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ABSTRACT: Victim identification initiatives undertaken in the wake of Mass Fatality Incidents (MFIs) where high-body fragmentation has been
sustained are often dependent on DNA typing technologies to complete their mandate. The success of these endeavors is linked to the choice of
DNA typing methods and the bioinformatic tools required to make the necessary associations. Several bioinformatic tools were developed to assist
with the identification of the victims of the World Trade Center attacks, one of the most complex incidents to date. This report describes one of these
tools, the Mass Disaster Kinship Analysis Program (MDKAP), a pair-wise comparison software designed to handle large numbers of complete or par-
tial Short Tandem Repeats (STR) genotypes, and infer identity of, or biological relationships between tested samples. The software performs all func-
tions required to take full advantage of the information content of processed genotypic data sets from large-scale MFIs, including the collapse of
victims data sets, remains re-association, virtual genotype generation through gap-filling, parentage trio searching, and a consistency check of repor-
ted/inferred biological relationships within families. Although very few WTC victims were genetically related, the software can detect parentage trios
from within a victim’s genotype data set through a nontriangulated approach that screens all possible parentage trios. All software-inferred relation-
ships from WTC data were confirmed by independent statistical analysis. With a 13 STR loci complement, a fortuitous parentage trio (FPT) invol-
ving nonrelated individuals was detected. Additional STR loci would be required to reduce the risk of an FPT going undetected in large-scale MFIs
involving related individuals among the victims. Kinship analysis has proven successful in this incident but its continued success in larger scale MFIs
is contingent on the use of a sufficient number of STR loci to reduce the risk of undetected FPTs, the use of mtDNA and Y-STRs to confirm parent-
age and of bioinformatics that can support large-scale comparative genotyping schemes capable of detecting parentage trios from within a group of

related victims.
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The level of complexity of a victim identification initiative under-
taken in the aftermath of any MFI can vary tremendously and is
dependent upon a number of variables that generally include the
number of victims, the extent of body fragmentation, the number
and extent of deterioration of remains that can be recovered and the
availability/reliability of reference biological material and records
collected to help with the identification of the missing individuals.
These incident-specific variables largely drive the selection of victim
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identification technologies. Historically, conventional procedures
such as visual identification, matching dental/X-ray/fingerprint
records, and personal effects found with recovered remains have
been the mainstay of identification efforts for MFIs (1-3), largely
due to their reliability, ease of implementation, speediness and cost
effectiveness. These conventional procedures adequately and rapidly
address the identification needs of most circumstances where little
or no body fragmentation has occurred. In these situations, the more
costly and time-consuming DNA typing technologies are invoked
only in cases where victims cannot be visually identified and/or ref-
erence documentation required for conventional identification proce-
dures is unavailable. In situations where some body fragmentation
has occurred, DNA typing technologies can provide the data
required for the re-association of fragmented remains. When only
partial recovery of highly fragmented remains is anticipated, DNA
typing often proves to be the only successful identification modality
for many victims as it is possible for this technology to derive iden-
tity information from highly compromised samples, regardless of tis-
sue type. Since the Spitzbergen air crash of August 1996 (4), the
usefulness of DNA typing technologies in victim identification initi-
atives has been amply demonstrated in numerous MFIs.

Whereas MFIs are generally accidental in nature and result from
transportation mishaps or severe climatic events striking inhabited
areas, some incidents are deliberately instigated through armed
conflicts (e.g., mass graves in Bosnia) or terrorism (e.g., 9/11
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attacks). On September 11, 2001, the twin towers of the World
Trade Center (WTC) in New York City collapsed after being hit
by hijacked civilian airliners. Including the occupants of the airlin-
ers and the remaining occupants of the largely evacuated towers,
2749 individuals are considered to have perished in this incident.
The dynamics of the towers’ collapse led to severe body fragmen-
tation of the victims. The rapid recovery of remains proved
impossible to achieve as the process of sifting through an estimated
1.6 million tons of tower debris in search of remains lasted
10 months. Fires, set ablaze by the crash of the airliners and feed-
ing on jet fuel and combustible material within the tower debris,
burned throughout the recovery operation, subjecting many remains
to temperatures estimated to have exceeded 1000°C in some areas.
The water used to extinguish these fires and cool the debris field
introduced moisture in a warm environment, enhancing bacterial
decay of the remains. These combined site-related conditions inflic-
ted much damage on the human remains trapped in tower debris, a
large percentage of the 19,979 recovered remains yielding partial
or no genotypic information during laboratory analysis.

The process of remains identification depended heavily on DNA
typing technologies. Source attribution required that algo-
rithms/software used for previous MFIs and new software created
for the WTC incident be adapted to process large numbers of par-
tial genotypes. To mitigate the risks associated with rapid and con-
tinuous software development throughout the life of a large and
complex identification initiative, three different comparative geno-
typing software packages were developed in parallel to provide
redundancy and confirmation of results by concordance (5-7). We
report here on one of these software approaches and demonstrate
the capabilities of large-scale comparative genotyping and kinship
analysis for use in MFI victim identification on the scale of WTC.
We also underscore the limitations of kinship analysis for MFIs
with respect to scale and complexity.

Materials and Methods
Genotypic Data

In this report, the genotype derived from biological trace material
recovered from a personal effect purported to have belonged to a
victim is referred to as a “PE” genotype, the one derived from a
reference biological sample obtained from a next-of-kin is referred
to as a “NOK” genotype. In accordance with standard forensic
naming conventions, genotypes derived from remains are referred
to as Questioned or “Q” genotypes, those derived from PEs and
NOKs are referred to as Known or “K” genotypes.

