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ABSTRACT: Knowledge of the expected uncertainty in restriction
fragment length polymorphism (RFLP) measurements is required
for confident exchange of such data among different laboratories.
The total measurement uncertainty among all Technical Working
Group for DNA Analysis Methods |aboratories has previously been
characterized and found to be acceptably small. Casework cell line
control measurements provided by six Royal Canadian Mounted
Police (RCMP) and 30 U.S. commercial, local, state, and Federal
forensic laboratories enable quantitative determination of the
within-laboratory precision and among-laboratory concordance
componentsof measurement uncertainty typical of both setsof |abo-
ratories. Measurement precision is the same in the two countries
for DNA fragments of size 1000 base pairs (bp) to 10,000 bp. How-
ever, the measurement concordance among the RCMP laboratories
is clearly superior to that within the U.S. forensic community. This
result is attributable to the use of a single analytical protocol in all
RCMP laboratories. Concordance among U.S. laboratories cannot
be improved through simple mathematical adjustments. Commu-
nity-wide efforts focused on improved concordance may be the
most efficient mechanism for further reduction of among-laboratory
RFLP measurement uncertainty, should the resources required to
fully evaluate potential cross-jurisdictional matches become bur-
densome as the number of RFLP profiles on record increases.
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The electrophoretic mobility of DNA through an agarose gel is
a function of the mass, composition, and three-dimensional con-
figuration each DNA fragment (1). DNA profiling measurements
obtained with restriction fragment length polymorphism (RFLP)
technigques do not estimate any absol ute quantity but rather produce
a characteristic ‘‘apparent size'’ that is a complex function of
molecular properties, gel composition, and electrophoretic param-
eters. Reproducible RFLP profiling measurements across different
analysts, different times, and different laboratories thus require
similar use of similar measurement systems and even greater than
typical attention to measurement quality control and assurance.

The Technical Working Group on DNA Analysis Methods
(TWGDAM) has sponsored a series of studies designed to docu-
ment the evolution of DNA profiling protocols, to identify opportu-
nities for improvement, and to communicate results and
suggestions to the human identification communities (2). Using
these studies and control sample results from routine casework,
we have documented that RFLP measurement uncertainties are
small enough to permit RFLP profiling to be reliably exchanged
among laboratories using similar analytical protocols (assuming
that the laboratories appropriately monitor their results through
control and reference samples, internal quality assurance programs,
and external proficiency demonstrations) (3—6).

While the RFLP protocols used by U.S. and Canadian
TWGDAM member laboratories differ in detail, their overal
approaches are quite similar: Haelll restriction endonucl ease enzy-
matic digestion of extracted DNA, agarose gel electrophoresis,
Southern blot immobilization of separated DNA fragments, autora-
diographic or lumographic imaging of DNA fragments (bands)
containing selected genetic loci, determination of the relative elec-
trophoretic migration distance of sample and calibrant bands using
digital image analysis, and conversion of the relative migration
distances to an approximate molecular size (band size) expressed
as the number of DNA basepairs (bp) (7-9).

U.S. commercial, local, state, and Federal laboratories use proto-
cols derived from a system developed by the Federal Bureau of
Investigation (FBI). These measurement systems are characterized
by the use of Tris-acetate EDTA (TAE) buffers and the female
cell line K562 as the control sample. A variety of materials, differ-
ent types of equipment, and diverse analyst training regquirements
exist in the various U.S. forensic laboratories.

The Canadian Federal Laboratories use a protocol developed by
and originally implemented in a central Royal Canadian Mounted
Police (RCMP) research and training laboratory. This system is
characterized by use of Tris-borate EDTA (TBE) buffers, cell lines
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GM9948 (male) and GM9947a (female) as control samples, and
inclusion of a bloodstain from one of six donors as ablind internal
standard (BIS). In contrast to the U.S. laboratories, the six RCMP
laboratories that make RFL P measurements adhere to asingle pro-
tocol: al materials and equipment are nominaly identical, al
equipment isinstalled, maintained, and used by individualsinitialy
trained by a core group of instructors.

No differences of forensic significance have been observed
between U.S. and Canadian laboratories for any RFLP measure-
ment, either in TWGDAM-sponsored studies or in formal profi-
ciency demonstrations. Given the readily apparent differences in
electrophoretic migration patterns attributable to the TAE and TBE
buffer systems (10), this consistent agreement testifiesto the robust
nature of the basic RFL P profiling system and the care and attention
to detail of the many anaysts involved. However, a quantitative
comparison of the measurement characteristics of the U.S. and
Canadian systems is necessary prior to international exchange of
DNA casework data.

