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Abstract

Due to the influence of many environmental processes, a precise determination of the post-
mortem interval (PMI) of skeletal remains is known to be very complicated. Although meth-
ods for the investigation of the PMI exist, there still remains much room for improvement. In
this study the applicability of infrared (IR) microscopic imaging techniques such as reflec-
tion-, ATR- and Raman- microscopic imaging for the estimation of the PMI of human skeletal
remains was tested. PMI specific features were identified and visualized by overlaying IR
imaging data with morphological tissue structures obtained using light microscopy to differ-
entiate between forensic and archaeological bone samples. ATR and reflection spectra
revealed that a more prominent peak at 1042 cm™ (an indicator for bone mineralization) was
observable in archeological bone material when compared with forensic samples. More-
over, in the case of the archaeological bone material, a reduction in the levels of phospholip-
ids, proteins, nucleic acid sugars, complex carbohydrates as well as amorphous or fully
hydrated sugars was detectable at (reciprocal wavelengths/energies) between 3000 cm™ to
2800 cm™'. Raman spectra illustrated a similar picture with less v,PO,3"at 450 cm™ and
v4P0O,% from 590 cm™ to 584 cm™, amide Ill at 1272 cm™ and protein CH, deformation at
1446 cm™ in archeological bone material/samples/sources. A semi-quantitative determina-
tion of various distributions of biomolecules by chemi-maps of reflection- and ATR- methods
revealed that there were less carbohydrates and complex carbohydrates as well as amor-
phous or fully hydrated sugars in archaeological samples compared with forensic bone sam-
ples. Raman- microscopic imaging data showed a reduction in B-type carbonate and protein
a-helices after a PMI of 3 years. The calculated mineral content ratio and the organic to min-
eral ratio displayed that the mineral content ratio increases, while the organic to mineral

ratio decreases with time. Cluster-analyses of data from Raman microscopic imaging recon-
structed histo-anatomical features in comparison to the light microscopic image and finally,
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by application of principal component analyses (PCA), it was possible to see a clear distinc-
tion between forensic and archaeological bone samples. Hence, the spectral characteriza-
tion of inorganic and organic compounds by the afore mentioned techniques, followed by
analyses such as multivariate imaging analysis (MIAs) and principal component analyses
(PCA), appear to be suitable for the post mortem interval (PMI) estimation of human skeletal
remains.

1. Introduction

After discovery of skeletonized human remains or individual bones, the most important
apprehension for investigators and legal authorities is to distinguish forensic material from
archaeological material [1],[2]. Therefore, it is crucial to determine the post-mortem interval
(PMI) as precisely as possible. PMI estimation usually starts with the macroscopic examination
of the bone material, together with the consideration of the gross appearance, tissue preserva-
tion and odour. Due to the fact that these features are influenced by many environmental fac-
tors (temperature, body size, accessibility for insects or animals, location of the body etc.),
which can impinge on the decomposition process, the estimation of the exact PMI is very diffi-
cult [3], [4], [5]. Thus, the differentiation between forensic and anthropological material can
be quite challenging and often depends on the experience of the investigator.

Techniques for the investigation of the PMI include microscopic methods [6], [7], [8],
chemiluminescence tests, such as the luminol reaction [2],[9],[10], radiocarbon techniques [3,
11], chemical methods, spectroscopical analysis [12], [13], macroscopic UV fluorescence [14]
and the detection of various radionuclides [15], [16], [17, 18].

The usage of different reflection infrared (IR) microscopic imaging methods for PMI
research might provide a useful adjunct to conventional methodologies. IR and Raman spec-
troscopy has already demonstrated great promise for the characterization of bone specimens
[12, 19-23]. The primary aim of our study is to test the suitability of these techniques for ana-
lyzing organic and inorganic components of bone material and to subsequently differentiate
between forensic and archaeological bone material.

For this purpose IR microscopic imaging techniques, such as infrared (IR) reflection-,
ATR- and Raman-microscopic imaging, followed by multivariate data analyses (MIAs),
were combined in order to achieve a more sophisticated characterization of human skeletal
remains.

These modern analytical techniques enable molecular imaging of complex samples and are
based on the absorption of infrared radiation by vibrational transitions in covalent bonds [24].
The major advantage of these methods is the acquisition of unique images of the in situ distri-
bution of proteins, lipids, carbohydrates, cholesterols, nucleic acids, phospholipids and small
molecules with high spatial resolution whilst maintaining the topographic integrity of the tis-
sue and avoiding time-consuming extraction, purification and separation steps [25]. These
techniques also allow samples to be probed under native conditions and provides unique
chemo-morphological information about the tissue status without the need for fixation, stain-
ing or application of additional markers [26]. With these methods it is possible to gain qualita-
tive and quantitative information from heterogeneous samples, since the individual IR
spectrum of any compound represents a unique ‘molecular fingerprint” [27, 28]. IR micro-
scopic imaging has already been utilised with great success for the characterization of biologi-
cal specimens [29-42], malignancies in several tissues [25, 43-56], in environmental mapping
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Table 1. Anthropological properties and place of discovery of the measured human skeletal remains.

Samples Sex PMI Age Find Spot
Forensic Male 1 day* Adult Canyon
Forensic Male 3years* Adult Forest
Forensic Male 25 years™ Adult Glacier
Forensic Male 85 years™ Adult Cave / Duct
Archaeological Male 650-870 years* Adult Grave / Soll
Archaeological Male 1030-1260 years* Adult Grave / Soll

* missing person;
* radiocarbon dated

https://doi.org/10.1371/journal.pone.0174552.t001

[57], precision farming [58], food quality evaluation [59], product functionality [60, 61], for
ascertaining the severity of plant diseases [62, 63], detecting defects [64] and contaminations
[65-67], as well as for assessing the distribution of certain chemical components [32, 39, 68-
70]. Hence there is good reason to believe that IR microscopic imaging measurements may
also be applicable for PMI estimation of human bones through the evaluation of molecular dis-
tribution patterns.

2 Material and methods
2.1 Sample collection

Archaeological bone samples of different ages from an excavation site covering several centu-
ries in European medieval times (n = 2) and forensic bone samples (n = 4) were investigated.
Gender identifications were confirmed by DNA analyses. For this study, the part between the
upper and mid third of the femur was used. Employing an oscillating bone saw a transverse
section was cut to a thickness of about 7 mm from each bone. Cross sections were polished
with 1200 grit carbide paper prior to the measurements. All examined samples were anon-
ymized before the authors had access to the specimens. Anthropological properties and place
of discovery of all measured human skeletal remains are summarized in Table 1 and addition-
ally described elsewhere [41, 71, 72]. Detailed information concerning the archaeological bone
samples is given in Table 2. Archaeological bone samples were provided by the Museum of
Industry and Prehistory in Wattens and permission was granted by the ‘Staatssammlung fiir
Anthropologie und Paldoanatomie MUC ‘(SAPM, Munich, Germany). Detailed information
about sex identification, specimen number, complete repository information, museum name
(s) and geographic location is published in [71, 72] and stated in the supplementary (S1 and
S2 Figs, S1 Table and S1 File). Forensic bone samples were provided by the Institute of Legal
Medicine (Medical University of Innsbruck). Bone extraction was executed according to the
specifications/standards required by public prosecution for DNA extraction and identity

Table 2. Properties of archaeological bone samples.