The development and testing of the software was accomplished
with computer-generated STR genotypic data sets simulating large
numbers of virtual families. STR genotypic data submitted for the
purpose of identification were provided by the Office of the Chief
Medical Examiner (OCME) of New York City and the New York
State Police (NYSP) Forensic Laboratories as modified Common
Message Format (CMF) files. For each Q genotypic data record, a
sequential number was provided as a record name. For each K gen-
otypic data record, an anonymized record name provided sample
type (i.e., PE, NOK), purported biological relationship to the victim
for NOKs, and a “RM” (Reported Missing) number referring to a
single victim to allow the software to regroup all reference samples
relevant to a given victim and support kinship analysis functionali-
ties. STR data provided by the OCME and NYSP included all
reportable alleles within the 13 core CODIS STR loci complement,
with Promega’s pentanucleotide repeat loci data appearing later in
the initiative in some data sets.

Genotype Comparison Software

Short tandem repeats, mitochondrial DNA, and single nucleotide
polymorphism data were generated in this victim identification
effort. STR DNA typing being the most discriminating platform,
all successful DNA identifications were made with this type of
data. The simple systematic pair-wise STR genotype comparison
scheme that proved successful for the Swissair Flight 111 MFI
(8,9) was the starting point for the development of algorithms for
the Mass Disaster Kinship Analysis Program (MDKAP) used for
the WTC incident. Briefly, this scheme permits the detection of:
(1) direct matches of Q to PE genotypes, where alleles at nearly
all tested loci are expected to match, with the possible exception
of allele drop-outs in compromised Q samples; (2) parent — off-
spring (P/O) relationships where, according to Mendelian inherit-
ance rules, compared genotypes are expected to share at least one
allele at all loci being tested; (3) higher than average sharing of
alleles between most siblings, by virtue of shared parentage. To
facilitate P/O relationship detection, interrogated data sets were
ranked on two tiers: (1) the number of loci at which at least one
allele is shared (i.e., Single Match or “S” score) between query
and database entry, (2) the number of loci at which both alleles
are shared (i.e., Double Match or “D” score) between query and
database entry. These basic scores are supplemented with a Variant
score (“V”’) where matching alleles encountered at a frequency of
<1% in a reference Caucasian population database (10) are tabula-
ted. Finally, a Mutation score (“M”) was incremented when a
potential core repeat mutation [defined as an entry where at least
one allele is shared at all loci except one locus where a match
would be declared if the allele was offset by one repeat, the most
common type of core slip mutation [http://www.aabb.org/Docu-
ments/Accreditation/Parentage_Testing_Accreditation_Program/rtan
nrpt04.pdf] was detected. After comparison with a queried Q
genotype, genotypes in the interrogated K data set were ranked
in decreasing order of score, on four tiers: S, D, V, and M.
Fig. 1 presents an example of a typical score report available
to OCME data reviewers.

To attend the complexities of the WTC incident, the approach
was complemented with several additional capabilities. These inclu-
ded: (1) a data collapsing routine that regrouped Q genotypes shar-
ing identical/near-identical complete or partial data, (2) a
composite genotype generator that produced more complete “vir-
tual” genotypes out of groups of partial overlapping genotypes, (3)
a parentage trio searching routine, (4) a consistency check feature
that detected discrepancies between NOK self-reported biological
relationships and kinship data, and (5) a likelihood ratio (LR) cal-
culation routine for pair-wise relationships. Finally, algorithms were
built to provide overnight processing capability for the anticipated
240 million pair-wise comparisons required per identification round
(see Table 1), a 1400-fold increase over the number of comparisons
required in the Swissair situation (9). These capabilities were coded
in Visual Basic for Applications (VBA) and executed on a Micro-
soft Excel platform.

Genotypic Data Collapse

In order to return the recovered remains to families, morgue offi-
cials need the ability to re-associate remains, a task greatly facilita-
ted by DNA typing. For the WTC incident, the regrouping of
remains according to genotype also answered the crucial need to
reduce the size of the genotypic data set, to hasten the kinship ana-
lysis process, to contain data processing time. In a context where
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TABLE 1—MDKAP performance statistics under different scenarios.

Incident variables

Swissair Flight 111

As processed in 1998 processed today" WTC Scenario #1* Scenario #2
# of victims 229 229 2749 50000 1.0E + 06
# of typed remains 1278 1278 19979 363387 7.3E + 06
# NOKs 310 310 6854 124664 2.5E + 06
# PEs 45 45 4242 77155 1.5E + 06
Number of pair-wise comparisons
Remains data collapse (1) 8.2E + 05 2.0E + 08 6.6E + 10 2.6E + 13
Qs vs Qs (2) 2.6E + 04 2.6E + 04 3.8E + 06 1.2E + 09 5.0E + 11
Qs vs NOKs (3) 7.1E + 04 7.1E + 04 1.9E + 07 6.2E + 09 2.5E + 12
Qs vs PEs (4) 1.0E + 04 1.0E + 04 1.2E + 07 3.9E + 09 1.5E + 12
NOKs vs Qs (5) 7.1E + 04
NOKs vs NOKs (6) 4.8E + 04 2.3E + 07 7.8E + 09 3.1E + 12
Number of pair-wise comparisons performed for Parentage Trio detection

