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ABSTRACT: Bootstrapping was used to examine the effect of 
sampling error and measurement error and its correlation on fixed- 
bin genotype probabilities. Bootstrap confidence intervals (CIs) 
were made relative to the point estimate using the log of the inverse 
of the probabilities. From databases of 200-250 genotypes, sam- 
piing error alone yielded median relative 95% CIs of from one 
order of magnitude out of five for one locus to one out of ten 
for four loci. Measurement error of the test genotype fragments 
increased the latter to about one order of magnitude out of eight. 
Database measurement error and its correlation had only a slight 
effect on multi-locus probability uncertainty. Together, these uncer- 
tainties are several orders of magnitude ~eater than error due 
to population substructuring of a race by its major component 
ethnic groups. 
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The application of DNA profiling to forensic casework has been 
opposed by some scientists, who have expressed concern with the 
impact of population substructuring on the accuracy of genotype 
probability estimates (1). However, there have been other concerns. 
Pertinent to this study, Evett (2) and Shapiro (3) noted the correla- 
tion of fragment size measurement errors. Evett (4) described the 
effect, along with several others, as trivial, but did not provide 
quantitative support for this opinion. Berry et al. (5) and Devlin 
et al. (6) incorporated measurement error correlation into their 
treatments of VNTR RFLP patterns, but did not comment on the 
magnitude of its effect on their likelihood ratios. Chakraborty (7), 
Evett and Gill (8), and the second National Research Council 
Committee on DNA Forensic Science (9, NRC II) have discussed 
the importance of adequate sample size for fixed-bin frequency 
and likelihood ratio estimates. The National Research Council 
Committee on DNA Technology in Forensic Science (10, NRC I) 
recommended using binomial confidence limits for bin frequencies 
in order to compensate for possible subpopulation derived error 
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(and presumably for sampling error as well). Chakraborty et al. 
(11), following Goodman (12,13), derived equations for multi- 
locus confidence intervals and applied them to the actual DNA 
profiles. The NRC II panel offered a similar method (9). In this 
paper, we report the implementation of bootstrap confidence inter- 
vals to model sampling variance by itself, and in combination with 
measurement error and error correlation. 

Methods 

Database Sampling and Analysis 

Approximately 275 EDTA-preserved blood samples were 
obtained from anonymous Southern California Hispanic Red Cross 
donors within about a one-week period and analyzed according 
to the method of Budowle and Baechtel (14,15,16), with minor 
modifications. Buffer washes using Centricon 100s (Amicon: Bev- 
erly, MA) were substituted for ethanol precipitation prior to restric- 
tion by Hae III, and Ethidium bromide was omitted from the 
analytical gel and tank buffers. The alkaline-blot membranes were 
probed with the following plasmid insert probes: MS-1 (Cellmark: 
Germantown, MD), YNH24 and TBQ7 (Promega: Madison, WI), 
and pH30 (Genelex: Seattle, WA). The autoradiographs were sized 
independently by two analysts using the local logarithmic algo- 
rithm and equipment described by Monson and Budowle (17). The 
duplicate fragment sizes were compared and accepted if they were 
within -+2.5% of the mean size, which was the fragment size used 
in the analyses described below. All single-band patterns were 
considered to be homozygotes and the observed band size counted 
twice. The number of fragments obtained for each locus are listed 
in Table 1. 

Sampling Error--Database sampling error was modeled using 
independent resampling with replacement (bootstrapping) of indi- 
vidual fragments with uniform probability (18). One thousand 

TABLE 1--Sample sizes. 

Locus No. Fragments 

D1S7 514 
D2S44 496 
D4S139 486 
D10S28 512 
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bootstrap resamples of the same size as the original sample were 
drawn for each locus. 

Test Genotypes--One thousand four-locus test genotypes were 
generated by independent uniform resampling with replacement 
from the original databases. 