Grave| Radiocarbon Morph. Sex Molecular genetic Height Burial orientation
Dating Age morph. sex typing (cm)
16  1030-1260 years 46-50 m X, Y 161.4 | Extended position, orientation east-west with head at the west
end. Skeleton in humus layer.
144 650-870 years 60-70 m n.d. 169.1 Extended position, orientation north-south with head at the north

end. Directly parallel to the garden wall.
https://doi.org/10.1371/journal.pone.0174552.t1002
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determination. All necessary permits were obtained for the described study in agreement with
Austrian legislation, which complied with all relevant regulations.

2.2 MIR reflection and ATR microscopic imaging

Mid infrared (MIR) reflection and ATR (Attenuated Total Reflection) microscopic imaging
measurements were performed at room temperature using a LUMOS Fourier transform
infrared (FTIR) microscope (Bruker) with an integrated FTIR spectrometer, equipped with a
photoconductive MCT detector with liquid nitrogen cooling. Visual image collection was per-
formed via a fast and highly resolving digital CCD camera.

The bone specimens for PMI estimation were detected with a nominal lateral pixel resolu-
tion a) of 20 pm x 20 um for MIR reflection and b) of 10 um x 10 pm for ATR using the MCT
detector. Measurements were done in a spectral range from wave numbers of 4000 cm™ to 600
cm’". Spectra were recorded with a spectral resolution of 2 cm™ with 256 co-added scans for
reflection and 128 scans for ATR.

Prior to each MIR reflection and ATR sample measurement, a background spectrum of a
gold-coated substrate was recorded with a spectral resolution of 2 cm™" with 256 co-added
scans.

Scan number and spectral resolution were optimized in order to achieve a suitable signal to
noise ratio within the recorded spectra. For detailed information about detector theory, tech-
nology and current developments see references [73-75]. After background reduction, each
sample was scanned with a light microscope (LM) for histological reevaluation and compari-
son to the imaging results.

2.3 Raman imaging

Raman imaging measurements were performed in reflection mode using a WITec ALPHA300R
microscope at room temperature. For the Raman excitation in the near-infrared a Toptica
XTRA laser with a nominal wavelength of 785 nm and a power of 15 mW, measured at the
back aperture of the objective (Zeiss EC EPIPLAN 50x/0.7), was used. Because of the large size
of the sample and the structures within, it was possible to choose parameters that reduced the
measurement time for a single scan, i.e. a fibre with a core diameter of 100 um to deliver the col-
lected light to a spectrometer and a distance between scan points of 1 pm, which does not yield
the highest possible lateral resolution of the microscope. The signal was analysed in the spectral
range between 0 cm ™ and 1776 cm™ with a spectral resolution of about 6 cm™. The integration
time for a single scan point was optimized near the scan region prior to each measurement to
yield a good signal to noise ratio without causing damage to the sample.

2.4 Data processing

All spectral data processing and image assembling were performed using the OPUS 6.5 soft-
ware (Bruker), The Unscrambler X 10.3 (Camo, Norway, Oslo) and the CytoSpec™ software
package (http://www.cytospec.com, Hamburg, Germany). Univariate chemical maps, depict-
ing a single spectral feature and multivariate imaging analysis (MIAs) were generated by using
the OPUS 6.5 (for MIR reflection and ATR microscopic imaging) and CytoSpec™ (Raman)
software.

Principal Component Analyses (PCA)

Noise and atmospheric absorptions were removed using the CytoSpec™ software in the run-up
to principle component analyses (PCA) and image analysis. Subsequently PCA models were
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generated with The Unscrambler X 10.3 software. For PCA model generation tissue type-asso-
ciated spectra were selected with the CytoSpec™ software and then ROIs (regions of interest)
were assigned. Selected spectra of ROIs were imported into The Unscrambler X 10.3 software
and underwent several data pretreatments (e.g., baseline correction, normalization) prior to
PCA model generation.

Image analysis

Initially, atmospheric correction and noise reduction were performed: a) by using the OPUS
6.5 software (Bruker) for MIR reflection and ATR microscopic imaging and b) by using the
WITec Control software. After spectral refinement sample specific data sets were loaded in the
CytoSpec software. Spectra of MIR reflection and ATR microscopic imaging were vector nor-
malized in the wave number range 4000 cm ™ to 600 cm™'. This procedure led to more pro-
nounced peaks, eliminated background slopes and reduced the influence of intensity changes
caused by differences in tissue density and tissue roughness [76]. The processed spectral data-
sets were used for subsequent MIAs. Furthermore, the imaging results were assembled and
compared directly with the LM images captured from the same samples.

3 Results and discussion

The main focus of this study was to assess the utility of different reflection IR microscopic
imaging methods applied to human bone sections for the determination of the as well as evalu-
ating of the significance of the analytical methods employed.

A total of 6 human bone samples were investigated. Basic anthropological data of the sam-
ples are summarized in Tables 1 and 2.

In this study, six bone samples with various PMI from approx. 1 to 1000 years as shown in
Table 1 were analysed by spectra-analysis, individual chemi-map representations, MIAs (mul-
tivariate imaging analyses) and PCAs (principal component analyses) (Figs 1 and 2). MIAs
were also performed with reflection and ATR data, but there was no obvious difference in his-
tological structures (data not shown).

Fig 1A and 1B depict reflection- and ATR- spectra of the six bone samples from the com-
pact bones. A significant spectral feature in archaeological samples is the absorption band at
1042 cm™ (indicator for bone mineralization, Fig 11). The peak from archaeological specimens
is sharp and more obvious in relation to the forensic ones. Furthermore, forensic bone samples
exhibit more organic bands in comparison to archaeological ones. This could be seen by a
reduction of carbohydrates at 1185 cm™ (only seen after magnification in Fig 11, data not
shown), phospholipids, proteins, nucleic acid sugars, complex carbohydrates as well as
amorphous or fully hydrated sugars at 3000 cm™ to 2800 cm™ (Fig 111) in archaeological bone
material as described previously [41] [77] [23]. Fig 1C shows Raman spectra from the afore-
mentioned bone samples, and displays a similar pattern to that described above. In archaeolog-
ical bone material a reduction of v,PO,> at 450 cm ™' and v, PO,>” from 590 cm™ to 584 cm’
(Fig 111I), amide IIT at 1272 cm™ (Fig 1IV) and protein CH, deformation at 1446 cm™ (Fig
11V), compared to forensic samples, could be identified. These observations are in agreement
with the Raman spectroscopy results of [78-80].

