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I. SUMMARY OF THE COMMISSION’S STATUTORY AUTHORITY

A. Legislative Background and Jurisdiction

The Texas Legislature created the Texas Forensic Science Commission
(“Commission™) during the 79" Legislative Session by passing House Bill 1068 (the
“Act”). The Act amended the Texas Code of Criminal Procedure to add Article 38.01,
which describes the composition and authority of the Commission." During the 83™ and
84™ Sessions, the Legislature further amended the Code of Criminal Procedure to clarify
and expand the Commission’s jurisdictional authority.”

The Commission has nine members appointed by the Governor of Texas.” Seven
of the nine commissioners are scientists and two are attorneys (one prosecutor nominated
by the Texas District and County Attorney’s Association, and one criminal defense
attorney nominated by the Texas Criminal Defense Lawyer’s Association).® The
Commission’s Presiding Officer is Dr. Vincent J.M. Di Maio.’

1. Accreditation Jurisdiction

Texas law prohibits a forensic analysis from being admitted in a criminal case if
the entity conducting the analysis is not accredited by the Commission:°

“...a forensic analysis of physical evidence under this article and expert testimony
relating to the evidence are not admissible in a criminal action if, at the time of
the analysis, the crime laboratory conducting the analysis was not accredited by
the commission under Article 38.01.””

! See Act of May 30, 2005, 79" Leg., R.S., ch. 1224, § 1, 2005.

2 See Acts 2013, g3™ Leg., ch. 782 (S.B.1238), §§ 1 to 4, eff. June 14, 2013; Acts 2015, g4t Leg., ch. 1276
(S.B.1287), §§ 1 to 7, eff. September 1, 2015, (except TEX. CODE CRIM. PROC. art. 38.01 § 4-a(b) which
takes effect January 1, 2019).

3 Id. at art. 38.01 § 3.

‘1d.

> Id. at § 3(c).

6 Until the 84™ Legislative Session, the accreditation program was under the authority of the Department of
Public Safety (“DPS”).

" TEX. CODE CRIM. PROC. § 38.35(a)(4).



The term “forensic analysis” is defined as follows:

“Forensic analysis” means a medical, chemical, toxicologic, ballistic, or other
expert examination or test performed on physical evidence, including DNA
evidence, for the purpose of determining the connection of the evidence to a
criminal action, except that the term does not include the portion of an autopsy
conducted by a medical examiner or other forensic pathologist who is a licensed
physician.®

The term “crime laboratory” is broadly defined, as follows:

“Crime laboratory” includes a public or private laboratory or other entity that
conducts a forensic analysis subject to this article.’

Texas law exempts certain forensic disciplines from the accreditation
requirement—either by statute, administrative rule, or by determination of the
Commission.'’ A key threshold question is whether bitemark comparison'' is subject to
the accreditation requirement. Neither the statute nor the administrative rules (carried
over from DPS) mention forensic odontology specifically. The term “forensic analysis”
undoubtedly includes bitemark comparison, but no national accreditation body
recognized under Texas law (e.g., ASCLD/LAB, ANAB, etc.) offers accreditation in
bitemark comparison. Accreditation by one of these nationally recognized bodies is
mandatory for entities seeking to be accredited under Texas law.'?

Under a strict reading of the statute, bitemark comparison should not be

admissible in Texas criminal courts because it does not meet the accreditation

$1d. at § (a)(4).

?Id. at § (d)(1).

07d. at 38.01 § 4-d(c).

"' The Commission specifically uses the term “bitemark comparison” to refer to the act of analyzing a
patterned injury for purposes of either associating or excluding a suspect or group of suspects based on the
observable characteristics of the patterned injury. The Commission has no concerns regarding the
components of bitemark analysis that include swabbing a patterned injury site for possible DNA analysis or
to determine the presence or absence of salivary amylase.

1237 Tex. Admin. Code § 651.4.



requirement set forth in the Code of Criminal Procedure and neither DPS nor the
Commission has ever exempted forensic odontology by administrative rule. In an
abundance of caution, the Commission has instructed staff to seek confirmation of this
interpretation through a legal opinion request to the Attorney General’s office. This
report will be updated to reflect the Attorney General’s opinion once it is received.

Most Texas judges are unlikely to be aware of the statutory requirement for
accreditation outside of traditional forensic disciplines such as toxicology, drug chemistry,
DNA, etc. This is especially true considering the small number of bitemark cases in
Texas. Because bitemark comparison has been admitted in Texas courts since 1954 (with
the Doyle case involving a bitemark in cheese), it continues to be admitted."

2. Investigative Jurisdiction

Texas law requires the Commission to “investigate, in a timely manner, any
allegation of professional negligence or professional misconduct that would substantially
affect the integrity of the results of a forensic analysis conducted by an accredited
laboratory, facility or entity.”'* The Act also requires the Commission to: (1) implement
a reporting system through which accredited laboratories, facilities or entities may report
professional negligence or professional misconduct; and (2) require all laboratories,
facilities or entities that conduct forensic analyses to report professional negligence or
misconduct to the Commission."

The Commission is also expressly authorized to investigate allegations of

professional negligence and misconduct for forensic disciplines that are not currently

13 See Doyle v. State, 159 TEX. CRIM. 310,263 S.W.2D 779 (JAN. 20, 1954).
' TEX. CODE CRIM. PROC. art. 38.01 § 4(a)(2).
51d. at § 4.



subject to accreditation, such as the forensic bitemark comparison at issue in this case.'
However for cases involving forensic disciplines not subject to accreditation, the
Commission’s reports are limited to the following:

* Observations regarding the integrity and reliability of the forensic analysis
conducted;

* Best practices identified by the Commission during the course of the
investigation; and

*  Other recommendations deemed relevant by the Commission.'”
II. INVESTIGATIVE PROCESS

A. Complaint Process

When the Commission receives a complaint, the Complaint Screening Committee
conducts an initial review of the document at a publicly noticed meeting.'® After
discussing the complaint, the Committee votes to recommend to the full Commission
whether the complaint merits any further review."”

In this case, the Committee discussed the complaint (See Exhibit I) at a publicly
noticed meeting of the Complaint and Disclosure Screening Committee in Austin, Texas
on August 13, 2015. The Commission discussed the complaint again the following day,
on August 14, 2015, at its quarterly meeting, also in Austin, Texas. After deliberation, the
Commission voted unanimously to create a four-member investigative panel to review
the complaint pursuant to Section 4.0(b)(1) of the Policies and Procedures. Members
voted to elect Dr. Harvey Kessler, Dr. Vincent Di Maio, Dr. Ashraf Mozayani and Mr.

Richard Alpert as members of the panel, with Dr. Harvey Kessler (Director of Pathology

' 1d. at § 4(b-1).

1d.

18 See Policies and Procedures at 3.0.
¥ 1d.



and Professor at the Texas A&M University Baylor College of Dentistry) serving as
Chairman.

Once a panel is created, the Commission’s investigations include: (1) relevant
document review; (2) interviews with stakeholders as necessary to assess the facts and
issues raised; (3) collaboration with affected agencies; (4) requests for follow-up
information where necessary; (5) hiring of subject matter experts where necessary; and
(6) any other steps needed to meet the Commission’s statutory obligations.

B. Other Important Limitations on the Commission’s Authority

In addition to the limitations described above regarding reports involving
disciplines not subject to accreditation, the Commission’s authority contains other
important statutory limitations. For example, no finding contained herein constitutes a
comment upon the guilt or innocence of any individual. *® Additionally, the
Commission’s written reports are not admissible in a civil or criminal action.”!

The Commission also does not have the authority to issue fines or other
administrative penalties against any individual, laboratory or entity. The information the
Commission receives during the course of any investigation is dependent upon the
willingness of stakeholders to submit relevant documents and respond to questions posed.
The information gathered has mot been subjected to the standards for admission of
evidence in a courtroom. For example, no individual testified under oath, was limited by
either the Texas or Federal Rules of Evidence (e.g., against the admission of hearsay) or

was subjected to formal cross-examination under the supervision of a judge.

Y TEX. CODE CRIM. PROC. 38.01 at § 4(g).
1 at§11.



The Commission has no jurisdiction in civil cases or administrative proceedings
such as case falling within the jurisdiction of the Texas Department of Family and
Protective Services. The recommendations in this report apply exclusively to bitemark
analyses performed in the context of criminal actions. Moreover, the recommendations
are specific to the bitemark comparison sub-discipline of forensic odontology, and do not
apply to human identifications, age estimations or other areas of forensic odontology
unrelated to the analysis of patterned injuries on skin. Finally, as previously noted the
Commission is not concerned about the components of bitemark analysis that are limited
to swabbing a patterned injury site for possible DNA analysis or to determine the
presence or absence of salivary amylase.

III. Summary of Steven Mark Chaney Criminal Case

Steven Mark Chaney was convicted of the murder of John Sweek and sentenced to
life in prison on December 14, 1987. John Sweek and his wife, Sally, sold cocaine from
their East Dallas apartment and were found brutally murdered in June 1987, with autopsy
reports indicating multiple stab wounds and slit throats. Despite suspicions pointing to
the couple’s Mexican drug supplier, Mr. Chaney became a suspect when another
customer of the Sweeks informed police that Chaney had a motive because he owed the
Sweeks $500 for drugs he had purchased. Mr. Chaney offered nine alibi witnesses but
was still found guilty.

At trial, two forensic odontologists, Drs. Jim Hales and Homer Campbell, testified
the mark on John Sweek’s forearm was a human bitemark that matched Chaney’s
dentition. Dr. Campbell testified that Chaney made the bitemark to a reasonable degree

of dental certainty while Dr. Hales testified that there was a “one to a million” chance



someone other than Mr. Chaney could have left the bitemark. This testimony was
compelling to the jury. As one juror stated after the verdict, “Do you want me to tell you
what made my decision? [...] The bitemark.” Mr. Chaney unsuccessfully appealed his
case and his conviction became final in December of 1989.

In 2015, Mr. Chaney’s lawyers filed a writ of habeas corpus challenging his
conviction. On October 12, 2015, after Dr. Jim Hales recanted his testimony and the
Dallas County District Attorney’s Office agreed the bitemark evidence was
unsupportable, Mr. Chaney was released from prison. Mr. Chaney’s writ is pending with
the Texas Court of Criminal Appeals where additional writ grounds are being litigated.

IV. BITE MARK PANEL: PROCESS

The Commission formed a Bite Mark Investigation Panel at the August 14, 2015
quarterly meeting. Since that time the Panel has met three times to conduct its inquiry.
Under Dr. Kessler’s leadership, the Bite Mark Panel focused its efforts on collecting and
reviewing the existing scientific literature and data underlying bitemark comparison and
providing recommendations to the full Commission as a result of the review. Dr. Kessler
sought input from the American Board of Forensic Odontology (“ABFO”) and its
members, as well as other interested forensic odontologists and criminal justice
stakeholders.

The first Panel meeting was held on September 16, 2015, in Dallas, Texas at the
Dallas County District Attorney’s Office. The Panel discussed correspondence with the
ABFO regarding Dr. Kessler’s request for scientific data along with the other materials
that had been submitted prior to meeting. The Panel also heard from Chris Fabricant on

behalf of Mr. Chaney. Mr. Fabricant provided a summary of the case facts and key



issues contained in the complaint. Following Mr. Fabricant was Dr. David Senn, DDS,
Clinical Assistant Professor at the University of Texas Health Science Center at San
Antonio. Dr. Senn gave a summary response to the complaint, provided information and
answered questions concerning the ABFO’s historical and current initiatives. Dr. Senn
expressed his belief that the Chaney complaint contained some “truths, half-truths, and
non-truths.” Dr. Kessler requested that Dr. Senn delineate each of the categories in a
written document. The Panel also discussed the best way to approach case identification
and review with input from the ABFO and other stakeholders. In addition to Chris
Fabricant and Dr. Senn, the Panel also received public comment from Dr. Roger Metcalf,
DDS/JD, Patricia Cummings of the Dallas County Conviction Integrity Unit and Julie
Lesser of the Dallas County Public Defender’s Office, co-counsel for Mr. Chaney.

The Panel held its next meeting on November 16, 2015 at the Tarrant County
District Attorney’s Office in Fort Worth, Texas. The Panel sought and received
numerous research studies, presentations and related information concerning the state of
scientific research and data underlying bitemark comparison. Mr. Chaney, who had his
conviction set aside and was released from prison on October 12, 2015, was present at the
meeting. The Panel then heard from an impressive list of experts in the field of forensic
odontology. To begin, Dr. David Senn presented a PowerPoint (See Exhibit D) in which
he focused on agreements and disagreements with the original complaint as well as his
observations regarding cadaver research conducted by Mr. Peter and Dr. Mary Bush and
current research in his program at UTHSC San Antonio. The Panel next welcomed Dr.

Frank Wright who gave a presentation on the appropriate use, role and limitations of



bitemark evidence and his perspective on needed research and next steps. (See
Exhibit E.)

Drs. lTain Pretty and Adam Freemen also presented their Construct Validity of
Bitemark Assessments study using the ABFO Decision Tree that was originally presented
at the American Academy of Forensic Sciences (“AAFS”) Annual Scientific Meeting in
February 2015. (See Exhibit B.) The presentation included lessons learned and the
scientific implications of the results. Participants further commented on the various
action items from the study including their opinions on the next steps needed in research,
scientific reporting and a possible moratorium recommendation. Finally, the Panel heard
a presentation from Mr. Peter Bush regarding the current context of research and
limitations in bitemark comparison, including numerous clinical studies he conducted at
SUNY Buffalo with Dr. Mary Bush and colleagues.

Panel members, staff and stakeholders asked questions of the presenters and
engaged in a spirited discussion regarding the implications of the research. Upon
conclusion of the presentations, the Panel agreed that due to the volume and breadth of
materials, members needed further time to thoroughly review the data before making any
recommendations. Forensic odontologists in attendance, specifically Drs. Pretty,
Freeman, Wright and Senn discussed a possible follow-up study to the Freeman/Pretty
study that could help more clearly identify threshold criteria for determining human
bitemarks.

The Panel also discussed the retroactive case identification and review process,
including a list of 33 cases developed through stakeholder input and staff research. The

Panel discussed obtaining further case information directly from the ABFO Diplomates

10



along with historical data from the National Museum of Health and Medicine archives.
The Panel decided to wait to establish a case review subcommittee until further input was
sought from the full Commission.

The Panel held its third meeting on February 11, 2016 in Austin, Texas. The
Panel heard from Dr. Senn who gave a brief presentation on the ABFQO’s progress since
the Panel’s November 16, 2015 meeting in Fort Worth. Dr. Senn explained the research
related to bitemark comparison is slow going but being developed. (See Exhibit D.) Dr.
Senn also offered the assistance of all nine Texas ABFO-certified members in any
multidisciplinary bitemark case review conducted by the Commission.

The Panel next heard from General Counsel Lynn Garcia regarding jurisdictional
issues under Texas law and possible recommendations for the full Commission. Garcia
summarized the actions taken, presentations given, and research provided to the Panel.
The Panel discussed a number of recommendations to be made to the full Commission.
Dr. Frank Wright addressed the Panel regarding his longstanding quest for meaningful
proficiency testing in the discipline, as well as his agreement regarding the need for
foundational research using agreed upon criteria to test proficiency and reliability.

The Panel unanimously voted to make several recommendations to the full
Commission, all of which were accepted and are outlined in Section VI below.

V. COMMISSION OBSERVATIONS: INTEGRITY & RELIABILITY

A. Scientific Research

The Commission makes two threshold observations that should be universally
accepted among forensic odontologists and stakeholders in the broader criminal justice

community. First, there is no scientific basis for stating that a particular patterned injury
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can be associated to an individual’s dentition. Any testimony describing human dentition
as “like a fingerprint” or incorporating similar analogies lacks scientific support. Second,
there is no scientific basis for assigning probability or statistical weight to an association,
regardless of whether such probability or weight is expressed numerically (e.g., 1 in a
million) or using some form of verbal scale (e.g., highly likely/unlikely). Though these
types of claims were once thought to be acceptable and have been admitted into evidence
in criminal cases in and outside of Texas, it is now clear they have no place in our
criminal justice system because they lack any credible supporting data.

After addressing these historical issues, the Commission turned its focus to the
remaining questions facing the community. First, can forensic odontologists reliably and
accurately identify whether a patterned injury is a human bitemark? Second, if they are
able to determine that the patterned injury is a human bitemark, can they reliably and
accurately distinguish between patterned injuries made by adults versus those made by
children? Third, is there any support for the contention that where the forensic evidence
is of high enough quality, a well-trained forensic odontologist can reliably and accurately
exclude an individual from having been the source of the bitemark?

At the current time, the overwhelming majority of existing research does not
support the contention that bitemark comparison can be performed reliably and
accurately from examiner to examiner due to the subjective nature of the analysis. While
the research is too extensive to repeat in the body of this report (See Exhibits A-G), one
recent study by Drs. lain Pretty and Adam Freeman was of tremendous concern to the
Commission. (See Exhibit B.) Because the Bitemark Panel spent significant time

reviewing the study and consulting with its authors and critics, it is summarized here.
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The study, entitled Construct Validity Bitemark Assessments Using the ABFO
Bitemark Decision Tree (“Freeman/Pretty Study”) asked ABFO board-certified
Diplomates to review photographs of 100 patterned injuries. The Diplomates were asked
to answer the following 3 questions: (1) Was there sufficient evidence to render an
opinion on whether injury was a human bitemark? (2) Using the ABFO decision tree as a
guide, was the injury a human bitemark? (3) If a human bitemark, did it have distinct,
identifiable arches and individual tooth marks?

Thirty-eight ABFO Diplomates completed the whole study and an additional six
partially completed the study. The study revealed an enormous spread of decisions
among the Diplomates on the basic question of whether the patterned injury was a human
bitemark. The Diplomates agreed unanimously in only four of the cases. They achieved
90% agreement in eight of the cases.

The inability of ABFO Diplomates to agree on the threshold question of whether
a patterned injury constitutes a human bitemark was of great concern to the Commission.
Also of significant concern (and discussed extensively at the November 2015 meeting in
Fort Worth) is the fact that the Freeman/Pretty Study was not published in a timely
manner due to various political and organizational pressures within the ABFO. For many
Commissioners who have experience in other areas of forensic science, such a resistance
to publish scientific data contradicts the ethical and professional obligations of the
profession as a whole, and is especially disconcerting when one considers the life and
liberty interests at stake in criminal cases.

B. Lack of Quality Control and Organizational Inflexibility

13



In addition to the foundational science and research issues described above (as
well as in the Exhibits to this report) the Commission noted significant quality control
and infrastructure differences between forensic odontology and other patterned and
impression disciplines subject to the Commission’s jurisdiction. The following is a non-
exhaustive list of those issues:

1. There is no ISO-accrediting body (like ASCLD/LAB or ANAB) that
offers an accreditation program in bitemark comparison;

2. The criteria for identification published on the American Board of
Forensic Odontology (ABFO) website, including the decision tree, was
outdated until recently and included the use of terms like “The Biter” and
“The Probable Biter.” Though the terms were recognized as unsupportable,
they remained on the website until the 2016 AAFS meeting when the
ABFO Diplomates voted to remove the decision tree and replace it with a
new one.

3. There is significant disagreement among ABFO members about how to
establish criteria for the identification of bitemarks, and how to test that

criteria through research studies;

4. There is no system for outside auditing of the analytical criteria as applied
in casework;

5. There is no systemic requirement for peer review or technical review;

6. There is no consistency in the way analytical results are reported;

7. There is no meaningful proficiency testing system; and

8. There is no system for identifying or providing notification of non-
conformances, or a method for conducting retroactive case reviews when
necessary to protect against miscarriages of justice.

While the ABFO is accredited by the Forensic Specialties Accreditation Board

(“FSAB™),** it is a voluntary process; certification bodies are invited to participate in

2 White House Subcommittee on Forensic Science, Interagency Working Group on Accreditation and
Certification, Observations Concerning Certification of Forensic Science Practitioners at 3 (2013).
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FSAB accreditation if they meet basic eligibility requirements.”” Programs accredited
by FSAB vary greatly in certain key areas, such as: “eligibility, use of proficiency tests,
practical exercises, training, continuing education, recertification requirements, etc.”**
There are “vast differences in the certification examination processes and essential
elements for forensic science disciplines which leads to fragmentation of the various
certification programs accredited by the same entity.”*’

FSAB accreditation standards “are not recognized by a third party or accredited
under ISO-17011.7*° As the NAS report noted in Recommendation 7, certification
should take into account established and recognized standards, such as those published by
1SO.”” 1SO-17024 (Conformity assessment — General requirements for bodies operating
certification of persons) describes the necessary standards for organizations that certify
individuals. In recommending that all certification bodies achieve ISO-17024
accreditation within 10 years, the White House Interagency Working Group on
Accreditation and Certification asserted that accreditation under ISO-17024, “ensures the

»28  Given all current

validity, reliability, and quality of the certification programs.

information available to the Commission, it is unlikely the ABFO would be able to

achieve ISO-17024 accreditation for its certification program anytime in the near future.
VI. RECOMMENDATIONS

The Commission recommends that bitemark comparison not be admitted in

criminal cases in Texas unless and until the following are established:

2 Nat’s Res. Council, Nat’l Acad. of Scis., Strengthening Forensic Science in the United States: A Path
Forward, (2009) at 209.
2% http://thefsab.org/accredited.htm
25
1d.
2© White House Subcommittee on Forensic Science at 4.
27
1d.
¥ Subcommittee on Forensic Science at 4.
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1. Criteria for identifying when a patterned injury constitutes a human bitemark.
This criteria should be expressed clearly and accompanied by empirical testing to
demonstrate sufficient inter and intra-examiner reliability and validity when the
criteria are applied.

2. Criteria for identifying when a human bitemark was made by an adult versus a
child. This criteria should be expressed clearly and accompanied by empirical
testing to demonstrate sufficient inter and intra-examiner reliability and validity
when the criteria are applied.

3. Rigorous and appropriately validated proficiency testing using the above criteria.

4. A collaborative plan for case review including a multidisciplinary team of
forensic odontologists and attorneys.

Assuming the first two research areas can be addressed sufficiently, the

Commission believes follow-up research should focus on the criteria that form the basis
for the “exclude” and “cannot exclude” categories contemplated by new decision trees
making their way through the ABFO and the Organization for Scientific Area
Committees (“OSAC”) processes. (See Exhibit J.) ABFO guidelines should also follow
the example of other forensic disciplines by including peer/technical review of cases as
well as the development of a model report that provides information to the trier of fact
regarding the limitations of the forensic analysis.

The Commission understands these items are already high priorities for the ABFO
leadership, and the organization will need to work with other stakeholders (academic
institutions, etc.) in implementing the recommendations. To that end, the Commission
encourages collaboration and participation between the ABFO, researchers and
practitioners.

A. Special Word About Victims of Child Abuse

The Commission understands that victims in bitemark cases are often small

children. There is no question that the health and safety of our most vulnerable
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population must be protected. For this reason, the Commission reiterates that its
recommendations do not apply to civil cases involving Child Protective Services, but are
limited to those cases in which an individual is accused of a crime and faces the loss of
liberty if convicted. The Commission’s recommendations for foundational research are
focused on what it understands to be the most important issues in child abuse cases. If
subsequent published data supports the ability of forensic odontologists to identify human
bitemarks reliably and accurately based on defined criteria and to distinguish between the
bitemarks of adults and children reliably and accurately, the Commission will revise its
recommendations to reflect these developments.

During one of the Bitemark Panel meetings, Commissioners were told that
recommending a moratorium on bitemark comparison would “hurt children.” The
Commission disagrees. First, if anyone should take responsibility for the current state of
bitemark comparison, it is the very organization of practitioners that, due to its glacial
pace, reticence to publish critical data, and willingness to allow overstatements of science
to go unchecked for decades, is facing a barrage of well-founded criticism. As many
Texas prosecutors have indicated, no conviction for child abuse or other violent crime
should rest solely on bitemark comparison evidence. While the Commission understands
and appreciates the important and helpful role forensic science plays in providing justice
to victims, we must be vigilant to ensure the science used in criminal cases stands on a
solid foundation of research and data, both for the benefit of victims and the accused.

VII. DEVELOPMENTS SINCE FEBRUARY 12,2016 MEETING

The ABFO held its annual meeting at the AAFS meeting in Las Vegas the week

of February 22, 2106. During that meeting, Dr. Adam Freeman was elected President of
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the organization, and he released a letter to the stakeholder community describing
organizational progress shortly after the meeting. (See Exhibit H.) Some non-
exhaustive highlights of developments since the Commission’s last meeting are:

1. The old decision tree including the terms “Biter” and “Probably Biter” has
been removed from the ABFO website and guidelines. New guidelines
were adopted which do not permit for biter identity, and additional
guideline revisions are in progress.

2. A research team including Drs. Pretty, Freeman, Wright and Wood has
begun working on the Commission’s first recommendation regarding
foundational research set forth above. An update on that research is
expected within six months.

3. Significant efforts are underway to improve the ABFO proficiency testing
and should be adopted in February 2017.

4. An ABFO subcommittee has been established to assist with case reviews

to guard against miscarriages of justice. Individual odontologists in and
outside of Texas have expressed willingness to assist with these cases.

5. The Bitemark Committee has been charged with the task of developing a
mandatory blinded second opinion methodology.

6. The ABFO has implemented a bylaws change to allow for changes of
standards and guidelines as new information becomes available, and not
only at the organization’s annual meeting. Dr. Freeman has publicly
expressed his commitment to making the ABFO a more nimble and
responsive organization. (See Exhibit H.)

The Commission looks forward to working with the ABFO, the Complainant and
other interested stakeholders regarding these and other developments in the weeks and
months ahead. This report may be updated to reflect the results of additional research

and/or case reviews. Any questions regarding the contents of this report may be directed

to the Commission’s General Counsel, Lynn Garcia at lynn.garcia@fsc.texas.gov.
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October 18, 2015

Harvey Kessler, DDS, MS

Texas Forensic Science Commission
1700 North Congress Ave, Suite 445
Austin, Texas 78701

Dear Dr. Kessler,

The American Board of Forensic Odontology would like to once again thank you
for involving us in this Review Panel. We are currently hard at work researching and
writing detailed responses to those questions communicated to us in the September 8,
2015 letter. We will have these to your committee in advance of the November 16
meeting.

The American Board of Forensic Odontology does NOT have a list of any
Bitemark comparison cases done anywhere in the United States. Although Diplomates
may list their casework to verify that they have met our requirements when they
recertify, this information has never been saved after it is reviewed. Also, it has never
been mandatory that a Diplomate list all their case work, rather just enough to meet the
recertification requirements. Thus, the ABFO does not have any data as it relates to
any bitemark court testimonies done anywhere in the country at any time. However, the
ABFO stands ready to assist your commission and when you are ready will request of
our membership that any Diplomate that has been involved in a Texas bitemark
comparison case, contact your panel directly at the Texas Forensic Science
Commission.

| personally continue to read in the media about “no less than 24 people have been
wrongly convicted or indicted on the basis of bitemark evidence”. This quote seems to
be self-replicating within the media, with no cases ever cited. The Innocence Project
letter dated July 22, 2015 used this statistic also and cited two media reports as it
source. Knowledge of these “24" individual cases could be beneficial to all involved in
this process.
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In your letter dated October 7, 2015 a request was made for a memorandum from the
ABFO as it related to Dr. Senn’s response during the September 16, 2015 Panel
meeting in Dallas, Texas. This same request was made directly to Dr. Senn, and it my
understanding that he is currently working on such, and will be directly communicating
with your committee. | do not see the need to duplicate his efforts, and we will continue
to work on the responses to the initial questions from the September 8, 2015 letter.

_ The American Board of Forensic Odontology has many individuals with diverse
experience, perspectives and interest in forensic bitemark analysis. | would first like to
recommend any or all of the five of the ABFO Forensic Odontologist that live and work
in Texas.

Dr. David Senn, DDS, DABFO
Clinical Assistant Professor at U of T HSC - San Antonio Dental School,
Director of C.E.R.F., the Center for Education and Research in Forensics
A Past President of the American Board of Forensic Odontology
NIST OSAC Forensic Odontology Subcommittee - Vice Chair

Dr. Paula Brumit, DDS, DABFO
Vice President American Board of Forensic Odontology
NIST OSAC Forensic Odontology Subcommittee — affiliate member

Dr Roger Metcalf, DDS, DABFO
Chair of Bitemark Committee of the American Board of Forensic Odontology
Director of the Human ID Lab and Chief Forensic Odontologist for Tarrant
County
President of the American Society of Forensic Odontology
NIST OSAC Forensic Odontology Subcommittee - Executive Secretary

Dr Robert Williams, DDS, DABFO
Chief Forensic Odontologist Dallas, Travis and Webb County ME Offices
Research Associate, Center for Human Identification, Dept of Forensic
Anthropology, University of North Texas

.Dr Bruce Schader, DDS, DABFO
Executive Director American Society of Forensic Odontology
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In addition, the following individuals from other areas of the United States all would be
excellent additions to your commission.

Mark Bernstein, DDS. DABFQO - University of Louisville School of Dentistry,
Diplomate of Oral and Maxillofacial Pathology
Diplomate of the American Board of Forensic Odontology

Robert Barsley, DDS, JD, DABFO
A Past President of the American Academy of Forensic Science
A Past President of the American Board of Forensic Odontology
Professor LSU HSC School of Dentistry Director of Oral Health Resources,
Community and Hospital Dentistry, LSU Health Sciences Center School of
Dentistry
NIST OSAC Forensic Odontology Subcommittee - Chair

Robert Dorion, DDS, DABFO
Vice President 2014-15 of the American Academy of Forensic Science
A Past Board of Directors member American Academy of Forensic Science
A Past President of the American Board of Forensic Odontology
Course Director Forensic Dentistry Program McGill University School of
Dentistry
Edited the only stand-alone book on Bitemark Evidence

Robert Wood, DDS, MSC, PhD, FRCD(c), DABFO
Associate Professor, Faculty of Dentistry, University of Toronto
Chief Forensic Dentist, Ontario Forensic Pathology Services, Office of the Chief
Coroner, Ontario, Canada

It is my understanding that the ABFO will have several individuals present at the
November 16, 2015 scheduled meeting. All these individuals would be happy to
participate in the discussions that day. They would appreciate it if they could have
notice of the planned discussions besides the Freeman/Pretty Study so that they could
prepare for them.

Sincerely,

e (S 255

Gary Berman DDS DABFO
President — American Board of Forensic Odontology
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November 10, 2015

Texas Forensic Science Commission
1700 North Congress Ave, Suite 445
Austin, Texas 78701

Dear Dr. Kessler,

In your September 8, 2015 letter to the American Board of Forensic Odontology, you requested
ABFO assistance with any data, scientific studies, or peer-reviewed articles available to the
ABFO which pertain to the four questions presented in the recently filed complaint from the
Innocence Project.

A panel of diplomates from the ABFO compiled the following information in regard to those
questions. Please be reminded that the included articles and citations do not necessarily
represent the opinions or positions held by the ABFO. Furthermore the ABFO cannot guarantee
the continuing veracity or validity of these articles and/or studies, some of which were
published many years ago.

Due primarily to the time constraints involved in the process of gathering the materials, we ask
that you please excuse the different formats for parts of some answers.

Sincerely,

Gary Berman DDS, DABFO
President — American Board of Forensic Odontology
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Question 1: Is human dentition unique?
In general, the answer to the broad question is yes:

In Senn & Stimson’s book, Chapter 9 — Tabor and Schrader provide excellent discussion
of the statistical and mathematical models for the statistical improbability of having two
individuals with the same combination of teeth missing and present/restore and
unrestored.

There are many other features than comprise the dentition: arch shape and
circumference, arch width, vertical height. These features were not included in the
statistical analysis above.

A cursory review of orthodontic literature results in a plethora of variation. For example
just recently from the AJO-DO:

e Extreme variations in the shape of mandibular premolars, sample 29,2006

e Longitudinal alteration of the occlusal plane and development of different
dentoskeletal frames during growth, sample 102, 2008

e Longitudinal evaluation of dental arch asymmetry in Class Il subdivision
malocclusion with 3-dimensional digital models, sample 706, 2014

e Morphologic, functional, and occlusal characterization of mandibular lateral
displacement malocclusion, sample 116, 2010

e Submorphotypes of the maxillary first molar and their effects on alignment and
rotation, sample 175, 2014

e Tooth-wear patterns in subjects with Class Il Division 1 malocclusion and normal
occlusion, sample 310, 2010

e Tooth-wear patterns in adolescents with normal occlusion and Class Il Division 2
malocclusion, sample 165, 2010

e Variation in maxillary and mandibular molar and incisor vertical dimension in 12-
year-old subjects with excess, normal, and short lower anterior face height,
sample 344, 1994

In Mary Bush'’s affidavit, she notes under #16 that “It is important to note that for
purposes of our research, the dentition refers to the biting surface of the front teeth.
The dentition does not refer to the universe of identifying information that may be
drawn from the entire mouth, which in a typical adult involves 32 teeth with five sides
per tooth. .......thus our research undermines the assumption of uniqueness of the
human dentition recorded in the skin; it does not purport to investigate or disprove that
human teeth, in the aggregate are indistinguishably similar.”
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From D. Sweet and IA Pretty: A look at forensic dentistry — Part 2: Teeth as weapons of
violence- identification of bitemark perpetrators: “The sizes, shapes and pattern of the
biting edges of the anterior teeth that are arranged in the upper and lower dental
arcades are thought to be specific to that individual. This is mainly caused by the
sequence of eruption of anterior and posterior teeth. Canines must force their way into
the dental arch, which often result in bodily movement, rotation, and displacement of
other teeth. The resulting configuration of the dentition produces an identifiable
pattern that may be compared with similar patterns found on bitten objects to
determine the likelihood that a specific individual has left their calling card. (later) In
situations where sufficient detail is available, it may be possible to identify the biter to
the exclusion of all others”

--More specifically, the implied question is "are the biting surfaces of the dentition
unique":

Franco et al, “The uniqueness of the human dentition as forensic evidence: a systematic
review on the technological methodology”, 2014

e Twelve articles selected published between 1982 and 2013

e Based on this review, the uniqueness of human dentition was not scientifically
proven.

e Cited lack of 1. Power analysis for the stratification and size calculation of the
studied sample. 2. Intra and inter examiner calibrations. 3 advanced 3D data
registration, 4. Automated landmarking, 5. Validated 3D shape comparison
software and 6. Statistical methods and quantifications for data comparison.

Kieser, et al, "the Uniqueness of the Human Anterior Dentition: A Geometric
Morphometric Analysis” Journal Forensic Science, May 2007, Vol 52, No3
e Looked at 50 post orthodontic models ages 17-20

e Results tabulated for 33 maxillary and 48 mandibular arches

e Study showed a clear difference in the anterior "dental arcade" both in shape
and form.

e The main variation is related to general changes in the depth and width of the
arcades. These differences are greater than those due to the relative position of
teeth or their individual morphology.

e However, when individuals with very similar arcade shape were superimposed,
differences in tooth orientation were still evident.

e Only examined occlusal surfaces and sample was small.

e From the abstract: “Procrustes superimposition between the two individuals
located most closely (0.0444) and the two most separated (0.1567) along the
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first axis of relative warp analyses show that individuals are not only
differentiated by the relative position of their teeth but also by their arch shape.
In conclusion, it appears that the incisal surfaces of the anterior dentition are in
fact unique.”

From the second from last paragraph in the discussion, “"Hence, it can be said
that in the present sample, specifically selected to have lower levels of
individuality than the general population, there are no two individuals with
identical tooth morphology.”

Johnson et al, “Replication of known dental characteristics in porcine skin: emerging
technologies for the imaging specialist”,
http://epublications.marquette.edu/cgi/viewcontent.cgi?article=1043&context=dentistr

y fac; NIJ 2010-DN-BX-K176 2014

Initial investigations substantiated results of Kieser et al where uniqueness was
found of the anterior teeth in both arches. Geometric morphometric analysis of
similar dentitions as a result of orthodontic treatment, focused on morphology
and spatial locations of anterior dentitions in both arches that demonstrated
subtle differences. As reported in Rawson’s initial study as well, certain
characteristics such as shape, number, mesio-lingual rotations and restorations
were found to be interrelated.

This study used additional data by measuring angles formed by intersecting
extensions of a line drawn on the incisal edge of the 4 anterior teeth in each
arch. Markers were placed directly opposite of each other on the mesial and
distal outline of the teeth in a recognizable patterned injury. Intersecting line
angles as measured across the incisal edge of the teeth, intersected with
adjacent incisal lines of other anterior teeth at measurable angles.

Prior published studies demonstrated at least 7 characteristics of the human
dentition that can be quantified. This study developed a data set quantifying 8
dental characteristics in two and three-dimensions.

The initial quantification of width, damage, angles of rotation, missing teeth,
diastema characteristics (spaces) and arch length were augmented by also the
displacement of the anterior teeth (labial or lingual) from the normal physiologic
dental arch form. A three-dimension study of width and incisal position of the
anterior teeth on the horizontal (Z) plane supplemented the data.

A method of establishing tooth rotation provided an additional method of
analysis. Utilizing the intersecting angles formed by the incisal lines, enabled the
measurement of 6 angles of rotation and the intersecting angle formed by the
extension of those incisal lines remains constant.
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Question 2: If human dentition is unique, is human skin capable of accurately recording and
maintaining unique features of human dentition?

Skin in general is not a reliable impression material when compared to the typical dental
impression materials which are accurate to 100ths of a mm when crowns and appliances are
fabricated. However, skin is in some instances capable of replicating patterns created by teeth
and in some cases shows unique features belonging to the dentition that created it. The
research in this area demonstrates that there is a broad range of biomechanical effects on
bitemark patterns created in skin under laboratory conditions. Currently there are only two
studies using live human subjects. It has been extremely difficult to get Institutional Review
Board permission for live human testing. Therefore most studies have used other substrates for
testing of skin properties, most notably live porcine skin and human cadaver skin. There are
problems with both of these models. The most important feature in any of these studies for the
purpose of bitemark research is that the tissue is vital at the time the injury is inflicted. There is
a need for more research in this area to answer this question more definitively.

Replication of Known Dental Characteristics in Porcine Skin:

Emerging Technologies for the Imaging Specialist

NI1J 2010-DN-BX-K176

Award period October 1, 2010 — September 30, 2013

Johnson, LT1; Radmer, TW1; Jeutter, DC3; Corliss, GF3; Stafford, GL1; Wirtz, TS1;

Groffy, RL4; Thulin, JD2; Ahn, KW2; Visotky, AD2

This research serves as a template, refining the ability to scientifically calculate that an

unknown bite mark replicated in skin can correlated with probability to a member of

the population data base. This study demonstrates that it is sometimes possible to

replicate patterns of human teeth in porcine skin and determine scientifically, that a

given injury pattern (bite mark) belongs to a very small proportion of our population

data set, e.g. 5%, or even 1%. Predictably, building on this template, with a sufficiently

large database of samples reflecting the diverse world population, a sophisticated

imaging software application requiring operators inserting parameters for measurement

and additional methods of applying forces for research need further investigation. This

is applied science for injury pattern analysis and is only foundational research.

1974 Millington PF. J Forensic Sci Soc; 14(3):239-40 Histological studies of skin carrying
bitemarks

1975 Whittaker DK. Int Dent J; 25(3):166-71 Some laboratory studies on the accuracy of
bitemark comparisons. Author studied bites in wax and on pig skin. Found that those on
pig skin were less reliable than those on wax in terms of biter identification.

2009 Bush MA, Miller RG, Bush PJ, Dorion RBJ. Biomechanical Factors in Human Dermal
Bitemarks in a Cadaver Model J Forensic Sci, 2009; 54(1):167-76.
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2010. Bush MA, Thorsrud K, Miller RG, Dorion RBJ, Bush PJ. The Response of Skin to
Applied Stress: Investigation of Bitemark Distortion in a Cadaver Model. J Forensic Sci,
January 2010, Vol. 55, No. 1

2010 S.L. Avon, et al., Error rates in bite mark analysis in an in vivo animal model,
Forensic Sci. Int. (2010), doi:10.1016/j.forsciint.2010.04.016 Showed error rates of
examiners using a live pig model

2011 Bush MA, Bush PJ, Sheets HD. A study of multiple bitemarks inflicted in human
skin by a single dentition using geometric morphometric analysis. Forensic Science
International (2011), doi:10.1016/j.forsciint.2011.03.028

AAFS Atlanta February, 2012

F30 A Study of Bitemark Characteristics in Live Human Subjects
Kenneth P. Hermsen, DDS*, Creighton University, School of Dentistry,
2500 California Plaza, Omaha, NE 68178; Eric S. Wilson, DDS*, PO Box
50, Cole Camp, MO 65325

Eilers, Senn et al- study with mechanical bites on living unanesthetized human skin-
preliminary study, unpublished 2013

Effects of skin elasticity on bite mark distortion

Lewis C, Marroquin LA

Forensic Sc Int 2015 Sep 21:257:293-296.doi: 10.1016/j.forsclint.2015.07.048 [epub
ahead of print PMID 16451773

Clinical and histopathological examination of experimental bite marks in-vivo
Avon SL, Mayhall JT, Wood RE

J Forensic Odontostomatol 2006 SDec:24(2):53-62

PMID 17175837 (Free Article)

Naru AS.
Forensic Sci Rev. 1997 Dec;9(2):123-39.Review
PMID: 2407108

The Skin as a repository and masker of evidence

Perper JA, Menges DJ.

Am J Forensic Med Pathol. 1990 Mar;11(1):56-62.Review
PMID: 2407108

The use of videotape to demonstrate the dynamics of bitemarks
West, MH, Frair J

J Forensic Sci. 1989 Jan;34(1):88-95

PMID 2918292
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Transillumination in bitemark evidence
Dorion RB

J Forensic Sci. 1987 May:32(3):690-7
PMID 3598518

Discussion of “Photographic techniques of concern in metric bite mark analysis”
Ebert JL, Campbell HR Jr.

J Forensic Sci. 1985 Jul;30(3):599-602. No abstract available

PMID 4031799

Bite mark lesions in human Skin

Jakobsen JR, Keiser-Nielsen S.

Forensic Sci Int. 1981 Jul-Aug;18(1):41-56. No abstract available
PMID 7250868

Two bitemarks on assailant. Primary link to homicide conviction
Irons F, Steuterman MC, Brinkhous W

Am J Forensic Med Pathol. 1983 Jun;4(2):177-80

PMID 6859006

Effects of skin elasticity on bite mark distortion

Lewis C, Marroquin LA

Forensic Sci Int. 2015 Sep 21:257:293-296/j.forsclint.2015.07.048 [Epub ahead of print]
PMID 26451773

Bite Mark Lesions in Human Skin
Jan R Jakobsen and Saren Keiser-Nielsen
Forensic Science International, 18 (1981) 41-55 Elsevier Sequoia S.A., Lausanne 41

The Skin as a repository and masker of evidence.

Perper JA, Menges DJ.

Am J Forensic Med Pathol. 1990 Mar:11(1):56-62.Review.
PMID 2407108

A Method for Mathematically Documenting Bitemarks
CODEN: JFSOAD

ASTM License Agreement

McGivney, J. Barsley, R

ISSN:0022-1198
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Question 3: Are forensic dentists able to associate a human dentition with a bitemark in a
reliable manner (i.e generating reproducible results between experts or with a single expert

over time)?

The research shows that the association of human dentition to a bitemark is strongly
dependent on the quality of evidence and the specificity of an individual such as unusual arch
alignment patterns and/or missing or rotated teeth. Bitemark evidence, of high evidentiary
value, shows uniformity between experts in their results. Further, working in a construct with
1) only defined, high quality evidence and, 2) where linkage is limited to exclude or cannot
exclude, will only strengthen reliability.

Avon, 2007 p326 from from Dorion RBJ. Bitemark Evidence: A Color Atlas and Text, 2"d
edition,. CRC Press, Boca Raton, Fl., 2011.

Avon SL. An In Vivo Model For The Study Of The Accuracy Of Human Bite Mark Analysis:
Development Of The System And Testing The Experts [dissertation]. Univ. of Toronto,
Ontario. 2007.

Bernitz H, vanHeerden FP, Solheim T, Owen JH. A Technique to Capture, Analyze, and
Quantify Anterior Teeth Rotations for Application in Court Cases Involving Tooth Marks.
J. Forensic Sci. 2006:51:3:624-629.

Bitemark 2000 p571-584 from Dorion RBJ, Bitemark Evidence, editor, Marcel Dekker,
(CRC Press), New York, NY, 2005.

Bush MA, Bush PJ, Sheets HD. A Study Of Multiple Bitemarks Inflicted In Human Skin By
A Single Dentition using Geometric Morphometric Analysis. Forensic Science
International. 2011:211:1-8.

De las Heras SM, Tafur D. Comparison Of Simulated Dermal Bitemarks Possessing
Three-Dimensional Attributes To Suspected Biters Using A Proprietary Three-
Dimensional Comparison. Forensic Sci International. 2009:1:1-3:33-37.

Dorion, Bitemark, 2000 p.323-324 from Dorion RBJ. Bitemark Evidence: A Color Atlas
and Text, 2"d edition,. CRC Press, Boca Raton, Fl., 2011.

Dorion,B.J., Bitemark Evidence, G12 presented at the AAFS Orlando 2015 meeting
Freeman, Adam J., DDS, and lain A. Pretty, DDS, PhD
G14 Construct Validity of Bitemark Assessments Using the ABFO Bitemark Decision

Tree — Presented at the AAFS Odont Section 2015.

Johnson LT, Radmer TW, Jeutter DC, Stafford GL, Thulin J, Wirtz T, Corliss G, Ahn KW,
Visotky A, Groffy RL. Replication of Known Dental Characteristics in
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Porcine Skin: Emerging Technologies for the Imaging Specialist. NIJ 2010-DN-BX-K176
Award. Marquette University e-Publications. 2014.

Layton, JJ. Identification from a Bite Mark in Cheese. Journal of the Forensic Science
Society, 1966:6:2:76-80.

Naru A, Dykes E. Digital Image Cross-Correlation Technique For Bite Mark Investigations.
Science & Justice 1997:37:4:251-258.

Sheets HD, Bush MA. Mathematical Matching Of A Dentition To Bitemarks: Use And
Evaluation Of Affine Methods. Forensic Science International. 2011:207:111-118.

Sheets HD, Bush PJ, Bush MA. Bitemarks: Distortion and covariation of the maxillary and
mandibular dentition as impressed in human skin. 2012:223:1-3:202-207.

Sognnaes RF, Rawson RC, Gratt BM, Nguyen VBT. Computer Comparisons of Bitemark
Patterns in Identical Twins. JADA. 1982:105:9:449-451.

Tuceryan M, Li F, Blitzer HL, Parks ET, Platt JA. A Framework for Estimating Probability of
a Match in Forensic Bite Mark Identification. J Forensic Sci. 2011:56:1:

Whittakera DK, Brickleyb MR, Evansb L, A Comparison Of The Ability Of Experts And
Nonexperts To Differentiate Between Adult And Child Human Bite Marks Using Receiver
Operating Characteristic (ROC) Analysis. Forensic Science International 1998:92:11-20.

Bite Mark Analysis: Additional

Investigations of Accuracy and Reliability

George A. Gould, DDS*, 6101 Puerto Drive, Rancho Murieta, CA 95683;
Nicole T. Pham, DDS*, and David R. Senn, DDS; University of Texas

Health Science Center at San Antonio, Dental School, 7703 Floyd Cur!

Drive, Mail Code 7919, San Antonio, TX 78219-3900

The goals of this project are 1) to determine if odontologists of

varying experience can select the correct biter from a group of suspects,

2) to evaluate and compare bite mark analysis on human skin in a limited
but more extensive population, and 3) to assess the range of opinion in bite
mark interpretation by examiners in the current study.

This study is the next logical step of a pilot study presented at the 2004
AAFS meeting by Gould and Cardoza. This study will impact the forensic
community by providing information to support or question the concept
that bite mark analysis can offer objective, reliable and credible sciencebased
opinion. The study further examines the importance of using quality
evidence, skillful interpretation, and trained forensic odontologists.
Background: Bite mark evidence has been accepted by the North

American forensic community and legally admissible in courts in the



Page 10 of 23

United States of America. It has played an important part in the successful
prosecution in numerous criminal cases. Nevertheless, there are critics who
have questioned the scientific validity of bite mark analysis. This
constructive skepticism about the process and how forensic experts derive
bite mark opinions is healthy and welcome. It is also perceived as a tool in
helping to excel deliberately and to strengthen the process of bite mark
analysis.

Introduction: Bite marks are indicative of violence whether made by

the perpetrator during an assault or the victim in self-defense. To recognize
a human bite mark is an important criterion in an initial investigative phase
in deceased or living human victims. Therefore, it is critical to understand
and follow the protocol for data collection and preservation of bite mark
evidence. If these steps are followed, quality evidence may be available to
maximize accurate evidentiary analysis.

Are evidentiary opinions based on the same evidence similar among
forensic odontologists? This experiment is designed to provide insight to
the stated question. The accurate interpretation of bite mark evidence is
essential. The implications for the lives and liberty of the accused are an
enormous responsibility not to be taken lightly by competent and experienced
investigators. This study explores the relationship between quality
evidence and accurate interpretation of bite marks in reaching forensic
evidentiary opinion. If quality bite mark evidence is properly analyzed, can
trained odontologists assist triers of fact to make appropriate decisions and judgements.

What is the literature on validation studies of bitemark analysis such as blind trials,
concordance rate between and among examiners, correlation with DNA studies, witnesses
and/or video recordings of incident?

Dorion, R. B. J., (2011) Bitemark Evidence. CRC Press: Boca Raton

Chpt 29, Case Law, Barsley, RE; Testing the Expert, 538-539.

1983 case, Louisiana v Stokes, trial judge requires prosecution odontologist

to use teeth impressions of five different persons (one the defendant) for com-

parison with photographs taken of the bite-marks on the victim. This might

be considered a "blind trial".

Chpt 10, Bitemarks as Biological Evidence, Sweet, D; DNA Analysis, 136-
144. Discusses whether suspect might be implicated by DNA evidence or
excluded by such evidence. Several case examples presented.

Chpt 18, Human Bitemarks; Dorion, RBJ; DNA, 272. Discussion of bitemark case where
DNA was found at site that matched suspect but suspect was not the biter. Author
states "DNA is but a fragment of the puzzle--not its sole solution."
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What empiric studies of bitemark analysis error rates exist in the literature?
1975 -Whittaker, DK; Some laboratory studies on the accuracy of bitemark
identification, Int Dent J, 25:166-171.
Abstract: Bite marks in wax and in pig skin were compared with study models of the
subject making the bite. Photographs, impressions and measurements of the bites were
used. Bites in wax could be readily identified especially if measurements were made on
photographs but identification from bites in non-vital pig skin was more unreliable. It is
suggested that similar difficulties may be encountered in the assessment of bites in
human skin.