Events without related victims

Total trios, potential 3.3E + 07 1.9E + 11 1.2E + 15 9.3E + 18

Total trios searched (7) 1.5E + 04 2.6E + 06 9.6E + 09 7.5E + 13
Events with related victims

Total trios, potential 5.1E + 07 22E + 11 14E + 15 1.1E + 19

Total trios searched (8) 1.8E + 04 4.4E + 06 1.9E + 10 1.5E + 14

Computing load
Total comparisons, events without related victims 9.6E + 05 2.6E + 08 94E + 10 1.IE + 14
1+3+4+5+6+7)
Total comparisons, events with related victims 1.8E + 05 9.9E + 05 2.6E + 08 1.0E + 11 1.8E + 14
1+2+3+4+5+6+78)
Computing time (h)

Events without related victims, w/MDKAP 0.07 19.7 7193 8.3E + 06
Events with related victims, w/MDKAP 0.08 20.1 7989 1.4E + 07
Events with related victims, w/Bloodhound (3) 0.02 0.06 5.6 9.1E + 02

MDKAP performance numbers were obtained from a conventional desktop personal computer.

Bloodhound performance benchmarks were calculated for the following configuration: a 512 cluster of Dell PowerEdge 1855 servers equipped with dual
Intel EM64T 3.6 GHz processors and four gigabytes of memory. Figures appearing in italics result from a simulation exercise.

'The Swissair scenario was simulated by running MDKAP with a virtual data set matching the number of genotypes handled during the Swissair MFL

2Scenarios #1 and 2 are simulated data sets scaled up directly from the incident variables and the total number of comparisons obtained with the WTC data

set.

*Bloodhound was loaded with virtual data sets according to the specifications of the different scenarios and run. The benchmark for Scenario #2 was extra-

polated from the other scenarios.

partial genotypes were common, any pair of remains were consid-
ered to originate from the same contributor when their STR geno-
types shared enough alleles for the random match probability
(RMP) to equal or exceed 10® (11). Pairs of genotypes with RMP
values between 10* and 10® were still regrouped under the same
consensus genotype, but these assignments were flagged as tenta-
tive. Regardless of the calculated RMP values, if a given genotype
was found to “collapse” under more than one consensus group,
cross-references would appear at all matching consensus genotypes
(see Fig. 2). Data reviewers were thus alerted to the uncertainty
surrounding the source attribution of flagged remains. The most
complete genotype (or a composite, see below) of each group was
considered the consensus for that set of remains, and this consensus
only was used as query against the K database for kinship/direct
matches. Remains failing to be assigned to a group were queried
individually against the K database.

Composite Q Genotype Generator

Significant gains in matching capability were accrued by allow-
ing composite Q genotypes to be assembled when sufficient

overlap between partial genotypes within a consensus group was
detected. Composite genotypes were created when the RMP value
for the donor and acceptor genotypes was >10® (see Fig. 3a).