3.1 MIR reflection and ATR microscopic imaging

Results from chemi-maps are illustrated in Fig 2. The result of data analyses illustrates the
potentials of reflection and ATR imaging to mirror decomposition / aging processes of bone
samples with a nominal lateral resolution a) of 20 pm x 20 pm for MIR reflection and b) of

10 um x 10 um for ATR. Fig 2. depicts chemical maps generated by integrating the area under
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Fig 1. Representative reflection (A) -, ATR (B)—and Raman (C)—spectra of forensic and
archaeological bone samples are shown. Il = phospholipids, proteins, nucleic acid sugars, complex
carbohydrates as well as amorphous or fully hydrated sugars at 3000 cm™ to 2800 cm™, | = indicator for bone
mineralization at 1042 cm™ and carbohydrates at 1185 cm’,IV= protein CH, deformation at 1446 cm™ and
amide Ill at 1272 cm™, 11l = of v, PO, at 450 cm™ and v, PO,®™ from 590 cm™ to 584 cm™.

https://doi.org/10.1371/journal.pone.0174552.9001
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Fig 2. Infrared spectroscopic chemi-maps obtained for the detection of bone mineral at 1042 cm™, of
carbohydrates at 1185 cm™, of C-H deformation modes at 1450 cm™ to 1350 cm™ and of
phospholipids, proteins, nucleic acid sugars, complex carbohydrates as well as amorphous or fully
hydrated sugars at 3000 cm™ to 2800 cm™.

https://doi.org/10.1371/journal.pone.0174552.g002
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the band absorption at 1042 cm! (bone mineral), at 1185 cm™! (carbohydrate bands), at 1450
cm™ to 1350 cm™ (C-H deformation modes) and at 3000 cm™ to 2800 cm™ (C-H stretching
vibrations of phospholipids, of proteins, nucleic acid sugars, complex carbohydrates as well as
that of amorphous or fully hydrated sugars). The results (ATR) demonstrate that archaeolog-
ical bones exhibit a lower amount of carbohydrates (1185 cm™), phospholipids, proteins,
nucleic acid sugars, complex carbohydrates as well as amorphous or fully hydrated (3000 cm™
to 2800 cm™) sugars than the forensic ones. Chemi Maps (reflection mode) at the absorption
band at 3000 cm™ to 2800 cm ™' show less (a reduced) signal after a PMI of 3 years. The signal
intensity at 1185 cm™ (carbohydrates) seems to be weaker in the archaeological bones com-
pared to the forensic samples. The 3 year sample in the reflection mode is likely to be an out-
lier. The chemical maps of both modes (reflection and ATR) of the absorption of bone mineral
and C-H deformation modes indicate an inhomogeneous, similar distribution. As a conse-
quence of these chemi-map investigations it can be conlcuded, that carbohydrates 1185 cm™
and complex carbohydrates as well as amorphous or fully hydrated sugars 3000 cm™ to 2800
cm’ are more suitable for PMI estimation than peaks at bone mineral compounds 1042 cm™
and at C-H deformation modes 1450 cm™ to 1350 cm".

3.2 Raman imaging

Chemi maps and MIAs generated for six individual bone samples are illustrated in Fig 3. The
output of the data analyses illustrates the ability of Raman imaging to reflect decomposition /

(A) (B) Q) (D) (E) (F)
Carbonate Bone Mineral  Amidelll KMC

1day

Forensic
bone samples

]

25 years

85 years

650 years

samples

Archaeological

1260 years

Fig 3. (A) Light microscopy images of 6 bone samples. (B-D) Raman imaging results shown in false colour
representation, where the colours reflect the intensities of the absorption at 756 cm™, which is commonly
attributed to B-type carbonate (B), the absorption at 957 cm™, which is commonly attributed to bone mineral,
containing extensive HPO, (C), and the absorption at 1272 cm™, which is commonly attributed to protein a-
helix (D). (E) Hierarchical cluster analysis. (F) K-means clustering image.

https://doi.org/10.1371/journal.pone.0174552.9003
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aging processes of bone samples with a nominal lateral resolution of 1 pm x 1 um per pixel for
each spot.

The images in Fig 3(A) represent micrographs of bone samples taken after measurement
with Raman microscopic imaging. These micrographs serve as comparative references for
images constructed from chemical maps (Fig 3(B)-3(D)) and MIAs (Fig 3(E) and 3(F)). Differ-
ent histo-anatomical features can be recognized in Fig 3(A): the osteon or Haversian system,
containing blood and nerve supplies and mineralized connective tissue. Fig 3(B) depicts chemi-
cal maps generated by integrating the area under the band absorption at 756 cm™, which is an
indicator of B-type carbonate. These results demonstrate that B-type carbonate cannot be
detected after a PMI of 3 years. The chemical maps of the absorption at 957 cm™" refers to bone
mineral, (Fig 3(C)) containing extensive HPO,. Even after detailed evaluation only minimal
differences were seen. The chemical maps resulting from the absorption at 1272 cm™ (Fig 3
(D)) represent a higher signal in forensic samples, which is commonly attributed to protein o-
helix. These observations indicate a large reduction in the levels of biomolecules within the
osteon after a PMI of 3 years. Nevertheless, specific relationships between histological and mor-
phological features could not be recognized with this type of data processing. Thus, various
cluster analyses were performed to characterize the full range of observed spectral variations.

Fig 3(E) depicts pseudo-colour images, constructed by using HCA. The displayed images
represent a four-cluster structure reproducing histo-anatomical features of the measured sam-
ples. K-means clustering images are displayed in Fig 3(F). The principal correspondence
between the optical images and the K-means clustering images is obvious; most of the spectral
clusters can be assigned to the histo-anatomical features. It was possible to reach a conclusion
on the principal differentiation between the forensic samples, with their better-preserved bone
structures, and the archaeological material, but a more detailed discrimination has not been
possible so far, even when the number of clusters was increased (data not shown).

3.3. Mineral content ratio and the organic to mineral ratio of the IR
imaging data

Since peak ratios are in this context more meaningful than absolute peak values, the mineral
content ratio (MINCON = v, (PO,)* peak /Amide I peak) and the organic to mineral ratio
(CH-aliphatic peak/phosphate peak) were calculated from the obtained reflection, ATR and
Raman spectra. The mineral content ratio provides information about the change in the
Amide I content. This is associated with the mineralized collagen present in the bone to the
phosphate content of the mineralized bone. The amount of lipids and other organic material
in the bones is displayed by the organic to the mineral ratio. Fig 4 illustrates ratio results as a

Reflection ATR Raman

Absorption
5
Absorption
5
COUNTS
@

o

- Mineral Content Retio
- Organic to mineral ratio

LX
0 10 20 30 60 80 100 600 800 1000 1200 0 10 20 3 60 20 100 600 800 1000 1200 0 10 20 30 60 20 100 600 800 1000 1200
years years years

Fig 4. The mineral content ratio and the organic to the mineral ratio as a function of PMI is shown. For Raman microscopic imaging only the
mineral content ratio was determined. Mapping results of mineral content ratio and organic to mineral ratio is given in the supplementary S3 Fig.

https://doi.org/10.1371/journal.pone.0174552.g004
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function of PMI for human skeletal remains. For Raman microscopic imaging only the min-
eral content ratio was determined. During the age-related degradation, the mineral content
ratio increases while the organic to mineral ratio decreases with time.

