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ABSTRACT: Validation studies of the new DentalPrintr software were carried out with experimental bite marks in pigskin. The bite marks were
digitally photographed according to the ABFO guidelines for evidence collection. Dental casts used in the experiment were scanned in 3D and 2D,
and comparison overlays were generated using DentalPrintr and Adobes Photoshops software, respectively. Digitized photographs of the
experimental bite marks and the biting edges obtained in the overlays were compared by two different examiners to analyze the impact of training
and experience with the two methods. Receiver operating characteristic (ROC) analysis, sensitivity, specificity, and 95% confidence intervals for
each cutoff point were calculated. The expert examiner using DentalPrintr obtained the best results, with an area under the ROC curve of 0.76
(SE 5 0.057; CI at 95% 5 0.652–0.876). Fairly high specificity values were found for DentalPrintr, and the best results were obtained for the
cutoff value that discriminated between the examiner’s response ‘‘biter’’ and the rest of the possible (specificity 97.9%, CI at 95% 5 93.2%–
99.6%). Therefore, the results presented here indicate that DentalPrintr is a useful, accurate tool for forensic purposes, although further research
on the comparison process is needed to enhance the validity of bite mark analysis.
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Bite mark analysis, from a forensic perspective, is founded on
two premises. The first is that each individual’s dentition is pre-
sumed to be unique, and the second is the assumption that unique-
ness of the dentition is accurately recorded in the injured skin or in
objects. As a result, bite mark evidence has been almost univer-
sally accepted in courts of law. However, criticism of this evi-
dence as a reliable scientific tool in court proceedings has been
voiced because of the subjective nature of the comparative
analyses (1–4) and the insufficient published work that defines
the statistical parameters of the procedures that form the basis of
scientific conclusions (5).

To achieve high professional standards in bite mark analysis,
the American Board of Forensic Odontology (ABFO) has adopted
guidelines for the analysis procedure and the terminology to ex-
press conclusions (6). In accordance with development of these
guidelines, the ABFO also promotes the continuing education of
forensic odontologists.

The procedures for comparing bite marks to the dentition of
possible assailants are well established. Most common methods of
analysis produce life-sized comparison overlays from the sus-
pect’s teeth to detect similarities or differences with the bite mark
(7–15). Some authors have improved the methods for comparative
analysis by using computer-based techniques to produce bite mark
comparison overlays (12–14). In these methods, dental casts are
scanned with a two-dimensional (2D) scanner and images are

imported to Adobes Photoshops software (Mountain View, CA).
The biting edges of the suspect’s teeth are selected based on
similarities between adjacent pixel values. Tests of this procedure
have become a first step in establishing the scientific basis of this
technique in forensic dentistry (16).

We recently published a new method, DentalPrintr (2004, De-
partment of Forensic Medicine and Forensic Odontology, Univer-
sity of Granada, Granada, Spain), to generate comparison overlays
from 3D images of the suspect’s dental casts (17). The procedure
has the advantages of being entirely automatic, thus avoiding ob-
server bias, making it impossible for third parties to manipulate or
alter the 3D images, and generating different comparison overlays
depending on the pressure of the bite or the distortion caused by
victim–biter interaction.

In spite of these advantages, forensic odontologists must ensure
that the techniques they use are supported by scientific evidence to
promote justice. Therefore, the purpose of this study was to de-
termine values of intra- and interexaminer reliability, sensitivity,
specificity, and validity for the new DentalPrintr software. Com-
parison studies with another well-established system of overlay
generation, i.e., Adobes Photoshops software, are also reported
here. The impact of the examiners’ training and experience was
also measured.

Materials and Methods

Experimental Bite Marks

Seventeen dental casts exhibiting variations in the presence,
status, and arrangement of their upper or lower anterior teeth were
selected for this study. Each set of models was given a different
code number and was then used to produce experimental bite
marks in pigskin as an accurate analog of human skin (18,19).