Parentage Trio Searching Routine

As no pair of WTC victims shared a P/O relationship, only
parentage trio scenarios with two known contributors out of
three could be observed within the WTC data set:
mother + father + victim, herein referred to as the “descendant”
scenario; and offspring + spouse + victim, herein referred to as
the “ascendant” scenario. Pair-wise comparisons were used to
locate parentage trios within the data set, as shown in Fig. 4.
Regardless of whether a suspected F2 contributor was a victim
or a NOK, the ability of F1 contributors to account, according
to Mendelian inheritance rules, for all alleles encountered in an
F2 contributor’s genotype constituted the definition of a parent-
age trio. If a parentage trio was located, the involved NOK ent-
ries along with all other members of the same family were
prioritized for group display at the top of the results page (see
Fig. 1) to facilitate review of the trio data.
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D zlz|zlBE|C|I9|S|Sa|lzla|lglzlz2l2|2|4|4|2|2|E|E(2|2|=2|=2|€|4€|E|5|E]|E|rRMP " (LogRMP)
SlaF[F=[=|2|2|2|2|2 |2 |3|3|8|28|Z|2|5|5|F|F|E|E|le|a2|=2|=2|82|28]8 hits
number | 2 | 8 E|E|&|&|R| B |B|B|2|5|8|a|7|" SIG|I5|B|&|&|&)&
Q235494 [ 16| 16| 17 | 18 (21 [ 23| X [ Y | 13| 13| 29 |322{ 12| 20| 11 [ 12{ 11|11 ) 10| 11| 6 |9.3| 8 [11|11|12|10[ 12| 9 |14|12]| 17 <<<<<<< Consensus
Q235498 | 16| 16| 171821 (23| X | Y [13[ 13| 29 |322( 12|20 11| 12| 11111011 6 |93 8 [11[11|12|10]| 12| 9 [14]|12]| 17| 22
Q235542 | 16| 16| 171821 (23| X | Y [13[ 13| 29 |322( 12|20 11| 12| 11{11[10f11 | 6 |93 8 [11[11|12]10]| 12| 9 [14]|12]| 17| 22
Q235506 | 16| 16 171821 (23| X | Y [13[13]| 29 |32.2 1N 12(11f11f10f11 | 693 8 [11[11|12]10]|12] 9 [14 17
Q235467 | 16 16| 171821 (23| X | Y [ 13| 13| 29 [322( 12|20 11| 12| 11111011 | 6 |93 8 [11[11]|12]10]12 17
23 "LogRMP = 17" entries deleted for the purpose of this figure
Q235541 | 16| 16 171821 (23| X | Y [13[ 13| 29 [322( 12|20 11| 12| 11111011 6 |93 8 [11[11]12]10]12
Q235545 [ 16 16| 17| 1821 (23| X | Y [13]13] 29 1322 12|20 11 (12{11|11|10|11[ 6 |93 8 [11|11]|12]10[12
Q235470 [ 16 16| 17| 1821 (23| X | Y [ 13| 13| 29 1322 12|20 11 [12{11|11)10| 11| 6 |9.3] 8 |11 10]12
Q235530 [ 16|16 17| 1821 (23| X | Y [13]13] 29 1322 12|20 11 [12{11|11|10| 11| 6 |9.3] 8 11 10]12
Q235468 [ 16 16| 17| 1821 (23| X | Y |13 13| 29 1322 12|20 11 [12{11|11|10| 11| 6 |9.3] 8 |11 10]12
Q235518 [ 1616 17|18 (2123 X[ Y |13]13] 29 |322] 12 If12{1rj11j1of11f{6|93[ 8 [11|11]|12]10]12
Q235508 [ 1616 17| 1821 (23| X [ Y |13]13]| 29 |322[ 12|20 11| 12[ 11|11 6193 1[12{10]12
Q235480 [ 16| 16 20123 X | Y| 13]13[ 29 322| 12|20 111211111011 8| I11[11[12]10]12
Q235501 [ 16|16 17|18 (2123 X[ Y |13]|13]| 29 |32.2 ILf12{11|11)10f11f 6 |93 8 [11|11]|12[10f12
Q235513 [ 1616 17| 1821 (23| X [ Y |13]| 13| 29 |32.2 ILf12{11|11)10f11f 6 |93[ 8 [11|11]|12[10f12
Q235471 [ 161617 | 1821 (23| X [ Y | 13| 13| 29 |322{ 12|20 11|12 11|11 6193 10] 12
Q235522 [ 1616 17| 1821 (23| X [ Y |13]| 13| 29 |32.2 1] 12) 1111 6 |93 8 [11|11]|12]10( 12
Q235492 [ 1616 17| 1821 (23| X [ Y | 13| 13| 29 |322[ 12|20 11|12 11|11 6193 8|11
Q235548 [ 1616 17| 18 (21 (23| X [ Y | 13| 13| 29 |322[ 12|20 11|12 11|11 6193 8|11
Q235466 | 16| 16 21123 X[ Y [13]13 12120 11 {1211 (111011 8 [11[11[12]10] 12
Q235453 [ 16| 16 21123 XY 12120 11111011 6 93 8 [11|11]|12|10[ 12
Q235465 [ 16 16| 17| 1821 (23| X [ Y | 13| 13| 29 |32.2 11121111 6193 811 10| 12
Q235462 | 16| 16| 1711821 (23| X | Y [13[ 13| 29 |32.2 11211 f11 6 (93| 8|11 10| 12
Q235510 | 16| 16171821 |23| X[ Y [13]|13 1| 12y11f11f10f11) 6 (93| 8|11 10| 12
Q235521 | 16 16 XY |[13]13] 29 [32.2 1N 12 11{11 {1011 6 93] 8 [11[11|12]10] 12
Q235457 | 16 16 XY |[13]13 12120 11 12f11f11[10] 11 (11 [11[12]10] 12
Q235525 [ 16] 16| 17| 18 XY |[13]13] 29 [32.2 1N 120 11{11f10f11| 693 8 [11[12]12]|12]12
Q235491 | 1616|1718 (2] WAl X | Y [ 13| 13| 29 |32.2 1| 12y11f11f10f11) 6 (93| 8|11
Q235496 [ 16] 16| 17| 18 XY |[13]13] 29 [322 1L 12{11 111011 8 [ 11 10| 12
Q235493 | 16| 16| 1711821 (23| X | Y [13[ 13| 29 |32.2 11211 f11 6 (93] 8|11
Q235523 | 16| 16| 1711821 (23| X | Y [13[ 13| 29 |32.2 11211 f11 6 (93| 8|11
Q235634 [ 16|16 17| 182123 X | Y |13]13] 29 |322 {1211 ]11 6193 8|11
Q235479 [ 16] 16| 17| 18 XY [13]13] 29 1121111 6193 8 |11 10]12
Q235512 [ 16 16 20123 X | Y |13]13]29|322 I{12{11]11]10[10] 6 8 |11
Q235455 [ 16| 16 XY [13]13 11 11)10f 11| 6 (93] 8 [11]|11]|12]10(12
Q235532 [ 16] 16| 17| 18 XY [13]13] 29 [32.2 1121111 6193 8|11
Q235488 [ 16| 16| 17| 1821 23| X | Y |13]13 121111 6193 8|11
Q235499 [ 16 16 X[Y[13]13 32.2 1112 10]11) 6 193] 8 |11 10] 12
Q235529 [ 16|16 17|18 (21 23| X[ Y |13]|13]| 29 |32.2 If12f11]11
Q235546 21123 X | Y 29 [322 11111011 8 |11 10] 12
Q235524 | 16] 16| 17] 18 XY | 13]13] 29 [322 2] 1111 3 |11 B 447(7); 1510(6)
Q235503 | 16] 16| 17| 18 X|Y[13]13 I 6 193] 8 |11 1 447(6); 638(6); 1325(6); 1510(6)
Q235535 [ 16| 16 21|23 X | Y |13]13 11]12 10| 11 8 |11 1 1325(4)
Q235473 | 16] 16 X | Y [13]13] 29 [322 112|111 1 447(5); 963(5); 1325(4); 1510(4)
Q235504 [ 16] 16| 17| 18 X | Y| 13]13] 29322 H 11 1 1510(4)
Q235461 [ 16| 16 21123 X[ Y [13]13 10| 11 1 447(4)
Q235540 | 16| 16| 17] 18 X|Y[13][13 112 1 2 447(4); 15104)

