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إلى قارئ ھذا الكتاب  ،تحية طيبة وبعد ...
لقد أصبحنا نعيش في عالم يعج باألبحاث والكتب والمعلومات ،وأصبح العلم معياراً حقيقيا ً
لتفاضل األمم والدول والمؤسسات واألشخاص على ح ﱟد سواء ،وقد أمسى بدوره حالً شبه
وحي ٍد ألكثر مشاكل العالم حدة وخطورة ،فالبيئة تبحث عن حلول ،وصحة اإلنسان تبحث عن
حلول ،والموارد التي تشكل حاجة أساسية لإلنسان تبحث عن حلول كذلك ،والطاقة والغذاء
والماء جميعھا تحديات يقف العلم في وجھھا اآلن ويحاول أن يجد الحلول لھا .فأين نحن من
ھذا العلم ؟ وأين ھو منا؟
نسعى في موقع عالم اإللكترون  www.4electron.comألن نوفر بين أيدي كل من حمل
على عاتقه مسيرة درب تملؤه التحديات ما نستطيع من أدوات تساعده في ھذا الدرب ،من
مواضيع علمية ،ومراجع أجنبية بأحدث إصداراتھا ،وساحات لتبادل اآلراء واألفكار العلمية
وشروح ألھم برمجيات الحاسب التي تتداخل مع تطبيقات الحياة
والمرتبطة بحياتنا الھندسية،
ٍ
األكاديمية والعملية ،ولكننا نتوقع في نفس الوقت أن نجد بين الطالب والمھندسين والباحثين
مجتمع يساھم
من يسعى مثلنا لتحقيق النفع والفائدة للجميع ،ويحلم أن يكون عضواً في
ٍ
بتحقيق بيئة خصبة للمواھب واإلبداعات والتألق ،فھل تحلم بذلك ؟
حاول أن تساھم بفكرة ،بومضة من خواطر تفكيرك العلمي ،بفائدة رأيتھا في إحدى المواضيع
العلمية ،بجانب مضيء لمحته خلف ثنايا مفھوم ھندسي ما .تأكد بأنك ستلتمس الفائدة في كل
خطوة تخطوھا ،وترى غيرك يخطوھا معك ...
أخي القارئ ،نرجو أن يكون ھذا الكتاب مقدمة لمشاركتك في عالمنا العلمي التعاوني،
وسيكون موقعكم عالم اإللكترون  ww.4electron.comبكل اإلمكانيات المتوفرة لديه جاھزاً
على الدوام ألن يحقق البيئة والواقع الذي يبحث عنه كل باحث أو طالب في علوم الھندسة،
ساع  ،فأھالً وسھالً بكم .
ويسعى فيه لإلفادة كل
ٍ
مع تحيات إدارة الموقع وفريق عمله
www.4electron.com
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Abstract
A rapid and sensitive LC/MS method was developed for the simultaneous analysis of N,N-dimethylamphetamine (DMA), N,Ndimethylamphetamine N-oxide (DMANO), methylamphetamine (MA) and amphetamine (A) in urine samples. Employing an Alltech
C18 column for solid phase extraction followed by LC/MS analysis using an Alltech Platinum EPS C18 column with a mixture of ammonium
formate (0.01 M, pH 3) and acetonitrile (77:23, v/v) as mobile phase at a flow rate of 0.2 mL/min, simultaneous identification and quantitation
of A, MA, DMA and DMANO in urine can be achieved using a 5-min chromatographic run. The calibration ranges were 0.10–3.0 mg/mL for
DMANO, 0.05–3.0 mg/mL for DMA and 0.05–5.0 mg/mL for both MA and A. The intra-, inter-day precision and accuracy for all analytes,
spiked at three different concentrations in quality control samples, were in the ranges of 1.7–8.6, 4.1–10.0, 11.6 to 12.9%, respectively. The
newly developed method was applied to the analysis of urine samples obtained from 118 suspected MA/DMA abusers, with the presence of
MA confirmed in their urine samples under the drug-use surveillance program. Of these 118 samples, 43 were found to contain DMANO and
11 with both DMANO and DMA.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: N,N-Dimethylamphetamine; N,N-Dimethylamphetamine N-oxide; Urine; LC/MS

1. Introduction
Methamphetamine (MA), both in high purity crystal or in
tablet forms, continues to be one of the popular drugs of abuse
in Hong Kong [1]. Recently, some drug seizures received by our
Laboratory were found to contain samples physically similar to
MA. Subsequent analyses of these samples revealed the
presence of N,N-dimethylamphetamine (DMA), which is a MA
analog known to be a weaker CNS stimulant [2,3]. The DMAcontaining crystalline samples were either in its pure form or
mixed with MA. For tablet samples, they were physically
similar to Ecstasy tablets, and their compositions were complex
and usually mixed with MA, 3,4-methylenedioxymethamphetamine (MDMA), ketamine and/or other drugs. Since it is
difficult to physically distinguish between DMA and MA, users
may not be aware of what they have administered.
According to our statistics, there has been a decrease in the
number of cases of MA seizures in the crystalline form from

* Corresponding author. Tel.: +852 2762 3820; fax: +852 2760 4601.
E-mail address: wccheng@govtlab.gov.hk (W.-C. Cheng).

647 in 1998 to 299 in 2004 (Fig. 1a). However, seizures
involving DMA in both crystalline form and tablet form have
increased considerably: for DMA seizures, from 2 and 0 cases
in 1998 to 24 and 34 cases in 2004, respectively (Fig. 1b). This
upward trend in DMA seizure poses a concern of potential
DMA abuse locally.
In this regard, we are prompted to obtain more information
on the DMA abuse situation at the street level. In many
countries, drugs of abuse analysis in urine samples under the
drug-use surveillance program are employed as an effective
approach to monitor the local trend of drugs of abuse.
According to the published literature, DMA, N,N-dimethylamphetamine N-oxide (DMANO), MA and amphetamine (A)
are excreted in human urine after the administration of DMA
[4–6]. Immunoassay is the most popular method for routine
screening of abused drugs in urine because of its speed and
simplicity. Although both DMA and DMANO are structurally
similar to MA and/or A, our in-house experiment by spiking up
to 10 mg/mL of DMA and DMANO, respectively, into blank
urine samples showed that they do not cross react with the
amphetamines reagent of Axsym that is currently used in our
Laboratory for the screening of MA/MDMA. The DMA users
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the method involving LC coupled with a single quadrupole
mass spectrometer allowed simultaneous analysis of all four
analytes after solid phase extraction. Later, with the use of a gel
permeation column, Sato et al. [11] developed a LC/MS-based
method that permitted direct injection of urine samples for
analysis of DMA and its related metabolites. While using a
single quadrupole mass spectrometer, Sato’s approach required
two separate scans for qualitative and quantitation analysis.
In this work, a rapid and convenient method for the
simultaneous identification and quantitation of DMA,
DMANO, MA and A in urine is described. By an automated
solid phase extraction followed by LC/MS (Ion trap) analysis,
urine samples can be analyzed in a single run with a run time of
5 min per sample. The method was applied to urine samples of
suspected DMA/MA abusers obtained from the routine drug
surveillance program.
2. Materials and methods
2.1. Reagents and standards

Fig. 1. (a) Statistics of crystalline MA seizures in Hong Kong from 1998 to
2004. (b) Statistics of DMA seizures in (i) crystal form and (ii) tablet form in
Hong Kong from 1998 to 2004.

may still be screened positive for MA and A by the
amphetamine reagent of Axsym because both MA and A are
metabolites excreted in urine after the administration of DMA.
Therefore, lacking a specific immunological method to detect
DMA and/or its specific metabolite (i.e., DMANO) in urine
samples constitute a major impediment to understand the actual
DMA abuse situation at the street level. According to Inoue and
Suzuki, DMANO is the main and specific metabolite of DMA
found in human urine along with MA and A [7]. If a simple, fast
and reliable method could be established for the simultaneous
identification of DMA, DMANO, MA and A in urine samples, a
clear picture of the DMA and MA abuse situation could then be
formulated.
Due to the thermolability of DMANO, its analysis by GC/
MS can only be achieved by either converting the analyte to
DMA using titanium dioxide as a reducing agent [8] or to its
trifluoroacetyl-derivative by treatment with trifluoroacetic
anhydride [9]. Thus, simultaneous analysis of DMA, DMANO,
MA and A by GC/MS is impractical because DMANO has to be
analyzed separately. Previously, Katagi et al. [10] reported that

Ammonium formate (Riede-de Haën), formic acid (98%)
(BDH Limited), methanol (LabScan) and acetonitrile (LabScan) were obtained commercially and used as received.
Methoxyphenamine hydrochloride, methamphetamine hydrochloride, amphetamine hydrochloride were purchased from
Sigma Chemicals. DMA was obtained from routine case
seizures and its identity was confirmed by both GC/MS analysis
and IR spectrometer. DMANO was prepared by oxidation of
DMA with m-chloroperbenzoic acid by a published method
[12]. Solid phase extraction column, extract-cleanTM column
C18 (phase type: octadecylsilyl, particle size: 50 mm, pore size:
60 Å, 100 mg/1.5 mL) was obtained from Alltech. Standard
solutions were prepared in methanol and stored at 4 8C.
Deionized water from a Millipore Milli-Q System was used for
buffer preparations. All the buffers and samples were filtered
through a 0.45 mm pore size nylon membrane prior to sample
injection into the LC.
2.2. LC/MS/MS conditions
LC/MS/MS analyses were performed on a Finnigan
Surveyor LC connected to a Finnigan LCQ Advantage ion
trap mass spectrometer equipped with an electrospray
ionization source. Chromatographic separation was carried
out in a Platinum EPS C18 column (1.5 mm,
30 mm  2.1 mm) (Part no. C-6000B, Alltech Associates
Inc.) with a mixture of 0.01 M ammonium formate (pH 3) and
acetonitrile (77:23, v/v) as mobile phase. Isocratic elution was
maintained at a flow rate of 0.2 mL/min for a 5-min
chromatographic run and the injection volume was 2 mL.
The effluent from LC was passed directly into the electrospray
ion source without a post-column split. Positive electrospray
ionization was achieved using a nitrogen sheath gas with a
spray voltage at 5 kV. The capillary voltage was set at 4 kV
with temperature at 250 8C. Detection of each analyte was
based on isolation and fragmentation of the protonated
www.4electron.com
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molecular ion, [M + H]+ with the following parameters: (1)
DMA: m/z 164 with normalized collision energy of 27.5% and
isolation width of 1 m/z; (2) DMANO: m/z 180 with normalized
collision energy of 25.0% and isolation width of 1 m/z; (3) MA:
m/z 150 with normalized collision energy of 25.5% and
isolation width of 1 m/z; (4) A: m/z 136 with normalized
collision energy of 21.5% and isolation width of 1 m/z; (5)
methoxyphenamine: m/z 180 with normalized collision
energy of 24.0% and isolation width of 1 m/z. The MS/MS
fragmentations were carried out by monitoring the full scan
product masses of m/z 80–150 with spectral average set to 3.
Calibration standards were prepared by spiking appropriate
quantities of authentic standards into blank urine samples. The
selected MS/MS characteristic ions used for quantitations were
DMA: m/z 164 ! 119; DMANO: m/z 180 ! 119; MA: m/z
150 ! 119; DMA: m/z 136 ! 119 and for methoxyphenamine,
the internal standard, was m/z 180 ! 149. Quantitations were
performed based on a calibration curve using at least five
calibration points for each analyte within the following
concentration ranges: 0.10–3.0 mg/mL for DMANO, 0.05–
3.0 mg/mL for DMA and 0.05–5.0 mg/mL for both MA and A.
The calibration curve was constructed by plotting the peak area
ratios of the standard and the internal standard versus the
concentrations. In each batch of samples, blank and control
samples were included. The accuracy of the analytes in the
control sample was required to be within 20% of the nominal
values.

3

three times of standard deviation statistically by replicate
analysis of LOQ control. To study the precision and accuracy,
quality control samples were prepared with blank urine at
concentrations of 50, 1200 and 2400 ng/mL for DMA, 100,
1500, 2500 ng/mL for DMANO, 50, 1700, 2500 ng/mL for MA
and 50, 1500, 2400 ng/mL for A. Intra-day precision and
accuracy at three different concentration levels (low, medium
and high) were evaluated using five blank samples spiked with
same concentration of all analytes at each level. Similarly interday precision and accuracy were evaluated using three different
samples and analyzed on 5 different days. The precision is
expressed as the relative standard deviation. A comparison of
the calculated concentration of analytes in QC samples to their
respective nominal values was used to estimate the accuracy of
the method.
Interference was investigated to assess the effect on signal
intensities of the analytes relative to the internal standard due to
the presence of amphetamine related analogs including
MDMA, MDA, pseduoephedrine, ephedrine and phentermine.
Test samples were prepared in blank urine at concentration of
100 ng/mL of A, MA, DMA and DMANO, interference
mixtures at 1500 ng/mL together with the internal standard, the
calculated concentrations of all analytes were compared with
the nominal values.
3. Results and discussion
3.1. Analysis of DMA and metabolites by LC/MS/MS

2.3. Sample preparation
To 1.6 mL of urine sample was added 30 mL of
methoxyphenamine (0.1 mg/mL, the internal standard) and
0.5 mL of saturated NaHCO3 prior to solid phase extraction.
The mixture was then applied onto a C18 solid phase
extraction column, which was pre-activated by methanol
(1 mL) and deionized water (1 mL) through the use of an
automated Gilson ASPEC XL4 solid phase extractor. The
extraction column was purged sequentially with deionized
water (1 mL), air (2 mL), 10% aqueous acetonitrile (1 mL)
and then air (800 mL). The retained analytes were finally
eluted twice with methanol (500 mL), each time followed by
purging with air (500 mL). The eluent was centrifuged at
3500 rpm for 10 min and the upper layer extract was
transferred directly to a vial for LC/MS analysis.
2.4. Validation study
Calibration curves were constructed with the following
ranges: 0.10–3.0 mg/mL for DMANO, 0.05–3.0 mg/mL for
DMA and 0.05–5.0 mg/mL for both MA and A. The calibration
curves were established using five different urine specimens
spiked with all analytes of interest and were analyzed in five
separate runs in order to evaluate the robustness and matrix
effects. LOQ was defined as the concentration of the lowest
calibration point and was demonstrated with less than 20%
deviation from its nominal value with a relative standard
deviation (R.S.D.) of less than 20%. The LOD was calculated as

Previously our Laboratory developed a protocol based on
automated solid phase extraction followed by LC/MS analysis
for high throughput (200 samples/day) screening and confirmation of ketamine in urine samples [13]. In this work, we
adopted a similar approach for simultaneous analysis of DMA,
DMANO, MA and A in urine samples. At the outset, urine
samples were subjected to solid phase extraction using an
automated solid phase extractor capable of extracting 108 urine
samples per batch automatically. With the use of ion trap mass
spectrometer, the LC/MS/MS analysis allowed simultaneous
identification (MS/MS full scan mass spectral acquisition) and
quantitation (selected ion monitoring) to be performed in a
single run.
Fig. 2 depicts typical ion chromatograms for DMA,
DMANO, MA and A using methoxyphenamine as an internal
standard (IS). Good peak shapes for all the four analytes and
the internal standard were observed and the LC/MS run time
per sample was 5 min. No apparent decomposition of
DMANO was observed under our experimental conditions.
Experiment for the IS and DMANO have indicated that there
is no cross-talk between IS and DMANO although they bear
the same protonated molecular ion (i.e., methoxyphenamine
do not have any fragment m/z 119 and no fragment m/z 149
was observed in the mass spectrum of DMANO). The mass
spectra obtained for all the four analytes were similar to
those ESI–MS spectra reported by both Katagi et al. [10] and
Sato et al. [11] performed on a single quadrupole mass
spectrometer.
www.4electron.com
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Fig. 2. Representative LC/MS/MS selected ion chromatograms of a DMA positive urine sample with amphetamine at 1500 ng/mL, MA at 5000 ng/mL, DMA at
190 ng/mL and DMANO at 1500 ng/mL, methoxyphenamine at 3000 ng/mL.

3.2. Validation study
Calibration curves for all the four analytes were
constructed based on the corrected peak areas with respect
to that of methoxyphenamine (IS) based on six calibration
levels for each analyte. Five separate runs using five different
blank urine specimens spiked with all four analytes and IS at
each calibration level (Fig. 3). Good linear calibration curves
were obtained for all analytes with correlation coefficients (r2)
equal to or greater than 0.998. The accuracy, intra- and interday precision for all analytes are presented in Table 1. The
intra-day precision (%R.S.D.) (N = 5) at three different
concentrations which covered low, medium and high
concentrations within the linear range for all analytes were
in the range of 1.7–8.6% while inter-day precision (N = 15, 5
days) were 4.1–10.0%. Satisfactory mean relative errors were
obtained for all analytes at the same three concentrations: (A)
6.0 to 1.7%; (MA) 11.6 to 12.9%; (DMA) 9.8 to 3.5%;
(DMANO) 5.1 to 2.9%. The limit of detection for DMANO
was 0.04 mg/mL while for DMA, MA and A were 0.01 mg/
mL. Interference study using amphetamine-like compounds
such as MDMA, MDA, pseduoephedrine, ephedrine and
phentermine at 1.5 mg/mL in urine in the presence of 100 ng/
mL each of DMANO, DMA, MA and A did not show any

obvious change in the peak area ratios for all analytes
(10%). The matrix effects are evaluated during the
construction of the calibration curves by using five urine
specimens. The peak area response ratios at each calibration
level for all analytes were all found to be within 10% variation
indicating the matrix effects were not significant.
3.3. Application for the screening of suspected DMA/MA
abusers
As MA or A could be the major metabolites of DMA, 118
urine samples with MA and/or A confirmed using the routine
protocol were re-analyzed using the newly established
method in order to ascertain the occurrence of DMA and/
or its metabolites. Among the 118 urine samples being
tested, 43 samples (36%) were found to contain DMANO in
addition to MA and/or A. Furthermore, 11 samples (9%)
were found to be DMA and DMANO positive and the
concentration profiles for all the positive results with
DMANO/DMA found are summarized in Table 2. For those
DMANO positive samples at concentrations less than 500 ng/
mL, no significant amount of DMA was detected. As
DMANO concentration increased in the samples, the
concurrent occurrence of both DMA and DMANO also
www.4electron.com
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Fig. 3. Calibration curves for DMA, DMANO, amphetamine and MA were constructed based on five separate runs at each calibration level.

Table 1
Intra- and inter-day precision (relative standard deviation, R.S.D.) and bias of the quality control (QC) samples prepared in urine at three different concentrations
Compounds

Concentration of QC (ng/mL)

Intra-day (N = 5)

Inter-day (N = 15, 5 days)

R.S.D. (%)

Bias (%)

R.S.D. (%)

Bias (%)

A

50
1500
2400

6.0
4.2
1.7

3.7
2.9
1.1

8.8
6.1
6.0

6.0
1.7
1.0

MA

50
1700
2500

3.3
2.3
3.0

12.9
8.5
1.6

7.2
4.5
4.1

11.6
2.2
0.4

DMA

50
1200
2400

3.3
2.4
3.1

9.8
1.3
0.3

7.5
4.1
4.5

3.5
0.5
3.5

DMANO

100
1500
2500

8.6
2.0
2.4

10.0
6.7
6.6

2.9
5.1
1.8

0.7
0.04
1.2
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Table 2
Concentration profiles (ng/mL) for all DMA/DMANO positive urine samples
DMANO
100–500
501–1000
1001–5000
>5000

No. of samples
16
15
15
8

DMA
0
90–150 (2)b
60–5300 (4)c
100–6200 (5)e

MA

A

200–31000
480–39000
840–160000
10000–95000

Average ratio of DMANO/MA
a

230–5600
80–9300
140–20000d
1800–29000

0.12
0.25
0.38
1.29

DMANO: dimethylamphetamine N-oxide, DMA: dimethylamphetamine, MA: methamphetamine, A: amphetamine. No. in parentheses refer to the no. of samples
with DMA found.
a
One cases with no A detected while [MA] = 200 ng/mL.
b
Concentrations found were 90 and 150 ng/mL.
c
Concentrations found were 60, 190, 190 and 5300 ng/mL.
d
One case with no A detected while [MA] = 370 ng/mL.
e
Concentration found were 100, 130, 220, 590 and 6200 ng/mL.

increased. This finding is consistent with the Katagi’s
suggestion that DMANO has a longer detection time window
in urine as compared to DMA [10]. Thus DMANO can serve
as the most effective indicator for confirming DMA use.
However, one may argue that the positive finding of DMA or
DMANO in this study may have originated from intake of a
trace amount of DMA as impurity in ‘‘pure’’ MA. As DMA
found as impurity in MA samples examined by our
Laboratory is usually less than 1%, it is anticipated that
the DMANO concentration found in this case should be very
low compared to MA concentration, probably below 1% (i.e.,
[DMANO]/[MA] < 0.01). Our results shown in Table 2
revealed that the average [DMANO]:[MA] ratio for all
positive findings ranged from 0.12 to 1.29. Therefore, most
of the DMANO and/or DMA positive results found in the
urine samples might not have originated from the intake of
‘‘pure’’ MA samples with DMA as trace impurity. It is,
however, difficult to ascertain whether a person has taken
pure DMA, DMA/MA mixtures or DMA and MA separately
solely based on the concentrations of DMA/DMANO and
MA/A found in urine. Nevertheless, our results showed that
DMA had been taken by quite a high percentage of MA users
at the street level. Although DMA is listed as a dangerous
drug in Hong Kong, the penalty for possession and
trafficking of DMA is less severe than that of MA. The
widespread abuse of DMA at the street level abusers as found
in this study should alert the law enforcement agencies that
DMA may become a potential threat to the society and
proactive action should be taken in order to combat against
its abuse. Since DMA is not available as a prescription drug
and has no documented medical uses, its presence in urine
should indicate its illicit usage. Notably, by determining
DMA and DMANO simultaneously in addition to MA and A,
one can ascertain the possibility of sole intake of some
prescribed drugs such as l-Deprenyl (anti-parkinsonian and
antidepressant), or Famprofazone (analgesic and antipyretic)
that are known to produce MA or A only as metabolites.
4. Conclusion
A rapid and convenient SPE-LC/MS method for the
identification and quantitation of DMA, DMANO, MA and

A in urine samples was successfully developed. Compared to
the immunoassay technique, the high-throughput capacity of
this method (150 samples/day) with better accuracy and
specificity makes it suitable for routine screening and
confirmation for both MA and DMA abuses simultaneously.
The high prevalence rate of DMANO/DMA in MA users
indicates a potential threat of DMA to the population locally
and more stringent measure should be imposed.
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Abstract
The forensic investigator is frequently confronted with the discrimination and deduction of injury implements, which is one of the most important
physical testimonies in courts. The usual method used in actual cases is from points of morphology. In the forensic discrimination of injury implements,
such as metal implements, the analysis and comparison of elements are expected to provide excellent results, and simultaneous multi-elemental
analysis is required to analyze various kinds of elements. This study was designed to establish discrimination and deduction of metal injury implements
by scanning electron microscope/energy disperse X-ray microanalyzer (SEM/EDX) and inductively coupled plasma atomic emission spectrometry
(ICP-AES). Examined metal particles in five wounds made on the skin of domestic pigs, respectively, using Cu–Zn or Cr–Ni coated and carbon steel
kitchen implements by EDX. For carbon steel kitchen implements, analyzed five samples from the back and blade separately in the contents and
varieties of elements by ICP-AES. In the wounds by the coated implements, the special particles only containing Cu, Zn or Cr, Ni were found. In the
wounds by carbon steel kitchen implements, the particles containing Fe, Cr, Si or Fe, Mn, Si were found. The differences of contents of elements
between the back and blade was no significant except No. 5 for carbon steel kitchen implements, and the significant differences of elements exited in Cr,
Mn, Si, Cu, Mo among the stainless kitchen knives, Mn, Si among the other kitchen implements and for the blade of No. 5 knife, relative standard
deviations (R.S.D.s) were significantly different in Mn, Si, Mo, Ti, S, P, Ni. Using EDX to examine the particles in wounds can deduce the categories of
metal injury implements, and we can still deduce the different implements in the same category by ICP-AES.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Forensic pathology; SEM/EDX; ICP-AES; Injury implement; Metal

The injury implement is one of the most important physical
evidences in courts and many pathologists pay more attentions
to how to identify. However, so many injury implements were
found in actual cases, and great deals of varieties exist in
morphology, material and category, such as kitchen knife,
chopper, crabstick and so on. The identification method of them
is the focus of many attentions. In addition, when two kinds of
the same material and morphology implements were proved to
originate from the same source, difficulty to identify the used
by suspect was obvious. Metal implements were usually found
in many cases practically. In the forensic discrimination of
injury implements, such as metal implements, the analysis and
comparison of elements are expected to provide excellent
results, which show a large variation among different samples.

* Corresponding author at: 22, Road Xinling, Shantou, Guangdong 515031,
PR China. Tel.: +86 754 8900433; fax: +86 754 8900837.
E-mail address: brf1000cn@yahoo.com.cn (R. Bai).

Simultaneous multi-elemental analysis is required to analyze
various kinds of elements contained in metal implements. In
fact, a number of successful applications have been reported
during the examination of lead-shotgun pellets [1], glass
fragments [2] and arsenous acid [3]. Accidentally a little metal
particles were found at the edge of wounds in some cases by the
scanning electron microphage equipped with energy disperse
X-ray microanalyzer (SEM/EDX), when magnified to over 50–
100 times. EDX is not sensitive enough to quantity elements
accurally, which have some limit to identify the metal
implements by the varieties of elements. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) is the ideal
instruments with high sensitivity for the ppm level of trace
elements, and has been applied to the analysis of solder by
Wynn [4] and Yamamoto and Noro [5], thus could give more
valuable and steady information to identify the injury
implements accurately. In this study, varieties of particles in
wounds were measured by SEM/EDX, and varieties of
elements in metal implements by ICP-AES. The purpose is

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.008
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to explore the consequences of the two methods in applications
to identify metal implements from the views of material and
manufacture method.
1. Methods
1.1. Apparatus
The environmental SEM/EDX instrument used in this study
was Model 3200C (Army Instruments Inc., USA) and Voyager
4-3055 (Noran Instruments Inc., USA). The ICP-AES
instrument used was Model ICPS-7500 (Shimadzu Instruments
Inc., Japan). The operating conditions for SEM/EDX and ICPAES are given in Tables 1 and 2, respectively.
1.2. Reagents
Purified water used throughout this experiment was prepared
by a EDI system (Nanjing Ultrapure Water Co. Ltd., Nanjing,
China). Nitric acid and hydrochloric acid used were up to
Table 1
Operating conditions for SEM/EDX
SEM conditions
Accelerating voltage
Magnification
Working distance
Chamber pressure

25 kV
100–400
25
100–200 mTorr

EDX conditions
Column
Take-off angle
Live time
Dead time
Channels
Channels width
Detector type
Window type
Window thickness

Amray 3200c, Pioneer
25
100 s
<25 s
2048
10
Silicon/lithium
norvar
0.3

Table 2
Operating conditions for ICP-AES
Rf frequency
Rf power
Plasma gas flow rate
Cooling gas flow rate
Carrier gas flow rate
Observation height
Nebulizer
Light path

27.12 MHz
1.15 kW
1.2 l/min
13 l/min
0.7 l/min
12 mm above work coil
Ultrasonic type
Vacuum

Wave length (nm)
Cu
Mn
Si
P
Ni
Cr
Mo
S
Ti

324.8
293.3
251.6
178.3
227.0
283.6
202.0
180.7
324.2
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excellent pure level (Chongqing Chemical Co., Chongqing,
China). Multi-element standard solutions containing 1 or
10 mg ml 1 of each element in 10% of nitric and hydrochloric
acid by volume were prepared for every use by mixing singleelement standard solutions (Chongqing Chemical Co.) and used
as working standard solutions for calibration. Nitric acid
(HNO3), hygrochloric acid (HCl) and acetone used were ultra
pure grade (Chongqing Chemical Co.).

1.3. Animal
Five domestic pigs were chose for this study and randomly
divided into two groups (n = 2 and 3, respectively): one for
coated implements and one for non-coated implements. The
limit of pigs was 30–40 kg in weight and 3–4 months old, and
the sex was not concerned.

1.4. Samples
Standard Reference Material GBW1307 and U71Mn,
purchased from National Institute of Standard Technology
(NIST, Beijing, China), were analyzed to evaluate the accuracy
and precision of the concentrations obtained by this method,
which gave the standard reference material (SRM). All samples
were divided into two groups: the coated including the Cu–Zn
coated tube and Cr–Ni coated industrial spanner (n = 5 and 5,
respectively) and non-coated including the stainless and carbon
steel kitchen knives (n = 5 and 5, respectively), produced by
different manufacturers. All the samples acted on the skin of
pigs by the methods of strike and hack, five wounds for each
samples. The powers were not managed. Each wound was taken
down completely by surgery knife and sealed in a clean box
with the edge up. The cleaning skin in other places was gotten
for the control (n =5). It should be important that keep the
surgery knife away from touching the wounds. The samples of
the second group were collected and analyzed in order to
determine the discrimination capability by comparisons of
concentration for trace impurities by ICP-AES. The samples
were wiped with acetone and dried in the air. Subsequently, a
lump of approximately 1 cm  1 cm in area was taken five
times from the back and blade of a kitchen knife individually, as
shown in Fig. 1. After that, the taken metal was cut from the
outside surface by a steel blade and used for analysis.

Fig. 1. Sample collection from a kitchen knife.

www.4electron.com

10

R. Bai et al. / Forensic Science International 166 (2007) 8–13

1.5. Procedure
Approximately 5 cm tissue was cut down in the middle of
each wound, the sample tissue is not necessary to prepare for
avoiding the pollution during the course of preparation, and put
a raw sample tissue on the sample stage of SEM/EDX directly
to watched on magnification of 100 times or above. The circular
and high brightness particles were selected, which were
identified by EDX. It was essential to find five expected
particles in a wound and the mean of weight of each element in
five particles was as number of weight of the element in the
wound. The implements were washed with soap water three
times and with purified water three times, then put them on the
sample stage of SEM/EDX to examine.
A chipping of metal was completely dissolved in a mixture
of HNO3 and HCl as follows. About 1 g of metal was
accurately measured by a micro-balance with accuracy limit
of 10 mg, and taken in a glass tube and 60 ml of HNO3 was
added. The tube was capped and heated at 80 8C in a water
bath for 10 min after cooling to room temperature, 10 ml of
HCl and 2 ml of purified water were added, and it was
agitated until the sample was dissolved completely. This
solution was transferred into a volumetric flask, followed by
dilution 1000 ml with purified water. Nine elements (Cr, Mn,
Si, P, S, Cu, Mo, Ti and Ni) in this sample solution were
determined by ICP-AES.
2. Result
2.1. SEM/EDX analysis
The expected particles were found in all wounds of two
groups of samples, and are mostly high brightness and circular
or oval-shaped (Fig. 2), which are different from particles of
dust. For Cr–Ni coated industrial spanner of the coated
implements, elements of Cr and Ni were shown in the particular
particles by EDX. For Cu–Zn coated tubes, elements of Cu and
Zn existed in expected particles, and the data is the mass
fraction for each element shown as wt%. The results of
implements and metal particles in wounds were shown in

Fig. 2. The special particles in the wounds by the non-coated implements by
SEM.