Freshly slaughtered, eviscerated piglets 4–5 weeks old and weigh-
ing 5–6 kg each were obtained from a local abattoir. Postmortem
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interval ranged from 3 to 10 h. Anatomical locations with minimal
skin curvatures and distortion were selected in each piglet. The
dental casts from each selected biter were hinged and clamped to the
skin for 15 m to create a bite mark.

The bite mark was digitally photographed following the ABFO
guidelines for evidence collection (6) with the ABFO No. 2 scale
in place. The photographs were stored in JPEG format in a per-
sonal computer, and the best reproduction of each bite mark was
selected.

Production of Overlays

The production of comparison overlay with DentalPrintr (2004,
Department of Forensic Medicine and Forensic Odontology, Uni-
versity of Granada, Granada, Spain) was described in detail in a
previous publication (17). Briefly, the procedure was as follows:
dental casts were scanned with a 3D contact-type scanner (Picza 3D
Scanners model PIX-3, Roland DG Corp., Shizuoka, Japan). The
3D images were imported to the DentalPrintr software and pro-
cessed. Comparison overlays from 3D images of the dental casts
were obtained in three steps. First, the teeth involved in the bite
mark were identified. In the second step, a contact plane was cre-
ated from the three highest points detected in areas defined in the
3D images of the dental casts. Finally, biting edges were obtained
with DentalPrintr, which allows the contact plane to extend deep
into the teeth (Fig. 1). The perimeter of the suspect’s biting edges
can be printed on transparent acetate film or converted into a bmp

file. Comparison overlays were also generated with Adobes Pho-
toshops software as described previously (12–14).

Comparison Process

The digitized photographs of the experimental bite marks and
the biting edges obtained with DentalPrintr software were com-
pared according to the Johansen and Bowers method (14). In this
study, one comparison overlay generated from a unique set of
dental models (upper and lower) was compared with one bite
mark photograph. Each set of models and the bite mark photo-
graph were given a code number. The comparison procedure was
performed in accordance with the biostatistician’s expert opinion
as follows: the observers—one expert and one nonexpert—were
given a template (Table 1) where the sequence of comparisons
was established, with an appropriate number of comparisons (128
comparisons were made in total) and an adequate number of posi-
tive identifications of biters (n 5 32). All comparisons were made
in a blind manner: the observers were unaware of which overlays,
or how many of them, were likely to yield a positive identification
of the biter.

The ABFO scoring system (6) was used, and examiners’ con-
clusions were recorded as ‘‘nonbiter,’’ ‘‘probable biter,’’ ‘‘possible
biter,’’ or ‘‘biter.’’ A bite mark photograph from our experimental
study, a detail of the overlay generation using DentalPrintr soft-
ware, and the comparison process made by an expert examiner are
shown in Fig. 2.

FIG. 1—Comparison overlay generation from 3D images of dental casts with the DentalPrintr software.
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To analyze the impact of training and experience, two different
examiners were used: a Ph.D. student trained in bite mark anal-
ysis, and a general dental practitioner with an interest in forensic
dentistry but with no experience in bite mark analysis. In the case
shown in Fig. 2, both examiners’ conclusions were of a ‘‘biter.’’

The same comparison process was performed with the overlays
generated from Adobes Photoshops software. The same two ob-
servers compared bite marks and overlays after a 3-month delay
from when they had tested the DentalPrintr overlays, to avoid
bias in their conclusions.

Statistical Analysis

Receiver operating characteristic (ROC) analysis was used to
determine the accuracy of the method. The ROC curve combines
the concepts of sensitivity and specificity into a single measure of
accuracy, defined as the area under the ROC curve. This was
therefore considered to reflect the examiner’s ability to recognize
correctly the dentition that made the bite mark. Sensitivity, also
called the true positive fraction (TPF), was defined as the propor-
tion of correct identifications of dentitions that made the bite
mark. Specificity was the proportion of correct identifications of
the dentition that did not make the bite mark. In ROC analysis, the

false-positive fraction (FPF), i.e., the number of incorrect identi-
fications, is the complement of specificity (1-specificity). When
the examiner’s responses are expressed as the degree to which he
or she believes the bite mark was produced by a particular den-
tition, each degree can be used as a cutoff point to create an array
of TPF/FPF pairs. Plotting these pairs with FPF in the X-axis and
TPF in the Y-axis forms the ROC curve. Areas under the ROC
curve between 0.5 and 1 indicate a positive relationship between
the rating scale and correct identification. Ninety-five percent
confidence intervals for accuracy were calculated using the boot-
strap technique.