1998 - Whittaker, DK, Brinkley, MR, Evans, L; A Comparison of the Ability of Experts
and Non-experts to Differentiate Between Adult and Child Human Bite Marks Using
Receiver Operating Characteristic (ROC) Analysis, Forensic Science International,
92(1):11-20.

Abstract: Fifty color prints of human bite marks were sent to 109 observers who were
asked to decide using a six point rating scale, whether the marks had been produced by
the teeth of an adult or a child. The observers consisted of accredited senior forensic
dentists, accredited junior forensic dentists, general dental practitioners, final year
dental students, police officers, and social workers. The results were compared against a
“gold standard” which was the actual verdict from the case.

2001 - Arheart, KL, Pretty, IA; Results of the 4th ABFO Bitemark Workshop—1999,
Forensic Science International, 124:104-11.

Abstract: Thirty-two certified Diplomates of the American Board of Forensic odontology
(ABFO) participated in a study of the accuracy of bitemark analysis.

2006 — Bowers, CM; Problem-based analysis of bitemark misidentifications: The role of
DNA. Forensic Science International, 159:5104-S109.

Abstract: Article discusses bitemark methodology and it suggests that it is sorely lacking
in rigorous scientific testing. Contra to this fact, the bitemark legal case law is
surprisingly strong and is used as a substitute for reliability testing of bite mark
identification.

2010 - Avon, SL, Victor, C, Mayhall, JT, Wood,RE; Error rates in bite mark analysis in an
in vivo animal model, Forensic Science International, 201:45-55.

Abstract: Article discusses the reliability of comparative forensic disciplines is
description of both scientific approach used and calculation of error rates in
determining the reliability of an expert opinion.

2007 - Pretty, IA; Development and validation of a human bitemark severity and
significance scale, Forensic Sci, 52:687-91.

Abstract: Numerous efforts have been made to develop a consistent manner to
describe bite injuries. A novel index, relating severity to forensic significance, was
developed. A text version and accompanying visual index were produced and
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distributed (via the web) to three groups: odontologists, forensic pathologists, and
police officers. A total of 35 bitemarks were assessed and rated using the new index.
The index shows promise as a universal means of describing bite injuries between
professionals concerned with their detection and analysis.

What is the literature on quantitative measures, measurement imprecision and uncertainty of
bite-mark analysis including but not limited to individual tooth measurements and total pattern
measurements? What is the literature on reproducibility between examiners, between
institutions and by the same examiner over time in blinded and double blinded trials?
1960 - Fearnhead RW; Facilities for forensic odontology, Med Sci Law, 1:273-77.
Abstract: Describes the use of hand drawn acetate overlays. Draws the conclusion that
"evidence which involves the identification of a person by tooth-marks left as bruises in
flesh should never be admitted". Describes simple experiment. One of the first papers to
question the use of bitemark evidence based upon the reliability of the technique.

1966 - Layton, JJ; Identification from a bitemark in cheese, J Forensic Sci Soc, 6:76-80.
Abstract: A bitemark in cheese found at a crime scene. Control bitemark made in similar
cheese by the suspect and twenty points of similarity are discussed. Suspect admitted
guilt. States that BMs can never be as positive as fingerprints.

1968 - Furness J; A new method for the identification of teeth marks in cases of assault
and homicide, Br Dent J, 124(6):261-7.

Abstract: Paper describes the inking of the occlusal surfaces of the teeth which are then
photographed and placed on white board. Lines of comparison are drawn with
photographs of the injury. Technique is still used today for court exhibits depicting
bitemark comparisons.

1971 - DeVore DT; Bitemarks for identification? A preliminary report, Med Sci Law,
11(3):144-5.

Abstract: Author used ink models to place marks on living volunteers and cadavers.
Photographs of the marks were taken in several body positions. Skin from the cadavers
bearing the ink was excised. Paper concludes that there is a large margin of error in
using bitemark photographs and unsecured excised skin. States that the exact position
of the body when bitten must be known and replicated. A useful study. Little attention
has been paid to this paper that encourages caution when examining bite injuries

1973 - Stoddart TJ; Bitemarks in perishable substances. A method of producing
permanent models, Br Dent J, 135(6):285-7.

Abstract: A method for producing accurate models of bitten materials, silicone
impression material is recommended. Technique described is still applicable today.

1973 - Harvey et al; Bite-marks the clinical picture; physical features etc., Int J leg Med,
1973;(8):3-15.
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Abstract: First paper to show stress/strain curve for skin. Remarkable biting experiment
on live volunteer with tissue specimens taken. Paper focuses on ‘suckling’ as a factor.

1974 - Marshall W; Bitemarks in apples - forensic aspects ,Criminol, 9(32):21-34.
Abstract: Paper describes the stability and usefulness of bites in a variety of different
types of apple.

1974 - Jonason CO, Frykholm KO, Frykholm A; Three dimensional measurement of
tooth impression of criminological investigation, Int J Forensic Dent, 2(6):70-8.
Abstract: Use of a stereomicroscope to measure the three dimensional aspects of
bitemarks. Later repeated using scanning electron microscopy.

1974 - Barbanel JC, Evans JH; Bitemarks in skin - mechanical factors, J Forensic Sci Soc,
14(3):235-8.

Abstract: Describes the mechanical factors used to produce a bite, including tongue
pressure and suction. States that the properties of particular skin area bitten may affect
the appearance of a bitemark. Clear and concise coverage of the topic that has not been
addressed since.

1974 - MacFarlane TW., MacDonald DG, Sutherland DA; Statistical problems in dental
identification, J Forensic Sci Soc, 14(3):247-52.

Abstract: Discusses the issue of the individuality of the human dentition and describes
an experiment to determine this. Authors conclude that their preliminary data supports
the notion that human teeth are unique to an individual level. Study looked at incidence
of certain dental traits in the anterior dentition. N=200.

1975 - Solheim T, Leidal Tl; Scanning electron microscopy in the investigation of
bitemarks in foodstuffs, Forensic Sci, 6(3):205-15.

Abstract: In this study students with no obvious irregularities on their anterior teeth
were asked to bite various foodstuffs. Using SEM the marks were analysed and the
authors concluded that as many individual characteristics were visible the technique
was useful in forensic investigations. An interesting technique, although infrequently
used in case work.

1975 -Whittaker DK; Some laboratory studies on the accuracy of bitemark
comparisons, Int Dent J, 25(3):166-71.

Abstract: Studied bites in wax and on pig skin. Found that those on pig skin were less
reliable than those on wax in terms of biter identification. Highest accuracy found was
76%. Extrapolates that bites on human skin may be similarly unreliable; offers a warning
that more research is required. Highly cited paper - often regarded as one of the first
attempts to validate the science of bitemark analysis. Warning went unheeded

1975 -Whittaker DK, Watkins KE, Wiltshire J; An experimental assessment of the
reliability of bitemark analysis, Int J Forensic Dent, 3:2-7.
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Abstract: Same paper as described above - republished with some editorial differences
and apparently two new authors.

1979 - Rawson RD, Bell A, Kinard BS, Kinard JG; Radiographic interpretation of
contrast-media-enhanced bite marks, J Forens Sci, 24(4):898-901.

Abstract: Describes a techniques of radiographing soft -tissue that has been removed
from cadavers. Study used postmortem bites.

1981 - Sognnaes, RF, Rawson, RD, et al.; Computer Comparison of Radiographic Bite-
Mark Patterns in Identical-Twins, J Forensic Sci Soc, 21(2):144-144.
Abstract: Not available.

1982 - Sognnaes RF, Rawson RD, Gratt BM, Nguyen NB; Computer comparison of
bitemark patterns in identical twins, JADA, 105(3):449-51.

Abstract: Using computer technology and radiographic bitemark analysis the authors
conclude that occlusal arch form and individual tooth positions, even in identical twins
are in fact unique. This paper is frequently cited as evidence of dental "uniqueness".
Highly cited paper, frequently used as part of the dental uniqueness argument.

1983 - Ligthelm AJ, de Wet FA; Registration of bitemarks: a preliminary report, J
Forens Odontstomatol, 1(1):19-26.

Abstract: Used bites on sheep to investigate methods of recording bitemarks. Utilized
SEM to compare back to the human volunteers who bit the sheep.

1984 - Krauss TC; Photographic techniques of concern in metric bite mark analysis, J
Forens Sci, 29(2):633-8.

Abstract: Author advises the use of a rigid ruler for scale, proper camera positioning in
relation to the scale, and a method to evaluate the distortion in a two-dimensional print
that records a three-dimensional object is suggested. Disregarding these.

1984 - Rawson RD; Statistical evidence for the individuality of the human dentition, J
Forens Sci, 29(1):245-53.

Abstract: A general population sample of bite marks in wax was used to determine how
unique bites are. Authors conclude that the analysis confirms the unique nature of
human bites. Seminal paper, but incorrectly assumed that tooth position is uniformly
distributed and not correlated. Used the product rule to calculate probability. Refuted
by Bush et al, 2011.

1984 - Fellingham SA, Kotze TJ, Nash JM; Probabilities of Dental Characteristics, J
Forensic Odonto-Stomatology, 2(2):45-52.

Abstract: Combination review and study of statistical probability of dental
configurations. Found 4% match rate in two out of three populations studied.
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1986 - Rawson RD, Vale GL; Analysis of photographic distortion in bitemarks: a report
of the bitemark guidelines committee, J Forens Sci, 31(4):1261-8.

Abstract: States that some degree of distortion is found in all bitemarks. A method of
analyzing the distortion is presented. Recommend a 900 angle for bitemark
photography.

1986 - Rawson RD, Vale GL, Sperber ND, Herschaft EE, Yfantis A; Reliability of the
Scoring System of the American Board of Forensic Odontology for Human Bite Marks, J
Forens Sci, 31(4):1235-60.

Abstract: The various methods of determining the validity of the scoring guide are
presented with statistical data generated from scores reported by recognized forensic
science experts. States that this paper represents the first truly scientific approach to
bitemark analysis. Emphasize the need for peer review. The paper was ultimately
disregarded as overly complex and the system never gained credibility with forensic
dentists.

1988 - Hyzer WG, Krauss TC; The Bite Mark Standard Reference Scale--ABFO No. 2, J
Forensic Sci, 33(2):498-506.

Abstract: The ABFO scale is now universally adopted by not only forensic dentists but
also many other forensic professionals. This paper describes the design and
constructional features of the scale and offers guidelines for its effective application to
bite mark photography. Paper describes an important tool in BM investigations.

1988 - Vale GL, Rawson RD; Discussion of "Reliability of the scoring system of the
ABFO for human bitemarks", J Forensic Sci, 33(1):20.

Abstract: A "back-track" from the scoring system, advising caution when using the index
and recommending more research. Brought to an end the point system - no further
work was carried out.

1990 -West MH, Barsley RE, Frair J, Seal MD; The use of human skin in the fabrication
of a bite mark template: two case reports, J Forensic Sci, 35(6):1477-85.

Abstract: In this article skin was used as a template for the reproduction of a bite. In one
case the victim's skin was used; in the other, the skin of a anatomically similar person
was used. The use of inked dental casts, photography, and transparent overlays
significantly reduced the errors common to analysis of bite marks in these highly curved
areas. Novel technique although not well accepted.

1991 - Dailey JC; A practical technique for the fabrication of transparent bite mark
overlays, J Forensic Sci, 36(2):565-70.

Abstract: A quick, inexpensive, and accurate technique for generating transparent
overlays, using office photocopy machines, for use in bite mark case analysis is
presented. Photocopy technique was the 1st attempt to produce an objective overlay
with precision.
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1994 - Wood RE, Miller PA, Blenkinsop BR; Image editing and computer assisted
bitemark analysis: a case report, J Forensic Odont, 12(2):30-6.

Abstract: Three different approaches for comparison with the bitemark photograph
were utilized: comparison with radiographs of amalgam-filled impressions of dental
casts, a transparent overlay technique and comparison with photographs of a simulated
bitemark inked onto the hand of a volunteer.

1995 - Nambiar P, Bridges TE, Brown KA; Quantitative forensic evaluation of bite
marks with the aid of a shape analysis computer program: Part 1; The development of
"SCIP" and the similarity index, J Forensic Odont, 13(2):18-25

Abstract: In this study, an interactive shape analysis computer program ("SCIP"-Shape
Comparison Interactive Program) has been employed in an attempt to derive
experimentally a quantitative comparison, in the form of a Similarity Index (S.1.),
between the "offender's" teeth and the bite marks produced on a standard flat wax
form.

1995 - Nambiar P, Bridges TE, Brown KA; Quantitative forensic evaluation of bite
marks with the aid of a shape analysis computer program: Part 2; "SCIP" and bite
marks in skin and foodstuffs, J Forensic Odont, 13(2):26-32.

Abstract: In this study, "SCIP" was employed in an attempt to quantify the comparison,
in the form of the Similarity Index (S.I.), between the "offender's" teeth and the bite
marks produced on foodstuffs and on human skin, under experimental conditions.

1996 - Naru AS, Dykes E; The use of a digital imaging technique to aid bite mark
analysis, Science & Justice, 36(1):47-50.

Abstract: Describes the use of a computer based overlay technique and uses a case
example to illustrate the method.

1997 - Naru AS, Dykes E; Digital image cross-correlation technique for bite mark
investigations, Science & Justice, 37(4):251-8.

Abstract: Describes the production of a complex computer program for assessing
bitemarks. Describes a series of experiments to validate the system.

1997 -Williams RG, Porter BE; Forensic dentistry. Documentation of bite-mark
evidence using multiple computer-assisted techniques, J Oklahoma Dent Assoc,
88(2):29-30.

Abstract: Describes a computer technique - however describes using a pencil to
highlight the incisal edges prior to scanning - subjective?

1998 - Sweet D, Parhar M, Wood RE; Computer-based production of bite mark
comparison overlays, J Forensic Sci, 43(5):1050-5.

Abstract: This paper describes this technique to enable the odontologist to produce
high-quality, accurate comparison overlays without subjective input.
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1998 - Sweet D, Bowers CM; Accuracy of bite mark overlays: a comparison of five
common methods to produce exemplars from a suspect's dentition, J Forensic Sci,
43(2):362-7.

Abstract: Five common overlay production methods were compared using digital
images of dental study casts as a reference standard.

1998 -Whittaker DK, Brickley MR, Evans L; A comparison of the ability of experts and
non-experts to differentiate between adult and child human bite marks using receiver
operating characteristic (ROC) analysis, Forensic Sci Int, 92(1):11-20.

Abstract: Fifty colour prints of human bite marks were sent to 109 observers who were
asked to decide using a six point rating scale, whether the marks had been produced by
the teeth of an adult or a child. Non-experts had similar performance to experts.

1999 - McGivney, J, Barsley, RE; A method for mathematically documenting bitemarks,
J Forensic Sci, 44(1): 185-186
Abstract: Proposed method paper.

2001 - Arheart, KL, Pretty, IA; Results of the 4th ABFO Bitemark Workshop-1999,
Forensic Science International, 124(2-3):104-111.

Abstract: Reports results of an ABFO blind study workshop using ROC analysis. Paper
has contradictory language stating that forensic pattern analysis is subjective and not an
exact science, but also that bitemark examination is an accurate technique. The results
as described can be interpreted in several ways.

2001 - Kouble, RF, Craig, GT; Comparisons between direct and indirect techniques for
bite mark analysis, J Dent Research, 80(4):1179.
Abstract: Method paper.

2001 - Pretty IA, Sweet D; The scientific basis for human bitemark analyses — a critical
review, Science & Justice, 41(2): 85-92.
Abstract: Much cited review paper.

2001 - Pretty, IA, Sweet, D; Digital bite mark overlays - An analysis of effectiveness, J
Forensic Sci, 46(6):1385-1391.

Abstract: One of the few papers addressing error rates. Used a pigskin model and
reported sensitivity and specificity values against a known gold standard. Best practices
were employed with overlays provided to the examiners.

2001 - Rothwell, BR, Thien, AV; Analysis of distortion in preserved bite mark skin, J
Forensic Sci, 46(3): 573-576.

Abstract: In addition to other methods for conservation of bite mark evidence,
preservation of actual skin from deceased victims is often suggested. This study was
undertaken to analyze the dimensional stability of such specimens. Utilizing a
prefabricated template, marks approximating "bites" were made in postmortem skin of
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Miniature Hanford pigs, producing imprints with distinct margins and indentations.
Tissue samples were stored in 10% formalin after affixing an acrylic support ring with
cyanoacrylate adhesive and sutures. Measurements of the six tooth mark analogues and
cross-arch dimensions were taken at intervals of up to 38 days. Data from these
measurements indicate a wide range of amount and type of distortion in preserved
tissue. Although some samples were dimensionally stable, there was both contraction
and expansion of bite mark specimens, even within individual skin samples. It appears
that standard techniques for storage and preservation of bite mark samples will not
produce reliable dimensional accuracy.

2001 - Sheasby DR, McDonald DG; A forensic classification of distortion in human
bitemarks, For Sci Int, 122(1):75-8.

Abstract: Important cautionary paper. Acknowledges that distortion is probably present
in all bitemarks.

2002 - Kittelson JM, Kieser JA, Buckingham DM, Herbison GP; Weighing evidence:
Quantitative measures of the importance of bitemark evidence, J For Odont, 20(2):31-
7.

Abstract: Concludes that likelihood ratios are not useful in bitemark analysis

2003 - Pretty IA; A web-based survey of odontologist’s opinion concerning bitemark
analysis, J Forens Sci, 48(5):1117-20.

Abstract: 91% of respondents believed the dentition unique, 78% believed unigueness
transferred to skin.

2004 - Kouble, RF, Craig, CT; A comparison between direct and indirect methods
available for human bite mark analysis, J Forensic Sci, 49(1):111-118.
Abstract: Repeat of material presented in 2001.

2005 - McNamee, AH, Sweet, D et al; A comparative reliability analysis of computer-
generated bitemark overlays, J Forensic Sci, 50(2):400-405.
Abstract: Another study on overlays.

2006 - Al-Talabani et al; Digital analysis of experimental human bitemarks: Application
of two new methods, J Forensic Sci, 51(6):1372-5.

Abstarct: In the only empirical study of it’s kind, 50 living volunteers were bitten. Study
concludes that it was difficult to distinguish biters due to gross similarity of the
dentitions.

2007 - Pretty, IA; Development and validation of a human bitemark severity and
significance scale, J Forensic Sci, 52(3):687-691.

Abstract: First serious attempt to develop and evidentiary value scale by means of a
survey of 30 examiners looking at 35 bitemarks. Landmark effort, although the resulting
scale has not been universally adopted.
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2007 - Blackwell SA et al; 3-D imaging and quantitative comparison of human
dentitions and simulated bitemarks, Int J Leg Med, 121:9-17.
Abstract: Found 15% false positive rate in wax bites.

2007 - Kieser et al; The uniqueness of the human anterior dentition: a geometric
morphometric analysis, J Forensic Sci, 52(3).

Abstract: Used shape analysis methods to study a small (33 mx 49 mn) population.
Claimed dental uniqueness based on small differences. Did not report measurement
error. Flawed inference from insufficient data.

2009 - Bowers, CM, Pretty, IA; Expert Disagreement in Bitemark Casework, J Forensic
Sci, 54(4):915-918.

Abstract: Assessment of outcome of 49 cases using the 2007 severity scale. Concludes
that expert disagreement is related to quality of evidence.

2009 - Bush MA, Miller RG, Bush PJ, Dorion RBJ; Biomechanical Factors in Human
Dermal Bitemarks in a Cadaver Model, J Forensic Sci, 54(1):167-76.

Abstract: First serious consideration of skin properties. 23 bites were made with the
same dentition in cadaver skin, none were measurably the same. Postural distortion was
also studied and found to be significant. Bitemarks were not reproducible. Landmark
paper using cadaver model.

2010. Bush MA, Thorsrud K, Miller RG, Dorion RBJ, Bush PJ. The Response of Skin to
Applied Stress: Investigation of Bitemark Distortion in a Cadaver Model. J Forensic Sci,
Vol. 55(1): .

Abstract: Force per unit area was varied during controlled bites on cadaver skin using an
instrumented biting machine. Bite appearance was not predictable, nor did laceration
reliably occur. A principal variable is tissue type.

2009 - Martin-de-las-Heras, S, Tafur, D; Comparison of simulated human dermal
bitemarks possessing three-dimensional attributes to suspected biters using a
proprietary three-dimensional comparison, Forensic Science International 190(1-3):33-
37.

Abstract: Dental models of nine adults and four children with mal-alighnments were used
to bite wax and pigskin in a self-validation study. Flawed study because of sample
selection bias.

2009 - Miller RG, Bush PJ, Dorion RBJ, Bush MA; Uniqueness of the Dentition as
Impressed in Human Skin: A Cadaver Model, J Forensic Sci, 54(4):909-14.

Abstract: 100 models were compared to bitemarks made with 10 dentitions with
different alignments. Results showed difficulty distinguishing the biter from individuals
with similarly aligned dentitions and in some cases, an incorrect biter appeared better
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correlated to the bite. Cautionary paper empirically demonstrating unreliability of
bitemark analysis.

2010 - Avon, SL et al; Error rates in bite mark analysis in an in vivo animal model,
Forensic Sci Int doi:10.1016/j.forsciint.2010.04.016.

Abstract: Showed error rates of examiners using a live pig model. Inexperienced
examiners performed as well as board-certified examiners. Suggested that results might
support the contention that bite mark analysis is entirely subjective.

2011 - Bush MA, Bush PJ, Sheets HD; Statistical Evidence for the Similarity of the
Human Dentition, J Forensic Sci, 56(1):118-23.

Abstract: Refutation of Rawson’s 1984 study that claimed dental uniqueness. Two
dental populations of 172 and 344 were examined for match rates. Statistics were used
that took into account dental correlation and non-independent nature of the human
dentition. Matches were found in the populations studied. Study suggests that the
dentition is not unique as measured.

2011 - Bush MA, Bush PJ, Sheets HD; Similarity and Match Rates of the Human
Dentition in 3-Dimensions: Relevance to Bitemark Analysis, International Journal of
Legal Medicine published online 4 September 2010.

Abstract: Match rates determined in a population of 500 dentitions using 3D models
and shape analysis. Significant numbers of matching dentitions were found. The effect
of 2D vs 3D measurement on match rate was also explored (match rate lowered when
3D included). This and prior studies showed that dental match rate is population-
dependent.

2011 - Bush MA, Sheets HD; Mathematical matching of a dentition to bitemarks: Use
and evaluation of affine methods, Forensic Science International (2010),
doi:10.1016/j.forsciint.2010.09.013.

Abstract: Mathematical investigation into distortion correction using bitemarks in
cadavers. Affine methods cannot be applied because of skin anisotropy. Refutation of
Stols and Bernitz 2010 approach and mathematical confirmation of Bush 2010 empirical
distortion study

2011 - Bush MA, Bush PJ, Sheets HD; A study of multiple bitemarks inflicted in human
skin by a single dentition using geometric morphometric analysis, Forensic Science
International (2011), doi:10.1016/j.forsciint.2011.03.028.

Abstract: Comparison of 89 bitemarks to dentition shape. Concludes that false positives
are readily possible due to distortion of dental shape in skin.

2011 - Santoro V, Lozito P, De Donno A, Introna F; Experimental Study of Bite Mark
Injuries by Digital Analysis, J Forensic Sci, 56(1).

Abstarct: Digital morphometric comparison of 20 dentitions and 20 bites in pigskin and
plastic.
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2011 - Martin-de-las-Heras, S, Tafur D; Validity of a dichotomous expert response in
bitemark analysis using 3-D technology, Science & Justice, 51:24-27.

Abstract: Study explores decision-making process. However, this and a previous study
(Heras 09) used the same set of 13 dentitions, selected because they were distinct from
each other. It is no surprise that it was possible to match biter with dentition.

2011 - Sheets HD, Bush PJ, Brzozowski C, Nawrocki LA, Ho P, Bush MA; Dental shape
match rates in selected and orthodontically treated populations in New York State: A
2-dimensional study, J Forensic Sci, 56(3):621-6.

Abstract: Study of dental match rates using shape analysis methods in a general
population of 410 (match rate 1.46%) and an orthodontically treated population of 110
(match rate 42%). Orthodontic treatment had a dramatic effect on match rate.

2011 - Tuceryan M, Li F, Blitzer HL, Parks ET, Platt JA; A Framework for Estimating
Probability of a Match in Forensic Bite Mark Identification, J Forensic Sci, 56(S1).
Abstract: Bitemarks were simulated by impressing 15 lipstick coated dental models on a
rubber doll. Metric analysis was attempted.

Question 4: Are there any scientific studies indicating what percentage of the population or
sub-group of a population may have produced similar bitemarks (i.e statistical data regarding
likelihood of a random match)?

There are a few scientific studies that have attempted to determine if the size, position,
morphology and relationships of individual teeth within the human dentition are unique from
person to person. Of the full text articles cited that address this subject some conclude that the
human dentition is unique and others conclude it is not. As in any study or experimental design
to examine a postulate, there have been criticisms of most of these studies.

As a background, the ABFO terminology guidelines include two types of
characteristics that are applied to the human dentition and bitemarks:
1. Class characteristics: A feature, trait or pattern that distinguishes a bitemark (teeth)

from other patterned injuries (teeth). Thus it identifies the group from which it
originates: human, animal, fish, other species or inanimate objects as a weapon
(tool).

2. Individual characteristics: A feature, trait or pattern that represents an individual
variation rather than an expected finding within a defined group. These have been
further subdivided into two types:

a. Arch characteristic: a feature or trait that represents tooth arrangement
within a bitemark (teeth). For example, rotated teeth, buccal or lingual
version, mesio-distal drifting, and varying horizontal alignment of teeth.
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b. Dental characteristic: a feature or trait within a bitemark (teeth) that
represents an individual tooth variation. For example, unusual wear pattern,
notching, angulations, fractures.

It is these individual characteristics of the teeth that may provide the uniqueness
of the human dentition.

However, in any given case it may not be important whether or not the entire
population of the world has unique dentitions. The true value of bitemark analysis lies
in the ability to exclude individuals as possible biters. With the new proposed ABFO
Bitemark Decision Tree Guidelines, regardless whether i suspects in a given case have
dissimilar dentitions or similar dentitions the linkage to the bitemark can only be
“exclude, cannot exclude or inconclusive”. Naming a “biter” to the exclusion of all
others is not sanctioned by the ABFO therefore the uniqueness of the human dentition
may not be a question that needs a definitive answer.
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Construct validity of Bitemark
assessments using the ABFO
decision tree '
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Overview of presentation

» Background
» Scientific approach

* Methods
* Results
* Impact and suggestions




Background

The decision tree is a means of
formalizing the approach to bitemark
analysis by taking the assessor through
a series of stages and decisions that aim
to ensure that the decisions made are
consistent with the level of forensic
evidence available.




Background - Schematic of tree

Patterned Injury}

Suggestive of a Isita human |
[ human BM }/[ BM ? ) Not a human BM

: No analysis, no
Human Bltemark} [ B i }

4 N

What are the
characteristics ?
\o J

4 N

Next Step

\ J

Analysis — No
comparison




Background

This study examined Step 1 - the
evaluation of the injury, is the injury a
bitemark and if so, what are the
bitemark’s characteristics?

Today presenting data on the

assessment of the injury as a bitemark
only




Scientific approach

Several methods being applied to BM
research:

 Mechanistic approach
* Decision making approach

In the absence of truth we are using
construct validity — through reliability
testing - if its not reliable its not valid.




Methods

250 cases submitted by DABFO - included an
orientation shot and a close up with scale

Selected 100 cases to represent a wide spread of
anatomical location, presentation, evidence quality

Presented to DABFO on an online system with
anonymity of decisions

Asked if there was sufficient evidence to render any
opinion, and if so, what is it?




Methods

Data collected
Demographics reported

Kappa used to measure agreement

Descriptive statistics to assess the spread of
decisions and understand the reasons for

disagreement




Results

38 Diplomates completed the whole study, 44
completed partially.

Represents a total of 3924 decisions on bitemark
cases

Range of experience measured in three ways:

OwW many cases in past 5 years — 18.58
oW many years have you been active — 19.87

ow many times have you testified in the past
five years? — 2.05
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Impact and suggestions

All research has strengths and weaknesses

. Good number of decisions

. A lot of work — not all diplomates completed
. Some argued that not realistic approach

The study suggests level of reliability of injury assessment for

bitemarks is not currently satisfactory from the population of
assessors studied

The impact of three choices from the decision model has
decreased reliability— removal of “suggestive” combined with
greater detail on the identification of bitemarks within the
decision model should be considered. The use of a simpler,
dichotomous decision, should lead to increased reliability —
although the decision direction of the “suggestives” is unknown.




Impact and suggestions

We need to undertake further examination of those
cases where there was higher levels of agreement to
determine how the decision tree can capture these
elements to improve reliability, both for bites and
non-bites.

The first step of BM analysis is determining if the
presented injury is a bitemark — the current data
suggest that agreement levels observed require
significant improvement and means of achieving this
have been proposed. A further assessment
following the introduction of these changes will be
required.




Thank you

We would like to thank those Diplomates who
submitted their cases for inclusion in the study and
for those who took the time to complete the
exercise.

Thank Dr Peter Loomis, and the ABFO, for
supporting this work through design, implementation
and reporting of findings.
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1.1

1.2

1.3

1.4

Introduction

| have prepared this submission to be of assistance to the Commission
in its consideration of bitemark evidence. The opinions expressed
within the submission are my own, and do not reflect the position of the
Odontology Section of the American Academy of Forensic Sciences of
which | am currently Chair.

| am presenting this statement to assist the Commission. Rather than
simply providing a list of literature, most of which has little to do with
the fundamental hypotheses underlying bitemark analysis that |
understand to be the Commission’s focus, | have provided a narrative
review of those papers and studies that | feel address the pertinent
issues. The statement includes an assessment of the science but also
my personal reflections on my experiences over the past 15 years.

The NAS Report' found that the literature they reviewed, and the expert
testimony they received (in particular that from Dr. David Senn) did not
support the use of bitemarks. They stated that “... there is no science
on the reproducibility of [bitemark analysis] ... high percentage of false
positive matches” Senn’s presentation® to the NAS group featured
slides entitled “Major Problems” these included “The uniqueness of the
human dentition has not been scientifically established”, “The ability of
the dentition ... to transfer a unique pattern has not been scientifically
established”. These are the two, central, underlying principles of
bitemark analysis and one of their key proponents has stated there is
no scientific basis for them. See page 175 of the report, reference Senn
128. Unlike all other pattern matching disciplines, such as fingerprints,
tool marks and ballistics, bite mark analysis attempts to interpret data
from an ever-changing, pliable and unpredictable substrate (skin). As
the NAS Report noted: "[Blite marks on the skin will change over time
and can be distorted by the elasticity of the skin, the unevenness of the
surface bite, and swelling and healing. These features may severely
limit the validity of forensic odontology."' Objective standards for bite
mark analysis have not been developed because "[t]he effect of
distortion on different comparison techniques is not fully understood
and therefore has not been quantified."'The NAS report was published
in 2009 — has there been a seismic shift in the scientific evidenced
published since then to support the identification of biters from marks
on skin? No, indeed research published since 2009 continues to cast
doubt on the process.

| am one of the few forensic dentists to have undertaken a formal
postgraduate degree in the subject. | trained between 1998 and 2000

! Strengthening Forensic Science in the United States: A Path Forward (2009)
2 Dr David Senn - Presentation to NAS — attached to the appendix file as Senn NAS Presentation
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in Vancouver under the supervision of Dr. David Sweet earning a
Masters degree.

During this time bitemarks were de rigueur; they were an unquestioned
part of dental forensic practice and while there was some research
activity the majority of presentations and papers reported “success”
stories in their application to criminal cases. The more sensational the
case the more likely it to be presented at the American Academy. The
literature was replete with case reports and papers describing
modifications of techniques and processes; that these techniques had
not been scientifically validated or demonstrated reliable was not
discussed. | cannot recall of a cautionary presentation or one that
questioned the biological plausibility of matching marks on skin to a
human dentition by a forensic odontologist. There was no mention of
wrongful convictions.

The advent of digital imaging and the widespread use of Photoshop
lending a veneer of science to a process that had previously involved
the use of office photocopiers or dentists using fiber pens on sheets of
acetate. By using a formal “tool” and resizing images using software we
all believed that we were advancing a science in which we had
confidence.

The reality was, however, that despite these technological advances,
the underpinning science of what we were finessing was not, and in my
view is still not, proven. We were tinkering at the edges, doing what
was easy and achievable and ignoring the difficult questions regarding
the basis of the bitemark process and its validity.

As Daubert became accepted by increasing numbers of States and the
subsequent decisions in General Electric Co vs. Joiner and Kumho Tire
Co. vs. Carmicheal |, and others, looked at the standard that was being
asked of experts and | began to consider whether these factors applied
to bitemarks:

1. Empirical testing: whether the theory or technique is falsifiable,
refutable, and/or testable.

2. Whether it has been subjected to peer review and publication.

3. The known or potential error rate.

4. The existence and maintenance of standards and controls
concerning its operation.

5. The degree to which the theory and technique is generally accepted
by a relevant scientific community.

This prompted my dissertation thesis — Digital Bitemark Overlays — an
analysis of effectiveness, subsequently published in the Journal of
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Forensic Sciences® and attached as Appendix A to this statement. In
this work | sought to define an error rate for the application of overlays
to bitemarks made in porcine skin. The accuracy within this study was
83.2% - i.e. in 2 cases out of 10 ABFO Diplomates” indicated the
incorrect overlay in relation to the bitemark. The reliability between the
examiners was moderate — a Kappa of 0.47°. These results first
alerted me to the potential problems with bitemarks.

History

These findings prompted me to examine the literature in detail. |
scoured the historical publications in relation to bitemarks, secured the
studies, some written in obscure or defunct Journals, and assembled
these into four volumes. For each paper | prepared a small summary
and assembled these into a detailed bibliography. This was later
updated by Peter and Mary Bush and a copy is attached as Appendix
B to this statement.

This was a considerable undertaking and this resource has been used
by the ABFO and others to present the “science” of bitemarks. Indeed
in their submission to the Commission the ABFO use a large number of
these commentaries in relation to their list of papers, although the
source is unattributed. However | sometimes wonder if those who have
distributed this work more widely have actually read any of the papers?
The story is not one of conclusive proof for bitemarks but rather a
collection of cautionary studies, commentaries and case reports. While
under the title of questions papers have been cited — close examination
reveals that while they address the question — they do not provide
supportive evidence.

What | realized when | read these works was that the position in the
early 2000 was not based on science — indeed as early as 1960
Fearnhead® stated that "evidence which involves the identification of a
person by tooth-marks left as bruises in flesh should never be
admitted”. This work is attached as Appendix C. As | progressed
through these papers | failed to find the science that supported the two
main predicates of bitemark analysis:

a) That the human dentition is unique
b) That this uniqueness is replicated on human skin

® Pretty 1A, Sweet D. Digital bite mark overlays—an analysis of effectiveness. J Forensic Sci 2001;
46(6):1385-1391.

* A Diplomate of the ABFO has passed an examination and undertaken a minimum number of cases.

° Interestingly other groups of examiners; general dental practitioners and ASFO members (those with
an interest in odontology) faired the same — there was no difference in their performance when
compared to the Diplomates

® 1960 Fearnhead RW. Med Sci Law; 1:273-77 Facilities for forensic odontology.
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All four volumes of the bitemark bibliography have been scanned and |
can make any paper contained within them available to the
Commission as they consider the evidence submitted.

My concerns were now raised that perhaps this technique did not meet
the Daubert requirements as | failed to find the crucial elements within
the literature to answer the five questions.

Error rates

These are perhaps the most important elements of Daubert — surely a
trier of fact needs to be aware of the reliability of a scientific test, or its
application by an individual expert. The scientific field of medical
diagnostics provides the means by which we can assess bitemark
evidence — are we reliable and valid? What is the predictive value of a
positive bitemark identification and what are the metrics for sensitivity
and specificity?

Some definitions are perhaps worthwhile considering, especially as
such terminology may be used throughout the presentations of
evidence to the Commission:

Reliability - Given the same materials and techniques how often is the
same answer obtained by a single examiner (intra) or many examiners
(inter). A test, or forensic examination must be reliable if it is to be
considered valid

Validity — Is the test or examination measuring what it claims to
measure? This often known an construct validity and is accompanied
by convergent validity (does a measure relate to other measures) and
discriminant validity (are unrelated measures properly identified)

Sensitivity — also known as true positive, the number of injuries
correctly identified as bitemarks

Specificity — also known as true negative, the number of injuries
correctly identified as not being caused by teeth

There are studies in the scientific literature that have examined error
rates in relation to bitemarks. The first was reported by David
Whittaker, a forensic dentist based at the University of Cardiff, in
1975°. What is surprising is that this work, has been largely ignored,
and yet it provides sound data based on a solid methodology using
techniques that are still used today. In his introduction he states that
“.the reliability of the method has been questioned by some authorities

71975 Whittaker DK. Int Dent J; 25(3):166-71 Some laboratory studies on the accuracy of
bitemark comparisons.
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who are of the opinion that further research is necessary before
opinions on these matters can be regarded as “expert” testimony.”

The paper is attached as Appendix D to this statement. Whittaker used
a porcine model and a number of bitemarks (24) and examiners (2).
Comparisons between models of potential biters and the injuries were
undertaken at various time intervals after infliction of the bite.

The initial error rate was 37% but when examining photographs taken 1
hour after the bitemark was inflicted the rate increased to 75% and
after 24 hours to a staggering 84%. Whittaker, an experienced and
well respected odontologist concluded that “... experts ... should be
aware that ... there are problems not only in determining the incidence
of identical or near identical occlusions but also in interpreting
bitemarks ...” He finished his paper by stating the further research is
required to substantiate the reliability of the technique.

It is somewhat unbelievable that it is not until 1998 that a further paper
is published that assess the reliability of the bitemark process. Instead
the literature is filled with protocols for evidence recovery®, an attempt
at a scoring system by the ABFO?® that was later abandoned® (despite
the claims that this was the first “truly scientific’ assessment of
bitemarks), bitemarks being photographed 5 months after infliction'
and endless case reports.

1998 saw a further publication by Whittaker — this time assessing the
ability of forensic dentists to determine a child bite from an adult bite.
An important question and one posed on a frequent basis by those
investigating child abuse where a sibling is often suggested as a biter.
The paper'?, is attached as Appendix E to this report.

Unlike the previous study, Whittaker used “real” forensic cases in this
work. This has both advantages and disadvantages and they are
worth describing at this stage as they also apply to the Pretty/Freeman
study described later. By using real cases there can be little criticism of
the authenticity of the bites — as seen when porcine or cadaver skin is
used. However, one is uncertain of the truth — the reference standard.

%1990 Barsley RE, West MH, Fair JA. Am J Forensic Med Pathol; 11(4):300-8 Forensic
photography
° 1986 Rawson RD, Vale GL, Sperber ND, Herschaft EE, Yfantis A. J Forens Sci; 31(4):1235-

60

'% 1988 Vale GL, Rawson RD. J Forensic Sci; 33(1):20 Discussion of "Reliability of the scoring
system of the ABFO for human bitemarks"

" 1994 David, T. J. and M. N. Sobel (1994). "Recapturing a 5-Month-Old Bite Mark by
Means of Reflective Ultraviolet Photography." Journal of Forensic Sciences 39(6): 1560-

1567

12 1998 Whittaker DK, Brickley MR, Evans L. Forensic Sci Int; 92(1):11-20 A comparison of
the ability of experts and non-experts to differentiate between adult and child human bite
marks using receiver operating characteristic (ROC) analysis
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When undertaking diagnostic research one compares a novel method
to a reference standard or truth. Given the apparently unreliable nature
of bitemark comparisons from his earlier work, and the number of
contemporary wrongful convictions, Whittaker’s reliance on the Court
verdict as the reference standard is worrying.

Nonetheless the study reported the findings using a ROC (receiver
operator characteristics) methodology — in simple terms a combination
of specificity and sensitivity. Senior forensic dentists had an AUC (area
under the curve) of 0.693. A simplistic interpretation is that 30% of the
marks were incorrectly identified. This methodology — taking a simple
question and determining outcome was employed in the
Pretty/Freeman study that will be discussed later.

2001 saw the publication of my work with David Sweet, described
earlier in 1.7 and later that year | published, with Kris Arheart a highly
controversial paper assessing the results of the ABFO Workshop
number 4. This paper is attached as Appendix F to this statement'.

It is worth noting the history of this work. | was asked by the ABFO
Executive to assess the data from the Workshop and to publish it in a
Journal. Dr Arheart was also asked to collaborate and together we
undertook the work and shared it with the ABFO Board of Directors
prior to publication. We received the data from the ABFO and had their
full approval to publish. The aftermath of this process was my first
experience of the ABFOs approach to those who questioned its firmly
held beliefs. While the paper was written in careful terms, it was
interpreted by many as showing that the science was unreliable. The
ROC data suggested (0.86) that the accuracy was rated as “useful for
some purposes” and was the first to show that reliability was higher
when the forensic evidence was of the highest quality — something that
the Pretty/Freeman study also showed later.

| have been challenged on numerous occasions about this paper,
accused of releasing the data to others who undertook less favorable
interpretations, that | was not qualified to assess the data and even that
| had no permission to publish. All of this is untrue but it was a pattern
of behavior from certain elements of the ABFO that | was to experience
again, following release of the Pretty/Freeman data. In essence, the
ABFO were happy to commission the data, authorized its publication
but, when the results were shown in less favorable terms, they chose
to attack the science and more importantly, and less ethically, the
scientists who undertook the work.

32001 Arheart, K. L. and I. A. Prett 82001). "Results of the 4th ABFO Bitemark Workshop- 1999."

Forensic Science International 124(2-

): 104-111
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This paper shows that the technique was not at a level acceptable for
forensic purposes, showed high levels of disagreement and should
have prompted a robust response in the form of further research. It did
not, instead it has been lost in the historical literature with most ABFO
members not having reading the paper (I have asked them on
numerous occasions) but having a lasting impression that this was a
piece of flawed and unethical publishing on my part. This impression
has enabled them to disregard the findings.

The 2009 — 2010 papers of the Bush group examined reliability of
bitemark impressions in cadaver skin. These papers are described
within the bibliography and as one of the authors is presenting to the
Commission | will not comment further on this work, leaving it instead
to the authors themselves who can do a far better job than I. | would
simply state that | described the importance of these papers, and their
impact on the state of the science in my 2010 review paper'* — one that
called for a paradigm shift in our approach to bitemark evidence. A call
that was the result of my now increasing concern with the continued
use of this evidence in criminal matters leading to a positive
identification of a biter.

2010 also saw the publication of the work of Avon and Wood™,
attached to this statement as Appendix G. Avon used a porcine model
to produce 18 full “bitemark cases” and supplied a series of examiners
with 3 sets of dental casts to consider. The results showed an error
rate for Diplomates of 35.3%. Avon distinguished a “critical” error rate
where an “innocent” party had been indicated as the biter — this rate
was 6%. It should be noted that this study, as per the discussion in 3.8
has the benefit of absolute truth (the authors knew which study models
had caused the bitemarks) but lacks the authenticity of “real” cases. If
one looks at the bitemarks produced in this study it is clear that they
are of extremely high forensic value.

The final paper to be considered is that of LT Johnson’s group —
attached as Appendix H to this statement. The results of this study are
difficult to interpret — there is no percentage agreement or accuracy
data provided. Instead we are left with the conclusions stated as “in
20% of cases the ... model finds the target within the closest 5% of the
population”. We are left wondering what happened in the other 80% of
cases. We should also note that this work, despite being funded by the
NIJ, has not been published in a peer reviewed journal.

2010 LA. Pretty, D. Sweet, A paradigm shift in the analysis of bitemarks, Forensic Sci. Int. (2010),
doi:10.1016/ j.forsciint.2010.04.004.

52010 S.L. Avon, et al., Error rates in bite mark analysis in an in vivo animal model, Forensic Sci. Int.
(2010), doi:10.1016/ j.forsciint.2010.04.016.



3.17

41

4.2

4.3

5.1

No further reliability studies or those reporting error rates have been
conducted until the Pretty/Freeman study. This will be discussed in a
separate section.

Individuality of the human dentition

There is a range of studies assessing this issue '® ', It is my personal
view that the argument is moot. | have no doubt that if you measure
anything with sufficient resolution you will be able to identify
uniqueness. Indeed many of the papers examining this issue have
looked at incredibly fine measures of the position of teeth. Such
measurements are inappropriate due to the accepted (by all) distortion
present in bitemarks'®.

Instead — the greater argument is that are any of these features
rendered on skin, and if so in a reliable way? The cadaver studies of
the Bush’s ' suggest that the same dentition will leave different
impressions during multiple bites.

The ABFO have sought to mitigate this issue, not by conducting
empirical research, but via the concept of open and closed populations.
The underlying principle is that, within a closed population, one can
make more substantive comments on the likelihood of an individual
being the biter than one in an open population. This premise is
fundamentally flawed as the examining odontologist cannot be sure of
the nature of the population as it is not a fact that they are able to verify
nor should they be acting as an investigator. Instead, such information
is provided, typically, by agents for the prosecution and therefore such
information becomes an irrefutable source of contextual bias. While
scenarios as strange as locked prison cells will be argued this is a
fundamental flaw in the ABFO’s approach to their decision making
process.

Law Reviews

Often ignored, law reviews present a wealth of information not only the
law of evidence, expert withesses and case precedent but often include
well conducted reviews of the underlying literature, frequently with
excellent critical analysis.

'® 1974 MacFarlane TW, MacDonald DG, Sutherland DA. J Forensic Sci Soc; 14(3):247-52 Statistical
problems in dental identification
7 1984 Rawson RD. J Forens Sci; 29(1):245-53 Statistical evidence for the individuality of the human

dentition

'® 1986 Rawson RD, Vale GL. J Forens Sci; 31(4):1261-8 Analysis of photographic distortion in
bitemarks: a report of the bitemark guidelines committee.

'9 2009 Miller RG, Bush PJ, Dorion RBJ, Bush MA. Uniqueness of the Dentition as Impressed in Human
Skin: A Cadaver Model. J Forensic Sci, 2009;54(4):909-14.
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Without exception the law review have expressed incredulity that
bitemark evidence continues to be accepted in US Courts. Zarkowski®
is a good example of the sentiment expressed in these reports “...
bitemarks evolved from a weak beginning....never progressed through
a testing phase to measure accuracy and reliability”.

| would encourage the Commission to consider the reviews of
Zarkowski (attached as Appendix 1) and that of Erica Beecher-Monas?’
(attached as Appendix J).

Pretty / Freeman Study

| would like to finally turn to the most contemporary piece of research to
consider error rates in bitemark analysis. | would also like to place the
work in context and describe its development.

During the AAFS Annual Meeting in Seattle, 2014 | attended a dinner
with Drs Freeman, Senn, Wright and others. During dinner we
described the need for the ABFO to participate in a validation study of
the bitemark process and its newly developed Decision Tree. It was
agreed that we would assess the first two stages of the newly proposed
decision tree for bitemark analysis. | agreed to support the work, but
did ask for a guarantee that, irrespective of the results, the work could
be published. This was readily agreed.

Work started on the project and ABFO Diplomates were encouraged by
the then President, Peter Loomis, to submit cases for potential
inclusion. | received over 250 cases.

We also designed a website that could be used to present the cases
and collect the data. As the lead author of the new draft of the ABFO
decision tree Dr. David Senn was consulted at each stage of the
process and he made various changes to the format, text and
questions. Other senior diplomates were also consulted including Dr
Dorion, Dr Loomis, and Dr. Wright were consulted with at differing
stages of the process. Not until agreement was reached was the
survey sent to all Diplomates to complete.

| collected the data and an independent statistician, Dr Michaela
Goodwin, undertook the statistical analysis.

Having prepared the presentation for the AAFS Orlando 2015 meeting
prior to my departure to the US Dr Freeman and | invited Drs Senn,

20 1988 Zarkowski P. J Law & Ethi Dent; 1(1):47-57 Bite mark evidence: its worth in the eyes of the

expert.

#" Reality Bites: The lllusion of Science in Bite-Mark Evidence - Cardozo Law Review, Vol. 30, 2009
Wayne State University Law School Research Paper No. 08-44
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Loomis and Wright to review the results and the presentation. All
expressed surprise and concern about the outcome of the study but the
consensus in the room was this is what the science has said, and this
is what should be presented.

It is important to point out that, while we assessed two elements of the
decision tree, the lack of agreement at the first stage negated the
presentation of the findings of the second. Therefore the results no
longer represented a decision tree assessment, but more simply the
ability for Diplomates to determine, using three conclusion levels (four if
one considered the “insufficient evidence option) if an injury was a
bitemark or not.

Dr Freeman, then chair of the ABFO Bitemark Committee invited me
present the results to the Committee (three days prior to the public
presentation) which | did. At this stage it was apparent that there had
been a change of opinion within at least some of the senior
Diplomates. David Senn asked for a subset analysis of senior
examiners to be produced to see if this improved the results. It didn't.

| was then challenged by Senn regarding the use of Kappa statistics on
multiple option studies. | explained to him that this was a valid
approach but, given his concerns, and the fact that the data really
spoke for themselves and needed no additional analysis, that | would
remove them from the presentation. Over the following days | modified
the presentation (although not the data) to provide a more favorable
interpretation of the findings. | did this because | believed that by
working with the ABFO we could have the best chance of repeating the
study and undertaking more research. Like others, | was in genuine
equipoise in relation to the issue — | wanted to get to the answer.

While | wish to present the data in a dispassionate way, | do believe
that in order for this Commission to appreciate the nature of the debate
within the forensic community, | need to address some issues that
occurred during and since the Orlando 2015 meeting..

As the meeting progressed through to the time of presentation both
myself and Dr Freeman became aware of a range of comments made
by ABFO Diplomates in closed meetings. These comments concerned
the study data but were not scientific objections, instead they were
personal attacks. One such attack was that Dr Freeman had acted
inappropriately as the Odontology Section program chair by accepting
an abstract before all the data were available to review. This is usual
and normal practice and indeed we were able to demonstrate that this
courtesy had been extended to the very individual voicing the
accusation on numerous occasions in the past.
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The data were presented as per the presentation attached as Appendix
K to this statement. | would ask the Commission to consider the
graphs on pages 10 and 11.