Table 3. For the stainless kitchen knives of non-coated
implements, elements of Fe, Si and Cr were examined. For
the ordinary carbon steel kitchen knife, elements of Fe, Si and
Mn existed in particular particles (Table 4).
2.2. ICP-AES analysis
Before a quantitative analysis, useful trace elements for the
discrimination of samples were selected as follows. The
standard sample solutions prepared were qualitatively analyzed
by scanning the profiles of all the measurable elements at the
wavelength giving the highest sensitivity for each element. As a
result, nine trace elements (Cr, Mn, Si, P, S, Cu, Mo, Ti and Ni)
were found to be effective for the discrimination, because the
emission intensities of these elements were sufficiently high to
determine in more than half of the samples and a considerable
difference in the emission intensities of each element was
observed among the different samples.
The proposed method was applied to the standard samples in
order to estimate the accuracy and precision of the concentrations by this method. The analytical results are given in Table 5.
The sample preparation and ICP-AES measurement were

Table 3
The results of implements and metal particles in wounds by EDX (wt%, mean  S.D., n = 5)
Implements

Spanner

Cu-coated tube

No.

1
2
3
4
5

1
2
3
4
5

Implements

Metal particles in wounds

Cr

Ni

Cr

Ni

10.77  3.38
11.74  4.01
13.18  2.41
6.17  1.81
13.95  3.60

89.61  2.15
90.14  3.22
88.58  4.25
94.73  5.24
86.01  2.73

8.73  6.78
10.86  3.91
15.37  4.41
7.59  5.24
14.85  5.93

91.24  6.83
89.25  4.04
84.61  4.38
92.37  5.32
84.79  9.54

Zn

Cu

Zn

Cu

34.11  1.17
35.19  2.26
34.31  1.49
38.66  3.81
33.74  1.84

66.20  2.01
64.47  4.98
65.33  1.12
62.14  3.03
66.02  2.37

33.76  1.05
38.71  3.59
30.69  2.38
37.59  5.48
31.18  2.47

66.11  1.22
61.47  3.41
69.46  2.47
62.37  5.38
68.35  4.58
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Table 4
The results of elements quantities of metal particles in wounds by two kinds of kitchen with EDX (wt%, n = 5)
Implements

No.

Cr (R.S.D.)

Si (R.S.D.)

Stainless kitchen knives

1
2
3
4
5

14.36
13.62
13.95
15.08
14.89

0.68
0.92
0.88
0.74
0.95

(15.51)
(18.24)
(21.73)
(16.31)
(16.79)

Carbon steel kitchen knives

1
2
3
4
5

1.16
0.83
1.85
1.04
0.75

(16.13)
(20.16)
(14.38)
(10.47)
(20.61)

(2.74)
(3.17)
(4.61)
(2.53)
(2.75)

Table 5
The precision of analysis method for standard specimen by ICP-AES (wt%,
n = 6)
Element

Certified value

Observe value

R.S.D. (%)

Cr
Mn
Si
P
Al
Cu
Mo
Ti
Ni
V

0.037
0.48
0.07
0.036
0.029
0.035
0.038
0.023
0.019
0.025

0.0365  0.0003
0.471  0.003
0.0684  0.0002
0.0357  0.0002
0.0281  0.0006
0.0346  0.0001
0.0391  0.0004
0.0228  0.0007
0.0192  0.0014
0.0247  0.0005

0.82
0.64
0.86
0.75
0.87
0.95
0.76
0.85
1.02
1.03

repeated six times independently. The observed values for nine
elements show good agreement with the certified values, which
demonstrate that the concentrations with sufficient accuracy
can be obtained by this method. It is rather valuable effective

Mn (R.S.D.)

0.79
0.64
1.19
0.92
0.68

(12.14)
(17.52)
(11.32)
(15.79)
(18.12)

Fe (R.S.D.)

Others (R.S.D.)

83.85
85.47
86.31
84.66
85.00

(0.55)
(0.72)
(1.01)
(1.47)
(0.98)

Al 1.13 (17.20)

94.21
98.51
96.95
93.85
98.36

(1.02)
(0.53)
(0.78)
(1.14)
(1.24)

Al 3.85 (14.87)

Ca 4.19 (11.53)
5

source discrimination that the relative standard deviations
(R.S.D.s) for these elements are within 2%. From this result, it
is expected that a comparison of the analytical result can offer
excellent discrimination capability if the steel samples are
sufficient homogeneous and exhibit that the range in
concentration of trace elements across different sources is
much larger than the variation with the same sample.
The proposed method was applied to the second groups of
samples in order to evaluate the discrimination capability by
comparison of trace elements. The analytical results are given
in Tables 6 and 7, together with the mean values and R.S.D.s
in each element. In most of the samples, the variation of the
trace elements within a same sample was larger than that in
the SRM. The result can be attributed to the slight
heterogeneity of trace elements in a practical sample to
some extent. However, the heterogeneity of this level is
supposed to cause no problem for discrimination, because the
range of trace elements across the different samples is many

Table 6
The results of metal elements quantities of two kinds of kitchen implements backs with ICP-AES (wt%)
Implements

No.

Cr (R.S.D.)

Mn (R.S.D.)

Si (R.S.D.)

P (R.S.D.)

S (R.S.D.)

Stainless kitchen knives

1
2
3
4
5

16.2154
12.8443
12.3668
14.0337
14.8501

(0.06)
(0.24)
(0.11)
(0.05)
(0.07)

0.3715
0.4285
0.4377
0.3915
0.3501

(1.97)
(1.07)
(0.95)
(0.88)
(1.14)

0.4861
0.5178
0.4581
0.4931
0.4425

(1.16)
(0.46)
(0.78)
(1.54)
(1.08)

0.0209
0.0221
0.0279
0.0225
0.0307

(3.83)
(2.25)
(2.15)
(2.89)
(1.78)

0.0063
0.0109
0.0059
0.0078
0.0113

(3.17)
(1.08)
(3.15)
(4.01)
(2.17)

Carbon steel kitchen knives

1
2
3
4
5

0.0276
0.0284
0.0296
0.0283
0.0278

(4.71)
(3.87)
(3.03)
(2.81)
(3.59)

0.7626
0.3594
0.8939
0.5463
0.0674

(0.91)
(2.03)
(0.75)
(0.86)
(0.74)

0.3616
0.2369
0.5367
0.2389
0.3381

(1.55)
(3.22)
(0.82)
(3.59)
(1.15)

0.0265
0.0283
0.0210
0.0186
0.0306

(2.46)
(2.70)
(3.43)
(2.27)
(2.14)

0.0091
0.0107
0.0082
0.0220
0.0095

(2.58)
(0.95)
(1.22)
(3.54)
(2.36)

Implements

No.

Cu (R.S.D.)

Mo (R.S.D.)

Ti (R.S.D.)

Ni (R.S.D.)

Stainless kitchen knives

1
2
3
4
5

0.0307
0.1103
0.0785
0.0536
0.0958

(3.04)
(2.05)
(2.75)
(2.14)
(2.07)

0.0311
0.0625
0.0359
0.0511
0.0285

(1.35)
(1.12)
(2.08)
(1.71)
(1.76)

0.0596 (0.67)
0.0656 (0.76)
0.0481 (0.98)
0.0519 (1.11)
0.056 (1.25)

0.3187
0.3297
0.3018
0.2472
0.3364

(1.82)
(1.94)
(1.75)
(2.19)
(1.08)

Carbon steel kitchen knives

1
2
3
4
5

0.0275
0.0414
0.0282
0.0387
0.0316

(3.45)
(2.49)
(3.77)
(2.52)
(2.33)

0.0047
0.0083
0.0125
0.0182
0.0078

(4.76)
(4.57)
(2.20)
(2.21)
(3.38)

0.0003
0.0004
0.0019
0.0007
0.0003

0.0218
0.0283
0.0226
0.0131
0.0276

(3.67)
(3.45)
(3.11)
(1.55)
(3.01)

(4.08)
(4.37)
(3.05)
(4.29)
(3.17)

www.4electron.com

12

R. Bai et al. / Forensic Science International 166 (2007) 8–13

Table 7
The results of metal elements quantities of two kinds of kitchen implements blades with ICP-AES (wt%)
Implements

No.

Cr (R.S.D.)

Mn (R.S.D.)

Si (R.S.D.)

P (R.S.D.)

S (R.S.D.)

Stainless kitchen knives

1
2
3
4
5

16.2296
12.8693
12.3668
14.0337
14.8501

(0.27)
(0.57)
(0.11)
(0.05)
(0.07)

0.3791
0.4467
0.4377
0.3915
0.3501

(1.66)
(1.32)
(0.95)
(0.88)
(1.14)

0.4716
0.5190
0.4581
0.4931
0.4425

(1.08)
(0.86)
(0.78)
(1.54)
(1.08)

0.0201
0.0214
0.0279
0.0225
0.0307

(4.08)
(3.58)
(2.15)
(2.89)
(1.78)

0.0061
0.0114
0.0059
0.0078
0.0113

(10.16)
(4.38)
(3.15)
(4.01)
(2.17)

Carbon steel kitchen knives

1
2
3
4
5

0.0276
0.0286
0.0294
0.0293
0.0278

(1.45)
(1.75)
(3.40)
(1.07)
(3.59)

0.7815
0.3674
0.9537
0.5553
0.0674

(0.76)
(1.58)
(6.68)
(0.07)
(0.74)

0.3618
0.2428
0.5049
0.2466
0.3381

(1.30)
(3.08)
(8.87)
(0.41)
(1.15)

0.0273
0.0294
0.0226
0.0192
0.0306

(2.56)
(0.68)
(7.52)
(1.56)
(2.14)

0.0107
0.0254
0.0115
0.0259
0.0095

(1.87)
(3.54)
(18.26)
(4.63)
(2.36)

Implements

No.

Cu (R.S.D.)

Mo (R.S.D.)

Ti (R.S.D.)

Ni (R.S.D.)

Stainless kitchen knives

1
2
3
4
5

0.0315
0.1096
0.0715
0.0539
0.0998

(3.04)
(1.05)
(2.45)
(2.87)
(2.15)

0.0325
0.0652
0.0389
0.0539
0.0215

(1.77)
(1.22)
(2.01)
(1.01)
(1.66)

0.0580 (0.52)
0.0655 (0.92)
0.0477 (1.04)
0.0532 (1.04)
0.059 (1.15)

0.3106
0.3283
0.3038
0.2412
0.3391

(2.03)
(2.46)
(1.75)
(2.89)
(1.07)

Carbon steel kitchen knives

1
2
3
4
5

0.0328
0.0437
0.0326
0.0396
0.0328

(2.13)
(0.46)
(2.45)
(2.02)
(2.72)

0.0052
0.0088
0.0095
0.0191
0.0061

(3.69)
(3.41)
(58.94)
(2.09)
(3.01)

0.0004
0.0001
0.0021
0.0008
0.0003

0.0215
0.0292
0.0260
0.0136
0.0281

(3.26)
(0.68)
(3.07)
(4.41)
(3.12)

times greater than the variation within an individual sample
for all elements. In fact, trace elements in the knives could
be determined with satisfactory excellent reproducibility,
which is represented by R.S.D.s less than 10% at a
sufficiently high concentration of each element. These results
indicate that the trace elemental composition can provide
excellent discrimination capability among different sources
of kitchen knives. It should be noted that the analytical results
with R.S.D.s more than 10% are often obtained at a
considerably low concentration, approximately under five
times the detection limits. So in this study, the results with
R.S.D. more than 10% were concerned as the mixture of
different sources.
3. Discussion
3.1. The analysis of SEM/EDX
According to the manufacture method, the coated metal
layers can be divided into two kinds: unique element and alloy
layer. The products with coated layer are always used in daily
life, and are viewed as an important part of injury implements;
furthermore coated layer could be divided: single layer and
multi-layer. In this study, the Cu–Zn coated tubes and Cr–Ni
coated industrial spanners were chose. After the examinations
of wounds conducted by the two kinds of coated implements
with SEM/EDX, the special particles were found which
contained elements, respectively: Cu, Zn and Zn, Ni, and in
which other elements were not found. However, though proofdust is the focus in the whole process of study, the found rate of
expected particles was less 10%, because the more particles of
dust were found. The particles of expected and dust could be

(4.25)
(5.79)
(14.29)
(7.69)
(3.77)

distinguished in two methods: the lightness of dust is less than
found expected particles; the particles of dust always contain
Ca, Si and sometimes Fe, Al, K, which is different from the
expected particles. In addition, the low rate had something to do
with the tightness of coated layer and base. Tighter between
coated layer and base, more expected particles could be found.
In China, two kinds of kitchen knives are used currently:
carbon steel knife and stainless knife. The latter is made of
stainless steel such as 4Cr13, 3Cr13 [6]. From the view of
manufacture method, one is that blade and back of knife is
made of the same steel sample and the other is of two pieces of
samples, which add another piece of steel with high hardness in
blade to get more hardness and sharp, called ‘‘clip steel’’. In this
study, the two kinds of kitchen knives were all chosen. Through
the examination of wounds by the samples with SEM/EDX, the
expected particles were found also. Though sometimes the Al,
K were found in the same particles, in the wounds by stainless
knives, the particles contained Fe, Cr, Si and by carbon steel
knives, the particles contained Fe, Mn, Si, which is different
from the results of the coated implements. In addition, quality
of all elements in the chosen kitchen knives is evident lower
than the coated implements. The expected particles were not
found in the control.
In addition, because the quantitative accuracy for each
element of EDX is not enough high to identify the different
implements, so in this study, the comparisons between the
samples and wounds were not performed.
3.2. The analysis of ICP-AES
The results of ICP-AES analysis can get further discrimination for the second groups from views of material and
www.4electron.com
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manufacture method. The range (mean  2S.D.) of each
element was compared between two samples [7]. If the ranges
overlapped of all of the elements, the samples were considered
to be indistinguishable, whereas if the ranges for one or more
elements were separated, the samples were considered to be
distinguishable. In this study, all samples of the second groups
were indistinguishable between back and blade except No. 5,
and could be discriminated from each other by this method. The
significant differences of elements exited in Cr, Mn, Si, Cu, Mo
among the kitchen knives of stainless steel, Mn, Si among
kitchen implements of carbon steel. The difference of trace
impurities among these samples might attribute to the
difference of raw materials used during the manufacturing
process except No. 5. The extreme varieties of R.S.D.s of Mn,
Si, Mo, Ti, S, P, Ni existed in blade of No. 5 knife, and indicated
that the manufacture method is ‘‘clip steel’’, which is different
from other knives. The results indicates the extremely low
probability that any two samples from different sources
exhibited overlapping in the range of all elements accidentally,
even when a large number of knife samples are added to the
collection.
In conclusion, for SEM/EDX, the analysis of wounds is
useful for deduction of the category of injury implements. For
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ICP-AES, the analysis and comparison of trace impurities by
the proposed method are useful for further forensic discrimination of the metal injury implements in the same
resources.
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Abstract
Rebreathing is a model for the relationship between a prone sleeping position and sudden infant death syndrome. This study used a mechanical
simulation model to establish the relationship between types of bedding and rebreathing potential for an infant placed prone (face down) at different
postnatal ages. The infant mannequin was connected to a respirator set to deliver physiologically appropriate combinations of tidal volume (VT)
and respiratory rates (RR) across a range of postnatal ages (0–18 months). Before measurements were made, CO2 flow was regulated to 5  0.1%
of end-tidal PCO2 (EtCO2). After the model was placed in a prone position, any increase in the fractional concentration of inspired CO2 (FiCO2)
was measured. FiCO2 increased immediately and rapidly, and reached a maximum value within a few minutes. The maximum FiCO2 ranged from
under 2% to over 10%, depending on the bedding. FiCO2 was also affected by VT and RR. This model is not applicable to actual infants because of
the large tissue stores of CO2 in infants; however, it is useful for evaluation of gas diffusibility of bedding and will simplify the investigation of
sleeping environments when a baby is found dead with its face covered by soft bedding. In general, the higher the FiCO2, the greater the rebreathing
potential. Theoretically, considering the paucity of body stores of O2, changes in FiO2 would be affected not by changes in FiCO2, but by CO2
production and gas movement around the infant’s face. The rapid decrease of FiO2 is approximated at the inverse of the FiCO2 timecourse,
suggesting the significance of not only CO2 accumulation but also O2 deprivation in the potential space around the baby’s face.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Bedding; Mathematical evaluation; Rebreathing; Respiratory simulation; Sudden infant death

1. Introduction
Sleeping in the prone position is a well-known major risk
factor in sudden infant death syndrome (SIDS) [1]. While the
cause of this risk is unknown, some investigators believe that
may be related to rebreathing when certain bedding materials
are used [2]. Rebreathing is the inhalation of one’s own exhaled
air; if the baby is placed in a face-down position on particular
types of bedding, it may experience hypercapnea and hypoxia,
and finally die by asphyxia. Indeed, Kemp and Thach [3–5]
reported that some types of bedding, such as sheepskins,
waterbeds or polystyrene bean pillows, can easily trap carbon
dioxide (CO2). Using Kemp and Thach’s procedures [5],

Funamaya et al. [6,7] assessed some Japanese bedding,
including some samples involved in several SIDS cases, for
their ability to trap CO2. Their results showed that CO2 trapping
ability increased with combinations of certain materials;
however, the difference between materials was not remarkable,
and no robust assessments of risk could be made [6,7]. In this
report, we remodeled the experimental system adding a
respirator in which a constant volume of CO2 was supplied,
and the relationship between bedding and the potential for CO2
trapping was analyzed mathematically.
2. Materials and methods
2.1. Mannequin breathing system

* Corresponding author. Tel.: +81 22 717 8110; fax: +81 22 717 8112.
E-mail address: funayama@forensic.med.tohoku.ac.jp (M. Funayama).

The system consists of an infant mannequin, respirator and
CO2 monitor. An infant mannequin (Resusci Baby, Laerdal,

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.009
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Norway) model was used as described previously [6]. From the
specific gravity of human tissue (1.071 kg/l) [4], the masses of
the head and trunk were set at 1350 g and 2620 g, respectively.
The mannequin’s face was covered with rubber mask shaped like
an infant’s face, a hole at each naris position was bored, and the
cut ends of a pair of tubes of a Y-shaped nasal cannula were
inserted into the holes. The other end of the cannula was
connected to one side of a trifurcated connector. The remaining
two sides were connected to the inhalation and exhalation ducts,
respectively, of a respirator (SN-480-5, Shinano, Japan) usually
used for respiratory regulation of small mammals. The respirator
has a one-way valve in each duct and performs compulsory
respiration cycles. To measure the CO2 concentration, a
ventilation gas monitor (Oscar II, Datex-Ohmeda, Finland)
was connected through the side port of the tube between the naris
position and the trifurcated connector. The CO2 concentration
values recorded by the monitor were automatically sent at 10-s
intervals to a personal computer using Datex Data Collect
software (Datex-Ohmeda). The gas monitor can display a
maximum CO2 concentration of up to 11.5%; however, as the
manufacturer does not guarantee exact values above 10% CO2,
we did not include values above this level during analysis. A tube
from a CO2 tank was connected through the side port of the
inhalation duct, because the additional CO2 gas is extruded into
the piston of the respirator and therein mixed equally with the
aspirated air. If it were to be connected to the exhalation duct, the
values on the monitor, the CO2 concentrations around the nares,
would be unstable. Fig. 1 shows the set-up of the system.
Before measurement, the baby mannequin was put in a
supine position on the bedding. Baseline fractional concentration of inspired CO2 (FiCO2) was always <0.1% in the absence
of covered bedding items. The respirator was set to deliver the
desired combination of respiratory rate (RR) and tidal volume
(VT), and the CO2 flow was regulated to achieve an end-tidal
PCO2 (EtCO2) of 5  0.1% on the monitor.
Using body-weight data from a survey of Japanese babies [8],
we established VT and RR combinations appropriate for healthy
infants across a range of potential ages from newborn to 1.5 years
of age. These values were in accordance with tidal volumes of
approximately 6 ml/kg [9], adjusted for previously reported
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Table 1
Tidal volume and respiratory rate corresponding to postnatal ages used in this
study
Age (months)

VT (ml)

RR (breaths/min)

0
1.5
3.5–4.0
7–9
14–18

20
30
40
50
60

50
45
40
35
30

decreases in RR with age in healthy infants [10] (Table 1).
Measurements were performed more than six times under each
respiratory condition. After one measurement in the prone
position was completed, the mannequin was turned to a supine
position, and EtCO2 and FiCO2 in the system were verified to
ensure their stability at 5  0.1% and <0.1%, respectively; then
the next measurement commenced. The sleeping circumstances
in this study involved six items on a plastic desk; that is, baby
bedding only, a thin hand towel only, a thick bath towel only, a
hand towel on baby bedding, a bath towel on baby bedding and
bedding combination of an infant death case. The baby bedding
consisted of a firm mattress filled with 20% cotton and 80%
polyester and covered with 100% cotton, and then covered with a
thin cotton sheet. The hand towel and the bath towel were made
of cotton. In the death case, a 4-month-old female was found dead
in prone position on futon covered with the bath towel. This futon
was soft mattress type covered with 100% cotton and composed
of three layers; both outer layers were filled with 100% cotton
and middle layer with 100% wool.
2.2. Regression analysis
As noted in Appendix A, if coverage of the infant’s face with
bedding items causes rebreathing, in the absence of tissue CO2
storage, the relationship between FiCO2 and relapsed time will
approximate the following regression (Eq. (A.1) in
Appendix A, approximation):
FiCO2 ¼ Cð1  eDt Þ:

(1)

Fig. 1. Schematic of the respiratory simulation system. Before every measurement, EtCO2 and FiCO2 in the system are verified to be stable at 5  0.1% and below
0.1%, respectively, with the mannequin placed in a supine position.
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As it is unknown whether the error distribution here follows a
normal distribution, we used a non-parametric means of regression analysis and calculated the values of C and D. Correlation
coefficients were computed using experimental values and
calculated values from regression expressions.
3. Results
In this study, a standard FiCO2 timecourse was drawn from
the regression of Eq. (1), using FiCO2 values obtained at 10-s
intervals. Fig. 2 shows standard FiCO2 timecourse under five
breathing conditions for each item. There was a rapid initial
increase in FiCO2, followed by a slower rise, reaching a plateau
within a few minutes of commencement of simulated breathing.
All maximum FiCO2 levels using the firm mattress were less

than 2% and reached a plateau within 1–2 min. CO2 trapping
was increased in the presence of the bath towel or the
combination of the hand towel and bedding; under these
circumstances, the time to reach maximum FiCO2 was also
prolonged. In the case of the combination of the bath towel and
the firm mattress, the FiCO2 timecourses clearly depended on
the respiratory conditions and the maximum FiCO2 was >10%
within 3 min under these conditions. The death case showed
>10% in 2 min. Table 2 shows the values of C and D, the
correlation coefficient and p-values for each condition. The
higher the potential for CO2 trapping of a condition, the greater
the C value. A C value <10 and an absolute value of D
approaching 0 corresponded to an increased time, to reach the
plateau. When C was >10 (Fig. 2), the plateau was set at 10 for
convenience of calculation.

Fig. 2. Standard FiCO2 timecourse drawn by regression in all of the conditions. The CO2 analyzer cannot accurately measure CO2 concentrations greater than 10%.
(a) A firm mattress alone, (b) a hand towel alone, (c) a bath towel alone, (d) a hand towel on a firm mattress, (e) a bath towel on a firm mattress and (f) a bath towel on a
soft mattress (a death case).
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Table 2
Values of C and D, correlation coefficient and p-values for each bedding condition
VT (ml)

RR (times/min)

C

D

Correlation coefficient

p-Value of examination

Bedding: a firm mattress alone
20
50
30
45
40
40
50
35
60
30

1.30
0.90
1.50
0.75
1.00

0.04383
0.02877
0.04936
0.08473
0.05399

0.6642
0.5907
0.7101
0.6244
0.6667

<0.001
<0.001
<0.001
<0.001
<0.001

Bedding: a hand towel alone
20
50
30
45
40
40
50
35
60
30

1.50
1.10
1.00
0.80
0.50

0.03035
0.05080
0.10986
0.08473
0.09163

0.3728
0.8019
0.7793
0.4285
0.5601

<0.001
<0.001
<0.001
<0.001
<0.001

Bedding: a bath towel alone
20
50
30
45
40
40
50
35
60
30

4.10
4.10
3.40
2.95
2.30

0.01682
0.02147
0.02776
0.03129
0.03447

0.9249
0.8983
0.7947
0.8433
0.6825

<0.001
<0.001
<0.001
<0.001
<0.001

Bedding: a hand towel on a firm mattress
20
50
30
45
40
40
50
35
30
60

4.00
4.20
5.15
5.20
4.65

0.01621
0.02031
0.01725
0.02128
0.02234

0.7850
0.8122
0.8717
0.7916
0.7809

<0.001
<0.001
<0.001
<0.001
<0.001

Bedding: a bath towel on a firm mattress
20
50
30
45
40
40
50
35
60
30

7.15
9.05
>10.0
>10.0
>10.0

0.01364
0.01419
0.01629
0.01826
0.01663

0.9632
0.8891
0.9742
0.9384
0.9596

<0.001
<0.001
<0.001
<0.001
<0.001

0.01556

0.9303

<0.001

Bedding: a bath towel on a soft mattress (a death case)
40
40
>10.0

Fractional concentration of inspired O2 (FiO2) in a potential
space around the mannequin’s nares was also estimated using a
formula (Eq. (A.6) in Appendix A):
FiO2 ¼ 0:21 

FiCO2
:
RQ

(2)

Here, RQ is the respiratory quotient, and is defined as the ratio
of CO2 accumulation to O2 replacement. Fig. 3 gives the
theoretical standard FiO2 timecourses when RQ is 0.8, the
normal human value. The graph pattern is roughly the inverse of
the FiCO2 timecourse.

Fig. 3. Mathematical estimation of FiO2 (%) in a potential space around the model’s face using the formula, FiO2 = 0.21  (FiCO2/RQ); RQ = 0.8. (a) Bedding only
and (b) bath towel on bedding.
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Table 3
The relationship between maximum FiCO2 in a potential space around the nares
of the model and the number of breaths taken
a

Maximum FiCO2

n (breaths)

0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50

0.45
0.28
0.20
0.15
0.12
0.093
0.075
0.061
0.050

109.27
68.35
48.49
36.83
29.20
23.82
19.82
16.74
14.29

The constant a is the proportion of exhaled air remaining in the space at the
beginning of the next inhalation, e.g., when a = 0.9, 90% of expired gas remains
at the start of the next inspiration and 10% is replaced with fresh air. This
simulation does not include the time that the inspired gas goes through the
system. Thus, actual times to reach a plateau are minutes longer than those
calculated theoretically.

As noted in Appendix A, in connection with FiCO2 and the
number of respirations, the following mathematical formula
(Eq. (A.7) in Appendix A, approximation):
FiCO2 ðnÞ ¼

aBð1  Aw½n1 Þ
;
1A

(3)

has been deduced. The maximum FiCO2 concentration (C) is
approximated by aB/(1  A). Here, FiCO2(n) is FiCO2 at the
nth breath after starting the simulated breathing; w a constant
used to correct for inhaled gas held within the body; a the
proportion of expired gas remaining in the potential space
around the baby’s face at the beginning of the next inhalation;
A and B are constants characteristic of the bedding used, the
tidal volume and the respiratory rates. Mathematically,
FiCO2(n) reaches a plateau within around 100 respiration
repeats after the commencement of respiratory simulation
(Table 3). According to the simulations, in almost all respiratory conditions the time to reach a plateau would be within 1–
2 min. However, in this experiment, because of a buffering
effect in the ventilator, actual times to reach a plateau are
minutes longer than those deduced theoretically.
4. Discussion
This research was aimed to assess our experimental
system’s ability to investigate the relationship between
bedding and rebreathing susceptibility without requiring
the use of actual babies. A gas rebreathing analysis technique
using a mechanical model combined with a respirator has
been reported by Bolton et al. [11]. Characteristics of our
model include a constant CO2 supply and the ability to set
both VT and RR appropriately for infant ages. The shape of
the FiCO2 timecourses under each breathing condition looked
similar, differing primarily in maximum FiCO2 value. Indeed,
all curve patterns could be approximated by the same
regression expression (Eq. (1)). When using this expression, it
was possible to compare each item subjectively. The potential

for CO2 trapping in a particular bedding condition could be
expressed by the maximum FiCO2 value and the time to reach
it; these parameters are related to C and D values,
respectively. D, in particular, is regarded as the velocity to
reach maximum FiCO2; the larger the absolute value of D, the
earlier the plateau is reached. The CO2 analyzer in this study
was not able to report an exact CO2 concentration if it was
over 10%; thus, when C was over 10, it was expressed as >10
and D was calculated from the time elapsed to reach 10%
FiCO2 (Table 2). Thus, the estimation of D values should be
divided into two groups, depending on whether C was below
or above 10.
Fig. 2 shows the FiCO2 timecourses of various bedding
items. In the case of a firm mattress, the standard FiCO2
timecourses under all five respiratory conditions show similar
patterns. Maximum FiCO2 (or C value) was less than 2%, and
the times to reach a plateau were within about 1 min; thus, it
could be said that the firm mattress itself has a low potential for
CO2 trapping. On the contrary, soft bedding combination used
in a death case had larger CO2 trapping potential. The
interaction between soft bedding and prone sleeping in sudden
infant deaths is not clear, but some statistics pointed out
positive relationship between the two [12–14]. Using this
model, CO2 trapping potential of different beddings could be
indicated objectively. A thin cotton hand towel by itself also
had a similar tendency. A thick cotton bath towel by itself
increased the CO2 trapping potential slightly. When towels
were used in combination with the firm mattress, however, this
potential increased greatly. In particular, when a bath towel
was used atop the mattress, the maximum FiCO2 were over
10% under some respiratory conditions within 2–3 min, which
was larger than the sum of the maximum FiCO2 values for the
mattress and the bath towel alone. The space between the towel
and the mattress may be potential space which prevents gas
mixing with fresh air. Thus, trapping end-exhaled gas
containing a high CO2 concentration could be trapped around
the nares of the doll.
For all bedding conditions, the FiCO2(n) reaches a plateau
within around 100 respiration cycles (Table 3). The respiratory
rate of healthy babies is over 30 breaths/min, so a plateau would
generally be reached within a few minutes. However, this
calculation is based on the assumption that inhaled air is totally
exhaled in one breath. In this experiment, the actual times to
reach a plateau are minutes longer than those calculated
theoretically, due to the delay of the gas passing through the
ventilator tubes and piston prior to the detection of inhaled gas
containing CO2.
In this study, respiratory conditions were not changed during
a single trial. In constant, real babies would be dynamic; for
example, the inhaled gas could be retained within the body and
respiratory patterns could change in various ways. In particular,
large tissue stores of CO2 are not taken into account in this
system. Actual infants have three bicarbonate pools: 7.4 mmol/
kg in a central pool, 15.1 mmol/kg in a rapidly exchanging pool
and 8.8 mmol/kg in a slowly exchanging pool [15]. These pools
will delay and suppress the increase of FiCO2; therefore, the
FiCO2 timecourses obtained in this study are not representative
www.4electron.com
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of living infants. However, the aim of this study is to assess CO2
trapping potential under various bedding conditions, for which
our model remains appropriate.
Finally, the FiO2 in the potential space around the
mannequin’s face was estimated using Eq. (2) (Eq. (A.6) in
Appendix A). According to the theoretical standard FiO2
timecourses (Fig. 3), for the combination of a bath towel and
bedding, FiO2 dropped rapidly to less than 10% within 2 min
under three different respiratory conditions. Although for our
simulation we assumed that the relative rates of CO2 and O2
exchange are the same for a potential space around the model’s
face and an open space, the small amount of body O2 stores may
affect the rate decrease in FiO2. Theoretically, FiO2 would
decrease in proportion to CO2 production, and not be influenced
by changes in FiCO2. In other words, changes of FiO2 could be
affected by CO2 production and gas movement around the
infant’s face. A recent study using living infants placed prone to
sleep shows that FiO2 decreases to a far greater extent than the
increase of FiCO2 [16]. Our simulation of the rapid decrease in
FiO2 highlights the potential for environmental suffocation and
suggests that one should consider the participation of the role
not only of CO2 accumulation but also of the decrease of O2
around the face.
5. Conclusion
An approximation of the CO2 trapping potential of
different types of bedding could be deduced from the
relationship between the timecourse of FiCO2 increase using
a breath simulation system. Although the actual changes in
FiCO2 in living babies cannot be determined in this system
due to tissue stores of CO2, a simple function with only two
constants, FiCO2 = C(1  eDt) (approximation), enables us to
compare quantitatively the rebreathing potential of different
bedding combinations. Assuming only slight tissue stores of
O2, a rapid decrease in FiO2 was observed, approximating the
inverse of the FiCO2 timecourse. This suggests that not only
CO2 accumulation but also O2 deficiency in the potential
space around the baby’s face must be taken into consideration
in such analyses. This model is expected to simplify the
analysis of sleeping environments, especially in sudden infant
death cases.
Appendix A. Mathematical estimations of O2 and CO2
concentrations in a trapped-air compartment during
simulated breathing
In this report, a ‘‘trapped-air compartment’’ refers to a
potential space around the baby’s face where some volume of
exhaled air might be trapped.