We present here an analysis of within-laboratory measurement
precision and among-laboratory measurement concordance, using
cell line control data from casework. We contrast these measure-
ment accuracy characteristics of the RCMP laboratories with those
observed for a group of U.S. laboratories.

Methods and Materials
Data from RCMP Forensic Laboratories

The RCMP computerized their collection of RFLP data in late
1993. Cdl line control and BIS sample data from casework and
proficiency gels analyzed from that time through mid-1996 have
been used in this study. The only editing of the data has been
removal of exact duplicate records.

RCMP laboratories—There are six RCMP forensic laborato-
riesusing RFLPin casework: the Central Laboratory at Ottawaand
the Regional |aboratories at Halifax, Winnipeg, Regina, Edmonton,
and Vancouver. The amount of data available from each |aboratory
varies widely, with data from more than 900 casework gels from
Edmonton to just 40 from newly on-line Regina. To date, 44 RCMP
forensic specidists have contributed to RFLP casework.

Electrophoretic conditions and gel format—The RCMP proto-
col specifies 14-cm-long by 20-cm-wide, 1% low €electroendoos-
mality (EEO) agarose gels with 1 X TBE (89 mmol/L Tris, 89
mmol/L borate, 2 mmol/L EDTA, pH 8.0) buffer with ethidium
bromide (EB) added after electrophoresis for photographic pur-
poses. Relative to similar gels using the 1 X TAE (40 mmol/L Tris,
20 mmol/L acetate, 1 mmol/L EDTA, pH 8.0) buffer of FBI-
derived protocols, the RCMP system was designed to provide
greater separation among bands of size 600 to about 6000 bp.
However, the RCM P system provides|ess separation for band sizes
above 10,000 bp and does not resolve sizing ladder components
larger than 15,000 bp.

Each RCMP casework gel uses a maximum of 22 lanes, with
the BRL 23,000 bp sizing ladder (Life Technologies, Gaithersburg,
MD) in the first and last lanes and every third to fifth lane in
between. Two cell line controls and a BIS sample are usually
located in lanes 2, 3, and 4. Known and questioned samples are
loaded in the remaining lanes; sizing ladders are never separated
by more than five samples.

Genetic loci—Data are available for monomorphic «-satellite
DNA loci D7Z2 (human) and DY Z1 (Y chromosome) for nearly
100% of casework gels evaluated by the RCMP |aboratories. Poly-
morphic loci are evaluated in approximately the following percent-

age of gels: D5S110 (95% of gels), D2544 (85%), D10S28 (80%),
D1S7 (75%), D4S139 (40%), and D17S79 (20%). Some casework
data are available for locus D16S85 (about 5% of gels); however,
only three of the six RCM P |aboratories had evaluated five or more
casework D16S85 autoradiographs as of late 1996.

Cell line controls—Theimmortalized femaleline GM9947aand
the male line GM 9948 are used as restriction, loading, electropho-
resis, and sizing controls in every casework gel (11). These lines
were adopted for use as controls after extensive evaluation in 1989
and 1990. Both GM9947a and GM 9948 have complete, gender-
normal sets of chromosomes. Five or more values are available
from al six RCMP laboratories for thirteen GM9947a bands (two
each for loci D1S7, D2S44, D4S139, D5S110, D10S28, and
D17S79; one for D7Z2) and 14 for GM9948 (the same plus one
for DYZ1).

Blind internal standards—Every RCMP casework gel aso
includes a BIS bloodstain, providing control for the sample extrac-
tion and DNA quantification components of the protocol. The BIS
sample used in a given casework gel is randomly assigned from
a set of six, each from a different donor. The identity of the BIS
sample is unknown to the examiner at the time of extraction.

A total of eight donors have provided BIS samples since 1993,
six male and two female. To reflect better the nature of typical
casework, use of the female-donor BIS-B and BIS-D samples was
discontinued in late 1994. They were replaced with the male-donor
BIS-G and BIS-H. In consequence, there are five or more values
available from all six RCMP laboratories for only 48 (of the 109
possible) BIS bands, mostly from BIS-A, -C, -E, and -F.