These data clearly show the lack of agreement based on a three
way decision model. The inclusion of suggestive has been cited as the
reason for such poor agreement. Even if suggestive is removed, and
the decisions from this element discarded there are numerous cases
where the most experienced odontologists state that the injury was a
bitemark and other state that it is not. This is not a complex test — we
are asking if this injury is a bitemark or not.

One injury included in the study was provided by a Diplomate who has
injured himself with a box cutter — 8 Diplomates indicated that this was
a definite bitemark.

| suggested to the ABFO that we examine those cases where good
agreement was found — those injuries had the highest level of detail
and understand how we might limit bitemarks to injuries of this type
and work on a new definition and new study be undertaken and that we
would publish the results of both studies.

Conclusion

| have presented those papers and data that | feel will be of use to the
Commission in their deliberations.

| believe that the current scientific position does not support the use of
bitemarks to positively identify individuals in criminal matters. | think
that the use of the terms “open” and closed “populations” are wholly
inappropriate in such cases.

While | am convinced at times by the ability to exclude individuals in
cases where there are gross discrepancies in shape form or number of
teeth — there is an urgent need to develop the necessary evidence to
support this common sense approach. It currently does not exist.

Statement of Truth

| believe that the facts stated in this report are true.
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Digital Bite Mark Overlays—An Analysis of

Effectiveness

REFERENCE: Pretty IA, Sweet D. Digital bite mark overlays—
an analysis of effectiveness. J Forensic Sci 2001;46(6):1385-1391.

ABSTRACT: U.S. courts have stated that witnesses must be able
to identify published works that define operational parameters of
any tests or procedures that form the basis of scientific conclusions.
Such works do not exist within the field of bite mark analysis. As
the most commonly employed analytical technique in bite injury as-
sessment, this study defines quantifiable variables for transparent
digital overlays. A series of ten simulated, postmortem bites were
created on pigskin and, with accompanying overlays, assembled
into cases. Using two separate studies with four examiner groups,
the study defined values of intra- and inter-examiner reliability, ac-
curacy, sensitivity, specificity, and error rates for transparent over-
lays. Methods and statistical treatments from medical decision-
making and diagnostic test evaluation were employed. Forced
decision models and receiver operating characteristic analyses were
utilized. Sensitivity and specificity values are described, and the re-
sults are consistent with other dental diagnostic systems. It was con-
cluded that the weak inter-examiner reliability values explain the
divergence of odontologists’ opinions regarding bite mark identifi-
cations often stated in court. The effect of training and experience
of the examiners was found to have little effect on the effective use
of overlays within this study. The authors conclude that further re-
search is required so that the results of the current study can be
placed into context, but this represents a significant first step in es-
tablishing the scientific basis for this aspect of forensic dentistry.

KEYWORDS: forensic science, forensic dentistry, reliability, va-
lidity, examiner agreement, bite marks

Itis not unusual to see dentists testifying in court. Forensic odon-
tologists assist criminal proceedings by identifying the deceased
victims of crime and by analyzing bite marks to identify the biter
(1). Contemporary legal history is littered with cases where it has
been possible to identify a bite on a victim to the person who has
caused the bite. In many cases, this type of evidence may be crucial
to the successful outcome of the trial (2). Bite mark evidence has
been almost universally accepted in the courts, but the fundamen-
tal validity and scientific basis for its use is frequently challenged
(2,3).

Rapid advances in forensic science have caused concern to the
judicial system. Recent rulings, such as Daubert and Kumho in the
United States, have placed a greater emphasis on the validity and
reliability of opinion testimony based on supposed scientific prin-
ciples. Judges have stated that witnesses must be able to identify
published works that define the operational parameters of any tests
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or procedures that form the basis of scientific conclusions (2). Such
works do not exist within the field of bite mark analysis (1).

The purpose of this study was to determine values of intra- and
inter-examiner reliability, sensitivity, and specificity on both a di-
chotomous scale and the recommended American Board of Foren-
sic Odontology conclusions scale (4). Methods from medical diag-
nostic assessments were employed to analyze the data. The impact
of the examiners’ training and experience was measured.

Materials and Methods

Selection of Examiners

To address the impact of training and experience on bite mark
overlay use, the following groups of examiners were selected:

* Diplomates of the American Board of Forensic Odontology
(ABFO).

* Members of the American Society of Forensic Odontology
(ASFO).

e General Dental Practitioners (GDP).

The ABFO Diplomates were the examiners with the highest level
of training and experience. Two separate groups were studied. The
first ABFO group provided data for intra-examiner reliability. The
second ABFO group was involved in determining the inter-exam-
iner reliability.

Members of the ASFO who were practicing dentists with an in-
terest in forensic dentistry and had been involved in at least one bite
mark case or had attended a training course on the subject were re-
cruited. General dental practitioners were recruited from a forensic
dental study group concerned with responses to mass disasters.
These dentists had no practical bite mark experience other than at-
tending three lectures on the subject.

Ten simulated bite mark cases were presented to each of ten ex-
aminers. Each bite mark case included two suspects resulting in a
total of 20 decisions for each examiner and 200 decisions for each
examiner group. Overall, this represented 40 examiners (two
ABFO groups, one ASFO group, and one GDP group) and 800
identification decisions.

Selection of Suspect Dentitions

Twenty-two sets (upper and lower) of high quality dental casts
were selected to ensure that the bite marks represented a range of
difficulty. This difficulty ranged from straight, even teeth to dis-
placed, crowded teeth. Each of the ten bite mark cases had two sets
of casts associated with it. One set of casts was used to produce the
bite and the other was used as a foil (nonbiter). The casts that pro-
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duced the bite in each case were determined randomly. Case 3 and
Case 4 had three sets of dental casts associated with them to create
a situation in which neither suspect was the biter. In these cases, the
third cast was used to produce the bite. Models were labeled “Sus-
pect A” and “Suspect B” for each of the ten cases; the unseen biters
were labeled “Suspect C” (See Table 1).

Production of Overlays

Sweet et al. describe the most accurate form of producing digital
overlays that is currently available, and this method was used (5,6).
Table 2 illustrates the equipment employed. This technique was
used to produce 1:1 (life-sized) overlays of the anterior teeth of
Suspect A and Suspect B for each case (See Fig. 1). Note that over-
lays were not produced for Suspect C in Cases 3 and 4.

Simulation of Bites on Animal Model

The use of animal skin analogues to produce simulated bite
marks is well established within forensic dentistry (7). It was de-
cided to create in situ postmortem bites on pigskin since this is
widely accepted as an accurate analogue of human skin (8). Previ-
ous studies have used postmortem pigskin (7), antemortem dog
skin (9), and postmortem sheepskin (10).

Two piglets (7 to 8 weeks old), freshly slaughtered, and weigh-
ing approximately 15 kg each, were obtained from a local abattoir.
Anatomical locations were selected on each piglet that represented
areas of minimal skin curvature and distortion. The lower abdomen
and ears were found to be ideal sites. The dental casts from each
randomly selected biter were clamped to the skin for 10 m to cre-
ate a bite mark. Following the release of the clamp the bite mark

TABLE 1—Distribution of biters among the ten simulated cases.

Case Suspect Suspect Suspect
Number A B C
1 Biter Non Biter
2 Non Biter Biter
3 Non Biter Non Biter Biter
4 Non Biter Non Biter Biter
5 Non Biter Biter
6 Biter Non Biter
7 Biter Non Biter
8 Non Biter Biter
9 Biter Non Biter
10 Non Biter Biter
TABLE 2—Equipment for production of digital overlays.

Item Model Manufacturer Location
Scanner HP ScanJet 4c  Hewlett Packard Co.  Palo Alto, CA
Scanning HP DeskScan ~ Hewlett Packard Co.  Palo Alto, CA

software
Scale ABFO No. 2 Lightning Powder Salem, OR
Co., Inc.
Computer PowerMac G3  Apple Computer Inc. ~ Cupertino,
CA
Imaging Photoshop Adobe Systems Inc. Mountain
software v5.0.2 View, CA
Laser printer ~ LaserWriter Apple Computer Inc.  Cupertino,
4/600PS CA
Transparency  Catalogue 3M Visual Systems Austin, TX
film no. 9055 Division

FIG. 1—Digital overlay for Case 3, Suspect A showing 12 anterior teeth.

was subjectively examined to ensure that sufficient detail was
recorded.

The injury was photographed following the ABFO guidelines
for evidence collection (4). Color and black-and-white pho-
tographs were exposed with the ABFO No. 2 scale in place. The
best reproduction of each bite mark was selected and photographs
were printed at 1:1 (life-sized). Subsequently, the photographs
were scanned into a computer and stored in JPEG format at 1440
dpi. These images were printed with an inkjet printer at 1440 dpi
on photographic paper. Prints were made for each examiner. An
example of one of the bitemark photographs is shown in Fig. 2.

Study 1: Intra-Examiner Reliability

An anonymous group consisting of ten diplomates of the ABFO
was selected. Each participant received ten simulated bite mark
cases, which contained one color and one black-and-white photo-
graph of the bite, two computer-generated overlays labeled Suspect
A and Suspect B, occlusal views of the suspects’ dentition, instruc-
tions, and an answer sheet. The examiners were asked to determine
whether each suspect was the biter or not for the appropriate case.
The examiners were asked to indicate “Positive” for the biter and
“Excluded” for the nonbiter. No other option was available.

Ten diplomates returned answer sheets for the first assessment
(100%). However, only seven returned the study materials. Since
three Diplomates retained the materials, the second assessment to
study intra-examiner reliability, which was carried out three
months later involved only seven of the Diplomates. These diplo-
mates were sent the same materials again and asked to repeat the
exercise.

The results were entered into tables and treated statistically.
Each of the examiners’ responses was compared between the two
different assessments and kappa was applied to correct for chance.
PEPI statistical software was used to analyze the raw data (11).
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FIG. 2—Example of case photograph from a simulated bite mark on
pigskin.

Study 2: Inter-Examiner Reliability

Three groups consisting of ten diplomates of the ABFO, ten
members of the ASFO, and ten general dental practitioners were
selected. Each participant received ten bite mark cases, which con-
tained one color and one black-and-white photograph of a simu-
lated bite mark, two computer-generated overlays labeled Suspect
A and Suspect B, occlusal views of each suspect’s dentition, in-
structions, and an answer sheet. The instructions and answer sheet
were revised from Study 1 to make available the five levels of cer-
tainty described by the American Board of Forensic Odontology
(4) and a “Don’t Know” option within the forced decision model
(FDM). Thirty examiners (100%) returned responses. Receiver-op-
erating characteristics (ROC) were used to analyze the multiple-
threshold data. Results were entered into tables and analyzed using
the PEPI statistical application (11).

Results
Intra-Examiner Reliability

Seven examiners returned completed answer sheets on both oc-
casions (70%) and the intra-examiner reliability was calculated for
each (See Table 3). Kappa values were calculated to measure
agreement between each of the examinations and to control for
chance agreement (12). The kappa values varied from 0.30 to 1.00,
or from fair to almost perfect agreement (13). Mean kappa was
0.72, indicating substantial agreement. Percent agreement (non-
chance corrected) ranged from 65 to 100% with a mean value of
87.2%.

The mean accuracy for the seven examiners’ first and second at-
tempts was 85.7% and 83.5% respectively, with no statistically sig-
nificant difference between the attempts (p = 0.6286). When ex-
amining kappa values for comparisons with the gold standard, a
mean of 0.70 resulted from the first examination. This decreased
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slightly to 0.65 for the second examination. Both scores rate as sub-
stantial agreement and no significant differences were detected be-
tween the attempts (p = 0.5568).

The mean values for sensitivity (79.8%) and specificity (90.0%)
for the first examination were calculated and compared with the
mean sensitivity (73.2%) and specificity (89.3%) values for the
second examination. No statistically significant difference was de-
tected between these values (sensitivity p = 0.5218, specificity
p = 0.5792).

Inter-Examiner Reliability

Thirty examiners (ten ABFO, ten ASFO, and ten GDP) returned
completed answer sheets. The multiple-threshold ROC data reveal
two main results: (a) the individual sensitivity and specificity of
each conclusion threshold, and (b) the area under the curve (AUC)
as a measure of overall effectiveness (See Table 4). Youden’s In-
dex, a measure of agreement using sensitivity and specificity, was
also calculated for each of the five possible conclusion levels (See
Table 5). The closer Youden’s Index is to 1.0 the greater the level
of agreement.

ABFO Diplomates—Forced Decision Model

Ten diplomates of the ABFO returned completed answer sheets
(100%). Out of 200 decisions, 28 (14%) were “Don’t Knows.”
However, 24 (12%) of these “Don’t Knows” were attributable to
two examiners (Examiner 2 = 16, Examiner 10 = 8). Excluding
these examiners, the uncertain decisions are reduced to only 4
(2%). Sensitivity was calculated for each examiner and ranged

TABLE 3—Study 1 summary data illustrating percentage agreement
between examinations conducted three months apart.

Percent
Examiner Kappa S.E. Agreement
1 0.30 0.222 65
2 0.38 0.219 70
3 1.00 0.224 100
4 1.00 0.224 100
5 0.52 0.224 80
6 0.88 0.222 95
7 1.00 0.224 100
Mean 0.72 87.2%

TABLE 4—Mean values from ROC analyses.

Mean Values ABFO (%) ASFO (%) GDP (%)
Area Under the Curve 80.5 = 11.8 81.0 = 8.8 80.8 = 8.0
Sensitivity

Reasonable Medical 27.5 23.8 12.5

Certainty

Probable 57.5 53.8 60.0
Possible 81.3 72.5 76.3
Exclusion 88.8 7175 60.0
Inconclusive 100.0 100.0 100.0
Specificity
Reasonable Medical 98.3 98.5 99.2
Certainty
Probable 94.9 94.3 93.4
Possible 55.3 74.4 64.2
Exclusion 47.7 68.7 559
Inconclusive 0.0 0.0 0.0
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TABLE 5—Summary of ROC results for the three groups studied.

Sensitivity Specificity Youden’s
Level of Conclusion (%) (%) Index
ABFO diplomates
Reasonable Medical 27.5 £ 24.1 98352 0.26
Certainty
Probable 57.5 £26.5 949 + 11.0 0.52
Possible 81.3 =222 55.3 £ 30.0 0.40
Exclusion 88.8 = 19.1 477 £24.0 0.36
Inconclusive 100.0 = 0.0 0.0 = 0.0 0.00
ASFO Members
Reasonable Medical 238 £ 17.1 98549 0.24
Certainty
Probable 53.8 £17.7 943 £ 84 0.48
Possible 72.5 =129 744 £ 11.2 0.47
Exclusion 775 £ 14.1 68.7 £ 14.7 0.46
Inconclusive 100.0 £ 0.0 0.0 = 0.0 0.00
GDP Novices
Reasonable Medical 125118 99.2 +2.3 0.13
Certainty
Probable 60.0 = 18.4 934 +53 0.55
Possible 76.3 £ 10.9 642 £ 11.9 0.37
Exclusion 83.6 = 10.3 559+ 113 0.37
Inconclusive 100.0 = 0.0 0.0 = 0.0 0.00

from 28.6 to 100% with a mean sensitivity of 73.7 % 22.0%. Speci-
ficity for this group ranged from 54.5 to 100% with a mean speci-
ficity of 84.1 = 14.9%. There was no significant difference be-
tween the sensitivity and specificity scores (p = 0.2721).

Accuracy, determined as percent agreement with the gold stan-
dard, ranged from 65.0 to 100% with a mean value of 83.2%.
Agreement determined by Cohen’s Kappa ranged from 0.22 (fair
agreement) to 1.00 (almost perfect agreement). Mean kappa was
0.58 (moderate agreement). Mean false positive rate (FPR) was
15.9%, ranging from O to 45.5%. Mean false negative rate (FNR)
was 25.0%, ranging from 0 to 71.4%. Positive predictive value
(PPV) ranged from 55.5 to 100% with a group mean of 77.7%.
Negative predictive value (NPV) ranged from 66.6 to 100% with a
group mean of 83.2%.

ROC Analysis—The mean sensitivity, specificity, and Youden’s
Index for each of the conclusion levels is shown in Table 5. The
AUC for the ABFOs ranged from 62.0 to 97.7% (mean 80.5 =
11.8%).

Reliability—Using Cohen’s Kappa, each of the examiners was
paired and compared using a crosswise system based on their FDM
decisions. From these data it was determined that ten pairs (22%)
had slight agreement, 11 pairs (24%) had fair agreement, 13 pairs
(29%) had moderate agreement, three pairs (7%) had substantial
agreement and eight pairs (18%) had almost perfect agreement.
Mean kappa from the crosswise analysis was 0.47 = 0.31 (moder-
ate agreement).

ASFO Members—Forced Decision Model

Ten members of the ASFO returned completed answer sheets
(100%). Out of 200 decisions, 18 (9%) were “Don’t Knows.” Sen-
sitivity was calculated for each examiner and ranged from 28.6 to
85.7% with a mean sensitivity of 60.9 * 22.9%. Specificity for this
group ranged from 34.6 to 100% with a mean specificity of 82.4 =
19.7%. There was no significant difference between the sensitivity
and specificity scores (p = 0.378). Accuracy, determined as per-

cent agreement with the gold standard, ranged from 55.0 to 94.1%
with a mean value of 75.8%. Agreement, determined by Cohen’s
Kappa, ranged from 0.16 (slight agreement) to 0.88 (almost perfect
agreement). Mean kappa was 0.50 (moderate agreement).

Mean FPR was 11.9%, ranging from 0 to 27.3%. Mean FNR was
39.3%, ranging from 14.3 to 74.4%. PPV ranged from 59.9 to
100% with a group mean of 79.7%. NPV ranged from 58.4 to 91%
with a group mean of 78.1%.

ROC Analysis—The mean sensitivity and specificity for each of
the conclusion levels is shown in Table 5. The AUC for the ASFO
members ranged from 62.5 to 89.6% (mean 8§1.0 = 8.8%).

Reliability—Using Cohen’s Kappa, it was determined that three
pairs (7%) had poor agreement, five pairs (11%) had slight agree-
ment, nine pairs (20%) had fair agreement, 16 pairs (36%) had
moderate agreement, 11 (24%) pairs had substantial agreement and
one pair (2%) had almost perfect agreement. Mean kappa from the
crosswise analysis was 0.44 = (.22 (moderate agreement).

General Dental Practitioners (GDP)—Forced Decision Model

Ten GDPs returned completed answer sheets (100%). Out of 200
decisions, 15 (7.5%) were “Don’t Knows.” Sensitivity was calcu-
lated for each examiner and ranged from 62.5 to 100% with a mean
sensitivity of 80.7 = 13.5%. Specificity for this group ranged from
50 to 100% with a mean specificity of 77.9 = 15.0%. There was no
significant difference between the sensitivity and specificity scores
(p = 0.6001). Accuracy, determined as percent agreement with the
gold standard, ranged from 55.6 to 84.2% with a mean value of
74.7%. Agreement, determined by Cohen’s Kappa, ranged from
0.14 (slight agreement) to 0.89 (almost perfect agreement). Mean
kappa was 0.56 (moderate agreement).

Mean FPR was 22.0%, ranging from 0 to 50.0%. Mean FNR was
19.3%, ranging from O to 37.5%. PPV ranged from 46.0 to 100%
with a group mean of 72.7%. NPV ranged from 70.1 to 100% with
a group mean of 85.7%.

ROC Analysis—The mean sensitivity, specificity, and Youden’s
Index for each of the conclusion levels is shown in Table 5. The
AUC for the GDPs ranged from 64.1 to 90.6% (mean 80.8 =
8.0%).

Reliability—It was determined that three pairs (7%) had poor
agreement, six pairs (13%) had slight agreement, eight pairs (18%)
had fair agreement, 17 pairs (38%) had moderate agreement, ten
pairs (22%) had substantial agreement and one pair (2%) had al-
most perfect agreement. Mean kappa from the crosswise analysis
was 0.45 = 0.23 (moderate agreement).

Comparison of the Three Examiner Groups—Table 5 shows
data from the ROC results of the three groups. Table 6 shows a
comparison of mean values obtained from the FDM study. There
was no statistically significant difference between the distributions
of “Don’t Knows,” kappa values, AUC, accuracy, sensitivity, or
specificity between the three groups of examiners when tested with
ANOVA.

Discussion

A key feature of modern forensic science is that scientific prin-
ciples are no longer accepted based on opinion or anecdotal beliefs.
This new doctrine has been enforced by legal judgments, such as



TABLE 6—Mean values for the FDM and crosswise kappa analyses.

Mean Values ABFO ASFO GDP

Don’t Knows 14.0% 9.0% 7.5%

Sensitivity 73.7 £ 22.0% 60.9 £ 22.9% 80.7 = 13.5%

Specificity 84.1 + 14.9% 82.4 £ 19.7% 779 *+ 15.0%

Accuracy 83.2% 75.8% 74.7%

Kappa (Gold 0.58 0.50 0.56
standard)

Kappa 0.47 0.44 0.45
(Crosswise)*

False Positive 15.9% 11.9% 22.0%
Rate

False negative 25.0% 39.3% 19.3%
Rate

* Inter-examiner crosswise kappa comparisons.

those described in Daubert and Kumho. Claims are now to be
checked against empirical evidence. The value of this evidence is
based on the way it has been collected and presented (14). The pur-
pose of this study was to establish empirical justification for the use
of digital overlays in bite mark analysis.

The increased interest in evidence-based medicine and dentistry
has revitalized techniques for the assessment of diagnostic effec-
tiveness. The discipline of medical-decision making has employed
these techniques in increasingly novel ways to challenge the basis
upon which clinical practice is built. Using these techniques, this
study has determined quantitative values for the analysis of overlay
effectiveness.

During the initial planning stages of this project, considerable
thought was given to the use of cases employing either real or sim-
ulated bites. The use of real forensic cases as study material has ad-
vantages. First, authenticity is assured. Materials used are the same
as those handled by forensic dentists during routine casework. Sec-
ond, many examples of bite marks exist both at the author’s labo-
ratory and in other centers. Therefore, the collation and duplication
of such materials would be straightforward.

But, several disadvantages are also associated with the use of
real cases. The most important of these is that of the gold standard.
One of the criteria for assessing the effectiveness of a particular test
is to ensure that it is compared against a suitable gold standard. The
use of real case materials requires that the conclusions of the orig-
inal examining odontologist are regarded as such a standard. Due
to the lack of published studies, it is impossible to determine how
accurate these original conclusions are likely to be. Indeed, it is the
purpose of the current study to provide such data.

The use of simulated bite marks enabled greater control over the
injury. Variables such as anatomical location, the teeth used to cre-
ate the bite, the number of teeth in the bite, and the collection of the
evidence were easily controlled and standardized. The use of sim-
ulations also permitted a consistent quality of materials to be pro-
duced, allowing parity between each of the study cases, and re-
moving any potential biases introduced by case variability.
However, simulations do have limitations. Significantly, the simu-
lated bites were not on human skin.

Postmortem bites, as used in this study, do not display any of the
ecchymosis or bruising patterns that are seen in antemortem or pe-
rimortem bite injuries and this could be considered a limitation.
However, postmortem injuries do record the details of teeth well.
The use of postmortem simulated bites is well accepted within
forensic dental research (6,15).
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Before discussing the effectiveness of the overlays, it is impor-
tant to discuss the issue of examiner and test separation so that the
results from the FDM and ROC analyses can be placed in the cor-
rect context. The performance of individual examiners and their
decision-making processes were thought to be separate entities.
Originally, it was decided to assess the use of overlays in the iden-
tification of biters. To this end, materials supplied to the examiners
were limited to those that permitted the use of overlays only. But it
was discovered that examiner performance and decision making
are not separate. The use of bite mark overlays has been shown to
be both examiner and case sensitive. And despite the objectivity of
the overlay production technique, the subsequent application of
that technique is highly subjective (16). In tests where subjectivity
is high, there is always interplay between the operator and the test
(17). The separation of operator and test in assessment of perfor-
mance is impossible. With this caveat in mind, the discussion of the
examiners’ performance follows.

FDM Performance

The forced decision model allowed the use of simple statistical
analysis. The use of terms such as false positive and true negative
are easily understood. Hence, the power of this model is in its
ease of use and explanation of results. However, there are draw-
backs to the model. First, the American Board of Forensic Odon-
tology recommends the use of particular levels of conclusion that
are not replicated in the dichotomous decisions offered by the
FDM. (There is a speculative argument, however, that the recom-
mended levels of conclusion are simply extrapolated by courts
and jurors to a positive or a negative judgment.) Second, the FDM
is especially prone to influence by the personal threshold of the
examiner.

This study resulted in 539 decisions from the FDM (excluding
“Don’t Know” decisions). The data that were most useful were the
values of sensitivity, specificity, accuracy, and kappa agreement
with the gold standard. It should be noted that no forensic dental
study, either on the subject of bite marks or on other topics, de-
scribing these values was found in the literature. This makes it dif-
ficult to compare the values obtained for overlay effectiveness in
the current study to other tests in forensic dentistry.

Sensitivity values for the three groups of examiners were not sig-
nificantly different. The mean sensitivity from the three groups was
71.8%. The GDP novices had the smallest standard deviation
among the groups (GDP>ABFO>ASFO) and achieved the high-
est sensitivity. Specificity values were not significantly different
for the three groups. The mean specificity was 81.5%. The ABFO
expert group achieved the highest score. In no group was there a
significant difference between the sensitivity and specificity
scores. These mean values are similar to values for sensitivity and
specificity from other dental diagnostic tests.

The use of percentage agreement (accuracy) and kappa allowed
a different perspective on the data obtained. In simple terms, how
often were the examiners correct? Percentage agreement is a sim-
ple measure of this, and the mean across all three groups was
77.9%. The ABFO diplomates were the most accurate examiners
scoring a group mean of 83.2%. However, the differences between
the groups were small and not statistically significant.

It is interesting to note that two of the diplomates chose “Don’t
Know” responses for more than half of the cases, resulting in over
85% of the “Don’t Know” decisions for this group. Significantly,
both of these participants obtained 100% accuracy. This could in-
dicate that they had very high personal thresholds to identify or ex-
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clude biters. Mathematically, their responses resulted in increasing
the diplomates’ mean accuracy. When these participants are re-
moved from consideration, the mean accuracy of the diplomates
group dropped to 78.5%. The results indicate that these two exam-
iners are unlikely to render opinions in bite mark cases that are pre-
sented to them. However, if they were prepared to reach a conclu-
sion, then it would most likely be highly accurate.

A more powerful technique for quantifying agreement with a
gold standard is the chance-corrected kappa value. The mean for all
three groups with this value was 0.54; the diplomates scored the
highest kappa at 0.58. When Examiners 2 and 10 were removed,
the mean kappa for diplomates dropped to 0.54, which placed the
GDP kappa (0.56) as the highest. Regardless if these outlying ex-
aminers are included or excluded, the mean kappa score for all
three groups falls into the “moderate agreement” category of the
Landis rating scale (12,13).

No significant difference was detected between the three groups
of examiners using any of the measured values. This indicates that
training and experience have little effect on the application of over-
lays to bite mark identifications. However, caution must be applied
in this conclusion since more detailed questionnaires would be re-
quired to identify correctly all of the variables surrounding experi-
ence and training.

ROC Analysis

The use of ROC enabled a range of conclusions, including
“Don’t Knows,” to be incorporated into the analysis. Because this
technique allowed the examiners to express their certainty within
the established levels of conclusions, the operator sensitivity is-
sues found in the FDM were minimized. ROC analysis provides
a means by which the identification of biters using transparent
overlays can be distinguished from the judgment of the operator.
This separation is achieved by using a rating scale that is equiva-
lent to varying the examiner’s personal threshold while holding
the properties of the bite mark constant. The area under the curve
provides an objective parameter of the diagnostic accuracy of the
test (the ability to determine biters) that is far superior to com-
paring single combinations of specificity and sensitivity because
the influence of threshold is eliminated (18-20) (See Table 4).
The AUC is a combination and generalization of the concepts of
sensitivity and specificity into a single measure of accuracy (21).
In this study, the AUC values from the three groups were very
similar, with the ASFO members having the value closest to
100% (perfect diagnostic test). Six hundred decisions made up the
AUC analysis. The mean AUC for the combined groups was
80.7%, which means that the biter was correctly determined ap-
proximately eight out of ten times.

It is difficult to place this result into context. A value of 50% as-
sumes that a test is nondiagnostic. Thus, bite mark overlays are
closer to the perfect diagnostic test than a purely random allocation
of biters and nonbiters. Whittaker’s study determined a mean AUC
of 63% for the determination of whether bites were caused by adults
or children (22). Comparison of these results with those of the cur-
rent study indicate that the use of overlays in determining biters is
more effective than the subjective determination of biter age group.
But, this is not a particularly useful comparison and serves only to
allow a point of reference. Further research into bite mark identifi-
cation techniques is required to produce arange of AUC values from
other methods and contexts. These data will then enable a compar-
ison of techniques and move the discipline to a more evidence-based
approach. The ease by which AUC can be calculated and compared

promises to allow exciting additional research possibilities in the fu-
ture. Studies could be carried out using the same base materials as
in this study (i.e., bite mark photographs) but adding other items of
dental evidence from suspects, including wax test bites or dental
casts. Following calculation of the area under the curve, it would be
possible to determine the relative impact of each item on the identi-
fication of biters from bite marks.

Conclusions

The continued use of computer-generated overlays in bite mark
analysis appears to be justified, although further work is required
to investigate the effect of examiner factors. In this study, no sta-
tistically significant differences were detected between the three
examiner groups. This suggests that training and experience in
forensic casework does not affect the success of overlays in cor-
rectly determining the biter. This work has satisfied the require-
ments of Daubert in relation to determining error rates and other
quantifiable values.

This study has examined the scientific basis for bite mark com-
parisons. The significance of the results will be realized in courts
of law. While the overall effectiveness of overlays has been estab-
lished, the variation in individual performance of odontologists is
of concern. This variation is of particular importance to those odon-
tologists testifying in court who must be aware of their own values
of accuracy and reliability. Poor performance as an expert witness
during testimony can have very serious implications for the ac-
cused, the discipline, and society.
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Annotated Bibliography of
the Peer Reviewed Literature
concerning Bitemark
Analysis

Bush, M, Bush, P, Pretty IA.

This bibliography is comprehensive, but is
known not to be complete. The authors feel,
however, that the majority of significant
publications are represented.

The primary and secondary literature is
covered (peer-reviewed original papers and
review articles). The tertiary literature is not
covered (books).

Bibliography:

1. 1960 Fearnhead RW. Med Sci Law; 1:273-77
Facilities for forensic odontology. Describes the
use of hand drawn acetate overlays. Draws the
conclusion that "evidence which involves the
identification of a person by tooth-marks left as
bruises in flesh should never be admitted".
Describes simple experiment. One of the first
papers to question the use of bitemark evidence
based upon the reliability of the technique.

2. 1963 Taylor DV. Brit Dent J; 114:389 The law and
the dentist. Written by a dual qualified dentist and
lawyer. Describes all aspects of forensic dentistry,
including bitemarks. States "..unlikely to establish
convincing proof in most cases".

3. 1966 Layton JJ. J Forensic Sci Soc; 6:76-80
Identification from a bitemark in cheese. A
bitemark in cheese found at a crime scene.
Control bitemark made in similar cheese by the
suspect and twenty points of similarity are
discussed. Suspect admitted guilt. States that BMs
can never be as positive as fingerprints.

4. 1966 Harvey W, Butler O, Furness J, Laird R. J
Forensic Sci Soc; 8(4):157-219 The Biggar
murder. Dental, medical, police and legal aspects
of a case "in some ways unique, difficult and
puzzling". Extensive case report detailing a
Scottish murder in which bitemark evidence played
a key role in the conviction of the defendant.

5. 1968 Furness J. Br Dent J; 124(6):261-7 A new
method for the identification of teeth marks in
cases of assault and homicide. Paper describes
the inking of the occlusal surfaces of the teeth
which are then photographed and placed on white
board. Lines of comparison are drawn with
photographs of the injury. Technique is still used

10.

11.

12.

13.

14.

today for court exhibits depicting bitemark
comparisons.

1969 Furness J. J Forensic Sci Soc; 9:126-75
Teeth marks and their significance in cases of
homicide. Paper claims to differentiate between
marks made in self-defence, those made
sadistically and "love-nips". Unconvincing.
Numerous case examples given. There is
somewhat of a debate on the psychology of biting
and the inferences that can be made about an
attacker from the injury.

1970 Hodson JJ. Med Sci Law; 10(4):247-51
Forensic odontology and its role in the problems of
the police and forensic pathologist. Paper outlines
the value of forensic dentistry to the police.
Recommends the type of dentists who should be
called to assist. Summarizes with case reports
including a bitemark case on two young children.

1970 Levine LJ, Beaghler RL. NY State Dent J;
36(9):539-42 Forensic odontology - a routine case
and commentary. This paper, written for the
general practitioner, mentions bitemarks only in
passing. The majority of the paper is devoted to an
identification case.

1970 Furness J. Probe; 11:221-22 Dental
evidence in a case of rape. Case report describing
a bite to the nose of an assailant.

1971 DeVore DT. Med Sci Law; 11(3):144-5
Bitemarks for identification? A preliminary report.
Author used ink models to place marks on living
volunteers and cadavers. Photographs of the
marks were taken in several body positions. Skin
from the cadavers bearing the ink was excised.
Paper concludes that there is a large margin of
error in using bitemark photographs and
unsecured excised skin. States that the exact
position of the body when bitten must be known
and replicated. A useful study. Little attention has
been paid to this paper that encourages caution
when examining bite injuries.

1972 MacDonald DG, MacFarlane TW. Glasg
Dent J; 3(1):16-9 Forensic odontology. Report of a
case involving bitemarks. Case report of a
bitemark on a living victim.

1973 Stoddart TJ. Br Dent J; 135(6):285-7
Bitemarks in perishable substances. A method of
producing permanent models. A method for
producing accurate models of bitten materials,
silicone impression material is recommended.
Technique described is still applicable today.

1973 Butler OH. Int J Forens Dent; 1(1):23-4 The
value of bitemark evidence. Written by a police
officer, this paper discusses the types and
presentation of dental evidence.

1973 Woolridge ED. Int J Forens Dent; 2(1):6-12
Significant problems of the forensic odontologist in
the USA. Describes some of the legal issues that



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

surround forensic dentistry. This topic has been
addressed in more contemporary articles.

1973 Harvey et al. Int J leg Med; 1973;(8):3-15.
Bite-marks the clinical picture; physical features
etc. First paper to show stress/strain curve for
skin. Remarkable biting experiment on live
volunteer with tissue specimens taken. Paper
focuses on ‘suckling’ as a factor.

1973 Luntz, L. L. and P. Luntz. "Case in Forensic
Odontology - Bite-Mark in a Multiple Homicide."
Oral Surgery Oral Medicine Oral Pathology Oral
Radiology and Endodontics 36(1): 72-78. Case
report.

1974 Marshall W. Criminol; 9(32):21-34 Bitemarks
in apples - forensic aspects. Paper describes the
stability and usefulness of bites in a variety of
different types of apple.

1973 Sims BG, Grant JH, Cameron JM. Med Sci
Law; 13(3):207-10 Bitemarks in the 'battered baby'
syndrome Describes the frequent occurrence of
bite injuries in child abuse cases and presents
three cases.

1974 Simon A, Jordan H, Pforte K. Int J Forens
Dent; 2:17-2 Successful identification of a bitemark
in a sandwich. Case report describing a bitemark
in a sandwich.

1974 Jonason CO, Frykholm KO, Frykholm A. Int
J Forensic Dent; 2(6):70-8 Three dimensional
measurement of tooth impression of criminological
investigation. Use of a stereomicroscope to
measure the three dimensional aspects of
bitemarks. Later repeated using scanning electron
microscopy.

1974 Clift A, Lamont CM. J Forens Sci Soc;
14(3):241-5 Saliva in forensic odontology.
Describes the methods for collecting and
analysing saliva for the determination of blood
groups. Influential paper, although now
superseded by DNA work.

1974 Dinkel EH Jr. J Forens Sci; 19(3):535-47 Use
of bitemark evidence as an investigative aid.
Reviews the current (74) literature dealing with the
handling and examination of bitemarks. Includes a
discussion of the legal implications of the time.
Case reports described. Comprehensive, and
describes areas in which improvement must be
made.

1974 Barbanel JC, Evans JH. J Forensic Sci Soc;
14(3):235-8 Bitemarks in skin - mechanical
factors. Describes the mechanical factors used to
produce a bite, including tongue pressure and
suction. States that the properties of particular skin
area bitten may affect the appearance of a
bitemark. Clear and concise coverage of the topic
that has not been addressed since.

1974 Millington PF. J Forensic Sci Soc; 14(3):239-
40 Histological studies of skin carrying bitemarks.

25.

26.

27.

28.

29.

30.

31.

Histological examination of bites from both living
and deceased individuals. States that complete
recovery of a bite injury may take 2 or 3 weeks.
States that the use of histology in determining the
time of the injury may be helpful. The ageing of
wounds, and in particular bitemarks, is still
debated.

1974 MacDonald DG. J Forensic Sci Soc;
14(3):229-33 Bitemark recognition and
interpretation. Describes a method of classification
of bitemarks based on their aetiology.

1974 MacFarlane TW., MacDonald DG,
Sutherland DA. J Forensic Sci Soc; 14(3):247-52
Statistical problems in dental identification.
Discusses the issue of the individuality of the
human dentition and describes an experiment to
determine this. Authors conclude that their
preliminary data supports the notion that human
teeth are unique to an individual level. Study
looked at incidence of certain dental traits in the
anterior dentition. N=200.

1974 Ruddick RF. Med Biolo lllus; 24(3):128-9 A
technique for recording bitemarks for forensic
studies Describes the use of alternative light
sources for the enhancement of bitemark injuries.
A subject of interest to many forensic dentists.

1975 Sognnaes RF, Therrell R. J Cal Dent Assoc;
3(10):50-3 Bitemark lesions in human skin caused
by an unequivocally identified 'suspect'. Describes
an accidental bite caused by a child on her father.

1975 Solheim T, Leidal TI. Forensic Sci; 6(3):205-
15 Scanning electron microscopy in the
investigation of bitemarks in foodstuffs. In this
study students with no obvious irregularities on
their anterior teeth were asked to bite various
foodstuffs. Using SEM the marks were analysed
and the authors concluded that as many individual
characteristics were visible the technique was
useful in forensic investigations. An interesting
technique, although infrequently used in case
work.

1975 Whittaker DK. Int Dent J; 25(3):166-71 Some
laboratory studies on the accuracy of bitemark
comparisons. Author studied bites in wax and on
pig skin. Found that those on pig skin were less
reliable than those on wax in terms of biter
identification. Highest accuracy found was 76%.
Extrapolates that bites on human skin may be
similarly unreliable; offers a warning that more
research is required. Highly cited paper - often
regarded as one of the first attempts to validate
the science of bitemark analysis. Warning went
unheeded.

1975 Whittaker DK, Watkins KE, Wiltshire J. Int J
Forensic Dent; 3:2-7 An experimental assessment
of the reliability of bitemark analysis. Same paper
as described above - republished with some
editorial differences and apparently two new
authors.



32.

33.

34.

35.

36.

37.

38.

39.

40.

1976 Bang G. Acta Odontol Scand; 34(1):1-11
Analysis of tooth marks in a homicide case.
Observations by means of visual description,
stereo-photography, scanning electron microscopy
and stereometric graphic plotting. Author was
asked to re-examine a bitemark case involving an
injury to a breast. Using novel techniques,
including SEM, the author found that the originally
convicted individual was the likely biter.

1976 Anderson WR, Hudson RP. Forens Sci;
7(1):71-4 Self inflicted bitemarks in battered child
syndrome. Victim of child abuse victim had
bitemarks on both arms. Authors demonstrated
that the bite was from the victim. Importance of
this phenomenon in evaluation of bite injuries is
discussed. Used transparent overlays in analysis.
Established that bites can be self-inflicted.

1976 MacDonald DG, Laird WR Int J Forensic
Dent; 3(10):26-30 Bitemarks in a murder case.
Case report describing a murder involving a bite to
the abdomen and breast. Authors describe the use
of statistics to determine the number of individuals
capable of producing the bite. Statistical evidence
was presented in court. Use of statistics is
interesting in this case. Arrived at a figure of 1 in
62 million. It must be noted that approximately half
of the Scottish population were edentulous at this
time.

1976 Sognnaes RF. Int J Forensic Dent; 3(9):14-6
Dental science as evidence in court. Describes
some applications of forensic dental techniques in
court.

1976 Mills PB. Int J Forensic Dent; 3:38-9 An
unusual case of bitemark identification. Describes
a bitemark on a bullet.

1976 Vale GL, Sognnaes RF, Felando GN,
Noguchi TT. J Forensic Sci; 21(3):642-52 Unusual
three-dimensional bitemark evidence in a homicide
case.

Describes a case of bitemark identification. Bite
was on victim's nose. Authors concluded a positive
match and this became the first case in Californian
Law using bitemark evidence.

1976 Goodbody RA, Turner CH, Turner JL. Med
Sci Law; 16(1):44-8 The differentiation of toothed
marks: report of a case of special interest.
Discusses the differences between bite injuries
and "toothed" injuries such as those made by a
saw. Used acetate film to compare to a suspect's
dentition.

1977 Levine LJ Dent Clin N Amer; 21(1):145-158
Bitemark evidence. Review followed by numerous
case reports.

1977 Sognnaes RF. Int J Forensic Dent; 4(13):17-
20 The case for better bite and bitemark
preservations. Describes the excision of skin and
the use of elastomeric impression materials for the
preservation of bitemark evidence.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

1977 Kerr NW. Int J Forensic Dent; 4:20-23 Apple
bitemark identification of a suspect. Simple case
report of a bitemark in an apple found after a
house break-in.

1977 Sognnaes RF. J Cal Dent Assoc; 4:22-8
Battered child death involving enigmatic bitemark
evidence. Cases report describing bitemark
evidence in a child abuse case. Describes
comparison technique and the legal outcome.
Uses SEM.

1977 Sognnaes RF. New Eng J Med; 296:79-85
Forensic stomatology. Three part series.
Sognnaes reviews the forensic literature in a three
part series as part of the Medical Progress
section. Various methods of forensic evaluation of
bitemarks are discussed.

1978 Sognnaes RF. Dental Survey; 54(12):12-24
Forensic oral measurements. A review of the
"state-of-the-art" of forensic dentistry.

1979 Beckstead JW, Rawson RD, Giles W. JADA;
99(1):69-74 Review of bite mark evidence. A
general review.

1979 Morrison HL. J Forens Sci; 24(2):492-502
Psychiatric observations and interpretations of bite
mark evidence in multiple murders. Interesting
paper in which the author describes over 400
hours of contact time with a serial murder who bit
many of his victims. Whilst not answering "why do
people bite?" author raises interesting questions.
The psychological aspects of bitemarks are yet to
be firmly established.

1979 Rawson RD, Bell A, Kinard BS, Kinard JG J
Forens Sci; 24(4):898-901 Radiographic
interpretation of contrast-media-enhanced bite
marks. Describes a techniques of radiographing
soft -tissue that has been removed from cadavers.
Study used postmortem bites.

1979 Aitken C, MacDonald DG. An application of
discrete kernel methods to forensic odontology.
Applied Statistics, 28:1;55-61. Probability study
using MacFarlane’s 1974 dataset of 200 subjects.
No practical value.

1980 Glass RT, Andrews EE, Jones K 3d. J
Forens Sci; 25(3):638-45 Bitemark evidence: a
case report using accepted and new techniques.
Case report with bitemarks found on a murder
victim. Authors describe the use of novel
techniques including microbiologic and
histologic/histochemical. Preparation and
presentation of evidence are discussed.

1980 Holt JK. J Forensic Sci Soc; 20(4):243-6
Identification from bitemarks. A collection of case
reports describing different methods of
augmenting bite photographs and production of 3D
models of bite injuries.

1981 Furness J. Am J Forensic Med Pathol;
2(1):49-52 A general review of bitemark evidence.



52.

53.

54.

55.

56.

57.

58.

59.

60.

A personal recollection of a forensic dentist,
describes case work and issues around bitemarks
in English law. No papers cited.

1981 Sperber ND, Lubin H. J Am Col Health
Association.; 29(4):165-7 Bite mark evidence in
crimes against persons. Paper describes bites for
college and university health workers and security
personnel. Techniques for photographing the
injuries are presented.

1981 Jakobsen JR, Keiser-Nielsen S. Forensic Sci
Int; 18(1):41-55 Bitemark lesions in human skin.
Case of severe bitemarks on the back of a male
victim. The authors used a volunteer to repeat the
bite injuries for comparison. Ethical issues
surround the use of human volunteers in bitemark
studies.

1981 Sognnaes, R. F., R. D. Rawson, et al.
(1981). "Computer Comparison of Radiographic
Bite-Mark Patterns in Identical-Twins." Journal of
the Forensic Science Society 21(2): 144-144.

1981 Suzuki, K., M. Hashimoto, et al. (1981). "Bite
Mark Evidence - a Case-Report and Preliminary-
Study." Journal of the Forensic Science Society
21(2): 147-148. Case report.

1982 Dorion RB. J Can Dent Assoc; 48(12):795-8
Bite mark evidence. General review.

1982 Webster G. Forensic Sci Int; 20(1):45-52 A
suggested classification of bitemarks in foodstuffs
in forensic dental analysis. Author states that it is
the labial surfaces rather than the biting edges that
are responsible for bitemarks in food. Webster
suggests an alternate terminology to bring
uniformity in describing such evidence. Bitemarks
in food are rare in criminal cases, although
recently cheese has yielded DNA from a bite.

1982 Sognnaes RF, Rawson RD, Gratt BM,
Nguyen NB. JADA; 105(3):449-51 Computer
comparison of bitemark patterns in identical twins.
Using computer technology and radiographic
bitemark analysis the authors conclude that
occlusal arch form and individual tooth positions,
even in identical twins are in fact unique. This
paper is frequently cited as evidence of dental
"uniqueness". Highly cited paper, frequently used
as part of the dental uniqueness argument.

1982 Rudland M. Med Sci Law; 22(1):47-50 The
dimensional stability of bitemarks in apples after
long-term storage in a fixative. Paper describes
the method for preserving a variety of apple types.
Used a pre-defined mark which was examined
over a period of ten years, with little distortion
noted.

1983 Irons F, Steuterman MC, Brinkhous W. Am J
Forensic Med Pathol; 4(2):177-80 Two bitemarks
on assailant. Primary link to homicide conviction.
Two bitemarks were found on a suspect in a
homicide. The authors state that the injuries

61.

62.

63.

64.

65.

66.

67.

68.

69.

matched the victims' teeth and the suspect pled
guilty to the offence.

1983 McCullough DC. Am J Forensic Med Pathol;
4(4):355-8 Rapid comparison of bitemarks by
xerography. Case report of bite in cheese, the
detective used a photocopier to record the
evidence.

1983 Ligthelm AJ, de Wet FA. J Forens
Odontstomatol; 1(1):19-26 Registration of
bitemarks: a preliminary report. Used bites on
sheep to investigate methods of recording
bitemarks. Utilized SEM to compare back to the
human volunteers who bit the sheep.

1983 Deming JE, Mittleman RE, Wetli CV J
Forens Sci; 28(3): 572-6 Forensic science aspects
of fatal sexual assaults on women. The authors
review the case files of 41 female victims of
proven fatal sexual assault. Describe bitemarks as
not infrequent in such crimes.

1983 Vale GL, Noguchi TT. J Forens Sci;
28(1):61-9 Anatomical distribution of human
bitemarks in a series of 77 cases. Paper which
examined the author's own cases to establish
common bite locations. Seminal paper, establishes
the nature of bites and likely crimes.

1984 Rawson RD, Brooks S. Am J Forensic Med
Pathol; 5(1):19-24 Classification of human breast
morphology important to bitemark investigation.
Describes the range of breast morphologies found
and their likely impact on bitemark analysis.

1984 Walter RA. Am J Forensic Med Pathol;
5(1):25-9 An examination of the psychological
aspects of bitemarks. Paper attempts to examine
some of the psychological threads which appear to
be operative for the perpetrator of bite marks.
Author makes outrageous claims. Walter later
discredited.

1984 Corbett ME, Spence D. Br Dent J;
157(8):270-1 A forensic investigation of teeth
marks in soap. A bite mark in soap was used as
evidence in the prosecution of a homicide of a 2
year old girl.

1984 Elliot TR. Rogers AH. Haverkamp JR.
Groothuis D. Forens Sci Int; 26(2):131-7 Analytical
pyrolysis of Streptococcus salivarius as an aid to
identification in bitemark investigation Authors
describe "finger-printing" strains of Streptococcus
salivarius. The results of the analysis of isolates
from two individuals are presented, illustrating the
differentiation of S. salivarius at strain level
according to the origin of the isolate.

1984 Brown KA. Elliot TR. Rogers AH. Thonard
JC. Forensic Sci Int; 26(3):193-7 The survival of
oral streptococci on human skin and its implication
in bitemark investigation. Authors describe their
experiments for recovering bacteria from saliva.
Found that after 24 hours on skin viable bacteria
could still be removed.



70.

71.

72.

73.

74.

75.

76.

1984 Dorion RB. J Can Dent Assoc; 50(2):129-30
Preservation and fixation of skin for ulterior
scientific evaluation and courtroom presentation.
Describes a method for removing and preserving
human skin exhibiting bite injuries. Author uses
acrylic which is placed on the skin, cyanoacrylate
glue used to stick the acrylic ring to the skin and
the tissue excised. Three year preservation
achieved little or no post fixation shrinkage. No
discussion of how the lack of shrinkage was
assessed. Numerous photographs illustrate the
procedure well.

1984 Krauss TC J Forens Sci; 29(2):633-8
Photographic techniques of concern in metric bite
mark analysis. Author advises the use of a rigid
ruler for scale, proper camera positioning in
relation to the scale, and a method to evaluate the
distortion in a two-dimensional print that records a
three-dimensional object is suggested.
Disregarding these factors makes metric bite mark
analysis inappropriate.

1984 Rawson RD. J Forens Sci; 29(1):245-53
Statistical evidence for the individuality of the
human dentition. A general population sample of
bite marks in wax was used to determine how
unique bites are. Authors conclude that the
analysis confirms the unique nature of human
bites. Seminal paper, but incorrectly assumed that
tooth position is uniformly distributed and not
correlated. Used the product rule to calculate
probability. Refuted by Bush et al, 2011.