FiO2
FiO2(n)
RQ
RR
t
VC
VT

19

fractional concentration of inspired O2
FiO2 at the nth breath after commencement of
simulated breathing
respiratory quotient
respiratory rate (breaths/min)
length of time after the beginning of breath
simulation
total volume of the trapped-air compartment
tidal volume

A.2. Preconditions
(i) This mathematical model consists of three compartments,
that is, a respiratory system, a trapped-air compartment and
an open space.
(ii) Respiratory conditions are invariant during the trial.
(iii) There is no tissue storage of O2 and CO2, unless otherwise
specified.
(iv) The gas movement between the trapped-air compartment and an open space is considered for CO2 and O2
only, and the ratio of exchange is the same for both
gases.
(v) O2 and CO2 concentrations are set at 0.21 (21%) and 0
(0%), respectively, in open space, and the trapped-air
compartment is assumed to be filled with the open-space
gas before commencement of simulated breathing.
(vi) A breath spans the time from the beginning of inhalation
and to the end of exhalation.
A.3. Formulae
FiCO2 ¼ Cð1  eDt Þ ðapproximationÞ
FiO2 ¼ 0:21 

Cð1  eDt Þ
RQ

ðapproximationÞ

(A.1)
(A.2)

Constants C and D represent the plateau value for FiCO2
and the velocity of its increase, respectively. Note that the
former formula is inapplicable in an actual infant, due
to significant tissue storage of CO2, but that the latter
formula is applicable due to the slight extent of tissue storage
of O2.
A.4. Explanation
From the preconditions, formulated in a number of ways
depending on the relationship between VT and VC, the following
equations were derived:
FiCO2 ð1Þ ¼ 0;

(A.3)

A.1. Notation

FiCO2 ðn þ 1Þ ¼ aAðFiCO2 ðnÞ þ BÞ:

(A.4)

Concentration, ratio and proportion are defined relative to a
maximum value of 1.0.
fractional concentration of inspired CO2
FiCO2
FiCO2(n)
FiCO2 at the nth breath

Here, a is the proportion of expired gas remaining in a potential
space around the model’s face at the beginning of the next
inhalation. A and B are constants related to the bedding used,
the tidal volume and the respiratory rates. The solution is
www.4electron.com
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represented by the following equation, unless the trapped-air
compartment is airtight:
aBð1  An Þ
FiCO2 ðnÞ ¼
1A

(A.5)

Replacing the respiratory cycles with the elapsed time and
simplifying the constants, this equation can be converted to
Eq. (A.1).
A similar derivation is also possible for FiO2; the ratio
between the decrease of FiO2 and increase of FiCO2 equals RQ,
which is defined as the ratio between O2 consumption and CO2
production, as follows:
FiO2 ¼ 0:21 

FiCO2
RQ

(A.6)

A.5. Notes
A.5.1. Length of time to reach the maximum CO2
concentration
The derivations of the above formulae also demonstrate the
relationship between the length of time to reach the maximum
FiCO2 and the RR. These results are indicated in Table 2, the
time of maximum FiCO2 was defined as the point at which it
becomes impossible to detect an increase in FiCO2.
A.5.2. Approximation of internal gas stores in the body
To take into account the large bicarbonate pool in real
human bodies, the above formulae do not need to be changed
significantly; this added parameter can be taken into account by
altering the value of D.
This results in the following modification of Eq. (A.5):
FiCO2 ðnÞ ¼

aBð1  Aw½n1 Þ
1A

ðapproximationÞ

(A.7)

where the variable w is a constant relating to the inhaled gas
held within the body. Small stores in the circulation and other
locations will only distort the FiCO2 timecourse slightly.
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Abstract
The last of the Danish Viking Kings, Sven Estridsen, died in A.D. 1074 and is entombed in Roskilde Cathedral with other Danish kings and
queens. Sven’s mother, Estrid, is entombed in a pillar across the chancel. However, while there is no reasonable doubt about the identity of Sven,
there have been doubts among historians whether the woman entombed was indeed Estrid. To shed light on this problem, we have extracted and
analysed mitochondrial DNA (mtDNA) from pulp of teeth from each of the two royals. Four overlapping DNA-fragments covering about 400 bp of
hypervariable region 1 (HVR-1) of the D-loop were PCR amplified, cloned and a number of clones with each segment were sequenced. Also a
segment containing the H/non-H specific nucleotide 7028 was sequenced. Consensus sequences were determined and D-loop results were
replicated in an independent laboratory. This allowed the assignment of King Sven Estridsen to haplogroup H; Estrid’s sequence differed from that
of Sven at two positions in HVR-1, 16093T ! C and 16304T ! C, indicating that she belongs to subgroup H5a. Given the maternal inheritance of
mtDNA, offspring will have the same mtDNA sequence as their mother with the exception of rare cases where the sequence has been altered by a
germ line mutation. Therefore, the observation of two sequence differences makes it highly unlikely that the entombed woman was the mother of
Sven. In addition, physical examination of the skeleton and the teeth strongly indicated that this woman was much younger (approximately 35
years) at the time of death than the 70 years history records tell. Although the entombed woman cannot be the Estrid, she may well be one of Sven’s
two daughters-in-law who were also called Estrid and who both became queens.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Ancient DNA; Haplogroup; D-loop; Teeth; Viking King; Skeletal remains

1. Introduction
The Scandinavian Viking Era from the 8th century to well
into the 11th century has been endowed with much aura. At the
peak of their influence the Vikings controlled or raided large
parts of Western Europe from Russia in east, England in west to
France in south and they sailed the European rivers to
Constantinople and to the Mediterranean shores. Being
excellent navigators they roamed the seas of the North Atlantic

* Corresponding author. Tel.: +45 35326125; fax: +45 35326150.
E-mail address: joergen.dissing@forensic.ku.dk (J. Dissing).

from Europe to North America. However, during the reign of
the last of the Danish Viking Kings, Sven Estridsen (AD
1047–1074) the Nordic dominance in Europe dwindled
considerably. The Danes had generally adopted christianity
at the turn of the first millennium [1]. Sven’s mother, Estrid,
was of tremendous importance to the christianity in Denmark
and she initiated the construction of a travertine church in
Roskilde (30 km to the west of Copenhagen), which preceded
the brick cathedral that was build about A.D. 1225. This is
where the Danish royal dynasty buries its dead. Both Sven
Estridsen and his mother were entombed in the earlier church
but they were subsequently moved to the pillar tombs in the
cathedral when the chancel was completed [2]. This is at least

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Skulls of King Sven Estridsen (left) and Estrid (right). Left canine and right wisdom tooth from the maxilla were used for extraction of mtDNA from Sven, and
left canine and right first premolar from the maxilla were used from Estrid. These teeth (removed on the photograph) were all sitting firmly in place in the jaw.

what history records tell, but some historians had doubts
whether the woman entombed was indeed Estrid because
several other royals at that time, especially two of King Sven’s
daughters in-law, were also called Estrid. In contrast, it is
fairly certain that the other tomb contains the remains of Sven
Estridsen.1 To shed light on this identity problem the curator
of Roskilde Cathedral Museum asked whether a DNA analysis
might be possible.
Successful extraction and analysis of authentic mitochondrial DNA (mtDNA) from human fossil remains has been
accomplished in several instances [3–7]. This is facilitated by
the presence of thousands of mtDNAs in each human cell [8].
The almost exclusive maternal inheritance of mtDNA is an
additional advantage in the investigation of mother/child
relationships since offspring is expected to have exactly the
same mtDNA sequence as the mother [9]. We have previously
mtDNA typed remains from nine Vikings excavated from an
early christian cemetery outside Roskilde [10], and the Church
Council reluctantly gave permission that an ancient DNA
analysis of dental pulp material from Estrid and Sven be
performed, provided the teeth to be used were restored and
replaced in the skulls.
2. Materials and methods
Since the present work concerns the analysis of ancient DNA
a number of special measures were crucial to ensure that
reliable results were obtained (see e.g. [11,12]). The various
elements are described in the following:
1

Curator Annette Kruse, personal communication.

2.1. Human remains
The skeletons of King Sven Estridsen and Estrid were
retrieved from the pillar tombs by two of us (JD, NL); full
body suits, facemasks and sterile gloves were worn
throughout. The skeletons showed excellent physical preservation; this is important since a correlation between
physical preservation and the amount of contaminating DNA
molecules that has penetrated into bone has been reported
[13]. Two teeth (canines, premolars or molars) were
extracted from each of the skulls (Fig. 1) and stored in
sterile plastic tubes. Sexing and ageing of the skeletons were
performed using standard physical anthropological criteria,
relying mainly on pelvic and cranial traits and femoral head
diameter for sexing [14–16], and dental status and wear for
ageing [17].
2.2. Chemicals, reagents, PCR and centrifuge tubes,
pipette tips
All chemicals and reagents were of analytical grade or the
highest purity available. PCR tubes and micro centrifuge tubes
for extracts and primers were free of human DNA as guaranteed
by the manufacturer (‘‘PCR-clean’’ or ‘‘Biopure’’ tubes,
Eppendorf). Pipette tips were aerosol resistant and certified
pure and free of DNA (Molecular BioProducts).
2.3. Clean-laboratory (clean-lab)
All manipulations of teeth, extraction of DNA, and mixing
of reactions for PCR were performed in a clean-lab dedicated
solely to aDNA work [10]; this laboratory is situated in a
www.4electron.com
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separate building. Staffs that worked in the laboratory came
directly from home and were equipped with full body suits,
hairnets, filtered-containing facemasks, and gloves. The laboratory is fitted out with positive, filtered airflow, hanging UV-lights
for sterilization of surfaces and a Millipore set-up for the
production of de-ionized lab-grade, filtered (12 kDa cut-off)
water. Cutting and drilling of teeth, filling of dialysis tubes with
pulp powder and mixing of PCR reactions (see below) were
performed in a flow bench within the clean-lab. After usage the
flow bench was cleaned with 10% commercial bleach. Likewise,
after each cutting and drilling all surfaces of the clean-lab were
sprayed with the 10% bleach using an electric air gun. All
equipment to be used in the lab was sterilized, metal tools and
glassware by baking at 250 8C for 24 h, other equipment by
wiping the surfaces with a cloth soaked with 10% bleach.

at room temperature for 24 h and then against a fresh batch of
EDTA-buffer for another 48 h. The tubing was transferred to
100 mL buffer containing 1% SDS, 10 mM DTT, 10 mM NaCl,
10 mM Tris–HCl, pH 8.0, and dialyzed for 24 h at room
temperature. The dissolved powder was finally dialyzed twice
against 200 mL de-ionized filtered water for 3 h. The extracted
DNA was collected by centrifugation on a 30 kDa filter
(Microcon1, Millipore) and further purified using the silica
based QIAamp DNA mini kit (Qiagen, Venlo, The Netherlands).
The DNA was eluted with 2  100 mL de-ionized filtered water.
A second tooth was used for replication of key D-loop results by
some of us (AH, EW, JBL) in a different laboratory (see below for
the procedure used). Subsequently, the teeth were restored by
removing the lacquer with acetone, the tip of the root was glued
into place, and the teeth were replaced in the skulls.

2.4. Extraction of DNA

2.5. PCR, cloning and sequencing

Only one tooth was prepared and extracted at a time. The tooth
was cleaned mechanically with a paper cloth soaked in 10%
commercial bleach and UV-irradiated at 254 nm for 20 min on
each side. The surface of the tooth was then sealed by the
application of two layers of cellulose lacquer and allowed to dry
for 24 h. The root was horizontally cut approximately 5 mm from
the root/crown junction, and the exposed surface was UVirradiated for 20 min. The pulp was removed with a dental drill
and the powder transferred to a 4–5 cm  0.5 cm dialysis tubing
with a 6–8 kDa cut-off (Stratagene). A negative control
containing no pulp material was run in parallel for each
extraction. The DNAwas extracted using the dialysis approach of
Kolman and Tuross [4]. Eight hundred microliter de-ionized and
filtered water (12 kDa, see above) and 5 mg Proteinase K
(Invitrogen) were added and the tubing was closed with clamps
and dialyzed against 100 mL of 0.5 M di-sodium EDTA, pH 8.0,

DNA was amplified and sequenced from the hypervariable
region 1 (HVR-1) of the mitochondrial control region between
nucleotides 16056–16407 (the revised Cambridge Reference
Sequence, rCRS [18]) using four overlapping segments (A, B,
C, D) of between 125–160 bp (Table 1). To confirm assignment
to haplogroup H a 90 bp segment harboring the H/non-H
determining position at nucleotide 7028 was also sequenced.
Primers and the 25 mL PCR reactions (40 cycles) using
Platinum1 taq high-fidelity polymerase (Invitrogen) were as
previously described [10]. PCR blanks containing all reagents
but no extract were run for every PCR reaction. PCR products
were estimated on yield agarose gels. PCR products were
cloned using the TOPO TA cloning kit for sequencing
(Invitrogen). Positive clones were cultured overnight and
mini-preps prepared. Between 8 and 15 clones were sequenced
for each of the segments with standard primers targeting M13R

Table 1
Oligonucleotide primers used for DNA-amplification
Primer pairs

Sequence (50 ! 30 )

mtDNA HVR1 region
A-segment
L16055
H16139

GAAGCAGATTTGGGTACCAC
TACTACAGGTGGTCAAGTAT

B-segment
L16131a
H16218a

CACCATGAATATTGTACGGT
TGTGTGATAGTTGAGGGTTG

C-segment
L16209a
H16303a

CCCCATGCTTACAAGCAAGT
TGGCTTTATGTACTATGTAC

D-segment
L16287a
H16408

CACTAGGATACCAACAAACC
GCGGGATATTGATTTCACGG

Coding region
H-specific
L7013
H7062

Length of product (bp)

Annealing (8C)

123

56

126

56

133

46

160

56

90

56

AGACATCGTACTACACGACACG
AAGCCTCCTATGATGGCAAA

Number in primer name indicates position of 30 nucleotide [18].
a
Primers used by the United States Armed Forces Institute of Pathology [30].
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and T7 conserved sequences using an ALFexpress sequencing
set-up (Amersham Biosciences). Sequences were aligned
against the rCRS using ALFWIN 2.10 software (Pharmacia
Biotech), analyzed for post-mortem damage induced miscoding
lesions and the consensus sequence was determined [10,19]. To
exclude that the staff that handled the samples being the source
of the DNA, all aDNA sequences obtained were compared with
the HVR-1 sequences of the staff.

were always blank, but PCR blanks did sporadically show weak
products. Sequencing was done on an ABI Prism 377 (Applied
Biosystems). Nine clones from Sven and 2 from Estrid were
analyzed for the A-segment (nucleotides 16056–16138). For
the D-segment (nucleotides 16288–16407) 19 clones from Sven
and 4 clones from Estrid were analyzed.

2.6. Assignment of haplogroup

As an additionally control for authenticity the observation of
‘‘ancient damage patterns’’ was considered mandatory, i.e., if
miscoding lesions were not identified in at least two of the
cloned sequences from each PCR, the results were rejected as
contamination (Table 2). This precaution is based upon the fact,
that ancient DNA can be expected to contain such damage
[19,25,26]. Further, it was controlled that the ancient sequences
obtained made phylogenetic sense, i.e., that they did not appear
to be the mosaic result of artificial combinations of genetically
unrelated sequence fragments. To test the overall reliability of
the procedures used (reagents, extraction method, cleaning
methods, background contamination, etc.) two teeth from an
inuit skull from a burial site in Greenland (approximately 500
YBP) were extracted, PCR amplified, cloned and sequenced to
see if the characteristic inuit substitution at 16111 was
observed, and observed in all clones [27]. One tooth was
tested before and the other after the royals.

The mtDNA consensus sequences of the two royals were
assigned to the appropriate haplogroups using the data
published by Helgason et al., Achilli et al., and Loogvälli
et al. [20–22].
2.7. Replication in different laboratory
The D-loop results were replicated in a different clean-lab
facility by some of us (AH, EW, JB) using the second tooth
from Sven and Estrid. The teeth were cleaned with
hypochlorite, encased in silicon-rubber, and pulp material
removed as described by Gilbert el al. [23]. DNA was extracted
and concentrated using a phenol/chloroform DNA-extraction
protocol [24]. PCR and cloning were performed as above
except that 45 cycle PCRs were performed. Extraction blanks

2.8. Additional measures to ensure authentication

Table 2
Alignment of cloned mtDNA sequences

Sequence segments from nucleotide 16065–16120 from Estrid (E1–E8) and Sven Estridsen (S1–S10) are shown. Scattered deviations from the rCRS are seen, these
are presumed to be the result of post mortem miscoding lesions, which are a characteristic finding for ancient DNA [19]. All clones with DNA from Estrid differ from
the rCRS at nt 16093 by a T ! C substitution. This difference, as depicted in the consensus sequence (CS) in bold, is considered to represent the true ancient sequence
(Estrid also differs at nt 16304 (not shown)).
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3. Results and discussion
To shed light on the true identity of the remains of Viking
King Sven Estridsen’s presumed mother, Estrid, who is
entombed in Roskilde Cathedral next to King Sven, we got
permission to examine the skeletons and to attempt an mtDNA
analysis of the remains.
Extraction and analysis of ancient DNA, especially human
DNA, is a difficult task; the fragmentation and hugely reduced
number of useful DNA molecules and the abundance of
potentially interfering modern human DNA being the major
challenges [12,28]. Furthermore, once a result is obtained, there
is no way to definitively prove that this is indeed authentic. Using
the experience gained during a previous work on early Danish
christians [10] we observed a number of precautions to obtain the
highest possible level of reliability of the present work: (i) the
remains showed excellent physical preservation; (ii) we were
present when the tombs were opened and we removed the teeth to
be analysed from the maxilla (the porous root end would be
expected to have been protected to some degree against previous
contamination if the tooth was sitting firmly in place in the jaw);
(iii) all pre-PCR work was performed in an isolated clean-lab;
(iv) short overlapping DNA segments were PCR amplified; (v)
PCR products were cloned; (vi) cloned sequences showed
characteristic damage patterns; (vii) results could be replicated in
an independent laboratory; (viii) sequence results made
phylogenetic sense; and (ix) preceding and subsequent extraction

25

and analysis of ancient inuit DNA showed typical inuit sequence,
and only this sequence.
Mitochondrial DNA was extracted from pulp material and
PCR amplified over short segments (90–160 bp). Four overlapping segments of HVR-1 from nt 16056 to 16407 and a
segment containing the haplogroup H/non-H determining nt
7028 were sequenced. Alignment of the cloned sequences
allowed a consensus sequence to be determined for each
segment and also showed patterns of scattered nucleotide
deviations from the reference sequence (Table 2), which is a
characteristic finding for ancient DNA and presumed to be the
result of post mortem miscoding lesions [19]. The aDNA
extracts yielded heavy PCR bands of the expected product size
(Fig. 2). Extraction blanks and PCR blanks were blank for the
critical A and D segments (see below), but sporadic weak
product bands were observed for some of the other segments.
This is assumed to be due to an almost unavoidable low
background of contaminating human DNA.
Concordant results were obtained with a second tooth from
each of the two royals analysed by some of us (AH, EW, JBL) in a
different laboratory. The consensus sequence for Sven showed no
deviations from the rCRS over the HVR-1 region or at the
haplogroup H specific nucleotide at 7028 (7028C). This assigned
Sven to the common haplogroup H, which occurs in about 40% of
modern Scandinavians [20]. However, DNA from Estrid showed
two deviations from the rCRS, 16093T ! C and 16304T ! C,
in the A and D segment, respectively, while the H-specific 7028C

Fig. 2. PCR amplification of (A) and (D) segments (see Section 2.5) of mtDNA from King Sven Estridsen (A) and Estrid (B and C). The photographs show yield gel
(agarose) electrophoretic patterns of aDNA extracts and accompanying negative controls (application at top, anode at bottom). Lane assignment: a1, PCR blank (Aprimers); a2, mock extract (A-primers); a3, extract (A-primers); a4, size standard (FX174 RF DNA HeaII-digested); a5, PCR blank (D-primers); a6, mock extract (Dprimers); a7, extract; b1, size standard (as above); b2, PCR blank (A-primers); b3, mock extract (A-primers); b4, extract (A-primers); c1, size standard (as above); c2,
PCR blank (D-primers); c3, mock extract (D-primers); c4, extract (D-primers). The arrows indicate amplicons of the expected size. Faster moving bands are primer–
dimer and primer excess. No amplicons (except for primer–dimers) were observed for the negative controls.
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was also observed with DNA from her. This indicated that Estrid
belongs to subclade H5a [21,22]. All A- and D-clones with DNA
from Estrid showed the two abovementioned substitutions
(Table 2) and none of the clones with DNA from Sven had these
substitutions; there were no indications of heteroplasmy.
The maternal inheritance of mtDNA has the useful effect
that children, with the exception of the rare event of a new
mutation, will have exactly the same mtDNA sequence as their
mother [9]. Therefore, the observation that mtDNA from Sven
and Estrid differs at two nucleotide positions makes maternal
kinship between the two highly unlikely [29]. Assuming that
the historians are right about the remains from Sven, the
remains in Estrid’s tomb must therefore be from another
woman.
Examination of Estrid’s skeleton and teeth added further
evidence that Estrid is indeed a different woman than expected.
According to history records Estrid died at the age of 70 [1].
However, physical anthropological examination of the skeletal
remains (Fig. 1) showed that, while indeed female, the
individual was no more than approximately 30–40 years at the
time of death [14–16]. This was further confirmed by
odontological analysis, indicating an age of 35–40 years based
on attrition and root morphology [17]. In contrast, the physical
appearance of Sven’s skeleton and teeth (Fig. 1) was in
accordance with the historical records. Based on the same
methods as noted above, his skeletal remains were determined
to be of a male with an age at death of approximately 40–60
years.
Sven Estridsen and Estrid are again resting in their pillar
tombs. Despite that Estrid obviously is not the queen she was
supposed to be, the fresco naming the tomb may be correct
afterall; it reads ‘‘Margrethe, alias Estrid, Queen of Denmark’’
and two of Sven Estridsen’s daughters in-law, who both became
queens, were also called Estrid [1].2
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Abstract
We introduce a new methodology, based upon probabilistic expert systems, for analysing forensic identification problems involving DNA
mixture traces using quantitative peak area information. Peak area is modelled with conditional Gaussian distributions. The expert system can be
used for ascertaining whether individuals, whose profiles have been measured, have contributed to the mixture. It can also be used to predict DNA
profiles of unknown contributors by separating the mixture into its individual components. The potential of our probabilistic methodology is
illustrated on case data examples and compared with alternative approaches. The advantages are that identification and separation issues can be
handled in a unified way within a single probabilistic model and the uncertainty associated with the analysis is quantified. Further work, required to
bring the methodology to a point where it could be applied to the routine analysis of casework, is discussed.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: DNA mixture; Forensic identification; Mixture separation; Probabilistic expert system; Peak weight

1. Introduction
Probabilistic expert systems (PES) for evaluating DNA
evidence were introduced by Dawid et al. [1]. In a general
review of the analysis of DNA evidence, Foreman et al. [2]
include several applications of PES and emphasize their
potential by predicting that this methodology ‘‘will offer
solutions to DNA mixtures and many more complex problems
in the future’’.
This article is concerned with the analysis of mixed traces
where several individuals may have contributed to a DNA
sample left at a scene of crime. Mortera et al. [3] showed how to
construct a PES using information about which alleles were
present in the mixture, and we refer to this article for a general
description of the problem and for genetic background
information. Other earlier contributions based solely on allelic
presence in the mixture are Evett et al. [4], Weir et al. [5] and
Curran et al. [6].

* Corresponding author. Tel.: +44 20 7040 8454; fax: +44 20 7040 8572.
E-mail address: rgc@city.ac.uk (R.G. Cowell).

The results of a DNA analysis are usually represented as an
electropherogram (EPG) measuring responses in relative
fluorescence units (RFU) and the alleles in the mixture
correspond to peaks with a given height and area around each
allele. The band intensity around each allele in the relative
fluorescence units represented, for example, through their peak
areas, contains important information about the composition of
the mixture.
Experiments using heterozygous samples and mixtures
prepared in known proportions have provided information on
the variability of peak imbalance and the extent of stutter that
can be expected when amplifying a DNA mixture. This
information was used by Clayton et al. [7] to formulate general
guidelines for forensic experts in order to resolve DNA
mixtures based on quantitative peak area information. Gill et al.
[8] built a computer program to estimate the proportion of the
individual contributions in two-person mixtures and to rank
the genotype combinations based on minimizing a residual
sum of squares. More recently, Bill et al. [9] have developed
PENDULUM, a computer package to automate the guidelines
in [7] and [8]. First, a list of all possible genotype combinations
is made and those outside heterozygous peak balance limits are

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.021
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eliminated; then the list is scored with respect to mixture
proportion. The possibility of allelic dropout is considered, but
other artifacts, such as stutter, are not accounted for. The
primary purpose of PENDULUM is to eliminate unreasonable
genotypic combinations. It also ranks the genotypes but this is
not based on a probabilistic order, so no quantification of the
uncertainty in the analysis is possible. Evidential calculations
cannot be carried out directly within PENDULUM, however,
they may be performed by using the output of PENDULUM as
the input to an external probabilistic model.
Perlin and Szabady [10] and Wang et al. [11] used numerical
methods known as linear mixture analysis (LMA) and least
square deconvolution (LSD) for separating mixture profiles
using peak area information. Both methods are based on
enumerating a complete set of possible genotypes that may
have generated the mixture profile, on the assumptions that the
mixture proportion of the contributors’ DNA in the sample is
constant across markers, so that the peak area of an allele will
be approximately proportional to the proportion of that allele in
the mixture. This may be used to calculate – via a least squares
heuristic – an estimate for the mixture proportion. The major
difference between the two methods is that Perlin and Szabady
seek a single mixture proportion estimated using all of the
markers simultaneously, whilst Wang et al. estimate a mixture
proportion for each marker separately and then eliminate
genotype combinations giving inconsistent estimates of this
proportion across markers. Thus the methods of both [10] and
[11] share features with that of Bill et al. [9].
The methods utilizing peak area information described
above are not probabilistic in nature, nor do they use
information about allele frequency. In contrast, the methodology proposed in Evett et al. [12] combines a model using the
gene frequencies with a model describing variability in scaled
peak areas to calculate likelihood ratios and study their
sensitivity to assumptions about the mixture proportions.
Our approach incorporates elements similar to all of those
described above, but unifies these in a single Bayesian network
model. More specifically, we build a PES for mixture traces
based on conditional Gaussian distributions for the peak areas,
given the composition of the true DNA mixtures; see Chapter 7
of [13] as well as [14]. The exact same network is then used
both for an evidential calculation as well as for the separation
of DNA mixtures, with the additional benefit of a full
probabilistic quantification of any uncertainty associated with
the analysis.
The main focus of the present paper is to illustrate the basic
ideas of our new methodology for resolving DNA mixtures
based on PES. For the sake of clarity and simplicity, we only
consider a DNA mixture from exactly two contributors, which
seems to be the most common scenario in forensic casework
[15]. We do not allow for further complications such as stutter,
dropout alleles, etc. In order to develop the methodology into a
practical tool for forensic laboratories these additional
complications will need to be considered. However, we
emphasize that the flexibility and modularity of the PES
approach readily enables extension and modification of our
network to include complications such as an unknown number
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of contributors, indirect evidence, dropout, stutter, etc. along
the lines given in [3].
An analysis of a mixed trace can have different purposes,
several of which can be relevant simultaneously, making a
unified approach particularly suitable. However, for the sake of
exposition we consider the issues separately. The first focus of
our analysis will be that of evidential calculation, detailed in
§3. Here a suspect with known genotype is held and we want to
determine the likelihood ratio for the hypothesis that the
suspect has contributed to the mixture versus the hypothesis
that the contributor is a randomly chosen individual. We
distinguish two cases: the other contributor could be a victim
with a known genotype or a contaminator with an unknown
genotype, possibly without a direct relation to the crime. This
could be a laboratory contamination or any other source of
contamination from an unknown contributor.
Another use of our network is the separation of profiles, i.e.
identifying the genotype of each of the possibly unknown
contributors to the mixture, the evidential calculation playing a
secondary role. This use is illustrated in §4.
2. Basic model assumptions
We assume the usual Mendelian genetic model for the allele
composition of the mixture traces with known gene frequencies
of single STR alleles, using those reported in Evett et al. [12]
and Butler et al. [16] for U.S. Caucasians. We use the latter for
analysing data taken from Wang et al. [11].
We first present a description of the model before
introducing the mathematical details. In essence, the PES is
a probabilistic model for relating the pre-amplification and
post-amplification relative amounts of DNA in a mixture
sample. The model is idealized in that it ignores complicating
artifacts such as stutter, drop-out alleles and so on, and assumes
that the mixture is made up of DNA from two people, who we
refer to as p1 and p2. Now prior to amplification, and provided
the mixture sample has not been degraded to the point of
breaking up tissue cells, the sample put into the amplification
apparatus will consist of an unknown number of cells from p1
and a further unknown number of cells from p2. Then, with
every cell containing exactly two alleles from each marker, the
fraction or proportion of cells from p1 is also a common
measure across the markers of the amount of DNA from p1. We
denote this common fraction, or proportion, by u.
In an ideal amplification apparatus, during each amplification cycle the proportion of alleles of each allelic type would be
preserved without error. We model departures from this ideal as
random variation using the Gaussian distributions in (1), whose
mean for each allele is its pre-amplification proportion for the
marker system it belongs to. The variance has a simple
dependence on the mean such that in the two limiting cases of
(i) the pre-amplification proportion is zero, or (ii) the preamplification proportion is unity, the variance is zero. In the
case of (i) this means that if there is no allele of a certain type in
the mixture prior to amplification, there is none postamplification. In the case of (ii) this means that if for a given
marker there is only one allelic type present in the mixture prewww.4electron.com
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amplification, then only that type is present in that marker postamplification. Our model introduces an additional variance
term to represent other measurement error, represented by v2.
The post-amplification proportions of alleles for each
marker are represented in the peak area information, which
we include in the analysis through the relative peak weight. The
(absolute) peak weight wa of an allele with repeat number a is
defined by scaling the peak area with the repeat number as
wa ¼ aaa
where aa is the peak area around allele a. Multiplying the area
with the repeat number is a crude way of correcting for the fact
that alleles with a high repeat number tend to be less amplified
than alleles with a low repeat number. For issues concerning
heterozygous imbalance see [17].
We further assume that
 The pre-amplification mixture proportion u is constant across
markers, for the reasons outlined above.
 The peak weight for an allele is approximately proportional
to the amount of DNA of that allelic type.
 The peak weight for an allele possessed by both contributors
is the sum of the corresponding weights for the two
contributors.
To avoid arbitrariness in scaling we consider the observed
relative peak weight ra, obtained by scaling with the total peak
weight as
X
wa
; wþ ¼
wa
ra ¼
wþ
a
P
so that then a ra ¼ 1
Our simple model for the relative peak weight, denoted by
the random variable Ra, assumes a Gaussian error distribution
ð1Þ