A secondary objective in this study was to determine whether
examiner experience had an effect on accuracy. Differences be-
tween areas under the ROC curve for each of the two examiners
were compared with the w2 test, and k values were calculated to
measure agreement between the examiners’ conclusions and to
control for chance agreement.

Results and Discussion

In bite mark analysis, two different experimental materials can
be used to study the effectiveness: real forensic cases or simulated
cases. In this study, we decided to use simulated bite marks. The
use of real cases has advantages because authenticity is assured;
however, one of the criteria for assessing the effectiveness of a
particular test is to compare its performance against a suitable
gold standard. The use of real case material would require us to
use the conclusions of the Court decision or the original examin-
ing odontologist as the standard, although the possibility of error
can never be ruled out completely. Therefore, the use of real fo-
rensic cases to determine the truth is a potential weakness in
studies of the effectiveness of bite mark analysis (20). The use of
simulated material, however, also has disadvantages. Nonhuman
skin and the postmortem bites, as used in this study, do not display
any of the vital patterns seen in antemortem bite injuries. How-
ever, in simulations, there is no doubt about the identity of the
biter.

DentalPrintr software generates comparison overlays and
avoids the bias inherent in observer subjectivity, as the entire
procedure for generating overlays is automatic (17). As previously
reported (17), several experiments were carried out to analyze the
reliability and objectivity of the new software. Moreover, excel-
lent intra-class correlation coefficients (ICC 5 0.9985) and confi-
dence intervals (CI) at 95% (0.9959–0.997) were obtained for all
measurements by the same examiner. Interobserver reproducibil-
ity of measurements obtained with DentalPrintr software was
also excellent, with an ICC of 0.9999 and CI at 95% of 0.999–
1.000 (17).

To determine the accuracy of the DentalPrintr software, we
used ROC analysis to graph the reciprocal relationship between
sensitivity and specificity calculated from all possible threshold
values. Results from the 128 comparisons by an expert examiner
who used DentalPrintr to produce comparison overlays are
shown in Table 2, and the ROC curve is shown in Fig. 3. The
area under the ROC curve is 0.76, a fairly high value according to
Swets’ scoring system (21). The standard error is 0.05, and the
95% confidence interval is 0.652–0.876. The area under the curve
provides an objective parameter of diagnostic accuracy of the test
that is far superior to comparing single combinations of sensitivity
and specificity. The results presented in this study indicate that
bite mark examination with DentalPrintr is an accurate forensic
technique and the examiner is able to identify correctly the den-
tition belonging to a particular bite mark.

TABLE 1—Pattern of the comparison procedure.

Bite Mark
Photograph Comparison Overlays

7 33 22� 51 37
16 30 41� 38 56
13 26 51� 45 18
12 51 45� 1 37
16 38 40 41� 37
2 26 38� 22 40

10 45 22 33� 17
14 40� 38 17 1
15 17 51 56� 22
11 37� 17 22 18
14 40� 30 56 30
1 38 40 37 1�

10 30 51 33� 40
2 21 37 38� 1
6 21� 33 40 38
4 30 45 17� 37
5 56 18� 21 51
1 37 21 45 1�

8 26� 45 17 22
9 17 30� 37 13
8 26� 38 18 56
3 38 13� 51 18
3 26 18 51 13�

12 51 1 45� 37
9 45 33 37 30�

5 51 21 17 18�

4 17� 37 30 33
7 51 26 45 22�

15 40 56� 13 1
6 13 17 21� 40

11 13 30 56 37�

13 37 51� 22 41

In this study, one bite mark photograph was compared with one comparison
overlay produced from a unique set of dental models (upper and lower). The
sequence of comparisons was vertical. The observer started by comparing bite
mark photograph number 7 with comparison overlay number 33. After finish-
ing the first column of comparisons, the observer continued with comparisons
listed in the second column, and so on. The comparison process finalized by
comparing photograph number 13 to comparison overlay number 41.
�Positive match between biter and bite mark injury.
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The sensitivity, specificity, and 95% confidence intervals for
each specific cutoff point are shown in Table 3. No statistically
significant differences in sensitivity or specificity were found be-
tween different cutoff points. The modest sensitivity values that
we obtained mean that this method should be considered with
caution for screening test. The best cutoff point was that which
discriminated between the examiner’s response ‘‘nonbiter’’ and
the rest of the possible, which had a sensitivity of 56.3% and CI at
95% from 38.5% to 72.2%.

However, forensic tests should minimize false positives to
avoid an erroneous suggestion of guilt in an innocent person.
Therefore, the main aim of forensic tests for bite marks should be
to identify correctly dentitions that did not make the bite mark. In

FIG. 2—Experimental study of bite marks. Example of one bite mark photograph (a); overlay generation from 3D images of a set of dental casts with the
DentalPrintr software (b and c); and the final comparison process (d).

TABLE 2—Results from the ROC analyses for both types of examiners
according to the technique used to produce comparison overlays.

Examiners AUC SE CI

Expert (3D�) 0.764w 0.057 0.652 0.876
Nonexpert (3D�) 0.642w 0.062 0.521 0.763
Expert (2Dz) 0.726‰ 0.059 0.610 0.841
Nonexpert (2Dz) 0.598‰ 0.062 0.477 0.720

�Comparison overlays generated from DentalPrintr software.
wSignificant differences between observers (w2

exp 5 4.09; 1 df, p � 0.05).
zComparison overlays generated from Adobes Photoshops software.
‰Significant differences between observers (w2

exp 5 4.81; 1 df, p � 0.05).
AUC, area under the ROC curve; SE, standard error; CI, confidence inter-

vals at 95%.
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this study, fairly high specificity values were found, with the best
result for the cutoff point that discriminated between the exam-
iner’s response ‘‘biter’’ and the rest of the possible. Specificity was
97.9%, with a CI at 95% of 93.2–99.6%.

As the experimental methods used were not identical to previ-
ously assayed methods, our results should be compared with earl-
ier analyses of bite mark with due caution. One earlier study by
Pretty and Sweet (16) analyzed reports by 10 ABFO diplomates
(with the highest level of training and experience), who examined
10 simulated bite mark cases using Adobes Photoshops software
to generate comparison overlays. In that study, the area under the
ROC curve was 0.80, with a standard error of 1.18. Therefore,
although our ROC values were slightly lower than those obtained
by Pretty and Sweet, it should be recalled that the two approaches
are not comparable. Future studies are planned with larger num-
bers of experts with different levels of training and experience in
bite mark analysis to document the interobserver reliability with
greater precision.

A practicing dentist who was not an expert in bite mark analysis
but who had an interest in forensic dentistry analyzed the same
128 cases as the expert examiner (Table 2). The area under the
curve was 0.642, standard error was 0.06, and CI at 95% was
0.521–0.763. Although the experimental designs and techniques
differed between the present study and theirs, these results are
slightly lower than the values obtained by Pretty and Sweet (16)
for examiners with the same level of training.

To compare the two methods for bite mark analysis (Adobes

Photoshops software vs. DentalPrintr software), the same two
observers, one expert and one nonexpert, analyzed the same 128
bite marks with overlays produced with Adobes Photoshops

software (Table 2). Regardless of the observer’s experience, the
best results were obtained when DentalPrintr software was used
to produce the comparison overlays.