1984 Rawson RD. J Forens Sci; 29(1):254-9
Incidence of bitemarks in a selected juvenile
population: a preliminary report. A study of the
frequency of bite marks among sheltered children.
Found an incidence of 1 545 bite marks per 100
000 population. Analysis of the age, sex, and
location of bite marks is presented.

1984 Karazulas CP. J Forens Sci; 29(1):355-358
Presentation of bitemark evidence resulting in the
acquittal of a man after serving seven years in
prison for murder Author describes case in which
he appeared for the defense with another
odontologist testifying for the prosecution. 3
months of bitemark analysis.

1984 Rao VJ, Souviron RR. J Forensic Sci;
19(1):326-30 Dusting and lifting the bite print: a
new technique. Utilizing the powder and brush
method employed in lifting fingerprints, one of the
authors was able to lift tooth prints on the body
surface of both living and dead victims. Possibly a
useful technique but never revisited.

1984 Fellingham SA, Kotze TJ, Nash JM. J
Forensic Odonto-Stomatology 2:2, 45-52.
Probabilities of Dental Characteristics.
Combination review and study of statistical
probability of dental configurations. Found 4%
match rate in two out of three populations studied.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

1984 Sperber, N. D. (1984). "A Bite Mark Being
the Only Item of Physical Evidence That Led to the
Conviction of a Suspect in a Southern Californian
Mutilation Homicide Case." Journal of the Forensic
Science Society 24(4): 304-305.

1984 Sperber, N. D. (1984). "Procedures in
Recording Bite Mark Evidence in Sexual Assault
and Child-Abuse Cases." Journal of the Forensic
Science Society 24(4): 305-305.

1985 Krauss TC, Warlen SC. J Forens Sci;
30(1):262-8 The forensic science use of reflective
ultraviolet photography. The procedure for
reflective ultraviolet photography in bite mark
cases is presented. Technique is described as
simple and inexpensive.

1985 Havel DA Journal of Biological Photography.
53(2):59-62 The role of photography in the
presentation of bitemark evidence. Paper explains
the various photographic techniques that can be
used with bitemark evidence.

1985 Walter RD. Am J Forensic Med Pathol;
6(3):219-21 Anger biting - the hidden impulse.
Examines principle of anger related biting,
describes memory loss of biting incidents and
offers a framework to resolving anger biting by
decompressing the emotional content. Needs a
serious assessment.

1985 Drinnan AJ, Melton MJ. Int Dent J;
35(4):316-21 Court presentation of bitemark
evidence. Instructs readers on court presentation
techniques and gives details on how to avoid
common pitfalls. Opens with the acceptance that
an individual's bite is unique. Quote twin study as
support for this and supported by Rawson et al.
Discusses the polarization of expert opinions.
Describes Frye.

1985 Sobel, M. N. and J. A. Perper (1985). "Self-
Inflicted Bite Mark on the Breast of a Suicide
Victim." American Journal of Forensic Medicine
and Pathology 6(4): 336-339. Case report.

1985 Bernstein ML. J Forens Sci; 30(3):958-64
Two bitemark cases with inadequate scale
references. Both cases illustrate that a technical
infraction in processing and recording bite marks,
though serious, need not automatically disqualify
the analysis.

1986 Sperber N. Forensic Sci Int; 30(2-3):187-93
Identification of children and adults through federal
and state dental identification systems: recognition
of human bitemarks. Mainly a discussion of human
dental identification - the paper contains a small
section on human bitemarks to complete the
forensic dental review.

1986 David TJ. J Forens Sci; 31(3):1126-34
Adjunctive use of scanning electron microscopy in
bitemark analysis: a 3D study. Case report in
which adjunctive use of scanning electron
microscopy (SEM) demonstrated the presence of



87.

88.

89.

90.

91.

92.

93.

94.

unusual three-dimensional characteristics in a bite
mark. Technical problems with images.

1986 Rawson RD, Vale GL. J Forens Sci;
31(4):1261-8 Analysis of photographic distortion in
bitemarks: a report of the bitemark guidelines
committee. States that some degree of distortion is
found in all bitemarks. A method of analyzing the
distortion is presented. Recommend a 900 angle
for bitemark photography.

1986 Rawson RD, Vale GL, Sperber ND,
Herschaft EE, Yfantis A. J Forens Sci; 31(4):1235-
60 Reliability of the Scoring System of the
American Board of Forensic Odontology for
Human Bite Marks. The various methods of
determining the validity of the scoring guide are
presented with statistical data generated from
scores reported by recognized forensic science
experts. States that this paper represents the first
truly scientific approach to bitemark analysis.
Emphasize the need for peer review. The paper
was ultimately disregarded as overly complex and
the system never gained credibility with forensic
dentists.

1986 ABFO Inc. JADA; 112:383-6 Guidelines for
bitemark analysis. This paper, written by the
members of the Bite Mark Committee, presents
guidelines for the proper investigation of bite
injuries. The article cites Hale's 78 paper as an
instigator in the process of establishing protocols.
These guidelines include a discussion of the
controversial bitemark scoring system. Despite
being described as "dynamic" these guidelines
were not updated.

1986 Bernstein, M. L. (1986). "Testing the Bite
Mark." Journal of the American Dental Association
112(6): 806-806. Letter to the editor.

1986 Wagner GN. Pediatric Dentistry 1986;8:
Special issue 1. 96-100 Bitemark identification in
child abuse cases. General review of causes and
occurrence of BM in children.

1987 Warnick AJ, Biedrzycki L, Russanow G. J
Forensic Sci; 32(3):788-92 Not all bite marks are
associated with abuse, sexual activities, or
homicides: a case study of a self-inflicted
bitemark. A case of self-inflicted bite mark during
an episode of myocardial ischemia is presented.
Paper alerts odontologists to the non-criminal bite.

1987 Ligthelm AJ, Coetzee WJ, van Niekerk PJ. J
Forensic Odont;97

5(1):1-8 The identification of bite marks using the
reflex microscope. Used bitemarks in cheese,
apples and chewing gum. The use of the reflex
microscope is described. Not used in casework.

1987 Farrell, W. L., R. D. Rawson, et al. (1987).
"Computerized Axial-Tomography as an Aid in Bite
Mark Analysis - a Case-Report." Journal of
Forensic Sciences 32(1): 266-272. Case report.

95.

96.

97.

98.

99.

100.

101.

102.

103.

1987 Dorion RB. J Forens Sci; 32(3):690-7
Transillumination in bite mark evidence. Author
describes the value of using transillumination in
the examination of bitemarks. Author describes the
technique's use when bites are poorly defined,
barely visible, or obscured by other superimposed
bite marks or traumatic injury patterns.
Controversy surrounds the removal of tissue from
victims of crime. Does the increase in evidentiary
value justify this mutilation?

1988 Zarkowski P. J Law & Ethi Dent; 1(1):47-57
Bite mark evidence: its worth in the eyes of the
expert. Excellent review of the legal status of
bitemarks. States " [BMs] evolved from a weak
beginning....never progressed through a testing
phase to measure accuracy and reliability"
Recommends cautious use.

1988 Hyzer WG, Krauss TC. J Forensic Sci;
33(2):498-506 The Bite Mark Standard Reference
Scale--ABFO No. 2. The ABFO scale is now
universally adopted by not only forensic dentists
but also many other forensic professionals. This
paper describes the design and constructional
features of the scale and offers guidelines for its
effective application to bite mark photography.
Paper describes an important tool in BM
investigations.

1988 Benson, B. W., J. A. Cottone, et al. (1988).
"Bite Mark Impressions - a Review of Techniques
and Materials." Journal of Forensic Sciences
33(5): 1238-1243. Method paper.

1988 Vale GL, Rawson RD. J Forensic Sci;
33(1):20 Discussion of "Reliability of the scoring
system of the ABFO for human bitemarks" A
"back-track" from the scoring system, advising
caution when using the index and recommending
more research. Brought to an end the point system
- no further work was carried out.

1988 Summers, R. and D. A. Lewin (1988).
"Photographic Procedures Relating to Bite Mark
Evidence." Journal of the Forensic Science
Society 28(3): 211-212. Method paper.

1989 Gundelach A. J Forensic Odont;7(2):11-6
Lawyers' reasoning and scientific proof: a
cautionary tale in forensic odontology. Describes a
legal case and states that a cautious approach to
bitemark evidence should be taken. Yet another
paper which advises caution when using bitemark
evidence. Little attention paid to such articles.

1989 Grey, T. C. (1989). "Defibrillator Injury
Suggesting Bite Mark." American Journal of
Forensic Medicine and Pathology 10(2): 144-145.
Case report.

1989 Dailey, J. C., A. F. Shernoff, et al. (1989).
"An Improved Technique for Bite Mark
Impressions." Journal of Prosthetic Dentistry
61(2): 153-155. Method of taking impression using
low viscosity impression and custom tray
materials.
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1990 Whittaker DK Dental Update; 17(9):386-90
Principles of forensic dentistry: 2. Non-accidental
injury, bitemarks and archaeology. The paper
reviews the role of the forensic dentist with respect
to non-accidental injury to children, analysis of bite
marks, and archaeological investigations. Another
review on this subject.

1990 West MH, Barsley RE. Mississippi D Ass J;
46(4):7, 11-2 First bite mark convictions in
Mississippi. Case reports of bitemark cases in this
State.

1990 West MH, Barsley RE, Frair J, Seal MD. J
Forensic Sci; 35(6):1477-85 The use of human
skin in the fabrication of a bite mark template: two
case reports. In this article skin was used as a
template for the reproduction of a bite. In one case
the victim's skin was used; in the other, the skin of
a anatomically similar person was used. The use
of inked dental casts, photography, and
transparent overlays significantly reduced the
errors common to analysis of bite marks in these
highly curved areas. Novel technique although not
well accepted.

1990 Pierce LJ, Strickland DJ, Smith ES Am J
Forensic Med Pathol; 11(2):171-7 The case of
Ohio v. Robinson. An 1870 bite mark case. This
trial represents an early and perhaps the first
attempt to admit bite-mark evidence in a court of
law in the United States. First case - historical
value only.

1990 Barsley RE, West MH, Fair JA. Am J
Forensic Med Pathol; 11(4):300-8 Forensic
photography. Ultraviolet imaging of wounds on
skin. This article discusses the photographic
techniques involved in reflective and fluorescent
UVL. Documentation of skin wounds via still
photography and dynamic video photographic
techniques, which utilize various methods of UV
illumination, are covered. The use of advanced
photographic techniques has been questioned in
courts.

1990 R T Allison and D K Whittaker 1990 43: 600-
603J Clin Pathol of Use of benzidine for
histological demonstration of haemoglobin in
human bite marks. Describes use of a prohibited
carcinogen to stain for haemoglobin.

1991 Dailey JC. J Forensic Sci; 36(2):565-70 A
practical technique for the fabrication of
transparent bite mark overlays. A quick,
inexpensive, and accurate technique for
generating transparent overlays, using office
photocopy machines, for use in bite mark case
analysis is presented. Photocopy technique was
the 1st attempt to produce an objective overlay
with precision.

. 1992 Robinson E, Wentzel J. J Forensic Sci;

37(1):195-207 Toneline bite mark photography. A
high-contrast film technique previously used

112.

113.

114.

115.

116.

117.
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120.

primarily in the graphic arts field has been refined
and applied to forensic odontology.

1993 Mailis NP. J Forensic Odont; 11(1):31-3
Bitemarks in forensic dental practice: the Russian
experience. Cases from Russia are described.

1993 Figgener L. J Forensic Odont; 11(2):71-5
Points of contact between quality issues and
forensic aspects. Issues related to jurisprudence.

1994 Ligthelm AJ, van Niekerk PJ J Forensic
Odont; 12(2):23-9 Comparative review of bitemark
cases from Pretoria, South Africa. The purpose of
this study was to record the experiences with
bitemark cases presented to forensic odontologists
at the University of Pretoria from 83-93 and to
compare them with trends and findings elsewhere.
Some details on anatomical locations may be
useful.

1994 Wood RE, Miller PA, Blenkinsop BR. J
Forensic Odont; 12(2):30-6 Image editing and
computer assisted bitemark analysis: a case
report. Three different approaches for comparison
with the bitemark photograph were utilized:
comparison with radiographs of amalgam-filled
impressions of dental casts, a transparent overlay
technique and comparison with photographs of a
simulated bitemark inked onto the hand of a
volunteer.

1994 Thompson IO, Phillips VM. J Forensic
Odont; 12(2):37-40 A bitemark case with a twist.
This is a case report in which the bite patterns of
two suspects were compared to a bitemark on the
breast of a murder victim. Each suspect had
sufficient concordant features to have been found
guilty of producing the bitemark. The irony in this
case is that the bitemark was not inflicted by the
murderer.

1994 Aboshi H, Taylor JA, Takei T, Brown KA. J
Forensic Odont; 12(2):41-4 Comparison of
bitemarks in foodstuffs by computer imaging: a
case report. Marks in cake discovered at a crime
scene were examined and compared with the
teeth of a suspect arsonist. The comparison was
made by computer imaging analysis and a
remarkable similarity in arch shape was observed.

1994 Jessee SA Paediatric Dentistry; 16(5):336-9
Recognition of bite marks in child abuse cases.
Health professionals must be attentive to any and
all signs of child maltreatment. Bite marks are one
of several visual expressions of active child abuse.
Another paper describing this important issue.

1994 Barry LA Bull Hist Dent; 42(1):21-7 Bite mark
evidence collection in the United States. A legal
historical review.

1994 Nuckles DB, Herschaft EE, Whatmough LN.
General Dentistry. 42(3):210-4 Forensic
odontology in solving crimes: dental techniques
and bite-mark evidence.

Usual review of technique and legal issues.
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1994 David, T. J. and M. N. Sobel (1994).
"Recapturing a 5-Month-Old Bite Mark by Means
of Reflective Ultraviolet Photography." Journal of
Forensic Sciences 39(6): 1560-1567. The Kunco
case report. Astonishing claim of being able to
positively identify a bite perpetrator based on a 5
month old bitemark. Appeal denied in 2011.

1994 Golden, G. S. (1994). "Use of Alternative
Light-Source lllumination in Bite Mark
Photography." Journal of Forensic Sciences 39(3):
815-823. Method paper.

1995 Nambiar P, Bridges TE, Brown KA. J
Forensic Odont; 13(2):18-25 Quantitative forensic
evaluation of bite marks with the aid of a shape
analysis computer program: Part 1; The
development of "SCIP" and the similarity index. In
this study, an interactive shape analysis computer
program ("SCIP"-Shape Comparison Interactive
Program) has been employed in an attempt to
derive experimentally a quantitative comparison, in
the form of a Similarity Index (S.1.), between the
"offender's" teeth and the bite marks produced on
a standard flat wax form.

1995 Nambiar P, Bridges TE, Brown KA. J
Forensic Odont; 13(2):26-32 Quantitative forensic
evaluation of bite marks with the aid of a shape
analysis computer program: Part 2; "SCIP" and
bite marks in skin and foodstuffs. In this study,
"SCIP" was employed in an attempt to quantify the
comparison, in the form of the Similarity Index
(S.1.), between the "offender's" teeth and the bite
marks produced on foodstuffs and on human skin,
under experimental conditions.

1995 Free EW, Brown KA. J Forensic Odont;
13(2):33-5 A bitemark and a fracture? Case
presents an interesting problem of interpretation of
odontological evidence relevant to the
identification of the offender, and raises issues
concerning proper procedures for the utilisation of
expertise in forensic odontology. First case in
Dutch law.

1995 Jakobsen J, Holmen L, Fredebo L, Sejrsen
B. J Forensic Odont; (13)2:36-40 Scanning
electron microscopy, a useful tool in forensic
dental work. Another description of the use of SEM
in bitemarks, presents four example cases.

1995 Rothwell BR. JADA; 126(2):223-32 Bite
marks in forensic dentistry: a review of legal,
scientific issues. This review article explores the
legal and scientific basis of bite mark evidence.

1995 McKinstry, R. E. (1995). "Resin Dental Casts
as an Aid in Bite Mark Identification." Journal of
Forensic Sciences 40(2): 300-302. Method paper.

1996 Naru AS, Dykes E. Science & Justice.
36(1):47-50 The use of a digital imaging technique
to aid bite mark analysis. Describes the use of a
computer based overlay technique and uses a
case example to illustrate the method.

130

131.

132.

133.

134.

135.

136.

137.

138.

139.

. 1996 Vale GL. J Cal Dent Assoc; 24(5):29-34
Dentistry, bite marks and the investigation of
crime. Another review of the bitemark science -
includes case examples.

1996 West MH, Hayne S, Barsley RE. Wound
patterns: detection, documentation and analysis. J
Clinical Forensic Med (1996)3, 21-7. Discussion of
how odontologists team with pathologists to
interpret wounds in skin.

1996 Aksu MN, Gobetti JP. Am J Forensic Med
Pathol; 17(2):136-40 The past and present legal
weight of bite marks as evidence. Legal review.
This paper was followed by a letter from Ann
Norrlander who criticised many of the points.
Better legal reviews available.

1997 Naru AS, Dykes E. Science & Justice;
37(4):251-8 Digital image cross-correlation
technique for bite mark investigations. Describes
the production of a complex computer program for
assessing bitemarks. Describes a series of
experiments to validate the system.

1997 Williams RG, Porter BE. J Oklahoma Dent
Assoc; 88(2):29-30 Forensic dentistry.
Documentation of bite-mark evidence using
multiple computer-assisted techniques. Describes
a computer technique - however describes using a
pencil to highlight the incisal edges prior to
scanning - subjective?

1997 Dailey, J. C. and C. M. Bowers. Aging of
bitemarks: A literature review. Journal of Forensic
Sciences 42(5): 792-795. Cautionary analysis
suggesting that aging of wounds is not reliable.

1998 Sweet D, Parhar M, Wood RE. J Forensic
Sci; 43(5):1050-5 Computer-based production of
bite mark comparison overlays. This paper
describes this technique to enable the odontologist
to produce high-quality, accurate comparison
overlays without subjective input.

1998 Wright FD. J Forensic Sci; 43(4):881-7
Photography in bite mark and patterned injury
documentation. Part 2: A case study. The
evidence recovered at each photography session
is discussed and photographs are presented for
review. Suggestions concerning the need for more
research are presented.

1998 Sweet D, Bowers CM. J Forensic Sci;
43(2):362-7 Accuracy of bite mark overlays: a
comparison of five common methods to produce
exemplars from a suspect's dentition. Five
common overlay production methods were
compared using digital images of dental study
casts as a reference standard.

1998 Atkinson SA. Med, Sci & Law; 38(1):34-41 A
qualitative and quantitative survey of forensic
odontologists in England and Wales, Forty
forensic odontologists in England and Wales, as
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149.

listed for the British Association for Forensic
Odontology in Spring 94, were surveyed by post.
Interesting paper with some useful statistics.

1998 Whittaker DK, Brickley MR, Evans L.
Forensic Sci Int; 92(1):11-20 A comparison of the
ability of experts and non-experts to differentiate
between adult and child human bite marks using
receiver operating characteristic (ROC) analysis.
Fifty colour prints of human bite marks were sent
to 109 observers who were asked to decide using
a six point rating scale, whether the marks had
been produced by the teeth of an adult or a child.
Non-experts had similar performance to experts.

1999 McKenna CJ, Haron MI, Taylor JA. J
Forensic Odont, 1999;17:40-43. Evaluation of a
bitemark using clear acrylic replicas of the
suspect’s dentition — a case report.

1999 McGivney, J. and R. Barsley (1999). "A
method for mathematically documenting
bitemarks." Journal of Forensic Sciences 44(1):
185-186. Proposed method paper.

1999 Sweet, D. and G. G. Shutler (1999).
"Analysis of salivary DNA evidence from a bite
mark on a body submerged in water." Journal of
Forensic Sciences 44(5): 1069-1072.

2000 Rawson, R. B., G. H. Starich, et al. (2000).
"Scanning electron microscopic analysis of skin
resolution as an aid in identifying trauma in
forensic investigations." Journal of Forensic
Sciences 45(5): 1023-1027. SEM study claiming
that living skin records detail as small as 3ym.

2000 Pretty, I. A. and D. Sweet (2000).
"Anatomical location of bitemarks and associated
findings in 101 cases from the United States."
Journal of Forensic Sciences 45(4): 812-814.
Analysis of bitemark anatomical location in US
cases.

2001 Sheasby DR, McDonald DG. For Sci Int
122:1:Oct 75-8. A forensic classification of
distortion in human bitemarks. Important
cautionary paper. Acknowledges that distortion is
probably present in all bitemarks.

2001 Pretty IA, Turnbull MD. Lack of dental
uniqueness between two bite mark suspects.
Urges caution due to similarity of dentitions.

2001 Pretty IA, Sweet D. Science and Justice
2001;41(2): 85-92. The scientific basis for human
bitemark analyses — a critical review. Much cited
review paper.

2001 Pretty, I. A. and D. Sweet (2001). "Digital
bite mark overlays - An analysis of effectiveness."
Journal of Forensic Sciences 46(6): 1385-1391.
One of the few papers addressing error rates.
Used a pigskin model and reported sensitivity and
specificity values against a known gold standard.
Best practices were employed with overlays
provided to the examiners.
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2001 Karazulus, C. P., T. M. Palmbach, et al.
(2001). "Digital enhancement of sub-quality
bitemark photographs." Journal of Forensic
Sciences 46(4): 954-958. Describes arbitrary
image manipulation.

2001 Kouble, R. F. and G. T. Craig (2001).
"Comparisons between direct and indirect
techniques for bite mark analysis." Journal of
Dental Research 80(4): 1179-1179. Method paper.

2001 Rothwell, B. R. and A. V. Thien (2001).
"Analysis of distortion in preserved bite mark skin."
Journal of Forensic Sciences 46(3): 573-576.

2001 Sweet, D. and I. A. Pretty (2001). "A look at
forensic dentistry - Part 2: Teeth as weapons of
violence - identification of bitemark perpetrators."
British Dental Journal 190(8): 415-418. General
review article.

2001 Arheart, K. L. and I. A. Pretty (2001).
"Results of the 4th ABFO Bitemark Workshop-
1999." Forensic Science International 124(2-3):
104-111. Reports results of an ABFO blind study
workshop using ROC analysis. Paper has
contradictory language stating that forensic pattern
analysis is subjective and not an exact science,
but also that bitemark examination is an accurate
technique. The results as described can be
interpreted in several ways.

2002 Kittelson JM, Kieser JA, Buckingham DM,
Herbison GP. J For Odont. 2002; 20(2):31-7
Weighing evidence: Quantitative measures of the
importance of bitemark evidence. Concludes that
likelihood ratios are not useful in bitemark
analysis.

2002 Bowers, C. M. and R. J. Johansen (2002).
"Photographic evidence protocol: The use of digital
imaging methods to rectify angular distortion and
create life size reproductions of bite mark
evidence." Journal of Forensic Sciences 47(1):
178-185. Method of rectifying distortion using
Photoshop. Although widely accepted at the time,
the method is actually arbitrary image
manipulation.

2002 Pretty, I. A. and R. C. Hall (2002). "Forensic
dentistry and human bite marks: issues for
doctors." Hospital Medicine 63(8): 476-482.
General review.

2002 Vogeley, E., M. C. Pierce, et al. (2002).
"Experience with wood lamp illumination and
digital photography in the documentation of
bruises on human skin." Archives of Pediatrics &
Adolescent Medicine 156(3): 265-268. UV
photography method paper.

2002 Webb, D. A, D. Sweet, et al. (2002).
"Forensic implications of biting behavior: A
conceptually underdeveloped area of
investigation." Journal of Forensic Sciences 47(1):
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103-106. Exploration of behavioral aspects of
biting.

2003 McNamee, A. H. and D. Sweet (2003).
"Adherence of forensic odontologists to the ABFO
guidelines for victim evidence collection." Journal
of Forensic Sciences 48(2): 382-385. Survey of
practices.

2003 Pretty IA. J For Sci 2003;48(5):1117-20. A
web-based survey of odontologist’s opinion
concerning bitemark analysis. 91% of respondents
believed the dentition unique, 78% believed
uniqueness transferred to skin.

2003 Thali, M. J., A. Braun, et al. (2003). "Bite
mark documentation and analysis: the forensic
3D/CAD supported photogrammetry approach."
Forensic Science International 135(2): 115-121.
Graphical superposition of a single dental model
and bitemark in 3D space (N=1).

2004 Kouble, R. F. and G. T. Craig (2004). "A
comparison between direct and indirect methods

available for human bite mark analysis." Journal of

Forensic Sciences 49(1): 111-118. Repeat of
material presented in 2001.

2004 Randerson, J. (2004). "Bite-mark evidence
can leave a false impression." New Scientist
181(2438): 6-7. Brief review of concerns about BM
evidence.

2005 Freeman, A. J., D. R. Senn, et al. (2005).
"Seven hundred seventy eight bite marks: Analysis
by anatomic location, victim and biter
demographics, type of crime, and legal
disposition." Journal of Forensic Sciences 50(6):
1436-1443. Results of bite anatomical location
survey.

2005 Martin-de las Heras, S., A. Valenzuela, et al.
(2005). "Computer-based production of
comparison overlays from 3D-scanned dental
casts for bite mark analysis." Journal of Forensic
Sciences 50(1): 127-133. Describes 3D software
package that uses a proprietary file format.

2005 McNamee, A. H., D. Sweet, et al. (2005). "A
comparative reliability analysis of computer-
generated bitemark overlays." Journal of Forensic
Sciences 50(2): 400-405. Another study on
overlays.

2005 Rahimi, M., N. C. K. Heng, et al. (2005).
"Genotypic comparison of bacteria recovered from
human bite marks and teeth using arbitrarily
primed PCR." Journal of Applied Microbiology
99(5): 1265-1270. Proof of concept paper
matching bacteria genotypes to eight volunteers.

2006 Pretty IA, Sweet D. J For ODont 24;1:2006.
The judicial view of bitemarks within the United
States Criminal Justice system. Review of
appellate court proceedings and problems.
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2006 Pretty IA. For Sci Int 159;1 S110-120. The
barriers to achieving an evidence base for
bitemark analysis. Review stating urgent need for
further studies to achieve scientific basis.

2006 Bowers CM. For sci Int 159S 2006 S104-
S109. Problem-based analysis of bitemark
misidentifications: the role of DNA. Review of
overturned cases.

. 2006 Al-Talabani et al. Digital analysis of

experimental human bitemarks: Application of two
new methods. J Forensic Sci 51:6, 1372-5

In the only empirical study of it’s kind, 50 living
volunteers were bitten. Study concludes that it was
difficult to distinguish biters due to gross similarity
of the dentitions.

2006 Bernitz, H., W. F. P. van Heerden, et al.
(2006). "A technique to capture, analyze, and
quantify anterior teeth rotations for application in
court cases involving tooth marks." Journal of
Forensic Sciences 51(3): 624-629. Reports metric
dental measurements of tooth rotation prevalence
in a population. Classified as common, uncommon
and very uncommon.

. 2006 Van der Velden. J Forensic Odont

2006;24(1)14-7. Bite mark analysis and
comparison using image perception software.
Report on digital image manipulation with no
justification for arbitrary changes.

2006 Murmann, D. C., P. C. Brumit, et al. (2006).
"A comparison of animal jaws and bite mark
patterns." Journal of Forensic Sciences 51(4):
846-860. Metric survey of animal jaws.

2007 Kouble, R. F. and G. T. Craig (2007). "A
survey of the incidence of missing anterior teeth:
Potential value in bite mark analysis." Science &
Justice 47(1): 19-23. Survey of prevalence of
missing teeth in 1010 individuals in a UK
population.

. 2007 Pretty, I. A. (2007). "Development and

validation of a human bitemark severity and
significance scale." Journal of Forensic Sciences
52(3): 687-691. First serious attempt to develop
and evidentiary value scale by means of a survey
of 30 examiners looking at 35 bitemarks.
Landmark effort, although the resulting scale has
not been universally adopted.

2007 Blackwell SA, et al. Int J Leg Med. 2007
121:9-17. 3D imaging and quantitative comparison
of human dentitions and simulated bitemarks.
Found 15% false positive rate in wax bites.

2007 Kieser et al. The Uniqueness of the
Human Anterior Dentition: A Geometric
Morphometric Analysis J Forensic Sci, May 2007,
Vol. 52, No. 3. Used shape analysis methods to
study a small (33 mx 49 mn) population. Claimed
dental uniqueness based on small differences. Did
not report measurement error. Flawed inference
from insufficient data.
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2007 Martin-de las Heras, S., A. Valenzuela, et al.
(2007). "Effectiveness of comparison overlays
generated with DentalPrint (c) software in bite
mark analysis." Journal of Forensic Sciences
52(1): 151-156. Validation study for 3D software
using bitemarks in pigskin.

2008 Bernitz, H., J. H. Owen, et al. (2008). "An
integrated technique for the analysis of skin bite
marks." Journal of Forensic Sciences 53(1): 194-
198. Claims that metrics can help resolve biter ID
using a Case report.

2008 Metcalf, R. D. (2008). "Yet another method
for marking incisal edges of teeth for bitemark
analysis." Journal of Forensic Sciences 53(2):
426-429.

Describes complex method of marking incisal
edges of dental models.

2009 Bowers, C. M. and I. A. Pretty (2009).
"Expert Disagreement in Bitemark Casework."
Journal of Forensic Sciences 54(4): 915-918.
Assessment of outcome of 49 cases using the
2007 severity scale. Concludes that expert
disagreement is related to quality of evidence.

2009 Martin-de-las-Heras, S. and D. Tafur (2009).
"Comparison of simulated human dermal
bitemarks possessing three-dimensional attributes
to suspected biters using a proprietary three-
dimensional comparison." Forensic Science
International 190(1-3): 33-37. Dental models of
nine adults and four children with mal-alignments
were used to bite wax and pigskin in a self-
validation study. Flawed study because of sample
selection bias.

2009 Lasser, AJ, Warnick A. (2009). "Three-
Dimensional Comparative Analysis of Bitemarks."
Journal of Forensic Sciences 54(3): 658-661.
Comparison of a bitemark to dental model in 3D.
Study of N=1.

2009 Bush MA, Miller RG, Bush PJ, Dorion
RBJ. Biomechanical Factors in Human Dermal
Bitemarks in a Cadaver Model J Forensic Sci,
2009; 54(1):167-76. First serious consideration of
skin properties. 23 bites were made with the same
dentition in cadaver skin, none were measurably
the same. Postural distortion was also studied and
found to be significant. Bitemarks were not
reproducible. Landmark paper using cadaver
model.

2009 Miller RG, Bush PJ, Dorion RBJ, Bush
MA. Uniqueness of the Dentition as Impressed in
Human Skin: A Cadaver Model. J Forensic Sci,
2009;54(4):909-14. 100 models were compared to
bitemarks made with 10 dentitions with different
alignments. Results showed difficulty
distinguishing the biter from individuals with
similarly aligned dentitions and in some cases, an
incorrect biter appeared better correlated to the
bite. Cautionary paper empirically demonstrating
unreliability of bitemark analysis.

188.

189.

190.

191.

192.

193.

194.

195.

196.

2010. Bush MA, Thorsrud K, Miller RG, Dorion
RBJ, Bush PJ. The Response of Skin to Applied
Stress: Investigation of Bitemark Distortion in a
Cadaver Model. J Forensic Sci, January 2010, Vol.
55, No. 1. Force per unit area was varied during
controlled bites on cadaver skin using an
instrumented biting machine. Bite appearance was
not predictable, nor did laceration reliably occur. A
principal variable is tissue type.

2010 J.G. Clement, S.A. Blackwell, Is current
bite mark analysis a misnomer? Forensic Sci. Int.
(2010),d0i:10.1016/ 2010.03.006. Discusses four
problematic cases, suggests a paradigm shift is
necessary.

2010 L.A. Pretty, D. Sweet, A paradigm shift in
the analysis of bitemarks, Forensic Sci. Int. (2010),
doi:10.1016/j.forsciint.2010.04.004. Uses three of
the Bush group papers to suggest that the
paradigm shift is already occurring. Also lists
cases in which exonerations occurred.

2010 S.L. Avon, et al., Error rates in bite mark
analysis in an in vivo animal model, Forensic Sci.
Int. (2010), doi:10.1016/j.forsciint.2010.04.016.
Showed error rates of examiners using a live pig
model. Inexperienced examiners performed as
well as board-certified examiners. Suggested that
results might support the contention that bite mark
analysis is entirely subjective.

2010 Bush MA, Cooper HI, Dorion RBJ. Inquiry
into the Scientific Basis for Bitemark Profiling and
Arbitrary Distortion Compensation J Forensic Sci
2010; 55(4):976-83. Discussion with examples of
why it is not appropriate to profile a biter from a
bitemark or make universal distortion corrections.

2010 Wright, F. D. and G. S. Golden (2010). “The
use of full spectrum digital photography for
evidence collection and preservation in cases
involving forensic odontology.” Forensic Science
International 201(1-3): 59-67. Photography method
description.

2010 Stols, G. and H. Bernitz (2010).
“Reconstruction of Deformed Bite Marks Using
Affine Transformations.” Journal of Forensic
Sciences 55(3): 784-787. Describes use of affine
transformations to correct for distortion. Sample
size of one. Methodology refuted by Bush 2011

2010 Lopez, T. T., M. G. H. Biazevic, et al. (2010).
“National survey of the incidence of missing
anterior teeth: Potential use in bite mark analysis
in the Brazilian context.” Science & Justice 50(3):
119-122. Survey of missing teeth in Brazilian
population.

2010 Desranleau S, Dorion RBJ. Bite Marks:
Physical Properties of Ring

Adhesion to Skin—Phase 1. J Forensic Sci,
January 2011, Vol. 56, No. S1. Method of
adhesion to skin prior to excision.
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2011 Heras S, Tafur D. Validity of a dichotomous
expert response in bitemark analysis using 3-D
technology. Science and Justice 51 (2011) 24-27.
Study explores decision-making process.
However, this and a previous study (Heras 09)
used the same set of 13 dentitions, selected
because they were distinct from each other. It is
no surprise that it was possible to match biter with
dentition.

2011 Santoro V, Lozito P, De Donno A, Introna F.
Experimental Study of Bite Mark Injuries by Digital
Analysis. J Forensic Sci, January 2011, Vol. 56,
No. 1. Digital morphometric comparison of 20
dentitions and 20 bites in pigskin and plastic.

2011 Tuceryan M, Li F, Blitzer HL, Parks ET, Platt
JA. A Framework for Estimating Probability of a
Match in Forensic Bite Mark Identification. J
Forensic Sci, January 2011, Vol. 56, No. S1.
Bitemarks were simulated by impressing 15
lipstick coated dental models on a rubber doll.
Metric analysis was attempted.

2011 Bush MA, Bush PJ, Sheets HD. Statistical
Evidence for the Similarity of the Human Dentition.
J Forensic Sci, 2011;56(1):118-23.

Refutation of Rawsons 1984 study that claimed
dental uniqueness. Two dental populations of 172
and 344 were examined for match rates. Statistics
were used that took into account dental correlation
and non-independent nature of the human
dentition. Matches were found in the populations
studied. Study suggests that the dentition is not
unique as measured.

2011 Sheets HD, Bush PJ, Brzozowski C,
Nawrocki LA, Ho P, Bush MA. Dental shape match
rates in selected and orthodontically treated
populations in New York State: A 2 dimensional
study. J Forensic Sci, 2011;56(3):621-6. Study of
dental match rates using shape analysis methods
in a general population of 410 (match rate 1.46%)
and an orthodontically treated population of 110
(match rate 42%). Orthodontic treatment had a
dramatic effect on match rate.

2011 Bush MA, Bush PJ, Sheets HD. Similarity
and Match Rates of the Human Dentition In 3
Dimensions: Relevance to Bitemark Analysis.
International Journal of Legal Medicine published
online 4 September 2010.

Match rates determined in a population of 500
dentitions using 3D models and shape analysis.
Significant numbers of matching dentitions were
found. The effect of 2D vs 3D measurement on
match rate was also explored (match rate lowered
when 3D included). This and prior studies showed
that dental match rate is population-dependent.

2011 Bush MA, Sheets HD. Mathematical
matching of a dentition to bitemarks: Use and
evaluation of affine methods. Forensic Science
International (2010),
doi:10.1016/j.forsciint.2010.09.013.
Mathematical investigation into distortion
correction using bitemarks in cadavers. Affine

204.

methods cannot be applied because of skin
anisotropy. Refutation of Stols and Bernitz 2010
approach and mathematical confirmation of Bush
2010 empirical distortion study.

2011 Bush MA, Bush PJ, Sheets HD. A study of
multiple bitemarks inflicted in human skin by a
single dentition using geometric morphometric
analysis. Forensic Science International (2011),
doi:10.1016/j.forsciint.2011.03.028. Comparison of
89 bitemarks to dentition shape. Concludes that
false positives are readily possible due to
distortion of dental shape in skin.
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ACADEMY PROCEEDINGS, 1960
V. FACILITIES FOR FORENSIC ODONTOLOGY
R. W. FEARNHEAD *

THE title of this article is no small embarrassment to me, for at
present in the British Isles there are virtually no facilities for forensic
odontology. Furthermore, there is no one who can claim to be a
forensic odontologist, although scattered about the world are a few
dentists who have gained, ad hoc, some experience in the appli-
cation of dental science to forensic problems. The first point
that I wish to make, therefore, is really in the form of a plea for some
form of organisation in this country, within which forensic
odontology may flourish, for there is no doubt that the teeth and
jaws can provide in many cases a most accurate means of
identification.

The need for an organised development of this subject was
recognised some years ago by the scientific commission of the
Federation Dentaire Internationale and a small international com-
mittee was established by this organisation to study and advise on
methods, research and the dissemination of knowledge of forensic
odontology. The value of this committee is somewhat limited
because in many countries there exists no organised system for the
application of odontology to forensic problems. The Scandinavian
countries are notable exceptions to this statement, where the applica-
tion of dental science to problems of identification has already taken
on some semblance of orderliness. For example, in Norway, small
teams, each consisting of a medical, dental and a police officer, are
available to deal with identification problems arising from major
catastrophes such as air disasters, fires and so on. In such an event
the dental and medical records of the suspected victims are collected -
immediately and are available to the forensic scientists when they

* M.D.S. Lecturer in Dental Anatomy, Department of Dental Pathology, London Hospital
Dental School.
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commence their investigation. In the event of an individual being
reported as missing, after one month the medical and dental records
are collected in some central place as a routine procedure. These
records are then available to the identification team of three for
comparison with any human remains which from time to time may
be brought to light. :

Theoretically, information that can be obtained from an ex-
amination of teeth and jaws could form a most accurate method
of identification, especially in Great Britain today. for under the
National Health Scheme a very high percentage of the population
have their dental characteristics recorded. However, matching
dentitions with dental record charts forms only part of the informa-
ton that can be obtained from a careful examination of the
dentition. For example, the age of a person may be judged from
the stage of development of the teeth, or by assessing the degree of
those changes which can be related to the passage of time. In somc
cases characteristic features of either the dentition or the type of
conservative treatment may give some indication of race or place
of derivation.

It must be quite clear to the reader that an assessment of the
value of such information as can be obtained from an examination
of the teeth and jaws can only be made and placed in its correct
perspective by a properly qualified expert. Frequently even an
expert can only give an opinion, although at times he may be ablc
to establish conclusive factual evidence which may have a bearing
on the case under consideration. Obviously therefore before forensic
medicine can benefit much from applied odontology, the post-
graduate training of a nucleus of forensic odontologists is urgently
needed. Such persons would need to be well versed in the methods
of the basic sciences as well as medicine and dentistry, for only with
such people can methods of forensic odontology be improved by
well-conceived research programmes. Apart from a few isolated
places research in forensic odontology is non-existent. Studies into
growth rates of the teeth and jaws; age changes in tooth structure;
and studies of the uptake of radioactive strontium by dental tissues.
are a few examples of dental researches which are of fundamental
importance to forensic science. The special requirements of forensic
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FACILITIES FOR FORENSIC ODONTOLOGY

problems therefore ought to be actively represented in such research
programmes by practising forensic odontologists. Unfortunately for
the present, we are a long way from achieving this ideal.

UNRELIABLE EVIDENCE—AN EXPERIMENT

The need for a transfusion of dental research into forensic science
is only too apparent when one considers the doubtful reliability of
the deliberations occasionally given by so-called expert witnesses.
The type of witness referred to here is usually a self-styled expert,
but remarkable as it may seem his statements are often accepted as
conclusive by the courts. It is common knowledge that tooth-bites
often leave an impression in the material bitten, for example bruises
in flesh, marks on foodstuffs, etc. From time to time such impres-
sions have been used to establish the complicity of a suspect in some
misdemeanour by comparing impressions of teeth left at the scene of
the crime with models prepared from the suspect’s teeth. This
method of identification at first sight appears to be similar to that of
fingerprint matching, and, not unnaturally, is often credited with the
same degree of accuracy. I believe, however, that evidence which
involves the identification of a person by tooth-marks left as bruises
in flesh should never be admitted, and evidence involving bite-marks
in, for example, foodstuffs should be examined extremely critically.
In order to make this point I performed a simple experiment in
collaboration with my colleague Mr. A Boyde. We set out to
establish the following:

(2) Under ideal conditions could an expert relate models of a
dentition with well-defined freshly made bite-marks in
suitable foodstuffs?

(b) Could models from the dentitions of two people ever appear
to fit a bite-impression made by one person?

The experiment was conducted in the following way. Five
people were selected by Mr. Boyde, who prepared plaster of paris
models of their teeth and jaws. Each was then requested to take a
bite from pieces of cheese, pieces of chocolate and from an apple.
The specimen bites from each individual were put into separate
trays together with the five sets of bite-marks. I was then asked to
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match the models with the bite-marks. Unknown to me, models of
the teeth and jaws from a sixth person had been exchanged for one of
the experimental group. After a short examination I was able to
identify correctly each of the four models with their respective
bite-marks. It was also possible to eliminate the set of plaster
models which did not match. This we felt established that under
favourable conditions freshly prepared plaster models could be
matched with freshly made bite-marks with a reasonable degree of
certainty.

Pursuing the matter further Mr. Boyde was able, without much
difficulty, to find among a collection of plaster models, kept in the
hospital as a record of patients’ jaws, a dentition which fitted the
bite-marks of one of our experimental group just as perfectly as the
models of the jaws that made them (Fig. 1). Furthermore, we found

g

Fig. 1. Plaster models A of the upper incisor teeth of a female patient
age 15 years, fitted with reasonable accuracy to the bite-marks made in an apple
B by a male age 18 years.

276




nodels of
or one of
s able to
espective
f plaster
1at under
could be
degree of

sut much
'pt in the
fitted the
tly as the
we found

le patient
1 an apple

FACILITIES FOR FORENSIC ODONTOLOGY

that in the case of the cheese and the apple, after standing overnight,
changes had occurred in the shape of the bite-marks and this, of
course, prevented accurate register with the models. The plaster
models were prepared for this experiment under optimal conditions,
but it should be borne in mind that unless skilfully prepared by
experienced people the plaster models themselves can be untruthful
copies of the original.

I do not wish to overstate the importance of this experiment, but
[ do hope that it serves to illustrate the need for a more critical
awareness by the legal profession and those concerned in forensic
science of the danger of accepting, too readily, evidence which at
first sight appears to be based on an exact science. This awareness
can only come through the dissemination of knowledge from the
sciences, which, in turn, can only be obtained through researches.
In progress through research, dentistry has its humble part to play
in common with the other branches of the forensic sciences.

In conclusion I hope that my words have served to emphasise
the need to bring forensic odontology into its proper position within
an organised forensic science. In order to do this, of course, experts
need to be trained and research into the dental aspects of forensic
problems initiated. If this were to be done I believe we could look
forward to a valuable contribution to identification methods by
forensic odontology.
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Introduction

The study of artefacts left at the scene of a
crime has always been an important means of
proving or suggesting a suspect’s presence.
As techniques of analysis have improved not
only fingerprints but also single hairs, cloth
fibres, and many other items have assumed
importance.

It was recognized as long ago as 1506
(Humble, 1933) that variations in the human
dentition might allow bite marks left in food
at the scene of a crime or on the bodies of
victims of assault to be identified by comparing
them with the dentition of a suspect. Since that
time there have been numerous reports in the
literature of successful prosecutions using this
technique (Keves, 1923: Nielsen. 1930
Furness, 1968: Suzuki et al.. 1970) but the
reliability of the method has teen questioned
by some authorities who are of the opinion
that further research s necessary tefore
opinions on these matters can te regarded as
‘expert’ testimony.

Gustafson (1966) supported the contention
that bite marks left in a good recording
medium might enable identification to be
made but was of the opinion that bite marks
in skin would present a difficult problem.
Taylor (1963) commented that bite marks may
be helpful but technical difficulties make them
useless in a high percentage of cases. Strom
(1954) took a more cautious view and advised
that bite marks should only normally be used
to prove the innocence of a suspect and not his
guilt. Although dental surgeons are by training

*This paper has also been published in the [ater-
national Journal of Forensic Dentistry.
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Some laboratory studies on the accuracy of bite !

D. K. Whittaker, BDS(Man.), PhD(Wales). FDSRCS(Eng). |
Lecturer in Oral Biology, Welsh National School of Medicine,
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i
and experience experts on dentitions -
acclusions they should be aware of a "lurnt(:
of problems which are encountered wh.:
secking to compare bite marks with dentyy...
of suspects. i

Firstly, the incidence of identical occlys. !
in a population sample is not accurai
known. Secondly. few experimental stud, |
have been carried out to determine p,
reliability of comparisen techniques either Qj
bite marks in food or in skin. Berg and Sche,.
(1954) carried out an investigation on by
made in a plastic material which were ¢e-
pared with photographs of the teeth produc::
the bites. Out of 100 subjects tested in ¢
manner none were positively identified and :
authors concluded that an accurate impress,
of at least 5 teeth s necessary to ena-
identification to te made.

Fearnhead (1961) carried out experime-
on bites in various foods and commentes
the changes occurring in the hours follow -
the bite. Even under ideal laboratory cor
tions it was not possible to ke certain why
dentition was responsible for the bites and ©-=
author stressed the need for a more cnt..i
awareness of the problem and further resea:.-
into the reliability of this method.

A degree of success was claimed by Fris-
holm er al. (1970) who used sophisticat;
three-dimensional measurements and we
able to demonstrate a statistical diﬂ'crcw’
between cases where identity existed ari
where it did not. However. they used pia.slic;r.i
as their recording medium and admitted th
under actual conditions in a forensic examin:
tion, identification would be more difficult. J

The reliability of bites in skin as a means:
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.!cntiﬁcation does not appear to have been
vestigated and the following study is a
omparison between marks made in a good

.acording medium and those made in skin.

.lxlerials and methods

'pper and lower alginate impressions were
en of 84 unselected adults between the
of 20 and 24 vears. Impressions were
tored in a humidifier and poured in dental
done within 30 mins. Each <et of models was
mished and coded so that the investigators
uld later compare bites and models in a
ind manner. Each of the 84 subjects made a
d:e into wax under the following standard
wonditions. A treble thickness of toughened
el wax was supported on a curved wire
nesh base with a radius approximately that of
.e upper arm. Bites were made with an
isive action in such a way that impressions
o the incisal edges and a portion of the labial
.d lingual surfaces of the upper and lower

icisors and canines were recorded.
Each wax bite was immediately photo-
Q}Phed alongside a scale using standardized
ting conditions. An impression of the wax
was taken in silicone impression material
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supported on an Optosil base. Stone models of
the bites were poured and photograph and
model were coded in a similar manner to the
original study models of the subject.

Bite marks in skin were produced in the
following manner. Fresh pig skin from young
animals removed immediately on death of the
animal was obtained from an abbatoir and
cut into strips 12+ 8 cm. and scrubbed with
Hibitane in aqueous solution. This treatment
had previously been shown not to result in
distortion of the skin specimen. Skin was
chosen from sites with minimum subcutaneous
fat in order to approximate as closelv as
possible to the properties of human skin. The
skin was placed over a rubber cylinder so that
a radius approximating that of the upper arm
was obtained. Twentr-four subjects were
requested to bite slowly and deliberately into
the skin surface which was immediately
photographed against a scale. A silicone
rubber impression was taken of the bite mark
and stone models weré cast. Photographs and
impressions were repeated after | hr. and
24 hrs. During the first hour after biting the
skin was kept moist by means of physiological
saline. During the subsequent 23 hrs the skin

HISTOGRAM SHOWING RESULTS OF ANALYSIS OF WAX-BITE STUDY
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D Examuner II

Siugy models Impressions Models

Photograps

mairhed
6’- L. Histogram of analysis of wax bite study. Tooth measurements from photographs increase the
.“HL‘)‘ of comparison asshown in the columns above the horizontal lines.
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specimen was keptin 3y roing
was

e
and thawed before tinal exapunaticn
carried out.

By this means bites in both wax and
obtained along with impressions, stone
and photographs. Coding of all speci-
made between
{ the subjects.

i skin

were
casts
mens allewed comparisons to ke
these records and the dentitions ©
Matching of the bites with the study models
was carried out by two independent ubservers.
Comparisons of study models with impres-
sions. casts of impressions and photographs
of the bites were made both by subjective
comparison and by using measurements of
arch curatures, tooth widths and tooth
angulations and spacing tetween adjacent
weeth after the method descrited for use in
cases of assault and hemicide ( Furness, 1968).

Results
The correlations between the two examiners in
the wax bite study are shown in Fig. 1.

Both examiners were able to correctly
match 98-8 per cent of impressions in wax with
study models of the subjects and the same
degree of accuracy was achieved when match-

ing stone models of the wax bites against the

HISTOCRAM

Ve

)

Study models
adniliing Impressions Models
matched o -

Fig. 2. Results of analysis of pig skin bites. In each case resu

measurements were used.
Résultats
horizontales sont ceux dontl
Ergebnis der Analyse von BiBmalen in S¢
der horizontalen Linien denen. bei denen
Resultados de andlisis sobre mordidas en pie
que donde se usaron las medidas.

STUIMES ON THE

M SHOWING RESULTS OF ANALYSL

de I'analyse de morsures dans la peau de pore. Dans chaque
es mensurations ont été utilisés.
hweinehaut. In je
Messungen angewandt wurden.

| de cerdo. En este caso resulta superior la linea b

ACCURACY OF BITE MARK COMPARISOy

Jy models of the subjects, Incorreg
patching was only found in one case where the
incisal edges of the anterior teeth had ng
registered in the wax bite. Comparisons of way
bites and study models was made subjectivels
and by trying the fit of the study model in the

origal stu

wax bite.