Ra  Nðma ; t2a Þ;

ma ¼

ð2Þ

funa þ ð1  uÞna g
2

(1)

where u is the proportion, or fraction, of DNA in the mixture
ðiÞ
originating from the first contributor, na the number of alleles
with repeat number a possessed by person i.
The error variance t 2a has the form
t 2a ¼ s 2 ma ð1  ma Þ þ v2

(2)

where s2 and v2 are variance factors for the contributions to the
variation from the amplification and measurement processes.
The model can be seen as a second order approximation to a
more sophisticated model based on gamma distributions for the
absolute scaled peak weights (to be discussed elsewhere).
In addition we need to consider the correlation between
weights due to the fact that they must add up to unity. If this is
the only source of correlation, its inferential effect can be taken
correctly into account by using the variance structure.
t 2a ¼ s 2 ma þ v2

(3)

and considering the complete set of observed peak weights as
observed evidence; the proof is given in [18]. Note that this is in
contrast to Cowell et al. [19] who ignored the correlation
without modifying the variance from (2) to (3), but essentially
obtained results with the same qualititative behaviour as in the
present paper.
Throughout we have used s2 = 0.01 and v2 = 0.001,
corresponding approximately to a standard deviation for the
observed relative weight of about
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:01
þ 0:001 ¼ 0:06
4
for ma = 0.5 substituted into (2). These parameter values imply
that when amplifying DNA from one heterozygous individual
(for which ma = 0.5), an ra value at two standard deviations
from the mean would give a value of 0.38/0.62 = 0.61 for the
ratio of the minor to the major peak area; this is about the limit
of variability in peak imbalance that has been reported in the
literature [20], and suggests that our chosen parameter values
are perhaps conservative.
In general the variance factors may depend on the marker
and on the amount of DNA analysed, but for simplicity we use
the values above. Our PES model is robust to small changes in
these parameter estimates. We are planning a full data analysis
in order to refine the estimates and obtain a proper calibration of
the variances for use in casework.
The simple model above seems in any case sufficiently
accurate and adequate for the purposes of the present paper, and
has the advantage that the calculations may be performed
quickly using any available Bayesian network software that
implements evidence propagation for conditional-Gaussian
networks. Full details on how our model may be implemented
as Bayesian networks may be found in [18]; the calculations
reported in this paper were performed using both the
commercial HUGIN program and a purpose built software
called MAIES, also described in [18].
3. Evidence calculations
This section illustrates (through the analysis of a real
mixture example) how to use our PES to calculate the weight of
the evidence – in the form of a likelihood ratio – for a given
suspect to have contributed to a trace under different
circumstances.
The evidence could consist of DNA profiles extracted from a
suspect, s, a victim, v, and the mixed trace. In this case we
compute the likelihood ratio in favour of the hypothesis that the
victim and suspect contributed to the mixture: H0: v&s, versus
the hypothesis that the victim and an unknown individual, u
contributed to the mixture: H1: v&u. A variant has an unknown
contaminator, u instead of a victim, in which case the
hypotheses are H0: u&s versus H1: 2u. Both variants may be
analysed using our PES; we illustrate only the latter variant
here.
Our evidential example is taken from Evett et al. [12] and
has only information of the genotype from one potential
www.4electron.com
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Table 1
Evett data showing mixture composition, peak areas and relative weights from a
10:1 mixture of two individuals, with suspect’s genotype specified
Marker

Alleles

D8

10
11
14

D18

D21

FGA

THO1
VWA

Relative weight

Suspect

6416
383
5659

0.4347
0.0285
0.5368

10

13
16
17

38985
1914
1991

0.8871
0.0536
0.0592

13

59
65
67
70

1226
1434
8816
8894

0.0525
0.0676
0.4284
0.4515

21
22
23

16099
10538
1014

0.5699
0.3908
0.0393

17441
22368

0.4015
0.5985

4669
931
4724
188

0.4170
0.0884
0.4747
0.0199

8
9.3
16
17
18
19

Peak area

14

67
70
21
22
8
9.3
16
18

contributor, here named the suspect, whereas the other
unknown contributor is termed contaminator. The data refers
to a 10:1 mixture of two individuals. The data is displayed in
Table 1 and is henceforth referred to as the Evett data. Table 2
displays the logarithm of this likelihood ratio together with the
corresponding ratio when peak weights are ignored, and the
ratios when the mixture proportion u is assumed known at given
values, as they have been evaluated using our PES.
Note the strengthening of evidence against the suspect when
information on the peak areas is used: the logarithm of the
likelihood ratio changes from 4.40 to 8.23, corresponding to an
additional factor around 6000. Also the likelihood ratio is
essentially constant over a region which completely covers the
posterior plausible range 0.85 < u < 0.95.
The posterior distribution of the mixture proportion u is
displayed in Fig. 1. The maximum occurs around the value 0.90
which is a little off the true 10:1 mixture proportion.
The absolute value of the likelihood ratios are slightly
different from those given by Evett et al. [12], who report a
logarithm of the likelihood ratio of 7.3. This discrepancy is
most likely due to slight differences between our model and the
model used by Evett et al. [12]. The likelihood ratio based on
allele presence alone is around 25,000.1
4. Separation of mixtures
Deconvolution of mixtures or separating a mixed DNA
profile into its components has been studied by Perlin and
1

Evett et al. [12] report a likelihood ratio based on allele presence alone of
5800; an anonymous referee has confirmed that this is a typographical error and
that our figure of 25,000 is correct.

Fig. 1. Posterior distribution of the mixture proportion for the Evett data using
the suspect’s genotype.

Szabady [10], Wang et al. [11], and Bill et al. [9], among others.
Here, we illustrate separation of mixtures by the same network
model used for evidence calculations. A mixed DNA profile has
been collected and the genotypes of one or more unknown
individuals who have contributed to the mixture is desired, for
example with the purpose of searching for a potential
perpetrator among an existing database of DNA profiles.
For a two-person mixture, the easiest case to consider is
clearly that of separation of a single unknown profile, i.e. when
the genotype of one of the contributors to the mixture is known.
The case when both contributors are unknown, which we
illustrate here, is more difficult. This latter situation is only
possible to a reasonable accuracy when the contributions to the
DNA mixture has taken place in quite different proportions.
We have chosen to show two alternative methods for
predicting the genotype of the unknown contributor(s). In the
first method we report the most probable genotype (or pair of
genotypes) of the unknown contributor(s) for each marker
separately. This result is obtained directly from the standard
propagation method in the probabilistic expert system, known
as sum-propagation. Note that this genotype is not necessarily
the jointly most probable across markers. We therefore also
report the joint probability of the genotypes chosen in this way.
If this happens to be larger than 0.5, the most probable genotype
has clearly been identified.
The second method calculates, by a method termed
semimax-propagation, the most likely joint configuration of
all unobserved discrete nodes, given the evidence available, and
reports the genotypes of the unknown contributor(s) associated
with this configuration. The semimax-propagation first
integrates over all unobserved continuous variables and then
performs max-propagation as described in [13], Section 6.4.1,
to identify the most probable configuration. Note again, that
this may not be the most probable genotype across markers.
Identifying the two configurations above and reporting their
joint probabilities would be fully satisfactory for most purposes
as they are most interesting when their joint probability is high.
The two methods generally give results that agree quite
closely, the difference largely being due to correlations between
the markers originating from the fact that the fraction of DNA
supplied by each contributor is unknown. When this fraction is
well determined by the evidence, the markers are close to being
www.4electron.com
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Table 2
Logarithm of the likelihood ratios in favour of H0: u&s vs. H1: 2u for the Evett data

u
log10LR

Areas

Alleles

Assumed known mixture proportion

8.23

4.40

0.1
237.47

0.2
138.73

0.3
77.53

independent. In such cases the two methods tend to give
identical results. It then also holds that the joint posterior
probability of the genotypes of the unknown contributors is
approximately equal to the product of those probabilities for
each marker separately.
It would seem appropriate to report a list of probable
genotypes for the unknown contributor(s), with their associated
probabilities, but this demands a slightly more sophisticated
calculation and is beyond the scope of the present paper.
4.1. Separating two unknown profiles
When separating a mixture into two components, using peak
area and repeat number information but no information
regarding the two contributors to the mixture, there is an
identifiability problem in assigning genotype combinations to
each person, because of the symmetry between the individuals
p1 and p2. To remove this problem it is sufficient to enter
evidence that the pre-amplification proportion of DNA in the
sample from individual p1 is atleast one-half of the total DNA
in the sample. (The alternative, that individual p1 contributes at
most half of the DNA to the mixture sample could as equally
well be used to break the symmetry.) This is readily
accomplished within a PES. It is important to note that setting
the proportion of DNA originating from p1 to be less that 0.5 in
the pre-amplification mixture does not mean that postamplification the proportion of DNA originating from p1 is
necessarily also less than 0.5, the variance structures in our
model can allow this to be greater than 0.5. What it does imply
is that the posterior distribution of the pre-amplification fraction
will be zero for values greater than 0.5.
Our first example uses the Evett data, ignoring the
information on the suspect. The predicted genotypes of the
two contributors are shown in Table 3, with the suspect’s profile
being predicted correctly on all markers.

Marker

Genotype p1

Genotype p2

Probability

D8
D18
D21
FGA
THO1
VWA

10, 14
13, 13
67, 70
21, 22
8, 9.3
16, 18

11, 14
16, 17
59, 65
21, 23
9.3, 9.3
17, 19

0.834050
0.876868
0.999405
0.489847
0.574267
0.999390

Joint

0.567333

(0.561818)

The number in brackets is the product of individual marker probabilities.

0.5
5.06

0.6
8.32

0.7
8.52

0.8
8.53

0.9
8.53

Our next example is taken from Wang et al. [11], stating P.
Graham of the Texas Department of Public Safety as the data
source. Table 4 displays the alleles observed in the mixture, the
measured peak area and the relative weight on nine markers,
together with the genotypes of two potential contributors, here
named suspect, s and victim, v. We will refer to this data as the
Graham data.
The posterior distribution of u (not shown) has a maximum
for the major contributor around 0.65, in line with the
estimate of [11]. The predicted profiles are shown in Table 5,
with one classification error. However, note for this
classification error (in D7, using sum-propagation) the
marginal probability assigned to the genotype pair is around
0.66, with the correct classification (picked out by the
semimax method) having a probability of around 0.33. Note
that the two chosen genotypes together account for essentially
all of the probability mass.
Table 4
Graham data showing mixture composition, peak areas, relative weights,
suspect’s and victim’s profiles
Marker

Alleles

Peak area

Relative weight

Suspect

D3

15
16
17

1242
657
1546

0.3361
0.1897
0.4742

16
17

7
12
13

486
512
1886

0.0999
0.1804
0.7198

7
12

10
11

614
1169

0.3232
0.6768

10

12
13
16

1842
490
461

0.6166
0.1777
0.2057

13
16

8
9
11

734
1068
299

0.3128
0.5120
0.1752

9
11

12
13
15

440
1503
387

0.1724
0.6380
0.1896

30
30.2
31.2
32.2

842
490
509
804

0.3087
0.1808
0.1941
0.3164

22
23
24
25

850
468
681
315

0.3483
0.2005
0.3045
0.1467

16
17
18

616
2021
425

0.1900
0.6625
0.1475

D5

D7
D8

D13

D18
Table 3
Predicted genotypes of both contributors for Evett data, ignoring data on
suspect. Identical results are obtained using sum- and semimax-propagation,
with suspect (p1) correct on every marker

0.4
31.68

D21

FGA

VWA

Victim
15
17

13
11
12

8
9

12
13
15
30
30.2
31.2
32.2
22
23
24
25
16
17
18
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Table 5
Prediction of two unknown genotypes for Graham data
Marker

Sum-propagation

Semimax-propagation

Genotype p1

Genotype p2

Probability

Genotype p1

Genotype p2

Probability

D3
D5
D7
D8
D13
D18
D21
FGA
VWA

16, 17
7, 12
11, 11
13, 16
9, 11
12, 15
30.2, 31.2
23, 25
16, 18

15, 17
13, 13
10, 11
12, 12
8, 9
13, 13
30, 32.2
22, 24
17, 17

0.963136
0.994966
0.659653
0.835225
0.981719
0.931912
0.979851
0.985227
0.967872

16, 17
7, 12
10, 10
13, 16
9, 11
12, 15
30.2, 31.2
23, 25
16, 18

15, 17
13, 13
11, 11
12, 12
8, 9
13, 13
30, 32.2
22, 24
17, 17

0.963136
0.994966
0.326069
0.835225
0.981719
0.931912
0.979851
0.985227
0.967872

Joint

0.451047

(0.451327)

0.227689

(0.223093)

The number in brackets is the product of individual marker probabilities. There is a classification error in marker D7 (italicized).

5. Discussion
In the previous sections we have demonstrated how a
probabilistic expert system can be used for analysing DNA
mixtures using peak area information, yielding a coherent way
of predicting genotypes of unknown contributors and assessing
evidence for particular individuals having contributed to the
mixture. One advantage of a probabilistic model-based
approach over numerical separation techniques such as linear
mixture analysis (LMA) [10] and least square deconvolution
(LSD) [11] is that there is a natural and directly interpretable
quantification of all uncertainties associated with the analysis;
in particular, the posterior distribution of the mixture
proportion can be computed. Another advantage is that the
analysis is readily extendable to similar but different situations
using the modularity and flexibility of the PES approach. This
includes complications such as more than two potential
contributors, multiple traces, indirect genotypic evidence,
stutter, etc.
There are issues which need further consideration. In
particular it appears that the performance of the system is
sensitive to large changes in the scaling factors we used to
model the variation in the amplification and measurement
processes (see [18]). This is a serious problem which needs
attention. Preliminary investigations seem to indicate that the
variance factor depends critically on the total amount of DNA
available for analysis. As this necessarily is varying from case
to case, a calibration study should be performed to take this
properly into account. In any case we find it comforting that the
system itself would warn against trusting an uncertain
prediction, by yielding an associated low classification
probability, as illustrated for the marker D7 in Table 5.
Methods for diagnostic checking and validation of the model
should be developed based upon comparing observed weights
to those predicted when genotypes are assumed correct. Such
methods could also be useful for calibrating the variance
parameters s2 and v2.
Another issue to be further investigated is the use of a model
based on gamma distributed absolute peak weights, avoiding
the somewhat unfortunate fact that Gaussian distributions can
take negative values. We have made some progress on this, to be

reported elsewhere, but the results are not too different from
those reported here, indicating that our conditional-Gaussian
model is an excellent approximation to the gamma model.
Ideally the method should be generalized to deal with higher
complexity such as the simultaneous analysis of several traces,
an unknown but large number of contributors, etc., but we have
not as yet made a proper investigation of the associated
computational complexity issues.
Finally, we emphasize that for the moment we have not dealt
with incorporating artifacts such as stutter, pull-up, allelic
dropout, etc., nor how to extend the model to handle Ychromosome and mitochondrial DNA haplotype data. We hope
to pursue these and other aspects in the future. It may be that in
incorporating such artifacts our networks will become too
complex for exact inference based on evidence propagation in
Bayesian networks, and that a Monte–Carlo simulation
approach may be required.
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Abstract
The analysis of LCN or highly degraded DNA samples presents a challenge for forensic science. Improving the quantity and/or quality of
samples would greatly increase the profiling success rate from LCN and degraded samples. Whole genome amplification (WGA) is one method
that has such potential. Two commercially available WGA kits, GenomePlex and GenomiPhi, were investigated for use on LCN and degraded
DNA samples. Both kits amplified genomic DNA, producing microgram quantities from sub-nanogram templates. Profiling success of LCN DNA
samples was increased, with improvements of over 700% from 10 pg template DNA compared to non-WGA-amplified control samples. The
amplification success with degraded DNA was also improved by WGA. Degraded DNA was simulated using restriction enzymes to demonstrate
that the application of WGA can result in the typing of STR loci that could not previously be amplified. An increase in artefacts, such as stutter
alleles and amplification biases, were observed in many samples. Results show that WGA is capable of increasing both the quality and quantity of
DNA, and has the potential to improve profiling success from difficult samples in forensic casework.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Whole genome amplification; LCN DNA; Degraded DNA; Multiple displacement amplification

1. Introduction
Forensic analysis is often limited by the type and amount of
sample available. Samples may be highly degraded or contain
only trace amounts of genomic DNA (less than 100 pg).
Obtaining complete genetic profiles is difficult from these
samples using standard STR amplification methods, and often
partial or negative profiles are produced. The use of increased
cycle number and other low-copy-number (LCN) techniques
can give improved results, from both LCN and degraded
templates. However, the resulting profiles may be complex and
difficult to interpret, with increased allele imbalance and stutter
product formation [1].
Another approach to LCN and degraded DNA profiling yet
to be fully examined is the use of whole genome amplification
(WGA). Most WGA methods use random primers and low
stringency annealing conditions to amplify large sections of the
genome to increase the quantity of the starting DNA template,

* Corresponding author. Tel.: +61 3 9450 3519.
E-mail address: kaye.ballantyne@police.vic.gov.au (K.N. Ballantyne).

prior to any downstream analysis. Theoretically, WGA is
capable of decreasing the stochastic effects resulting from low
copy templates [2]. However, it must be capable of replicating
the genome with high accuracy and without distorting relative
copy number information. The ability to increase the amount of
starting template, and/or the quality of the template would be
invaluable for forensic applications, provided the product is
representative of the original template. The application of
WGA to genotyping LCN and degraded samples for forensic
use has not been thoroughly examined, particularly in light of
the development of several commercial WGA kits.
We investigated two commercial WGA kits to evaluate their
ability to amplify LCN and degraded DNA samples. The first,
GenomePlexTM WGA (Sigma, St. Louis, MO) is a PCR-based
method, involving fragmentation of genomic DNA, following
by linker ligation and PCR with universal primers. It is reported
to be highly representative, with 99.8% concordance in SNP
calls between amplified and genomic DNA. GenomePlex WGA
is optimised for use on at least 10 ng of high quality template
DNA. The manufacturer reports that single cells and highly
degraded DNA are amplified with high accuracy [3], although
this has not yet been independently verified.

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.022
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In contrast to PCR-based WGA methods, multiple
displacement amplification (MDA) replicates the genome
isothermally. A novel polymerase, Phi29, replicates the genome
exponentially, creating microgram quantities from sub-nanogram template DNA levels. This method produces almost
complete genome coverage with little amplification bias and
high accuracy [4]. Commercially available MDA kits, such as
GenomiPhiTM (GE Biosciences, Piscataway, NJ) used in this
study, are optimised for the amplification with a minimum of
1 ng of template DNA, and are not recommended for use with
highly degraded templates. Several research groups have,
however, demonstrated that MDA is able to accurately amplify
single cells [5–7] and very low quantities of genomic DNA
[8,9]. It is capable of amplifying DNA directly from a wide
range of sample types such as whole blood and buccal cells
[10], and the resulting product is reported to be suitable for a
wide range of downstream applications, such as STR and SNP
genotyping, sequencing and quantitative PCR assays.
We used GenomiPhi and GenomePlex to amplify LCN DNA
and degraded DNA to determine if WGA is capable of
increasing the quantity and quality of DNA, and produce
product suitable for use in a multiplex STR PCR system
commonly used in forensic investigations. LCN DNA
amplifications were initially performed with buccal cell
extracts, to determine if WGA was able to amplify small
amounts of high quality template DNA. Casework samples of
various origins were also tested to determine the effectiveness
of WGA with forensic samples of lower quality. To help
determine if WGA was able to provide more complete profiles
from degraded DNA we prepared artificially degraded DNA
samples. Specifically digested DNA was produced by cleaving
genomic DNA with restriction enzymes. This prevented the
some of the ten AmpFlSTR Profiler Plus loci being amplified,
but not others, thus simulating highly degraded DNA. WGA
was then performed to determine if the digested loci could be
recovered. Degraded and inhibited casework samples were also
tested.

Non-probative casework samples were also used for
GenomiPhi WGA. These samples were from semen, saliva,
blood, hair (with apparent sheath material present) and trace
origins (6 samples each), as well as degraded and inhibited
samples (15 samples), with a range of profiling success rates,
and concentrations ranging from 0.015 ng/ml to >1 ng/ml. The
degraded DNA samples had adequate DNA quantity (greater
than 1 ng), but provided only low partial profiles. The inhibited
samples had also had adequate DNA quantity, but only
provided negative or low partial profiles, due to the presence of
various PCR inhibitors. They were quantified with the
Quantifiler Human DNA Quantification system in accordance
with the manufacturer’s instructions.
2.2. Production of digested DNA
A series of restriction digests were designed to specifically
degrade genomic DNA to prevent amplification of specific loci
by Profiler Plus. The sequences of the ten Profiler Plus loci were
searched for recognition sites using the DNAStar 4.0 MapDraw
programme. Four restriction enzymes HpyCH4 III (cuts FGA,
Amelogenin, D8S1179, D18S51, D5S818), Mnl I (D21S11,
D18S51, D5S818, D13S317, D7S820), Bfa I (vWA, FGA) and
Hph I (D3S1358, D5S818) were selected which cut in the
flanking regions of these repeats, allowing digestion of each
locus within the multiplex.
Restriction digests were performed separately overnight
with varying amounts of template DNA as stated above, 5 U
enzyme (New England Biolabs, Ipswich, MA) and buffer, at
37 8C for 12 h, followed by enzyme inactivation at 80 8C for
20 min. Digestion was confirmed by amplifying 1 ml of the
digested sample (ranging from 1 to 50 ng) with the AMPFlSTR
Profiler Plus multiplex (Applied Biosystems). Following
genotyping on an ABI 3100 Genetic Analyser and GeneMapper
ID, the digest was deemed successful if the target loci were not
visible in the electropherogram whilst the non-target loci were
visible (see Fig. 3).
2.3. Whole genome amplification

2. Materials and methods
2.1. DNA samples
Buccal cell samples were chosen based on known genetic
profiles of the donors, with high heterozygosity and large size
separation between alleles at the loci being examined. Genomic
DNA was extracted from buccal swabs with either Chelex1 100
(Bio-Rad Laboratories, Hercules, CA, Ref. [11]) to produce
single-stranded DNA, or organic extraction for double-stranded
DNA. Buccal samples were quantitated with the Quantifiler
Human DNA Quantification system in accordance with the
manufacturer’s instructions (Applied Biosystems, Foster City,
CA). Samples for LCN DNA experiments were diluted to 0.01,
0.05, 0.1, 0.5 or 1 ng/ml in TE. Samples for digested DNA
experiments were diluted to 1, 5, 10, 20, 30 or 50 ng/ml in TE.
There were four replicates at each template level for each
extraction type, and each WGA method.

2.3.1. GenomiPhi
MDA WGA was performed with GenomiPhi according to
the manufacturer’s instructions. Varying amounts of sample
DNA in 1 ml were added to 9 ml of GenomiPhi sample buffer,
denatured at 95 8C for 3 min, and cooled on ice. Ten
microliters of reaction buffer containing dNTPs, random
hexamers and Phi29 were added, and the reactions incubated
at 30 8C for 16 h. The polymerase was then inactivated by
incubation at 65 8C for 10 min. Positive controls with 1 ng of
purified human genomic DNA and negative dH2O controls
were performed with each set of reactions. Reaction products
were purified by ethanol precipitation, as recommended by the
manufacturer.
2.3.2. GenomePlex
GenomePlex WGA was performed according to the
manufacturer’s instructions. One microliter of sample DNA
www.4electron.com
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and 9 ml of sterile water were added to 1 ml of Fragmentation
Buffer, incubated for 4 min at 95 8C, and cooled on ice.
OmniPlex libraries were created by adding 2 ml of Library
Preparation Buffer and 1 ml of Library Stabilisation Solution
and incubating for 2 min at 95 8C. The sample was cooled on
ice, and 1 ml Library Preparation Enzyme was added. Thermal
cycling was performed in a PE9700 (Applied Biosystems) and
incubated at 16 8C for 20 min, 24 8C for 20 min, 37 8C for
20 min, and 75 8C for 5 min. Amplification reactions were
performed with 7.5 ml of GenomePlex amplification master
mix and 12.5 U JumpstartTM Taq polymerase (Sigma). Cycling
conditions in a PE9700 were 95 8C for 3 min, and 14 cycles of
95 8C for 15 s and 65 8C for 5 min. Positive controls with 1 ng
of purified human genomic DNA and negative dH2O controls
were performed with each set of reactions. Reaction products
were purified by ethanol precipitation, as recommended by the
manufacturer.
2.4. Quantitation of WGA products
WGA products were quantitated using three methods;
Quantifiler Real-Time Human DNA QuantitationTM, Quantiblot Human DNA Quantitation1 and spectrophotometry.
Quantifiler and Quantiblot quantitation were performed
according to manufacturer’s instructions (Applied Biosystems),
using 2 ml of WGA product. Spectrophotometric quantitation
was performed with a Nanodrop1 ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE) at 260 nm. Agarose
gel electrophoresis [12] was used to confirm product length and
formation.
2.5. Profiler plus amplification
Multiplex PCR for STR genotyping was performed with the
Profiler Plus multiplex, amplifying nine STR loci and the
Amelogenin locus. Five percent of the WGA reaction volume
(1 ml for GenomiPhi, 3.75 ml for GenomePlex) was added to
the amplification mix containing primers, dNTPs, buffer and
Ampli-Taq Gold polymerase. Thermal cycling was performed
in a PE9700 with 11 min at 95 8C, followed by 28 cycles of
94 8C for 1 min, 59 8C for 1 min, and 72 8C for 1 min. A final
extension step at 60 8C for 45 min completed the amplification.

3. Results
3.1. Quantitation of whole genome amplified DNA
Initially, a human specific real-time PCR assay, Quantifiler
Real-Time Human DNA QuantitationTM, was used to
quantitate the WGA products. However, the results obtained
indicated that no product was obtained in several samples,
and in others was very low, at times less than the amount
added to the initial WGA reaction (Table 1). Another human
specific quantitation assay, Quantiblot, gave negative results
for all GenomePlex samples, and low quantitations for
GenomiPhi samples. Agarose gel electrophoresis showed that
there were large quantities of product present, so spectrophotometry was used to give an indication of the amount of
product (Table 1). However, non-specific product is created
during GenomiPhi amplification, as seen in the negative
control, so this product estimate could not be used to
specifically quantitate the samples for Profiler Plus amplification. However, as samples showed similar concentrations
of product with gel electrophoresis and spectrophotometry, it
was decided to add a constant amount to all amplification
reactions, this being 5% of the total product. The addition of
higher amounts of WGA product did not increase the profiling
success further.
3.2. WGA of LCN DNA
GenomiPhi WGA of LCN DNA samples (10 and 50 pg)
produced a significant increase in the number of alleles
observed (P < 0.005), compared to non-WGA-amplified
control samples. On average, eight correct alleles were
observed with 0.01 ng template DNA after GenomiPhi
treatment, compared to 1 allele for non-WGA-amplified
samples. At the higher template levels, (0.1, 0.5 and 1 ng)
GenomiPhi amplified products were very similar to genomic
DNA with respect to the number of alleles observed (Fig. 1).

Table 1
Total average reaction yields for WGA products determined with different
quantitation methods
WGA method Input amount

2.6. Capillary electrophoresis, genotyping and statistics
An ABI 3100 Genetic Analyser (Applied Biosystems) was
used for electrophoresis and product detection. One microliter
of PCR product was loaded with formamide and ROX size
standard, and injected for 10 s. The resulting data were
genotyped with GeneMapper ID1 (Applied Biosystems).
Statistical analyses were performed using SPSS 12.0.1 (SPSS
Inc. Chicago, IL). Data within and between treatments were
compared using ANOVA, ANCOVA or Kruskal–Wallis tests to
determine levels of significance between treatments. If no
significant difference was found between sample donor or
extraction type, the raw data were combined for further
analyses.

37

Quantifiler Quantiblot Spectrophotometry
(ng)
(ng)
(ng)

GenomiPhi

1 ng
9.68
0.5 ng
12.46
0. 1 ng
0.093
0.05 ng
0
0.01 ng
0.197
Positive control
0
Negative control 0

GenomePlex

1 ng
31.78
0.5 ng
14.43
0.1 ng
7.84
0.05 ng
0.185
0.01 ng
0.135
Positive control 26.25
Negative control 0

7.5
10
6.25
10
0
8
0
0
0
0
0
0
0
0

4325
4900
4750
3600
4000
6100
3100
3225
2730
2150
1346
1950
3255
0
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Fig. 2. Control and GenomiPhi amplification of casework samples—average
number of alleles observed. Control and GenomiPhi amplifications were
performed with the same amount of input template for each sample (n = 60).
Fig. 1. Average number of alleles observed before and after WGA treatment.
(#) represents a significant decrease, (") represents a significant increase, in the
number of correct alleles observed, compared to non-WGA amplified controls,
for the same template level. N = 8 at each template level for control and
GenomiPhi samples (extraction types combined), 4 at each template level
for GenomePlex (total n = 120).