3.4. PCA analyses of the IR imaging data

For a complete characterization of the range of spectral variations principal component analy-
ses were performed. With this type of data processing, the dimensionality of MIR microscopic
imaging spectra is decreased, while as much information as feasible is retained. The scores of
the first principal components are used to create significant plots without extensive compre-
hension of the underlying sample biochemistry. For the PCA across 6 different bone samples,
30 spectra were chosen for reflection-, ATR- and Raman- imaging. The results of spectral anal-
yses using PCA are depicted in Fig 5. The score plot of the first and the second principal com-
ponent is based on 30 spectra of the different bone samples. The score plots display a 2-D
visualization of spectra clusters for the principal components 1 and 2. PCA models indicate
that most of the descriptive information is contained in the region from 1700 cm™ to 300 cm™
(Raman imaging) and in the region from 1700 cm™ to 750 cm™ (reflection- and ATR imag-
ing). The best separation between forensic and archaeological samples was achieved with the
Raman imaging data. These findings can be explained by the capability of Raman to excite
molecules more efficiently than other techniques and therefore yield a better signal with less
interference from water.

Raman spectroscopy investigates molecular vibrations to provide a molecular fingerprint
with inelastic scattering. In contrast, Fourier transform infrared spectroscopy (FTIR) is a form
of vibrational spectroscopy that is based on the absorbance, transmittance or reflectance of
infrared light. Thus, the light absorbance varies in a sample at various frequencies and ulti-
mately matches with the vibrational frequencies of the bonds in the sample.

Raman spectroscopy is based on an alteration in polarizability and measures relative fre-
quencies at which radiation is scattered by the sample and is sensitive to homo-nuclear bonds
and thus can differentiate between C-C, C = C and C=C (O = C) bonds. In contrary, IR spec-
troscopy reflects modifications of the dipole moment and measures the absolute frequencies at
which radiation is absorbed by the sample and is sensitive to hetero-nuclear functional group
vibrations and polar bonds, especially OH stretching in water. Therefore, Raman and FTIR
spectroscopy differ in several basic features. Each method has its benefits and disadvantages,
but combining both approaches has proven to be an efficient tool in the characterization of the
PMI [73, 75, 81].

4. Conclusion

In order to further develop the current state of the art in PMI estimation we tested the suitabil-
ity of various infrared (IR) microscopic imaging techniques regarding their ability to make
conclusions about the PMI of human skeletal remains by analysing their organic and inorganic
components. Various IR microscopic imaging techniques such as infrared (IR) reflection-,
ATR- and Raman- microscopic imaging evaluated by multivariate data analyses (MIAs), were
combined together as a means for a more sophisticated characterization of human skeletal
remains.

Spectra (reflection and ATR) at 1042 cm! (indicator for bone mineralization) indicated a
more prominent peak in archeological bone material compared to forensic ones. Furthermore,
areduction in phospholipids, proteins, nucleic acid sugars, complex carbohydrates as well as
amorphous or fully hydrated sugars at 3000 cm™ to 2800 cm™ in archaeological bone material
could be demonstrated. Raman spectra illustrated a similar picture with less v, PO,> at 450
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Fig 5. Score plot of PC1 and PC2 of Raman imaging, ATR imaging and reflection imaging spectra representation; each data point represents one
spectrum of the respective (colour coded) bone sample.

https://doi.org/10.1371/journal.pone.0174552.g005

cm ! and v, PO,> from 590 cm™ to 584 cm!, amide I1I at 1272 cm ™ and protein CH, defor-
mation at 1446 cm™ in archeological specimens.

Chemical maps from reflection and ATR imaging determined (highlighted) that the levels
of carbohydrates 1185 cm™ and complex carbohydrates together with amorphous or fully
hydrated sugars 3000 cm™ to 2800 cm ™ are higher in forensic bone samples than in archaeo-
logical bones. It can be assumed that this observation is due to diagenetic decomposition and
aging processes. Therefore, the semi-quantitative analysis of these biomolecules could serve as
an estimation of PML
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Results from Raman microscopic imaging exhibit less B-type carbonate at 756 cm™ and
also a lower amount of protein o-helix at 1272 cm™ in bones with a PMI of more than 3 years,
indicating a decrease in these biomolecules within the first years post mortem. Findings con-
cerning bone mineral compounds were inconclusive, most likely due to mineral uptake during
diagenesis from the surroundings.

To gain deeper insight into the histo-anatomical features of bones, cluster analyses were
performed. Results from reflection and ATR measurements did not reveal any relations to
histological structures, however, spectral clusters from Raman microscopic imaging corre-
sponded well to histo-anatomical features. Nonetheless, an in-depth differentiation could not
be achieved in general.

Furthermore, the mineral content ratio and the organic to mineral ratio were calculated
from the obtained reflection, ATR and Raman spectra. Results are similar to the findings pub-
lished by Creagh et al.[22]: during the age-related degradation, the mineral content ratio
increases while the organic to mineral ratio decreases with time.

For a complete characterization of spectral variations in correlation with the PMI, PCAs
were carried out, suggesting that most of the significant information can be found in the wave-
length number region of 1700 cm™ to 750 cm™ (reflection- and ATR imaging) and 1700 cm™
to 300 cm™ by Raman imaging. The most promising segregation of forensic and archaeological
bone samples was achieved with Raman imaging.

Taken together, our results show that the differentiation of forensic and archaeological
bone material is possible by the use of the aforementioned techniques. In the context of foren-
sics this aspect is most important because of the various legal implications. We therefore sug-
gest to use IR/Raman microscopic imaging techniques as another important tool in the field of
PMI estimation.

We hope that this study will serve as a basis for additional developments in the field of PMI
estimation. A number of questions such as the impact of environmental influences still need to
be investigated in more detail. We anticipate that future studies will enable the PMI to be nar-
rowed down further by analysing a bigger sample size taken from different decades, although
obtaining an adequate and comparable sample size is still a major challenge.

Supporting information

S1 Fig. Simplified burial plan.
(JPG)

$2 Fig. Complete (a) and close-up (b) view of a skeleton from grave number 123.
(JPG)

S3 Fig. Infrared spectroscopic chemi-maps obtained of Infrared (IR) reflection-, ATR- and
Raman- microscopic imaging data. Mineral content ratio and organic to mineral ratio are
displayed for reflection- and ATR- microscopic imaging measurements. For Raman micro-
scopic imaging only the mineral content ratio was determined.