FIG. 2—Examples of a Q data collapsing. All remains attributable to a given victim are re-grouped. The consensus genotype appears at the top against
light gray background. All matching remains appear below the consensus genotype along with their respective log (RMP). Discrepancies with the consensus
are highlighted with black background. Any log (RMP) below eight is highlighted in dark gray. If a genotype is found to match against another consensus,
then a flag in the last column indicates the relevant genotype number followed by the associated log (RMP) in brackets.

Under the “descendant” scenario and assuming reference sam-
ples were available for both parents, each parent was expected to
appear on the list of potential P/O relationships to the relevant vic-
tim. The examination of all trios involving the victim and every
possible combination of two NOK entries within the list of poten-
tial P/O relationships to the victim was expected to locate the pro-
ductive parentage trio. Under the alternative ‘“‘ascendant” scenario
and assuming reference samples were available for offspring and
spouse (or multiple spouses in the case of re-marriages), only off-
spring genotypes were expected to appear on the list of potential
P/O relationships to the relevant victim. The third member of the
trio, the spouse, was located in the NOK data set through her/his
P/O relationship(s) to the offspring, not the victim. To this end, a
list of potential P/O relationships within the NOK data set was cre-
ated for each NOK prior to initiating a round of Q versus K quer-
ies. To detect an ascendant parentage trio, the software searched
for a productive trio among all combinations involving the victim,
each potential offspring and any other NOK with a potential P/O
relationship to each potential offspring (see Fig. 4). This processing
scheme reduced the number of tested trios by >64,000 fold (see
Table 1) through, among other means, the elimination of ascend-
ant-type trios where the purported surviving spouse and offspring
do not share a potential P/O relationship.

Consistency Check Feature

The establishment of potential P/O relationships underpins much
of the kinship matching capabilities of this approach, the parentage
trio-searching algorithm in particular. However, as demonstrated
with the Swissair data, one out of every 2000 pair-wise comparisons
between 13-loci STR genotypes is expected to generate a kinship
score consistent with a P/O relationship where no such relationship
actually exists (9), a situation we refer to herein as fortuitous
kinship associations (FKA). With an average of 26 million Q versus
NOK/NOK versus NOK pair-wise genotype comparisons to perform
per identification round, it was anticipated that some 13,000 FKAs
would be observed, an average of five per queried Q genotype. In
order to avoid generating incorrect inferences of biological relation-
ship, a tool to distinguish FKAs from genuine kinship associations
was developed. In practice, most FKAs can be distinguished from
the genuine kinship association when multiple first-degree relatives
(e.g., parents, offspring) are available as references in the family of
the tested NOK. For instance, if a given NOK is found to show a
potential P/O relationship to a Q genotype, then a potential P/O
relationship should also be observed between the Q genotype and
other available siblings (if the victim is an anticipated parent) or
mother/father (if the victim is an anticipated offspring) of the NOK,
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FIG. 4—Locating a parentage trio with pair-wise comparisons. The top panel displays a “‘descendant” parentage trio. Both parents can be found on a sin-
gle listing of potential P/O relationships to the victim. The bottom panel displays an “ascendant” parentage trio. Only the offspring can be found on a listing
of potential P/O relationships to the victim. The spouse will be found on a separate listing of potential P/O relationships to the offspring. Both descendant

and ascendant scenarios are explored for every trio.

if the Q genotype is truly genetically linked to the tested family. To
provide this consistency check, the S score for every other family
member [i.e., same Reported Missing (RM) no.] of a high S score
NOK is displayed within a concatenated string (see Fig. 1) on every
result page. For the 45 top scoring NOKs of every Q versus K query,
the consistency check verified that the self-reported relationships for
the NOKs and their relatives were consistent with the calculated
S scores. This feature automatically retrieved S scores for any
relative regardless of their ranking position in the 10,000 + geno-
type-ranking stack in the K database. The capability to detect FKAs
was essential in the ability of the software to detect false parentage
trios (FPT).

Likelihood Ratio Calculations

The performance of the kinship index scheme used in this software
was evaluated by comparison to calculated LRs (see Fig. 1). For
every Q query, once the software had ranked the K database accord-
ing to the kinship index score, the KinTest program (G.C.) calculated
LRs for parent:child, full sibling and half-sibling using frequencies
from a U.S. Caucasian database [see reference (9) for a discussion on
the choice of reference databases] for the 45 best scoring Ks (i.e., the
number of entries displayed on the result page).