There was a slight increase in the number and height of stutter
peaks observed. A high level of allelic imbalance was seen at all
template concentrations, with the average peak height ratio
decreasing as the template amount decreased, from 61% at
1 ng to 13% at 0.01 ng.
Interestingly, the extraction method resulted in a significant
difference in GenomePlex amplification success. Chelex
extracted samples performed significantly better than organically extracted samples (P < 0.001). GenomePlex treatment
resulted in a lower profiling success at the higher template
levels for both extraction methods (P < 0.05). At the LCN
DNA levels, GenomePlex treatment of Chelex extracted DNA
increased the number of alleles observed (P < 0.05), while the
organically extracted DNA was very similar to genomic DNA
(Fig. 1). There was a large increase in both the number and
height of stutter alleles observed with GenomePlex. At some
loci, up to three stutters were observed per allele (n  8, n  4

and n + 4), with stutter increasing as the template concentration
increased.
3.3. Casework samples
As GenomiPhi WGA showed the highest profiling success
with the lowest number of artefacts a number of non-probative
casework samples were amplified, with and without WGA, to
determine its efficiency with forensic samples of varying
quantity and origin (Fig. 2). Thirty DNA samples (repeated
twice), derived from five sample types, were tested and
compared. There was no significant difference between the
number of alleles observed in the control amplifications and
GenomiPhi amplifications (P = 0.655). Furthermore, when the
effect of differing concentrations was accounted for, there was
not a significant difference in the number of alleles observed
following GenomiPhi amplification (P = 0.427) between the
sample types.
3.4. WGA of digested DNA
Control Profiler Plus amplifications demonstrated the
absence of peaks in the targeted Profiler Plus loci (Fig. 3).
Only loci that did not contain recognition sites for each of the

Fig. 3. Profiler Plus electropherograms of 5 ng of HpyCH4 III digested DNA. FGA, Amelogenin, D8S1179, D18S51 and D5S818 have not been amplified due to
cleavage of the sequence at these loci, whilst the other five loci have been amplified as expected.
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Fig. 4. Profiler Plus electropherogram of 5 ng of HpyCH4 III digested DNA after GenomiPhi amplification. The alleles marked with arrows were previously not
visible, as shown in Fig. 3. Amplification bias is visible between alleles at D3S1358, and with vWA relative to other loci.

enzymes used could be amplified, and, in each case, these were
observed with peak heights consistent with the input amount.
However, in some of the control amplifications, one or more
digested alleles were observed with very low peak heights,
typically around 1–2% of the undigested alleles, indicating
incomplete digestion. This predominantly occurred with the
Bfa I and Mnl I restriction enzymes, but not with HpyCH4 III
and Hph I. The visible digested alleles were only present
sporadically, typically in only one of the four repeat
amplifications, and mainly with 50 ng/ml template levels.
Both WGA methods were able to increase the amplification
success of the digested DNA, measured as an increase in the
number of alleles observed at all template levels. Preamplification with GenomiPhi and GenomePlex resulted in
the subsequent Profiler Plus amplification of some or all of the
digested alleles (Fig. 4). This effect was concentration
dependent, with the increase in alleles observed proportional
to the template level used for WGA (Fig. 5).

Fig. 5. Percentage recovery of digested alleles following WGA. For example,
with 50 ng of input DNA, 83% of previously unamplifiable alleles were
recovered following GenomiPhi amplification (n = 72).

GenomiPhi was able to amplify a large number of digested
alleles, while still amplifying all non-digested alleles in every
sample. Peak heights of the amplified digested alleles were
equal to, or exceeded, the peak heights of the undigested alleles.
Stutter products and allele drop-in was greatly reduced
compared to the WGA LCN DNA amplifications, with one
false allele observed in 96 amplifications. In contrast,
GenomePlex was not as effective in recovering the digested
alleles. There was a clear increase in the number of alleles in the
WGA samples compared to the controls, although a full profile
was not obtained in any samples. The peak heights of the
recovered alleles were substantially lower than those of the
undigested alleles, with similar rates of stutter product
formation and allele drop-in to the WGA LCN DNA
amplifications.
3.5. Degraded and inhibited casework samples
Fifteen non-probative casework and old laboratory samples
showing signs of either degradation or inhibition after
applying routine casework procedures were used to determine
if WGA could recover alleles from such forensic samples.
Following GenomiPhi WGA of the degraded samples, there
was a slight decrease in the number of alleles observed from
most samples, when compared to the control samples (from an
average of 12 alleles to an average of 11 alleles). However, in
many samples the alleles successfully amplified in the
GenomiPhi samples were at different loci to those amplified
in the control amplifications. These ‘recovered’ alleles were
repeatable across different GenomiPhi amplifications, and
proved to be correct when checked against non-degraded
reference samples.
www.4electron.com
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The success of GenomiPhi amplifications of samples
showing inhibition was highly dependent on the substance
causing the inhibition. Phi29 is strongly inhibited by high
concentrations of heme, with many inhibited samples derived
from blood producing negative results following WGA.
However, two other common PCR inhibitors, soil (humic
acid) and denim clothing dye proved not to inhibit GenomiPhi
amplifications. Full profiles were obtained from both sample
types, when only low partial profiles were produced with
regular Profiler Plus amplification.
4. Discussion
Profiling from LCN quantities of genomic DNA and highly
degraded templates is frequently unsuccessful, producing low
partial or negative profiles. This study investigated the use of
WGA to decrease stochastic effects of LCN DNA samples and
increase profiling success from degraded DNA. Promising
results were observed, although certain caveats must be placed
on the use of WGA for forensic purposes.
The inability to quantitate the human genomic content of the
WGA DNA samples with two commonly forensic quantitation
systems stems from the replication methods. Quantifiler
amplifies a small section of the hTERT gene, located adjacent
to the 5p telomere [13]. Previous research has shown that
telomeric regions are not replicated at all, or are underrepresented [4,14] with MDA, while our investigation shows
that both GenomiPhi and GenomePlex do not replicate
telomeric regions effectively. In contrast, Quantiblot detects
a centromeric locus, D17Z1, a region of alpha satellite DNA
[15]. All GenomePlex samples were negative on Quantiblot,
while GenomiPhi samples gave low concentration readings.
Again, it appears that neither method replicates the highly
repetitive centromeric regions effectively. Therefore, to
quantitate the human specific content of WGA DNA, it is
necessary to use a method avoiding these chromosomal regions.
The total DNA content may be quantitated with electrophoresis
or spectrophotometry, particularly for GenomePlex. It is not
possible to quantitate GenomiPhi accurately by these methods,
however, due to the large amount of non-specific product
produced (see negative control). This product results from
primer–dimer extension, and cannot be subsequently amplified.
However, this product results in an over-estimation of the
amount of human genomic DNA, and so non-specific
quantitation methods should be avoided for MDA product.
Both GenomiPhi and GenomePlex were able to amplify
LCN DNA amounts, although only GenomiPhi produced an
increase in the profiling success, relative to non-WGAamplified control DNA. On average, seven additional alleles
were observed from 10 pg following GenomiPhi pre-amplification. However, stochastic sampling effects led to varying
results between replicates, with not all alleles being reported in
every sample. To obtain the most complete and accurate profile,
it would be necessary to perform 3–4 replicates for each
sample. This would also allow exclusion of false alleles, which
only occurred in one replicate, and also counteract the effects of
amplification bias between alleles. In LCN samples, the

amplification bias could be so strong following WGA that one
allele was below the stutter peak threshold (10%), resulting in
a false homozygote designation. The amplification bias appears
to be random with respect to the allele being under-amplified,
so performing multiple amplifications would prevent the
smaller allele being disregarded as an amplification artefact.
High levels of amplification bias have been observed
previously, and may be caused by the Phi29 polymerase
replicating one chromosome preferentially in the initial stages
of replication [16].
The difference between extraction methods of the derived
DNA when used for GenomePlex WGA is most likely due to
incomplete denaturation of the organic DNA in the initial stages
of the method, resulting in decreased ligation and amplification.
This could possibly be improved either by increasing denaturation time, or by using chemical, rather than heat denaturation to
prevent DNA damage. At most template levels, GenomePlex preamplification resulted in a decrease in the profiling success. This
may be due to the fragmentation step, which reduces the DNA to
400 bp in size. This random shearing probably destroys some
copies of the target loci, decreasing the number available for
amplification. With LCN DNA levels, this may destroy any
copies of the sequence present in the extract. Also, the vastly
increased stutter complicates genotyping of the sample
considerably which is most likely caused by the increased
number of PCR cycles (15 for GenomePlex, followed by 28 for
Profiler Plus), and cannot be decreased without reducing cycle
number and, therefore, yield.
The increase in profiling success from digested DNA with
both WGA kits was contrary to expectations, as both kits are not
recommended for highly degraded templates. The two kits,
however, had different success rates, suggesting a possible
mechanism for how the increase is occurring. From the control
amplifications, it appears that a very small number of copies of
each locus remained uncleaved after digestion with restriction
enzymes, being sporadically detectable. Therefore, it is likely
that the two WGA methods are amplifying small remaining
quantities of undigested template DNA. However, the relative
efficiencies differ substantially between the two methods.
GenomiPhi pre-amplification produced the highest increase in
profiling success, with over 80% of digested alleles being
amplified from 50 ng template DNA. It is likely that the high
level of amplification bias created by the Phi29 enzyme is
responsible for the amplification of the digested alleles.
GenomiPhi amplification of high quality genomic DNA
frequently results in large allelic and locus imbalance [16],
and it was observed increased as the quality of the template
decreased (data not shown). GenomePlex pre-amplification also
resulted in an increase in the number of alleles observed,
although to a lower extent. It is likely that the 15 extra PCR cycles
performed during GenomePlex amplification allowed enhanced
detection of the few remaining intact copies of the digested loci.
The amplification of casework samples demonstrated that
GenomiPhi is able to amplify lower quality template, in some
cases producing an increase in the profiling success. While a
number of samples contained sufficient DNA quantity (greater
than 0.5 ng) to allow routine Profiler Plus amplification,
www.4electron.com
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GenomiPhi pre-amplification was applied to demonstrate that a
range of concentrations and sample types could be amplified.
Although a lower success rate was observed in samples
originating from bloodstains, this is most likely due to heme
inhibiting the reactions. The ability to significantly increase
profiling success from samples containing other PCR inhibitors
such as humic acid or clothing dye could be particularly useful,
avoiding multiple purification steps and the loss of sample. The
decrease in the number of alleles amplified from degraded DNA
was partially offset by the fact that the loci amplified frequently
differed from those amplified in the control, allowing a
complete profile to be obtained by combination in many cases.
Many areas of WGA require further research before it can be
recommended for use in routine casework. False allele
generation and allelic imbalance are particularly important
from a forensic viewpoint, and are currently being investigated.
However, the results presented here shows promising signs, that
with continued experimentation and development WGA, and
particularly GenomiPhi, could be a valid option for the future.
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Schultheiss, D.T. O’Connor, N.J. Schork, B.K. Rana, Assessment of
multiple displacement amplification for polymorphism discovery and
haplotype determination at a highly polymorphic locus, MC1R, Human
Mutat. 26 (2005) 1–8.

www.4electron.com

Forensic Science International 166 (2007) 42–48
www.elsevier.com/locate/forsciint

Identification of unknown bodies by using CT images of frontal sinus§
Ertugrul Tatlisumak a,*, Gulgun Yilmaz Ovali b, Asim Aslan c, Mahmut Asirdizer d,
Yildiray Zeyfeoglu d, Serdar Tarhan b
a

Celal Bayar University, Faculty of Medicine, Department of Anatomy, 45030 Manisa, Turkey
b
Celal Bayar University, Faculty of Medicine, Department of Radiology, Manisa, Turkey
c
Celal Bayar University, Faculty of Medicine, Department of Otorhinolaryngology, Manisa, Turkey
d
Celal Bayar University, Faculty of Medicine, Department of Forensic Medicine, Manisa, Turkey
Received 9 November 2005; received in revised form 10 March 2006; accepted 28 March 2006
Available online 2 May 2006

Abstract
The aim of the study was to define a simple system for the identification of unknown bodies by using CT images of frontal sinus and to discuss
whether it was worth to add measurements to the system or not. The system was including simple features as F (presence or absence of frontal
sinus), S (intersinus and intrasinus septum) and S (scalloping), and named as FSS system. Measurements selected for the study were width, height,
anteroposterior length, total width of two sinuses, the distance between the highest points of the two sinuses and the distance of each sinus to its
maximum lateral limit.
The study was conducted retrospectively on the paranasal CT scans of 100 cases (38 male and 62 female) who had no apparent sinonasal
pathology. All the features and measurements were coded according to the system defined by the authors for each case and coded formulas were
compared. At least 93% of the formulas could be eliminated for a case by using FSS system. The rate of success was increased to 98% by adding
measurements. Contrary to objective criteria of FSS system, measurements were prone to bias. Therefore, in practice success rate would be
expected to be lower than calculated.
In the study population, instead of making 100 measurements, eliminating the most of the cases with FSS system and later discriminating the
rest by pattern matching was seen logical.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Personal identification; Frontal sinus; CT scan

1. Introduction
Verification of the identity of an unknown person is an
important issue in forensic medicine. DNA analysis is the
known best method of identification but it is expensive and not
suitable for mass disasters. Study of fingerprints is a widely
used and accepted procedure for this purpose, offering the
advantages of storing and using the data in a precise and costeffective manner [1]. The personal identification of an unknown
person by the matching of antemortem and postmortem

§
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Turkey, 7–10 September, 2005.
* Corresponding author. Tel.: +90 236 233 19 20x1214;
fax: +90 236 233 14 66.
E-mail address: ertugrul40@yahoo.com (E. Tatlisumak).

radiographs has gradually gained popularity among forensic
scientists since the technique was first successfully applied by
Culbert and Law in 1927 [2]. Many parts of the skeleton as
thorax, vertebrae, shoulder [3], skull [4] and mastoid process
[5] can be used for identification of a person. Most reliable parts
of the skeleton for identification are those which are
anatomically variable or which exhibit change due to trauma,
illness or surgical intervention [6–9]. Frontal sinus has great
variability and its structure does not change after the age of 20
years except very rare occurrences as fractures, tumors or
severe infections [1,7,10–12].
Frontal sinuses are paired lobulated cavities located
posterior to the superciliary arches in the frontal bone and
each frontal sinus opens into the corresponding middle meatus
via the infundibulum [13,14]. They are not apparent at birth.
They begin to develop during the second year of life and are
radiographically visible at 5 years of age. They reach their

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
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maximum size at the age of 20 [10–12]. The anatomy of the
frontal sinus remains stable throughout the course of life until
old ages when gradual pneumatisation can occur from atrophic
changes [10,12,15].
Uniqueness of radiographic pattern of frontal sinus to every
individual even among monozygotic twins has been established
in previous studies [11,12,16]. Radiographs of frontal sinuses are
successfully used in today’s forensic medicine for verification of
personal identity. Positive identification by superimposing the
antemortem and postmortem graphies of a person is an accepted
procedure among authors [1,11,16,17]. In these cases reaching an
antemortem radiograph of a person is essential.
Computerized tomography is a significant advance in
radiology and it is becoming increasingly available and
replacing gradually the conventional radiographs [18]. In
developing countries health records are usually insufficient and
graphies are preserved by the patients. The tendency of people
is not to keep the graphies after the end of the illness but CT
scans or MRs are usually preserved because of their costs.
Therefore, antemortem CT scan but not the radiograph can be
available for a victim. Although there are a lot of studies with
plain graphies in forensic literature, the number of studies with
CT scan are still limited [18–20].
The aim of this study is to define a simple and useful system
for identification of an unknown person by using CT scans of
frontal sinus.
2. Materials and methods
This study was conducted retrospectively on the paranasal
CT scans of 2 mm thickness in the axial and coronal planes of
100 cases (38 male and 62 female) taken by a Siemens Emotion
Tomography Machine in Celal Bayar University Hospital. No
apparent sinonasal pathology was present in the CT scans used
for the study. The mean age of the cases was 42.11  11.57
(range 20–69). All evaluations and measurements were done
together by two radiologists present in this study with a Dicom
viewer program.
Three features and two groups of measurements were
obtained from the CT scans and each feature and group of
measurements were represented in total five parentheses. Each
parenthesis was separated by a slash except the second and last
ones. Second one was separated by another parenthesis and the
last one was not separated. By this way first four parentheses
were divided into right and left sides. First parts of parentheses
(left side) were representing the right sinus while the second
parts (right side) were representing the left sinus. Three basic
features were F (presence or absence of frontal sinus), S
(septum) and S (scalloping) and named as FSS system and
selected as the core of this study.
Presence of frontal sinus was represented with (+) and
absence of the sinus with ( ) in the first parenthesis. Any
visible pneumatisation was accepted as presence of the sinus.
Septum observed in the midline was accepted as intersinus
septum. Intersinus septum was represented in the internal
parenthesis and intrasinus septum at its left and right side in the
second parenthesis. Presence of a complete intersinus septum
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was represented with (+), incomplete septum with ( ) and
absence of the septum with an empty parenthesis. If an
intersinus septum could not be observed in the midline two
sinuses were defined as unified and if two sinuses were unified
internal parenthesis was not used. Intrasinus septums were
represented with numbers in the sides. Complete septums were
expressed as an exponential with (+) and incomplete septum
with ( ). If a septum was observed complete in all sections it
was defined as complete, otherwise incomplete. Third
parenthesis was including the numbers of scalloping in the
sides separated by a slash. If one side was not present it was left
empty and absence of scalloping was expressed with minus.
Two groups of measurements were coded with numbers in
fourth and fifth parentheses. The measurements of widths
(Fig. 1a and b), heights (Fig. 1c and d), total width (Fig. 2e), the
distance between the highest points of the two sinuses (Fig. 2f)
and the distance between the highest points of each sinus to its
maximum lateral limit (Fig. 2g and h) were performed on coronal
plane. Anteroposterior length was measured on axial plane
(Fig. 3i and k). All measurements were done from the CT
sections, which had highest values. Three-dimensional reconstruction images were used in the cases highest points of two
sinuses were not in the same section for measuring the distance
between highest points of the two sinuses and in the cases most
lateral part and the highest point of the sinus were not on the same
section for measuring the highest point of a sinus to its maximum
lateral limit. In the fourth parenthesis width, height and
anteroposterior length of a sinus were coded, respectively. In
the fifth one, respectively, total width of the sinus, the distance
between the highest points of the two sinuses, the distance of the
highest point of the right sinus to its maximum lateral limit and
the distance of the highest point of the left sinus to its maximum
lateral limit were represented. In the second, third and fourth
parentheses if one side was absent that side left empty.

Fig. 1. Measurements of width and height of both sinuses in coronal section: (a)
width of right sinus; (b) width of left sinus; (c) height of right sinus; and (d)
height of left sinus.
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Fig. 4. Example case (+/+) (1 (+) 1 ) (2/3) (222/322) (2233).
Fig. 2. Other measurements in coronal section: (e) total width; (f) the distance
between the highest points of the two sinuses; (g) the distance between the
highest points of right sinus to its maximum lateral limit; and (h) the distance
between the highest points of left sinus to its maximum lateral limit.

Fourth parenthesis was presenting the width, height and
anteroposterior length of the sinuses coded with numbers
settled, respectively, according to the sides. For width and
height 0 < x  15 mm was presented with 1, 15 < x  30 mm
with 2 and 30 mm < x with 3. For anteroposterior, length,
measurements between 0 < x  10 mm were represented with
1, 10 < x  20 mm with 2 and 20 mm < x with 3.
Absence of a measurement because of the absence of a sinus
was coded with zero in the last parenthesis. For the first two
measurements 0 < x  30 mm were coded with 1,
30 < x  60 mm were with 2 and 60 mm < x with 3 and for
the last two measurements 0 < x  10 mm with 1,
10 < x  20 mm with 2 and 20 mm < x with 3.
As an example (Fig. 4):
1
(+/+)

2
(1 (+) 1 )

3
(2/3)

4
(222/322)

5
(2233)

(1) Both sinuses are present.
(2) One incomplete intrasinus septum at each side and
complete intersinus septum.
(3) Two scalloping at the right and three at the left side.
(4) At right side:
Width: 15 < x  30 mm.
Height: 15 < x  30 mm.
Length: 10 < x  20 mm.
At left side:
Width: 30 mm < x.
Height: 15 < x  30 mm.
Length: 10 < x  20 mm.
(5) Total width: 30 < x  60 mm.
The distance between the highest points of two sinuses:
30 < x  60 mm.
The distance of the highest point of the right sinus to its
lateral wall: 20 mm < x.
The distance of the highest point of the left sinus to its lateral
wall: 20 mm < x.
All CT scans were formulated according to the rules
proposed by the authors, compared with the others and the
matches were determined.
The measurements of each side and each gender were
compared with each other by using SPSS 10.0 program.
3. Results
3.1. Frontal sinus
(a) Bilateral absence of frontal sinus was not observed among
our cases.
(b) Cases with unilateral absence of frontal sinus: four cases
(one male, three female).

Fig. 3. Anteroposterior length of both sinuses in axial section: (i) anteroposterior length of left sinus; and (k) anteroposterior length of right sinus.

Absence of frontal sinus was at the right side in three of
patients and absence of frontal sinus was at the left side in one
case. Both sinuses were unified in a male case. All other cases
www.4electron.com
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had frontal sinuses in both sides separated by complete
intersinus septum except one who had an incomplete intersinus
septum.
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Left side:
Male: 25.13  9.18 mm (min: 7 mm, max: 54 mm).
Female: 22.51  9.18 mm (min: 7 mm, max: 55 mm).
Total: 23.52  9.22 mm (min: 7 mm, max: 55 mm).

3.2. Septums
3.2.1. Intersinus septum
(a) Cases who had no intersinus septum: five cases (unilateral
absence of frontal sinus in four cases and unified sinus in
one case).
(b) Complete intersinus septum: 94 cases.
(c) Incomplete intersinus septum: one case.
3.2.2. Intrasinus septum
(a) Cases who had no intrasinus septum: 27 cases (10 male, 17
female).
(b) Cases who had intrasinus septum in only one side:
Right side: 21 cases (9 male, 12 female).
Left side: 11 cases (3 male, 8 female).
Total: 32 cases (12 male, 20 female).
(c) Cases with bilateral intrasinus septum: 41 cases (15 male,
26 female):
Complete intrasinus septum was observed only in five
patients (four female and one male). Right sinus was absent
in one of them. The others had bilateral intrasinus septum.
(d) The number of intrasinus septum:
Right side, mean: 0.88  0.79 (range 0–3).
Left side, mean: 0.77  0.91 (range 0–5).
3.3. Scalloping
(a) Cases who had no scalloping: four cases (one male, three
female).
(b) Cases who had scalloping on one side:
Right side: two cases (one male, one female).
Left side: six cases (three male, three female).
(c) The number of scalloping:
Right side, mean: 2.53  1.32 (range 0–6).
Left side, mean: 2.65  1.41 (range 0–7).
3.4. Measurements I
3.4.1. Width
Right side:
Male: 26.70  8.55 mm (min: 9 mm, max: 48 mm).
Female: 25.42  8.16 mm (min: 10 mm, max: 45 mm).
Total: 25.91  8.29 mm (min: 9 mm, max: 48 mm).
Left side:
Male: 25.92  8.99 mm (min: 11 mm, max: 44 mm).
Female: 25.56  7.37 mm (min: 3 mm, max: 43 mm).
Total: 25.42  8.30 mm (min: 3 mm, max: 44 mm).
3.4.2. Height
Right side:
Male: 24.35  8.26 mm (min: 5 mm, max: 48 mm).
Female: 21.65  8.82 mm (min: 5 mm, max: 43 mm).
Total: 22.68  8.67 mm (min: 5 mm, max: 48 mm).

3.4.3. Anteroposterior length
Right side:
Male: 12.35  5.14 mm (min: 3 mm, max: 28 mm).
Female: 10.93  5.05 mm (min: 4 mm, max: 30 mm).
Total: 11.47  5.11 mm (min: 3 mm, max: 30 mm).
Left side:
Male: 13.84  7.32 mm (min: 4 mm, max: 32 mm).
Female: 12.11  5.20 mm (min: 4 mm, max: 29 mm).
Total: 12.78  6.12 mm (min: 4 mm, max: 32 mm).
3.5. Measurements II
3.5.1. Total width
Male: 52.32  13.67 mm (min: 24 mm, max: 86 mm).
Female: 49.98  15.21 mm (min: 17 mm, max: 94 mm).
Total: 50.87  14.62 (min: 17 mm, max: 94 mm).
3.5.2. The distance between the highest points
Male: 26.81  12.75 mm (min: 11 mm, max: 64 mm).
Female: 27.20  13.80 mm (min: 6 mm, max: 63 mm).
Total: 27.05  13.34 mm (min: 6, max: 64 mm).
3.5.3. The distance between the highest points of the right
sinus to its maximum lateral limit
Male: 12.27  8.40 mm (min. 0 mm, max: 34 mm).
Female: 11.85  9.75 mm (min: 0 mm, max: 40 mm).
Total: 12.01  9.21 mm (min: 0 mm, max: 40 mm).
3.5.4. The distance between the highest points of the left
sinus to its maximum lateral limit
Male: 13.08  8.67 mm (min: 0 mm, max: 39 mm).
Female: 10.67  8.42 mm (min: 0 mm, max: 42 mm).
Total: 11.60  8.55 mm (min: 0 mm, max: 42 mm).
FSS system includes three parentheses. In the first
parenthesis, there were two sides and two possibilities were
present for each side. By multiplication the probability was
calculated as four. In the second parenthesis, maximum
numbers of intrasinus septums were five. They could be
complete and incomplete and there was also the probability of
absence of intrasinus septum and the probability was becoming
11 for each of the right and left sides. There were three
possibilities for intersinus septum. By the multiplication of
11  3  11, the probability was calculated as 363 for the
second parenthesis. The maximum number of scalloping was 7
in one side and by adding absence as a possibility, the
probability was found 8 for each side. By multiplication the
probability was 64 for the third parenthesis. Therefore, the
probability according to the FSS system was (2  2) 
(11  3  11)  (8  8) = 92.928 with a rough calculation.
However, it did not mean that all possibilities would observe
with same frequency. There were 10 measurements and three
www.4electron.com
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Table 1 (Continued )

Table 1
The notation of cases according to the FSS system
Case no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Sex

Frontal sinus

Septum

Scalloping

M
F
F
M
F
M
M
M
M
M
F
F
F
F
F
F
F
F
M
F
F
M
F
F
F
F
F
F
F
F
F
F
F
F
M
F
M
F
F
M
F
M
M
M
F
F
F
M
F
M
M
M
F
F
M
F
M
M
F
F
F
M
M
F

(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+)
(+/+)
(+/+)
(+/+)
(+/ )
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
( /+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
( /+)
(+/+)
(+/+)
(+/+)
(+/+)

[2 (+) ]
[ (+) ]
[2 (+)1 ]
[ (+) ]
[ (+)5 ]
[1 (+) ]
[ (+) ]
[2 (+)2 ]
[2 (+)2 ]
[ ]
[ (+)2 ]
[1 (+) ]
[2+(+)1+]
[1 (&)&]
[1+(+)1+]
[ (+) ]
[ (+) ]
[ (+) ]
[ (+)1 ]
[1+(+)2+]
[1 (+)1 ]
[2+(+)1+]
[1 (+)1 ]
[ (+)1 ]
[3 (+)1 ]
[ (+) ]
[ (+) ]
[1 (+)1 ]
[ (+) ]
[1 (+)1 ]
[1 (+)2 ]
[ (+) ]
[2 (+)2 ]
[ (+)3 ]
[ (+) ]
[1 (+)1 ]
[1 (+) ]
[2 (+)1 ]
[2 (+) ]
[ (+) ]
[1 (+)1 ]
[1 (+)1 ]
[1 (+) ]
[1 (+) ]
[&(&) ]
[ (+)1 ]
[1 (+) ]
[1 (+)1 ]
[1 (+)1 ]
[1 (+) ]
[1 (+)1 ]
[1 (+)2 ]
[1 (+) ]
[2 (+)1 ]
[ (+) ]
[ (+)1 ]
[2 (+) ]
[1 ( )1 ]
[ (+) ]
[&(&)1+]
[1 (+)2 ]
[1 (+)1 ]
[2 (+)1 ]
[1 (+) ]

(4/2)
( /2)
(1/2)
( /6)
(2/7)
(2/2)
(2/2)
(5/3)
( /1)
( )
(2/3)
(3/1)
( / )
(3/&)
(4/5)
(2/2)
(2/3)
(2/2)
(2/2)
(2/4)
(2/3)
(2/3)
(4/4)
(2/3)
(2/3)
( / )
(2/3)
(3/4)
(3/4)
(2/3)
(5/4)
(3/3)
(3/2)
(2/4)
(2/3)
(3/2)
(3/2)
(3/2)
(4/3)
(3/3)
(3/2)
(4/4)
(2/1)
(3/2)
(&/2)
(1/1)
(2/3)
(1/3)
(5/6)
(2/1)
(4/3)
(2/7)
(3/4)
(4/3)
(2/2)
(2/3)
(3/3)
(2/3)
(1/2)
(&/2)
(3/5)
(2/3)
(4/2)
(2/2)

Case no

Sex

Frontal sinus

Septum

Scalloping

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

F
M
M
F
M
F
F
F
F
F
M
F
F
F
M
F
M
F
F
M
F
M
F
M
M
M
F
M
F
F
F
F
M
F
F
M

(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
( /+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)
(+/+)

[1 (+) ]
[ (+) ]
[1 (+) ]
[1 (+) ]
[3 (+)2 ]
[2 (+)2 ]
[1 (+)1 ]
[ (+) ]
[ (+) ]
[2 (+) ]
[ (+) ]
[ (+) ]
[1 (+)1 ]
[1 ( ) ]
[ (+) ]
[2 (+)3 ]
[1 (+)2 ]
[1 (+)2 ]
[2 (+)1 ]
[ (+)2 ]
[ (+) ]
[ (+) ]
[2 (+)1 ]
[1 (+)2 ]
[&(&)1 ]
[2 (+)1 ]
[ (+) ]
[2 (+)2 ]
[1 (+)1 ]
[ (+)1 ]
[ (+) ]
[ (+) ]
[1 (+) ]
[1 (+)2 ]
[1 (+) ]
[1 (+) ]

(5/2)
(2/2)
(4/1)
(2/3)
(4/2)
(6/2)
(2/1)
(2/3)
(3/3)
(6/3)
(2/1)
(4/2)
(3/2)
(1/2)
(2/3)
(3/5)
(2/2)
(2/3)
(6/4)
(4/3)
( / )
(2/2)
(4/4)
(2/5)
(&/5)
(3/4)
(2/1)
(4/4)
(2/1)
(2/2)
(2/3)
(2/2)
(2/ )
(2/1)
(2/2)
(1/1)

codes were used for each measurement. It meant that the
probability was 310 = 59.049 for measurements.
There were existing 16 pairings and 10 of them were
including 2, 4 of them 3, 1 of them 6 and 1 of them 7 matches.
Each pairing offered the possibility of excluding the other
cases. Therefore, even with the pairing with seven matches,
93% of the cases could be negatively identified (Table 1).
After the application of the codes of the measurements all
pairings except one could be excluded. Only two cases which
suited each other remained and it meant that the system applied
had given the possibility of discriminating 98% of cases in the
limits of the research population.
There was not a statistically significant difference between
the measurements except the anteroposterior length. The
anteroposterior lengths of the two sides were significantly
different in total population ( p < 0.001) and females
( p < 0.05).
4. Discussion
Identification of human remains by comparison of antemortem and postmortem radiographs of frontal sinuses is a
well-established procedure among forensic scientists and even
www.4electron.com
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some of the authors claim to use them as a substitute for
fingerprints [10,21,22]. Although there is a general acceptance
about reliability of the use of frontal sinuses for verification of
identity in the forensic medicine community, its use in practice
remained to be limited [3,10,11,16,17]. In a previous study,
three independent observers blind matched two radiographs
each from 99 individuals and the success was almost 100%
[22]. In another study frontal sinus pattern matching was found
useful [11]. There is no conflict among the researchers about the
success of comparing or superimposing antemortem and
postmortem sinus radiographs of an individual taken in the
same position in the verification of identity but common
approach for comparison cannot be developed yet [1,10].
Researchers had usually added measurements to their
classification systems for increasing the possible combinations
and made the procedure more complicated and affected by bias
[1,10,23]. Therefore, discrimination by using a system was
sometimes impossible and they needed to superimpose the
radiographs [1]. After a lot of attempts mentioned (and not
mentioned) in this paper, collecting and storing data for frontal
sinus of a person like fingerprints is still too far to be achieved.
Fingerprint is the method of choice for identification of an
unknown person but unfortunately it cannot be used in the cases
lost his soft tissues because of putrefaction or burns. DNA
analysis is too expensive for applying to every case and even it
is not reliable in some cases as dry bones. Radiographs of
skeleton is invaluable for identification in such cases and frontal
sinus is a commonly accepted part of it for determination of the
identity of a body but today’s approaches and concepts are
inadequate for defining a system for its use like fingerprints.
In practice, verification of identity by using frontal sinuses
had done only for limited number of cases and usually for
making discrimination among few suggested ones
[10,11,16,17]. It should be questioned whether it is better to
make a negative identification first and later superimposing the
radiographs if it is required or not. Discrimination of the most of
the people by using simple features and applying pattern
matching for the remaining ones is seen logical as an algorithm.
In this study, FSS system was proposed as simple and objective
criteria and applied on CT scans of 100 patients. Although the
number of the research population was smaller than the society,
it was more crowded than the groups forensic scientists faced in
practice until this date. The success rate of 93% in
discrimination of cases by FSS system in the study was
implying that the method could be adequate for practical
purposes. In addition, this system and its expression are very
simple and an ordinary medical doctor even a technician can
easily learn and apply it. It is a great advantage in the places
where forensic scientist, otorhinolaryngologist or radiologist is
not found. Although 98% success rate was found by adding
measurements to the system, bias would be expected to lower
the rate in practice.
Computerized tomography is an advanced and new
technique and in literature there are only a few reports on
identification of unknown bodies using CT scans of frontal
sinus [18–20]. Authors defined FSS system by using CT scans
of paranasal sinuses but it can be applied to conventional
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radiographs with some modifications in the parameters for
making the comparison between antemortem and postmortem
radiographs.
5. Conclusion
FSS system is a simple and useful system defined by using
CT scans of frontal sinus according to the current concepts in
forensic medicine. It can be used for discrimination of the most
of the unknown bodies by using simple features and later
pattern matching can be applied for the remaining ones. New
approaches and concepts should be developed for the advanced
use of the frontal sinus like fingerprints.
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Abstract
To investigate the morphology and hemodynamics of the early myocardial contusion, an animal model of cardiac contusion was established by
impact to the precordial region at sternum at velocity of 10.0 m/s with a mechanical elastic-cord propelled impactor in 19 dogs. The
electrocardiogram and both the left and right intra-ventricular pressures were recorded continuously throughout the experiment. Histological
and immunohistochemical examinations of myoglobin, creatine kinase-MB and fibrinogen were conducted. At the moment of impact, abrupt overpressures within the left and right ventricles occurred with concomitant serious arrhythmias followed by variety of cardiac conduction disorders
and depressed left and right ventricular systolic pressures during the observation times. Histologically, lesions of myocardial contusions were
identified at subepicardial, myocardial or subendocardial layer as interstitial hemorrhage, disruption or coagulative necrosis as well as contraction
band necrosis of the muscle fibers, which might be categorized into the hemorrhagic, necrotized and mixed forms. The three forms of lesions were
found to exist independently, or co-existed in a heart. However, severity of the lesions varied greatly with different parts even within a heart.
Intravascular thromboses were occasionally discovered post-impact. Immunohistochemically, loss of myoglobin and creatine kinase-MB from
cardiac cells, and accumulation of fibrinogen at the cell membranes were detected 5 min post-impact. The intracellular accumulation of fibrinogen
increased with extension of post-impact intervals. Our results indicate that diverse morphological lesions concomitant with hemodynamic
compromise and serious, even fatal arrhythmias occur in the early myocardial contusion, and intravascular thromboses are occasionally produced,
suggesting that traumatic myocardial ischemic lesion may be induced due to blunt impact to the precordial region.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Myocardial contusion; Hemodynamics; Immunohistochemistry; Myoglobin; Creatine kinase-MB; Fibrinogen; Contraction band necrosis

1. Introduction
Myocardial contusion was first described as early as 1764 in a
case sustained with blunt chest injury and began to be studied
experimentally from 1930’s [1]. Though myocardial contusion
has been a well-recognized entity both clinically and medicolegally and in recent decades, widely studied using more
standardized animal models, almost all the studies were targeted
* Corresponding author. Tel.: +86 24 23256666x5483; fax: +86 24 23267698.
E-mail address: dwguan@mail.cmu.edu.cn (D.-W. Guan).

to the investigations of electrophysiological and hemodynamic
changes, or biomechanical mechanisms [2–6]. There are also
many articles focused on the clinical diagnosis and management
of cardiac contusion [7–10]. No comprehensive experimental
studies were conducted for further understanding of the condition
in the medico-legal discipline other than cases reports [11–13].
We performed an experimental study on morphological and
hemodynamic aspects of myocardial contusion by histological
and immunohistochemical procedures, and hemodynamic
monitoring technique in order to provide a further insight to
the problem.