(TIF)

S1 Table. Summary of morphological and genetic sex-typing results.
(DOCX)

S1 File. Using 13C-, 15N- and 180 stable isotope analysis of human bone tissue to identify
transhumance, high altitude habitation and reconstruct palaeodiet for the early medieval
Alpine population at Volders, Austria.

(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 11/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174552.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174552.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174552.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174552.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174552.s005
https://doi.org/10.1371/journal.pone.0174552

@° PLOS | ONE

IR microscopic imaging techniques for post-mortem interval evaluation of human skeletal remains

Acknowledgments

The authors would like to thank Prof. Richard Scheithauer from the Institute of Legal Medi-
cine (Medical University of Innsbruck) and Stefano Longato for their support. A Part of this
research was funded by the Austrian Science Fund (FWF) [P22880-B12]. CR was supported
by the Christian Doppler Laboratory CDL-MS-MACH (funded by the Federal Ministry of
Economy, Family and Youth, and the National Foundation for Research, Technology and
Development).

Author Contributions

Conceptualization: JP CW SU WP PHG MRM NP CR JCK.
Data curation: JP CW.

Formal analysis: JP CW SU CR.

Funding acquisition: WP MRM.

Investigation: JP CW SU.

Methodology: JP CW.

Project administration: JP CW.

Resources: WP PHG MRM SU NP JCK.

Software: JP CW SU NP.

Supervision: JP CW WP PHG JCK.

Validation: JP CW WP PHG NP SU.

Visualization: JP CW SU CR.

Writing - original draft: JP CW SU WP PHG MRM NP CR JCK.
Writing - review & editing: JP CW SU WP PHG MRM NP CR JCK.

References

1. Knight B, Lauder |. Methods of dating skeletal remains. Hum Biol. 1969; 41(3):322—41. Epub 1969/09/
01. PMID: 4984526

2. IntronaF Jr., Di Vella G, Campobasso CP. Determination of postmortem interval from old skeletal
remains by image analysis of luminol test results. J Forensic Sci. 1999; 44(3):535-8. Epub 1999/07/17.
PMID: 10408107

3. Taylor RE, Suchey JM, Payen LA, Slota PJ Jr. The use of radiocarbon (14C) to identify human skeletal
materials of forensic science interest. J Forensic Sci. 1989; 34(5):1196-205. Epub 1989/09/01. PMID:
2809543

4. BergS. The determination of bone age. Methods of forensic science, vol 2: Interscience; 1963. p. 231—
52.

5. Blau S, Ubelaker DH. Handbook of forensic anthropology and archaeology: Left Coast Press; 2009.

Schultz M. Microscopic investigation of excavated skeletal remains: a contribution to paleopathology
and forensic medicine. Forensic Taphonomy: the Postmortem Fate of Human Remains, CRC Press,
Boca Raton. 1997:201-22.

7. Yoshino M, Kimijima T, Miyasaka S, Sato H, Seta S. Microscopical study on estimation of time since
death in skeletal remains. Forensic science international. 1991; 49(2):143-58. PMID: 1855715

8. BellLS, Skinner MF, Jones SJ. The speed of post mortem change to the human skeleton and its tapho-
nomic significance. Forensic science international. 1996; 82(2):129—-40. PMID: 8885373

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 12/16


http://www.ncbi.nlm.nih.gov/pubmed/4984526
http://www.ncbi.nlm.nih.gov/pubmed/10408107
http://www.ncbi.nlm.nih.gov/pubmed/2809543
http://www.ncbi.nlm.nih.gov/pubmed/1855715
http://www.ncbi.nlm.nih.gov/pubmed/8885373
https://doi.org/10.1371/journal.pone.0174552

@° PLOS | ONE

IR microscopic imaging techniques for post-mortem interval evaluation of human skeletal remains

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Creamer JI, Buck AM. The assaying of haemoglobin using luminol chemiluminescence and its applica-
tion to the dating of human skeletal remains. Luminescence: the journal of biological and chemical lumi-
nescence. 2009; 24(5):311-6.

Ramsthaler F, Kreutz K, Zipp K, Verhoff MA. Dating skeletal remains with luminol-chemiluminescence.
Validity, intra- and interobserver error. Forensic Sci Int. 2009; 187(1-3):47-50. Epub 2009/03/28.
https://doi.org/10.1016/j.forsciint.2009.02.015 PMID: 19324503

Ubelaker DH, Buchholz BA, Stewart JE. Analysis of artificial radiocarbon in different skeletal and dental
tissue types to evaluate date of death. Journal of forensic sciences. 2006; 51(3):484-8. https://doi.org/
10.1111/j.1556-4029.2006.00125.x PMID: 16696693

McLaughlin G, Lednev IK. Potential application of Raman spectroscopy for determining burial duration
of skeletal remains. Analytical and bioanalytical chemistry. 2011; 401(8):2511-8. https://doi.org/10.
1007/s00216-011-5338-z PMID: 21870069

Howes JM, Stuart BH, Thomas PS, Raja S, O’Brien C. An investigation of model forensic bone in soil
environments studied using infrared spectroscopy. Journal of forensic sciences. 2012; 57(5):1161-7.
https://doi.org/10.1111/j.1556-4029.2012.02236.x PMID: 22880821

Hoke N, Grigat A, Grupe G, Harbeck M. Reconsideration of bone postmortem interval estimation by
UV-induced autofluorescence. Forensic science international. 2013; 228(1-3):176 e1-6.

Swift B. Dating human skeletal remains: investigating the viability of measuring the equilibrium between
210Po and 210Pb as a means of estimating the post-mortem interval. Forensic science international.
1998; 98(1-2):119-26. PMID: 10036765

Neis P, Hille R, Paschke M, Pilwat G, Schnabel A, Niess C, et al. Strontium90 for determination of time
since death. Forensic science international. 1999; 99(1):47-51. PMID: 10069021

Swift B, Lauder |, Black S, Norris J. An estimation of the post-mortem interval in human skeletal
remains: a radionuclide and trace element approach. Forensic science international. 2001; 117(1—
2):73-87. PMID: 11230949

Schrag B, Uldin T, Mangin P, Froidevaux P. Dating human skeletal remains using a radiometric method:
biogenic versus diagenetic 90Sr and 210Pb in vertebrae. Forensic science international. 2012; 220(1—
3):271-8. https://doi.org/10.1016/j.forsciint.2012.03.014 PMID: 22497702

Halcrow SE, Rooney J, Beavan N, Gordon KC, Tayles N, Gray A. Assessing Raman spectroscopy as a
prescreening tool for the selection of archaeological bone for stable isotopic analysis. PloS one. 2014; 9
(7):€98462. https://doi.org/10.1371/journal.pone.0098462 PMID: 25062283