Measurement Error and its Correlation--Measurement impreci- 
sion of both database and test genotype fragments was modeled 
by adding to each resampled database or test genotype fragment, 
a normally distributed random error with a fixed 0.8% coefficient 
of variation. Below, we use the word perturb to describe these 
slight changes in fragment size. Correlation of measurement errors 
was modeled using a bivariate correlation of errors (i.e., by locus). 
In unpublished work, we found our bivariate correlation coefficient 
to be about 0.6, depending somewhat upon band size. 

Single-Band Patterns 

VNTR RFLP databases contain substantial proportions of single- 
band patterns due, in part, to the occurrence of homozygotes. 
In addition, coalescence of fragments due to limited analytical 
resolution (19) occurs with all loci. Also, there are alleles, referred 
to as covert by Chakraborty (20), which are too small to be readily 
detected. No attempt was made to model covert alleles because 
estimates for their frequency are not available for all of the data- 
bases here. Generation of genotypes by independent resampling 
will yield fewer exact homozygotes than present in the original 
samples. Coalescence of bands from autoradiographs of 32p-labeled 
DNA is due not only to electrophoretic limitations but also autora- 
diograph bloom, which is a function of many factors, for example, 
probe activity, exposure length, and film speed. We have found 
the equation below to describe approximately the edge-to-edge 
width for our autoradiograph bands. Two resampled bands were 
considered to be coalesced and their mean substituted for both if 
the difference between their sizes, D, in base pairs (bp) was less 
than 0.75 of the width, W, predicted by the following equation, 
where ~ is the mean fragment size (R 2 .948): 

W = -46.423 + 0.089E - 1.057 X 10 5E2 + 1.185 x 10-9X 3 

Bootstrap Confidence Intervals 

To model sampling error, 1000 databases equal in size to the 
originals for each locus were prepared by independent sampling 
with replacement of individual fragments, which were then ran- 
domly paired. To model independent measurement error, each 
resampled fragment was modified by the addition of an indepen- 
dent, normally distributed random error (perturbed) as described 
above for the test genotypes. Correlated measurement error was 
modeled by adding bivariate correlated, normally distributed ran- 
dom errors to each pair of resampled fragments. Each of the three 
sets of 1000 databases was binned and rebinned as described by 
Budowle and Monson (21). 

Using 2pq for heterozygous and 2p(1 - p) for homozygous 
patterns, 1000 one-, two-, three-, and four-locus genotype probabil- 
ities were calculated for each test genotype. Each set of 1000 
genotype probabilities was then sorted by increasing magnitude 
and their (x/2 and 1 - ed2 quantiles obtained. Where N = 1000, 
for a 90% interval the 50th and 950th ranked genotype probabilities 
correspond to the .05 and .95 quantiles respectively. In this study, 

because (od2) �9 1000 was an integer in every case, no adjustment 
was required. This process was performed with the same test 
genotypes using the unperturbed, and both the independent and 
correlated perturbed rebin frequencies. 

Relative Confidence Intervals--In order to enable straightfor- 
ward comparisons of confidence intervals and their distributions, 
the log relative CI ratio was used: 

R = 
loglo( l/Pl_a/2) -- lOgl0(1/Pcd2) 

lOglo(1/Po) 

where P0 is the point estimate. A ratio of 0.1 means the interval 
was one-tenth the magnitude of the point estimate. 