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.028

www.4electron.com

50

D.-W. Guan et al. / Forensic Science International 166 (2007) 49–57

2. Materials and methods
2.1. Animal instrumentation and development of the
animal model of myocardial contusion
We developed an animal model of myocardial concussion in
dogs using a self-designed mechanical elastic-cord propelled
impactor at a low impact velocity previously [14]. In the present
study, we successfully created a canine model of cardiac
contusion by the same impactor at a higher impact velocity.
Briefly, under the permission of Ethical Committee for Animal
Experiment of China Medical University, a total of 22 healthy,
adult mongrel dogs of either sex, weighing 9.0–13.5 kg were
anesthetized by intraperitoneal injection with sodium pentobarbital (30 mg/kg), followed by endotracheal intubation and
cardiac catheterization. All the signals, including the left and
right intraventricular pressures, electrocardiogram (ECG) and
heart rate, were displayed and recorded using a NIHON
KOHDEN Polygraph System. The pre-impact left and right
intraventricular pressures, ECG and heart rate were monitored
for 10 min after the animal was secured in an upright-seated
posture with its back against an upright-positioned experimental
table. In 19 of 22 dogs, a single impact at the velocity of 10.0 m/s
was delivered to the precordium at the sternum at the end of
expiration with the impactor. The size of impact interface of the
shaft was 15.9 cm2. The impact forces were simultaneously
measured to be 61.0–94.0 kg (average 74.2  10.6 kg) in the
dogs impacted. One dog expired due to ventricular fibrillation
2 min after the impact, and another due to complete heart block at
the post-traumatic interval of 48 min, which were excluded from
the experiment. Seventeen dogs that survived the experiments
were sacrificed by intravenous administration of overdose
anesthetics at 5 min (three dogs), 30 min (four dogs), 1 h (four
dogs), 3 h (three dogs), and 5 h (three dogs) post impact. The
remaining three dogs that were not impacted were placed in the
same position after anesthetization and observed for 5 h as
control. The pre- and post-impact intraventricular pressures were
evaluated statistically using Student’s t-test.

specific reactions with 3,30 -diaminobenzidine (DAB) as the
chromogen. As immunohistochemical negative control, some
sections were reacted with normal rabbit IgG or mouse IgG, or
PBS in place of the primary antibodies, respectively. No false
positive reaction was detected in the sections. Nuclei were
routinely counterstained with hematoxylin.
Histopathological and immunohistochemical results were
independently evaluated by two forensic pathologists, and
electrocardiograms and hemodynamic data by two senior
cardiologists in a blinded manner.
3. Results
3.1. The left and right intraventricular pressures and ECG
As soon as the blunt impact was delivered to the precordium,
over-pressures within both the left and right ventricles
(358.7  57.0, 79.3  21.5 mmHg) occurred (Fig. 1), which
were significantly higher than pre-impact systolic pressures of
both ventricles (281.5  23.7, 23.0  5.5 mmHg) ( p < 0.01),
respectively. The left ventricular systolic pressure was
significantly depressed within 180 min ( p < 0.01) and the
right ventricular systolic pressure within 120 min ( p < 0.05) as
compared with the pre-trauma values.
Upon impact, transient continuous serious rhythm and
conduction disorders occurred in all the dogs. Ventricular
tachycardia was most commonly found (nine dogs) followed by
multifocal premature ventricular contraction (three dogs),
ventricular arrest (two dogs), complete heart block (two dogs),
and sinus tachycardia (one dog) (Table 1). Following the
transient rhythm and conduction disorders, a variety of
arrhythmias, including paroxysmal ventricular tachycardia,
multifocal premature ventricular contraction, atrio-ventricular
block, abnormal ST segment and Q waves as well as atrial
fibrillation, were recorded within observation times (Fig. 2).
3.2. The gross anatomic findings

2.2. Histological and immunohistochemical procedures

The localizations of the cardiac contusion were listed in
Table 2. At autopsy, pericardial hemorrhage was detected in 7

At autopsy the heart and the other viscera were carefully
examined. The heart was sliced transversely parallel to the atrioventricular groove at 1 cm interval for revealing the injuries. The
cardiac tissues sampled were fixed in PBS-buffered 4%
paraformaldehyde (pH 7.4) and were embedded with paraffin.
5 mm-thick sections were made. Mallory trichrome and
conventional H–E stainings were conducted. For immunohistochemical staining, 5 mm-thick tissue sections were mounted on
the APES-coated glass slides and deparaffinized. Rabbit antihuman myoglobin (Mb) and fibrinogen (Fib) (Dako, Denmark)
polyclonal antibody, and mouse anti-human creatine kinase-MB
(CK-MB) monoclonal antibody (Biogenesis, UK) were used as
the primary antibodies. Biotinylated goat anti-rabbit IgG or antimouse IgG antibody was employed as the secondary antibodies.
Avidin–biotin peroxidase complex (Vectastain, Vector Laboratories) method (ABC) was then applied for visualization of the

Fig. 1. The records of pre-impact, impact and post-impact intraventricular
pressures and ECG. Upon an impact, over-pressures within both ventricles and
transient ventricular tachycardia occur. LVP: left ventricular pressure; RVP:
right ventricular pressure; ECG: electrocardiogram.
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Table 1
Transient arrhythmias following impact
PIT (min)

n

Table 2
Localizations of cardiac contusion

VT

MPVC

VA

CAVB

1
1

1

5
30
60
180
300

3
4
4
3
3

2
1
2
1
3

1
1
1

Total

17

9

3

51

2

ST

1

1

2

1

PIT (min)

n

LA

RA

LV

RV

IVS

3
4
3
3
2

3
3
3
1
1

5
30
60
180
300

3
4
4
3
3

3

2
1
1

2
2
2
1
2

Control

3

0

0

0

0

0

20

3

4

9

15

11

Transient arrhythmias occurring immediately following impact in the dogs. PIT:
post-impact time; VT: ventricular tachycardia; MPVC: multifocal premature
ventricular contraction; VA: ventricular arrest; CAVB: complete atrio-ventricular block; ST: sinus tachycardia.

Total

of the 17 dogs (41.2%). Macroscopic myocardial contusion was
mostly found at the right ventricle (fifteen dogs, 88.2%),
followed by interventricular septum (eleven dogs, 64.8%) and
the left ventricle (nine dogs, 52.9%), and less found at the right
and left atrium (four dogs, 23.5%; three dogs, 17.7%) (Fig. 3a
and b). Myocardial contusion manifested as hemorrhages in the
subepicardial, myocardial, and/or subendocardial layers
(Fig. 3c). One dog showed longitudinal tear of the interventricular septum without rupture. Neither injuries to the main
trunks of the left and right descending coronary arteries, nor
damage to the other organs were identified. Two dogs revealed
no macroscopic injury to the heart as examined at autopsy.

of 5 min post-trauma, including the dog died 2 min after
impact, CBN and CN of the fibers were observed (Fig. 4c),
which became more prominent 30 and 60 min post-impact
(Fig. 4d). 180 min or 300 min after injury, the necrotized
myocardial fibers fragmented with leukocyte infiltration,
mainly polymorphonuclear neutrophils (Fig. 4e). Intravascular thrombosis, or even in the ruptured vessel in the
interstitium was discovered in dogs in the group of 180 and
300 min post-impact (Fig. 4f). Hemorrhage in the subepicardial vascular wall was also detected in the dog (Fig. 4g).
Waviness of fibers with or without coagulative appearance was
also identified in both ventricles in all the dogs impacted.
However, severity of the lesions varied greatly with different
parts of the heart in a dog.
Based on the findings, typical myocardial contusion could be
histologically divided into three forms. Hemorrhagic form: the
lesions were characterized by extravasation of the blood with or
without separation or disruption of the muscle fibers (Fig. 4a).
Necrotized form: the lesions revealed as CN and/or CBN
without hemorrhage (Fig. 4b). Mixed form: both inter-fiber
hemorrhage and necrotized fibers co-existed (Fig. 4c). The
three forms of lesions were found to exist independently, or coexisted in a heart. Of 17 dogs, 15 exhibited histologically three
forms of lesions. In the remaining two dogs that revealed no
macroscopic hemorrhage at autopsy, scattered CN of myocardial fibers was found.

3.3. Histological examination
The histological findings were summarized in Table 3.
Microscopic myocardial contusion was recognized in all of the
dogs impacted although no injury to the heart was detected
grossly at autopsy in the two dogs. Microscopically, myocardial
lesions that varied with the extent of injury and extension of the
post-traumatic intervals were identified at subepicardial,
myocardial or subendocardial layer and recognized as interstitial
hemorrhage, disruption or coagulative necrosis (CN) as well as
contraction band necrosis (CBN) of the muscle fibers (Fig. 4a–c).
Histologically, CN of the myocardial fibers appears as condensed
and dark-stained sarcoplasm with loss of striations, and CBN as
hypercontraction of the fibers consisting segments of hypercontracted and markedly shortened sarcomeres, which were
observed in the H–E or Mallory trichrome-stained sections.
The necrotic areas were frequently confined to a portion of
the muscle bundle, or occasionally to scattered cardiac cells or
single fiber in the form of CN and/or CBN. In dogs in the group

Fig. 2. A variety of arrhythmias is recorded during the observation times after
impact. A: Q waves; B: paroxysmal ventricular tachycardia (PVT); C: multifocal premature ventricular contraction.

Localizations of cardiac contusion detected at autopsy in the dogs impacted.
PIT: post-impact time; LA: left atrium; RA: right atrium; LV: left ventricle; RV:
right ventricle; IVS: interventricular septum.

3.4. Immunohistochemical examination
Patchy loss of Mb or CK-MB was identified in the
myocardial fibers with diffuse deposit of Mb or scattered
deposit of CK-MB in small quantity in the intercellular space in
the group of 5 min post-impact (Fig. 5a and b). Deposit of Mb in
the intercellular space became less obvious 60 min post-trauma
and diminished 180 min after trauma. Depletion of Mb and CKMB from the cardiac cells was observed from post-traumatic 30
to 300 min (Fig. 5c and d).
As to the immunostaining of Fib, immunoreactivity of Fib
was essentially detected at the cardiac cell membrane 5 min
after impact (Fig. 5e). Disseminated or definite patchy
accumulation of Fib in the cells was identified in all the dogs
since 30 min post-impact, which increased in the cytoplasm
with the extension of post-traumatic intervals (Fig. 5f and g).
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Fig. 3. Gross anatomic findings of the myocardial contusion. Subepicardial hemorrhages (arrows) are found at the anterior wall of the right ventricle (a), the posterior
wall of the left and right ventricles and the right atrium (b). On transverse sections of the heart (c), hemorrhages are identified at the right ventricle and interventricular
septum (arrowheads). No traumatic findings are found in the control heart (d, e). LV: left ventricle; RV: right ventricle; IVS: interventricular septum.

Neither loss of Mb or CK-MB from cardiac cells, nor
accumulation of Fib in the cells was noted in the control hearts.
4. Discussion
Cardiac contusion has been well studied clinically for the
purposes of diagnosis and management of the event. Experimental studies revealed that the most obvious dysfunctional
manifestations impacted are the abrupt intra-ventricular overpressures and serious cardiac conducting system disorders, most
notably the ventricular tachycardia following precordial impact
in the animals [4,5,14]. In the present study, both the immediate
left and right intra-ventricular over-pressures were also recorded

with concomitant serious, even fatal ventricular arrhythmias as
soon as the canine precordial region was impacted, followed by
variety of conducting system disorders and significantly
depressed intra-ventricular pressures during observation times
as compared with the pre-impact values. The commonest
transient arrhythmia recorded upon impact was the ventricular
tachycardia. It is experimentally demonstrated that myocardial
contusion has direct arrhythmogenic effects and the severe
ventricular arrhythmias developed after impact to the heart is
resulted from reentry based on two mechanisms: a fixed block
(electrically silent area or line of block) and a unidirectional
conduction block facilitated by the shortening of wavelength and
the refractoriness dispersion induced by the impact [15].
www.4electron.com
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Table 3
Histological findings
PIT (min)

No.

CBN

CN

WF

ISH

IVT

5

1
2
3

+
+
+

+
+
+

+
+
+

+
+
+





30

1
2
3
4

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+






60

1
2
3
4

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+






180

1
2
3

+
+
+

+
+
+

+
+
+

+

+

+



300

1
2
3

+
+
+

+
+
+

+
+
+

+
+



+


Control

1
2
3





















Total

20

17

17

17

15

2

Summary of the histological findings in both the impacted and control dogs.
PIT: post-impact time; CBN: contraction band necrosis; CN: coagulative
necrosis; WF: wavy fibers; ISH: interstitial hemorrhage; IVT: intravascular
thrombosis.

In cases of the early cardiac contusion, morphological
changes appear to be the most important indicators for medicolegal investigation. It has been reported that the right
ventricular wall is the most vulnerable to contusion from
blunt chest trauma due to its proximity to the sternum. The early
myocardial contusion is characterized by a dark red hemorrhagic area in the wall of the heart when examined at autopsy
and microscopically extravasation of blood, chiefly erythrocytes, into subepicardial tissue and myocardium, and sometimes subendocardial layer with separation and often disruption
of the muscle fibers. Myocardial necrosis is often patchy and
confined to specific muscle bundles. The necrotic foci consist of
muscle fibers of CN and CBN [1–3,16,17].
In the present study, the typical pathological findings of
myocardial contusion mentioned above were reconfirmed, and
in addition, it is noted that CBN was detected with or without
hemorrhage in all of the dogs impacted. The mechanisms by
which CBN is produced are not clear yet. CBN is hypothesized
to be caused by intracellular Ca2+ overloading due to
instantaneous destruction of the cell’s membrane as a result
of direct impact of mechanical force and developed within
several to 10 min [1,3]. Recently, a further study on CBN
suggested that CBN formation is not an ischemic but rather a
result of direct catecholamine toxicity, probably due to
adrenergic stress in human cases with ischemic heart diseases,
congestive heart failure, Chagas’ heart disease, intracranial
brain hemorrhage, head trauma, and cocaine-related conditions
[18]. In our canine model of myocardial contusion, CBN
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appeared to be essentially produced by direct impact to the
cardiac cells because CBN was developed instantly as soon as
the heart was struck since CBN and CN were obviously
observed in the dogs demised 2 min or sacrificed 5 min after
trauma, and all the animals were under anesthetized condition.
In addition, contraction band changes are also observed in vivo
in cases receiving cardiac message [18]. Thus, it is likely that
the contraction bands might, at first, be resulted instantaneously
from the effect of the direct mechanical impact to the cardiac
cells, and subsequently aggravated due to over-loading of the
calcium ions in the cardiac cells as a result of over-permeability
or rupture of the cell membrane although possible release of
endogenous catecholamine may be involved in the later stage.
We also have demonstrated that an increase in cardiac cell
membrane permeability occurred in the canine model of
cardiac concussion established by impact to the precordial
region at a lower velocity [14].
Based on the findings in our study, the lesions of myocardial
contusion were microscopically classified into three forms, i.e.,
the hemorrhagic, necrotized and mixed. The necrotized form is
of the most significance because microscopically it extremely
resembles the lesions found in myocardial infarction and can be
produced independently although the etiologies are completely
different, suggesting that much attention should be paid to the
findings in the medico-legal investigation. Furthermore, in the
present study, intravascular thromboses in the ruptured
interstitial vessels were histologically detected in two dogs
180 and 300 min post-impact, respectively, indicating that posttraumatic myocardial ischemia or infarction may be induced in
case of blunt chest trauma. In addition, hemorrhage in the
subepicardial vascular wall of the coronary branch that
observed in the present study also suggested an underlying
damage to the vessel, which may form a basis for subsequent
coronary thrombosis. It is the first experimentally detected
evidences of intravascular thrombosis and vascular injuries
after blunt impact to the precordial region, which may verify
the clinically documented entity of post-traumatic myocardial
infarction [19–26]. However, neither rupture nor dissection of
the main trunks or branches of the subepicardial coronary
arteries was identified in our animals although dissection
[22,26–29] or laceration [30] of the coronary arteries may occur
following blunt impact to the chest in practice. It should be
noted that the pre-existing coronary vascular lesions may
facilitate the chest trauma related coronary events [21,22,26].
Immunohistochemical detection of loss of Mb and the other
markers such as desmin, complement C5b, heart-type fatty acid
binding protein, troponin C and T, C-reactive protein,
caeruloplasmin, and myosin, etc., and deposition of fibrinogen
and fibronectin have been used for identification of early
myocardial ischemic lesion in postmortem specimens in
forensic practice, which is approved to be more sensitive than
conventional histochemical staining in the detection of early
ischemic/hypoxic damage to cardiac cells [31–33]. Serum Mb,
CK-MB, troponin I and troponin T have been used as diagnostic
biochemical markers for cardiac contusion or myocardial
infarction clinically. Elevated serum Mb, CK-MB, and troponin
I and troponin T were detected in patients with early myocardial
www.4electron.com
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Fig. 4. Histologically, myocardial contusion. are recognized as interstitial hemorrhage, the hemorrhagic type (a, 60 min post-impact, 200), coagulative necrosis and
contraction band necrosis of the muscle fibers, the necrotic type (b, 60 min post-impact, 200) or necrosis concomitant with hemorrhage, the mixed type (c, 5 min
post-impact, 200). The lesions become more prominent with extension of post-impact interval (d, 180 min post-impact, 200). The necrotized myocardial fibers
fragmented with leukocyte infiltration, mainly polymorphonuclear neutrophils (e, 300 min post-impact, 400). Hemorrhage in the subepicardial vascular wall
(arrows) is detected in the dog (f, 5 min post-impact, 200). Intravascular thrombosis (asterisk) in the ruptured vessel (arrows) is discovered (g, 300 min post-impact,
200). (a–d and g) Mallory’s staining; (e and f) H–E staining.

infarction [34–38] or cardiac contusion [7,10,39–42]. In recent
years, it is demonstrated that serum troponin I and troponin T
are highly specific to myocardial injury, especially in the
diagnosis of myocardial contusion as they are myocardial
regulatory contractile proteins which are not found in skeletal
muscles and are released into the circulation only after loss of
membrane integrity in comparison with serum Mb and CK-MB

[7,10,42]. In our study, it was found that evident patchy loss of
both Mb and CK-MB from injured cardiac cells occurred in
accompaniment with large amount of Mb in the intercellular
space at post-traumatic interval of 5 min, indicating the high
sensitivity in detecting an instantaneous damage to cardiac cells
due to the impact. In the previous experimental study using
immunohistochemical technique, slight Mb loss in the ischemic
www.4electron.com
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Fig. 5. Immunohistochemical staining by ABC reveals that patchy loss of Mb is detected with large amount of Mb deposited intercellularly at 5 min post-impact (a,
200) and little deposition 60 min post-injury (b, 200). Loss of CK-MB with small amount of intercellular CK-MB deposition 5 min after impact (c, 200) and
depletion of CK-MB 180 min post-impact (d, 200) are noted. Focal accumulation of Fib at the cell membrane 5 min after impact (e, 200) and a large quantity of
Fib within cardiac fibers 180 min (f, 200) and 300 min (g, 400) after injury are observed.

myocardial tissue was noted 2 h and definite Mb loss at 4–24 h
after coronary occlusion in pigs [43], and evident loss of Mb
0.5 h after coronary ligature in rats [44]. In dogs with 50%
reduction in left main coronary artery flow for 3 h, Mb staining
in myocardial sections was similar to non-ischemic and positive
control, and evident Mb loss is observed in fibers shown to be
necrotic 3 h or more of coronary occlusion [45], indicating that
immunostaining for Mb, CK-MB and Fib can detect very early
lesions in myocardial contusion, even though the lesions may

not be visualized by conventional histochemical techniques as
was previously demonstrated in cases of early ischemic/
hypoxic heart conditions [31–33]. Therefore, more sensitive
methods should be utilized for the microscopic examination of
myocardial lesions in case of suspected cardiac contusion.
In a previous study we conducted on the cardiac concussion,
the animal model was produced by impact to the precordial
region at the velocity of 8.0 m/s in dogs. No visible lesions
were detected by macroscopic and microscopic examinations
www.4electron.com
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although some transient rhythm- and conduction-disorders
were recorded and focal patchy loss of Mb, CK-BB and CKMM was immunohistochemically identified with scattered
deposition of these substances between myocardial fibers [14].
However, in the present experimental investigation, more
severe damages to the canine hearts were observed in most of
the animals when the impact was delivered to the precordial
region at the velocity of 10.0 m/s. The discrepancies of the
myocardial lesions between our two animal models are due
largely to the impact, which concentrates directly more kinetic
energy on the underlying heart at a higher velocity.
5. Conclusions
The results indicate that diverse morphological lesions
concomitant with hemodynamic compromise and serious, even
fatal arrhythmias occur in the early myocardial contusion, and
interstitial intravascular thrombosis is occasionally produced,
suggesting that both the trauma-originated primary and
subsequent ischemic myocardial lesions may coexist in case
of blunt impact to the precordial region.
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Abstract
Drug screening methods were developed to detect alprazolam, clobazam, clonazepam, diazepam, midazolam, oxazepam, temazepam,
triazolam, zopiclone, and selected metabolites in human hair and nail samples employing liquid–liquid extraction and tandem liquid
chromatography–mass spectrometry (LC–MS–MS).
Hair and nail samples were obtained from patients who had recently discontinued or were currently prescribed one or more of the targeted
drugs. Prazepam was used as the internal standard for all compounds. Some components in the hair matrix gave the same transitions as some of the
analytes but did not compromise the analyses because their retention times differed from those for the target compounds. The analytical run time
was 8–10 min.
Results of the hair analysis of a DFSA victim are also presented.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Hair and nails; Sedative drugs; Benzodiazepines; Zopiclone; Drug-facilitated sexual assault

1. Introduction
The analysis of hair for drugs is now recognised as an
important detection tool for toxicologists [1]. Once incorporated into the growing hair the drug can be detected long after it
has been eliminated from more conventional samples such as
blood and urine. Accordingly, hair analysis has found
applications in drug treatment programmes, workplace testing,
criminal justice cases [2] and child custody disputes [3]. There
have been an increasing number of allegations of drugfacilitated sexual assault (DFSA) cases in recent years. In many
such cases the complaints are made to Police long after any
drugs would have been eliminated from blood or urine.
Several reports [4–8] demonstrate the evidentiary value of
hair testing in DFSA cases. The analysis of nails or nail
clippings for drugs has received even less attention than
the testing of hair. Nails have been analysed for heavy metals
such as arsenic [9], amphetamines [10] and itraconazole [11].

* Corresponding author. Tel.: +64 4 914 0749; fax: +64 4 914 0770.
E-mail address: stuart.dickson@esr.cri.nz (S.J. Dickson).