Buckley K, Kerns JG, Birch HL, Gikas PD, Parker AW, Matousek P, et al. Functional adaptation of long

bone extremities involves the localized "tuning" of the cortical bone composition; evidence from Raman
spectroscopy. J Biomed Opt. 2014; 19(11):111602. https://doi.org/10.1117/1.JBO.19.11.111602 PMID:
24839942

Edwards HG, Wilson AS, Nik Hassan NF, Davidson A, Burnett A. Raman spectroscopic analysis of
human remains from a seventh century cist burial on Anglesey, UK. Anal Bioanal Chem. 2007; 387
(3):821-8. https://doi.org/10.1007/s00216-006-0791-9 PMID: 16972053

Creagh D, Cameron A. Estimating the Post-Mortem Interval of skeletonized remains: The use of Infra-
red spectroscopy and Raman spectro-microscopy. Radiation Physics and Chemistry. 2016. http://dx.
doi.org/10.1016/j.radphyschem.2016.03.007.

Nagy G, Lorand T, Patonai Z, Montsko G, Bajnoczky |, Marcsik A, et al. Analysis of pathological and
non-pathological human skeletal remains by FT-IR spectroscopy. Forensic Sci Int. 2008; 175(1):55-60.
https://doi.org/10.1016/j.forsciint.2007.05.008 PMID: 17574360

Bhargava R, Fernandez DC, Hewitt SM, Levin IW. High throughput assessment of cells and tissues:
Bayesian classification of spectral metrics from infrared vibrational spectroscopic imaging data. Biochim
Biophys Acta. 2006; 1758(7):830—45. Epub 2006/07/11. https://doi.org/10.1016/j.bbamem.2006.05.
007 PMID: 16822477

Fernandez DC, Bhargava R, Hewitt SM, Levin IW. Infrared spectroscopic imaging for histopathologic
recognition. Nat Biotechnol. 2005; 23(4):469—-74. Epub 2005/03/29. https://doi.org/10.1038/nbt1080
PMID: 15793574

Steiner G, Koch E. Trends in Fourier transform infrared spectroscopic imaging. Anal Bioanal
Chem. 2009; 394(3):671-8. Epub 2009/04/01. https://doi.org/10.1007/s00216-009-2737-5 PMID:
19333585

Wood BR, Quinn MA, Tait B, Ashdown M, Hislop T, Romeo M, et al. FTIR microspectroscopic study of
cell types and potential confounding variables in screening for cervical malignancies. Biospectroscopy.
1998; 4(2):75-91. Epub 1998/04/29. https://doi.org/10.1002/(SICI)1520-6343(1998)4:2&lt;75::AID-
BSPY1&gt;3.0.CO;2-R PMID: 9557903

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 13/16


https://doi.org/10.1016/j.forsciint.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19324503
https://doi.org/10.1111/j.1556-4029.2006.00125.x
https://doi.org/10.1111/j.1556-4029.2006.00125.x
http://www.ncbi.nlm.nih.gov/pubmed/16696693
https://doi.org/10.1007/s00216-011-5338-z
https://doi.org/10.1007/s00216-011-5338-z
http://www.ncbi.nlm.nih.gov/pubmed/21870069
https://doi.org/10.1111/j.1556-4029.2012.02236.x
http://www.ncbi.nlm.nih.gov/pubmed/22880821
http://www.ncbi.nlm.nih.gov/pubmed/10036765
http://www.ncbi.nlm.nih.gov/pubmed/10069021
http://www.ncbi.nlm.nih.gov/pubmed/11230949
https://doi.org/10.1016/j.forsciint.2012.03.014
http://www.ncbi.nlm.nih.gov/pubmed/22497702
https://doi.org/10.1371/journal.pone.0098462
http://www.ncbi.nlm.nih.gov/pubmed/25062283
https://doi.org/10.1117/1.JBO.19.11.111602
http://www.ncbi.nlm.nih.gov/pubmed/24839942
https://doi.org/10.1007/s00216-006-0791-9
http://www.ncbi.nlm.nih.gov/pubmed/16972053
http://dx.doi.org/10.1016/j.radphyschem.2016.03.007
http://dx.doi.org/10.1016/j.radphyschem.2016.03.007
https://doi.org/10.1016/j.forsciint.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/17574360
https://doi.org/10.1016/j.bbamem.2006.05.007
https://doi.org/10.1016/j.bbamem.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16822477
https://doi.org/10.1038/nbt1080
http://www.ncbi.nlm.nih.gov/pubmed/15793574
https://doi.org/10.1007/s00216-009-2737-5
http://www.ncbi.nlm.nih.gov/pubmed/19333585
https://doi.org/10.1002/(SICI)1520-6343(1998)4:2&lt;75::AID-BSPY1&gt;3.0.CO;2-R
https://doi.org/10.1002/(SICI)1520-6343(1998)4:2&lt;75::AID-BSPY1&gt;3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/9557903
https://doi.org/10.1371/journal.pone.0174552

@° PLOS | ONE

IR microscopic imaging techniques for post-mortem interval evaluation of human skeletal remains

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Romeo M, Burden F, Quinn M, Wood B, McNaughton D. Infrared microspectroscopy and artificial neu-
ral networks in the diagnosis of cervical cancer. Cell Mol Biol (Noisy-le-grand). 1998; 44(1):179-87.
Epub 1998/04/29.

Hirschmugl CJ, Bayarri ZE, Bunta M, Holt JB, Giordano M. Analysis of the nutritional status of algae by
Fourier transform infrared chemical imaging. Infrared Physics & Technology. 2006; 49(1-2):57-63.

Giordano M, Kansiz M, Heraud P, Beardall J, Wood B, McNaughton D. Fourier transform infrared spec-
troscopy as a novel tool to investigate changes in intracellular macromolecular pools in the marine
microalga Chaetoceros muellerii (Bacillariophyceae). Journal of Phycology. 2001; 37(2):271-9.

McCann MC, Bush M, Milioni D, Sado P, Stacey NJ, Catchpole G, et al. Approaches to understanding
the functional architecture of the plant cell wall. Phytochemistry. 2001; 57(6):811-21. PMID: 11423133

Heraud P, Caine S, Sanson G, Gleadow R, Wood BR, McNaughton D. Focal plane array infrared imag-
ing: a new way to analyse leaf tissue. New Phytologist. 2007; 173(1):216—25. https://doi.org/10.1111/].
1469-8137.2006.01881.x PMID: 17176407

Yu P, McKinnon JJ, Christensen CR, Christensen DA. Imaging molecular chemistry of pioneer corn. J
Agric Food Chem. 2004; 52(24):7345-52. https://doi.org/10.1021/j{f049291b PMID: 15563218

Mills ENC, Parker ML, Wellner N, Toole G, Feeney K, Shewry PR. Chemical imaging: the distribution of
ions and molecules in developing and mature wheat grain. Journal of Cereal Science. 2005; 41(2):193—
201.

