.54 1.62| 0.86 0.28
BS472 | 1.46| 6.62| 1.56 || 1.30| 2.10| 0.37
BS731 | 1.32| 0.78| 0.31 || 1.46| 0.14| 0.07
BS818 | 1.54| 1.03| 0.96 | 1.49| 0.14| 0.11
BS819 | 1.65| 1.20| 0.65 || 2.42| 0.51| 0.42
BS824 | 1.53| 0.29| 0.32 || 1.38| 0.06 | 0.05
BS826 | 1.48| 1.73| 1.35 | 0.66| 0.68| 0.63
BU1033|| 1.20| 5.22| 1.16 || 0.93| 2.80| 0.26
BU1960|| 1.34| 2.24| 0.50 | 0.97| 0.42| 0.06
BU2167| 1.54| 1.84 1.01 1.35| 1.43 0.59
BU2172| 0.63| 1.37| 0.89 | 1.50| 1.71| 0.72
BU2282| 1.03| 1.46| 1.38 || 1.88| 1.00| 1.30
BU2685| 2.85| 2.88| 1.02 || 1.77| 0.66| 0.30
BU2947|| 1.45| 1.65| 1.45 || 0.89| 1.15| 0.80
BU3064 || 1.43| 2.16| 180 || 1.34| 0.86| 1.03
BU3068|| 2.59| 1.46| 093 || 0.92| 0.35| 0.18
BU3175| 1.15| 2.06 1.50 147 | 1.35 0.96
BU3251 | 1.37| 1.09| 1.82 || 0.51| 0.11| 0.11
BU3287| 2.61| 1.07| 184 || 1.61| 0.73| 1.28
BU3470(| 0.61| 2.02| 0.71 | 1.60| 0.44| 0.81
BU8B19 || 1.65| 1.20| 0.65 | 2.42| 0.51| 0.42
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Table 3: Method 2 Results: Standardized Deviates (see Section 3.3 ) For Beryllium Exposed
Workers and Unacceptable LPTs. The valug ef 0.9568 so the false positive rate is about
2.5 percentALL abnormal LPTs had at least two large Sls and are not listed.
ID Day 5 Day 7
bel | be 10| be 100| be 1 | be 10| be 100
BS1027| -0.94| 3.62| 0.70 || 0.31| 2.00| 0.41
BS1033| 0.72| 3.05| 1.71 || 0.92| 252 | 1.10
BS1034| 0.99| 2.07| 2.33 || 0.28| 0.71| 0.86
BS1035| 1.72| 2.94| 2.85 | -1.14| -0.22| -0.63
BS1091| 0.08| 2.68| 3.79 | 0.39| 1.87| 2.95
BS1261| -0.20| 2.97| 0.75 || 0.21| 1.75| 0.57
BS1269| 2.98| 2.97| 3.49 || 0.20| 1.15| 1.74
BS1271| 1.83| 2.00| 154 || 1.33| 2.57| 0.42
BS1315| 0.31| 1.84| 3.29 || -0.13| 1.09| 1.12
BS1316| 0.04| 3.10| 6.20 || 1.77| 3.38| 4.36
BS1321| 2.08| 2.81| 1.22 || -0.06| -0.08 | 0.00
BS472 || 1.15| 3.36| 2.12 || 1.43| 229 | 1.35
BS826 | 1.18| 1.58| 192 | 040| 141 | 1.73
BU1033| 0.72| 3.05| 1.71 || 0.92| 252 | 1.10
BU2172| -0.72| 1.27| 1.34 164 2.13| 1.83
BU2282| 0.36| 1.36| 1.95 | 1.98| 1.72| 2.25
BU2685| 2.64| 2.26| 153 || 1.89| 1.39| 1.21
BU2947 | 1.14| 152 | 2.02 | 0.85| 1.82| 1.90
BU3064| 1.10| 1.88| 2.31 || 1.47| 1.60| 2.08
BU3175| 0.61| 1.82| 2.07 | 1.61| 1.95| 2.03
BU3287| 2.45| 0.95| 235 || 1.75| 1.47| 224
BU3470| -0.79| 1.79| 1.03 1.74] 1.07| 1.91
Med -0.14| -0.65| -1.09 || -0.68| -2.19 | -2.89
Smad || 0.45| 0.75| 0.72 | 0.66| 1.28| 1.41
Cut SI 188| 1.91| 1.16 || 1.57| 1.00| 0.62
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Table 4: Beryllium Exposed Workers Classified as Abnormal by at
Least One Methadd