The latter study demonstrated that drugs can be deposited in
nails from both the nail matrix or root during formation and the
nail bed long after formation. Drugs may thus appear in nail
clippings of some subjects within 1 month of ingestion; long
before re-growth would be complete. This observation may
reduce the usefulness of nail clippings for estimating the time of
drug exposure. Nevertheless nail clippings may provide a
useful sample for confirming hair results and/or increase the
amount of sample the subject is prepared to supply for analysis.
The study described below aimed to develop a procedure for
analyzing selected drugs in hair and nail samples for suspected
DFSA cases. The procedure was developed using samples
collected from New Zealand patients prescribed benzodiazepines or zopiclone. These drugs have been implicated in
previous DFSA cases both in New Zealand and overseas. The
procedure was then applied to the analysis of zopiclone in a hair
sample collected from a confirmed DFSA victim 17 months
after the crime. This drug had previously been detected in blood
and urine samples collected shortly after the offence was
committed.
The study was also intended to increase our knowledge of
drug and metabolite concentrations in these samples thus

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.027
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determining the best target analytes (drug and/or metabolite) in
DFSA cases. It also enabled us to evaluate whether analysis of
nails could be useful in cases where hair may be unavailable.
2. Experimental
2.1. Protocol
Ethics approval for this study was granted by the Wellington
Regional and Waikato University Ethics Committees and
written informed consent was obtained from all subjects prior
to sampling. Twenty-one subjects were taking sedatives
prescribed by their physicians (Table 1). A further subject
was a confirmed DFSA victim. All subjects provided a list of
concurrent drug intake to assist data interpretation.
The hair and most of the nail samples were collected from
subjects by medical or investigative personnel. The remaining
nail samples were cut by the subjects themselves and submitted
over a monthly period. A hair tuft (diameter 8 mm) was
removed from the rear crown (vertex posterior). A bag tie was
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used to secure the hair strands in place during the cutting
procedure. Nail samples were obtained by cutting the excess
overhang of the nail plate.
Hair and nail samples were stored in sealed plastic bags at
room temperature until required for analysis. The limited
sample size that subjects were prepared to donate restricted
each analysis to a single determination. Hair samples were
segmented axially (1–3 cm) from the scalp-end using clean
stainless steel scissors prior to decontamination and treated as
separate sub-samples. Nails were decontaminated as limb
samples (i.e. right hand, left foot, etc.) and, once dry, were cut
into smaller pieces (1–2 mm) prior to drug extraction.
All test tubes were silanised, rinsed, and oven-dried prior to
use.
2.2. Sample decontamination
Water (5 mL), distilled and then deionised, was added to
individual hair and nail samples in test tubes. Samples were
soaked (5–10 min) to allow the matrices to swell slightly and to

Table 1
Subject details and drug history
Compound

ID #

Age

Sex

Dose (mg/day)

Duration

Sample treatments

Alprazolam

#ALPRAZ01
#ALPRAZ02

53
63

F
F

0.25
0.5

6 years
7 years

Hair dye
Nil

Clobazam
Clonazepam

#CLOB01
#CLONAZ01

20
23

M
F

30
Overdose of 1.5 mg

6 years
1 day

Nil
Hair dye

Diazepam

#DIAZ01
#DIAZ02
#DIAZ03

38
78
69

F
F
F

Variable
7
4

>1 year
>5 years
>5 years

Hair dye
Nil
Nil

Midazolam

#MIDAZ01

54

F

3 days at 7.5
3 days at 3.75

6 days

Hair dye
Hair curling

Oxazepam

#OXAZ01
#OXAZ02

89
60

F
F

20–40
3

>40 years
15 months

Nil
Nil

Temazepam

#TEMAZ01

72

F

20

10 years

Hair dye
Hair curling

Triazolam

#TRIAZ01
#TRIA02

76
55

F
F

0.25
0.25

20 years
5 months

Hair curling
Nil

Zopiclone

#ZOP01
#ZOP02
#ZOP03

43
77
55

F
F
F

7.5 mg intermittently
7.5
0.5

18 months
2 years
7 years

Hair dye
Nil
Hair dye

Diazepam + clonazepam

#MIX01

58

F

Diazepam: 4
Clonazepam: 0.5

10 months
10 months

Nil

Diazepam + triazolam

#MIX02

85

F

Diazepam: 4
Triazolam: 0.4

>1 year
>1 year

Nil

Oxazepam + zopiclone

#MIX03

35

F

Oxazepam: 20–30
Zopiclone: 7.5

>5 years
>5 years

Hair dye

Lorazepam + triazolam

#MIX04

81

F

40

F

6 years
6 years
>5 years
>5 years

Nil

#MIX05

Lorazepam: 1
Triazolam: 0.125–0.25
Lorazepam: 3
Triazolam: 0.175–0.5

Clobazam + zopiclone

#MIX06

67

F

Clobazam: 4
Zopiclone: 14

7 years
5 years

Hair dye

Confirmed zopiclone

#DFSA01

Nil
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remove surface dirt that may interfere with the analysis. The
water was decanted and discarded. Decontamination was
carried out by adding ethanol (3 mL) and vortexing (5–10 min).
This process was repeated twice. Samples were then dried in an
oven (45 8C, 2 h).
The ethanol wash solution was analysed for all analytes. No
surface contamination of the hair was detected.
2.3. Drug extraction and sample clean-up
The extraction solvent (3 mL) consisting of 1:50 trifluoroacetic acid: methanol with prazepam internal standard (15 ng)
was added to clean test tubes. Hair or nail samples (50 mg)
were then added, the tubes sealed with Teflon-lined caps, and
left for 16–18 h at room temperature to allow for extraction.
Specimen digestion was conducted at room temperature to
simplify the extraction method, and in an attempt to avoid drug
breakdown in solution. Due to the apparently efficient
extraction of the drugs from hair and nail samples, the
temperature variable was not further investigated.
After the extraction period, samples were vortexed briefly
then centrifuged (2700 rpm, 10 min). The extraction liquid was
removed using glass Pasteur pipettes, placed into a clean test tube
and gently evaporated to dryness (38 8C) using rotary
evaporation for up to 110 min. The residue was reconstituted
in phosphate buffer (pH 7.2, 500 mL) and vortexed (10 min).
Dichloromethane (3 mL) was added and tubes were vortexed
(4 min). Tubes were then centrifuged (2700 rpm, 10 min) and the
upper layer was removed and discarded. The dichloromethane
layer was evaporated (35 min) and the residue reconstituted in
mobile phase solvent (100 mL), vortexed (5 min), and transferred
to autosampler vials for LC–MS analysis.
Trifluoroacetic acid was incorporated in the extraction
solvent employed in this study to ensure that zopiclone and its
metabolite did not degrade. Such decomposition is well
recognised in protic solvents in the absence of acid [12].
2.4. LC–MS–MS analysis
Detection and quantitation was performed on a triple
quadrupole API2000 LC–MS–MS system with a TurboIonSpray1 electrospray ionisation interface. Data acquisition,
manipulation and interpretation were carried out using Analyst1
1.2 Software (Applied Biosystems MDS SCIEX).
Chromatographic separation was achieved using a Phenomenex Luna phenyl hexyl column (50 mm  2 mm, 3 mm,
Table 2
Hair and nail study gradient profile for LC–MS system
Step

Total time
(min)

% Acetonitrile

% Ammonium
formate (2 mM)

0
1
2
3
4
5

0.00
1.00
4.00
6.00
7.00
8.00

20
20
90
90
20
20

80
80
10
10
80
80

Table 3
LC–MS–MS transitions and limits of detection (LOD)

Alprazolam
Clobazam
N-Desmethyl clobazam
Clonazepam
7-Aminoclonazepam
Diazepam
Nordiazepam
Lorazepam
Midazolam
Oxazepam
Temazepam
Triazolam
Zopiclone
N-Desmethyl zopiclone
Prazepam (IS)

Parent
ion

Daughter
ion

LOD
(pg/mg of sample)

309
301
287
316
286
285
271
321
326
287
301
343
389
375
326

281
259
245
270
121
193
140
275
291
241
255
315
245
245
271

0.06
0.06
0.60
0.12
0.60
0.12
0.12
0.12
0.01
0.60
6.00
0.06
0.02
0.06
Not calculated

100 Å), with a Phenomenex security guard phenylpropyl guard
column (4 mm  2 mm) operating at a flow of 200 mL/min.
delivered by Shimadzu LC-10AVP pumps.
The gradient profile for the analyses is listed in Table 2 with
all analytes being resolved in 8–10 min.
Sample extracts or standards extracted as above (20 mL)
were injected by a Gilson 233 autosampler into the LC–MS.
The transitions monitored for the individual analytes are
listed in Table 3. Transitions were also determined, but are not
listed, for flunitrazepam (314/268), nitrazepam (282/236) and
their respective metabolites, 7-aminoflunitrazepam (284/135)
and 7-aminonitrazepam (252/151). Flunitrazepam is not
prescribed in NZ and nitrazepam is seldom used. Patient
samples were unavailable for these drugs.
Drug concentrations in the samples were determined from
calibration lines (between 5 and 9 points including a zero
calibrator) constructed by plotting relative drug/internal
standard responses for extracted standards against concentration. The concentration range of the calibrators varied for the
different analytes. Most ranged from 0.06 to 300 pg/mg but
some ranged from 0.06 to 3000 pg/mg of matrix. Calibration
lines were forced through zero, with a weighting of 1/y2.
3. Results
The recovery of prazepam extracted by the method detailed
above was consistently 50% or better. The linearity of the
calibration lines ranged from the lowest r2 of 0.970 for
temazepam, to the highest r2 of 0.9999 for alprazolam.
Diazepam, nordiazepam, zopiclone and N-desmethyl zopiclone were selected as representative analytes to determine
accuracy and repeatability of the method. Five replicates of
drug-free samples spiked with these compounds were analysed
on three different days. The first two analytes were spiked at
levels of 12 pg/mg (based on a 50 mg sample) and the latter two
at 1.2 pg/mg. The results (Table 4) were adequate for
quantitative determinations at these concentrations for all
analytes except the zopiclone metabolite in hair.
www.4electron.com
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Table 4
Accuracy and repeatability (% CV) of method

Hair
Nails

Diazepam

Nordiazepam

Zopiclone

N-Desmethyl zopiclone

98% (14%)
102% (18%)

107% (5%)
105% (15%)

130% (19%)
102% (18%)

210% (59%)
105% (15%)

The limits of detection for all analytes based on a signal/
noise response of better than 3/1 are listed in Table 3.
3.1. Subjects on prescription medicines
3.1.1. Individual target drugs

Fig. 3. Diazepam and metabolite levels in a hair sample (#DIAZ01).

3.1.1.1. Alprazolam. Alprazolam was readily detected in the
hair and nails of both subjects tested (Fig. 1). As might be
expected the subject on the higher dose regime showed higher
drug concentrations in both sample matrices.
3.1.1.2. Clobazam. Clobazam and N-desmethyl clobazam
were detected in both sample matrices with the metabolite
observed at significantly higher levels (Fig. 2).

Fig. 4. Diazepam and nordiazepam levels in nail samples over 4-month period
(#DIAZ01).

3.1.1.3. Clonazepam. Neither clonazepam nor its metabolite
were detected in the subject’s hair sample cut several weeks
after an episode involving alcohol and possible clonazepam
overdose. The subject had a history of alcohol and drug abuse
and had recently been prescribed clonazepam. We are not aware
of the whether any toxicology analyses were performed
following her hospitalisation.
Fig. 1. Alprazolam concentration in hair and nail samples (#ALPRAZ01 and
#ALPRAZ02).

Fig. 2. Clobazam and N-desmethyl clobazam concentrations in hair and nail
samples (#CLOBAZ01).

3.1.1.4. Diazepam. Diazepam and its principal metabolite
nordiazepam were detected in the hair and nail samples of all
three subjects included in this study (Figs. 3–6). A lesser

Fig. 5. Diazepam and metabolite levels in hair and nail samples (#DIAZ02).
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Fig. 6. Diazepam and metabolite levels in hair and nail samples (#DIAZ03).

Fig. 7. Oxazepam levels in hair and nail samples (#OXAZ01 and #OXAZ02).

metabolite, oxazepam, was detected in the hair of two of the
subjects but not in the nail samples of any subject.

clippings possibly reflecting that the levels were close to the
LOD or that the nails on each finger were slightly different
lengths.

3.1.1.5. Midazolam. Midazolam was detected in the hair of
the subject, who ingested the drug in doses spread over a few
days, and as expected progressed along the shaft as the hair
grew (Table 5). Levels in the nail clippings were lower than
in the hair and the drug only appeared after 16 weeks
(Table 6). The drug was detected intermittently in later

3.1.1.6. Oxazepam. For both subjects prescribed oxazepam,
the drug was detected in their hair and nails at similar
concentrations (Fig. 7). As might be expected the subject on
the higher dosage, OXAZ01, showed much higher drug levels.
The absence of oxazepam in the hair closest to the scalp and

Table 5
Midazolam concentrations in hair segments over 12-week period
Time post cessation

Hair segment
(distance from scalp)

Drug concentration
(pg/mg of sample)

Week 1

0–3 cm
3–6, 6–9 cm

0.2
N/D

Week 6

0–2 cm
2–4 cm
4–6, 6–8 cm

0.8
0.5
N/D

Week 12

0–1, 1–2 cm
2–3 cm
3–4 cm
4–5, 5–6, 6–7 cm

N/D
0.4
0.7
N/D
Fig. 8. Triazolam and temazepam concentrations in hair and nail samples
(subjects #TRIAZ01 and #TEMAZ01).

Table 6
Midazolam levels in nail samples over 30-week sampling period
Time post
cessation

Sample

Standardised drug
concentration (pg/mg),
midazolam

Week 1
Week 6
Week 12

LH, RH, LF, RF
LF, RF, LH, RH
LF, RF, LH, RH

N/D
N/D
N/D

Week 16

LH
RH
LF
RF

0.2
0.1
0.2
N/D

Week 25

LH, RH

N/D

Week 29

LH
RH

Trace
N/D

Week 30

LH
RH

0.2
N/D

Fig. 9. Zopiclone and N-desmethyl zopiclone levels in hair sample sets
(#ZOP01).
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in the fingernail clippings suggests that subject OXAZ02 may
not have been adhering to her prescribed regime.

Table 7
Zopiclone and N-desmethyl zopiclone concentrations in nail samples (subject
#ZOP01)

3.1.1.7. Temazepam. Temazepam was detected in both hair
and nail samples collected from the subject prescribed this drug
(Fig. 8). For most of the samples the levels in hair were higher
than those in nails. No oxazepam metabolite was detected in
either sample type.

Date sampled

3.1.1.8. Triazolam. Low levels of triazolam were detected in
the hair and nail samples collected from one of the subjects on
this medication (Fig. 8). Levels in the nails tended to be higher
than those in the hair.
3.1.1.9. Zopiclone. Zopiclone was detected in the hair and
nail samples collected from all three subjects with the hair
levels being consistently higher (Figs. 9 and 10, and Table 7) In
most samples the metabolite was also present but at slightly
lower levels than the parent drug. The subject on the highest
consistent dose (ZOP02) had significantly higher drug levels
than the intermittent user (ZOP01) and the low dose user
(ZOP03).
3.1.2. Multiple target drugs
3.1.2.1. Diazepam + clonazepam. Samples collected from
subject MIX01 showed levels of diazepam and nordiazepam
consistent with levels in samples collected from subjects taking
only diazepam (Fig. 11). Neither the minor diazepam
metabolites, temazepam and oxazepam, nor clonazepam were
detected. The clonazepam metabolite was present at similar
levels in hair and nails.
3.1.2.2. Diazepam + triazolam. The results for the hair
sample provided by subject MIX02 (Fig. 12) are in line with
those presented above for the single drug subjects. Diazepam
was detected in both hair sections but nordiazepam was

Sample

Standardised drug concentrations
(pg/mg sample)
Zopiclone

N-Desmethyl
zopiclone

3 August 2003

LH
RH
LF
RF

0.5
0.3
N/D
0.7

N/D
N/D
N/D
N/D

19 August 2003

LH
RH

10.1
3.1

26.7
7.5

7 September 2003

LH
RH
LF, RF

N/D
Trace
N/D

N/D
N/D
N/D

23 September 2003

LH
RH

Trace
N/D

N/D
N/D

4 October 2003
11 October 2003

LF, RF
LH, RH

N/D
N/D

N/D
N/D

23 October 2003

LH
RH
LF
RF

2.0
1.9
2.7
2.5

N/D
Trace
N/D
N/D

11 November 2003
29 November 2003

LH, RH, LF, RF
LH, RH, LF, RF

Trace
N/D

N/D
N/D

only detected in one section. Only traces of triazolam were
detected.
3.1.2.3. Oxazepam + zopiclone. With the exception of the
most recent hair growth the levels of zopiclone, presented in
Fig. 13, were lower than expected from the analyses for subjects
detailed above. This, plus the absence of oxazepam in the samples
raised the question of compliance with the prescribed regime.

Fig. 10. Zopiclone and N-desmethyl zopiclone levels in hair and nail samples (subject #ZOP02 and #ZOP03).
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Fig. 11. Diazepam, nordiazepam, and 7-amino clonazepam concentrations in hair and nail samples (subject #MIX01).

3.1.2.4. Lorazepam + triazolam. Two subjects (MIX04 and
MIX05) on the above drug combination provided samples for
analysis (Figs. 14 and 15). Samples from both subjects showed
the presence of lorazepam and triazolam. The detection of
triazolam in MIX04 was unexpected because her prescription

was last filled in 1999 and should have been consumed some
years earlier. The subject however confirmed she had used the
drug intermittently over the last few years—as suggested by the
results. The lorazepam levels in the hair samples from MIX05
decreased with distance from the scalp. This raises the
possibility of endogenous drug loss due to factors such as
exposure to harsh chemicals (e.g. bleaching) or general
hygienic practices (e.g. washing hair) carried out by this
subject.
3.1.2.5. Clobazam + zopiclone. The results for MIX06
(Fig. 16) were consistent with findings from samples for
subjects prescribed the individual drugs.
3.2. DFSA case
The victim knew the offender and accepted ‘‘uppers’’ from
him in a hotel bar. Shortly thereafter she began to feel drowsy
and was later sexually assaulted. The incident was reported to

Fig. 12. Diazepam and nordiazepam levels in hair samples (#MIX02).

Fig. 13. Zopiclone and N-desmethyl zopiclone levels in hair and nail samples
(#MIX03).

Fig. 14. Triazolam and lorazepam concentrations in hair and nail samples
(subject #MIX04).
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Fig. 15. Triazolam and lorazepam concentrations in hair and nail samples (subject #MIX05).

Police the next day and blood and urine samples were collected
some 17 h post-incident. Zopiclone and N-desmethyl zopiclone
were detected in the urine. The blood contained zopiclone at a
level of 27 ng/mL. The offender was convicted and the victim
agreed to supply hair samples approximately 17 months after
the crime. Zopiclone and its metabolite were detected in the
hair in sections ranging from about 16 to 25 cm from the scalp
(Fig. 17).

There is little doubt that the analytical precision of the
method developed would be improved by the use of isotopically
labelled internal standards. In DFSA cases the stupefying agent
is generally unknown and it is more important to identify the
drug than to quantify it with excessive precision. The use of a
number of different internal standards may also compromise
the number of target analytes that can be detected. Consequently prazepam, which is not prescribed in NZ, was selected

as a general internal standard and was adequate for most
analytes investigated.
The results reported above demonstrated that analysis of
both hair and nail clippings can be useful for establishing
ingestion of some sedating drugs. Our findings for analyte
levels in hair are consistent with results obtained by other
workers.
The extremely large norclobazam/clobazam ratio found in
the hair and nail samples is in sharp contrast to the ratios for
other analytes where both drug and metabolite concentrations
were measured i.e. diazepam and zopiclone. This may in part be
a reflection of the high norclobazam/clobazam ratios found in
the blood of patients on a maintenance regime [13].
The level of 7-aminoclonazepam we found in hair (MIX01)
is within the range found previously [14–16]. These workers
also noted the absence. of clonazepam in some of the subjects
they studied.
Levels of diazepam, nordiazepam and oxazepam found in
the hair of our subjects were within the wide ranges found in

Fig. 16. Clobazam, N-desmethyl clobazam, zopiclone, and N-desmethyl zopiclone levels in hair and nail samples (#MIX06).

Fig. 17. Zopiclone and N-desmethyl zopiclone levels in hair samples
(#DFSA01).

4. Discussion
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hair taken from people who died from overdoses of licit or illicit
drugs [17]. A minor metabolite, temazepam, was not detected
in any samples. These findings may reflect the higher limits of
detection of oxazepam and temazepam (Table 4) and/or the fact
that they are only minor metabolites. In broad terms the drug
levels seem to reflect the different therapeutic regimes of the
subjects.
The low levels of lorazepam in hair from our subjects
(MIX04, MIX05), with the levels being below the LOD in some
sections, are consistent with the findings of a previous
investigation in which this drug could not be detected following
ingestion of a single dose [5].
The position of midazolam in the nail clippings, following
ingestion of the drug over a few days, strongly suggests that this
drug is primarily incorporated into the growing nail from the
root and not the nail bed. In the 16 weeks that elapsed between
ingestion and detection of the triazolam in the nails, the
fingernails would have grown about 1 cm and the toenails about
0.5 cm at the standard growth rates of 0.1 mm/day for
fingernails and 0.03–0.04 mm for toenails [18]. The drug
detected in the 16-week clippings were presumably contained
in the nails from the smaller digits.
Although triazolam was detected in hair and nail clippings,
from one of the subjects prescribed this drug, samples taken
from the second subject indicated only traces of triazolam. This
result suggests that our technique may not be useful for
detecting the drug in DFSA cases.
The detection of zopiclone and its metabolite in the
DFSA victim is consistent with ingestion of the drug about
16–25 months earlier i.e. consistent with the reported
timeframe if a standard growth rate of about 1 cm/month is
assumed [19]. The absence of metabolite in some sections,
which were positive for parent drug, may reflect the fact that
levels in those sections dropped below the LOD. The
apparent spread of the zopiclone in the hair is probably due
to the hair cluster containing individual strands in different
growth phases [20,21]. Hair collected ideally within a month
of ingestion would be expected to show a smaller band
spread allowing a more accurate assessment of the postingestion interval. This would also be expected to produce
higher drug concentrations and increase the probability of
detection.
It is important to conform to accepted criteria for the
identification of ‘‘unknown’’ compounds [22] and for LC–MS–
MS two transitions should be monitored. The analytes
investigated in this study were not true ‘‘unknowns’’, as they
were either prescribed or had been previously detected in other
samples (zopiclone and N-desmethyl zopiclone). A second
transition, although available, was therefore not monitored.
Monitoring a large number of transitions simultaneously may
compromise method sensitivity. In such cases it may be best to
screen using single transitions and subsequently confirm using
an additional transition. All the analytes investigated have a
chlorine atom thus giving the option of monitoring the isotopic
transitions. In addition, the presence of a metabolite(s) as well
as the parent drug could be considered to reduce the need for a
second transition.

5. Conclusions
This study establishes that drugs are incorporated into
growing nails at levels similar to those in hair. Analysis of nail
clippings can therefore be used either alone or preferably in
complementing hair analysis to establish ingestion of drugs.
Indeed the apparent incorporation of midazolam from the nail
root suggests that analysis of nail clippings could be useful for
clarifying the period since ingestion. More research is clearly
required in this area.
Levels of the drugs in subjects on regular medication suggest
that a single dosage of some of these drugs could be detectable.
While an apparent single dose of zopiclone was detected in hair
it is unlikely that single doses of lorazepam or triazolam would
be detected by these techniques.
The presence of both parent drug and metabolite(s) in hair
and nails can provide strong supporting evidence in DFSA
cases.
It is recommended that alprazolam, N-desmethyl clobazam,
7-aminoclonazepam, diazepam oxazepam, temazepam and
zopiclone should be the target analytes when screening for
zopiclone and the common benzodiazepines prescribed in New
Zealand.
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Abstract
The use of DNA in forensics has grown rapidly for human applications along with the concomitant development of bioinformatics and
demographic databases to help fully realize the potential of this molecular information. Similar techniques are also used routinely in many wildlife
cases, such as species identification in food products, poaching and the illegal trade of endangered species. The use of molecular techniques in
forensic cases related to wildlife and the development of associated databases has, however, mainly focused on large mammals with the exception
of a few high-profile species. There is a need to develop similar databases for aquatic species for fisheries enforcement, given the large number of
exploited and endangered fish species, the intensity of exploitation, and challenges in identifying species and their derived products. We sequenced
a 500 bp fragment of the mitochondrial cytochrome b gene from representative individuals from 26 harvested fish taxa from Ontario, Canada,
focusing on species that support major commercial and recreational fisheries. Ontario provides a unique model system for the development of a fish
species database, as the province contains an evolutionarily diverse array of freshwater fish families representing more than one third of all
freshwater fish in Canada. Inter- and intraspecific sequence comparisons using phylogenetic analysis and a BLAST search algorithm provided
rigorous statistical metrics for species identification. This methodology and these data will aid in fisheries enforcement, providing a tool to easily
and accurately identify fish species in enforcement investigations that would have otherwise been difficult or impossible to pursue.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Game species; Harvested species; Species identification; Aquatic species; mtDNA

1. Introduction
In order to conserve and manage wildlife, a number of
international, national and local laws have been implemented to
protect these natural resources from over-exploitation (e.g.
Committee on the International Trade of Endangered Species of
Wild Flora and Fauna, CITES). Enforcing these laws and
international obligations largely falls to conservation officers,
who are increasingly making use of molecular tools and
population genetic principles in their wildlife forensic
investigations [1]. One of the most important aspects of
wildlife forensics is the ability to identify the species of interest
based on evidentiary traces of biological material; molecular
markers have shown to be extremely useful in this regard [2].

* Corresponding author. Tel.: +1 705 755 2293; fax: +1 705 755 2276.
E-mail address: chris.kyle@nrdpfc.ca (C.J. Kyle).

An example of such an application is the detection of
purposeful species misidentification of wildlife-derived food
items to either obtain a higher price for the food item or to
circumvent laws governing the sale of the species in question
[3–5]. Mitochondrial DNA (mtDNA) has been used extensively
for species identification [6,7], and recently has been validated
as a method of species identification for the major vertebrate
phyla [8]. Recent work has also validated the use of the mtDNA
cytochrome b (cyt b) gene as a method of species identification
with low quality DNA for several vertebrate species in forensic
applications [8–10].
Wildlife DNA forensics has largely focused on larger
terrestrial species [11] with the exception of a few higher profile
aquatic species [4,12,13]. High-profile fish species of interest
include the identification of sturgeon (family: Acipenseridae)
products, particularly caviar, where a fragment of the mtDNA
cyt b gene has been used in the identification of 22 sturgeon
species [14]. MtDNA sequence information has also proven

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.03.025
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important in the identification of various tuna species
(Thunnus) given the differences in the conservation status
and market value of various tuna species [15]. In general,
however, the use of molecular tools in fisheries investigations
has severely lagged behind that of terrestrial species, despite
substantially greater commercial and recreational exploitation
of fish species. This is particularly surprising given the
extensive use of molecular tools in fisheries management [16].
There is a clear need to develop diagnostic genetic databases
for fisheries enforcement given the large number of exploited
and endangered fish species, the intensity of their exploitation
and rapidly depleting fish stocks world-wide [17]. Molecular
identification of fish species is needed, as many species are
morphologically similar and are often misidentified [4]. For
instance, some species are often mislabelled in the market place
in an attempt to obtain a higher value for their product by
selling fish of lower commercial value as a higher priced
species. Furthermore, some fish products, such as fillets, larvae
and eggs are very difficult to identify to species by visual
observation alone [18]. Conservation officers need to be able to
identify species rapidly and reliably when attempting to enforce
wildlife laws.
Here, we aim to create a database of species-diagnostic
mitochondrial cytochrome b sequences for aquatic species.
This identification tool will provide conservation officers with
molecular evidence to refute fraudulent claims by anglers and
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commercial fishermen, thereby assisting in the enforcement of
wildlife laws. Rather than simply relying on percent similarity
between two sequences to infer species identity that provides
little statistical rigor in assessing species homology, we make
use of phylogenetic tools and the robust bioinformatic
algorithm, blastn, found within global genetic databases, such
as GenBank and EMBL [19]. We believe that this type of
sequence information assessment will help validate evidentiary
claims with statistical significance values. Ontario provides an
ideal region to start the development of such a DNA species
databank, as it includes the largest number of freshwater fish
species of any jurisdiction in Canada [20]. As such, the species
contained within this database will be of use to adjacent
provinces and states that are occupied by the species included
herein.
2. Materials and methods
2.1. Sample design
Twenty-four species and two hybrid taxa were included in
this study to encompass major sport and commercial species
and their close relatives (Table 1). Sampling within Ontario was
broadly structured into three regions representing northwestern
(NW), northeastern (NE) and southern (S) Ontario (Fig. 1).
Where possible, data were obtained from multiple individuals

Table 1
Major exploited fish species in Ontario, showing common and scientific names, species codes, regional representation and GenBank accession numbers
Family

Common name
a

Genus

Species

Code

NW
a

Coho salmon
Chinook salmona
Rainbow trouta
Atlantic salmon
Brown trouta
Arctic charr
Brook trout
Lake trout
Splakeb
Aurora trout
Lake whitefish
Cisco

Oncorhynchus
Oncorhynchus
Oncorhynchus
Salmo
Salmo
Salvelinus
Salvelinus
Salvelinus
Salvelinus
Salvelinus
Coregonus
Coregonus

kisutch
tshawytscha
mykiss
salar
trutta
alpinus
fontinalis
namaycush
namaycush  fontinalis
fontinalis timagamiensis
clupeaformis
artedii

Oki
Ots
Omy
Ssa
Str
Sal
Sfo
Sna
Snf
Sft
Ccl
Car

1
1a
1a
1

Largemouth bass
Smallmouth bass
Rock bass
Black crappie
Bluegill
Pumpkinseed

Micropterus
Micropterus
Ambloplites
Pomoxis
Lepomis
Lepomis

salmoides
dolomieui
rupestris
nicromaculatus
macrochirus
gibbosus

Msa
Mdo
Aru
Pni
Lma
Lgi

1
1
1
1

Walleye
Sauger
Yellow perch

Sander
Sander
Perca

vitreus
canadense
flavescens

Svi
Sca
Pfl

5

Esocidae

Northern pike
Muskellunge
Tiger muskellunge c

Esox
Esox
Esox

lucius
masquinongy
lucius  masquinongy

Elu
Ema
Elm

5
3
5

Acipenseridae
Gadidae

Lake sturgeon
Burbot

Acipenser
Lota

fulvescens
lota

Afu
Llo

Salmonidae

Centrarchidae

Percidae

a
b
c

NE

S

5
5
5

5
5
5
5
5

5
5

5
3

1
1

5

GenBank Accession #
DQ449933
DQ449932
DQ449935
DQ449936
DQ451370-4
DQ452051
DQ451359-69
DQ451375-90
DQ449937
DQ449934
DQ451313-17
DQ451310-12
DQ451323
DQ451324
DQ451325
DQ451344
DQ451321
DQ451322

5
5
4

5
5
5

DQ451326
DQ451391-400
DQ451345-58

3
4

5
5

DQ447326-38
DQ451332-43
DQ451327-31

2
3

DQ451318-9
DQ451320

Naturalized introduced species; also stocked from provincial hatcheries. Only one representative per species was sequenced.
Artificial hybrid produced by provincial hatcheries.
Natural interspecific hybrid; propagated in hatcheries elsewhere but not stocked in Ontario.
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Fig. 1. Map of Ontario, showing different sampling regions for harvested fish species included in this study.