Automated Processing

Sub-processes were linked and executed in the following order
(Fig. 5): (1) conversion of CMF file format to tabular format for
incoming genotypic data, (2) import of STR data, (3) removal of
duplicate entries, (4) removal of genotypes with less than 12 alleles,
(5) collapse of victim’s genotypes, (6) creation of a consensus

victims’ genotype listing, (7) NOK database prescreen for potential
P/0O relationships within the NOK data set, (8) query of each consen-
sus victim’s genotype against the K database, (9) recording of the
results for later retrieval, (10) establishment of a priority list to allow
data reviewers to locate quickly the most promising identification
leads. To avoid repeated reviewing of data associated with completed
identifications from previous identification rounds, an electronic list
of remains considered by the OCME as identified was provided with
each new data set, and MDKAP flagged relevant consensus geno-
types accordingly in the priority list. Entries related to an identified
victim were not removed from the data set to allow for any eventual
inconsistency to be detected if newly added data challenged a prior
match. The entire linked process ran unattended overnight on incre-
mental data sets.

Results
Confirming the Suitability of the Search Algorithm

The program used to process genotypic data during the Swissair
MEFI victim identification initiative was tested in a simulation envi-
ronment to assess whether the approach could maintain the sensitiv-
ity required to make all Swissair identifications despite a large
increase in the size of the genotypic data set. To that end, the Swis-
sair data was supplemented with 12,000 random 13-STR loci geno-
types virtually generated to reflect Caucasian allele frequencies. All
Swissair identifications could still be carried out against this much
larger background (data not shown). Parentage trios involving
descendants were easily detected without the routine developed
for MDKAP. Parentage trios involving ascendants (i.e., off-
spring + spouse + victim) could be detected and manually verified
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Conversion of CMF data to tabular format
and
Import of STR data

y

Removal of duplicate entries
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Genotypes with < 12 alleles

Collapse of victim's genotypes
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Creation of a consensus listing

NOK database pre-screen
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and
Recording of results

v

Creation of a priority review listing

FIG. 5—Flowchart of data processing scheme.

only through the use of NOK sample accessory information, and
were dependent on the accuracy of this information. It was appar-
ent that the much larger WTC data set would require accelerated
algorithms to maintain processing times within operational require-
ments as well as many supplemental routines to take full advantage
of the information content of the genotypic data set.

Genotypic Data Collapse

The body fragmentation sustained by the victims of WTC pro-
duced an average of 10 Q samples per victim, some collapsed data
sets regrouping over 200 remains. Collapsing the data set to a
smaller number of consensus genotypes achieved two goals:
regrouping of remains for return to the families and containment of
processing time. Figure 2 displays an example of collapsed data
consisting of 70 remains originating from a single victim. As a first
step, the algorithm ranks genotypes according to the number of
reported alleles. The most complete genotype is then used to iden-
tify within the data set other genotypes that share enough alleles
with the query for the RMP to exceed the set threshold. Allele
drop-out was observed even with almost complete genotypes. Gen-
otypes that were assigned to a consensus group were still tested
against all other consensus groups to confirm the assignment. As
shown in Fig. 2, partial genotypes were often found to match under
more than one consensus group when the RMP value fell under
the 10%-threshold set by the OCME. The ability to collapse the Q
data set yielded a five to sevenfold reduction in the number of
queries to the K database.

Virtual Genotype Generator

Figure 3a provides two examples of composite genotypes.
Allelic designations displayed against a black-background in the
consensus genotype (gray background) were missing in the original
remains genotype and were filled in as the RMP value between
contributing and receiving partial genotypes exceeded the 10
threshold. This rule prevented the FGA 21,21 alleles of Q1350210

from being integrated into the composite genotype in the first
example. In this particular case, the victim was identified with both
PEs and NOKSs, which confirmed that the victim was FGA 18, 20,
not 21,21 (see Fig. 3b). The Q1350210 genotype is likely derived
from remains of another victim (this genotype was not found to
match with any other consensus genotype, as documented by the
absence of an entry under the “Other matching genotypes...”
header), or the FGA 21,21 is a single drop-in allele, a distinct pos-
sibility considering that some remains are known to have co-min-
gled (12). The requirement to meet the 10% threshold also
prevented the CSF1PO 12,12 from being integrated into the com-
posite genotype, a threshold enforcement that proved to be correct
as a later comparison to a PE genotype documented an allele drop-
out at that locus. In this example, the “filled-in”" alleles were con-
firmed in the PE genotypes.

Both examples demonstrate how allele drop-outs are detected
and handled within a rules-based automated system. The D8S1179
and D5S818 loci of the first and second examples respectively sug-
gest that allele drop-out has occurred in one of the contributing
genotypes (i.e., the homozygous allele is one of the alleles of the
heterozygous genotype). In these cases, the virtual genotype incor-
porates the encountered heterozygous genotype as allele drop-outs
are more common than allele drop-ins. In both cases, perfect mat-
ches to PEs confirmed the heterozygous genotype at the drop-out
locus of the original most complete genotype (see Fig. 3b,c). This
is the only condition that allowed for data gap filling to proceed
when a discrepancy was encountered at a locus.

Parentage Trio Searching Routine

Figure 3b,c showcases ascendant parentage trios. Under that
scenario, the offspring is expected to display a score consistent with
a potential P/O relationship to the victim, and the spouse is expec-
ted to display a score consistent with a potential P/O relationship
to the offspring. For each K genotype, the algorithm-inferred kin
biological relationship column on the reports displays the relation-
ship consistent with the detected parentage trio. Discrepancies
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between the relationship entered in the OCME tracking system and
the one inferred by the parentage trio detection algorithm would be
highlighted with a background shade.