Method NJC

ID 1 1A 2 Result Retest
BS425 N A N N
BS731 N A N N
BS818 N A N N
BS819 N A N U N
BS824 N A N N
BS826 N A N N
BS1027 N A A B B A (BE Sensitized)
BS1033 A A A U N A U (Equivocal)
BS1034 A A A B BN
BS1087 N A N B BUN
BS1259 A A N N
BS1261 N N A B Unknown
BS1271 A A A U N

aSeven additional workers that are known CBD cases in the BE sample were
called abnormal by all three methods and are not listed.
PNJC retest results: A-abornmal, B-borderline, N-normal, U-unacceptable.

5. Comparison of The Three Methods

All three methods (1 1A and 2) for identifying abnormal LPTs, based on the LAV method
for estimating the Sls, correctly identified the 32 known CBD cases as abnormal.

All three methods (see Tables 1-3) also correctly identified the seven BE workers with
CBD. They are BS1035, BS1091, BS1269, BS1315, BS1316, BS1321, BS472. Method 1
(see Table 1) called an additional 4 BE workers abnormal. Method 2 (see Table 3) called
an additional 6 BE workers abnormal. Method 1A (see Table 2) called an additional 12 BE
workers abnormal, some of whom were included in Table 1 and Table 3. Thirteen beryllium
exposed workers were called abnormal by at least one of the three methods—see Table 4 for a

summary of their results.
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5.1. Classification of Unacceptable LPTs

Table 5: Summary For NJC Unacceptable LPTs

A-abnormal U-unacceptable B-borderline N-normal

ID CV Meth-1 Meth-1A Meth-2 RETEST RESULTS
BU0819 0.86 n A n N

BUO6G06 0.34 n n n N

BU3470 0.69 n A A N

BU3454 0.45 n n n N

BU3287 0.47 A A A A Be Sen
BU3251 0.35 n A n N

BU3175 0.46 n A A ABB Equivocal
BU3163 0.70 n n n 4Us CBD see BU1960
BU3068 0.47 n A n N

BU3064 0.61 A A A N ? CBD

BU3056 0.56 n n n N

BU2947 0.58 n A A AB Equivocal
BU2685 0.53 A A A A Be Sen
BU268C 0.51 n n n AA Not Evaluated
BU2282 0.81 n A A AB Equivocal
BU2172 0.44 n A A ABB CBD

BU2167 0.47 n A n N B

BU196¢ 0.68 n A n 4Us CBD see BU3163
BU1805 0.91 n n n NU

BU1033 0.58 A A A NAU Equivocal

4BU3163 and BU1960 are for the same person.

bBU3064 repeat was N, but this person was abnormal (x2) at the other laboratory involved in this
study.

¢BU2680 re-tested abnormal. This person’s LPT had very high phitilde values: day 5 controls = 0.565
day 7 control= 0.569, and would clearly be a candidate for the designation unacceptable due to too much
variability (if one were available).

Table 5 summarizes the results for each of the unacceptable LPTs that were due to “high
variability”. Five of the original LPTs are not shown because they were not called unacceptable
because of high variability. BU877, BU537, and BU475 were unacceptable due to high control
counts; BU3532 had very low counts; and BU2629 was not unacceptable by any criteria. The
results in Table 5 are of interest since each of the workers with unacceptable LPTs had at least
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one additional LPT at NJC and the retest results are given in Table 5. Two of these (BU3163
and BU1960) are for the same person, a confirmed CBD case. Both@f#hees are very
high (0.70 and 0.68) and BU1960 was called abnormal by Method 1A.