When photographs of the wax bites wer
compared with photographs of the stud
models of the subjects” dentilions. using th
method of Furness (1968). 96-5 per cer
accuracy was achieved by one examiner an
95-5 per cent by the other. This result is ng
significantly different from the results obtaine
using the wax bites themselves (P=:0:5).

When photographs were used for visy
comparison and no measurements were take
the accuracy fell to 68 per cent for one exar
iner and 67 per cent for the other. The resu!
for the two examiners were not statistica;
different (P = 0-5), but the combined resu
were statistically different from the compa
sons of the wax bites or castings from the by
with the subjects’ study models (P - 0-01).

The results of the pig skin study are sho
in Fig. 2. In all cases no significant differens
were shown between the findings of the ¢

31S OF PI1G-BITE STUDY
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.minersA Visual matching using subjective
ateria was found to be less accurate than
en measurements were taken but there were
'smtisticai differences between comparisons
1 study models with impressions of the bites,
dels of the bites or photographs taken
ediately after the bites. The mean degree
‘r:ccuracy was 72 per cent when measure-
ts were taken and 637 per cent when
yhjective comparison was carried out. These
‘uts were significantly lower than the values
q.ained for the wax bites (P=001) except
en photographs of the wax bites were used
.hout measurements.
The mean percentage of photographs which
lld be matched with the study models of
' subjects | hr after biting had fallen to
J per cent and afier 24 hrs to 16 per cent
n measurements were used. If subjective
pual comparisons only were made in the
‘hr material, the degree of accuracy of
.‘lparisons fell to 9 per cent.

ion

e high correlation between independent
miners of the bites made in wax 1s a measure
! the ability of this material to record an
.uratc impression which is reliable for the
yposes of this study. As in a previous study
> Berg and Scheidt (1934) only those wax
imens containing an accurate representa-
‘n of the whole of the incisal edges resulted
positive identification. but unlike their
q:ngs it was found to be possible to match
&5 of only the central incisor teeth providing
ient of the labial and lingual surfaces were
&rded. Irregular alignment of 1eeth resulted.
ould be expected. in ease of identification.
high degree of accuracy with which bite
s in wax could be correlated with the
usion responsible for the bite marks
icates that forensic evperts may comment
N bites made in such materials with a

Sonable degree of confidence.
."‘ both the wax bite and pig skin portions
he study there were no statistical differences
ten comparisons of study models with
_"Pressions of the bites and with photo-
Pohs of the bites, These findings suggest that
‘ Use of photographs in forensic studies on
© marks (Furness, 1968) is a satsfactory

means of recording the characteristics of a bite
mark.

In the pig skin study variabilitv between
examiners was higher than in the case of the
wax bites. suggesting that a more subjective
assessment has to be employed. Both exami-
ners, however, were agreed that bites which
were readily visible at the time of biting tended
to remain so during the 24 hr period of the
study but those which were not well defined
faded rapidly. The inability of examiners to
correctly identify bite marks in skin in 23 per
cent of cases under ideal laboratory conditions
and when examined immediatelv after biting
suggests that under sometimes adverse condi-
tions found in an actual forensic investigation
1t1s unhkely that a greater degree of accuracy
will be achieved.

The degree of distortion occurring in this
non-vital tissue after biting was considerable
and rendered impossible the matching of
several bites. The problem of distortion is a
serious one and Humble (1933) quoted a case
in which the accused was discharged because
fixation of a skin bite resulted in lack of fit of
the subject’s teeth to the bite. Humble
recommended that photographs taken at the
time of the bite would have prevented this
difficulty from ansing but the present experi-
ments indicate that even under 1deal conditions
only 76 per cent correct identifications can be
expected  from  photographs upon  which
measurements are made. Using a svstem of ink
marks on human skin De Vore (1971) showed
that distortion due to normal body movements
and shrinkage due to excision and fixation
rendered bite marks useless for positive 1denti-
fication unless the exact position and condition
of the body were known at the time of biting.

For obvious reasons it is not possible to
carry out a surves of bite marks on living
human flesh. It s recognized that pig skin is
not an ideal substitute for human skin for the
purposes of these experiments, but its ready
availability and similar histological structure
(Montagna and Jeung. 1964) appear 1o make
it the most suitable alternative. Results of
these experiments are thercfore not directly
apphcable 10 the problems encountered in
actual bite mark cases but provide a prehimi-
nan assessment of the dithculties encountered

in companison technigues. Few attempts hase
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previously been made to make any statistical
assessment of the reliabilits of bite marks and
the acceptance of the method in a court of
law does not necessarily prove its validity. It
may be that bite marks in human ilesh are
more readily matched with a suspect’s tecth
than are those in the skin of the pig but 1t
appears likely that variations 1n quality of bite,
variations in tissues bitten. and subsequent
bruising and vedema would render bite mark
comparisons an unsatisfactory means of
identification in many cases.

The present experiments have shown that if
a bite mark is obtained in a material with good
recording properties (Taylor, 1963), then
identification may be possible in up to 99 per
cent of cases if good impressions or photo-
graphs of the bite can te obtained. In skin
bites the highest percentage accuracy found
was 76 per cent and 1f impressions cannot ke
taken this might fall as low as 20 per cent or
even 9 per cent if photographs taken some

time after the bite s made are used for ¢

parison.

Conclusions

Expert witnesses involved in presentation o
evidence on bite marks in a court of law shoule
be aware that at the present state of our knowy
ledge there are problems not only in determyy,.
ing the incidence of identical or near identicg
occlustons but aso in interpreting bite mark,
made under standardized laboratory congj.
tions. It seems probable that similar problem.
might “¢ encountered in forensic analysis ¢
bite marks in human skin and further stude.
1o substantiate the reliability of the techniquy
are clearly required.
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SUMMARY

Bite marks in wax and in pig skin were
compared with study medels of the subject
making the bite. Photographs. impressions and
measurements of the bites were used. Bites in
wax could bte readilv identified especially if
measurements were made on photographs but
identification from bites in non-vital pig skin
was more unreliable. It is suggested that
similar difficulties may te encountered in the

assessment of bites in human skin. Expe-
witnesses involved in presenting evidence o
bite marks in a court of law should ke aware .
the difficulties of making valid compariser
even understandardized laboratory condition.
Further studies to improve and substantiyg
the reliability of the technique are cleari
required.

ETUDES DE LABORATOIRE SUR LA PRECISION COMPAREES DES TRACES DE MORSURE
RESUME

Les traces de morsure dans de fa cire et la peau
de porc ont été comparées avec les modeles
détude des sujets effectuant la morsure. On a
utilisé des photos. des empreintes et des
mensurations. Les morsures dans la cire
pouvaient ¢étre facilement identifiées spcciale-
ment si 'on effectuait des mensurations sur
des photos mais Uidentification daprés des
morsures dans de la peau de porc dévitalisée
était beaucoup moins sure. On peut penser

que l'on rencontrerait les mémes difficulte
pour Fidentification de morsures dans de !
chair humaine. Des experts appelés a témoy
ner en justice dans des preuves fondées sur de
traces de morsure devraient étre conscients o
difficultés détablir des comparaisons valabi
méme dans le cadre des conditions standu:
disées du laboratoire. Des études ultérieur
sont nécessaires pour améliorer et renforcer |
streté de cette technique.
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Abstract

Fifty colour prints of human bite marks were sent to 109 observers who were asked to decide
using a six point rating scale, whether the marks had been produced by the teeth of an adult or a
child. The observers consisted of accredited senior forensic dentists, accredited junior forensic
dentists, general dental practitioners, final year dental students, police officers and social workers.
The results were compared against a ‘‘gold standard’” which was the actual verdict from the case.
Comparison of the results between the groups of observers and the standard was made using
Receiver Operating Characteristics (ROC) methodology. The best decisions were made by
senior/junior experts or final year dental students. General dental practitioners and police officers
were least able to differentiate correctly between adult and child bite marks. The effect of training
is important and its effects need to be assessed in more detail in future studies. [ 1998 Elsevier
Science Ireland Ltd.
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1. Introduction
The term **bite mark’ is used rather loosely to describe a mark caused by the teeth
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alone, or the teeth in combination with other mouth parts. Bite marks can be found in
flesh, foodstuffs and less frequently in a variety of other materials [1].

The procedure for comparison of bite marks on the skin of victims to the dentition of
possible assailants is well established [2] and has been reported in historical cases [3,4],
and in many cases to the present day. Since 1966 there have been more than 100 papers
written on the subject, the majority of which are case reports or descriptions of
technique. Bite mark evidence has recently become increasingly important in the
investigation of non-accidental injuries to children [5].

Some well published court proceedings have highlighted disagreement between
opposing experts not only as to methodology but in the fundamental question as to
whether a defendant was responsible for the bite. Those with long experience in the
courts will testify that dissent amongst so-called bite mark experts is commonplace [6].
Some odontologists are of the opinion that bite mark analysis should never be used to
convict a suspect but only to eliminate him and some of the judiciary have rec-
ommended that bite mark evidence should not be acceptable in court.

Using an artificial model of post mortem bites in pig skin it has been shown [7] that
even under standardised laboratory conditions, photographs of hites could only with
difficulty be matched to the dentitions making them even when the exercise was carried
out immediately. The possibility of errors of judgement have been emphasised [8] and it
has been urged that more experimental work be carried out. The process has been
criticised on a number of occasions in relation to its reliability [9] and the statistical
problems associated with it [10,11]. Assessment of the probability of a bite having been
made by a particular individual is a difficult subjective judgement requiring substantial
experience and knowledge on the part of the expert. Clearly, this judgement is likely to
be subjected to rigorous examination in court [1]. Bite mark investigation starts with
examination to determine if the wound can be positively identified as a bite mark. If the
wound can be orientated in such a way that it is possible to say which teeth in the mouth
have caused each element of the mark, then it is appropriate to make a firm statement
that the wound is a bite mark. Frequently however, an individua wound will show
limited detail and it will be appropriate to identify it only as a possible bite mark.

There is sufficient disquiet in the ranks of practising forensic dentists to warrant
further research being carried out and in this study we have tested the reliability of
decision making in the interpretation of bite marks and compared established ** experts”
(forensic odontologists) with non-qualified lay personnel. This study has focused on the
ability of these groups to differentiate between human bite marks by adults and children.
This decision has important legal implications in terms of cases of non-accidental injury
to children.

ROC analysis has not previously been applied to dental forensic decision making but
is a well validated method of assessing treatment decisions. The study reported here
examined the quality of the decision making abilities, in relation to the analysis and
characteristics of bite marks as being of adult/child in origin. In particular, the aim of
the study was to assess the degree to which it can be determined whether a bite mark
was made by an adult or a child and the effect on the variability of the status of the
observer.
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2. Materials and methods

A total of 109 observers from England and Wales were included in the study from the
following groups. Accredited Senior forensic dental experts (11), accredited Junior
forensic dental experts (18), general practitioners with no experience in Forensic
Dentistry (12), final year dental students (who had recently undertaken a short course in
forensic dentistry including basic bite mark analysis (30), police officers with occasional
involvement in child abuse cases (28), and social workers who see ‘‘bites” on their
clients (10).

A series of 50 actual photographed bite mark cases (combined into a book) were
distributed to each observer. The bite mark cases included a mix of non-accidental
injuries inflicted by adults and accidental injuries inflicted by children. A self completed
guestionnaire pro forma (Appendix A) was devised in which the observer was asked to
assign a level of certainty regarding whether the bite mark was made by an adult or a
child. A pilot study was carried out in the University hospital with a random selection of
staff and students, to test the clarity of the questionnaire. The books were then sent out
to each observer with a letter explaining the purpose of the study and instructions on
how to complete the questionnaire. Each observer was assured that participation would
be anonymous and were asked to rate all of the cases to the best of their ability. The data
were collected over a period of 6 months.

The results of the decisions made from each group of observers were compared
against a ‘‘gold standard,” which was the actual case verdict from the court. It was
acknowledged that the court verdict could aways be questionable, athough this is
unlikely. In addition one of the authors (DW) specifically selected bite mark cases for
inclusion where other evidence available strongly corroborated the courts decision. The
experts involved in the original court case may have had access to general information
surrounding the circumstances of the case. The information given to the observers was
limited to an actual photograph of the injury. This was to ensure that the decision made
by the observers was based solely on their ability to identify the actua bite mark and
was not influenced by any other information about the case.

When evaluating a decision-making system, it is important to measure both the
sensitivity, (in this study, the degree to which observers correctly identified a bite mark
as being inflicted by an adult in a non-accidental injury), and specificity (in this study,
the degree to which an observer was able to limit the classification of bite marks as
being inflicted by adults to those cases in which the bite marks were actually made by
adults). In any decision making system there is the risk of cases being incorrectly
identified. The measures may be quantified as the false positive rate (when the observer
states a child made the bite but in fact it was inflicted by an adult).

It is possible to describe these functions numericaly by:—

(i) p(TP)=Sensitivity=(M, /M)

where;
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7(TP) =True positive rate

Moq =number of bite marks correctly identified as being caused by an adult in a
non-accidental injury.

Mp =total number of bite marks which were made by adults.

(i) Specificity=(M,,,/My)

where:

Mun =number of bite marks correctly identified as being made by children (in a
non-criminal incident).

My =total number of bite marks made by children (in non-criminal incidents).

(iii) p(FP)=1—Specificity

where:

p(FP) =False positive rate (The rate of bite marks incorrectly identified as being

inflicted by adults when they were actually made by children).

Sensitivity and specificity are ‘“‘black and white’ measures that assume that the
respondent is always definite about their decision. However, in a series of cases, the
expert attempting to classify the bite mark injury will be more certain about classifying
some bite marks as being made by adults than others. To actually make the decision the
observer will set a ‘‘cut off point” or ‘“threshold” of certainty. If the case exhibits
enough characteristics of an adult bite to exceed the observer’s threshold, then the bite
mark will be identified as being of adult origin. If this is not so then the case will be
classified as being a child's bite mark (representing a ‘‘non-case” of non-accidental
injury). As an observer alters the degree of certainty at which he/she identifies an injury
as being inflicted by an adult (i.e. uses more or less stringent criteria), the sensitivity and
false positive rate will alter. At agiven *‘cut off”’, particular sensitivity and false positive
rates will be achieved. There are two extreme limits to this process. if no matter how
certain the observer, no bite mark is identified as being made by an adult, both the true
positive rate and false positive rate would be zero indicating that while the observer
would not correctly identify any of the adult bite marks, neither would any injuries
caused by children be incorrectly misdiagnosed. At the other extreme limit, if no matter
how uncertain the observer is that the bite mark was made by an adult, all bite marks are
nevertheless identified as inflicted by adults, both the true positive rate and the false
positive rate would then be one. This indicates that while the observer would correctly
identify all the bite marks made by adults inflicting non-accidental injuries, al of the bite
marks inflicted by children would also incorrectly be identified as adult assault cases.
Holding a ““cut off”” point or threshold at some intermediate level between these two
extremes results in both the true positive rate and false positive rate lying between zero
and one. The relationship between the two rates varies with changing ‘‘ cut off”’ points.
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ROC analysis provides a graphical representation of how the true positive and false
positive rates vary with varying ‘‘cut-off” points [12].

Such an experiment may be undertaken by asking the observer to rate a series of cases
on a rating scale (such as that used in this study, shown in Appendix A) to indicate how
certain he/she is that the bite mark was made by an adult. True positive and false
positive rates can then be calculated at each level of certainty (i.e. threshold) according
to a gold standard (in this report, the court verdict). An ROC curve is then constructed
by plotting these false positive rates against the corresponding true positive rates, at each
level of certainty (i.e. at each action threshold).

The area beneath the ROC curve thus provides a graphical representation of the ability
of an observer to discriminate between adult bite marks and child bite marks, at al
possible levels of uncertainty. ROC curve analysis provides an objective measure of the
observers ability to identify adult/child bite marks, over all levels of certainty. If the
observer were to make random treatment decisions the ROC curve would be a straight
line equi-distant from both axes. The ROC curve for a perfect observer given perfect
information would be a horizontal line from (0,1) to (1,1) and would contain the
maximum area. It follows that the further above the random line, a particular observer's
curve lies, the better his discrimination ability. Statistical tests exist to determine
whether there is any significant difference between two ROC curves [13]. Changing the
observer while keeping the clinical information identical, and comparing the areas under
the curves, provides a statistically robust method of comparing two or more observers
decision making ability [14].

The comparison of the results between data obtained from the groups of the observers
as described above and the ‘‘gold standard” was made using this established ROC
methodology. ROC curves were constructed for grouped data for each observer type and
the area beneath the curves compared [13]. It has been shown that combining data
between observers into one group in this way is statisticaly valid [15].

3. Resaults

The ROC curves of each group are shown graphicaly in Fig. 1 while the areas
beneath the ROC curves developed for each group are shown in Table 1, together with
standard error data for each. The areas beneath the curves vary between 0.618 and 0.693.
As previously stated, the nearer this area approaches the value of 1, the better the
decision making of the group.

Table 2 shows the significance of differences between areas beneath ROC curves of
each group in pairwise comparison. As can be seen from this table, the respondents
could be divided into three groups. The best decisions, judged against the gold standard,
were made by senior/junior forensic experts or final year dental students. There were no
significant differences in ability to correctly classify a bite mark as adult/child between
any of these three groups on the basis of performance. A second dightly anomalous
group were socia workers who performed significantly worse than senior forensic
experts or students but no differently from junior forensic experts. A third group
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Fig. 1. Performance of six professional groups in bitemark classification.

consisting of general dental practitioners and police officers were least able to
differentiate between adult and child bite marks.

4. Discussion

The literature abounds with reports of the assessment of bite marks in criminal injury
cases, and subsequent opinion as an expert in court [9] Many of these have been
associated with N.A.I. to children [10,16,17]. In many jurisdictions no formal training as
a Forensic Odontologist is required and courts may choose to regard any dental surgeon

Table 1
Aress beneath ROC curves of different groups of observers classifying bite mark’s child/adult in origin

Observer Area beneath Standard error
group ROC curve

Senior forensic expert 0.693 0.0248

Junior forensic expert 0.680 0.0206
General dental 0.618 0.0262
practitioner

Student dentist 0.690 0.0157

Police officer 0.618 0.0171

Social worker 0.634 0.0295
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Table 2
Significant differences between the different groups of observers of the area beneath the ROC curve
Senior Junior Dentist Student Police Socia
forensic forensic officer worker
expert expert
Senior forensic Z2=0.42 Z2=2.08 Z=0.10 Z=250 Z=154
expert P=0.3372 P=0.01876 P=0.4602 P=.00621 P=0.0618
Junior forensic Z=1.85 Z=0.40 Z2=2.31 Z=1.28
expert P=0.0322 P=0.3446 P=0.01044 P=0.1003
Dentist 72=2.36 Z=0.00 Z=0.40
P=0.00914 P=0.5000 P=0.3446
Student Z=3.11 Z=1.69
P=0.00094 P=0.0455
Police officer Z2=0.47
P=0.3192
Social worker

as an expert in bite mark cases. Justification of an expert in relation to his training and
experience is to be expected in court, and a dentist without considerable experience in
bite mark analysis would be unwise to become involved in a criminal trial. Assessment
of bite mark evidence can be difficult even for experienced forensic odontol ogists and no
attempts appear to have been made to assess the importance of experience in this area.
We have chosen to compare the ability of dentally trained and interested lay personnel to
make an apparently simple decision as to whether a bite mark was produced by a child
or an adult. This decision is frequently crucia in determining whether a case is
proceeded with, and even whether an expert is called in to examine the victim [18]. The
decision as to whether a bite mark was produced by a child or adult is dependant upon a
number of factors which may include size, shape, size of individua tooth marks and
recognition of individual teeth. The placement of an assailant in the ““child” or ““adult”
group depends upon the definition of the terms. Dentists, and particularly forensically
trained dentists may use different criteria to lay people less versed in the development of
the occlusion. It was therefore decided to allow each experimental group to make their
own decision as to what was meant by the terms child and adult. No guidance was given
to any of the groups.

The groups of observers were selected using the following criteria:—

The senior and junior forensic dentists were chosen at random from the list published
by the British Association of Forensic Odontology. All the seniors would have at least
some experience of decision making in relation to bite marks and all the juniors would
have received theoretical training and may have dealt with a small number of cases. The
general dental practitioners were randomly chosen and included a wide range of
experience and undergraduate training. None had any experience in the forensic field and
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had not seen any human bite marks professionally. The dental students were in their final
year in the Cardiff Dental School and all had attended an undergraduate course in
forensic dentistry including theoretical aspects of bite mark analysis.

The police officers were chosen from those working in family support units in South
Wales and all had an interest, and in many cases personal experience, in bite mark cases.
The social workers were chosen from those who had experience of non-accidental injury
to children and bite mark injuries.

The senior forensic dentists showed no significant differences from the juniors in their
decision making. It is commonly supposed that extensive experience is required to assess
bite marks [19] but in so far as the decision of a child or adult bite is concerned, the
seniors and juniors related to the ‘*gold standard” in the same way. In the absence of
more detailed information about the case, experience seems to be unimportant when
photographs alone are available for study.

The seniors were better than general dental practitioners and police officers and there
was a non-significant trend for them to be better than social workers. Juniors were also
better than general dental practitioners and police officers. It seems likely that formal
training (which had not occurred for the general dental practitioners) is more important
than extensive experience in this decision making process. It is interesting that only two
senior forensic dentists pointed out the limitations of being able to make a satisfactory
decision from photographs alone. Those who responded understood the purpose of the
exercise which was not to be able to make a clear decision as to child or adult — but to
respond if necessary that the information provided was insufficient to allow a firm
decision to be made.

It is interesting that the final year students were better at approaching the ““gold
standard”’ than were the more generally experienced qualified dentists. It appears that
conventional undergraduate training and subsequent clinical experience does not assist a
practitioner in making good judgements about this aspect of bite mark anaysis. The
brief exposure of the students to a formal course, perhaps coupled with fewer pressures
on their time may be important. The students, but not the dentists were better than both
police officers and socia workers, implying that a knowledge of teeth and their
arrangement per se may not be as important as a theoretical knowledge, however
simplistic, of the principles of forensic dental bite mark analysis.

Lay persons with an interest in, and a knowledge of bite marks were not as good as
any of the dental professionals at reaching satisfactory decisions in relation to whether
bites were by children or adults and this may be due to a different appreciation of the
definition of child and adult in this context or to difficulty in relating information in the
photographs to their decisions.

This first attempt to study one single aspect of decision making in bite mark cases
confirms the widely held view by the courts that an ““expert” in this field should be
dentally qualified. However, it suggests that conventional undergraduate education does
not equip the general dental practitioners to deal with at least this aspect of decision
making any more than does an interest in the subject by lay personnel and provides
support for the concept of formal postgraduate training in this area. The effect of training
is paramount and suggests that benefits would be gained by ensuring that all
undergraduates receive some forensic training [20] and that police and social workers
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involved in these cases would also be better equipped to make decisions concerning the
need for further advice in cases of this nature. The precise effects of training schemes
needs to be assessed in more detail in future studies, as do the effects of providing
comprehensive information about the bite marks and the circumstances surrounding
them.

The use of this ROC technique, although widely used in other studies, has not been
applied to the field of forensic odontology (and rarely to forensic science as a whole),
this technique excels at assessing objective differences in performance of different
observers and as such, would be applicable to other areas of the discipline.

Appendix A

You are presented with photographs of 50 cases, each showing a human bite mark.
Examine each bite mark, and rate using the following scale, the certainty with which you
would assign the bite mark being made by an adult or a child.

1. | am certain that this bite mark was made by an adult.

2. | am fairly certain this bite mark was made by an adult.

3. It is dlightly more likely that this bite mark was made by an adult than by a child.
4. | am unsure whether this bite mark was made by an adult or by a child.

. It is dlightly more likely that this bite mark was made a child than by an adult.

6. | am fairly certain this bite mark was made by a child.

7. | am certain that this bite mark was made by a child.

&)
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Abstract

Thirty-two certified diplomates of the American Board of Forensic odontology (ABFO) participated in a study of the
accuracy of bitemark analysis. Examiner experience as board-certified odontologists ranged from 2 to 22 years.

Examiners were given sets of photographs (a cast in 1 case) of 4 bitemark cases and asked to report their certainty that
each case was truly a bitemark and the apparent value of the case as forensic evidence. Participants also received 7 occluding
sets of dental casts, 1 correct dentition for each case and three unrelated to any of the cases, and asked to rate how certain
they were that each set of teeth had made each bitemark. Receiver operating characteristic (ROC) analysis resulted in an
accuracy score of 0.86 (95% CI = 0.82—0.91). Youden’s index was used to determine a cutoff point for determining an
accuracy score for each case. Accuracy scores were significantly correlated with bitemark certainty and forensic value
(P < 0.001 in both cases) but not with examiner experience (P = 0.958). The use of individual ROC analysis with weighted
Youden’s index to calibrate individual accuracy was also demonstrated. © 2001 Elsevier Science Ireland Ltd. All rights

reserved.

Keywords: Forensic science; Bitemark effectiveness; Accuracy; Validity; Diplomates; ROC

1. Introduction

There have been few controlled investigations of the
accuracy of bitemark analysis. In a study reported by Whit-
taker in 1975, two experienced examiners could match
bitemarks in wax with the appropriate models of perpetrator
teeth with 99% accuracy. However, with experimental bite-
marks in recently excised porcine skin obtained from an
abattoir, they were able to identify the teeth of the biter in
only 72% of cases [1]. It was suggested that similar results
might be expected with human bitemarks.

Beginning in 1998 and completed at the 4th American
Board of Forensic odontology (ABFO) Bitemark Workshop in
1999, a survey of the diplomates of the ABFO was conducted.
The purpose was to assess the accuracy of examiners in
distinguishing the correct dentition that made a bitemark.

*Corresponding author. Tel.: +44-151-706-2000/ext. 5292;
fax: +44-151-706-5809.
E-mail addresses: karheart @utmem.edu (K.L. Arheart),
ipretty @liv.ac.uk (I.A. Pretty).

ITel.: +1-901-448-6410; fax: +1-901-448-7641.

Individual conclusions reached by certified forensic odontol-
ogists after analyzing test bitemarks were compared. This
paper reports the results of that study.

2. Materials and methods
2.1. Examiners

Thirty-two certified diplomates of the ABFO agreed to
participate as examiners in this study, according to the
procedure discussed in the Section 2.3 below. The examiners
had an average of 12.5 years of experience as diplomates
(S.D. = 6.3) with arange of 2-22 years. Within the certifica-
tion procedure for the ABFO, diplomates are required to have
experience with bitemarks from both theoretical and practical
grounds and must have been a principle investigator in at least
1 criminal bitemark case. This assumption of knowledge
among the diplomates ensures a measure of homogeneity of
experience within the group, despite the fact that differences
in experience were noted.

0379-0738/01/$ — see front matter © 2001 Elsevier Science Ireland Ltd. All rights reserved.
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Closeup

Fig. 1. A representative photograph from bitemark Case 1, a bitemark on human skin, as supplied to examiners. Other photographic views

containing a measurement scale were also supplied.

2.2. Instrument

Submitted to every examiner were 4 sets of scaled and
unscaled colour photographs of bitemark cases (Figs. 1-4), 7
sets of dental models with which to compare the bitemarks,
and a workbook with instructions and sheets on which to
record the responses for each bitemark case. The ABFO
Bitemark Committee, from examples submitted by diplo-
mates, selected the 4 cases. Three were actual bitemark
cases, each of which was on the skin of a deceased indivi-
dual, and which had been previously analyzed in an actual

criminal case and subsequently litigated. One (Case 2) was a
bitemark made purposely by the teeth of a diplomate in a
block of cheese (a dental stone cast of this bitemark was also
submitted with the photographs for this case). Each of the 7
sets of dental models consisted of occluding mandibular and
maxillary casts, among which were the 4 dentitions that had
actually made the bitemarks. The three other sets of models
were randomly selected from patients in the private dental
office.

For each case, the examiners were asked to rate their
degree of certainty that the case was a bitemark on a 7-point

Fig. 2. A representative photograph of bitemark Case 2, a human bite in cheese, as supplied to examiners. Other photographic views
containing a measurement scale were also supplied, as was a dental stone cast of the bite.
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Fig. 3. A representative photograph of bitemark Case 3, an excised bite on human skin, as supplied to examiners. Other photographic views
containing a measurement scale were also supplied. Note the curvature of the skin.

Fig. 4. A representative photograph of bitemark Case 4, a bite on human skin, as supplied to examiners. Note that the scale demarcations are
not visible. Another photographic view containing a measurement scale was also supplied.

Likert-like scale coded (1) indeterminable, (2) incompatible,
(3) unlikely, (4) possible, (5) probable, (6) reasonable cer-
tainty, and (7) definite. Next, the examiners were asked to
rate the evidentiary value of the case on a 4-point Likert-like
scale. They were coded (1) high forensic value, which could
support a reasonable certainty/very probable identification
as well as an exclusionary finding, (2) medium forensic
value, which could support a possible or consistent with type

of identification as well as an exclusionary finding, (3) low
forensic value, which would not support a “linking” type of
finding but could be used for an exclusionary finding, and (4)
no forensic value, which should not be used in an investiga-
tion to either link or exclude. Finally, the examiners were
asked to give their opinion on the strength of the link
between the particular bitemark case with each of the 7 sets
of dental models. Using a 7-point Likert-like scale they were
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coded (1) reasonable medical certainty, (2) probable, (3)
possible, (4) improbable, (5) incompatible, (6) inconclusive,
and (7) non-diagnostic.

2.3. Procedure

The workbook, case photographs, a model of the bite in the
cheese, and the 7 sets of dental models were sent to each
examiner, who were given approximately 6 months to com-
plete and return the work. The investigators were instructed to
perform a complete analysis of each bitemark case and
complete all questionnaires associated with the cases. They
were also asked to complete an actual forensic report regard-
ing the case, following the ABFO guidelines for report
writing, which were included with the booklet. Also included
in the workbook were the names of the submitters of the 4
cases, so that an examiner could get additional verbal infor-
mation on the cases, if necessary.

2.4. Statistical methods

The primary objective of this study was to determine the
accuracy of examiners in distinguishing the correct dentition
that made a bitemark. Receiver operating characteristic
(ROC) analysis was used to determine their accuracy. Accu-
racy, defined as the area under the ROC curve, is a measure of
the ability of the examiners to correctly choose the true
dentition that made the bitemark [2]. The ROC curve com-
bines and generalizes the concepts of sensitivity and speci-
ficity into a single measure of accuracy. Sensitivity, also
called the true positive fraction (TPF), is defined as the
proportion of examiners that correctly identify the dentition
that made the bitemark [3]. Specificity is the proportion of
examiners that correctly identify the dentition that did not
make the bitemark. In ROC analysis, the false positive
fraction (FPF), the number of examiners who incorrectly
identify a dentition as having made a bitemark, is the
complement of specificity (1-specificity). When the exam-
iners’ responses are the degree to which they believe a
particular dentition made a bitemark, each degree of the
response can be used as a cutoff point, creating an array
of corresponding TPF, FPF pairs. Plotting these pairs with
FPF on the X-axis and TPF on the Y-axis [4,5] forms the ROC
curve. The area under the ROC curve is defined as the
diagnostic accuracy (AUC). The area ranges between 0
and 1. Areas between 0 and 0.5 indicate that an inverse
relationship exists between the rating scale and correct
identification, i.e. a rating of probable would correspond to
a dentition that did not match the bitemark; an area of 0 is a
perfect inverse accuracy. An area of 0.5 indicates that the
examiners are guessing; they are right 50% of the time [3].
Areas between 0.5 and 1 indicate a positive relationship
between the rating scale and correct identification, i.e. a
rating of probable would correspond with a dentition that
matched the bitemark; an area of 1 is a perfect accuracy. The
closer the ROC area is to O or 1, the higher is the accuracy [3].

Ninety-five percent confidence intervals for accuracy
were calculated using the bootstrap technique. Bootstrap
is a method of repeatedly sampling the data, with replace-
ment, to estimate the parameters of the distribution of a
statistic [6]. This technique is often used to estimate statis-
tical parameters when the correct distributions are unknown
or extremely difficult to compute. To calculate the confi-
dence intervals for this study, samples of size 32 were taken
from the examiners 20,000 times. The upper and lower 2.5%
of the distribution of the 20,000 ROC areas generated from
the bootstrap samples determined the upper and lower 95%
confidence bounds.

Secondary objectives in this study were to determine
whether examiner experience, bitemark certainty, or forensic
value had an effect on accuracy. To conduct these analyses, a
score was calculated for each of the 4 cases for each examiner.
One point was given for each correct determination, i.e. 1
point is given for correctly determining whether or not the
dentition made the bitemark. Case scores range from 0 to 7,
and the composite score is an average of the 4 case scores.

The optimal cutoft point for determining positive and nega-
tive examiner responses was determined by using Youden’s
index (J) whichis calculated asJ = TPF—FPF =sensitivity—
(1 —specificity) =sensitivity+specificity — 1. This index
can be calculated for any point on the ROC curve and is
usually calculated at each rating point, i.e. points 1-7 in this
study. The point with the index value closest to 1 is the optimal
point. This index is very simple to calculate and easy to
interpret, however, it assumes that sensitivity and specificity
are weighted equally [7]. If 1 feels that sensitivity is more
important than specificity or vice versa, a weighted Youden’s
index can be calculated as J* = 1 — Wigeng — Wihgpee + Wigens X
sensitivity + Wigpee X specificity, where wtgens and wig,e. are
greater than or equal to 1. Weighting sensitivity gives more
importance to detecting a true positive while weighting spe-
cificity gives more importance to avoiding false positives.
To reduce the chances of mistakenly identifying a biter, give
a value greater than 1 to Wig,e.

The relationship of accuracy with bitemark certainty and
forensic value was analyzed, using partial correlation to
remove examiner effects. Correlation was used to determine
the relationship of examiner experience with overall accuracy.

3. Results
3.1. Combined data analysis

The data for the 32 examiners were combined over the 4
cases and 7 dentitions (Table 1). Youden’s unweighted index
indicates that “possible” is the best cutoff point for the
combined data in this study.

The ROC curve is shown in Fig. 5. The actual points are
plotted from Table 1, and the curve is plotted from a
maximum-likelihood approximation (ROCFIT program by
C. E. Metz et al., University of Chicago, Chicago, IL). Note
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Table 1

Sensitivity, specificity and Youden’s score for each level of conclusion®

Rating Correct dentition Incorrect dentition Unweighted

Youden’s index

n TPF (sensitivity) n FPF (1-specificity)

Reasonable medical certainty 25 0.1953 1 0.0013 0.1940

Probable 43 0.5312 13 0.0182 0.5130

Possible 35 0.8046 73 0.1133 0.6913

Improbable 5 0.8437 126 0.2774 0.5663

Incompatible 15 0.9609 536 0.9753 -0.0144

Inconclusive 4 0.9922 13 0.9922 0.0000

Non-diagnostic 1 1.0000 6 1.0000 0.0000

Total 128 768

4 Data from combined results of all examiners. The optimal cutoff point was ‘“possible”.

that the diagonal line running from bottom left to top right
represents a test whose specificity and sensitivity are 50%,
i.e. no better than chance (AUC of 0.50). The line running
from the top left to the top right represents a perfect
diagnostic test, i.e. sensitivity and specificity are 100%
(AUC 1.0). The ROC area calculated by the non-parametric
trapezoidal method is 0.86, a fairly high accuracy, indicating
that the examiners are able to correctly identify the dentition
belonging to a particular bitemark. Bootstrap 95% confi-
dence intervals are 0.82-0.91.

Bitemark certainty and forensic value were significantly
associated with the score. The partial correlation coefficient

1.0

for bitemark certainty and score was —0.33 (P < 0.001) that
indicates that higher scores are significantly associated with
higher certainty. High scores are also significantly related to
higher forensic value (partial r = —0.36, P < 0.001). Note
that high certainty is 1 and low certainty is 7, and high value
is 1 and low value is 4, while good scores are high and bad
scores are low. Thus, the negative correlation indicating an
inverse relationship actually shows that high scores are
associated with high bitemark certainty and forensic value.
Table 2 illustrates the accuracy for each of the cases. Years of
experience as a diplomate was not significantly related to
score (r = 0.01, P = 0.958).

0.9 -

0.8 ~

0.7

0.6

0.5

0.4 ~

Sensitivity

0.3 ~

0.2

0.1

0.0 T T T

ROC area = 0.86
95% CI = (0.82-0.91)

Smoothed
o Actual

1
0.0 0.1 0.2 03 04

0.5 06 07 08 09 1.0

1-Specificity

Fig. 5. ROC curve from the combined data (all examiners).
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Table 2
Accuracy (ROC) values for each case, combined results
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Case Forensic value (% of n = 32) ROC accuracy Mean accuracy
(95% CI) score (S.D.)
High (1) Medium (2) Low (3) N1 (4) Mean
1 59 38 3 0 1.44 0.81 (0.72-0.92) 6.1 (1.2)
2 75 22 3 0 1.28 0.94 (0.86-1.00) 6.4 (0.9)
3 47 34 16 3 1.75 0.89 (0.81-0.97) 6.1 (1.5)
4 3 72 22 3 225 0.77 (0.68-0.87) 5.9 (0.9)
Composite 46 41 11 2 1.74 0.86 (0.82-0.91) 6.1 (0.8)

3.2. Individual data analysis

ROC analysis for individual examiners may not be appro-
priate for this study because the small number of cases
makes the results unreliable. However, this section is
included to illustrate how individual ROC analyses could

Table 3
ROC data for individual examiners®

Examiner AUC 95% CI Optimal cutoff®
1 0.74 0.45-1.00 2
2 0.84 0.55-1.00 3
3 0.82 0.55-1.00 3
4 0.96 0.88-1.00 4
5 0.68 0.36-1.00 4
6 0.98 0.94-1.00 3
7 0.84 0.57-1.00 3
8 1.00 1.00-1.00 3
9 0.75 0.33-1.00 3

10 1.00 1.00-1.00 3

11 0.72 0.38-1.00 2

12 0.99 0.96-1.00 3

13 0.92 0.78-1.00 4

14 0.59 0.27-0.91 1

15 0.97 0.91-1.00 3

16 1.00 1.00-1.00 2

17 0.62 0.37-0.88 3

18 0.82 0.54-1.00 4

19 1.00 1.00-1.00 3

20 0.64 0.24-1.00 2

21 0.74 0.41-1.00 4

22 1.00 1.00-1.00 3

23 0.71 0.36-1.00 4

24 0.96 0.88-1.00 3

25 0.99 0.96-1.00 3

26 0.72 0.39-1.00 4

27 0.74 0.33-1.00 4

28 0.92 0.78-1.00 3

29 0.98 0.93-1.00 4

30 0.99 0.96-1.00 3

31 0.99 0.96-1.00 3

32 0.76 0.39-1.00 3

? Note the inter-examiner variations in AUC score.
 Optimal cutoff point determined by unweighted Youden’s
index.

be used to guide examiners in their own practices. Individual
ROC analyses was performed for each of the examiners
(PEPI, Statistical Software for Epidemiologists, Gahlinger
PM, Abramson J, Brixton Software, London). In these
calculations, the ROC data for sensitivity and specificity
(for each level of conclusion), AUC and the optimal cutoff
point (as determined by Youden’s index) were determined.
Also included are cutoff points determined by weighted
Youden’s index with increasing or decreasing weight for
both false positives (specificity) and false negatives (sensi-
tivity). These data were made available for each of the
examiners. The individual examiners AUC and optimal
unweighted cutoff points are shown in Table 3. The mean
AUC score was 0.86 (the same as the combined AUC score)
with standard deviation of 0.14 and a range of 0.52-1.00.
It should be noted that the relatively large variation in
some of the individual accuracy scores as evidenced by
the large confidence intervals is an indication of the low
reliability caused by having too few cases on which to base
the accuracy estimate.

4. Discussion

This survey indicates that analysis of bitemark evidence is
a relatively accurate procedure among experienced forensic
odontologists when the results are examined in combination.
It is important to note that in order to generalize the findings
of this study to different cases and examiners, it is necessary
to have a good cross-section of cases and examiners. In this
study, there are a sufficient number of examiners with
various amounts of experience. However, there are only 4
cases and these cases are not representative of the range of
cases encountered in the real world. Cases 1 and 2 are rated
as having high forensic value by the majority of the 32
raters; Case 3 is slightly less highly rated than Cases 1 and 2;
and Case 4 has medium forensic quality. Therefore, the
findings of this study generalize only to cases having
moderate to high forensic value. In future studies, a larger
number of cases covering a wider range of forensic values
should be used to increase the generalization or cross-section
and to facilitate the use of individual ROC analyses.

Using the same 7 sets of dental models for all 4 cases may
have violated the assumption that responses for each case are
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independent within examiners. There may be a systematic
relationship among the cases if the examiners considered the
cases in the same order and eliminated a dental model as
being a viable candidate for subsequent cases once it had
been selected for the current case. The use of global casts
also altered the prevalence of biters versus non-biters as the
cases progressed. For example, by the last case, the examiner
may have considered only 4 casts instead of 7. This lack of
independence has prevented the use of statistical measures
such as positive predictive and negative predictive values. In
future studies, 1 dental model or a unique set of dental
models should be used for each case.

The use of real forensic casework for the determination of
the truth is also a potential weakness of this study that must be
recognized when considering the results. With the exception
of Case 2, the bite in cheese, the correct answer was con-
sidered to be the casts that the original examining forensic
dentist determined to be the biter. There is always a possibility
that the original examining dentist was wrong. In order to
control this situation, simulated cases should have been
employed, although these may have affected the authenticity
of the study. Whittaker, who used ROC to determine the ability
of a variety of professionals to identify a mark as a bite injury,
utilized the Court decision to determine the truth, but accepted
that inaccuracy could be introduced by this method [8]. This
study showed that the quality of the evidence is positively
related to the accuracy of the odontologists’ analyses, and
many examiners may have collected the evidence differently
or even obtained additional evidence. These aspects of the
study must be considered in tandem with the results. In spite of
the flaws found in the construction of this study of examiner
reliability, it is a strong indication of the continuing efforts of
the ABFO to achieve high professional standards. Guidelines
in both the analysis of bitemark evidence and in the terminol-
ogy to express conclusions have already been adopted by the
ABFO. Neither of these standards is static, with efforts made
annually at revision.

Similar absence of consistency has been reported in other
forensic pattern comparisons. In a recent survey of shoe print
analysis by 23 experts from 7 criminology laboratories in six
different countries, there was a broad range of conclusions to
include ‘““identification”, “highly probable”, “‘probable”,
“possible”, and “‘inconclusive” for each of the two cases
examined. In some instances, experts in the same laboratory
totally disagreed on conclusion [9]. The authors of this shoe
print study stated the view that variance in those areas of
forensic science where the comparative parameters are not
solid cannot be totally eliminated, but can be diminished by
following established guidelines, particularly with regard to
terminology expressing the degree of certainty of a match.

Even in fingerprint analysis with its rigidly based stan-
dards of comparison and in some venues, a specified number
of points for establishing identity, there is variability among
conclusions reached by experts. A 1996 survey of fingerprint
examiners also revealed a broad scatter of opinions among
the participants [10].

These studies make the point that forensic pattern ana-
lysis is, to a certain degree, subjective and not an exact
science, even in the best of conditions. This fact should be
considered when evaluating any type of pattern comparison
evidence.

The results of the present survey indicate that bitemark
examination is an accurate forensic technique, at least with
cases such as used in this study. However, some might
question whether it is accurate enough. According to Swets,
a ROC value above 0.9 indicates “‘high accuracy”, 0.7-0.9
means “‘useful for some purposes”, and 0.5-0.7 represents
“poor accuracy” [11]. Thus, the overall value in this study
(0.86) indicates less than optimal accuracy. Examination of
the responses to individual cases (Table 2) reveals that only
the value for Case 2 falls into the “‘high accuracy” category.
The Youden’s index scores, when weighted, show that the
cutoff points can be altered for each individual examiner
to minimize either false positives or false negatives. The
authors believe that, in the spirit of “innocent until proven
guilty”, forensic dentists must minimize false positives at
all costs. The repercussions of forensic determinations are
serious and often intractable, affecting the suspect’s life
forever.

This study, despite its limitations, has opened the debate
into evidence-based forensic dentistry. Forensic odontolo-
gists must ensure that the techniques they employ are backed
by sound scientific evidence and that the decisions they
present in Court serve to promote justice and to strengthen
the discipline. Committed to these high professional stan-
dards, the ABFO is proactive in the continuing education of
odontologists.

To reach those goals, it is recommended that further
accuracy studies be made, using more rigorous methodology.
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1. Introduction

ABSTRACT

Recent judicial decisions have specified that one foundation of reliability of comparative forensic
disciplines is description of both scientific approach used and calculation of error rates in determining
the reliability of an expert opinion. Thirty volunteers were recruited for the analysis of dermal bite marks
made using a previously established in vivo porcine-skin model. Ten participants were recruited from
three separate groups: dentists with no experience in forensics, dentists with an interest in forensic
odontology, and board-certified diplomates of the American Board of Forensic Odontology (ABFO).
Examiner demographics and measures of experience in bite mark analysis were collected for each
volunteer. Each participant received 18 completely documented, simulated in vivo porcine bite mark
cases and three paired sets of human dental models. The paired maxillary and mandibular models were
identified as suspect A, suspect B, and suspect C. Examiners were tasked to determine, using an analytic
method of their own choosing, whether each bite mark of the 18 bite mark cases provided was
attributable to any of the suspect dentitions provided. Their findings were recorded on a standardized
recording form.

The results of the study demonstrated that the group of inexperienced examiners often performed as
well as the board-certified group, and both inexperienced and board-certified groups performed better
than those with an interest in forensic odontology that had not yet received board certification. Incorrect
suspect attributions (possible false inculpation) were most common among this intermediate group.
Error rates were calculated for each of the three observer groups for each of the three suspect dentitions.
This study demonstrates that error rates can be calculated using an animal model for human dermal bite
marks, and although clinical experience is useful, other factors may be responsible for accuracy in bite
mark analysis. Further, this study demonstrates that even under carefully controlled conditions, albeit in
a forced-decision model, errors in interpretation occur even amongst the most experienced analysts.

© 2010 Elsevier Ireland Ltd. All rights reserved.

are gatekeepers for the admission of scientific opinion evidence
and that an opinion posited by an expert will qualify as scientific

Forensic odontologists examine, interpret, analyze, and
prepare reports on bite marks [1]. On occasion they offer expert
opinion testimony. Implications of incorrect bite mark analysis,
that falsely inculpate a suspect, may lead to erroneous
incarceration or worse. The 100th wrongly convicted person
on death row, Raymond Krone of Arizona, the so-called
“snaggletooth killer,” may have been convicted in part based
on testimony associating his dentition to a human dermal bite
mark in a homicide victim [2]. In the DNA-era there have been
other exonerations of persons convicted, partially or wholly on
misinterpreted dermal bite mark analysis. The United States
Supreme Court in Daubert v Merrel Dow [3] held that trial judges

* Corresponding author. Tel.: +1 416 946 2000x5251; fax: +1 416 946 6576.
E-mail address: bob.wood@uhn.on.ca (R.E. Wood).

0379-0738/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2010.04.016

knowledge only if it's proponent demonstrates that it is the
product of sound “scientific methodology”. Specifically the
following queries need be addressed: has the theory or technique
been tested?; is there a known or potential error rate?; has it
been subjected to peer review and published?; and is it generally
accepted within the field?

It follows that “judge-gatekeepers,” must assess the probative
value of expert testimony by ensuring that in bite mark analysis,
the foundation of the opinion, and subsequent interpretation are
scientifically sound; these comparisons have estimable error rates;
are reliable; and methods are ultimately published in peer-
reviewed journals. An essential requirement in comparing a
suspect dentitions to a bite marks is to calculate error rates where
possible [4].

There is little doubt that if examined closely enough no two sets
of human teeth are completely identical in their three-dimensional
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physical properties. This however is not, or should not, be at issue
in bite mark interpretation [5]. Interestingly most bite mark
interpretations involve, at least in part, two-dimensional photo-
graphs of bite marks with two-dimensional overlays of a suspect
dentition [6]. This is problematic since Blackwell et al. [6] showed,
using a highly-accurate three-dimensional laser scanning tech-
nique, that experimental bite marks in a positive made from a wax
bite substrate showed a high potential for mismatch whereby the
wrong dental model could not be distinguished from the true
match in as much as 15% of cases. In analysis of the uniqueness of
the human dentition, highly detailed models of the teeth are
frequently used. These models are most often made using some
form of dental impression material. Conversely, the substrate for
human dermal bite marks is skin—a material that, in addition to
being a poor impression material, is a biological system that reacts
to injury in various and perhaps individualistic ways. Even after
death human dermal bite mark analysis can be problematic. Bush
et al. [7] analyzed simulated human bite marks on a cadaveric
human skin model. They demonstrated that bite marks from
similar dentitions made on these surfaces could not be differenti-
ated from other dentitions that were grossly similar that were not
used to make the bite marks [7]. While cadaveric human skin can
be used as a substrate for human bite marks it is likely not the
perfect analog for recording dermal bite marks. While it seems
obvious that the most externally valid bite mark model would be
one enraged person biting another during the commission of a
violent act, it is impractical and unethical to incorporate this
scenario into a study. It is for this reason that live juvenile pigs have
been proposed as a model for human dermal bite marks [8].

In addition to determining the efficacy and error rates in bite
mark analysis, there is, minimally, a presumption that experience
and the achievement of qualifications may have influence on the
ability to correctly interpret bite marks. Soomer et al. [9] found that
odontologists with a greater degree of case experience and training
performed body identification significantly better than their less
experienced or less qualified colleagues.

The aim of this study therefore was to determine the ability of
examiners to attribute the “correct” dentition to its corresponding
bite mark in an in vivo bite mark analog of human skin, specifically,
live anesthetized juvenile pigs.

By extension, error rates may be calculated for different groups
of examiners with different levels of experience and qualification.
Additionally, inter-examiner and intra-examiner agreement and
evaluation of the accuracy of observer groups with different levels
of training and experience was undertaken.

Finally, although groups of examiners of varying experience
were used, the presence of poor-performing outliers were noted.
The purpose of this last portion of the study is justified because in
courts of law, groups of experts do not proffer opinions—
individuals do.

Fig. 1. The improved biting device consisted of a vice grip with an aluminum plate
fixed to the upper anvil. This aluminum plate receives the pressure of the dentition
during the biting action and transfers it to a load cell that is connected to a
calibrated digital readout.