Figure 6a demonstrates the effectiveness of the parentage trio-
searching algorithm. For this particular victim, a PE genotype con-
firmed a detected parentage trio involving two NOKs, the PE and
NOK genotypes sharing the same family number. The algorithm
that locates parentage trios makes use of a nontriangulated
approach (e.g., a method by which a list of obligate alleles derived
from the genotypes of the two surviving members of a parentage
trio is not used to locate the third member of the trio within a large
genotype data set) where all possible trios are tested. Although
computationally intensive, this strategy allows for the detection of
all trios including those where NOK self-reported biological rela-
tionships to the victim appear incorrect according to the OCME
tracking system, situations that would otherwise escape detection
with a triangulated approach. This strategy will cause for Fortuitous
Parentage Trios (FPT) to be detected, apparent parentage trios
where no such biological relationship actually exists.

There were three types of detected FPTs. The vast majority of
detected FPTs in the WTC data set involved related individuals. As
fewer alleles are encountered within family pedigrees, it is possible
for offspring to substitute for a parent to one of their siblings and
still produce parentage trios where all alleles are accounted for in
the individual being considered an offspring. A typical example is
shown in Fig. 1 under the ‘Alternative trios, discrepant with
respect to reported biological relationships” heading. This type of
event is common, especially when numerous offspring are available
for analysis, regardless of the scope of the incident. Except for one
situation, the remainder of detected potential FTPs for the WTC da-
taset proved to be real trios but with incorrectly reported family
number or biological relationships (see Fig. 8): an administrative
review of these specific case files resolved the detected discrepan-
cies. Finally, FPTs involving nonrelated individuals are expected to
be very rare, and only one was detected in the 1.9 x 10'" possible
trios in the WTC data set (Fig. 6a). In this case, while the true par-
entage trio was detected and confirmed as described above, a FPT
involving the same victim and a mother/father pair unrelated to
each other was detected and flagged. This FPT was dismissed as
the putative mother was eventually linked to her true offspring
through a direct match to a PE (Fig. 6b), but no match to other Q
data was ever made for the putative father.

The identification shown in Fig. 6a demonstrates the ease with
which the true parentage trio could be distinguished from a fortuit-
ous one with the use of reported family numbers and biological rela-
tionships. Although the WTC victim identification initiative was
dealt many complicating factors, its kinship analysis situation was
ideal in one respect: none of the WTC victims shared a P/O rela-
tionship, no parentage trio ever included more than one victim, no
assembly of family pedigrees had to be executed from within the
victim’s genotypic data set. These conditions facilitated the identifi-
cation of all potential FPTs. The WTC situation was in sharp con-
trast with most MFIs, especially transportation accidents, where the
list of victims often includes many partial or entire families, making
it more difficult in those circumstances to assess the validity of
detected trios that include more than one victim. For example, if the
five individuals depicted in Fig. 6a were set in the context of
another MFI of the same scale as WTC’s, where: (1) all five individ-
uals were among the victims; (2) PEs were unavailable for the off-
spring (e.g., all useful PEs destroyed in the incident); (3) the
remains of one or both of the actual parents were never recovered,
under these conditions, the identification process could have easily
been confounded. A similar scenario applied to the situation

depicted in Fig. 1 could have led to identity switches among family
members within an otherwise correctly identified family. The suc-
cessful use of kinship analysis is therefore dependent on the
circumstances of the MFI and performs best under conditions where
some PEs or clear identification information from another modality
on specific Q samples are available to clarify ambiguous pedigrees.

Consistency Check

The consistency check provides useful confirmation of valid par-
entage trios but its best use is in situations where parentage trios are
not available and pair-wise comparisons are the only path to identifi-
cation. Figure 7 provides an interesting example of the usefulness of
this tool and underscores the caution required in the interpretation of
results from pair-wise comparisons in the context of large data sets
containing many incomplete genotypes, many incomplete pedigrees.
Early into the identification initiative, the Q genotype in Fig. 7 dis-
played a tentative P/O relationship with the mothers of families nos.
33327 and 37533 (fathers were not available for sampling). Par-
ent:child LRs were 1 x 10* and 2 x 10° respectively, favoring the
second family. In addition, three NOKs from the second family,
reporting a sibling relationship to their missing relative, shared
between 13 and 17 alleles out of a possible 26 and significant LR
values with this victim, again favoring the second family as a kin-
ship association. Those odds later proved misleading as a perfect
match between the Q genotype and that of a PE submitted for the
victim of the first family was detected. Much later in the identifica-
tion initiative, samples from offspring of victim no. 37533 (second
family) were finally submitted and proved not to meet the P/O
expected S score for them to be related to the queried Q genotype.
The consistency check allowed for the discrepancies in S scores for
the offspring of victim no. 37533 to be brought to the attention of
the data reviewer. This particular example demonstrates the benefits
in securing samples from all P/O relationships to the victims as
early as possible in the identification process.

Figure 8 features an example of an incorrectly reported NOK
biological relationship. Two separate male individuals reported a
father relationship to this victim and both generated a parentage trio
with the reported mother of the victim. The second individual dis-
played a core repeat slip mutation and high sharing of alleles with
the victim, making him less likely to be the true father. An admin-
istrative review of the case proved the assumption correct as the
first individual was the actual father, an outcome consistent with
the calculated LRs.

Likelihood Ratios

On score reports, LRs were calculated to allow for an assessment
of the performance of the kinship index as means to rank NOKs
for genetic relatedness to a queried genotype. Both kinship index
and LRs were run in parallel for the duration of the identification
initiative. Figure 1 provides a typical example, demonstrating that
discrete changes in ranking order would be observed if LRs were
used for sorting but without affecting the conclusion.