Results 

Figure 1 contains plots of the distributions of 1000 four-locus 
relative 95% confidence intervals for the various perturbation com- 
binations of database and test genotype. In the absence of measure- 
ment error, the median confidence interval was about one-tenth 
the magnitude of the point estimate, and the greatest interval about 
one-sixth the magnitude of the genotype probability estimate. Per- 
turbation of the database samples resulted in a very slight reduction 
in the range of observed intervals. This was due to the smoothing 
effect of measurement error, which reduces somewhat the range 
and variance of the rebin frequencies. In contrast, perturbation of 
the test genotype fragment sizes increased the median confidence 
interval to about one order of magnitude out of eight, and the 
range of intervals increased to include rare instances exceeding 
one order of magnitude out of five. Measurement error on occasion 
results in assignment of an observed fragment to a neighboring 
bin with a different frequency. The net effect is an increase in the 
variance of genotype probabilities, and hence a greater relative 
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FIG. 1--Box and whisker plots of  l O00 relative 95% confidence intervals 
for  1000 Hispanic four-locus genotype probabilities. P = independent 
perturbation of  fragment sizes. UU--test sample and database both unper- 
turbed; UP test sample unperturbed and database perturbed; PU--test 
sample perturbed and database unperturbed; PP--test sample and data- 
base both perturbed. Each box represents the 25th, 50th, and 75th percen- 
tiles, with the whiskers terminating at the extreme values o f  the 
distributions. Measurement error of  database fragment sizes has almost 
no effect on the confidence interval width, whereas measurement error of 
the test fragment sizes only very slightly increase the width. 
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confidence interval. Because measurement error of the database 
samples had such a negligible effect, none of the following analyses 
included this effect. 

Figure 2 contains the distributions of 1000 95% confidence 
intervals for one, two, three, and four loci. They demonstrate 
the dramatic reduction in uncertainty achieved by increasing the 
number of loci. For one locus, the most extreme relative CI was 
less than one order of magnitude out of two, although the typical 
ratio was one out of about five. In contrast, for four loci, these 
figures were one out of five and one out of nine respectively. 

Correlation of test genotype measurement errors can be seen in 
Fig. 3 to reduce slightly the typical relative CI compared with 
independent errors, possibly due to a bin boundary effect. With 
or without correlation, the ratios still exceed those observed in the 
absence of test genotype measurement error. The effect of corre- 
lated measurement error is compared with that of independent 
error for one to four loci in Fig. 4. The one- and two-locus correlated 
perturbation distributions especially display significantly greater 
kurtosis but ranges virtually identical with those yielded by inde- 
pendent perturbation. As the number of factors (alleles here) 
increase, cancellation of errors dominates the more subtle effect 
of error correlation. 

The distribution of 1000 90%, 95%, and 99% four-locus relative 
confidence intervals using independent and correlated test geno- 
type perturbations can be found in Fig. 5. Among the 99% CIs 
(the most extreme case), uncertainty reached about one order of 
magnitude out of four, although three-quarters of the CIs were 
less than one out of six. 

These results are of course dependent upon database size. The 
NRC I panel called for 15-20 ethnic databases of about 100 persons 
each (10), whereas the NRC II panel, in contrast, recommended 
fewer but larger ("at least several hundred") databases (9). The 
databases used here, are fairly typical of those collected by many 
forensic laboratories. Hence, these results are pertinent to the typi- 
cal forensic situation but underestimate the relative intervals that 
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FIG. 2--Box and whisker plots of1000 relative 95% confidence intervals 
for 1000 one-, two-, three-, and four-locus Hispanic genotype probabilities 
in the order D2S44, DIS7, D4S139, D10S28. Each box represents the 
25th, 50th, and 75th percentiles, with the whiskers terminating at the 
extreme values of the distributions. Increasing the number of loci dramati- 
cally reduces the confidence imerval widths. For a-four-locus genotype 
probability of 10 8, a typical 95% confidence interval would be about 
one order of magnitude in width. 
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FIG. 3--Box and whisker plots of l O00 relative 95% confidence intervals 
for 1000 four-locus Hispanic genotype probabilities. All database frag- 
ments unperturbed. U = test sample unperturbed; Pi = test sample inde- 
pendently perturbed; Pc = test sample perturbed with correlation. Each 
box represents the 25th, 50th, and 75th percentiles, with the whiskers 
terminating at the extreme values of the distributions. Although for a pair 
of fragments in a heterozygous pattern, measurement error increases the 
confidence interval width a small amount, correlation of these errors, 
which occurs in practice, reduces this effect very slightly. 
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FIG. 4--Box and whisker plots of l O00 relative 95% confidence intervals 
for 1000 one-, two-, three-, and four-locus Hispanic genotype probabilities 
in the order D2S44, DIS7, D4S139, D10S28. All database fragments 
unperturbed. P~ = test sample independently perturbed; Pc = test sample 
perturbed with correlation. Each box represents the 25th, 50th, and 75th 
percentiles, with the whiskers terminating at the extreme values of the 
distributions. The number of loci has a much greater effect on the confi- 
dence interval width than does the correlation of measurement error. 