Koc H, Wetzel D. Imaging Local Chemical Microstructure of Germinated Wheat with Synchrotron Infra-
red Microspectroscopy. Spectroscopy. 2008; 22(BNL—83090-2009-JA).

Xing J, Bravo C, Moshou D, Ramon H, De Baerdemaeker J. Bruise detection on [] Golden Delicious’
apples by vis/NIR spectroscopy. Computers and Electronics in Agriculture. 2006; 52(1-2):11-20.

Xing J, Saeys W, De Baerdemaeker J. Combination of chemometric tools and image processing for
bruise detection on apples. Computers and Electronics in Agriculture. 2007; 56(1):1-13.

Labbe N, Rials TG, Kelley SS, Cheng ZM, Kim JY, Li Y. FT-IR imaging and pyrolysis-molecular beam
mass spectrometry: new tools to investigate wood tissues. Wood Science and Technology. 2005; 39
(1):61-76.

Pallua JD, Recheis W, Poder R, Pfaller K, Pezzei C, Hahn H, et al. Morphological and tissue characteri-

zation of the medicinal fungus Hericium coralloides by a structural and molecular imaging platform. The
Analyst. 2012; 137(7):1584-95. https://doi.org/10.1039/c1an15615b PMID: 22158509

Klarica J, Bittner L, Pallua J, Pezzei C, Huck-Pezzei V, Dowell F, et al. Near-infrared imaging spectros-
copy as a tool to discriminate two cryptic Tetramorium ant species. J Chem Ecol. 2011; 37(6):549-52.
https://doi.org/10.1007/s10886-011-9956-x PMID: 21537901

Longato S, Woss C, Hatzer-Grubwieser P, Bauer C, Parson W, Unterberger SH, et al. Post-mortem
interval estimation of human skeletal remains by micro-computed tomography, mid-infrared micro-
scopic imaging and energy dispersive X-ray mapping. Anal Methods. 2015; 7(7):2917-27. https://doi.
org/10.1039/c4ay02943g PMID: 25878731

Pallua JD, Unterberger SH, Metzler G, Pfaller K, Pallua AK, Lackner R, et al. Application of 3-D surface
reconstruction by mid- and near-infrared microscopic imaging for anatomical studies on Hericium coral-
loides basidiomata. Analytical Methods. 2014; 6(4):1149-57.

Chew SF, Wood BR, Kanaan C, Browning J, MacGregor D, Davis ID, et al. Fourier transform infrared
imaging as a method for detection of HLA class | expression in melanoma without the use of antibody.
Tissue Antigens. 2007; 69 Suppl 1:252—8. Epub 2007/04/21.

Pallua JD, Pezzei C, Zelger B, Schaefer G, Bittner LK, Huck-Pezzei VA, et al. Fourier transform infrared
imaging analysis in discrimination studies of squamous cell carcinoma. The Analyst. 2012; 137
(17):3965—74. Epub 2012/07/14. https://doi.org/10.1039/c2an35483g PMID: 22792538

Podshyvalov A, Sahu RK, Mark S, Kantarovich K, Guterman H, Goldstein J, et al. Distinction of cervical
cancer biopsies by use of infrared microspectroscopy and probabilistic neural networks. Appl Opt.
2005; 44(18):3725-34. Epub 2005/07/02. PMID: 15989047

Wang TD, Triadafilopoulos G, Crawford JM, Dixon LR, Bhandari T, Sahbaie P, et al. Detection of
endogenous biomolecules in Barrett’'s esophagus by Fourier transform infrared spectroscopy. Proc Natl
Acad Sci U S A. 2007; 104(40):15864—9. Epub 2007/09/29. https://doi.org/10.1073/pnas.0707567104
PMID: 17901200

Li QB, Sun XJ, Xu YZ, Yang LM, Zhang YF, Weng SF, et al. Diagnosis of gastric inflammation and
malignancy in endoscopic biopsies based on Fourier transform infrared spectroscopy. Clin Chem.
2005; 51(2):346-50. Epub 2005/01/08. https://doi.org/10.1373/clinchem.2004.037986 PMID:
15637129

Yano K, Ohoshima S, Gotou Y, Kumaido K, Moriguchi T, Katayama H. Direct measurement of human
lung cancerous and noncancerous tissues by fourier transform infrared microscopy: can an infrared

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 14/16


http://www.ncbi.nlm.nih.gov/pubmed/11423133
https://doi.org/10.1111/j.1469-8137.2006.01881.x
https://doi.org/10.1111/j.1469-8137.2006.01881.x
http://www.ncbi.nlm.nih.gov/pubmed/17176407
https://doi.org/10.1021/jf049291b
http://www.ncbi.nlm.nih.gov/pubmed/15563218
https://doi.org/10.1039/c1an15615b
http://www.ncbi.nlm.nih.gov/pubmed/22158509
https://doi.org/10.1007/s10886-011-9956-x
http://www.ncbi.nlm.nih.gov/pubmed/21537901
https://doi.org/10.1039/c4ay02943g
https://doi.org/10.1039/c4ay02943g
http://www.ncbi.nlm.nih.gov/pubmed/25878731
https://doi.org/10.1039/c2an35483g
http://www.ncbi.nlm.nih.gov/pubmed/22792538
http://www.ncbi.nlm.nih.gov/pubmed/15989047
https://doi.org/10.1073/pnas.0707567104
http://www.ncbi.nlm.nih.gov/pubmed/17901200
https://doi.org/10.1373/clinchem.2004.037986
http://www.ncbi.nlm.nih.gov/pubmed/15637129
https://doi.org/10.1371/journal.pone.0174552

@° PLOS | ONE

IR microscopic imaging techniques for post-mortem interval evaluation of human skeletal remains

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

microscope be used as a clinical tool? Anal Biochem. 2000; 287(2):218-25. Epub 2000/12/09. https://
doi.org/10.1006/abio.2000.4872 PMID: 11112267

Krishna CM, Sockalingum GD, Bhat RA, Venteo L, Kushtagi P, Pluot M, et al. FTIR and Raman micro-
spectroscopy of normal, benign, and malignant formalin-fixed ovarian tissues. Anal Bioanal Chem.
2007; 387(5):1649-56. Epub 2006/10/18. https://doi.org/10.1007/s00216-006-0827-1 PMID: 17043798

Gazi E, Dwyer J, Gardner P, Ghanbari-Siahkali A, Wade AP, Miyan J, et al. Applications of Fourier
transform infrared microspectroscopy in studies of benign prostate and prostate cancer. A pilot study. J
Pathol. 2003; 201(1):99—108. Epub 2003/09/02. https://doi.org/10.1002/path.1421 PMID: 12950022