One LPT that was called abnormal (BU3064) using LAV Sls by all three methods was
normal on retest by NJC, but was called abnormal twice at a second lab. BU2680 was called
normal using LAV estimates by all three methods, and was called abnormal in two retests at

NJC. The CBD status of this patient has not been evaluated.

5.1.1. Method 1 Results Based On Maximum Sl

Table 6 summarizes the results of the retest LPTs that were done for each of the original
unacceptable LPTs using Method 1. For example, row two indicates that 3 of the Method
1 abnormal LPTs were abnormal on retest, and row five shows that 5 of the normal LPTs
were abnormal. This suggests that Method 1 may be missing some of the beryllium sensitized

individuals.

5.1.2. Method 1A Results Based On Second Largest S

Table 7 summarizes the results of the retest LPTs that were done for each of the original
unacceptable LPTs using Method 1A. Row two indicates that seven of the Method 1A abnormal
LPTs were abnormal on retest, and only one of the normal LPTs was abnormal on retest (see
row 5). The first row of Table 7 shows that seven of the abnormals were normal on retest (based

on NJC method), suggesting that this method may have more false positive results.

5.1.3. Method 2 Results Based On Each Day/Concentration

Table 8 summarizes the results of the retest LPTs that were done for each of the original
unacceptable LPTs using Method 2. Seven of the eight abnormals were called abnormal on
retest, and only three of the abnormals were called normal.

Note that some NJC Unacceptables had more than one RETEST ( see Table 5) , and
all of the retest results were used to obtain Tables 6-8.
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Table 6: RETEST Results For Method 1 Based on Maximum Sl Distribution
(See Section 3.1 And Column 3 of Table 5)
LPT Evaluated NJC Repeat Number

A N 2
A A 3
A U 1
N N 9
N A 5
N U 3

Table 7: RETEST Results For Method 1A Based on Second Largest Sl Distribution
(See Section 3.2 And Column 4 of Table 5)
LPT Evaluated NJC Repeat Number

A N 7
A A 7
A U 2
N N 4
N A 1
N U 1

Table 8: RETEST Results For Method 2(see Section 3.3 And Column 5 of Table 5)
LPT Evaluated NJC Repeat Number

A N 3
A A 7
A U 1
N N 8
N A 1
N U 3
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6. Criteria For Unacceptable LPTs

One feature of the LAV approach is that it is not necessary to declare LPTs as unacceptable
because of “high variability” in the well counts based on the CV. There are however situations
that may result in an unacceptable LPT. Data may be considered unacceptable if any of the

following situations occur:

1. Control well counts are too low or too high relative to plate background due to laboratory
error. Sources of technical error might include mistakes in pipetting, such as failures to
add appropriate numbers of cells to individual wells, lack of addition or double addition
of tritiated thymidine to specific wells, orimproper washing of filters resulting in residual
counts of unincorporated thymidine, or smearing of radiolabel across the filter paper.

2. Positive control Sls for ConA or PHA Sls are low (indicating low cell viability).

3. Theinternal variability for a quadruplicate of Be stimulated cells is “too high” for at least
two Be concentrations, provided this is due to at least two counts that are “two low”, i.e.
close to background for the plate indicating laboratory error— See Section 6.1.

4. The internal variability for the control wells is too high on day 5 or day 7. An approxi-
mate critical value fog_ can be obtained using an empirical or theoretical approach—
see Section 6.1.

5. At least four Sls are “too low” indicating cell killing. An Sl is too low if it is signifi-
cantly below the null value of one (zero on the log scale). In Section 2.2 the theoretical
standard deviation of log(Sl) is2bp_(0.58) = 0.72¢_. If @ = 0.30, then the standard
deviation of a log(Sl) is 0.216. Since thelBy(Sl) < 0.216z,] = p, then forp= 0.001,
Prllog(Sl) < —3.1x0.21¢ = Pr[log(Sl) < —0.67] = 0.001,

i.e PfSI < 0.51] = 0.001.

The last item above may not be needed if it can be demonstrated that cell killing only

occurs among individuals who are not sensitized to beryllium.