Data from U.S. Forensic Laboratories

A number of U.S. commercial, local, state, and Federa forensic
laboratories have provided K562 results for our use in various
studies (3—6,12). Thirty sets of autoradiographic casework data
were available by late 1996. Some of the data sets contain data
from as early as 1989, but the majority consist of data collected
from about 1992 through 1995. A very few “‘outlier’” data (less
than 0.1%), defined as one or more bands at a given locus of size
more than 5% different from the data set’s median, have been
deleted from the original data sets. All such outliers were traced to
manual data entry errors. While of concern with regard to database
quality assurance, such errors do not reflect components of mea-
surement uncertainty germane to this study.

Although complete protocol descriptions were provided with
many of these sets, we have no detailed information on more than
half of them. However, previous studies have documented that the
U.S. forensic community used both medium and low EEO agarose,
arange of EB levels in the running buffer, at least four different
commercia sizing ladders, many different gel formats, a variety
of electrophoretic equipment and conditions, and several different
image analysis systems (6). Therefore, each of the 30 data sets
represents an essentialy unique implementation of the basic FBI
(1 X TAE buffer) protocol.

Cell line K562 is used as for sizing control by al U.S.
TWGDAM laboratories and is the only control or standard sample
used by many. It is the only control currently recognized by the
FBI's CODIS system (13), and is acomponent of NIST’ s Standard
Reference Material® 2390 DNA Profiling Standard (14). The K562
control istypicaly loaded in lane 2, with sizing ladders in the first
and last lanes as well as interspersed between every two to four
known and unknown samples.

Five or more values from six or more data sets are available for
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12 cell line K562 bands: two each from genetic loci D2S44 (7746
datain 30 sets), D1S7 (5664 in 30), D4S139 (6932 in 28), D10S28
(6151in 26), D17S79 (4019 in 22), and D5S110 (929 in 12). While
some data have been provided for D14S13 (1251 data in 5 sets),
D17S26 (624in4), D7$467 (208in 3),D722(91in 2), and D16S85
(14 in 1), more data sets are needed to make quantitative use of
this additional information.

Results and Discussion

The total interlaboratory uncertainty in a given measurement
has two components, within-laboratory precision and among-labo-
ratory concordance (15). Precision describes the extent of agree-
ment among all measurements from a given laboratory and may
be thought of as summarizing random fluctuations afflicting any
measurement process (16). Concordance describes the extent of
agreement among the measurement average characteristic of each
laboratory and may be thought of as summarizing fixed differences
among the different |aboratories.

The histograms in Fig. 1 display cell line control sizing data
distributions for the RCMP controls GM9947a and GM 9948 and
for the U.S. control K562. The bp sizes for the BRL 23,000 bp
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FIG. 1—Sze distributions for cell line control measurements. Each of
the graphical segments presents histogram representations of all locus
D1S7, D244, D4S139, D5S110, D10S28, D17S79, D722, and DYZ1 band
measurements used in this study. The top segment represents the male cell
line GM9948, the middle segment represents the female line GM9947a,
and the bottom segment represents the female line K562. Each histogram
has been scaled to have the same area. Tic marks above each X-axis
represent the nominal size of a band in the BRL 23,000 bp sizing ladder.
Histograms for the smallest, largest, and a mid-size band for each cell
line are shown at 10-fold higher bp resolution. Each of these expanded
histogramsis labeled with the band code and the number of measurements
available, along with the Gaussian distribution for the observed band size
mean and D.
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ladder components are shown to provide context: the total distribu-
tion of every band is contained in less than the average spacing
between ladder components. Distributions for several bands are
shown at 10-fold higher resolution, along with Gaussian curves
having the same means and SDs. All histograms are sufficiently
“‘normal’” for application of traditional statistical analysis tools
@a7.

Within-Laboratory Precision

The measurement precision characteristic of a particular labora-
tory can be estimated as the standard deviation (SD) of a set of
measurements made repeatedly on identical samples:

N, B
> % — %)
SDi = =1 (1)
N — 1

where index i designates a given laboratory, index j designates a
given measurement, X;; is a particular measurement value, N; is
the number of values, and X; is the mean of the values for the ith
laboratory:

% = @

The smaller the value of SD;, the better the laboratory’ s measure-
ment precision.

In general, different laboratories will have different measure-
ment precision. However, the measurement precision ‘‘typical’
of the sampled |aboratories can be estimated by appropriately pool-
ing &l the individual SD;:

% (N, — 1)sp?
I::LM (3)
SN - M

i=1

where M is the total number of laboratories (18). The smaller
SDyrec: the better the precision expected for laboratories ' *typical™’
of the ones studied.