would be obtained using samples of the size recommended by the 
first NRC panel. 

Discussion 

In this study, we have shown that measurement error of database 
samples as well as correlation of measurement errors for both 
database and test samples have little effect on genotype probability 
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FIG. 5--Box and whisker plots of 1000 relative 90%, 95%, and 99% 
confidence intervals for 1000 Hispanic four-locus genotype probabilities. 
All database fragments unperturbed. Pi = test sample independently per- 
turbed; Pc = test sample perturbed with correlation. Each box represents 
the 25th, 50th, and 75th percentiles, with the whiskers terminating at the 
extreme values of the distributions. Here, the magnitude of the effect of 
choosing another confidence interval is shown for both independent and 
correlated measurement errors. Even with a 99% four-locus confidence 
interval, a figure as large as is customarily encountered in scientific 
literature, most interval widths are less than one order of magnitude out 
of six. 

estimates. However, database sampling error and test sample mea- 
surement imprecision are significant sources of uncertainty in 
genotype probability estimation. Elsewhere (22), we have shown 
the typical error due to the very high degree of substructuring of 
the East Asian race by major ethnic subpopulations was typically, 
for four loci, about one order of magnitude out of one hundred, 
and at most one out of eleven. In this study, the median 95% 
relative confidence interval was about one order of magnitude out 
of eight and on rare occasions, individual relative intervals reached 
one out of five orders of magnitude. Hence, the relative uncertainty 
due to sampling and test sample measurement imprecision is several 
orders of magnitude greater than relative error due to substructuring. 

Bootstrap confidence intervals as used here are simultaneous. 
The NRC I panel advocated the use of individual 95% normal 
approximations to binomial confidence limits in its ceiling allele 
frequency calculation (10). For a multilocus estimate, this recom- 
mendation will result in excessively conservative genotype proba- 
bility estimates. The error due to substructuring is several orders 
of magnitude less than the uncertainty due to the actual multinomial 
sampling uncertainty, so that simultaneous tolerance limits should 
suffice. These results together with our other studies show that 
forensic estimates would be more improved by the use of larger 
representative racial databases to reduce sampling uncertainty, than 
by more small ethnic databases in an effort to control for substruct- 
uring error. 

The NRC II panel indicated the calculation of confidence inter- 
vals was desirable (10). However, the panel suggested that with 
the use of databases of at least several hundred persons, the expedi- 
ent of simply bracketing the point estimate by plus or minus an 
order of magnitude. (The number of loci was unstated, but is 
presumably four or five.) Our study demonstrated that this method 
adequately covers four-locus sampling error using a database of 

about 200 persons, and so would be more conservative with a 
greater sample size and/or number of loci. 

Here, we examined the effect of two types of error on fixed- 
bin genotype probability estimates. The levels of confidence inter- 
vals are usually interpreted as the proportion of such intervals 
that would contain the parameter of interest. Fixed-bin genotype 
probabilities are conservative relative to the matching windows 
used with them. In our case, we have found in unpublished work 
that for four loci, 94% of fixed-bin estimates were conservative 
relative to floating-bin estimates and the remainder underestimated 
by no more than one order of magnitude out of thirteen. Hence, 
fixed-bin confidence intervals also will usually be conservative, 
or almost so, in reference to the floating-bin intervals. 
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