6.1. Criteria To Determine If Internal Variability Is Too High

The resistant estimate of the O&{I is too high if it exceeds a critical value CV*. The value
of CV* can be obtained using an empirical or theoretical approach.
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6.1.1. Empirical Approach

The empirical approach uses the distributiop oéstimates available from previous data (see
e.g. Fromeet al[4] page 13 and page 26). This method could be applied to the control well
counts on day 5 and day 7 (12 replicates per set). It could also be applied to the CV-mad
estimates obtained from the Be stimulated wells (4 replicates per set).

6.1.2. Theoretical Approach

Assume that the log (base €) counts follow the Gaussian distributiokneiim ¢. Then use

either mathematical analysis or simulation to determine a percentage point for the sampling
distribution of@.. Recall thatp is the standard deviation of the log of the counts, and cor-
responds to the CV on the original scale under the assumption that the standard deviation is
proportional to the mean on the original scale (see ORNL-6818 Section 2.1).

6.1.3. Mathematical Analysis

This approach can be applied to the usual moment estimate of the standard of the log counts,
i.e., NOT to the MAD estimatey . If SD is the moment estimate of the standard deviation for
a sample of size n of z(i)’s that are normally distributed Witbwn variance (i.e. ¢°), then
the chi-square distribution can be used to determine a critical value of the moment estimate of
the standard deviation.

This should be a lower bound for the distribution of the resistant estinafer example,

if @=0.3, then for control wells (df= 11),

pr[ SD > 0.401 ] is about 0.05,
pr[ SD > 0.450 ] is about 0.01,
and, pr[ SD> 0.506 ] is about 0.001.
For the Be stimulated wells (df= 3), and
and pr[ SD> 0.48] is about 0.05,
and pr[ SD> 0.70 ] is about 0.001
The problem with this approach is that the distributiop ofvill be more spread out than

the distribution of the moment estimate of the standard deviation when the log counts follow

the Gaussian distribution.
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6.1.4. Simulation Based Approach

An alternative is to use simulation to generate the sampling distribution of S afdr a
given value ofp generate say 10,000 samples of sife = 4, 8, or 12). Calculate the value
of SD andq_for each sample and calculate the desired quantiles of the sampling distribution.
In the absence of outliers this should match the results based on the chi-square distribution for
SD, but the null distribution cfp_ will be more spread out.
This same procedure can then be repeaiddoutliers being added say ten percent of
the time, to each of the samples of siz&his leads to a specified critical value §prthat will
depend on the value gfthat is used, and on the proportion of outliers that is assumed.

7. Conclusions

Three methods were described for identification of an abnormal blood LPT using LAV esti-
mates of the SlIs. These methods were applied to the BE-sample, Unacceptable, and Abnormal
data sets. All three methods correctly identified the 32 known CBD cases as abnormal, and
identified the seven known CBD cases in the BE-sample.

Results of applying the three methods to the BE-sample and Unacceptable data sets were
presented. Table 5 summarizes the results for each method for the 20 NJC Unacceptable LPTs,
gives the retest results and the evaluation of the patients’ CBD status. Both Method 2 and
Method 1A were effective at classifying beryllium sensitized individuals. Method 1A had
more results that were normal on retest by NJC using their usual criteria, i.e. the retest results
were not based on Method 1A using LAV approach. Method 2 used the combined data from
the NE (control) group and the BE worker group. Consequently, we cannot determine how
this method would have classified the unacceptable LPTs in a “real time” situation, since the
reference data basghanges as new data becomes available.

Figure 4 suggests that there was “cell killing” present at the two highest Be concentrations
on Day 5 and 7. Figure 5 and Figure 6 support the assumption that the log(Sl)s are Gaussian
in the center.

Distributions of resistant estimateg) of the CV were presented—Figure 8. These results
show that the internal variability is similar for the BE-sample and NE-sample for control wells
and treated wells on days 5 and 7. These distributions are similar to those seen at ORISE and

are centered at abogt=0.30.
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A. Detailed Report For LPT Data

The following page describes the data from day 5 and day 7 for the LPT. All statistics in the top
of the report are based on the outlier resistant approach described in Section 2.2. The results
based on the method currently in use at NJC are listed at the bottom of the report.