Figure 2 displays SDye: for the RCMP laboratories, SDi<'",
and for the U.S. laboratories, SDprec Very nearly the same mea-
surement precision for a given band is expected for RCMP and
U.S. laboratories. The SDR'" are somewhat smaller than
SDpre. for bands of size less than 4000 bp, perhaps reflecting the
improved band separation in this size range provided by use of
the TBE buffer.

The available data are insufficient for quantitative comparison
of sizing precision above 6500 bp, the size of the largest K562
band. The SDF<'” and SDprec are very similar in this size region.
The two largest components of the routinely used RFLP sizing
ladders have nominal size of about 23,000 bp and 15,000 bp. The
15,000 band is the largest ladder component routinely resolved in
the RCMP protocol, with the next largest component of size 11,919
bp. Since the relationship between nominal ladder component size
and electrophoretic migration distance is less well defined in the
extreme end segments, we expect that SDRM'F for bands of size
12,000 bp to 15,000 bp and SDpra for bands of size 15,000 bp to

SDprec =
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23,000 bp may be somewhat greater than expected from extrapola-
tion of the available data. We also expect that SDiet'” may exceed
SDpre. for bands of size 12,000 bp to 15,000 bp.

Among-Laboratory Concordance

The concordance of the entire set of measurements over all the
|aboratories can be estimated as the SD over al the individua
mean values:

M —
X — X)?
SDeon = 2‘41('7) (4)
M-1
where X is the mean-of-means:
M
_ XX
X ="' )

The smaller SDy,, the better the expected measurement concor-
dance among typical |aboratories.

Figure 3 displays SD, for the RCMP laboratories, SDRGMP,
and for the U.S. laboratories, SDY5. There is much higher concor-
dance (smaller SD,,) among the RCMP l|aboratories than among
the U.S. laboratories, surely a direct result of the RCMP s diligent
use of a common protocol among all their laboratories.
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FIG. 2—Within-laboratory measurement precision. The upper graphi-
cal segment presents the observed SD ;¢ for all bands where at least six
laboratories provided at least five measurements. There are 27 SDRee"
values for cell lines GM9947a and GM9948 (large solid circles), 48
SDEYP values for BIS bloodstains (small solid circles), and 12 SDpr. for
cell line K562 (open diamonds). The lower graphical segment presents
the same data as the upper, expressing the SD values as a percentage of
the mean size of the band.
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FIG. 3—Among-laboratory measurement concordance. Legend as in
Fig. 2, displaying SDon rather than SDpec.

Total Measurement Uncertainty

The total interlaboratory measurement uncertainty expected for
any given measurement is estimated as a composite SD, defined
by appropriately combining SDgec and SD¢on

SDiot = \Y SD;ZJrec + SDgon (6)

The smaller SDy, the lower the measurement uncertainty expected
for a given value reported by atypical laboratory.

Figure 4 displays SDREMP for the RCMP laboratories and
SDP for the U.S. laboratories. While the total measurement uncer-
tainty observed for both the RCMP and the U.S. laboratories is
less than 1% of band size over most of the measurement domain,
the excellent interlaboratory concordance of the RCMP dataclearly
facilitates comparing measurements from different RCMP labora-
tories.

The relationship between SD,; and bp can be approximated as

bo\C
D = A(l + Bp) (7)

where A, B, and C are empirical coefficients estimated using non-
linear regression (4,5). (The functional form of Eq 7 is the uncer-
tainty-propagation rule for sigmoidal calibration, here applied to
the observed relationship between DNA fragment band size and
electrophoretic migration distance (19).) In adesignated interlabo-
ratory study using bloodstains from donors known to have at least
one D4S139 or D17S79 allele larger than 10,000 bp, the expected
SD,: for agroup of 20 TWGDAM laboratories (18 U.S. |aborato-
ries, 2 Canadian) was estimated to be
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bp 7.1

SPTWG _

SDyot = = 7.5(1 + 19500) (8)
for bands of size 1000 to 20,000 bp (5). The regression analysis
used in that study can be applied to the RCMP data displayed in
Fig. 4, resulting in the following estimate:

bp 5.0
10200

SDRCMP 4.1(1 + 9)
for RCMP laboratory measurement of bands of size 600 to 11,000

bp. The relationships described by Eqgs 8 and 9 are displayed in
Fig. 4.