2. Materials and methods
2.1. Biting device

This study used a device that simulates human bite marks. A previous version of
this device was originally used at the American Board of Forensic Odontology
(ABFO) first bite mark workshop in Anaheim, CA in 1984 to produce experimental
bite mark injuries on workshop participants [1]. A modified version, manufactured
by one author (SLA), was used to make bite mark injuries at known intervals before
and after death on pig skin in vivo. This new device was designed to allow in-line
metering of a controlled force when a bite mark was applied to skin. It also
permitted efficient change in suspect dentitions and improved the robustness of a
highly similar device used in a prior pilot study [2].

The new device consisted of an upper anvil of a vice grip (C-Clamp #11 vice grip,
Master Craft™, Canadian Tire Corporation, Toronto, ON, Canada) to which an
aluminum plate was fixed (Fig. 1). This both receive the force of the dentition during
biting, and transferred this force to a load cell and ultimately a preconfigured
indicator (A-Tech Instruments Ltd., Scarborough, ON, Canada). Three sets of upper
and lower anterior teeth that could be attached and detached from the device were
fabricated from acrylic prosthetic teeth (Densply Canada Ltd., Woodbridge, ON,
Canada). After finalizing the position of each individual tooth, an impression of the
montage was made with irreversible hydrocolloid impression material (Supergel,
Harry L. Bosworth Company, item #0921825, Skokie, IL, USA). Once the material
hardened, the montage was removed and melted wax (Baseplate wax #3001101,
Denplus Inc., Montréal, QC, Canada) was poured into the impression for duplication.
Each piece of the dentition was then prepared for chrome-cobalt transformation
using the same casting technique as used for chrome-cobalt removable dental
prostheses (Fig. 2). The three sets of teeth had identical inter-canine arch width, and
arch depth. All individual teeth were similarly sized and similarly shaped and their
vertical position relative to the plane of occlusion was held constant. Tooth position
differed only with respect to the individual horizontal position of the teeth, i.e.
angulation and rotation. Additionally, all sets of teeth had the same biting surface
area to make sure that force applied, as much as possible, was equally distributed
amongst the dentitions. The chrome-cobalt dentitions were labelled “Suspect A”,
“Suspect B”, and “Suspect D”. The dentition of “Suspect D” was used to make the

Fig. 2. Depiction of procedure used in fabrication of test bites for one dentition. A at left shows waxed-up dentition where teeth are of similar individual widths and similar
arch depth and arch width but differing individual positioning from case to case. B shows wax-up placed in biting apparatus and C shows finalized chrome-cobalt dentition

place in biting apparatus.
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Table 1

Depiction of the role of each dentition in the making of bites and in the sample sent for analysis.

Suspect dentition A

Dentition used for bite marks 6 bite marks
Dentition sent to analysts as a suspect Yes
Possibility of correct match Yes

B C D

6 bite marks No bite marks made 6 bite marks
Yes Yes No

Yes No No

bite marks in the porcine model but was not sent to the examiners, creating a
situation where the teeth of one of the biters was never seen by any examiner. A 4th
set of teeth labelled “Suspect C” was prepared in an similar fashion, was not used to
make any of the bite marks, differed with respect to the positions of the biting teeth
from all the models and was sent to the examiners creating another complication
for the examiner. None of the bite marks was made by this set of teeth. Table 1
provides a key of those dentitions used to produce bite marks and those sent to the
bite mark examiners.

2.2. Experimental bite mark production

The study was approved by the Division of Comparative Medicine Committee as
well as the Research Committee of the Faculty of Dentistry of the University of
Toronto. The pigs were acclimated to a temperature of 22 °C and light-dark (12 h/
12 h) regulated facility. Each pig received a complete physical examination and
blood tests to rule out the presence of systemic diseases or haematological
disorders. On the day of the experiment, all blood tests were normal. Sedation of the
pigs was achieved via intramuscular injection of 16.0 cc of ketamine (10 mg/ml) in
the right thigh. With the animals under general anaesthesia, the simulated bite
marks were created on the abdominal area with the biting device. Three juvenile
female pigs, weighing approximately 35 kg received 4 ante-mortem and 2 post-
mortem bite marks. Previous investigations [10-12] showed that pressure exerted
by human incisor teeth ranges from 6.0 to 23.5 kg (mean 8.9-11.4 kg). Pressure
consistency was selected at 23 kg for this study as a representative force applied by
human incisor teeth. This force exerted by the upper and lower arches of the device
was applied to the tissue continuously for a total of 60 s. The same force and time
were used in previous studies [5,8,10,13]. These prior pilot studies showed that this
technique yielded clearly visible bite mark-like injuries when marks were made at

or around the time of death. The bite marks in the present study were therefore
made 5 min before euthanasia for the ante-mortem marks and at least 5 min after
euthanasia for the post-mortem marks. The dentition labelled “Suspect A” was used
on pig #1, the dentition labelled “Suspect B” on pig #2, and “Suspect D” similarly on
pig #3. Once the biting procedures were completed, the pigs were humanely
sacrificed with Tanax®™ (T-61, Intervet Canada Ltd., Whitby, ON, Canada) using a
dose of 0.3 ml kg~ ! body weight through an ear vein. The pigs were transported to
the Coroner’s office and held under standard mortuary conditions until necropsy
the following day.

2.3. Bite mark impressions and casts

The day after the bite marks were made, each of the three pigs was prepared for
the collection of evidence. This evidence included impressions of the bite marks for
the fabrication of bite mark models. To facilitate this, a rigid thermoplastic mesh
(Orthopedic mesh polyflex, Sammons & Preston Roylan, Cedarburg, WY, USA) such
as one used for head and neck radiation therapy positioning devices was used as a
backing support for the impression material. This plastic tray of 6.0 cm x 7.0 cm
was placed under hot water so it could be molded and shaped to fit the skin surface.
Each tray was identified according to its corresponding bite mark.

Working on one bite mark and on one anatomic side of the pig at a time, vinyl
polysiloxane impression material was used for making impressions of the bite
marks. Light and regular viscosity material (Reprosil light and regular viscosity, Ash
Temple Ltd., Don Mills, ON, Canada) was applied on the skin and the custom-
molded mesh tray. The mesh tray, filled with impression material, was then applied
on the bite mark area and left to set. Once the impression material had cured, the
trays were removed and set aside for the fabrication of stone casts (Velmix #31006,
Kerr Corporation System, Dental Specialties Inc., Romulus, USA) of each bite site.

Fig. 3. Serial photographs and montage of bite mark procedure at different times: in situ post-depilitation, black and white post-depilitation, in situ post-ring fixation,

following excision, post-formalin fixation, and transilluminated.
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Fig. 4. Complete dentitions of three suspect dentitions (A, B, and C as labeled) with wax-ups at left of each and stone casts at right. Stone casts were sent to each examiner.

2.4. Serial photographs of bite marks

Documentary photographic procedures included serial photographs using a
digital camera (Nikon 5700, Nikon Corporation, Japan) with and without flash, and
with flash set at “off” angles. The photographs were completed throughout the bite
mark documentation period during various aspects of the bite mark procedure.
They were made with and without an ABFO No. 2 reference scale: after hair removal,
after ring fixation, after specimen excision, following formalin fixation, and during
the transillumination procedure. Two of the investigators, an oral pathologist (SLA)
and a board-certified forensic odontologist (RW) selected the best representative
photograph of each procedure independently. Where there was a dispute the two
examiners discussed the case and mutually chose the best photograph. A montage
of the photographs including a black and white photograph of the specimen after
hair removal was prepared for each bite mark in a life-size dimension (1:1) using
Adobe Photoshop 6.0 (Fig. 3).

2.5. Suspect dentitions

From the anterior chrome-cobalt dentitions of suspect A and suspect B, complete
sets of teeth including posterior teeth were made. The original anterior wax teeth
from suspects A and B were transferred onto a wax base that served for the eventual
complete sets of teeth. Posterior acrylic teeth were added to the wax base to
complete the sets of dentition. Since dentition D was not sent to the bite mark
examiners, a third set of teeth was fabricated. Suspect dentition C was made from
the same mould of teeth used to make dentitions A and B keeping the identical
dental and arch characteristics referred to above. The three sets of dentitions were
then cast in pink stone (Fig. 4).

2.6. Bite mark examiners

Ten participants were recruited from each of the three groups: inexperienced
local dentists who were clinical demonstrators at the Faculty of Dentistry
of Laval University (termed “novices”), dentists with an interest in
forensic odontology but without board-certification status such as members
of a forensic association or society (termed “members”), and experienced
examiners who were board-certified diplomates of the ABFO (termed
“diplomates”).

For each examiner, bite mark cases were labelled from #1 to #18. A statistical
software package (SAS v9.0, Cary, NC) was used to randomize the order of bite mark
cases among the examiners such that case #1 for one examiner would differ from
the case #1 given to the other examiners. The boxes were prepared and verified by
one of the investigators (SLA).

Each participant received 18 simulated bite mark cases, that contained: three
sets of “suspect” dental models identified Suspect A, Suspect B and Suspect C;
18 casts of the bite mark injury sites from the each bite mark respectively
identified; a CD-ROM of the serial photographs of each of the bite mark cases;
and three envelopes. One envelope contained a detailed explanation of the
project and background demographic information to be completed. A second
envelope contained eighteen 1:1 serial photographs (on photographic paper) of
each of the bite mark cases. A third envelope contained the blank answer sheets
for each of the 18 bite mark cases to be completed. A total of 11 questions were
asked per case. The examiners had to decide, among other tasks, whether the
bite mark could be attributed to one of the suspect dentitions. The examiners
were not permitted to keep or copy the materials. They were asked to return the
material to the investigators when the analysis was completed. After a washout
period of at least six weeks, the examiners were asked to repeat the same
exercise in a second assessment using the same case material. The second box
the examiners received was identical to the first but the labels for the cases had
been changed on all the case material. The same material was re-labelled
between the periods using the same randomization method used in the first
assessment. This allowed the authors to calculate inter-examiner and intra-
examiner error.

2.7. Statistical analysis

All statistical analyses were completed using SAS version 9.0 (Cary, NC). For the
purposes of this study statistical findings where, p < 0.05 alpha level were
considered statistically significant. Data from the questionnaires sent to examiners
were verified for accuracy. Distributions of all variables were checked for outliers
and invalid responses.

Demographic data (sex and age) and data on participants’ clinical experience
(degree, specialty, years since graduation, location of primary practice, number of
days of forensic training, and number of bite mark cases previously analyzed) were
collected to assess any differences between the composition of examiner groups
and to determine if these factors were associated with an ability to correctly
attribute bite marks to suspect dentitions. These distributions of the demographic
and clinical factors were compared between each of the three groups using Fisher’s
exact test for categorical factors. Continuous variables (age, years since graduation,
and number of days of forensic training) were compared between groups using
analysis of variance. When an association between a given factor and an examiner
group was found, Bonferonni-corrected post hoc tests were used to compare groups
in a pair-wise fashion.

3. Results
3.1. Novices

Ten examiners, 7 women and 3 men completed the first and
second assessment. At the time of examination the mean age of
these dentists was 38.5 years (s.d.: 6.6 years) with a mean number
of years of dental experience of 14.9 years (s.d.: 6.4 years). There
were 2 specialists, one in oral surgery and another in paediatric
dentistry. One dentist was working full time in a local hospital,
another one was working part time at the university while the rest
maintained private dental practices. None were associated with
any forensic association, board or society nor had they received any
training in the field prior to or as part of this study.

3.2. Members

The second group were labelled “members” and were members
of at least one forensic association and had some forensic
odontology training. Ten examiners, all men, completed the first
assessment with 9 completing the second assessment of bite mark
analysis. Drop out by one of the members was due to his need to
attend the Asian tsunami multiple-fatality incidents. The mean age
for this group of dentists was 53.2 years (s.d.: 7.8 years) with a
mean number of years of dental experience of 29.1 years (s.d.: 8.0
years). There were no specialists. One dentist was employed full
time at a university while the rest were in private dental practice.
All members except one had examined at least one bite mark case
in the course of their careers. The number of cases of bite mark
analysis varied from none to in excess of 20 cases while the number
of days of forensic-training courses ranged from 10 to 200 days. All
these examiners were members of the American Academy of
Forensic Sciences (AAFS) and 9 were members of the American
Society of Forensic Odontology (ASFO).



S.L. Avon et al./Forensic Science International 201 (2010) 45-55 49

Table 2
Demographic information and experience of participant examiners.

Novices (n=10)

Members (n=10)

Diplomates (n=9) p-Value for difference

Gender, % (n)

Female 70.0 (7) 0.0 (0)

Male 30.0 (3) 100.0 (10)
Specialty, % (n)

Yes 30.0 (3) 0.0 (0)
Degree, % (n)

DDS/DMD 100.0 (10) 100.0 (10)

FRCD 20.0 (2) 0.0 (0)
Practice, % (n)

Private office 80.0 (8) 90.0 (9)

University 10.0 (1) 10.0 (1)

Military 0.0 (0) 0.0 (0)

Medical examiner 0.0 (0) 0.0 (0)

Hospital 10.0 (1) 0.0 (0)

Research facility 0.0 (0) 0.0 (0)
# Bite mark cases, % (n)

0 100.0 (10) 10.0 (1)

1-9 0.0 (0) 70.0 (7)

10-19 0.0 (0) 10.0 (1)

20+ 0.0 (0) 10.0 (1)
Age, years

Mean (s.d.) 38.5 (6.6)A 53.2 (7.8)B
Years since graduation”

Mean (s.d.) 14.9 (6.4)A 29.1 (8.0)B
Number of days in forensic training”

Mean (s.d.) 0.0 (0.0)A 57.7 (58.9)B

222 (2) 0.002
77.8 (7)
11.1 (1) 0.185
100.0 (9) 1.000
0.0 (0) 0.310
66.7 (6) 0.645
222 (2)
0.0 (0)
11.1 (1)
0.0 (0)
0.0 (0)
11.1 (1) <0.001
11.1(1)
222 (2)
55.6 (5)
55.8 (10.4)B 0.002
303 (11.7)B 0.001
66.3 (36.9)B 0.003

DDS: Doctor in dental surgery; DMD: Docteur en médecine dentaire; FRCD: Fellow of the Royal College of Dentists.
" Means with different letters are significantly different at the 0.05 level based on Bonferroni adjusted post hoc tests.

3.3. Diplomates

Nine diplomates, 2 women and 7 men completed the first
assessment. On the second assessment, 6 of them, 1 woman and 5
men completed the bite mark analysis. Some examiners from this
group withdrew either on the first or second round of the project
for the same stated reason as the one in the member group. This
was due to the overlap of serious multiple-fatality incidents
requiring their attendance. The mean age for the diplomates was
55.8 years (s.d.: 10.4) with a mean dental experience of 30.3 years
(s.d.: 11.7 years). There was one specialist in oral pathology, 2
dentists worked full time at a university, one in a medical
examiner’s office while the rest maintained private dental
practices. Diplomates had examined more bite marks cases than
members, with the majority (56%) having examined over 20 cases.
The number of days of forensic-training courses taken ranged from
15 to 100 days. All of them were in good standing with the ABFO as
well as members or fellows of the AAFS and members of the ASFO.
Table 2 presents the demographic and experiential characteristics
of the examiners that participated.

3.4. Predictors of correct/incorrect attribution of a dentition
to a bite mark

To examine whether certain bite marks were more readily
matched, the percentage of correct attributions was calculated for
each bite mark. As shown in Fig. 5, the identification of the correct
suspect was considerably lower for bite marks made with
dentition A than dentitions B and D. It should be remembered
that a “correct” response for bite marks attributed to dentition D
would rule all suspects out. That is, there was no bite mark that
should be linked to that model. There appears to be little variation
between the three examiner groups, although diplomates fre-
quently had higher levels of correct responses. Interestingly,

novices often performed as well as diplomates, and better than
members. Fig. 5 also demonstrates that there was no apparent
change with the second evaluation. Specifically, examiners did not
appear to improve on their second evaluation.

Fig. 6 shows the percentage of time that examiners within each
group incorrectly attributed one of the suspect dentitions to the
bite mark. Attributing the wrong dentition to a bite mark
constitutes a critical error as it would be analogous to inculpating
an “innocent” person. Incorrect inculpatory attribution of a
dentition to a bite mark was most common among members.
Therefore of the 3 examiner groups, members were more likely to
falsely inculpate someone as being the biter who was not.
Dentitions A and B were the only true possible suspects sent for
bite mark analysis. Dentition D although used for biting was not
provided to the examiners and all 3 groups had higher percentages
of incorrect attribution to a bite. For dentition D, members’
incorrect responses were significantly higher than those of
diplomates (p < 0.0001). Examiners were also given models of
suspect C that was not used to make any of the bite marks. Overall,
only 3.7% of all bite marks was incorrectly attributed to suspect C.
Although the novices incorrectly attributed a bite mark to
dentition C twice as frequently as the diplomates, there was no
significant difference between diplomate and novice examiners
identifying suspect model C as a biter (0.8% vs. 1.9% of the time
respectively; p = 0.556). Conversely, members identified suspect
model C in 7.8% of the cases, which was significantly higher that
both novice and diplomate examiners (p < 0.001).

Fig. 7 shows the percentage of time that examiners within each
group did not identify any of the suspects, when the bite mark was
made by a suspect dentition that was provided. This is essentially
an error—but not a critical one. In this graph, there are no values for
dentition D since this is not a possible source of error. A finding of
“no match” or “inconclusive” represents a correct response for bite
marks created with dentition D (see Fig. 3). A finding of “no match”
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Fig. 5. Percentage of correct response of suspect identification by bite mark, suspect (model), examiner group and time of evaluation. The first vertical column of six graphs on
the left is pig 1—bites were made by dentition A. The middle column of six graphs is pig 2—bites were made by dentition B. The right vertical column of six graphs is pig 3—all
bites were made by a dentition not provided to the examiners. N1: novices, first assessment; N2: novices, second assessment; M1: members, first assessment; M2: members,
second assessment; D1: diplomates, first assessment; D2: diplomates, second assessment.
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Fig. 6. Percentage of incorrect suspect identification by bite mark, suspect (model), examiner group and time sequence of evaluation. The first vertical column of six graphs on
the left is pig 1—where all bites were made by dentition A. The middle column of six graphs is pig 2—where all bites were made by dentition B. The right vertical column of six
graphs is pig 3—where all bites were made by a dentition not provided to the examiners. N1: novices, first assessment; N2: novices, second assessment; M1: members, first
assessment; M2: members, second assessment; D1: diplomates, first assessment; D2: diplomates, second assessment.
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Fig. 7. Percentage of inability to attribute a suspect identification by bite mark, suspect (model), examiner group, and time of evaluation when the biting dentition was
represented in the models provided. This is essentially a “false negative” situation where the biting models were provided but the biter was not identified by the examiner but
is not a critical error since a subject is not falsely inculpated. The first vertical column of six graphs on the left is pig 1—where all bites were made by dentition A. The middle
vertical column of six graphs is pig 2—where all bites were made by dentition B. There are no values on the right vertical column of six graphs pig 3 since no association for
dentition D was the correct answer. These results are shown in Fig. 5. N1: novices, first assessment; N2: novices, second assessment; M1: members, first assessment; M2:
members, second assessment; D1: diplomates, first assessment; D2: diplomates, second assessment.



S.L. Avon et al./Forensic Science International 201 (2010) 45-55

53

Dentition D

All dentitions

Table 3
Error rates and types of examiners for dentitions A, B, and D for the different examiner groups.
Dentition A Dentition B
Groups Overall: 64.0% Overall: 22.0%
Critical: 5.8% Critical: 4.0%
Non-critical: 58.2% Non-critical: 18.0%
Novices Overall: 64.6% Overall: 28.1%
Critical: 4.0% Critical: 5.2%
Non-critical: 60.6% Non-critical: 22.9%
Members Overall: 61.0% Overall: 17.6%
Critical: 12.6% Critical: 3.9%
Non-critical: 48.4% Non-critical: 13.7%
Diplomates Overall: 66.7% Overall: 20.0%

Critical: 0.0%
Non-critical: 66.7%

Critical: 2.5%
Non-critical: 17.5%

Critical: 34.8%

Critical: 28.6%

Critical: 56.3%

Critical: 16.9

Overall: 42.2%
Critical: 9.6%
Non-critical: 32.6%

Overall: 43.7%
Critical: 22.0%
Non-critical: 21.7%

Overall: 35.3%
Critical: 6.0%
Non-critical: 29.3%

or “inconclusive” for dentitions A and B when those dentitions
produced the bite mark was incorrect. Translating this to a clinical
situation it simply represents an instance where, for whatever
reason, a bite mark could not be attributed to a dentition.

Of particular importance in a medical-legal context, and
specifically in the post-Daubert era is the critical error rate in
bite mark analysis. The critical error rate for novices as a group was
4.0% for dentition A, 5.2 for dentition B, and 28.6 for dentition D.
The lowest critical error rate for any individual novice on all cases
was zero and the highest critical error rate for any individual
novice examining all cases was 36%.

Members as a group had critical error rates of 12.6% for
dentition A, 3.9% for dentition B, and 56.3% for dentition D. The
lowest critical error rate for any individual member on all cases
was zero and the highest critical error rate for any individual
member examining all cases was 37%.

Diplomates had no critical errors for dentition A, a critical error
rate of 2.5% for dentition B and a 16.9% critical error rate for
dentition D (Table 3). The lowest critical error rate for any
individual diplomate examiner that examined all cases was zero
and the highest critical error rate for any individual diplomate
examiner was 11%.

4. Discussion

Bite marks analyzed in the present investigation were made
under highly controlled experimental conditions and did not
involve movement between dentition and skin. While this differs
from clinical bite marks, the complexity of this study design, that
required an examiner to attribute a bite mark to a suspect was
much harder to establish than in a real life situation. These bite
marks were experimentally produced bite marks in vivo but the
case material was challenging since dental arch width, arch depth,
vertical tooth position and even individual tooth size were held
constant. Similarly bite pressure was held constant as much as
possible as was time of contact between teeth and skin. Individual
tooth position in the horizontal plane was the only difference
between dentitions.

Further complicating the analysis was the use of study-design
deception of the examiners by purposely holding back one set of
teeth (suspect D) that was used to make bite marks while
supplying a set of teeth that was not used to produce any of the bite
marks (suspect C). There may have be, in the mind of some
examiners that suspect D must have made at least some of the
markings or why would the authors included it? Stated another
way it is possible examiners might have thought that one of the
three dentitions included for study must have made at least one of
the bite mark cases supplied. One might also argue that additional
deception was introduced by giving each bite mark a different case

number for each examiner and on each occasion (examination and
re-examination).

It is common practice for forensic odontologists to gather their
own raw data. Although in the present situation bite mark
examiners were supplied with a plethora of comparative material,
they did not personally view the fresh case material, gather their
own evidence or even direct the methods with which the material
was collected. It is possible that three-dimensional viewing of an
actual case or collection of material outside of what was provided
may have improved or made the attribution process worse. This
could be the subject of further study.

Finally the use of a forced-decision data collection model, and
forbidding examiners, by way of study design to exchange
information, or undertake peer-review of their case-work with
more experienced colleagues made this comparison exercise
extremely challenging.

Correct suspect attribution was considerably lower for bite
marks made with dentition A than for the other dentitions (see
Fig. 5). Dentition A bite marks also had significantly higher
inconclusive findings than dentition B (see Fig. 7). This may be an
indicator of less “visually-striking” evidence when teeth are in
perfect alignment as they were in dentition A. Bite marks made
from this dentition, where all the teeth were perfectly aligned
without any feature, trait or pattern that would represent an
individual variation may have made it more difficult for an
examiner to associate the pattern injury to a suspect dentition. It
may be argued that dentition A, lacking individualizing unusual
traits represents a particularly difficult case for bite mark analysis.

The bite marks examined in this study, independent of
dentition, were most likely of variable evidentiary value. Further
research should include evaluation of the evidentiary value of the
bite marks against a standard reference scale such as the one
developed by Pretty [4,14].

It would be interesting to utilize the current photographic
material database of several hundred cases gathered in this study
and have a series of diplomates rate the evidentiary value using a
bite mark severity and evidentiary value scale. This might have
been inadvertently introduced a source of bias in this process
already. Both of these factors could, and should be the subject of
further study.

Overall, diplomates, those analogous to Soomer’s more quali-
fied identification experts, were indeed better at attributing bite
marks to suspect dentitions, and critically, were better able to
discriminate those cases where bite marks could not be attributed
to any of the dentitions. However outliers in all three groups may
have adversely affected the overall group score. One diplomate
accounted for a disproportionate number of errors in interpreta-
tion. This may incline certifying boards, including odontology, to
include periodic proficiency testing of their members to maintain
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standards. This has been done in other forensic endeavors [15].
Interestingly, the novices, those without any formal forensic
training, performed similarly to diplomates in identifying bite
marks that were not associated with models but even so did not
reach their low critical error rate. Both may be a result of being
more cautious. Diplomates may be cautious because they are
aware of the importance of a critical error in attributing a bite mark
to the “wrong person”. While novices may be more cautious
because of inexperience, i.e. they do not want to risk making a
mistake when they are unsure. Members with an interest in, and
knowledge of bite marks who were not board-certified were not as
effective as novices at reaching correct decisions in relation to
whether a bite could be attributed to one of the biters or not.
Members were more likely to incorrectly associate one of the
suspect dentitions as being the biter when it was not. There is also
a possibility that some examiners may not have given as much
attention to the case material as they would a bona fide case,
resulting perhaps in less accurate answers. Members have an
interest in the subject, but they may not have had the training or
knowledge of diplomates. The issue of confirmation bias was not
measured in this study. As Blackwell et al. alluded to in their 2007
paper “The natural tendency to see what one wants to see, thereby
tempting examiners to over-interpret bite mark evidence, has led
to serious difficulties when bringing such evidence before the
courts.” [6] It is at least possible that those of intermediate
experience (members) may have been more subject to confirma-
tion bias in so far as they have an interest in the subject but may
not have undergone board-examination nor had a large number of
judicial cases.

The differences in individual critical error rates (attribution of
the bite mark to the wrong models) indicate that outliers exist in
both directions. Some are highly skilled at the task and others are
not very efficient. The issue of isolating critical errors alone is
problematic with this study design since it is possible for an
examiner to lower their individual critical error rate by simply
answering that they could not attribute any case to any bite mark.
This would result in a critical error rate of zero but the process of
bite mark analysis, if deliberately practiced thus, would be useless.
If one never offers an opinion, they will never be wrong. It is
apparent that in all three groups there are some individuals with
very low critical error rates and others whose error rates indicate
that they did not take the process seriously or they really should
not be undertaking bite mark analysis. Further research is required
to elucidate how to differentiate the two.

Finally there were no statistically measurable improvement or
worsening of the ability to attribute the bite marks to models
between the two time periods. The error rates after the washout
period were essentially the same and occurred in the same
direction.

Compared to this study, similarities with other studies exist. In
1999, the 4th ABFO bite mark workshop [16] where 32 certified
diplomates of the ABFO participated in a study of the accuracy of
bite mark analysis. Bite mark analysis showed that the accuracy
from three actual forensic cases (and one bite mark in a piece of
cheese) was significantly related to bite mark level of certainty and
forensic value but not with examiner experience. The study from
Pretty and Sweet [17] using a series of simulated post-mortem bite
marks on pig skin also resulted in different conclusions. Although
the method was relatively similar in certain aspects, these authors
studied the performance of ABFO diplomates, ASFO members and
general dental practitioners with the use of transparent overlays.
Additionally the dermal model was in vitro, not in vivo. The results
of that study showed that experience and training of the examiners
was found to have little effect on the effective use of overlays. In
the present study, examiners were neither trained in any particular
technique nor advised how or what technique to use. They could

use the technique(s) of their choice. This may more closely mirror
the decision-making process in their own forensic odontological
practice. Finally Whittaker in 1998, used 50 actual photographic
bite mark cases, in an effort to determine the ability of examiners
to decide whether bite marks had been produced by adult or
paediatric teeth. The examiners were comprised of 109 profes-
sionals: senior and junior forensic odontologist experts, dentists,
dental students, police officer and social workers. That study
showed that the most accurate decisions were made by the senior
and junior experts but as far as the decision of a child or adult bite
marks was concerned there were no significant differences in their
decision-making ability [18].

5. Conclusions

Statements and findings reported by an expert witness must be
based on scientifically derived techniques and scientifically sound
principles. This project attempted to address some of the issues
identified by the Daubert and similar judicial decisions since the
technique could be controlled and tested, and rates of error could
be calculated. Error rates may be influenced by the individual
examiner, the dentition, and the bite mark evidence available. The
study also demonstrated that training and certification, and
perhaps proficiency testing of professionals who offer opinion in
cases of bite mark injuries, may be important to the successful
outcome of the analysis. Nevertheless, even expert diplomates as a
group and individually make critical mistakes. This might support
the contention that bite mark analysis is entirely subjective.
Dermal bite mark evidence recovered from a victim must be of high
quality and the examiner must be a well-trained, certified
professional if the error rate of analysis is to be kept low. If bite
mark analysis is to aid the courts, the examiner must ensure that
the bite mark under study merits undertaking a comparison, that
techniques used are based on scientific principles and that
conclusions of the bite mark testimony are not over-stated nor
inadequately contextualized.
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Abstract

This research project was proposed to study whether it is possible to replicate the patterns
of human teeth (bite marks) in porcine skin, be able to scientifically analyze any of these
patterns and correlate the pattern with a degree of probability to members of our established

population data set.

The null hypothesis states: It is not possible to replicate bite mark patterns in porcine
skin, nor can these bite mark patterns be scientifically correlated to a known population

data set with any degree of probability.

Bite marks were produced on twenty-five pigs with a bite pattern replication device using 50
sets of models of blinded dentitions. The models were selected randomly from a previously
guantified data set of 469. Prototyped dental models were mounted on a semi-automated
mechanical device which records the model humber, physical location on the pig where the
force applied and the duration it was applied. Four patterns were created on each side of
twenty-five anesthetized pigs in predetermined areas. These sites were tested previously in a
pilot study; notably the hind quarter, abdomen, thorax and fore limb. Digital photographs of the
patterned injuries (bite marks) were exposed following the guidelines of the Scientific Working

Group on Imaging Technology (SWGIT) and the American Board of Forensic Odontology
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(ABFO). Two hundred images of each dental arch were selected from the eight hundred
photographs taken during the laboratory sessions and analyzed biometrically using a previously
validated software program. Images were categorized as complete, partially complete or
unusable, based on the presence, partial presence or absence of the six anterior teeth in each
arch. Intersecting angles, the widths of the lateral and central incisors and the arch width
measured on the scaled images of the unknown models. The images were analyzed
independently by two investigators. Their measurements were then statistically compared to
an established population data set of 469 males, ages 18 to 44 years. Statistical analysis was
achieved using two models; Pearson’s correlations and distance metric analysis. Pearson’s
correlation results based on width only, angle only and widths plus angles were reported by
each investigator. Angles measured along with widths and compared to the known data set
ranked each set of models from 1 to 469 with a ranking of one showing the lowest p values.
Investigator #1 ranked 5 out of 143 images as number 1, 10 out of 143 in the top 1%, 34 out of
143 in the top 5% and 59 out of 143 in the top 10 %. Investigator #2 ranked 2 out of 156 as
number 1, 13 out of156 in the top 1%, 36 out 0f156 in the top 5% and 54 out of 156 in the top
10%. The second statistical model using distance metric analysis had a sample count of 102
images with 3 out of 102 within 1% of the population, 16 out of 102 within 5% of the population
and 23 out of 102 within 10% of the population when evaluating the results of the upper jaw only
from investigator #1. The concept of using an incisal line is based on geometric principles of line
segments and the angles they form when extended. The use of this concept will aid the crime
laboratory imaging specialist and forensic odontologist in their analysis of bite marks (patterned

injuries).

MeSH terms; forensic odontology, bite mark, dental characteristics, bite force, incisal line,

guantification of dental characteristics, statistical analysis, load cell, FlexiForce sensor.
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Table 6. This table illustrates the investigators’ difficulty in measuring incisor
width only. This is due to the viscoelasticity of the skin, resulting in inaccurate
measurements in distance.

Table 7. lllustrates the Investigators accuracy and consistency in an analysis
based on angular measurements only.

Table 8. The Percent of Population closer to selected Sample than the
corresponding Target for upper jaw. Samples measured by researcher 1.

Table 9. The Percent of Population closer to selected Sample than the
corresponding Target for upper jaw. Samples measured by Researcher 1,
using use only the factors representing measurements of angles.

Table 10. lllustration of the percentage of Population closer to selected
Sample, than the corresponding Target, using only the factors representing
measurements of angles.

Table 11. Total performance using different factor subsets in the
Distance Metric Model.

Figures

Figure 1. lllustrates the width of the upper incisor teeth at 1.0 mm
above the first point of initial contact on the Z plane using the measuring
tool in MiniMagics® software.

Figure 2. An exploded view of the prototype bite force transducer using
the Omega™ model LCKD-100 mini load cell, to determine the range of
pounds force (Ib") generated by twenty males ages 22 to 32. The insertion
of a sheet of stainless steel controlled hysteresis.

Figure 3. The tools panel used in pattern analysis. The arrow indicates
the tool used to open a case for analysis in Tom’s Toolbox®

Figure 4. . lllustrates a 0-100 Ib. FlexiForce® sensor
with the supplied silastic pressure button, which resulted in fade,
(hysteresis) when recording applied force.

Figure 5. Omega LCKD 100 mini load cell.

Figure 6. The Phidgets data system
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Figure 7. lllustrates the FlexiForce® Sensor response graph.
www.trossenrobotic.com [20]

Figure 8. The Phidgets / FlexiForce® transducer (FFT) system block
bridged to a display and storage application custom designed for the PC
laptop by the team's IT manager.

Figure 9. A screen capture of the computer display of the application
which provides a visual and an audible indication of the applied Ib" force
and the duration it was applied. The application also creates a complete
log of the session.

Figure 10. lllustrates one of the original dental stone models used to
create the population data set in prior research.

Figure 11A. The ESPE 3M™ COS chair side optical scanner

Figure 11B. A screen capture of the three-dimensional
image of a scanned Castone model in STL format.

FigHre 12. . lllustrates the 50 blind prototyped models returned by the
3M " Corporation.

Figure 13. lllustrates the mounting jig on the left. The upper mounting base
in the center showin the dowels permitting the vertical travel, yet maintaining
the inter-arch relationship of the models. On the right, a FlexiForce® sensor
is shown inserted directly over the anterior teeth.

Figure 14. lllustrate a completely assembled pattern replication device with
a channel above the maxillary incisors for the introduction of the Omega load
cell for the calibration of the FlexiForce sensors in each of the 50 pattern
replication devices.

Figure 15 lllustrates the recess created for insertion of the Omega model
LCKD-100 mini load cell.

Figure 16. lllustrates the 0-100 Ib. FlexiForce® sensor with the custom
machined aluminum pressure button.

Figure 17. FFT transducer calibration was accomplished in series with
the Omega load cell in a small bench vise.

Figurel8A. Depicts an articulated replication device.
Figurel8B.Upper model travels vertically on dowels.

Figure 19. lllustrates the Biomedical Resource Center’s large
operating suite at the Medical College of Wisconsin where the animal
research was conducted.
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Figure 20. Depicts the four standard sites selected on each side
of the animal for the replication of bite marks (patterned injuries).

Figure 21. The arrow illustrates the location of the control button
used to indicate that a specific Toolbox marker could not be inserted
at that site.

Figure 22A. The X Y axis inserted in a scaled image for measurement.
Figure 22B. The adjustable X Y template used to establish the X axis.

Figure 23. Analysis variable for pig number 25 left side, site A (hind limb)
representing the mean force of 665.553191 Phidgets sensor reading with
minimum and maximum loads over 15 seconds of maximum load force.

Figure 24. bite mark replication pattern for pig number 25L A

(left side, position A) representing the mean force of 665.553191
Phidgets sensor reading with minimum and maximum loads over 15
seconds of maximum load force.

Figure 25. lllustrates the consistency of the pattern in dental characteristics
in bite pattern 19R A and the population Target member 945 U A, using a
computer generated semi-transparent overlay.

Figure 25. lllustrates the consistency of the pattern in dental characteristics
in bite pattern 19R A and the population Target member 945 U A,
using a computer generated semi-transparent overlay.

Figure 26A. lllustrates the placement of the measurement markers in
Tom’s Toolbox® for the maxillary incisors in the replicated bite mark for
pig 19R, site A.

Figure 26B. Depicts the force applied to produce the replicated pattern of
the bite mark on Pig 19 R, site A.

Figure 26C. lllustrates the FlexiForce scale recording of the force at 10
seconds to 25 seconds over the 60 second duration of the contact with
porcine skin, Pig 19R, site A.

Figure 27. lllustrates the intersection of the extended incisal lines used to
calculate the angle of rotation of the incisors. Outliers in these angles
are used to quantify their occurrence in the sample population.

Figure 28. A visualization of the Distance in factor space
from the Sample to the matching Target of the Population.
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Figure 29. Histograms of ten normalized factors from upper jaw
measurements by researcher 1. Distributions appear roughly bell shaped,
but there are outliers.

Figure 30. Normal probability plots of ten normalized factors from upper
jaw measurements by Researcher 1. If the observed distribution is normal,
it follows the dashed red diagonal lines. Distributions of these factors tend
to have thick tails, and some are skewed.

Figure 31. Scatter diagrams — Other factors vs. Factor 8 (angle BC) for the
Population. Colored “X” s are three Samples, with corresponding Target

Figure 32. Factor 7 (angle AD) vs. factor 8 (angle BC) showing three
Sample — Target pairs.

Figure 33. Factor 9 (angle BD) vs. factor 8 (angle BC) showing three
Sample — target pairs.

Figure 34. Proportion of Population vs. distance for each in the upper jaw
Sample scored by Researcher 1.

Figure 35. Cumulative Density Function, a graphical representation of
the information in Table 8 the percent of the Population closer to each
Sample than its corresponding Target.

Figure 36. Proportion of Population vs. distance for each upper jaw
Sample scored by researcher 1, using use only the factors representing
the measurements of angles.

Figure 37. Cumulative Density Function, showings the percent of
the Population closer to each Sample than its corresponding Target.

Figure 38. Analysis variable for pig number 25 left side site A or hind limb
representing the mean force of 665.553191 Phidgets sensor reading
with minimum and maximum loads over 20 second maximum load force.

Figure 39. lllustrates a replicated bite mark with a mean force of
665.553191 Phidgets sensor reading. start_side_site=Pigl9 R_A.

Figure 40. An illustration of the lack of a distinct pattern in a dynamic bite.

Figure 41. Extension of the incisal lines of the anterior teeth

eventually intersect with an adjacent incisal line, forming a measureable
angle. The angles of intersection for the maxilla are illustrated in this image.
Intersecting incisal lines forming angles AB, AC, AD, BC, BD and CD in the
four maxillary incisors. Tooth 10=A, Tooth 9=B, Tooth 8=C Tooth 7=D.C
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Executive Summary

The National Academy of Science (NAS) 2009 report, Strengthening Forensic
Science in the United States: A Path Forward, challenged the forensic science
community to develop comprehensive reforms in research using scientific methodology,

guidelines and standards for the analysis and reporting of an examiner’s conclusions.

A research project was proposed to study whether it is possible to replicate the
patterns of human teeth in skin (bite marks) and be able to scientifically analyze any of
these patterns correlating them with a degree of probability to members of our

established population data set.

The null hypothesis states; It is not possible to replicate bite mark patterns in porcine
skin, nor can these bite mark patterns be scientifically correlated to a known population

data set with any degree of probability.

A template was developed to be able to analyze and quantify the individual tooth
characteristics in bite marks (patterned injuries) as they appear in a porcine skin. In

order to establish a bite mark pattern, several considerations needed to be addressed.
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These included selecting a suitable material to strong enough to duplicate natural tooth
strengths, developing a mechanism to and accurately transfer a pattern of dental
characteristics to porcine skin and developing a standardized method of mounting the
dental models on a device which would produce a patterned injury (bite mark). It was
also necessary to determine the force necessary to create a legible pattern in skin and
calibrate each of the fifty replication device to deliver a standardized bite force for a
specific time period. To be able to establish the probability that an image of a bite mark
(patterned injury) on the pig could be correlated to a member (target) of the population
data set with a level of probability, ranking the patterned injuries to the population data
set was accomplished using both Pearson’s correlations and a distance metric analysis

model
Research Design

The selection of a material with natural tooth strengths included a trial using
Castone™ dental models, cold cured methyl methacrylate dental resin and prototyping
models using sintered steriolithography (SLS). The sintered form of prototyping by the

3M™ Corporation produced a model of the strength required for this research.

The use of a modified Irwin C-clamp to transfer patterns of dental characteristics to

skin was previously reported. [17]. The incorporation of a load cell to calibrate each

. ® . L . .
FlexiForce ~ transducer in each of the 50 pattern replication devices required to record

the force applied had not previously been used. Initial trials of a prototype pattern
replication device resulted in torqueing of upper models when force was applied. The

use of ten parallel pins placed in the base of the upper dental models prevented this
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and ensured that all forces were directed to the incisal edges of the six anterior teeth

. . . ®
and directly against the FlexiForce — transducer.

Force transducers, load cells and piezoelectric concepts were incorporated in the
replicator device. Accurate measurement of the forces involved experimentation with
materials that had limited hysteresis or fade during force loading. Ultimately a machined
aluminum button attached to the piezoelectric sensor (FFT) provided for the most

sustainable of compressive forces when applied for any interval of time.

The literature provides for a wide range of pounds force calibration in the incisor
region from 20 to 122 PSI. These forces are influenced by numerous factors including
pain, gender, age, musculature and the individuals existing occlusion. This study’s
determination of bite force necessary to create a patterned injury was based on a
sampling of individuals between the ages of 22 and 32 showing a range of 25 t0131.1

pounds force consistent with previous reports.

Calibration of each of the force sensors in the 50 replication devices by bench testing
was accomplished prior to each animal laboratory session. A means of recording and
sustaining the bite force for a 15 second time interval was required. This was
accomplished with a complete Phidgets data acquisition system which consisted of a
voltage divider, a precision voltage reference source, an Analog to Digital Converter
board (ADC), USB interface and a laptop computer. Using a modification of a similar
apparatus used in an earlier study the models were mounted on a modified Irwin™

welder’s vise grip. By incorporating a force sensor, (FlexiForce® 100 Ib. sensor), the

Phidgets® device was bridged to a notebook computer running Lab View® software
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creating an auto-recording pattern replication device. This device allowed the replication
of patterned injuries to be repeatable, consistent and measurable. The calibration

procedure involved connecting the embedded FlexiForce® Transducer (FFT) to the

Phidgets ~ data acquisition system and verifying its operation on the connected laptop

. L . ®
computer running the custom software application, Lab View . The load cell was placed

in the replication apparatus, arranged mechanically in series with the embedded FFT
sensor such that both transducers experienced the same biting force. Force was
applied at 25, 50 and 100 pounds-force increments then removed at 50, 25 and 0
pounds force increments. Corresponding data from the FFT and the load cell were
taken at each force increment and stored in a time and date stamped computer file for

each of the 50 models and 50 corresponding pig locations.

Animal Laboratory Sessions

Animal research sessions were conducted in accordance with the standards of the
Guide for the Care and Use of Laboratory Animals (8" edition, National Academies of
Sciences, 2011) and were approved by the Medical College of Wisconsin, Institutional

Animal Care and Use Committee (IACUC).

Mixed-breed young pigs, weighing 30-40 kg were obtained from a commercial
breeder and acclimated in the large animal laboratory research facility for a period of at
least 2 days before the laboratory procedures were performed. Anesthesia was induced
with a combination of tiletamine/zolazapam (Telezol®, 4.4 mg/kg) and xylazine (2.2 mg.
/kg) administered intramuscularly. Following induction, an endotracheal tube was placed

and hair from the anatomical sites of interest removed using a commercial hair clipper,
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razor, and/or depilatory cream. To conserve body temperature, animals were placed on
heated pads on the surgical tables and covered with towels and a PolarSheild®
Emergency Survival blanket (RothCo3015 Veterans Memorial Highway, Ronkonkoma,
New York 11779-0512). The pigs’ body temperatures were maintained between 36.2
and 39.3 degrees C and monitored by participating veterinary technicians. Using a
rectal thermometer, the mean procedural temperature recorded was 38.1C (36.2C —
39.3C). The mean low 36.2C (33.9C — 37.0C) and the mean loss was 1.8C (0.2C —
4.3C). Following animal preparation, a surgical plane of anesthesia was maintained
using isoflurane administered through the endotracheal tube using a precision vaporizer
and compressed oxygen. Basal anesthesia was augmented as needed in some animals

with pentobarbital administered intravenously to effect stage Il general anesthesia.

The four designated sites to receive the patterned injury were the lateral aspects of
the upper hind limb/thigh, abdomen/flank, thorax, and shoulder/upper forelimb of the
animals. These were designated as site A, B, C and D referenced on the ABFO #2

scale label in the photographic image.
Photography

The injuries were digitally photographed at 1:1 scale (life size) by an forensic
photographer 15 minutes after their creation, using a Cannon™ EOS 5d Mark Il, ~ 21mp
with a Cannon Macro EF 100mm 1:2.8 USM lens, set to autofocus. Lighting was
provided with a Canon 580 EX Il flash set to Manual 1:2 power. The flash unit was
used off camera held oblique to the bite pattern. Camera settings were at the manual
exposure of 1/200" @ f16-32, 100 1.S.0. with the white balance set on Flash. Large
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JPEG format imaging process consisted of converting RAW images in Adobe
Photoshop CS5 (cropped to 4x4 inches) and then calibrated to 1:1 at 300 ppi and saved
in TIFF format. The calibration of the patterned injury proceeded by determining the
total number of pixels within a known distance. The forensic photographer used the
least distorted portion of the scale for the calibrations. A flat field lens was employed to
help reduce optical distortion. At the lab, the images were calibrated to 1:1 and the
analysis measurements were made using the technique previously reported for Tom’s
Toolbox®. Sorting and selection of the best image for each of the eight sites on the
twenty-five pigs was accomplished. Since a scaled image of each dental arch was
required to be analyzed separately by the semi-automated software, Tom’s Toolbox®, a
total of four hundred scaled digital images were calibrated at 300 dpi, duplicated and
saved as working images in TIFF format. Those patterns which registered all six of the
anterior teeth were considered complete, while those which registered only some of the
anterior teeth were classified as partially usable. A third category, unusable, was
assigned to those patterns which lacked sufficient detail. Duplicate working files were
created for each of the investigators to independently measure the characteristics
available. The duplicate working files were uploaded into the semi-automated computer
application, Tom’s Toolbox®, where they were measured by Investigators 1 and 2. The

data was saved in an electronic data log.

Findings
The inter-observer agreement between Investigator 1 and Investigator 2 in the
measurement of the 50 Coprwax " exemplar patterns using SAS software was 0.984,

showing an extremely high consistency when measuring widths of tooth patterns in an
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American Dental Association (ADA) accepted dental bite registration material.
Determination of the inter-observer agreement in measuring tooth widths of patterns
registered in porcine skin was calculated with SAS software resulting in a correlation of

0.716.

Measuring the intersecting angles as a means of determining an additional dental
characteristic has not previously been utilized in pattern research. The intersecting
angles formed between incisor teeth identified as A and B, A and C, A and D, B and C,
B and C and D were identified and compared to the corresponding angles from original
data of the known population data set patterns. The correlations between bitemarks in
porcine skin compared to the known measurements of the 469 dental models were
ranked from 1 to 469. Each unknown model could only be ranked once as either 1 or
some other number between 1 and 469. For Investigator 1, 84.6% of the
measurement’s showed that their true models were ranked in top 10%. For Investigator

2, 85% of the measurements showed that their true models were ranked in top 10%.

Pearson’s correlation identified 2 and 5 ranking as number 1 by researcher 1 and 2
respectively when ranking from 1 to 469. In considering additional characteristics,
correlations between a bite mark and its true dental model were highly ranked. For
example, 10 out of the 143 (Investigator 1) and 13 out of the 156 (Investigator 2) were
within in top 1%. Additional results can be interpreted similarly. All show a better
performance than random with p-values < 0.0001. (Random in a statistical description
indicates that selecting models until a match is made is not possible). Outliers were

calculated using an N =469 to represent the population data. A calculated mean and
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standard deviation was recorded as + 2xSD. Width and angle calculations revealed

more outliers than considering width alone or angles alone.

To verify the initial statistical model of analysis, a second statistical model using
distance metric analysis was employed. The Distance Metric family of models computes
a distance in an n-dimensional factor space from a Sample (unknown pig pattern) to
each member of the known population data set of 469. The score for a particular
member of the Distance Metric family of models is the percentage of the Population that
is closer to the specific sample (pig pattern) than the correct matching Target member
of the population data set from which the sample image was made. In three (3) (2.9 %)
of the 102 Sample images scored, only 1% of the Population was closer to the Sample
than the Target; 16 (15.7%) of the Samples found their Target within 5% of the
Population; and 23 (22.5 %) of the Samples found their Target within 10% of the
Population. For this data set, the Distance Metric Model performs a little better on the
upper jaw Samples than on the lower jaw Samples, and there was no appreciable
difference in performance using the Sample and Population measurements of each
researcher. In summary, in more than 20% of the Samples in this study, the Distance
Metric Model finds the Target within the closest 5% of the Population. In more than 6%
of the Samples, it finds the Target within the closest 1% of the Population. This
demonstrates that it is possible to determine scientifically that a given Sample must

belong to a very small (e.g., 5% or even 1%) proportion of the Population.

Conclusions

The production of a legible pattern replicating the teeth in skin depends upon

multiple factors in addition to the substrate and the mechanism. Firm substrates such as
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cheese, soap, plastic and leather, to cite several media, register dimensions best. The
mechanism of creating the bitemarks in skin can be divided into two categories;
dynamic and static. Dynamic distortion occurs when there is movement by either or both
victim and assailant. Static distortion is less common and in the opinion of the authors
occurs more often in the pattern of the lower teeth because it is not fixed in position as
is the maxilla. A variable even in a static bite is the degree of elasticity in the skin and
the inability to capture the exact dimensions of the teeth. The evidentiary value of the
injury pattern is related to the amount of distortion in the bite mark (injury pattern).
However, even a distorted bite mark may still contain measureable characteristics that
provide evidentiary value. When agreement exists in the analysis of a pattern between
all examiners, there still is a need for a scientific basis and level of confidence for their

opinion.