The left hand side of the top panel describes the treatment groups and lists the observed well
counts. Column 6 gives the fitted value obtained using the LAV method. Smad is computed
using Equations 4 (see below). The residuals rounded to the the nearest logarithmic percent

units (L%) are obtained as

count
fit

ResiduallL%) = 100x

For example, day 5 control well 4: 100*log(231/252.4) = -9 L%.

The LAV estimates of the log(Sl)s from Equations 3 and the corresponding Sls are listed
in the second panel. Since this report was originally set up for ORISE data where positive
controls are counted on day 5, and NJC runs their positive controls on day 3, we have not
reported theses resulsll LPTs in this report showed an adequate response to ConA and
PHA

The estimates of the coefficient of variatiqp) &re listed near the middle of the page and
were calculated as describe in Section A.2 of ORNL-6818. A separate estimate is calculated
for the control wells and the treated wells on days 5 and 7. These same numbers are listed in
column 7 of the top panel in L% units (i.e. they have been multiplied by 100). Pooled estimates

are calculated for day 5, day 7, and overall.
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DATE NJCID
BS472 31093 BE-472
BLPT ANALYSIS USING LAV METHOD-- see ORNL-6818 Report

Well Counts Residuals ( L% Units)

for

Treatment Grp
FIT Smad(%)

day5 controls 66 125 157 231 252.4 57.2 -134 -70 -47 -9
day5 controls 397 334 276 313 252.4 57.2 45 28 9 22
day5 controls 354 220 426 169 252.4 57.2 34 -14 52 -40
day5 bel 342 475 332 396 368.0 5.1 -7 25 -10 7
day5 bel0 1284 4171 531 2175 1670.7 100.9 -26 92 -115 26
day5 bel00 136 181 861 11696 394.7 158.0 -106 -78 78 339
day7 controls 445 356 691 520 457.6 29.5 -3 -25 41 13
day7 controls 378 604 471 645 457.6 29.5 -19 28 3 34
day7 controls 401 379 367 471 457.6 29.5 -13 -19 -22 3
day7 bel 365 607 1656 585 595.9 43.5 -49 2 102 -2
day7 belO 1156 2644 501 800 962.0 71.6 18 101 -65 -18
day7 belOO 173 1104 99 167 170.0 47.8 2 187 -54 -2
pha NA NA NA NA NA NA NA NA NA NA
candida NA NA NA NA NA NA NA NA NA NA
FIT = Fitted Value = exp(median) for each treatment group
Stimulation Indices
Day 5 Day 7 Positve Controls
bel bel0 bel00 bel bel0 belO0 pha candida
log(SI) 0.377 1.890 0.447 0.264 0.742 -0.991 NA NA
SI 1.457 6.618 1.563 1.302 2.101 0.371 NA NA
Summary Statistics for BS472
Phitilde (Coef. of Variation)*
Overall: 0.428
Day 5 Control: 0.572 Day 5 Treated: 0.894 Day 5 Pooled: 0.6
Day 7 Control: 0.295 Day 7 Treated: 0.577 Day 7 Pooled: 0.309

Nprime:
N > z(.995):
N > z(.9995):

* Phitilde is

MAD est. of the std.

dev.

on log scale (corresponds to CV on orig. scale)

METHOD 1 - CURRENT NJC METHOD BS472
Reps Time Avg CV log(SI) SI
dayb5 controls 8 4 256.750 0.289 NA NA
day5 bel 4 4 386.250 0.170 0.408 1.504
day5 bel0 3 4 1330.000 0.619  1.645 5.180
day5 bel00 3 4 392.667 1.034 0.425 1.529
day7 controls 12 4 477.333 0.241 NA NA
day7 bel 3 4 519.000 0.2568 0.084 1.087
day7 bel0 3 4 819.000 0.400 0.540 1.716
day7 bel00 3 4 146.333 0.281 -1.182 0.307
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