Concordance Sability Among Bands

SD: estimates the magnitude of interlaboratory measurement
differences, but it does not address whether the pattern of differ-
ences among the laboratories is the same for all DNA fragments.
If the differences are predictable, measurement concordance could
be improved through mathematical rather than experimental stan-
dardization. _

Recalling that X; is the expected size of a given fragment mea-
sured in laboratory i, the pattern of potentially laboratory-specific
differences should be reflected in the pattern of differences among
the X;. Comparison of differences among the various known frag-
ments is simplified by **standardizing’’ each fragment's set of M
X; values to have the same location and scale:

5 X=X

(10)

SDiot

100 -

SDy, (bp)

10

20

100 x SD, , / Mean Band Size

1000 Band Size (bp) 10000

FIG. 4—Total interlaboratory measurement uncertainty. Legend asin
Fig. 2, displaying SDiq rather than SD,,.. The Eq 8 estimate of SD for

all TWGDAM laboratories, derived in Ref 5, is denoted (dotted ling). The
Eq 9 estimate for SDREMP is denoted (solid line).

These Z; represent the number of expected SD between a given X
and X (or other location metric, such as a reference laboratory’s
mean valuesor the NIST certified K562 values (14)). If the among-
laboratory measurement difference patterns are constant, all Z; for
all laboratories should have about the same value.

Table 1 details the application of Eq 10_to the K562 data pro-
vided by three U.S. laboratories, where X is estimated as the
NIST-certified K562 values and SDy is estimated using Eq 8,
SDIVG = 7.51(1 + X/19500)7. Table 1 also displays the mean
and SD of the standardized differences (the Z;) for the three labora-
tories, with the mean estimating the ‘‘expected offset’’ for each
laboratory from the NIST values and the SD providing a guide to
the consistency of the offset over all the different K562 bands.
These three laboratories represent the extreme range of average
differences from the NIST values of the 21 |aboratories examined.
The laboratory having the greatest negative average difference
(—0.7 SDyoy) is denoted ““L,”” the laboratory closest to the NIST
values (0.1 SDy) is denoted “*M,"” and the laboratory with the
greatest positive average difference (0.9 SD,) is denoted *‘R.”’

The lower panedl of Fig. 5 displays the distributions for al 21
U.S. laboratories that provided data for at least 10 of the 12 avail-
able K562 bands. The upper pandl of Fig. 5 displaysthedistribution
of Z, for each of the six RCMP |aboratories, with each distribution
representing the sum of 27 control Z; and 48 BIS Z;. The Z; for
the RCMP |aboratories are calculated using the grand mean of all
six RCMP laboratories as X, but with the same Eq 8 estimate for
SDyt. Using the same estimate of variability for both U.S. and
RCMP laboratories facilitates the comparison between the two
groups. For graphical clarity, the distributions are shown in smooth
“*probability density function’’ form rather than as histograms (20).

All six RCMP laboratory distributions, each composed of 75
individual Z;, are of remarkably similar shape: unimodal, symme-
tric, and narrow. With such high stability in these among-labora-
tory measurement differences, mathematical adjustment (albeit
unnecessary) would further improve measurement comparability.
In contrast, the distributions for U.S. laboratories, each the sum
of just 10 or 12 individual Z;, are quite dissimilar: unimodal to
multimodal, symmetric to strongly skewed, narrow to very wide.
(See Table 1; the SD for the Z, is more than twice that for Z,, and
Zg.) With such instability in these among-laboratory differences
in K562, mathematical adjustment (however desirable) would not
be beneficial.

The causative agent(s) of the small remaining differences among
the RCMP |aboratories has yet to be identified; whatever itsorigin,
thefixed pattern of differences suggeststhat all DNA fragmentsare
similarly affected regardless of size or composition. The relatively
large and band-specific differences among U.S. laboratories sug-
gest that many different variables are involved. Previous studies
have identified fragment-specific differences among different siz-
ing ladders, agarose grades, and gel formats as well as fragment-
independent differences apparently related to minute differences
in loading buffer composition (5,6).

Extraction and DNA Quantity Contributions to Measurement
Uncertainty

The dependencies of SDie'", SD&R'F, and SDi'” on band
size (Figs. 2—4) are virtually identical for the cell line and BIS
bands. Thus, at least within the RCMP laboratories and for
unweathered samples, sample extraction and DNA quantity deter-
mination stages of the RFL P measurement process do not apprecia-
bly contribute to band size measurement uncertainty.
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laboratories using such RFLP methods, community-wide efforts
towards improving concordance are likely to be more productive
than individual efforts at improving precision.
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