To study whether training influenced bite mark analysis, areas
under the ROC curve were compared with the w2 test. Significant
differences were found between the expert and nonexpert exam-
iners with both DentalPrintr (wexp

2 5 4.09; 1 df, p � 0.05) and
Adobes Photoshops software (wexp

2 5 4.81; 1 df, p � 0.05;
(Table 2). k values were calculated to measure the agreement be-
tween expert and nonexpert observers for the different cutoff
points and for the two methods (Table 4). The significant differ-
ences between areas under the ROC showed that observer’s ex-
perience was relevant in the accuracy of bite mark analysis.
Agreement between examiners as reflected by the k index and
classified according to the six-category system proposed by Lan-
dis and Koch (22) was ‘‘perfect’’ or ‘‘substantial.’’ Therefore, in
this study training and experience affected the success of overlays
in correctly identifying the biter; however, Pretty and Sweet (16)
found no significant differences between different groups of quali-
fied examiners.

A critical question is whether this and other methods to analyze
bite marks are accurate enough for identification purposes. A di-
agnostic test is considered ‘‘highly accurate’’ when the area under
ROC is 0.9, ‘‘useful for some purposes’’ at 0.7–0.9, and ‘‘poor’’ at
0.5–0.7 (21). Although from the results presented in this paper it
might seem that bite mark analysis by the comparison of overlays
fell short of excellence, when the comparisons are performed by
an expert examiner, significantly better results (areas under ROC
higher that 0.7) were found using either of the methods to generate
overlays; therefore, the methods can be considered useful for
some purposes.

FIG. 3—Receiver operating characteristic (ROC) curve generated from the
expert examiner’s conclusions with DentalPrintr software to produce
comparison overlays.

TABLE 3—Sensitivity and specificity values for each specific cutoff points obtained for the expert examiner using DentalPrintr software.

Cutoff
Sensitivity

(%)

CI

Specificity (%)

CI

Sensitivityinf

(%)
Sensitivitysup

(%)
Specificityinf

(%)
Specificitysup

(%)

0–1, 2, 3 56.3 38.5 72.2 95.8 90.2 98.6
0, 1–2, 3 53.1 34.7 70.5 96.9 91.7 99.9
0, 1, 2 –3 43.8 27.8 61.5 97.9 93.2 99.6

0 5 nonbiter; 1 5 probable biter; 2 5 possible biter; 3 5 biter; CI 5 95% confidence intervals; sensitivityinf and specificityinf, minimum values of sensitivity and
specificity; sensitivitysup and specificitysup, maximum values of sensitivity and specificity.

TABLE 4—Agreement between expert and non-expert examiners for the
different cutoff points using both methods to produce comparison overlays.

Cutoff k kinf ksup

3Dw

0–1, 2, 3 0.805 0.731 0.867
0, 1–2, 3 0.859 0.788 0.915
0, 1, 2–3 0.891 0.828 0.936

2Dz

0–1, 2, 3 0.805 0.731 0.867
0, 1–2, 3 0.875 0.809 0.926
0, 1, 2–3 0.967 0.926 0.989

wComparison overlays generated from DentalPrintr software.
zComparison overlays generated from Adobes Photoshops software.
0 5 nonbiter; 1 5 probable biter; 2 5 possible biter; 3 5 biter.
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However, the software used to generate comparison overlays is
not the only factor that needs to be examined in experimental
studies designed to analyze the effectiveness of bite mark analysis.
Although in experimental studies most of the bite marks created
are artificially clear and show less distortion than under actual
case work, statistical studies of our results from the final com-
parison process used complicated cases with unclear photographs
or significant distortion.

Moreover, because other elements of the comparison process
will also influence the conclusions reached by different examiners,
and in order to arrive at more robust conclusions regarding the
overall effectiveness of these methods for their application in true
forensic cases, further research in the comparison process is need-
ed to refine computer-based methods of image processing for use
in bite mark analysis.
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