Prior to this report, to accomplish the frequency distribution of the dental
characteristics, making an individual’s dentition distinctive, a series of studies were
instituted to establish a methodology for quantification dental characteristics in both two
and three dimensions. This was initially utilized to build a data set of seven dental
characteristics. Additional research confirmed the reliability of measurements, testing
both intra-operator and inter-operator agreement in analysis. The initial quantification of
width, damage, angles of rotation, missing teeth, diastema characteristics (spaces) and
arch width were subsequently augmented by a study of the displacement of the
anterior teeth, labially or lingually, from the individual’'s physiologic dental arch form.
Later a three-dimensional study of the position of the incisal edge of the anterior teeth

on the horizontal (Z) plane was conducted. This study adds a practical application to
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this data set. It incorporates a geometric approach to determining the angles of rotation
of the four maxillary and mandibular incisors. This concept utilizes the measurement of
the angels at the intersection of the extended incisal lines, projected through the mesial
and distal markers of each of the incisors. This method of measuring rotation of the
intersecting angles of the incisal lines is beneficial for several reasons. It eliminates
subjective establishment of an X (horizontal) axis. It is also more universal. One or
more teeth may be missing or indistinct. If two or more anterior teeth can be identified
(e.g. tooth 7 and 9), computation of the angle of the intersecting incisal lines can still be
determined. This method of establishing tooth rotation also provides an expanded
scope of search analysis, since it includes two additional characteristic items. In the
earlier studies when an x axis could be established from the presence of posterior teeth,
it was possible to determine four angles of rotation using a standardized and adjustable
xly axis template. With the alternate method of the intersecting angles formed by the

incisal lines, it is possible to measure six angles of rotation.

Although the actual width of the pattern of the incisor in skin may be less than that of
the known source, the angle of rotation remains a constant. Most significant in
predicting probability of a correlation to a target in the population data set will be the
presence of outlying angles of rotation. This procedure adds four additional
characteristics to statistically calculate the probability of correlation between the

unknown and a known source.

The interpretation of the combination of quantified dental characteristics making up
the initial two-dimensional data set, also utilized the data obtained in the three-
dimensional study, since the anterior teeth are not always all at the same level of
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eruption on the horizontal plane (Z plane). In knowing this, questions regarding whether
certain teeth are present or missing in a patterned injury cited by past investigators
could be addressed. This groundwork research is only the beginning. By establishing a
scientific template continued research should continue to develop this relatively new

scientific approach to pattern analysis.

Whether dental characteristics are reliably replicated in a bite mark in human skin is
the current challenge. The scientific validation of the correlation of bite marks, or tooth
patterns to their origin, in the opinion of the authors, predictably will be established by
statistical probability. That is, how many outlying characteristics demonstrated in a
pattern(s) would reliably predict the probability of another individual in the population
having the same combination of dental characteristics? For those images of the
bitemarks that include all six anterior teeth, or several teeth that enable the investigators
to insert all ten, or at least some of the markers from Tom’s Toolbox®, measurements of
distances and angles could be determined, saved, calculated, stored in an internal data
set ranked in percentiles. This application establishes outliers for those specific
characteristics for a data set that includes males between the ages of 18 and 44 years
in the State of Wisconsin. This is not to imply that only males bite. Women children, and
animals also bite others and even inanimate objects. In the personal experience of the
authors, perpetrators of human bites in violent crime are predominately males 18-44
years of age. This and limiting the number of samples required was the rationale for our
original study to that group. The study is meant to augment the established guidelines of
the American Board of Forensic Odontology. It should not be used in testimony or legal

proceedings.
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Introduction

The National Academy of Science (NAS) report Strengthening Forensic Science in
the United States: A Path Forward (2009) challenged the forensic science community to
develop comprehensive reforms in using scientific methodology, guidelines and
standards for the analysis and reporting of an examiner’s conclusions. [1] This research
is the culmination of ten years of applied science, studying bite mark analysis. It
demonstrates that human bite patterns can be replicated in porcine skin under some
conditions. The study also illustrates that analysis and recovery of meaningful data in
these patterns can be accomplished using a software application that recognizes the
systematic placement of markers and calculates angles and distances (Biometrics).
This pattern analysis software was developed by the investigative team in earlier
research. This basic drag and drop marker program was developed as a tool for the
forensic image specialists and forensic odontologists’ use in the evaluation of patterned
injuries. It also would initially assist crime laboratories and investigating agencies in
determining whether there is the need for the expert services of a forensic odontologist

to interpret the patterns.

Statement of Problem

The scientific basis for bite mark analysis has been questioned. The National
Institute of Justice awarded a three-year research grant to determine whether the
patterns of human teeth can be replicated in skin and correlated to the source with a
degree of probability. Additionally a proposal was made to develop a template for

forensic odontologists and forensic imaging specialist in ascertaining the forensic value
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of the pattern. This template is not rigid in the software and materials that future
researcher use. It is only a general plan (template) for future researchers to follow to
expand the testing of a scientific method in the replication and analysis of bite marks in
human skin. Prior research provided the accuracy and validation of a software
application (Tom’s Toolbox®) which demonstrated it was reliable, repeatable and
consistent with acceptable scientific methods. A blind study was designed and used to
determine the statistical probability of a best fit. Two hundred patterned injuries were
produced in porcine skin, documented by scaled digital images and analyzed. Two
statistical models were used to establish the probability of a correlation of a replicated
pattern with the known model in the population dataset. Confidence intervals and levels
are reported. Factorial conclusions are presented based on the demographics of a

male population between the ages of 18 and 44 years in the State of Wisconsin.
Literature Review

In prior research, the investigative team developed a means of measuring and
guantifying seven specific characteristics of the human dentition. [2] This established a
population dataset of 469 samples from males 18 — 44 years old that closely mirrors the
distribution of the ethnic population in the State of Wisconsin. [3] The methodology
employed was validated by testing repeatedly for reliability and accuracy. [4] Inter-
operator and intra-operator agreement was studied and found to be extremely high. The
result of repeated testing demonstrated that the methodology and protocol have a

confidence level of 95% and a confidence interval of £1.55.

The methods of bite mark analysis, used over time, have ranged from:
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= Simple observation;

= The direct comparison of a known dental model to the injury pattern;

= Hand-traced outlines on clear acetate of a model of known dentition;

= Radiographs of Barium filled wax imprints of the known model as an overlay;
= Photographic transparent prints of images of the teeth utilized as an overlay;

= The use of optically scanned images of the dentition to produce overlays in

Adobe Photoshop®
= Computer assisted analysis.

All of these techniques have their limitations, which include the viscoelasticity of skin,
distortion from movement, photographic distortion and many other problems that are
frequently cited and are well known to forensic examiners. Although these problems can
occur, bite mark patterns may still provide details which have value. It is also important
to point out, though most bite marks involve those observed in human skin; human
tooth patterns have been recovered from inanimate objects and analyzed by the
authors, e.g. kid gloves, automobile visors and steering wheels, a soft burrito, a bar

soap, a wad of chewing gum and an apple.

An additional study of a seventh dental characteristic, quantifying the displacement
of anterior teeth from the physical or native curve of each dental arch, was subsequently

conducted and published. [5]
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To establish the amount of displacement of the teeth, a baseline was necessary.
Testing was conducted to determine whether an ellipse, a Bezier curve, or polynomial
curve would provide the best fit. A third degree polynomial curve was determined to be
the most appropriate. An algorithm was written for the ten markers to be placed ina 1:1
scaled image of the anterior teeth. The markers were placed at the center of the contra-
lateral canine teeth to serve as the anchors and a marker was placed at the center point
of each of the four incisors. This generated a third degree (best fit) polynomial curve.
Based on this technique of establishing a baseline which follows the physiologic curve
of the specific jaw and from which measurements could be made, the investigators were
able to quantify displacement in labio-version or linguo-version, a seventh individual
dental characteristic. It was also possible in this study to again establish inter-observer

and intra-observer error rates. .

Adding to the data of the pattern reflecting width of the incisors which may not all be
on the same horizontal (Z) plane, a three dimensional study was undertaken. Advances
in Cone Beam Computer Technology (CBCT) have established that linear
measurements in 3-D imaging programs are statistically no different than using a direct
digital caliper measurement method considered by orthodontists to the most accurate
for these measurements. [6] [7] [8] [9] This three-dimensional, expanded data set on the
width of the eight incisors in 0.5 mm incremental “slices” on the Z plane has been
reported and published. [10]. Three-dimensional, digital Imaging communication in
Medicine (DICOM) images were obtained from the scanning the dental stone models,
utilizing Cone Beam Computer technology. These DICOM format files were then

converted to an STL format. The width of the incisors in the three-dimensional images
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of the dentitions were measured on the "z" plane using Materialise® MiniMagics®

software. (Figure 1)

First point of contact on the occhusal plana.
0.0 mm
Honzontal shces are made at 0.5 mm, 1.0 mm,
1.5 mm and 2.0 mm

Figure 1. lllustrates the width of the maxillary incisor teeth measured at 1.0 mm
above the first point of initial contact on the horizontal ( Z) plane using the MiniMagics®
software.

An additional paper providing data on the correlation of arch width with ethnicity was
published.[3] McFarland, Rawson, Barsley and Bernitz have all contributed to the
guantification of individual characteristics of the human dentition and identified problems
that existed regarding a statistical evaluation of individuality. [11] [12]13] [14] None of
these papers included a data set of significant statistical size, compared to that
developed by the current research team, nor did they include the analysis in the third

dimension on the (Z plane).

Statement of Null Hypothesis
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It is not possible to replicate bite mark patterns in porcine skin, nor can these bite

mark patterns be scientifically correlated to a known population data set with any

degree of probability.

Methodology

To obtain pattern characteristic correlations using a two-dimensional comparison of

the unknown injury patterns (bite marks) to the known population data set, this study

proposes to:

Demonstrate whether it is possible to replicate, in vivo, known dental pattern
characteristics (bite marks) in porcine skin.

In a blind study, use 50 models randomly chosen from 500 previously measured
Castone® models to be prototyped in a hard polymer by sintered
stereolithography (SLS),

Document, analyze the patterns recorded and develop analytic models which
could establish the statistical probability of a correlation of any of the pattern
registrations in the pig skin (pattern replication), would have to the authors’
population data set of known characteristics.

Determine the circumstances; area of the skin, the number of pounds force (Ib")
and duration of the applied force which produced identifiable and measureable
patterns.

In the absence of the other landmarks to establish an X axis, develop

modifications of Tom’s Toolbox® enabling the measurement of the angles of
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rotation of individual incisor teeth using the intersection of an extended incisal
line, based on Euclidean geometry. Determine the range of pounds force (Ib)
produced by males, age 18 — 44 when creating a bite mark.

= Based upon all of the preceding, establish a basic template and technology for
the forensic imaging specialist and forensic odontologist to use in analyzing and
evaluating patterned evidence.

= Provide a scientific template for future research with an enlarged population

database and more sophisticated imaging software.

Establishing bite forces

Bite force measurements in the central incisor area were established using a mini
load cell from Omega Engineering, Inc. (One Omega Drive, P.O. Box 4047, Stamford,
Connecticut 06907-0047), serial no. 291633 and recorded using a precision Bridge
Excitation voltage, V. = 5.000 VDC. Subjects were instructed to bite as hard as they
could over a 10 second period. The initial output offset voltage, Vos, mV and the
resultant maximum load cell output reading Vout, were mV recorded. All output voltages
were corrected by subtracting Vos and subsequently converted to actual biting forces in
pounds force (Ib"). These conversions were accomplished using manufacturer
calibration data (5-Point NIST Traceable Calibration) that accompanied the load cell.
The results were plotted graphically using Ib’ for the y axis and individual results on the
x axis. Those results that fell outside two standard deviations were discarded. The

resulting N of 31 was totaled and the average recorded.
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In replication of patterns utilizing the pounds force (Ib") citied in the literature by
Anusavice, the authors determined that the 20 to 30 Ib' cited in the text was insufficient
to produce the degree of tissue injury commonly observed in bite marks. [15] In order to

ascertain whether this observation was valid, an additional study was developed.

Caucasian male dental students who volunteered to participate were examined. The
initial IRB protocol limited participation to 50 individuals. Nineteen individuals were
dropped, making the final total thirty-one. Three were eliminated because they
exceeded the 22 to 32 age range of dental student volunteers cited in the IRB protocol.
Sixteen were excluded because the initial design of the load cell force transducer
produced evidence of hysteresis or fade. A modification in the design of the bite force
transducer included an intervening strip of stainless steel and a vinyl index to guide the
lower incisor directly over the location of the load cell. The average bite force for males
between the ages of 22 and 32 years with N=31 was 62.5 Ib" or 278.01N. This is
significantly higher than the average bite force reported by Anusavice [15]. The actual

minimal to maximum forces generated was 19.2 Ib' to 132.1 Ib" or 111.21 N to 587.61N.

The force was calculated using an Omega”™ model LCKD-100 load cell force
transducer sandwiched between two parallel wooden tongue depressors with a metal
plate directly over the sensor to avoid compression [Figure 2], that could result in
hysteresis in evaluating applied force. Sample results are shown in [Table 1] which
indicated an average of 62.5 pounds force, with a maximum of 132.1 pounds force and

a minimum of 19.2 pounds force for a group of volunteers on a given recording date.
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Figure 2. An exploded view of the prototype bite force transducer using the Omega™
model LCKD-100 mini load cell, to determine the range of pounds force (Ib") generated
by twenty males ages 22 to 32. The insertion of a sheet of stainless steel controlled
hysteresis.
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Bite Measurements Dales 14 December 20 20124 Jan 200311 Jan 2013
Load cell Serial Mo 291633 By: 0 Jewtter and T. Radmer
Bridge Excitation ¥= 5,000
So0 Roam 1060
Mote: Stainless steel inner layer and incesal alignment guide added to transducer

Subject Initial oifset Load cell Actual
(ode Number Subject age Vou MV Ve, mV Bite Force #F Notes
617 i} 0.146 3475 1321
M 16 0.142 1% 1
519 6 0.142 LM ni
405 N 0137 357 465
15 2% 0.14 5.76 94
599 n 0.137 a7 472
41 5 0137 37 50.5 one incisal restoration
218 1% 013 5.66 2
4% bl 0134 398 55
259 i 0.141 3164 428
3% U 0.13% 4378 (1]
945 kL] 0.142 1863 dropped
91 15 0.147 546 5.1
n U 0.4 166 dropped
380 25 0.146 15 192
40 i 0.134 5.66 8.1
&7 15 0.136 i1 56.1
199 25 0117 8.097 m7
52 n 0.028 6355 86
3% 2% 0032 6549 %5
% % 0059 ] 27
s n 0.046 613 862
456 n o7 6399 899
661 n 004 i3 554
581 15 0.045 im 529
49 5 0.039 1146 18
B4 % 0.057 156 354
u3 6 0.048 456 696
576 P 062 1826 b1
530 3 045 508 dropped
51 n 0.084 571 804
643 n 0.067 48 676
350 n 0.084 1769 525
568 26 om 398 5.1
8 FU 0042 1% 5.5
s 6 0.03% 5.2 T4
Sum 2062.5

average 31 subjects 625

Table 1. lllustrates the range of bite force (Ib") that can be generated by thirty-one
males age 22-32 in the region of the maxillary incisors. The average (mean) was 62.5
Ibs/Force.

Procedure for measuring bite mark patterns.

Using in-vivo porcine skin to research patterned injuries in human skin has had

widespread acceptance in the medical and dental literature.
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A literature review of the use of a porcine model in bite mark research and analysis
provides only two examples when using the terms bite mark and porcine skin as search
criteria [16], [17]. Past and current literature compares the porcine skin model closely

with human skin [18].

In previous studies, a template for the measurement of individual characteristics of
the human dentition in two-dimensions was established by the authors [4]. This included
the development of an original software application, copyrighted as Tom's Toolbox®.
[Figure 3] This software is a semi-automated software application using a palette of ten
markers which when inserted by the analyst in a scaled digital image, calculates
distances and angles based upon the Pythagorean Theorem. It is licensed to
governmental and non-profit organizations by Marquette University The markers are
inserted in specific locations on a scaled digital image of the bite mark at the starting
and ending point of the areas to be measured. The software recognizes the location of
each of the markers by column and row. It first performs a quality control procedure to
assure that all of the markers have been inserted and are in the correct order. It then

calculates distances and angles of rotation.
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Figure 3. The tools panel used in pattern analysis. The arrow indicates the tool used
to open a case for analysis in Tom’s Toolbox®

Calibration of the FIexiForce® Sensors

A method of providing standardized forces, duplicating the human bite
forces was addressed using FlexiForce®, sensors (0-100 Ibs.), mounted in a
custom designed recording pattern replication device. The FlexiForce® sensor is
a versatile, durable piezo-resistive, force sensor that can be constructed in a
variety of shapes and sizes. The device senses resistance inversely proportional
to an applied force. It has a patented ultra-thin (0.008 inches) flexible printed
circuit that senses contact force. It acts as a force sensing resistor in an electrical
circuit. When the sensor is not loaded, resistance is very high and when the force
is applied the resistance decreases proportionately. The FlexiForce® sensors
were coupled with an application that measures force-to-voltage in a circuit.

[Figures 4, 5, 6 and 7].

Figure 4. lllustrates a 0-100 Ib. FlexiForce® sensor
with the supplied silastic pressure button, which resulted
in fade, (hysteresis) when recording applied force.
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Figure 5. Omega LCKD 100 mini load cell. Figure 6. The Phidgets data system

50
40 /"’
/| Figure 7. lllustrates the FlexiForce®
30
Wout (W) // Sensor response graph
20 /" www.trossenrobotic.com [20]
10 /

0 20 40 a0 820100
Force (lbs)

o

FlexiForce® Transducers (FFT) [20] were incorporated into the apparatus to measure
the applied force, as described elsewhere.[21] These thin transducers are in the Force
Sensing Resistor (FSR) family that changes resistance from open circuit at 0 Ib', applied
forces to a resistance that progressively decreases as additional force is applied. The
resistance output is linear (£3%) with applied input force. The FFTs were calibrated in
situ after mounting in the bite replication model. Calibration of each FFT in the pattern
replication device was accomplished by inserting a commercial subminiature industrial
compression Omega load cell model LCKD-100 with a capacity of 0 to 444.82 N

(Omega Engineering Inc., Stamford, Connecticut, U.S.A., 06907-0047) in series with the
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FFT while forces were applied. This is the same Omega load cell which was used
directly in the tongue depressor bite force transducer, measuring the dental students’

bite force. Each bite replication model's calibrations data was recorded in spreadsheets.

The FFT selected for bite force measurement, (0-100 Ib. FlexiForce® resistive
sensor) is manufactured by Tekscan, Inc. (model A201 E) 134 Tekscan Inc. 307 West
First Street, South Boston, Ma., U.S.A. 02127-1309). It is basically a flexible plastic film
printed circuit approximately 0.22mm thick by 102mm. long by 14 mm. wide. The

sensitive force registration area is 0.375 inch (9.53mm) diameter.

The FFT was incorporated into a voltage divider circuit to obtain a voltage change
that is proportional to the change in applied force. This voltage divider is part of a
commercial data acquisition system, a 1120 FlexiForce Adaptor that was purchased
from Phidgets, Inc. (Phidgets® Inc. Unit 1, 6115- 4" Street S.E., Calgary, Alberta,

Canada T2H 2H9) leading into a Phidgets Interface Kit 8/8/8 P/N 1018. [figuren8]

The complete Phidgets data acquisition system consisted of a voltage divider, a
precision voltage reference source, an Analog to Digital Converter board (ADC), USB

interface and a laptop computer [figure 9]
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Figure 8. The Phidgets / FlexiForce® transducer (FFT) system block bridged to a
display and storage application custom designed for the PC laptop by the team's IT

manager.
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Figure 9. A screen capture of the computer display of the application which provides

a visual and an audible indi

cation of the applied |

bf force

and the duration it was applied.

The application also creates a complete log of the session.

Model duplication and mounting

The dental stone models proved to be brittle and porous and were unsuitable for this

study. They would not withstand the forces applied [figure 10].
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Fig. 10. lllustrates one of the original dental stone models used to create the
population data set in prior research.

Fifty sets of upper and lower dental stone models were randomly selected from the
population data set which was established and reported in previous studies. [2][3][5][10]
The statisticians for the project created a blind list of models for the investigators
numbering the fifty pairs of models in random order, using the identifier of Pig 1R and
Pig 1 L to identify the first two sets of models that were selected from the data set of N=
469. Subsequent models were similarly identified in alpha numeric fashion by pig
numbers 1-25. The fifty hard polymer models were produced by stereolithography,

using a 3M" ESPE Lava COS scanner and Lava Software 3.0. (3M ESPE Divisions,

3M Center, St. Paul, MN 55144-1000, U.S.A)).

The method determined to be the most expeditious for the duplication of the models

was to prototype them in a durable resin capable of withstanding the forces to be
applied. The dental stone models were scanned in STL format files utilizing the M

Lava COS® scanner, a chair-side optical scanner originally designed to capture a three-
dimensional image and directly generate a prototype model of the dentist’s prepared
tooth for laboratory procedures. It replaced the necessity for an indirect dental

impression. (3M" Corporation, St. Paul, MN). (Figure 11A and 11B)
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3M"ESPE Lava COS® scanner [11A] Screen capture of a scanned model [11B]

Figure 11 A and Figure 11 B. lllustrates the 3M™ ESPE COS chair side optical
scanner and a screen capture of a three-dimensional image of the dental stone models
in STL format.

After the models were prototyped by the 3M™ Corporation using sintered

stereolithography (SLS) the prototyped models were returned in a hard 3MTMproprietary

polymer with sheer strengths equal to or exceeding bite forces of the natural dentition of

20-25 pounds force. [15] (Figure 12)

Figure 12. lllustrates the 50 blind prototyped models returned by the 3M™ Corporation.
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A protocol standardizing the replication of dental characteristics in porcine skin was
developed using a modification of an apparatus reported in an earlier study. [19][21]
The models were mounted on a modified Irwin™ welder vise grip, using dental
laboratory acrylic. (Figure 13) (Figure 14) A means of recording the applied pounds
force (Ib” and the duration of the applied force in a log was developed. By incorporating
a force sensor, (FlexiForce® 100 Ib. sensor), a Phidgets device to bridge the sensor to a
notebook computer running Lab View software, an auto-recording, pattern replication
device was designed. The models were articulated utilizing a custom jig to standardize

the mounting of the models on the 50replication devices which were required.

The models were mounted, using a custom mounting jig developed to align the

dental models in a normal occlusal relationship.

Figure 13. lllustrates the mounting jig on the left. The upper mounting base in
the center showin the dowels permitting the vertical travel, yet maintaining the
inter-arch relationship of the models. On the right, a FlexiForce® sensor is
shown inserted directly over the anterior teeth.
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Figure 14. lllustrate a completely assembled pattern replication device with a channel
above the maxillary incisors for the introduction of the Omega load cell for the
calibration of the FlexiForce sensors in each of the 50 pattern replication devices.

The mounting was designed so the upper dental model does not adhere to the upper
acrylic base. Its position is maintained, but allowed to travel vertically, using ten parallel
brass dowels, keyed to the upper model's anatomic relation to the lower model. The
dowels were placed in the maxillary molar, premolar and canine locations before the
upper model is mounted to the C-clamp with the laboratory acrylic. Tin foil substitute
was used to permit the model to be separated later for the insertion of the omega load
cell for calibration of a FlexiForce® pressure sensor. This step was necessary to prepare

the replication apparatus for the calibration of each FlexiForce® sensor.
Biomedical Engineering Laboratory Procedures

Once dismounted from the C-clamp device, a flat bottomed, one half inch recess

was created in the base of the maxillary model with a Forstner 1/2 “ drill bit to accept a
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mini load cell used to calibrate the FlexiForce® sensor in each of the 50 pattern

replication devices. (Figure 15)

Figure 15. lllustrates the recess created for
insertion of the Omega model LCKD-100 mini load cell.

To mate the Omega mini load cell and the pressure sensing area of the FlexiForce®
sensor and minimize hysteresis, a button was machined from a 3/8th aluminum rod,
the exact diameter of the pressure sensing area of the 8 inch FlexiForce® 0-100 Ibs.
resistive force sensor (Trossen Robotics, 2749 Curtiss Street, Downers Grove, IL
60515). This ensured that the force transmitted through the incisal edges of the
maxillary incisors were compressing the entire area of the force sensor and that the

force was directed perpendicular to this contact point. (Figure 16)

The calibration procedure was carried out by connecting the installed FlexiForce®
Transducer (FFT) to the Phidgets data acquisition system and verifying its operation on
the connected laptop computer, running the software application. (Lab View). Next, the
load cell was placed in the replication apparatus, arranged mechanically in series with
the embedded FFT sensor so that both transducers experienced the same biting force.

Force was applied at 0, 25, 50 and 100 pounds-force increments then removed at 50,
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25 and 0 pounds force increments. Corresponding data from the FFT and the load cell
were taken at each force increment and stored in a time and date stamped computer file

for each of the 50 models and 50 corresponding pig locations.

Initial experience with the calibration of the FFT revealed that a means of applying
force explicitly to its 0.375 inch diameter force sensing area with an uncompressible
interface is essential. The rigidity of the button material and its diameter are critical to
avoid fade or hysteresis in the recording of sustained forces. The solid aluminum discs,
machined from aluminum rod, provided the least fade in the pressure force
measurements when the anterior dentition was loaded for 15 seconds and provided the
desired FFT adaptation to the pattern replication device. The button thickness was
selected to properly couple the force generated by the anterior teeth sensing area on
the FFT to the button sensor of the mini load cell. The resultant remaining hysteresis in

our measurements was that contributed by the FFT at <4.5% of full scale.

Figure 16. lllustrates the 0-100 Ib. FlexiForce® sensor
with the custom machined aluminum pressure button.

Procedures were developed early on to enable initial testing, evaluation and
calibration of the FlexiForce® sensors. This allowed for an informed design of the
interface buttons, the signal conditioning circuits for the load cell and the Phidgets

system for FFT data acquisition. Bench testing was done by placing the load cell
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mechanically in series with the FFT in a small hobby vise with careful alignment of the

FFT, button and load cell. (Figure 17)

Bench testing was done by placing the load cell mechanically in series with the FFT in a

small hobby vise with careful alignment of the FFT, button and load cell. (Figure 17)

Figure 17. FFT transducer calibration was accomplished in series with
the Omega load cell in a small bench vise.

This simple means of applying a variable force to the FFT and the load cell allowed
for an informed incorporation of the FFT sensors into the bite models as well as for

system development.

The Omega model LCKD-100 load cell force transducer was specifically selected for
this force measurement and calibration efforts because of its small size. The 0.5 inch
diameter by 0.25 inch thick load cell came with a five point NIST documented calibration
with a £0.25% accuracy, sensitivity of 2mV/V (i.e.: ratio metric), full scale output of 100
pounds-force (444.82 N), linearity of £0.25% of full scale output, £0.25% hysteresis with

respect to full scale output, and a repeatability of £0.10% repeatability with respect to
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the 100 pound-force scale capability. The transducer is temperature compensated. This
precision load cell provides a force proportional voltage output signal to a custom
designed amplifier signal conditioner. These specifications ensured that the load cell

could be used as a precision calibration reference for the FFT sensors.

The load cell's internal strain gauge sensors are connected in a full 350 Ohm bridge.
The bridge was excited with a stable, precision 5 VDC and the differential bridge output
signal was connected to the input of a custom designed signal conditioner. The signal
conditioner was configured with two stages of gain, regulated power supply voltage and
a novel automatic zero calibration. The two operational amplifier (OP AMP) gain stages
provided a total gain of A, =200V/V. The two gain stages included an instrumentation
Amplifier (IA) cascade with a non-inverting gain amplifier for signal conditioning. The IA
has a voltage gain of A, =100. A negative feedback circuit AtoDand Dto A
converters) was added to the circuit to automatically cancel input offset voltage from the

load cell bridge prior to recording data.

The output from the load cell conditioning circuit is given by:

e Vy=Load cell sensitivityfmV/pound —force] x signal conditioner voltage gain [V/V]

e The load cell sensitivity is provided by the manufacturer: e.g. S =7.1 mV at 100

pounds-force (or 71V per pound-force).

e For example, it the applied force is 50 pounds-force, the load cell output is 3.55

mV. So the system output is: Vq,:= 3.55mV x 200 V/V=710mV.

Calibration was performed on each instrumented bite model prior to its
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878

879

880 Figurel8A. Depicts an articulated replication device.

881

882 Figure 18B. Upper model travels vertically on ten brass dowels.

883 Animal Laboratory Procedures

884 Animal research sessions were conducted in accordance with the standards of the

885  Guide for the Care and Use of Laboratory Animals (8" edition, National Academies of
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Sciences, 2011) and approved by the Medical College of Wisconsin, Institutional Animal

Care and Use Committee (IACUC). (Figure 19)

Figure 19. lllustrates the Biomedical Resource Center’s large operating suite
at the Medical College of Wisconsin where the animal research was conducted.

Mixed-breed young pigs, weighing 30-40 kg were obtained from a commercial
breeder and acclimated in the large animal laboratory research facility for a period of at
least 2 days before the laboratory procedures were performed. Anesthesia was induced
with a combination of tiletamine/zolazapam (Telezol®, 4.4 mg/kg) and xylazine (2.2 mg.
/kg) administered intramuscularly. Following induction, an endotracheal tube was placed
and hair from the anatomical sites of interest was removed using a commercial hair
clipper, razor, and/or depilatory cream. To conserve body temperature, animals were
placed on heated pads on the surgical tables and covered with towels and a
PolarSheild® Emergency Survival blanket (RothCo 3015 Veterans Memorial Highway,

Ronkonkoma, and New York 11779-0512). The pigs’ body temperatures were
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maintained between 36.2 and 39.3 degrees C. Using a rectal thermometer, two

veterinary technicians monitored the pigs’ body temperature and respiration.

The mean procedural temperature was 38.1C (36.2C — 39.3C). The mean low 36.2C
(33.9C — 37.0C) and the mean loss was 1.8C (0.2C — 4.3C).Following animal
preparation, a surgical plane of anesthesia was maintained using isoflurane
administered through the endotracheal tube using a precision vaporizer and
compressed oxygen. Basal anesthesia was augmented as needed in some animals with

pentobarbital administered intravenously.

The four designated sites to receive the patterned injury were the lateral aspects of
the upper hind limb/thigh, abdomen/flank, thorax, and shoulder/upper forelimb of the

animals. (Figure 20)

Figure 20. Depicts the four standard sites selected on each side
of the animal for the replication of bite marks (patterned injuries).

Because the surface and sub-surface features of porcine skin, Sus scrofa, vary with
the anatomic location, much the way they do in human skin, multiple sites were chosen

to receive the replicated bite. In their confocal laser scanning microscopy of porcine skin
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in wound healing, Vardaxis et al, have demonstrated that the success of such studies is
dependent on control and standardization of the injury infliction protocol. [22] The size of
the pigs used (20-40 kg) and the skin structure made the production of patterns possible
at similar anatomical locations bilaterally, with observations and photography made 15
minutes post-infliction to introduce as little variation between areas on the same animal.
There were a total of eight (8) replicated bites on each animal. The pounds force (Ib")
necessary to produce the patterns were standardized from 50 to 99 Ibs. and were
continuously monitored using the described FlexiForce® sensor connected to a force-to-

voltage circuit and data acquisition system.

Each application was held for a minimum of 5 seconds to a maximum of 15
seconds, or the estimated time that a human with normal musculature and tempro-
mandibular joint function can maintain a sustained force without muscle fatigue. [23]

[24]
Forensic Digital Photography

The patterned injuries were created with the custom designed, semi-automated,
recording pattern replication apparatus. The injuries were digitally photographed at 1:1
scale (life size) by a highly experienced forensic photographer, beginning 15 minutes
after their creation, using a Canon™ EOS 5d Mark Il, ~ 21mp with a Canon Macro EF
100mm 1:2.8 USM lens, set to autofocus. Lighting was provided with a Canon 580 EX Il
flash set to Manual 1:2 power. The flash unit was used off camera held oblique to the
bite pattern. Camera settings were at the manual exposure of 1/200" @ f16-32, 100

1.S.0. with the white balance set on Flash. Large JPEG format imaging process
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consisted of converting RAW images in Adobe Photoshop CS5 (cropped to 4x4 inches)
and then calibrated to 1:1 at 300 ppi and saved in TIFF format. Calibration and
correcting for perspective distortion can be two different issues. Even though they are

related, they are separate entities. An orthogonal object may not be 1:1 (or calibrated).

The calibration of the patterned injury proceeded by determining the total number of
pixels within a known distance. Once determined, that known pixel count can be
provided into the image size box with the known distance set and the calibrated
resolution, for that distance, will be revealed. That resolution is used to determine the
exact size of the image by placing it into the image size box with all three known (length,
width and resolution) "locked”. When perspective distortion is introduced (and most all
systems/lenses have some - optical and linear) the calibration may (most will dependent
upon amount) become skewed. The forensic photographer used the least distorted
portion of the scale for our calibrations. As an alternative, there is a correction for this
distortion in Photoshop (especially if it is slight). The other option was to be certain that
our scale is perfectly flat upon the pig and the camera plane is parallel and
perpendicular. The forensic photographer employed a flat field lens to help reduce
optical distortion. At the laboratory, the images were then calibrated to 1.1 and the
analysis measurements made using the technique previously reported for Tom’s

Toolbox®. [28]
Image Selection

A total of 800 digital images were exposed, four for each of the 200 sites, exposing

digital images from all four compass points following the guidelines of the Scientific
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Working Group on Imaging Technology (SWGIT) [25 ] and the guidelines for bite mark

evidence of the American Board of Forensic Odontology (ABFO) [26 ].

Sorting and selection of the best quality image for each of the eight sites on the
twenty-five pigs was accomplished. Since in Tom’s Toolbox® a scaled image of each
dental arch must analyzed separately by the semi-automated software, a total of four
hundred scaled digital images were calibrated at 300 dpi, duplicated and saved as
working images in TIFF format. Those patterns which registered all six of the anterior
teeth were considered complete, while those which registered only some of the anterior
teeth were classified as partially usable. A third category, unusable, was assigned to

those patterns which lacked sufficient detail.

Image analysis and measurement

Duplicate working files of the 200 images were created for each of the investigators
to independently measure the characteristics available. The duplicate working files were
uploaded into the semi-automated computer application, Tom’s Toolbox®, where they

were independently measured and the data saved in an internal log.

The semi-automated software application, Tom’s Toolbox®, utilizes ten markers
which are inserted in a specific order into the image at the starting and ending points of
the pattern to be measured. The application recognizes the location of each marker by

column and row, to calculate distances and angles of rotation.

The usable and partially usable images were measured for arch widths, tooth widths,

angles of rotation, and spacing. The application provides the operator a check box
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option for indicating whether any or all of the markers for measuring dental
characteristics cannot be placed. (Figure 21) Tom’s Toolbox© saves the measurements
in a data set in an internal log. From the data saved in the internal log a software
application can then generate a report on the frequency distribution of the pattern in the

population dataset.

Researcher Name: Dr.L. T. Johnson @ Maxillary O Mandibular

Sample Pig 19 R\0019R-A-Upper 0019.tif Jaw Tooth 10 Tooth 9 Tooth 8 Tooth 7
Width 30.67867 6.04077 7.76199 7.40350 6.35650
Angle 34136 -10.697 -15.945 42839
0.65932 0.13016 0.02630 0.16969

ResetData
Points

| Open Case || 100% Zoom | 200% Zoom | 300% Zoom

Show Save &
Saveto XLS |Displacement| Calculate View Report Exit
Curve

View ] =) [ [
Move © O 9] (@] ' ) @ O @ r O
(None) /
Lt [m] O ] m] O O O O =] O 1

Figure 21. The arrow indicates the location of the control button used to
indicate that a specific site in the bite mark pattern image where a Toolbox
marker could not be inserted at that site.

The measurements from each examiner’s image files were saved in a log within
Tom'’s Toolbox® and then transferred to an Excel spreadsheet for statistical analysis.

The spreadsheet is programmed to check for data entry errors.

Quiality control was accomplished by identifying and correcting any errors or
omissions in measurement or missing image files and a revised spreadsheet was

created.

Once the investigators were satisfied that all of the data in the spreadsheet was
correct, it was transmitted to the collaborating statisticians for statistical analysis.

Statistical programs were created by the consulting statisticians from the Medical

48
Edited 10/11/13

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



1005 College of Wisconsin and Marquette’s University’s College of Engineering, Department
1006  of Electrical and Computer Science. These resources were utilized to develop models
1007  enabling the determination of the probability that measurements of the individual
1008  characteristics in the injury patterns could be correlated with a degree of probability to
1009 the known model in our population data set, testing the stated hypothesis of pattern
1010  replication.
1011  Image selection
1012 In the process of evaluating and sorting the suitability of the best 200 image, the
1013  inter-observer agreement on suitability was highest for those considered to be complete
1014  (these images exhibited recognizable sites for the insertion of all ten of the markers in
1015 Tom’s Toolbox®). Both examiners agreed there were 87 of the 200 upper arch patterns
1016  determined to be complete. Agreement differed somewhat in that examiner 1
1017 determined 116 lower arch patterns were considered complete, while examiner 2
1018  determined 110 were complete. (Table 2)
1019
Investigator 1 | Investigator 2 | Investigator 1 | Investigator 2
Lower Lower Upper Upper
Number of Images Considered 17 (8.5%) 39 (19.5%) 17 (8.5%) 34 (17%)
Partially usable
Number of Images Considered 67 (33.5%) 51 (25.5%) 96 (48%) 79 (39.5%)
Completely Unusable
Number of Images Considered 116 (58%) 110 (55%) 87 (43.5%) 87 (43.5%)
Complete
Total 200 200 200 200
1020
1021 Table 2. lllustrates the extent of the intra-observer agreement in the
1022 selection of images for analysis.
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An observation related to the finding of image patterns that was considered
completely unusable, is whether the production of the pattern was static or dynamic.
There is little or no movement in a static bite and consequently there is a more distinct

pattern registered.

Determination of Angles of Rotation

In the earlier studies of complete patterns of the entire dental arch, angles of rotation
were computed for each of the four anterior incisors. Computation was based on an x-
axis established by the principal investigator. To establish an x-axis, an adjustable
template consisting of both an X and a Y member was developed, which would
superimpose a reference line (x axis) between the distal most points of the contra-
lateral first molar teeth. The automatically adjusted Y axis bisects the X axis and
establishes the midline of the arch. Adjustment to the specific landmarks on the image
was accomplished in Adobe Photoshop, using the Edit > Transform > Scale, or >Rotate.

(Figure 22A and Figure 22B)

- -
Figure 22A. The X Y axis inserted Figure 22B. The adjustable X Y template
in a scaled image for measurement. used to establish the X axis.

In the current pattern replication research project, only the registrations of the six

maxillary and mandibular anterior teeth were imprinted. It then became necessary to
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establish an alternate method of determining angles of tooth rotation, independent of
the posterior dentition. This approach measured tooth rotation in relation to the
intersecting angles of an extended line projected on the incisal edge of each of the four
incisors. This was accomplished through a modification of the use Tom’s Toolbox® and
the absence of X and Y coordinates for the pixel marker placed for each tooth. The
incisal line is defined as a straight line along the incisal edge of the incisor teeth,
connecting the directly opposite mesial point to the distal most point on the tooth’s
incisal edge. The extension of this line intersects with an adjacent incisal line of the
other teeth forming a measurable intersecting angle. The computed angle of
intersecting lines based on all combinations of the four anterior teeth was recorded.
Assuming the four anterior teeth are A, B, C, and D, the computed angles of intersection

would be: AB, AC, AD, BC, BD, and CD.
Recording force and duration

Using the SAS System and incorporating the Means Procedure, the electronic
Phidgets logbook for the bite pattern replication study recorded 4684 points of data

during the 25 sessions.

The mean recording for all points in which pressure was applied was 545.6, with a
standard deviation of 278.7 within the range of pressures recorded for each event
between 0 and 997.0 on the FlexiForce™ sensing device. Each of the FlexiForce™
sensors were bench calibrated for pounds force (Ib") with an Omega™ model LCKD-100
mini load cell. Force versus Time was plotted for each pig location. As an example,

Pig25_L_A (left side, pig 25, position A) is represented in figure23 and the resultant bite

51
Edited 10/11/13

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



1065 pattern can be seen in figure 24. Each of the 200 patterns was similarly correlated to the
1066 maximum force of the device over a period of 15 seconds.
1067 start_side_site=Pig_25 L A
Analysis Variable : value
Minimu | Maximu
N Mean | Std Dev m m
47/665.5531|168.9966 | 152.0000| 817.0000
915 309 000 000
Pig25_L_A
=
S -
_ S
o B
& —
L g _
g
=
S -
I | I | I
0 10 20 30 40
Time
1068
1069 Figure 23. Analysis variable for pig number 25 left side, site A (hind limb)
1070  representing the mean force of 665.553191 Phidgets sensor reading with minimum and
1071 maximum loads over 15 seconds of maximum load force.
1072
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Figure 24. bite mark replication pattern for pig number 25L A (left side, position A)
representing the mean force of 665.553191 Phidgets sensor reading
with minimum and maximum loads over 15 seconds maximum load force.

Image analysis

Analysis using Tom’s Toolbox® began once the images had been reviewed and
selected. Of particular importance were the images and resultant forces producing them
that led to a high level of inter- observer agreement. For example the patterns on Pig
19R appeared highly consistent with model 945, when a transparent overlay

comparison was conducted. (Figure 25)
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1084

1085 Figure 25. lllustrates the consistency of the pattern in dental characteristics in bite
1086  pattern 19R A and the population Target member 945 U A, using a computer generated
1087 semi-transparent overlay.

1088

1089 Consistency in all characteristics does not quantify the frequency with which the

1090 pattern occurs in the population. The strength of the correlation of model number 945 with
1091 pattern 19R, site A, required constructing statistical models. The resultant pixel

1092 placement and forces used to create the bite mark are illustrated in Figure 26A, 26B and

1093 26C.
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Figure 26A. lllustrates the placement of the measurement markers in Tom’s Toolbox®
for the maxillary incisors in the replicated bite mark for pig 19R, site A.
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Analysis Variable : value

N Mean | Std Dev Minimum Maximum

58| 784.7586| 101.9286| 551.0000000 997.0000000

207 490
1107
1108 Figure 26B. Depicts the force applied to produce
1109 the replicated pattern of the bite mark on Pig 19 R, site A
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1111 Figure 26C. lllustrates the FlexiForce scale recording of the force at 10 seconds to 25
1112 seconds over the 60 second duration of the contact with porcine skin, Pig 19R, site A.

1113
1114
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1116
1117
1118
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Results

Statement of Results Using Pearson Correlations

Statisticians evaluated width measurements for outliers utilizing two different
analytic models. The results are found in table 3 for widths for standard deviation,

median, minimum, and maximum width measurements in porcine skin for each tooth in

each jaw.
Mean £ StDev | Median Minimum Maximum
Upper
Tooth 7 5.07 £ 1.05 5.15 2.12 7.88
Tooth 8 6.47 +1.16 6.66 2.29 8.39
Tooth 9 6.50+1.18 6.70 2.86 8.87
Tooth 10 4.83 £1.07 5.00 1.22 7.80
Lower
Tooth 23 4.97 £0.76 4.98 2.01 6.99
Tooth 24 474 £0.74 4.81 1.86 6.80
Tooth 25 4.64£0.81 4.68 1.53 6.58
Tooth 26 4.91 +£0.69 4.94 2.92 7.30

Table 3. The measured widths for each tooth in porcine skin expressed in millimeters

These widths were compared to the known widths established by the two

investigators using Coprwax™ exemplars, a standard dental material for bite
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registration. An illustration of the results when searching for outliers in individual tooth

widths is found in Table 4.

Investigator 1 Investigator 2
Width and angle 23.42% 26.83%
Width 35.3% 50.1%
Angle 15.33% 10.21%

Table 4. The percentage of outliers in tooth widths plus angles, widths and angles only
by investigators 1 and 2.

The viscoelasticity of the skin and the rebound that occurs restricted meaningful
comparison when width was considered as a single characteristic. Analysis found that
there were many bite mark patterns in porcine skin which exhibited several outlying

measurements for each tooth.

The inter-observer agreement using SAS software between Investigator 1 and
Investigator 2 in the measurement of the 50 CoprWax" dental patterns was 0.984,
showing an extremely high consistency when measuring widths of tooth patterns in
CoprWax™, an American Dental Association (ADA) accepted bite registration material.
Determination of the inter-observer agreement in measuring tooth widths of patterns
registered in porcine skin was calculated with SAS software resulting in a correlation of

0.716.

Measuring the intersecting angles as a means of determining an additional dental
characteristic has not previously been utilized in pattern research. The intersecting
angles between teeth identified Aand B, Aand C, Aand D,Band C,Band D and C
and D were identified and compared to the corresponding angles recorded in the

dataset. (Figure 27) The correlations between bitemarks in porcine skin compared to
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the known measurements of the 469 dental models were ranked from 1 to 469. For
Investigator 1, 84.6% of the measurements showed that their true models were ranked
in top 10%. For Investigator 2, 85% of the measurements showed that their true models

were ranked in top 10%.

Pig# IQR  vate 225Nt

Model #©59 | ocation_4

o | |

Figure 27. lllustrates the intersection of the extended incisal lines used to calculate the
angle of rotation of the incisors. Outliers in these angles are used to quantify their
occurrence in the sample population.

Based on the angle correlation, the list can be further narrowed for a comparison of
porcine skin patterns and the set of models used to create true model candidates that

had a confidence interval of 0.984.

The Pearson correlation was used to select a dental model based on the bite mark
patterns. Two hundred bite marks were examined against 469 dental models. For each
bite mark, 469 correlations with the dental models were calculated. Then, the 469

correlations were ranked from 1 to 469. The dental model having rank #1 correlation
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1167  was the predicted model. Table 5 illustrates the results based on the all measurements,
1168 i.e., the width and the angles. 143 (Investigator 1) and 156 (Investigator 2) bite marks
1169  out of the 200 had at least one non-missing data entry. The data of the remaining 57
1170  (Investigator 1) and 44 (Investigator 2) bite marks were completely missing (i.e., non-
1171  measurable). As can be seen in Table 5, five (5) out of the one hundred forty-three
1172 (143) (Investigator 1) and two (2) out of the one hundred fifty-six (156) (Investigator 2)
1173  selected correct dental models from the population data set. The models ranked

1174  number one in the data set were from separate members of the population. The P-
1175  values of less than 0.05 shows that this selection is better than random. For example,
1176  identifying 2 correct models out of the 156 (Investigator’s Rank #1) shows a better

1177  performance than selecting a correct model completely at random (p-value = 0.0431),
1178 and 5 correct models out of the 143 case (p-value < 0.0001). Although correlation

1179 identified only 5 and 2 correct models, respectively, a lot of the correlations between a
1180  bite mark and its true dental model were still highly ranked. For example, 10 out of the
1181 143 for Investigator 1 and 13 out of the 156 for Investigator 2 were within in top 1%. The
1182  rest of the results can be interpreted similarly. They all show a better performance than

1183  random (p-values < 0.0001).

1184

1185

1186

1187
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Investigator 1 Investigator 2

Proportion P-value Proportion P-value
Rank #1 5/143 < 0.0001 2/156 0.0431
Top 1% 10/143 < 0.0001 13/156 < 0.0001
Top 5% 34/143 < 0.0001 36/156 < 0.0001
Top 10% 59/143 < 0.0001 54/156 < 0.0001
Top 20% 78/143 < 0.0001 76/156 < 0.0001
Top 30% 93/143 < 0.0001 105/156 < 0.0001

Table 5. The results of an analysis based on the measurement of both width and
angles.

Table 6 shows the results based on width measurements only. 141 (Investigator 1)
and 153 (Investigator 2) bite marks out of the 200 had at least one non-missing data
entry. The data of the remaining 59 (Investigator 1) and 47 (Investigator 2) bite marks
were completely missing. The correlations from Investigator 2 identified 3 correct
models out of the 153, which is better than random (p-value = 0.0043). The correlations
from Investigator 1 did not identify any correct models. Although Investigator 1
measurements did not show better performance than random selection, investigator 2's
measurements showed a better performance than random (all p-values are less than

0.05).
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1211
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1214
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1216

Investigator 1 Investigator 2

Proportion P-value Proportion P-value
Rank #1 0/141 1 3/153 0.0043
Top 1% 0/141 0.4106 8/153 0.0002
Top 5% 7/141 1 15/153 0.0136
Top 10% 14/141 1 26/153 0.0067
Top 20% 32/141 0.4014 45/153 0.0060
Top 30% 41/141 0.8546 64/153 0.0019

Table 6. This table illustrates the investigators’ difficulty in measuring incisor width only.
This is due to the viscoelasticity of the skin, resulting in inaccurate measurements in
distance.

Table 7 shows the results based on angular measurements only. 136 (Investigator 1)
and 131 (Investigator 2) bite marks out of the 200 had at least one non-missing data
entry. The data of the remaining 64 (Investigator 1) and 69 (Investigator 2) bite marks
was not useable. . The correlations from Investigator 1 identified 3 correct models out of
the 136, which is better than random (p-value = 0.0031). Although the correlations from
Investigator 2 did not identify any correct models, some correlations between width
measurements of a bite mark and its true dental model’s width was still ranked high,

which is better than random (p-value < 0.0001 for top 5% to top 30%).
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Investigator 1 Investigator 2

Proportion P-value Proportion P-value
Rank #1 3/136 0.0031 0/131 1
Top 1% 10/136 < 0.0001 10/131 < 0.0001
Top 5% 30/136 < 0.0001 32/131 < 0.0001
Top 10% 46/136 < 0.0001 43/131 < 0.0001
Top 20% 75/136 < 0.0001 67/131 < 0.0001
Top 30% 87/136 < 0.0001 85/131 < 0.0001

Table 7. lllustrates the Investigators accuracy and consistency in an analysis based on
angular measurements only.

Outliers were calculated using an N =469 to represent the population dataset. For
each column (for example, the width of Tooth 24 or the angle of AB for upper tooth), a

calculated mean and standard deviation was recorded as + 2xSD.

Since the location of the observations is unknown, an iterative algorithm was used to
find the best dental model to match the bite marks. To do this, all possible combinations
between observations and dental models were examined. The best matched bite mark
and dental model was determined by choosing the dental model and teeth marks that
produced the minimum sum of absolute values of the differences between observations
and measurements of the dental models. For example, when there were four
observations of widths, a comparison was made using these four observed widths and
all possible four measurements from all known dental models. Starting with the first

tooth of each model, the absolute difference of teeth marks and models was compared.
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This was then repeated around the entirety of the model until every combination of
matching had been compared. The corresponding, dental model was chosen by
producing the absolute minimum difference between observations and measurements
from the dental models. For analysis, the outcome was whether the chosen dental
model was correct, which created binary outcomes. Finally, generalized estimating
equations (GEE) were employed to perform multivariate analysis of the predictability of

the model selection.