Computational Workload

Table 1 summarizes computing statistics of MDKAP with WTC
data for smaller and larger events under two scenarios: (1) the vic-
tims are unrelated; (2) the victims’ data set includes families. A
very small increase in workload (2-3%) is associated with the pres-
ence of related individuals among the victims. However, the work-
load increases exponentially with the scale of the event. The
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Pair-wise comparisons are the mainstay of computing efforts
aimed at matching Q and K genotypes in MFI victim identification.
A direct match to a PE genotype provides the most direct route to
identification, assuming the Q genotype holds enough alleles for
the RMP to clear the set threshold, and the PE’s source attribution
is deemed reliable or has been confirmed through kinship analysis.
In the absence of a PE for a given victim, a parentage trio detect-
able through pair-wise comparisons is the next best path although it
provides evidence of biological relationship, not identity. If the
available NOKs for a given victim do not allow for parentage trio
analysis to be used, then any number of NOKs displaying P/O
relationships may provide an identification lead through adequate
LRs. In the absence of P/O relationships, then multiple second-
degree relatives from both paternal and maternal ancestry (9) might
provide an identification lead. The use of pedigree analysis pack-
ages (6) becomes useful in the last two situations. Finally, regard-
less of whether PEs and/or which NOKs are available as
biological references for a given victim, all pair-wise comparisons
being considered for a given Q sample must be consistent with the
reported relationship to the victim. Pair-wise comparisons are also
used to collapse the Q genotype data set, reducing large number of
remains genotypes to a smaller data set. An RMP threshold value
is used to allow for reconstruction of “virtual” Q genotypes to
maximize the use of available data and benefit situations where lit-
tle Q data is available.

The MDKAP was designed to capture this logic into a rules-
based system suitable for the WTC incident and for future large-
scale events involving related victims. The premise that most iden-
tification leads can be secured without the use of complex statisti-
cal tools was proven correct in the context of the Swissair Flight
111 MFI victim identification initiative (9). This screening concept
was further expanded to include an array of additional capabilities
and has provided victim identification capability for the WTC inci-
dent. MDKAP sorts reference samples from a genotypic data set
according to basic rules of genetic association to remains genotypes
and derives identification leads that can be further evaluated with
appropriate  statistical tools. Although triangulation approaches
could have significantly reduced computing requirements, they
were not employed in order to: (1) maintain the capability to detect
inaccuracies in NOK self-reported biological relationships to the
victims, thereby decreasing the potential for missed identifications,
(2) preserve the ability to locate parentage trios from within the
victims data set in future MFIs that may include families among
the victims. All identification leads produced by MDKAP were
confirmed upon subsequent statistical evaluation.

The several hundreds of millions of pair-wise comparisons per-
formed with each incremental data set were successfully handled
overnight with a VBA application on a desktop computer. With
pair-wise comparisons schemes, as computational requirements
grow exponentially with the number of victims, the size of some
future events may eventually exceed the capacity of such a plat-
form, as shown in Table 1. A C++ version operating in a parallel
processing environment has been written (13): up to 1 million gen-
otypes can be processed under the algorithms described in this
paper while maintaining a practical execution time.

Considering the escalating computational workload imposed by
nontriangulated parentage trio searches for MFIs involving related
victims, the task of identifying these victims through DNA analysis
would be greatly facilitated if every victim had a personal reference
sample stored away. However, except for situations involving milit-
ary personnel where the collection of personal reference samples
may be mandatory, it is impractical to expect this type of personal
reference sample storage to ever become common practice in the

general population. Retrieval of probative PEs from the victims’
residences will remain a valuable source of reference material but
this type of reference material may prove unrecoverable in certain
large-scale incident scenarios. Events like tsunamis and nuclear
blasts impacting residential areas could lead to the death of large
numbers of families as well as concomitant destruction/dispersal of
nearly all usable PEs for these victims. In these situations, if the
level of body fragmentation is severe, DNA identification would
have to rely heavily on kinship analysis, making use of any remain-
ing reference NOKs living away from the devastated area.

In more general terms, it is reasonable to anticipate that, for
most incidents, a combination of PEs from a variable proportion of
the victims and kinship analysis with available relatives will pro-
vide the available data processing path. Fortuitous Parentage Trios
(FPT) were detected in both the Swissair and WTC events, and lar-
ger scale events involving related victims would be vulnerable to
FPT nondetection. Beyond hardware/software enhancements, these
larger-scale events may require additional nuclear STRs as well as
Y-STRs and mtDNA to help confirm relationships in detected par-
entage trios. The bioinformatics components of such events can be
simulated in silico to address issues of scale and complexity, and
the processing outcome used to delineate the genetic technology
enhancements required to meet the challenge of future larger scale
events.

Despite the challenging condition of many remains recovered
from the WTC disaster site, DNA typing generated data to support
a large number of identifications. Along with other software,
MDKAP was successfully adapted to afford the efficient use of
recovered STR genotypic data and generate a maximum number of
identification leads from the available STR data. Kinship analysis
has proven successful in this incident but its continued success in
larger-scale MFIs is contingent on the use of a sufficient number
of STR loci to reduce the risk of undetected FPTs, the use of
mtDNA and Y-STRs to confirm parentage and of bioinformatics
that can support large-scale comparative genotyping schemes cap-
able of detecting parentage trios from within a group of related
victims.
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