(N = 2–5) per region, within the ranges or introduction history
of each species’ distribution [21]. This regional sampling was
designed to provide geographic representation and to detect
relevant intraspecific genetic variation within the province due
to colonization history [22].
2.2. DNA extraction and amplification
Tissue (muscle, liver or fin) for the species included in this
study were obtained from field offices of the Ontario Ministry
of Natural Resources (OMNR) and the tissue archives of the
Royal Ontario Museum (ROM). A subsample of 20–50 mg of
fish tissue was extracted using a phenol/chloroform extraction
[23]. A 500 bp fragment of the mitochondrial cytochrome b
gene was amplified using degenerate primers (cyt b-F, CCT
TCG TAA TTG CAG GGG CC and cyt b-intR-3, GAR AAB
CCN CCY CAT ATT CAT TG) based on in-house sequences
from multiple species (C. Wilson, unpubl. data). When aligned
to the complete mitochondrial genome of Chinook salmon
(Oncorhynchus tshawytscha; accession # AF392054), the

amplified fragment corresponded to bases 15,363–15,863.
Each 20 ml PCR reaction contained 10 ng of genomic DNA,
2 ml of 10 buffer (New England Biolabs) with 2 mM MgCl2,
0.4 ml of 200 mM dNTP’s, 0.6 ml of each primer (10 mM) and 1
unit of Taq DNA polymerase (New England Biolabs). Target
DNA was amplified in a PTC-100 thermocycler (MJ Research)
under the following cycling conditions: 34 cycles of 92 8C for
2 min, 50 8C for 1 min, 72 8C for 45 s, followed by a final
extension of 72 8C for 5 min.
Amplified products were purified using a Qiaquick PCR
purification kit (Qiagen). Approximately 50–60 ng of the
amplified product was sequenced in both directions using the
cyt b primers following the steps listed in the ABI Big Dye
terminator cycle sequencing kit (Perkin-Elmer). The sequencing reaction was performed as follows: 2.5 ml of sequencing
reaction mix, 1.5 ml of 2.5 sequencing buffer, 2.0 ml of the
forward primer (2 pmol/ml) and 4.0 ml of cleaned, amplified
DNA product. Thermocycler conditions for the sequencing
reaction were: 96 8C for 2 min, followed by 24 cycles of 96 8C
for 30 s, 50 8C for 15 s and 60 8C for 4 min.
www.4electron.com
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Post-sequencing PCR, 10 ml of the amplified products were
cleaned using sodium acetate (0.6 M NaOAc pH 5.5), and
precipitated with 95% ethanol. The pellets were then
redissolved in 3.5 ml of formamide loading buffer and 2 ml
of the product was run on an ABI-Prism 377 DNA sequencer at
3 kV using a 5% Long Ranger polyacrylamide gel. Sequences
were visualized and proofread using Sequencher v 4.2 (Gene
Codes Inc.) and exported to BioEdit (version 7.05.2) [24] for
manual alignment. Genetic similarity among aligned sequences
was assessed using maximum likelihood analysis of Kimura’s
two-parameter distance in MEGA (version 3) [25]. Pairwise
distances were clustered using a neighbour-joining algorithm;
the robustness of the resulting dendrogram structure was tested
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using 1000 bootstrap replicates in MEGA [25]. All generated
sequences were submitted to Genbank (see Table 1 for
accession numbers).
2.3. Database and local BLAST searches
Statistical confidence of sequence similarity within and
among species was further assessed using a local Basic Local
Alignment Search Tool (BLAST) search [19] within the
forensic database. Specifically, we used the blastn program
option to find regions of local similarity between sequences
using the options of an EXPECTATION value of 1 and
using the IDENTIFY matrix. The blastn program compares

Fig. 2. Neighbour-joining dendrogram of genetic differences among species included in this study based on pairwise Kimura’s two-parameter distances of the partial
cyt b sequences. Triangles on branch tips indicate compressed branches of similar sequences; horizontal width of triangles reflect proportional differences among
component sequences. Numbers at branch nodes show percent bootstrap support.
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Family

No. of species

Homology

Bit score

E-values

(a)
Salmonidae
Centrarchidae
Percidae
Esocidae
Gadidae
Acipenseridae

11 (+1 hybrid)
6
3
2 (+1 hybrid)
1
1

85.0–100
80–100
84.8–100
84.0–100
100
99.6–100

391–993
226–993
359–993
357–993
993
977–993

4e
2e
2e
5e
<e
<e

Salmonidae

Arctic charr (Sal)
Lake trout (Sna)

180

Omy

Ssa

Str

Sal

Sna

Sfo

Sft

Sfn

Car

Ccl

993; 100
<e 180
<e 180

819; 96
993; 100
<e 180

668; 92
747; 94.0
993; 100

573; 90
620; 91
620; 91

539–547; 88–89
587–603; 90–91
573–581; 90

563; 89
634; 91
603; 90

500–507; 87
555–563; 89
555–563; 89

545–555; 88–89
547–555; 89
581–593; 90

547; 89
563; 89
605; 90

500–507; 87
555–563; 89
555–563; 89

414–422; 86
462–470; 87
422; 85

428–436; 85–86
468–476; 87
406–430; 85–86

993; 100

803–819; 95–96

660; 92

571–587; 90

571–591; 90

589; 90

571–587; 90

509–517; 88

494–502; 88

977–993;
99.6–100
<e 180
3e 177
to 2e 172
7e 175
to 1e 167
2e 175
to 3e 168
3e 177
to 2e 172
7e 135
to 1e 139
2e 141
to 3e 146

668; 92

611–618;
90–91
864–880; 97
977–993; 99.6–100

587–605; 90

597; 90

611–618; 90–91

462–478; 86–87

492–507; 87–88

793–811; 95
731–761; 94

803; 95
728–743; 93

864–880; 79
977–993; 99.6–100

430–438; 86
402–410; 85

428–436; 86
400–416; 85–86

959–993;
99.6–100
<e 180

952–975; 99.4–99.8

731–761; 94

394–402; 85

408–416; 85–86

993; 100

728–743; 93

391–398; 85

412–420; 86

993; 100

470–478; 87

446–454; 86–87

985–993;
99.8–100
<e 180

858–874; 97

5e

166

4e

158

163

Aurora trout (Sft)

1e

Lake whitefish
(Ccl)

180

Oki

Brook charr (Sfo)

Cisco (Car)

to <e 180
to <e 180
101
to <e 180
101
to <e 180
61

Ots

6e
1e 149
to 1e 144
1e 157 to 1e

Splake (Sfn)

111

158

149

1e
to 1e 144
1e 120
122

1e
to 1e

Centrarchidae
(c)
Largemouth bass (Msa)
Smallmouth bass (Mdo)
Rock bass (Aru)
Black crappie (Pni)
Bluegill (Lma)
Pumpkinseed (Lgi)

125

2e

180

7e

175

180

160

2e

180

7e

166

175

<e
5e 163
to 1e 160
1e 160
to 1e 158
1e 163

2e
5e 163
to 1e 160
5e 175
to 2e 168
1e 175

163

163

5e
to 1e 160
5e 135
to 1e 132
8e 137
to 2e 134

5e
to 1e 160
1e 120
123

4e
to 6e

116

<e

180

180

<e
3e 170
to 2e 165
8e 168
to 2e 165
8e 171
170

3e
to 2e 165
2e 149
to 6e 147
1e 144
to 4e 142

993; 100
<e 180
<e

180

<e

180

<e

180

<e

180

<e

180

<e

180

2e

125

2e

122

<e

117

4e
to 1e 114
7e 119
to 2e 116

180

<e

114

180

113

1e
to 6e 147
4e 120
to 1e 117

2e
to 4e 111
7e 119
to 2e 116

Msa

Mdo

Aru

Pni

993; 100
3e 180
1e 101
4e 87

620; 91
993; 100
1e 96
6e 92

359; 84
343; 84
993; 100
2e 149

311;
327;
517;
993;

Percidae

Svi

(d)
Walleye (Svi)
Sauger (Sca)
Yellow perch (Pfl)

993; 100
<e 180
4e 133 to 2e

135

117

4e
to 1e 114
7e 119
to 4e 114

969–993;
99.6–100

Lma

Lgi

993; 100
2e 61

228; 81
993; 100

84
83
88
100

Sca

Pfl

692–708; 92–93
977–993; 99.6–100
8e 104 to 2e 101

464–472; 88
359–367; 85
985–993; 99.8–100

Esocidae

Elm

Elu

Ema

(e)
Tiger muskellunge (Elm)
Northern pike (Elu)
Muskellunge (Ema)

400–993; 86–100
<e180 to 9e 112
<e180 to 3e 102

392–993; 86–100
977–993; 99.6–100
4e 108 to 5e 101

361–890; 85–97
357–381; 84–85
946–993; 98.8–100

(a) Summary of intra-familial values and ranges and (b–e) detailed values for comparisons within and among species for the more speciose families [(b) Salmonidae, (c) Centrarchidae, (d) Percidae and (e) Esocidae, respectively]. Diagonal values represent intraspecific bit
scores and homology (E-values exceeded e 180 in all cases); above-diagonal values represent bit scores and percent homology between species pairs; below-diagonal values show E-values between species pairs.
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(b)
Chinook (Ots)
Coho (Oki)
Rainbow trout
(Omy)
Atlantic salmon
(Ssa)
Brown trout (Str)
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Table 2
Summary matrix of sequence comparisons within and between fish species for each taxonomic family, showing ranges for pairwise percent homology, bit scores and statistical match probabilities (E-values) for chance
occurrences

C.J. Kyle, C.C. Wilson / Forensic Science International 166 (2007) 68–76

nucleotide sequences to the local sequence database and
calculates the statistical significance of nucleotide sequence
matches between query and references sequence pairs [19]. In
order to assess whether a given sequence alignment using the
blastn program constituted evidence for homology, we made
use of the bit scores and expectation values (E) to evaluate how
strong an alignment can be expected from chance alone. The bit
score gives an indication of how good the alignment is; the
higher the score, the better the alignment. This score is
calculated from a formula that takes into account the alignment
of similar or identical residues, as well as any gaps introduced
to align the sequences [19]. The E-value gives an indication of
the statistical significance of a given pairwise alignment and
reflects the size of the database and the scoring system used.
The lower the E-value, the more significant the hit. The E-value
is a parameter that describes the number of hits one can
‘‘expect’’ to see by chance when searching a database of a
particular size; the lower the E-value, or the closer it is to ‘‘0’’,
the higher is the ‘‘significance’’ of the match. However, it is
important to note that searches with short sequences can be
virtually identical and have relatively high E-values. This is
because the calculation of the E-value also takes into account
the length of the query sequence and shorter sequences have a
high probability of occurring in the database purely by chance.
3. Results
3.1. Variation within cyt b
The cyt b sequences showed clear diagnostic differences
between species as well as phylogenetic resolution of genera and
families. Within the sequenced 500-base cyt b amplicon, 239
nucleotide sites were variable within and among species, with
233 being phylogenetically informative. Variation within species
was limited to a maximum of six nucleotide substitutions (1.2%)
within the species representatives within the study.
3.2. Phylogenetic analyses
Cytochrome b sequences were highly effective at resolving
phylogenetic structure within and among the species groups
considered. The neighbour-joining dendrogram based on
Kimura’s two-parameter distance among sequences clearly
resolved evolutionary relationships within and among species
and genera (Fig. 2). All cases where multiple sequences were
run for individual species grouped together with 100%
bootstrap support, confirming the utility of this gene sequence
for species identification. Congeneric sequences were similarly
supported, with bootstrap support >95% in all cases except for
Lepomis species (Fig. 2). Familial relationships were supported
for the most part, with bootstrap support 97% for almost all
families. The sole exception to this was the centrarchids
(sunfish and black bass), which split into two respective groups
and showed poor bootstrap support (Fig. 2). This apparent
weakness, however, was driven by large genetic divergences
among the centrarchids, reflecting the clear and recognizable
diagnostic differences among these species.
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3.3. Sequence homology, bit scores and E-values
The sequence similarity measures that we tested showed
very different sensitivities to sequence differences among
species (Table 2). Bit scores within species ranged from 959 to
993. Lower intraspecific bit scores were observed for several
species, indicating the presence of more than one genetic
lineage among conspecific samples (Table 2). For each of these
species, minimum bit scores were very similar to the maximum
potential score, despite reflecting their diverse phylogeographic
ancestry [22]. By contrast, bit scores for interspecific
comparisons rarely exceeded values of 700, and then only
among congeneric species (Table 2). The only occurrences of
interspecific scores over 800 were between coho and chinook
salmon (O. kisutch and O. tshawytscha), Atlantic salmon and
brown trout (Salmo salar and S. trutta), lake whitefish and cisco
(C. clupeaformis and C. artedii) and among species of
Salvelinus (Table 2). Bit scores between genera never exceeded
600 except for the two salmonid genera Salmo and
Oncorhynchus (Table 2).
Match probabilities (E-values) were not sufficiently
sensitive to resolve differences between related species
(Table 2). The minimum cutoff threshold for the blastn
algorithm (e 180) [19], resulted in functional probability values
of 0 within species, but also between species pairs, in some
cases belonging to separate genera (Table 2). Although the
maximum imposed cutoff of e 100 effectively excluded
sequence match probabilities between fish from different
taxonomic families, this is most likely of limited value for
forensic enforcement applications.
Homology values from sequence comparisons showed
similar patterns to the bit score comparisons, although with
a reduced range (Table 2). The minimum observed homology
value for intraspecific cyt b sequences (98.8%) was seen in
muskellunge, with most species having close to 100%
intraspecific homology (Table 2). Homology between species
sequences ranged from 84% to 95% within taxonomic families.
Salmonid species showed the highest interspecific homology
values, with congeneric values of 92–97% (Table 2). Homology
values between distantly related species were somewhat lower,
and ranged from 85% to 92% between genera. The bass and
sunfish family showed the greatest interspecific differences
(low homology) with congeneric homologies of 91% (Micropterus) and 81% (Lepomis).
The relative sensitivity of the different metrics for sequence
differences between exploited and ‘‘excuse’’ species is shown
in Table 3. All species comparisons yielded bit score and
homology values below those observed within species.
Probability ratios for inter- versus intraspecific E-values relied
on a maximum minimum probability threshold of e 180 as
determined by the blastn algorithm [19]. In some cases, it was
not possible to calculate probability ratios for match/mismatch
E-values, due to interspecific match probabilities exceeding
either extreme of the allowed probability range (e 180 to e 100).
Other comparisons showed very large differences between
match/mismatch probability values, indicating the potential
utility of this statistical measure (Table 3). No discrimination
www.4electron.com

74

C.J. Kyle, C.C. Wilson / Forensic Science International 166 (2007) 68–76

Table 3
Percent homology and ‘‘match/mismatch’’ probability ratios for fish species in database relative to closely related or closely resembling ‘‘excuse’’ species reported to
conservation officers
Species

‘‘excuse’’ Species

Bit score

% Homology

Match/mismatch probability ratio (PR)

Atlantic salmon
Brook trout
Lake trout
Aurora trout
Lake whitefish
Smallmouth bass
Smallmouth bass
Smallmouth bass
Smallmouth bass
Smallmouth bass
Largemouth bass
Largemouth bass
Largemouth bass
Largemouth bass
Walleye
Walleye
Northern pike
Northern pike
Muskellunge

Brown trout
Splake
Splake
Brook trout
Cisco
Largemouth bass
Rock bass
Black crappie
Bluegill
Pumpkinseed
Rock bass
Black crappie
Bluegill
Pumpkinseed
Sauger
Yellow perch
Muskellunge
Tiger muskellunge
Tiger muskellunge

811
746
993
964
866
620
343
327
–
–
359
311
–
–
692
468
369
369
970

96
94
100
99
97
91
84
84
<80
<80
84
84
<80
<80
92
88
85
85
99

–
–
–
–
–
0.33
10 84
10 89
<10 100
<10 100
10 79
10 94
<10 100
<10 100
1
10 46
10 75
10 75
1

Columns show mean values for bit scores, homology and probability ratios for interspecific sequence comparisons.

was possible between natural or artificial hybrids and their
maternal parent species due to maternal transmission of
mtDNA (Table 3).
4. Discussion and conclusions
Our data clearly show that the mitochondrial cytochrome b
gene is a highly effective tool for discriminating among
harvested fish species. This diagnostic genetic information has
the potential to greatly strengthen fisheries enforcement, as
most fish species identifications are currently based on
morphological features of various species and/or processed
fillets [18]. This type of subjective ‘matching’ of carcasses or
fillets has obvious limitations and no statistical support. As
noted, the morphological similarity of many species and
difficulties involved in determining the species of origin for
derived animal products make molecular information an
invaluable investigative tool. Given the observed levels of
genetic variation within and among the sampled species, the
partial cyt b sequence tested is ideally suited for both
confirming true species identity and refuting false claims,
even for closely related taxa.
The large number of exploited and endangered fish species,
combined with intensity of exploitation and challenges in
identifying species and their derived products, underscores the
need for comprehensive genetic databases for fisheries
enforcement [4,17]. Although only a limited number of
regional isolates per species were used in this study, this
should not be a significant limitation due to the limited
phylogeographic history of freshwater fish east of the Rocky
Mountains [26]. The vast majority of fish species in Ontario,
specifically, were recolonized from a single Mississippian
refugium [26], resulting in little intraspecific variation [22].
Nevertheless, it would be advantageous to establish genetic

databases with more comprehensive coverage and regionally
variable markers as forensic investigations become more
sophisticated [13,27].
Basing species distinctions on sequence homology alone, as
is presently done with most studies [10], will not likely continue
to suffice in presenting evidence in court, especially for closely
related species and species with moderate levels of intraspecific
variation. As such, we attempted to use other metrics, such as
bit scores, a likelihood ratio of E-values, and phylogenetic
analyses with bootstrap support to demonstrate the ability to
clearly distinguish between species based on partial cyt b
sequences.
Although the application of homology alone to distinguish
between species lacks statistical rigor, our data demonstrate
that clear thresholds in sequence homology exist among cyt b
sequences within this species set. Thus, we would suggest that
for identifying fish species using cyt b sequences, a threshold of
98% sequence similarity provides a conservative estimate of
expected minimum homology between conspecific sequences
(Table 2). This estimate concurs with data broadly observed
across freshwater fish species in formerly glaciated regions,
which show maximum intraspecific divergence values 2%
[22]. Similarly, we suggest that minimum bit score thresholds
of 950 are conservative for assigning species identity, while still
allowing for intraspecific variation. By contrast, E-values were
not useful for intraspecific distinctions between haplotypes.
Phylogenetic analyses, however, clearly supported the intraspecific nature of sequences with 93% bootstrap values in all
cases (Fig. 2).
While each of the different comparison measures showed both
species memberships and recognizable differences between
species within and among genera (Table 2; Fig. 2), their
sensitivity varied considerably both among families and among
the measures themselves. Bit scores most clearly showed species
www.4electron.com
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identity (Table 2), but do not provide a suitable metric for
assigning statistical probabilities. Mismatch probability ratios of
E-values were limited for application between related species.
Although recognizable differences were apparent between
exploited and ‘‘excuse’’ species, E-values were not sufficiently
sensitive for discriminating among salmonids species, and only
weakly informative for discriminating between smallmouth and
largemouth bass or walleye and sauger (Table 3). By contrast, Evalues were highly informative for distinguishing smallmouth
and largemouth bass from other centrarchids, walleye from
yellow perch and muskellunge from northern pike (Table 3).
Given the comparative resolution of the different measures,
it is somewhat ironic that reporting homology in genomic and
evolutionary studies is discouraged, as it is considered less
informative than E-values [19]. Despite these limitations, clear
differences between exploited and ‘‘excuse’’ species (Table 3)
provides a robust measure for resolving the specific identity of
biological evidence.
Phylogenetic analysis of the cyt b sequence data supported
the observed interspecific differences and divergence measures
(Fig. 2). All intraspecific sequences grouped together with low
divergence and high bootstrap support, with clear separation
from even closely related species. Similarly, all but one
congeneric groups had high (95%) bootstrap support, with the
exception of Lepomis species (bluegill and pumpkinseed
sunfish) (Fig. 2). As a complement to the homology, bit scores
and (E-value) information measures, the dendrogram provides
a straightforward method of summarizing genetic divergences
within and among species (Fig. 2).
While the cytochrome b gene fragment has proven effective
for distinguishing among closely related and morphologically
similar species, several limitations must also be noted. The
maternal inheritance of mitochondrial DNA prevents discrimination between interspecific hybrids and their maternal
parent (Tables 2 and 3). This was illustrated in our dataset by
the inability to distinguish splake (artificial hybrids created by
mating female lake trout with male brook trout) from lake trout
[20]. Similarly, tiger muskellunge were indistinguishable from
muskellunge, although this of lesser concern in Ontario where
tiger muskellunge are not stocked and occur only rarely as
natural hybrids between muskellunge and northern pike (C.
Wilson, unpubl. data). In this regard, complementary nuclear
DNA markers will be needed to further delineate between
various fish hybrids and their parent species.
The cyt b data also failed to resolve subspecific differences
between brook trout (S. fontinalis) and the endangered aurora
trout (S. fontinalis timagamiensis; Tables 2 and 3), although this
may reflect inappropriate taxonomy rather than lack of resolution
(Wilson et al., in prep.). For closely related species, the cyt b
fragment may not be sufficiently variable to resolve taxonomic
differences. More fine-scale genetic markers are available for
discriminating among Pacific salmon species [13], although for
coregonid species groups the inability to separate species may be
due to their recent divergence and shared mitochondrial
polymorphisms [28]. Similarly, the conserved nature of the
cyt b gene also limits its application for detecting intraspecific
structure or discriminating between geographic groups.
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Although efforts are underway to establish geographic
datasets for exploited fish species using finer-scale microsatellite DNA genotyping, this is beyond the scope of this paper.
We are working to enhance and expand our current database to
include additional species of ecological and economic
importance, as well as more extensive geographic representation with complementary molecular markers with varying
levels of taxonomic resolution. These enhancements will not
only allow for species identification of trace samples, but the
geographical or population (‘‘stock’’) origin for sampled seized
in enforcement investigations. Resolution of source species and
populations has successfully been done for several salmonids
species [13], and similar applications will likely become more
common as forensic investigations become more sophisticated.
An example of this was highlighted in an investigation of
fishing competition fraud where the species of interest (Atlantic
salmon) was found to have much more likely come from a lake
other than that claimed by the angler [27].
Forensic science largely depends on the development of high
quality reference data in shared databases (e.g. CODIS). A
proposed suggestion to enhance the value of existing global
databases, such as GenBank for forensic applications would be
validation of deposited sequences and establishment of
reference specimens for species of interest. Sequences from
reference specimens could be entered into public databases by
individual labs, but would not be considered validated for future
forensic applications until verified by repeated sequence
analysis by an independent laboratory. Currently, there are
no such verifications in place for any sequences within these
global databases, and individual wildlife labs are left to create
localized databases of limited use to external sources. The
relatively small cost of establishing reference DNA or tissue
banks and multiple sequencing of reference samples would
greatly enhance the value of data deposited in global databases,
and would benefit the forensic community as a whole.
The increasing application and maturation of DNA forensic
data to wildlife enforcement will require a parallel improvement in data analysis. Applying cyt b sequence data as an
enforcement tool should prove highly effective for forensic
contexts, such as species identification in food products,
poaching and the illegal trade of endangered species. The
analyses presented here demonstrate that metrics other than
percent homology are useful for contrasting inter- versus
intraspecific sequence comparisons in order to resolve species
identity of seized evidence. As fish stocks continue to dwindle
globally under increasing harvest pressures, this and similar
enforcement tools will play an increasingly important role in
helping to ensure their sustainable future.
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Abstract
In forensic literature a physical match is often regarded as conclusive evidence, but Daubert ruling may change this. Every layman can
determine physical match, and yet the individuality of physical match was never proven scientifically.
Usually, tearing conditions are irreproducible. The direction and tearing force, and the nature and thickness of the substrate may vary. These
varying parameters influence the advancement of the tear.
This study tests if a tear remains unique, even when the tearing process is conducted under measurable and reproducible conditions. Substrates
with homogenous properties were chosen. A standardized tensile machine with set force and speed conducted the tearing.
Each torn sample was composed of two rims of the tear. A portion was cut from one rim, and the experts tried to find the fitting place on the
opposite rim in a ‘‘double blind’’ test.
Results of the study show that even tearing under repetitive conditions yields a unique contour for each sample, for the chosen materials and for
length greater than 1 cm. Thus, it is demonstrated that individuality of the process is due to the material’s internal structure.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Physical match; Tensile machine; Tearing

1. Introduction
Physical match has a long history of acceptance in courts of
law [1]. Every layman can conduct numerous experiments in
tearing paper, and will be convinced that no two pieces look
alike. In forensic literature a physical match is often regarded as
conclusive evidence [2], but this kind of evidence straddles
the borderline between ‘‘common knowledge’’ [3] and a
proven ‘‘scientific rule.’’ Forensic science research groups are
developing theories to describe physical match with mathematical algorithms [4,5] or by probability models [6–8].
A practical question often asked is, ‘‘What is the minimum
length of the separation contour that can establish a positive
identification?’’ Kirk [9] wrote about glass fragments, ‘‘No
two broken edges will match perfectly over any extended
length. If an edge match that extends over reasonable length,
e.g. a quarter inch or more, can be found, it is virtual proof
that the questioned fragment that was broken from the exact

* Corresponding author.
E-mail address: simanim@police.gov.il (T. Tsach).

spot in the original . . ..’’ For other materials, the authors did
not find any numerical parameter in professional literature
to determine the minimal length required for a positive
identification.
Usually, tearing occurs under irreproducible conditions. The
direction and tearing force can change during the process. The
nature and thickness of the substrate may vary as well. These
varying parameters influence the advancement of the tear. The
question, therefore, arises whether tearing is essentially unique,
or if these varying conditions are the cause of uniqueness.
The purpose of this study was to test if a tear remains unique,
even when the tearing process is conducted under measurable
and reproducible conditions.
1.1. Theory-tearing process
The process referred to in Forensic Science as tearing is
known in Material Science as ‘shearing.’ Shearing occurs when
the applied stress is greater than the internal strength of the
material. The advance direction and shape of the shear are
dependent upon the applied force and the characteristics of the

0379-0738/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.forsciint.2006.04.002
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torn substrate; crystalline, preferred crystallographic orientation (rolling or extrusion process), or amorphous.
A crystalline material is defined as a material in which atoms
are arranged in a periodically repeating geometric array.
Deformation by rolling or extrusion causes the grains to
develop a preferred crystallographic direction parallel to the
rolling direction [10], which causes isotropic grain boundary
dimensions. These production processes stretch the grains in
the production direction. Materials that do not have the longrange repetitive pattern of crystals are called ‘‘amorphous’’
materials [11]. Such are un-isotropic polymer chains that are
long and flexible macromolecules, all mixed together
resembling a spaghetti bowl [12].
In general, shearing will advance on a macroscopic scale in
the direction of the force applied. The specific nature of the tear
is derived from the shearing stress applied and from the nature
of the torn material. Low shearing stress applied on crystalline
or preferred crystallographic-orientated materials will lead to
shearing along the grain boundaries or in the chain direction
(polymers). When shearing stress is perpendicular to the
preferred crystallographic orientation, the tear direction will be
derived from both the direction of the shearing stress and the
crystallographic orientation. In amorphous material, the
applied force is the main factor that determines the shearing
direction.
Under high shearing stress (impact), tearing will be less
effected by the material structure, and almost entirely effected
by the shearing stress direction, like in the amorphous material.
Crystalline material will tear through the grains as well, and
rolled material will not tear merely in the rolling direction.
2. Experimental

Fig. 1. Zwick 1435 tensile machine: (A) The specimen grips. (B) Movement
direction.

deposited in layers during the manufacturing process. The
fibers are usually not oriented in an out-of-plane direction,
except when one fiber crosses beneath another.
Three materials were used:

2.1. Chosen materials
Several materials with different characteristics were chosen
for experimentation: (a) materials with a distinct production
direction (affecting its mechanical properties), and (b)
materials with no distinct production direction. Some of the
materials had uniform thickness; others had varying thicknesses.
The materials were chosen to allow easy examination of the
tearing outcome, two-dimensional, such as metal sheets
adhered to paper and thin polymer strips. Three-dimensional
matches can be regarded as layers of two-dimensional sheets,
accumulated together. They are, therefore, more complicated,
and their uniqueness is easily detected.
Polymers consist of long chains of repeating units. The
chains are long and flexible, and have inter-chain links [13].
High external force will tear the chains and cause irreversible
deformation.
Paper sheets are comprised of small bonded cellulose fibers
[14]. Secondary bonds, mainly hydrogen bonds, hold them
together. Most properties of paper depend upon manufacturing
direction. The internal strength is greater in the cross machine
direction rather than in the manufacture direction. The fibers
are usually flat or ribbon-like, and therefore tend to be

1. Metal-coated paper with coating consisting mainly of
titanium, calcium, silicon and iron.1 The paper has a
uniform thickness of 0.9  0.01 mm. The tearing process
was performed in the production direction. Preliminary
experiments showed that the direction changes are milder
this way, allowing a greater chance to find a false physical
match.
2. A sheet of white silicon cast (Epusil RTV 111 + CAT 12
Polymer G’vulot Ltd.), hardness of 40A shor, a relatively
uniform thickness of 0.83  0.1 mm, and no distinct
direction.
3. A sheet of red silicon cast (Epusil RTV 113 + Cat 12
Polymer G’vulot Ltd.), hardness of 58A shor, with varying
thickness ranging from 0.85 to 2.16 mm and no distinct
direction.
The polymers (2 and 3) were self-leveling and prepared by
the authors on a flat-leveled glass plate.
Twenty-four samples were prepared from the metal-coated
paper and twelve samples from each type of silicon sheet. All
sheets were cut into 250 mm  50 mm strips.
1

The coating composition was determined by Eagle-Micro XRF.
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Thickness measurements were done with ‘‘TMI’’ 49–61 and
‘‘TMI’’ 49–72 mm (ASTM Standard D 645).
Material hardness was measured with a Teclock–Durometer
instrument according to ASTM D 2240A standard.
2.2. Tearing method
Tearing was performed with a Zwick 1435 tensile machine
(Fig. 1). This is a device used for plastic, paper, wood, rubber
and foils. The program application of the machine can be up to
5 kN. Valuable characteristics such as test speed selection and
loading force can be controlled. An output was produced of the
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applied force versus the tearing advance. The specimen grips
were adapted to the test performed and the sample shape.
Tearing stress was according to ASTM D 2240 A.
The samples were torn at a set rate of 100 mm/min. Stress
was dependent on the tearing rate and the material thickness
and qualities; hence it was different for each material torn.
Flat specimen grips were used to prevent the samples from
slipping during the tearing process.
The end of each sample was cut 5 cm lengthwise with scissors
to assist the clamping by the specimen grips. The cut ends were
inserted into the clamps (marked A on Fig. 1) and tightened
parallel to the sample, preventing any twisting according to

Fig. 2. Eight torn metal-coated paper samples.
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ASTM D 5735-95; hence the clamp movement applied a
shearing force perpendicular to the sample (marked B on Fig. 1).
The torn samples were photographed, and transparencies
were prepared.
Each sample was composed of two ‘‘rims.’’ A piece was cut
from one rim, and then all the cut parts were compared in a
‘‘double blind test’’ to all the opposite rims. A segment of the
rim opposite the ruler on each photograph was cut by one
expert, and his colleagues had to find the location in the rim
closer to the ruler. The test was conducted with two sets of
widths; the whole length of the rim (about 8 cm) and a 1-cm

segment of the rim. Twenty-four sets each of coated paper and
the silicon strips were examined.
3. Results and discussion
All metal-coated strips of paper were torn in the direction
of the force applied. There were extreme direction fluctuations, but they were all in the microscopic scale. No
significant directional changes on the macroscopic scale were
observed. The paper and the metal layers were each torn
separately, and the direction fluctuations were greater for the

Fig. 3. (a) Left—four samples of white silicon cast. (b) Right—four samples of red silicon cast.
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Fig. 4. Photograph and force graph for silicon strips of uniform thickness.

paper than for the metal. Stress applied was 1.54  0.38 N
(Fig. 2).
The white silicon strips were torn in the direction of the force
applied with no major fluctuations (Fig. 3(a)). Stress applied
was 0.85  0.08 N (Fig. 4) (less than on the metal-coated paper,
even though the thickness is very similar for both materials).
Stress variations for the silicon were negligible in comparison
with variations for the metal-coated paper. These differences
were derived from the material’s internal strength and structure,
and they influenced the tear contours. Greater stress applied and
more drastic changes indicate that the internal bonds are
stronger, hence causing the material to tear in a less fluent way.
The silicon consists of chains in an un-isotropic arrangement
with weak internal bonds that tore with only minor directional
fluctuations. Unlike the silicon, the metal-coated paper consists

of two layers that behave differently; the shearing tear is a
superposition of the fluent tearing of the metal sheet and the
breaking of the paper fibers.
The red silicon strips were torn with no major fluctuations.
Strips with relatively equal thickness were torn in the
direction of the force applied, similar to the white silicon. The
tearing of strips with varying thickness, changed direction to
where the strip is thinner, and the stress applied is lower
(Fig. 3(b)). The stress applied ranged from 1.02 to 1.7 N
(Fig. 5).
The purpose of this experiment was to test if the tear remains
unique, even if the tearing process is conducted under set
measurable and reproducible conditions. The experiment
conducted with the torn strips gave a preliminary answer to
that question.
www.4electron.com
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Fig. 5. Photograph and force graph for silicon strips of varying thickness.

The total number of examinations per material is N2, which
means, in this case, over 600 comparisons for each length of
torn rim’s part. In the 1 cm comparison, only 12 samples were
examined due to the great number of comparisons needed.
Every single centimeter had to be compared to the entire length
of the opposite rims of the strips, which means that the number
of comparisons needed for the 1 cm is more than eight times the
number for the whole length.
The goal of the experiment was to determine if the
participating experts could find the actual matching place on the

other rim. The authors’ hypothesis was that tearing creates
unique morphology, so an expert would be able to match the
torn strips quite easily.
The results of the ‘‘double blind test’’ conducted with the
whole length convincingly proved the hypothesis. All 24
photographs of the torn materials were matched correctly by
five experts in a short time (less than an hour).
For the 1 cm comparison, however, results were different.
From the 12 sets of photographed rims, 8 were matched
correctly after a long and exhaustive test. In the remaining
www.4electron.com
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Fig. 6. Photograph of 1 cm comparison of metal-coated paper: (a) erroneous match of another area in the wrong strip. (b) Correct photograph match.

four sets, experts had to go to the original material and not
the photograph. It was found that on the micro-scale, there
are some areas that could mislead an expert to err, if he relies
solely on the photograph (see Fig. 6). The four torn papers
were matched correctly after examining the material
itself.
At first glance, a few of the silicon strips looked similar to
other strips, but closer observation revealed that no two strips
are really similar to the extent that could mislead a toolmarks
examiner.
4. Conclusions
 Results of the study show that even when tearing under
repetitive conditions, a unique contour is yielded for each
sample, if the sample is long enough. Thus, it is demonstrated
that the individuality of the process is due to the material’s
internal structure.
 Regarding the selected materials, no two torn samples were
similar enough to confuse an expert examiner when dealing
with the original materials in the 1 cm interval. A correct
match cannot be based on photograph comparison alone.
 This experiment was performed only with three materials and
only with tearing. Similar research is needed to prove that
mechanical processes such as shearing, and tensile are
dependant on the same parameters for all materials.
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