In addition to the above multivariate analysis, further investigation of outliers such as
missing teeth and significantly large/small measurements remain to be calculated
beyond the scope of this investigation. In cases where there were outliers in
observations, only dental models which had outliers were considered in order to perform

the multivariate analysis as mentioned above.
Statement of Results Using a Distance Metric Model

A second scientific model was also selected to compare the population to the
unknown injury patterns based on distance metric analysis. The Distance Metric Model
addresses the question; W hat proportion of the population (Coprwax® exemplars) is
similar to a specific sample image of an injury pattern on one of the pigs? The Distance
Metric family of models computes a distance in an n-dimensional factor space from a
sample (pig injury image) to each member of the population (Coprwax® images). The
score for a particular member of the Distance Metric family of models is the percentage

of the population that is closer to the specific sample, than the correct matching target
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member of the population from which the sample image was made as suggested by

Figure 28.
4 T T T T T T T T T
< Population o
0  Target o o o ©

31 ®  Sample -

Factor9: BD

Factor §: BC

Figure 28. A visualization of the Distance in factor space
from the Sample to the matching Target of the Population.

In Figure 28, “X” denotes a Sample image, and the heavy “O” denotes the

matching target member of the population, represented in two of the angle
measurement factors for upper jaw measurements by Investigator 1. In this view, it
appears that most of the populati theon is closer to the sample than the target member
of the population, but less than 5% of the population is closer to the sample than the

target.
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For analysis, data from 469 pairs of lower and upper jaws was provided and scored

by two researchers independently. The factors scored were:

e Lower jaw: Tooth 23 width, Tooth 24 width, Tooth 25 width, Tooth 26 width,
and angles AB, AC, AD, BC, BD, and CD.

e Upper jaw: Tooth 10 width, Tooth 9 width, Tooth 8 width, Tooth 7 width, and
angles AB, AC, AD, BC, BD, and CD.

The lower jaw images had 7 missing teeth noted by the two independent
researchers. The upper jaw images had 9 - 11 missing teeth. So that distances could
be computed using multiple factors, each width and angle measurement was replaced
by its corresponding z-score by subtracting factor means and dividing by factor standard
deviations, ignoring missing teeth, and considering scores from each researcher

separately

For analysis, 50 members of the population were selected as blind samples. Four
separate simulated bite marks were made from each sample, giving 400 images each
from lower and upper jaws. The two investigators independently scored the same 10
factors for each of the 400 images. Some of the population selected for the samples
had missing teeth, but of the 800 teeth measured from each jaw by each researcher,
between 276 and 420 (investigator 1 and investigator 2) missing teeth could not be
distinguished in the images with sufficient clarity to assign factor measurements. Not all

impressions were clear enough for analysis.
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So that distances could be computed using multiple factors, each factor was
normalized by subtracting population factor means and dividing by population factor

standard deviations, considering scores from each researcher separately.

Before applying the Distance Metric Model, the data was visualized by looking at
histograms for each factor (e.g., Figure 29), Normal Probability Plots (e.g., Figure 30),
and scatter diagrams of each pair of factors (e.g., Figure 31). Figures 31, 32, and 33
show the plots for the upper jaw measurements from researcher 1; corresponding plots

for lower jaws and for researcher 2 are very similar.
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researcher 1. Distributions appear roughly bell shaped, but there are outliers.
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Figure 30. Normal Probability Plots of ten normalized factors from upper jaw
measurements by researcher 1. If the observed distribution is normal, it follows the
dashed red diagonal lines. Distributions of these factors tend to have thick tails, and
some are skewed.
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Figure 31. Scatter diagrams — Other factors vs. factor 8 (angle BC) for Population.
Colored “X” are three Samples, with corresponding Target members of the Population

marked “O”

For each Sample, the Distance Metric Model computes the distance (in n-

dimensional z-score-normalized factor space) to each member of the population and
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then sorts the results in order of increasing distance. For each sample, the number of
population members that lie closer to the sample than its corresponding target member
of the population (the dental model that was used to create the sample image) was

counted.

Figures 32 and 33 help visualize how the Distance Metric Model computes the
distance between Samples and members of the Population. Figures 30 and 31 are
enlargements of subfigures from Figure 29, showing scatter diagrams of factors 7
(angle AD) and 9 (angle BD), respectively, vs. factor 8 (angle BC). There are several
outlier measurements, which provide good characterizations, but the choice was to
focus here on more difficult Samples, marked with red, magenta, and green “X”
(Samples) and “O” (Targets). The Distance Metric Model counts the number of
Population members (blue “O”) that are closer to the Sample (“X”) than its
corresponding Target (“O”). For these three pairs, the percentages are 4.8 %, 1.7 %,

and 23% for red, green, and magenta pairs, respectively.
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These figures illustrate the effect of measuring the distance in a high-dimensional
factor space, rather than in the two-dimensional spaces. One pair of dimensions alone
is insufficient, but by considering all factors, one may resolve pairs that appear widely

separated in a single feature pair.

By having the 10 factors provided in the data set for the upper jaw Samples
measured by researcher 1, we get the results shown in Table 8. Results for lower jaws

and for measurements by researcher 2 are similar.

Average target percent: 39.1
Sample count: 102

Within 1% of population: 3, 2.9 % of samples
Within 5% of population: 16, 15.7 % of samples
Within 10% of population: 23, 22.5 % of samples

Table 8. The Percent of the Population closer to selected Sample than the
corresponding Target for the upper jaw. Samples were measured by Researcher 1.

Table 9 shows that for 3 (2.9 %) of the 102 sample images scored, only 1% of the
population was closer to the sample than the target; 16 (15.7%) of the samples found
their target within 5% of the population; and 23 (22.5 %) of the samples found their

target within 10% of the population.
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Figures 34 and 35 provide different views of the performance of the Distance Metric
Model. Figure 34 shows a distance Cumulative Density Function for each sample. That
is, each sample has a curve showing how fast the percent of the population increases
with distance measured from that sample. Curves toward the left of Figure 35
correspond to Samples for which there are nearby members of the population, while
curves toward the left correspond to samples for which there are very few nearby
members of the population. Curves that rise sharply are including regions in which the
population is dense, so a slight increase in distance includes many additional members
of the population. On the other hand, curves that rise slowly are including regions in
which the population is sparse, so even a relatively large increase in distance includes

few additional members of the population.

In Figure 34, the blue circles represent the Target for each sample; a blue circle near
the horizontal axis represents a target close to its sample, while a blue circle in the

upper half of the figure represents a target far from its sample.

Figure 35 is a Cumulative Density Function, a graphical representation of the
information in Table 8. It plots the percent of the Population closer to each Sample than
its corresponding Target. There are 23 Samples whose Target is within 10% of the
Population and 49 Samples whose Target is within 40% of the Population. Of course,
the worst case Sample finds its Target within 100% of the Population. If the Distance
Metric Model is performing well, the graph remains low through many Samples, jumping

up to 100% only for the few Samples it finds far from their respective Targets.
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Figure 34. Proportion of Population vs. distance for each
upper jaw Sample scored by researcher 1.
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Figure 35. Cumulative Density Function, a graphical representation of the information
in Table 8, the percent of the Population closer to each Sample than its corresponding
Target.

75
Edited 10/11/13

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



1383

1384

1385

1386

1387

1388
1389
1390

1391

1392

1393

1394

1395

1396

1397

In principle, the distance can be computed using any subset of the 10 factors
provided in the data set. For example, if we ignore the tooth width measurements and
use only the factors representing measurements of angles, we get the results shown in

Table 9.

Average target percent: 26.2
Sample count: 95
Within 1% of population: 8, 8.4 % of samples
Within 5% of population: 24, 25.3 % of samples

Within 10% of population: 35, 36.8 % of samples

Table 9. The Percent of Population closer to selected Sample than the
corresponding Target for upper jaw Samples measured by researcher 1,
using use only the factors representing measurements of angles.

Compared with Table 8, Table 9 shows that omitting tooth width factors improved the
overall performance from an average target percent of 39% to 26%, and 8%, 25%, and
37% (vs. 3 %, 16 %, and 22 %) of the Samples found their corresponding Target within
1%, 5%, and 10% of the Population, respectively. The Sample count decreases
because the number of Samples with a relatively high proportion of missing information

increases.
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Figure 36 corresponds to Figure 34, except that the Distance Metric Model is using
use only the factors representing measurements of angles. The red, magenta, and
green curves are the density functions for the samples. If the magenta curve is toward
the left of the figure, it indicates that the sample is in a region where the population is
dense, yielding 23% of the population closer than the corresponding target, while the
red curve is toward the right of the figure, indicating that the sample is in a relatively
sparse region of the population, yielding only 4.8 % of the population closer than the

corresponding target.

Figure 37 shows the Cumulative Density Function corresponding to Figure 36,
except that the Distance Metric Model is using use only the factors representing
measurements of angles. The blue curve for the smaller six-factor model remains low

for more samples, indicating its improved performance.
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This presents only the results from upper jaw Samples and Populations measured
by Researcher 1 to help explain the Distance Metric Model. Table 9 shows the percent
of population closer to selected sample than the corresponding target, using only the
factors representing measurements of angles, for both lower and upper jaws and for the
measurements from both researcher 1 and researcher 2. For this data set, the Distance
Metric Model performs a little better on the upper jaw samples than on the lower jaw
samples, and there was no appreciable difference in performance using the sample and

population measurements of each researcher.

In comparing the results in Table 9 with those in Table 10, the Distance Metric Model
seemed to perform better ignoring the tooth width factors and using only the angle
factors. Table 11 summarizes the performance of the Distance Metric Model using

several different factor subsets:

¢ All ten factors, four tooth width factors and six angle factors,
e Six angle factors,

e Five angle factors, omitting the first of the six (angle AB),

¢ Five angle factors, omitting the second of the six (angle AC),
e Five angle factors, omitting the third of the six (angle AD),

e Five angle factors, omitting the fourth of the six (angle BC),

e Five angle factors, omitting the fifth of the six (angle BD), and

e Five angle factors, omitting the sixth of the six (angle CD).
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Lower - Investigator 1

Count samples: 125

Samples within 1 % of the population 6 4.8 % of the samples
Samples within 5% of the population 25 20.0 % of the samples
Samples within 10 % of the populatior 36 28.8 % of the samples

Lower - Investigator 2

Count samples 132

Samples within 1 % of the population 5 3.8 % of the samples
Samples within 5% of the population 23 17.4 % of the samples
Samples within 10 % of the populatiol 33 25.0 % of the samples

Upper - Investigator 1

Count samples 95

Samples within 1 % of the population 8 8.4 % of the samples
. Samples within 5% of the population 24 25.3 % of the samples
"~ Samples within 10 % of the populatiol 35 36.8 % of the samples

Upper - Investigator 2

Count samples 98

Samples within 1 % of the population 9 9.2 % of the samples
Samples within 5% of the population 26 26.5 % of the samples
Samples within 10 % of the populatiol 32 32.7% of the samples

Tablel10. lllustration of the percentage of Population closer to selected Sample, than
the corresponding Target, use only the factors representing measurements of angles.

Each row in Table 11 summarizes performance as shown in the “In total:” portion of
Table 3 for each subset of factors, across both lower and upper jaws and across both
researchers For this data set, the Distance Metric Model using only the six angle factors
performed better than when also using the four tooth width factors. No further

improvement was observed by omitting any one of the six angle factors.
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Factors Population count | Population count | Population count | Samples
within 1% (%) | within 5% (%) | within 10% (%)
All 10 14 (2.9) 69 (14.1) 117 (23.9) 489
Six angles 28 (6.2) 98 (21.8) 136 (30.2) 450
Omit 1st of 6 32(7.9) 93 (21.7) 142 (33.1) 429
Omit 2nd of & 29(6.8) 97 (22.7) 138 (32.3) 427
Omit 3rd of & 28(64) 92 (20.9) 140 (31.8) 440
Omit 4th of 6 26 ( 6.2)
_ 85 (20.4) 130 (31.2) 417
Omit 5th of 6 26 ( 6.0)
Omit 6th of 6 25 (5.8) 95 (22.1) 130 (30.2) 430
78 (18.2) 126 (29.4) 428

Table 11. Total performance using different factor subsets in the Distance Metric
Model.

In summary, in more than 20% of the Samples in this study, the Distance Metric
Model finds the Target within the closest 5% of the Population. In more than 6% of the
Samples, it finds the Target within the closest 1% of the Population. This demonstrates
that it is often possible to determine scientifically that a given Sample must belong to a

very small (e.g., 5% or even 1%) proportion of the Population.
Results of forces applied

Using the SAS® System and incorporating the Means Procedure, the Phidgets log
record for bite infliction recorded 4684 points of data during the course of the production
and documentation of 200 patterns on twenty-five pigs. The mean recording for all
points in which pressure was applied with the replication device was 545.62with a
standard deviation of 278.78 within the range of pressures recorded for each event
between 0 and 997.000n the FlexiForce® to the computer with a Phidgets device. Each
of the Flexi Force® sensors was bridged to the computer with a Phidgets device. Each of
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the sensors had been bench calibrated with an Omega model LCKD-100 load cell.
Force versus Time was plotted for each pig location. As an example, Pig 25 L A (left
side, position A) is represented in figure 38 and the resultant bite pattern can be seen in
figure 39. Each of the 200 patterns was similarly correlated to the maximum force of the

device over a period of 15 seconds.

Image measurement using Tom’s Toolbox® began, once the 200 highest quality
images were selected and their resolution established at 300 dpi and their file format as
TIFF verified. Of particular importance were the images and resultant forces producing
them that lead to a high degree of inter-operator agreement. Pig 19R using blind model
659 was directly correlated to the stereolithography model from the original series
represented by model number 945. The resultant pixel placement and forces used to

create the bite mark are illustrated in Figure 40.

Pig25 L_A

800
]

600
|

Force

200 400

Time

Figure 38. Analysis variable for pig number 25 left side site A, or hind limb,
representing the mean force of 665.553191 Phidgets sensor reading with
minimum and maximum loads over 20 second maximum load force.
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Figure 39. lllustrates a replicated bite mark with a mean force of
665.553191 Phidgets sensor reading. start_side_site=Pig1l9 R_A.

Conclusions

Discussion of Findings

Many factors exist which can alter the value and weight that should be given to the
Interpretation of a patterned injury. These include, but are not limited to, the applied
force, the area of the body where the bite occurred (e.g., the skin on the human back is
much thicker, as opposed to that of the female breast) Rawson [27], the underlying
structures beneath the skin, whether the bite occurs ante mortem, peri mortem, or post
mortem and the techniques used in the preservation and analysis. Any of these may
affect the ability of the examiner to be able to correlate the patterned injury with any
degree of scientific probability to a known individual.[28] [29] [30] [31] In one study, 50
volunteers were selected to inflict bite marks on each other, the patterns were analyzed

by two photographic techniques that included painting and a 2D Polyline technique,
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measuring the arch width from cusp tip to cusp tip and the angle of rotation from this
base-line along the mesial distal widths of the incisal edges of the four anterior
teeth.[32] Measurements were made using the tools found in Adobe Photoshop, which
required hand-eye coordination. Additionally, measurements in Adobe Photoshop are
limited by the software to the nearest tenth of a decimal point. The authors’ previous
studies provided a methodology to standardize measurements and accuracies in both
the two-dimensional and three- dimensional planes. [2] [10] Inter-operator and intra-
operator error rates have been reported. Forces and stresses necessary to inflict a bite
mark patterned injury have been limited to either individual pig models [16] or the use of
limited number of human cadavers. [19] For a number of reasons, statistical
comparisons of results from these previous studies were not possible. There was no
method of comparing results to a known data set, reflecting a specific population group.
In a study by Bush , a single model was physically changed by grinding away the incisal
edges of existing teeth to show substantive changes in reported angles of rotation
regardless of how these nine changes would have occurred, or if they were present in a
given population.[30] These changes would not have involved physiologic changes
such as mesial drift of the teeth that occurs with the forces of mastication nor the
loading and tilting of dentitions that naturally occur when inflicting a patterned injury in
vital skin. A cadaver model has its own sets of limitations such as the inelasticity of the
skin, the lack of an inflammatory response that enhances patterns in vivo and the ability
of tissue to maintain the patterns, when the event is coordinated with a peri-mortem
period. Porcine skin has been shown to offer the best experimental model for research

as a substitute for vital human skin. [18] Other investigators have noted that the dermal-
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epidermal ratio in the porcine model is comparable to those of human skin [33], and that
the kinetics of epidermal proliferation, cell layering and the elastin deposits are
remarkably similar to humans. A search of current literature did not find a study that
correlates quantified human dental characteristics in a known data set to an individual

bite mark pattern.

The 2009 National Academy of Science report, Strengthening Forensic Science in
the United States: A Path Forward, has energized the field of Forensic Odontology to
search for more scientific methods eliminating subjectivity, bias, and the
misinterpretation of results. [1] In fact, since 1984 and long prior to the NAS 2009
recommendations, the American Board of Forensic Odontology (ABFO), has been
developing guidelines. The National Academy of Science Report states that more
scientific methods should be initiated in all of the comparative sciences. [1] To
accomplish this objective, a series of studies was instituted to establish a methodology
for constructing a dataset of dental characteristics, quantify dental characteristics in
both two dimensional and three dimensional views and establishing reliability of
measurements in both intra and inter operator error analysis. The initial quantifications
of widths, damages, angles of rotation, missing teeth, diastema and arch width analysis,
were subsequently augmented by displacement and three dimensional analyses. [2] [3]
[5] [10] This study adds practical application of these data sets to replication of
patterned injury in porcine skin and the interpretation of the combination of quantified
characteristics of the dental arches making up the initial data set. Additionally
information regarding intersecting angles formed by extending incisal lines to adjacent

and cross arch teeth accounted for the ability to accurately access rotations when the
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native curve could not be generated. In doing so, the criticisms of past investigators
regarding bias, distortion, replication and interpretations were addressed. Ball
introduced the basis for errors in utilizing an acetate overlay technigue in bite mark
pattern analysis in which a sheet of acetate paper is used to trace the biting edges of
and then comparing those visually to a patterned injury.[34] Errors in digital
photography, the lack of standardized methodology, subjectivity in generating overlays,
problems with accuracy and problems with reproducibility along with photographic
distortions, and the reliability of computer generated overlays were among the most
significant criticisms. Ball concludes that a standard was not established by this method

alone. [34]

The initial portion of this study focused on creating a bite pattern in porcine skin that
could be quantified. In order to accomplish this goal, a method of delivering a force that
could provide a distinct pattern in skin was developed. There have been numerous
studies that have reported bite forces in the anterior tooth region that range from 20-22
PSI to 122 PSI. [15] [35] [36] [37]. The forces are influenced by numerous factors. Koc
et al described these influential factors as pain, gender, age morphology and the
individuals existing occlusion pattern. [38] Our determination of bite force needed to
create a patterned injury was based on our findings of a range between 25 and 131.1
PSI was consistent with these reports. Calibrating each device and measuring forces
inflicted during the biting process added consistency and repeatability to the process of
creating a bite that would closely replicate an actual event. As Koc, et.al. concluded:
“....recording devices and techniques are important factors in bite force measurement

Therefore, one should be careful when comparing the bite force values reported in the
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research.” [38] The use of a Flexiforce® transducer (FlexiForce®, Tekscan Inc., South
Boston, USA) has been previously reported. [21] Because the scale established thru the
Phidgets device did not report in pounds per square inch, the FlexiForce® sensor
imbedded in each set of the 50 pattern replication devices required calibration prior to
each pig session. This insured that forces applied were within the physiologic range and

consistently applied.

Porcine skin has been established as an in vivo model for human skin. [17] A
number of citations in the literature point to distortions common to patterned injury
evaluation in skin. [39] [40] Sheasby and MacDonald reported on a classification
system. [39] They concluded that distortion can occur at various stages during the biting
process. If it occurs at “the time of biting” they defined this as “primary distortion.” [39] If
distortion occurs subsequent to the biting, this was defined as “secondary distortion.”
Sheasby and MacDonald further point out that primary distortion can occur either as a
dynamic or as a tissue component. Distortion is produced by the dynamics of biting and
depends on the degree of movement during the process. If movement is absent or
slight a static bite mark may result. With extreme movement the bite mark appears
distorted and linear striations (scrape marks) may be present. Additionally they point out
that the quantity of tissue is taken into the mouth may produce “tenting” of the tissue
which results in dimensional changes in the skin. They also classify three categories of
secondary distortion. These would be distortions that are time related, posture distortion
and photographic distortion. .An exact match in arch size is fortuitous and
unpredictable. Exact superimposition is only possible in bite marks exhibiting minimal

distortion and size matching techniques are only applicable to bite marks exhibiting
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minimal distortion. The incidences of discrete morphological points of comparison or
distinctive features in a bite mark are the most significant criteria in bite mark analysis
since they are relatively immune to distortion. As the degree of distortion increases, bite
mark analysis relies progressively more on distinctive features [39]. This project aimed
at producing as little distortion as possible. Pigs 1, 2 and 3 demonstrated the distortion
and lack of pattern production in a dynamic bite (see Figure 41) further evidence that,

underlying tissue morphology can also impact bite mark interpretation. [27]

Figure 40. An illustration of the lack of a distinct pattern in a dynamic bite.

Kieser et al, characterized the uniqueness of the human anterior dentition. [41] The
authors found uniqueness of the anterior dentition in both arches based on geometric
morphometric analysis of individuals that were selected because they had similar
orthodontic treatment, making their dentitions similar at the onset of the investigation.

The geometric morphometric analysis focused on capturing subtle differences about
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morphology and spatial locations of the anterior teeth in both arches The study
supported the findings of Rawson’s initial study which concluded that certain
characteristics occur that are inter related. These include, shape, number, mesio-palatal
rotations and restorations. [42] These results were substantiated by our initial
investigations. [2][3][5][10]. Not used in prior investigations was the concept of
measuring angles formed by the intersecting extension of a line drawn on the incisal
edge of each of the 4 anterior teeth in each arch. These were computed by placing
markers directly opposite of each other on the mesial and distal outline of the teeth in a
recognizable patterned injury. The principle of intersecting angles being that parallel
lines do not cross and line segments continue past the incisal widths to intersect in a
two dimensional photograph regardless of curvatures in the skin. Thus the concept of
intersecting line angles is based on this incisal line, which the authors define as a
straight line across the incisal edge of the teeth connecting the mesial to the distal most
point on the tooth’s biting (incisal) edge. This line intersects with adjacent incisal lines
of the other anterior teeth at a measurable angle and is graphically represented in

figures 41.

L1
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Figure 41. Extension of the incisal lines of the anterior teeth
eventually intersect with an adjacent incisal line, forming a measureable angle.
The angles of intersection for the maxilla are illustrated in this image. Intersecting
incisal lines forming angles AB, AC, AD, BC, BD and CD in the four maxillary
incisors. Tooth 10=A, Tooth 9=B, Tooth 8=C Tooth 7=D.C (Actual photo on right is a
scaled view of figure 28 for comparison)

Reliability enters into any discussion of the comparative sciences. A number of
authored opinions are critical of such issues as the direct comparison methods [43], the
lack of reporting of error rates [44], the claims of uniqueness [45] and the reliability of
testing. [46]. In addition, photographic techniques have been questioned. The American
Board of Forensic Odontology has established among their guidelines one that address
distortions in photography. [48] These and SWIGIT guidelines were rigorously followed
in the documenting of the photographic images used in this study. Within this study
were the inter operator error rates established for the known group of data. As reported
by using two methods of statistical analysis inter-operator agreement was 0.984 in the
known population, using Pearson correlation and within 1% of each other when
calculating the population closest to the target using distance metric analysis. Because
the individual characteristics of the human dentition do not transfer equally, the authors
recommend using all the characteristics previously cited in the literature in analyzing a
patterned injury. The substrate in which the pattern occurs will dictate the weight given
to each characteristic. In this study, widths were not transferred from the natural
dentition to the porcine skin as readily as the characteristics of intersecting angles. For
porcine skin, the characteristics of intersecting angulation, displacement, individual
missing teeth, rotations, spacing or diastemas and angulation of teeth to the x/y axis if
posterior teeth are in the pattern, visually appear to transfer well and need further
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analysis . Tom'’s Toolbox has proven to be a valuable asset in quantifying individual
patterns. The authors suggest that for the imaging specialist it can serve as asset in

initial evaluation of bite patterned injuries.

Implications for policy and practice.

Interest in the forensic value of patterns caused by human teeth (bite marks or tooth
marks) has a long history. Anecdotal history records Agrippa recognizing the
decapitated head of a rival from a peculiar tooth. Early in legal history, tooth patterns
were used to authenticate a document by having the responsible official bite into the
sealing wax when it was applied to the document. The literature later records the use of
dental charts and radiographs in human identification. The value of patterns produced
by teeth (bite marks) have long been considered by many scientists world-wide, as
possible identifiers of the individual. It is assumed by most dentists, that the
characteristics of the human dentition are unique to each individual. Evidence in the
research literature supports this concept. [42],[43],[44],[45],[46] Disagreements exist
between scientists occur over whether these unique patterns of the human dentition, if
true, can be replicated in human skin. Although human tooth patterns can and have
occurred in inanimate objects, those that that are present in human skin, because of its
viscoelasticity, present the most difficulties in interpretation. Several variables can and
do occur. Distortions, either dynamic or photographic are the most common problems.
The ABFO Standard Reference Scale #2 with its three circles, was developed by
George Hyzer and Thomas Krauss and provided a means of detecting and correcting

moderate photographic distortion. It is broadly accepted in evidence photography [47]

91
Edited 10/11/13

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



1672 The production of a legible pattern replicating the pattern of teeth in skin depends
1673  upon multiple factors in addition to the substrate and the mechanism. Firm substrates
1674  such as cheese, soap, plastic and leather, to cite several media, register dimensions
1675 best. The mechanism can be divided into two categories; dynamic and static. Dynamic
1676  distortion occurs when there is movement by either or both victim and assailant. Static
1677  distortion occurs less commonly and in the opinion of the authors occurs more often in
1678  the pattern of the lower teeth since the mandible is not fixed in position, as is the

1679  maxilla. Another variable, even in a static bite is the degree of elasticity in the skin and
1680 the inability to capture the exact dimensions of the teeth. The evidentiary value of the
1681  injury pattern can be influenced by the amount of distortion in the injury pattern. Even
1682  when agreement exists in the analysis of a pattern between all examiners, there is still a
1683 need for a scientific level of confidence for the opinion. This research is only a template
1684  for continued research. It is not the Rosetta stone. Continued research to develop this
1685  relatively new applied science of pattern analysis should not be stifled. The National
1686  Academy of Science Forensic Report in 2009, Strengthening Forensic Science in the
1687  United States: A Path Forward, recommended that scientific methods be initiated in all

1688  of the comparative sciences. [1]

1689 Whether dental characteristics are reliably replicated in a bite mark in human skin
1690 and whether the replicated pattern can be correlated with a degree of probability to the
1691  source is the current challenge. Several recently published studies have demonstrated
1692  that at least seven characteristics of the human dentition can be quantified. [2] [5] [10]
1693 A data set quantifying eight dental characteristics, in both two and three-dimensions,

1694  has now been developed from research and published by the authors.
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The scientific validation of the correlation of bite marks, or tooth patterns to their
origin, in the opinion of the authors, predictably will be established by statistical /
mathematical probability. That is, which combination of outlying characteristics
demonstrated in a pattern(s) would reliably predict the probability of another individual in
the population having the same combination of dental characteristics? For those
images of the patterned images that include all six anterior teeth, or even several teeth
that enable the investigators to insert markers, measurements were saved in Tom'’s
Toolbox®, calculated, saved in an internal data set and an internal report function ranks
the combination of characteristics in percentiles. The application also established

outliers for those specific characteristics.

Prior to this report, to accomplish the frequency distribution of the dental
characteristics, which make each individual’s dentition individual, a series of studies
were instituted to establish a methodology for quantification in both two and three-
dimensions. This methodology was utilized to build a dataset of seven dental
characteristics. Additional research established the reliability of the measurements,
testing both intra-operator and inter-operator agreement in analysis. The initial
guantification of width, damage, angles of rotation, missing teeth, diastema
characteristics (spaces) and arch length were subsequently augmented by a study of
displacement of the anterior teeth, either labially or lingually, from the normal
physiologic dental arch form. A three- dimensional study of the width and incisal position
of the anterior teeth on the horizontal (Z) plane supplemented the data. This study adds
a practical application of the data set. An additional geometric approach to determining

the angles of rotation of the four maxillary and mandibular incisors was developed. This
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concept utilizes the measurement of the angels at the intersection of the incisal lines,
projected through the mesial and distal markers of each of the incisors. This geometric
method of determining rotation through the measurement of the intersecting angles of
the incisal lines is beneficial for several reasons. First, it eliminates subjective
establishment of a base X axis. It is also more universal. One or more teeth may be
missing or indistinct. If two or more anterior teeth can be identified (e.g. tooth 7 and 9),
computation of the angle of intersecting lines can still be determined. This method of
establishing tooth rotation also provides an expanded scope of search analysis, since it
includes two additional characteristic items. In the earlier studies when an x axis could
be established, we were able to determine four angles of rotation. With the alternate
method of utilizing the intersecting angles formed by the incisal lines, enable the

measurement of six angles of rotation.

Although the width of the teeth in injury pattern in skin may be less exact than that of
the known source, the intersecting angle formed by the extension of the incisal lines
remains a constant. Most significant in establishing the degree of probability of a
correlation will be the presence of multiple outliers in these angles. This procedure adds
four additional characteristics to enable statistically the probability of a correlation

between the unknown and a known source.

The interpretation of the combination of quantified dental characteristics making up
the initial two-dimension data set, also utilized the data obtained in the three-
dimensional study, since the anterior teeth are not always all at the same level of
eruption (Z plane). In doing so, the questions regarding whether certain teeth were
present or missing in a patterned injury cited by past investigators were addressed.
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In more than 20% of the Samples in this study, the Distance Metric Model found the
Target within the closest 5% of the sample population. In more than 6% of the Samples,

it found the Target within the closest 1% of the Population.

Implications for further research

This study demonstrates that it is sometimes possible to replicate patterns of human
teeth in porcine skin and determine scientifically, that a given injury pattern (bite mark)
belongs to a very small proportion of our population data set, e.g. 5%, or even 1%.
Predictably, building on this template, with a sufficiently large database of samples
reflecting the diverse world population, a sophisticated imaging software application
requiring operators inserting parameters for measurement and additional methods of
applying forces for research need further investigation. This is applied science for injury
pattern analysis and is only foundational research. It should not be cited in testimony
and judicial procedures. It is intended to supplement and not contradict current
guidelines of the American Board of Forensic Odontology (ABFO) concerning bite mark
analysis and comparisons. A much larger population data base must still be developed.
This research serves as a template, refining the ability to scientifically calculate that an
unknown bite mark replicated in skin can correlated with probability to a member of the
population data base. This template does not limit future researchers to use specific
imaging software or pattern replication apparatus. All of the research materials and
records will be maintained by Marquette University for a period of three years for

repeatability of the study. The authors encourage questions and challenges.

1. Marquette University School of Dentistry; 2. Medical College of Wisconsin; 3.Marquette University

College of Engineering; 4.Wisconsin Department of Justice, Crime laboratory, (retired).
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3. A one hour PowerPoint summary of the research findings was presented at the
97" Annual Educational Conference of the International Association for
Identification, on August 5, 2013 at Providence, Rhode Island.

4. A lecture capture video of the research has been recorded for dissemination via
a link posted on several forensic organizations’ web pages is being prepared for
distribution. The Midwest Forensic Resource Center and other forensic
organizations have been approached requesting that they post a link to the video
on their web sites.

5. Overtures have been made to the National Association of Medical Examiners
(NAME) and regional / state divisions of the International Association for

Identification as possible educational presentations.
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Bite Mark Evidence:

Its Worth in the Eyes of the Expert

Pamela Zarkowski, MPH

Abstract

Comparison of bite marks at the scene of

evidence to connect a suspect with a crime. Courts accepting such evidence hav

for admissibility of scientific evidence. In the opinion of the author, this h
of the accuracy of bite mark analysis. Despite recent attempts on the part

testimony and an overestimation by the courts

a crime or on a victim’s body with the dentition of a suspect has been ased as

e usually done so using the Frye standard
as led to an overdependence on expert

of the dental profession to standardize bite mark analysis and produce more reliable results, bite mark analysis remains

somewhat subjective and equivocal. The author suggests that admissibility of bite mark evide

nce should be considered

under the Federal Rules of Evidence, which provides guidelines for the admissibility of evidence and expert testimony,
rather than by the Frye standard. (] Law Ethics Dent 1988;1:47-57).

Novel scientific procedures used in criminal
cases take several different forms. The
admissibility of identification through fingerprints,
for example, was one of the earliest novel scientific
procedures.' Bite marks, like fingerprints, fall within
the category of novel scientific procedures. Bite
marks are the impressions or indentations, striations
or other markings left by the teeth in a softer material,
such as skin, food or inanimate objects.” Proponents
of bite mark evidence have sought to use such
evidence to show that bite marks on the victim’s
body or elsewhere match the suspect’s bite or den-
tition and thus connect him or her with the crime.’

Courts have adopted special rules for the ad-
missibility of scientific evidence. The most common
rule is known as the Frye standard.? The admissibility
of bite mark evidence cannot be considered without
understanding the impact of the Frye standard and
admissibility of scientific evidence in general.

This report will begin with the Frye standard,
since bite mark evidence may be classified as scien-
tific evidence. Next, the gradual judicial acceptance
of bite mark evidence and the current status of bite
mark identification as a scientific procedure is
explained. Finally, this article proposes that the
admissibility of bite mark evidence not be considered
under the Frye standard, but instead under standards
in the Federal Rules of Evidence.

Pamela Zarkowski is Associate Professor at the University of
Detroit School of Dentistry, 2985 East Jefferson, Detroit, MI 48207

The Frye Standard and Admissibility of Scientific
Evidence
In Frye v United States,* the District of Columbia
Circuit Court of Appeals originated the standard for
admissibility of scientific evidence.” Frye was a
murder prosecution in which the defendant un-
successfully sought to introduce the results of a
systolic blood pressure deception test, a forerunner
of the modern polygraph. Prior to the trial, the
defendant passed the deception test. The test was
based on the theory that telling the truth is spon-
taneous and without conscious effort and that lying
is a conscious effort reflected in the blood pressure.”
The scientist who conducted the test was not allowed
to testify as an expert witness. Defense counsel’s
offer to have the prospective witness conduct the
test in the presence of the jury was also denied. On
appeal, the defendant challenged the trial court’s
decision. The court of appeals rejected the defendant’s
chailenge, holding that the test had not yet received
recognition in the scientific community.” To justify
its exclusion of the test results, the court fashioned
a new rule, which came to be the standard for ad-
missibility of novel scientific evidence. The test for
admissibility of scientific evidence has three re-
quirements: (1) the scientific principle must be
recognizable; (2) the principle must be sufficiently
established; and (3) the principle must have gained
particular acceptance in the field to which it belongs.”
The importance of the Frye rule was not initially
apparent. In 1923, the scope of Frye was hmited to
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the question of the admissibility of evidence from a
unique procedure, the systolic blood pressure de-
ception test. The opinion was brief and offered no
authority for the rule it announced. [nitially, Frye
was construed as limited to its own facts. None-
theless, the rule gradually spread through state and
federal courts and became the generally accepted
legal test for the admissibility of all novel scientific
evidence. The Frye test has controlled the admissi-
bility of scientific evidence for more than half a
century.’

Current Status of the Frye Test

Although the Frye standard has dominated the ad-
missibility of scientific evidence,” the current status
of the Frye test is difficult to ascertain. The Frye test
has been rejected by some federal'” and state'' courts.
However, considerable support remains for the Frye
test, although it is often narrowly interpreted by the
courts.'? Courts have modified the Frye test, and in
fact have created “Frye tests”’ to fit particular cir-
cumstances of each case.'* Courts using Frye as the
standard have also required proponents of scientific
evidence to show the reliability of the scientific
principle or technique.' In People v Kelly,*® for
example, the California Supreme Court stated that
admissibility of expert testimony concerning the
application of a new scientific procedure must satisfy
a two-step scrutiny. The reliability of the method
must first be established by expert testimony; then
the witness must be properly qualified as an expert
to give an opinion on the subject.'® The Kelly court,
although using the Frye test as the standard, em-
phasized the role of the expert witness. Proponents
of the Frye test recognize four effects of the standard:
(1) it assures uniformity in evidentiary hearings;
(2) it allows appellate court decisions concerning the
admissibility of new scientific developments to serve
as precedent for future trials; (3) it protects against
juries treating novel scientific evidence as infallible;
(4) it excludes novel evidence until a pool of experts
is available to evaluate it."”

Critics of Frye argue that the standard is too
conservative and unduly prevents or delays the
admission of relevant scientific evidence.'” Another
difficulty inheres in the “general acceptance” prong
of the test.!” Courts applying the general acceptance
test must define the standard. The difficulty for the
courts is in deciding who must find the procedure
acceptable, the appropriate field or fields to which a
particular technique belongs, and what types of
evidence are subject to the Frye standard.* Despite
the Frye test's apparent simplicity, distinguishing

“scientific evidence’” from other areas of expert
testimony is difficult.?’

Some commentators suggest alternatives to the
Frye test?? The adoption of the Federal Rules of
Evidence raised further questions about the need for
the Frye standard.® Courts must decide whether the
Federal Rules of Evidence replace or complement the
Frye standard.” Nevertheless, the Frye standard
remains a critical factor in the admission of bite

“mark evidence.

Bite Mark Cases Ignoring the Frye Standard

The evolution of bite mark evidence as an acceptable
scientific procedure began slowly. The early cases
either ignored or were unaware of the Frye standard.
The first bite mark case did not appear until 1954 In
Doyle o State, the state charged the defendant with
the burglary of a grocery store. The state attempted
to admit as evidence a piece of the grocery storc s
cheese, claiming that teeth marks in the cheese
matched the defendant’s teeth marks. To compare
bite marks in the cheese with the defendant’s teeth
marks, the defendant voluntarily bit into a piece of
cheese while in custody. The two pieces of cheese
were taken to the Department of Public Safety and a
firearms examiner testified that he photographed
both, took plaster of Paris impressions, and gave his
opinion that, from caliper measurements, both picces
of cheese had been bitten by the same set of teeth *
A dentist also testified, after he examined the plaster
casts and photographs, that the same man bit both
pieces of cheese.* The court held that the evidence
supported conviction.” The court did not state the
criteria used for admissibility of the bite mark
evidence or the qualifications of the experts. The
defendant never questioned the expertise of the
fircarm expert to compare models of teeth. The
question on appeal was whether the defendant failed
to receive a warning that biting into the piece ot
cheese constituted a confession. The court saw no
distinction between bite mark evidence and foot-
print or fingerprint evidence.”

Bite mark evidence gained wider acceptance
and its use became somewhat more sophisticated in
the 1970s. In a 1972 decision, People v Johnson,™ the
prosecution tried to admit into evidence a cast of
the defendant’s teeth and photographs of teeth marks
on the victim’s breast. A dentist and an oral pathol-
ogist testified as expert witnesses.”” The oral path-
ologist testified that it was highly probable that the
teeth marks were the defendant’s. However, the
court did not list the criteria for the evaluation and
comparison of the cast of the defendant’s teeth with
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the photographs.?® On appeal, the court found no
error in using the cast and photographs and did not
question the integrity of the exhibit, presumably the
teeth casts and photographs.*

Dentists began testifying as expert witnesses in
the 1970s, although little forensic dentistry is taught
in dental education® In Patterson v State' the
defendant was found guilty of murder. The appeal
raised two issues on the admissibility of bite mark
evidence. The first was whether requiring the de-
fendant to produce a mold of his teeth violated any
constitutional rights, and the second was whether
the testimony comparing teeth marks on the deceased’s
body with defendant’s teeth marks and mold was
properly admitted. The court held that requiring the
defendant to produce a mold of his teeth did not
constitute a search or seizure under the Fourth and
Fourteenth Amendments.”” The defendant also
argued that evidence of testimony comparing teeth
marks on the deceased’s body with teeth marks on
the mold were not sufficiently scientifically proven
and, therefore, were not reliable. During the trial,
four expert witnesses reached four different con-
clusions. Specifically, the issue in Patterson was
whether a bite mark on the victim’s severed left breast
matched the defendant’s teeth. The dentists testifying
gave conflicting testimony. One dentist asserted that
bite marks were as unique as fingerprints and com-
pared the bite marks by placing a mold of the de-
fendant’s bite on the wound.™ A second dentist
said marks on the breast may have shrunk or stretched
by 0.7 mm.* Still another dentist was unable to
match the mold of the defendant’s bite with the
wound, but matched a mold of one of his patients;*
and a final dentist stated that accurate measurements
of the distance between marks on the breast could
not be obtained.”

The court, however, citing Doyle,* noted that
bite mark evidence had been held admissible and
therefore allowed the testimony, noting that the
objection went to the weight rather than admissibility
of the testimony.** The court gave no further elab-
oration for its decision to allow the inconsistent and
diverse testimony of the dental experts.

Bite Mark Cases Relying on the Frye Standard

The Frye standard’s first application was in People v
Marx.>® There, the court admitted the testimony of
three expert witnesses for the prosecution, who used
different analytical techniques, but testified that
the defendant’s teeth matched the bite mark on the
victim’s nose. The experts compared a dental cast of
the defendant’s teeth with a cast of the bite mark on

the victim’s nose taken when the body was exhumed,
six weeks after the autopsy.>® The experts testified
that it was possible to identify a person from his
dentition, and that there were enough similarities to
match the defendant’s dentition with the victim’s
wounds and to eliminate others as suspects.”” The
court found the defendant guilty of voluntary man-
slaughter in the death of an elderly woman.™®

On appeal, the defendant attacked the admissi-
bility of evidence, which included dentists’ testimony
and many exhibits, questioning the experts’ ability
to prove identity from similarities between the
defendant and the bite mark on the victm.™ The
court of appeals conceded that an established science
of identifying persons from bite marks, as dis-
tinguished from identifying persons from dental
records or x-rays, did not exist.*” But the court applied
the “general acceptance by recognized experts in the
field” prong of the Frye standard.*® After reviewing
the rationale of Frye, the court concluded that the
general acceptance standard was not determinative
of the admissibility of the expert testimony as dis-
tinguished from the weight of the expert testimony.*'
The court held that, because the experts did not
base their conclusions on what the court perceived
as untested methods, but rather on scientific and
professionally established techniques. the expert
testimony was properly admitted.* The court of
appeals noted that the trial court could observe
models, photographs, x-rays and slides of the victim's
wounds and defendant’s teeth and concluded that
this access to physical evidence maintained the
court’s independence and common sense in evaluating
the evidence.®

The general acceptance prong of the Frye stan-
dard may or may not imply that experts must have
reached unanimous agreement within therr par-
ticular scientific field. The issue of whether unanimity
within the field was required arose in People v Milone. ™
On appeal for a murder conviction, Milone argued
that bite mark identification was not proven to be
sufficiently reliable to permit its admission into
evidence.”” During the bench trial, over 1300 pages
of dental testimony and numerous exhibits were
admitted into evidence.”> The prosecution’s wit-
nesses stated that bite marks on the victim's thigh
were proof positive that the defendant orally inflicted
the injury.* The expert witnesses for the defense,
on the other hand, stated that it was easier to exclude
a suspect through marks left by his teeth*’

The defendant argued that the testimony of the
four forensic odontologists?” who testified on his
behalf should carry the greatest weight because it
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supported the defendant’s argument about the un-
reliability of bite mark evidence. All four experts
pointed out areas of inconsistency and, therefore, no
certain correlation existed between the bite mark
and molds of the defendant’s teeth. Thus, the experts
testified that a positive identification could not be
made. They also specifically said the defendant was
not the person responsible for the bite marks on the
victim. The state’s witnesses, however, steadfastly
held to the contrary.#7-4%

Looking to the Frye standard, the defendant
argued that the science of bite mark identification
failed the Frye requirement of general acceptance
in the field. The defendant offered statements by
forensic odontologists who stated that bite marks
can never reproduce accurately the dental features
in the originator.*” The court held, however, that a
lack of unanimity in the medical profession did not
mean that such testimony failed to satisfy the re-
quirement in Frye®” The premise of the court's
holding was that, unlike other scientific tests, which
may involve subjective interpretation, bite mark
cvidence involves only a visual comparison between
the wound and dentition of the defendant.®' Expert
testimony provided assistance to the trial court in
interpreting physical evidence not within the average
trial judge’s knowledge.®' Bite mark evidence has
no intermediate stage where reliability can be
questioned.*' The court noted, although it did not
offer any proof, that great care is taken to preserve
and gather physical evidence, which ensures the
quality of the exhibits. Bite mark evidence is more
analogous to footprint, fingerprint and hair com-
parisons because all are made for purposes of iden-
tification.>' The court cited other decisions allowing
bite mark evidence and concluded that each person’s
dentition is unique. The concept of identifying a
suspect by matching his dentition to a bite mark,
the Milone court noted, is a logical extension of the
principle that each person’s dentition is unique.

Both the Marx and Milone courts carefully
reviewed other decisions holding that bite mark
evidence is admissible. In some instances, courts
have admitted bite mark analysis as evidence, while
recognizing its limited application.” However, courts
have not been consistent in their application of the
Frye standard. Whereas the Milone court stressed
the lack of an intermediate mechanical stage which
could affect the reliability of bite mark evidence, the
California Court of Appeals interpreted Frye to
guarantee the correct use of scientific procedures.

A significant contribution found in People v Slone™
was the court’s development of a new test for bite

mark evidence. In Slone, the court admitted a bite
mark comparison between the defendant’s dentition
and bite marks on the victim’s thigh. The Slone
court,* applying both Frye® and Kelly,'” enunciated its
own three-prong test for admissibility of bite mark
evidence: (1) the reliability of the method must be
established by expert testimony; (2) the witnesses
furnishing the testimony of scientific acceptability
and reliability must be properly qualified as experts;
and (3) the prosecution, as proponent of the bite
mark identification, must demonstrate that correct
scientific procedures were used.™

The defendant in Slone argued that the com-
parison technique was not scientifically rehable
because of lack of proof that the individual dentition
is unique.” The court disagreed, but did note that
even in the most carefully structured scientitic
inquiry, a probability factor is present. Therefore,
the admissibility of scientific test evidence need not
be predicated on 100% accuracy.”

A detailed description of forensic dentistry,® as
well as an appendix of materials about bite mark
evidence, is set forth in State v Sager®” According to
the Sager court, bite mark identification 15 an “exact
science.””* The court outlined in detail the procedures
used to obtain a cast of the defendant’s teeth"' and the
methods used for comparison of the bite marks with
the defendant’s dentition.”* The court stated, al-
though two expert witnesses reached opposite
conclusions, that factual and reliable evidence is
important as a basis for expert testimony®’ The
appendix, the number of expert witnesses, and the
dictum reflected the court’s strong belief in the scien-
tific accuracy of bite mark evidence. The court rec-
ommended that bite mark evidence be recognized
as an acceptable type of scientific evidence in criminal
proceedings.*® However, questions about bite mark
analysis as an exact science remained n other
jurisdictions.

In State v Kleypas,”® after the defendant was
found guilty of murder, he requested that testimony
provided by a dentist as an expert witness be re-
moved from the record because bite mark analysis
was not a recognized science. The Missouri Court of
Appeals, however, relying on State v Sager,f‘“ held
that the science of forensic odontology had met the
Frye standard for admissibility of scientific evidence.””
The Kleypas court studied the use of “comparison”
as it applied to bite mark analysis. The court said
the issue in Kleypas was the identification of the
perpetrator of a crime by a comparison of marks or
traces found at the crime with the physical charac-
teristics of the defendant.*® A comparison, according
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to the court, has two aspects. The first aspect is the
means and techniques used in determining similar-
ities or differences. If a scientific process is involved,
the means and techniques must meet what has been
determined as the required standard for the scientific
process.®®” The second aspect of identification by
comparison is a determination of whether the points
of similarity are so unusual that the mark was
obviously made by a specific object.”® Because bite
marks require a comparison, the court concluded
that the identification of bite marks was similar
to the identification of footprints or fingerprints.®
The court based its decision on its somewhat philo-
sophical discussion of comparison and held the
evidence admissible.

The court of appeals saw the comparison tech-
nique used :n bite mark analysis as a simple, straight-
forward process. Unlike other, more complicated
scientific processes or techniques, bite mark evidence
was compared to matching a footprint with a shoe.®®
The court, citing Milone,®® again reiterated the lack
of any intermediate stage that could affect reliability.
The court stressed the simplicity of the concept of
bite mark comparison in an almost naive way and
relied on this belief in admitting evidence.

Bite mark evidence has been held admissible in
most jurisdictions.®” The number ot courts accepting
bite mark evidence suggests that, as an acceptable
scientific procedure, it has withstood judicial scrutiny.
There are no reported cases where bite mark testimony
has not been allowed.

The Dental Profession’s Contributions to the
Reliability of Bite Mark Analysis

Although bite mark comparison appears relatively
simple, it is becoming a more exact process. The
dental profession has recently responded to criticisms
and questions about the reliability of bite mark
comparisons.

In an attempt to standardize a scientific approach
to bite mark analysis, the American Board of Forensic
Odontology adopted in 1984 Guidelines for Bite Mark
Analysis,”® which outlines information that should
be collected and recorded by individuals responsible
for collecting bite mark evidence. The guidelines are
divided into four general categories: description of
bite marks; collection of evidence from the victim;
collection of evidence from the suspect; and analysis
of evidence.”!

A somewhat specific description of the Guidelines
is given to show the extent of the information collected
in each of the categories. According to the Guidelines,
investigators should initially record the victim’s
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demographic information including age, race and
sex.”' Also recorded is the location of the bite mark
including the anatomical location, surface contour,
nature of the underlying bone structure, and relative
mobility of skin. The shape of the bite mark is
described also.”! The vertical and horizontal di-
mensions of the bite mark as well as the color of the
injury are recorded.”’ Also described, for comparison
purposes, is the type of injury, such as a contusion.
abrasion, laceration, and whether the skin is indented
or smooth.”! Collection of evidence from the victim
consists of photographs, salivary swabbing, -
pressions of the surface of the bite mark, and tissue
samples.”! 72 Photographs are taken, black and white
and color, at both distant and close-up angies.
Photographs include the use of a scale so the entire
field can be visualized. The information collected
from the suspect include