Pezzei C, Pallua JD, Schaefer G, Seifarth C, Huck-Pezzei V, Bittner LK, et al. Characterization of nor-
mal and malignant prostate tissue by Fourier transform infrared microspectroscopy. Mol Biosyst. 2010;
6(11):2287-95. Epub 2010/09/28. https://doi.org/10.1039/cOmb00041h PMID: 20871936

Argov S, Sahu RK, Bernshtain E, Salman A, Shohat G, Zelig U, et al. Inflammatory bowel diseases as
an intermediate stage between normal and cancer: a FTIR-microspectroscopy approach. Biopolymers.
2004; 75(5):384-92. Epub 2004/10/01. https://doi.org/10.1002/bip.20154 PMID: 15457432

Krafft C, Thimmler K, Sobottka SB, Schackert G, Salzer R. Classification of malignant gliomas by infra-
red spectroscopy and linear discriminant analysis. Biopolymers. 2006; 82(4):301-5. https://doi.org/10.
1002/bip.20492 PMID: 16506167

Krafft C, Salzer R. Neuro oncological Applications of Infrared and Raman Spectroscopy.

Ketcham RA, Carlson WD. Acquisition, optimization and interpretation of X-ray computed tomographic
imagery: applications to the geosciences. Computers & Geosciences. 2001; 27(4):381—400.

Woess C, Drach M, Villunger A, Tappert R, Stalder R, Pallua JD. Application of mid-infrared (MIR)
microscopy imaging for discrimination between follicular hyperplasia and follicular ymphoma in trans-
genic mice. The Analyst. 2015; 140(18):6363—72. https://doi.org/10.1039/c5an01072a PMID:
26236782

Schut AGT, Ketelaars J, Meuleman J, Kornet JG, Lokhorst C. Novel imaging spectroscopy for grass
sward characterisation. Imaging spectroscopy for characterisation of grass swards.9.

Yang C, Everitt JH, Mao C, editors. A hyperspectral imaging system for agricultural applications2001.

Cheng X, Chen YR, Tao Y, Chan D, Wang CY. Hyperspectral imaging and feature extraction methods
in fruit and vegetable defect inspection.

Kawamura S, Natsuga M, Takekura K, Itoh K. Development of an automatic rice-quality inspection sys-
tem. Computers and Electronics in Agriculture. 2003; 40(1-3):115-26.

Kavdir |, Guyer DE. Apple sorting using artificial neural networks and spectral imaging.

Hamid Muhammed H, Larsolle A. Feature vector based analysis of hyperspectral crop reflectance data
for discrimination and quantification of fungal disease severity in wheat. Biosystems engineering. 2003;
86(2):125-34.

Naumann A, Navarro-Gonzalez M, Peddireddi S, Kiies U, Polle A. Fourier transform infrared micros-
copy and imaging: Detection of fungi in wood. Fungal Genetics and Biology. 2005; 42(10):829-35.
https://doi.org/10.1016/j.fgb.2005.06.003 PMID: 16098775

Kavdir |, Lu R, Ariana D, Ngouajio M. Visible and near-infrared spectroscopy for nondestructive quality
assessment of pickling cucumbers. Postharvest Biology and Technology. 2007; 44(2):165-74.

Ridgway C, Davies E, Chambers J, Mason D, Bateman M. Rapid machine vision method for the detec-
tion of insects and other particulate bio-contaminants of bulk grain in transit. Biosystems engineering.
2002; 83(1):21-30.

Ridgway C, Chambers J. Detection of insects inside wheat kernels by NIR imaging. Journal of Near
Infrared Spectroscopy. 1998; 6:115-20.

Ridgway C, Davies R, Chambers J, editors. Imaging for the high-speed detection of pest insects and
other contaminants in cereal grain in transit2001.

Wetzel D. Microbeam molecular spectroscopy of biological materials. Developments in Food Science.
1995; 37:2039-108.

Wetzel D, Eilert A, Pietrzak L, Miller S, Sweat J. Ultraspatially-resolved synchrotron infrared microspec-
troscopy of plant tissue in situ. Cellular and molecular biology (Noisy-le-Grand, France). 1998; 44
(1):145.

Huck-Pezzei VA, Pallua JD, Pezzei C, Bittner LK, Schonbichler SA, Abel G, et al. Fourier transform

infrared imaging analysis in discrimination studies of St. John’s wort (Hypericum perforatum). Anal Bioa-
nal Chem. 2012; 404(6—7):1771-8. https://doi.org/10.1007/s00216-012-6296-9 PMID: 23053167

Bauer CM, Niederstatter H, McGlynn G, Stadler H, Parson W. Comparison of morphological and molec-
ular genetic sex-typing on mediaeval human skeletal remains. Forensic Science International: Genet-
ics. 2013; 7(6):581-6. http://dx.doi.org/10.1016/j.fsigen.2013.05.005.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 15/16


https://doi.org/10.1006/abio.2000.4872
https://doi.org/10.1006/abio.2000.4872
http://www.ncbi.nlm.nih.gov/pubmed/11112267
https://doi.org/10.1007/s00216-006-0827-1
http://www.ncbi.nlm.nih.gov/pubmed/17043798
https://doi.org/10.1002/path.1421
http://www.ncbi.nlm.nih.gov/pubmed/12950022
https://doi.org/10.1039/c0mb00041h
http://www.ncbi.nlm.nih.gov/pubmed/20871936
https://doi.org/10.1002/bip.20154
http://www.ncbi.nlm.nih.gov/pubmed/15457432
https://doi.org/10.1002/bip.20492
https://doi.org/10.1002/bip.20492
http://www.ncbi.nlm.nih.gov/pubmed/16506167
https://doi.org/10.1039/c5an01072a
http://www.ncbi.nlm.nih.gov/pubmed/26236782
https://doi.org/10.1016/j.fgb.2005.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16098775
https://doi.org/10.1007/s00216-012-6296-9
http://www.ncbi.nlm.nih.gov/pubmed/23053167
http://dx.doi.org/10.1016/j.fsigen.2013.05.005
https://doi.org/10.1371/journal.pone.0174552

@° PLOS | ONE

IR microscopic imaging techniques for post-mortem interval evaluation of human skeletal remains

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

McGlynn G. Using 13C-, 15N-, and 180 stable isotope analysis of human bone tissue to identify trans-
humance, high altitude habitation and reconstruct palaeodiet for the early medieval Alpine population at
Volders, Austria: Imu; 2007.

Bhargava R, Levin |. Spectrochemical analysis using infrared multichannel detectors: Wiley-Blackwell;
2005.

Kohler M, Machill S, Salzer R, Krafft C. Characterization of lipid extracts from brain tissue and tumors
using Raman spectroscopy and mass spectrometry. Anal Bioanal Chem. 2009; 393(5):1513-20. Epub
2009/01/21. https://doi.org/10.1007/s00216-008-2592-9 PMID: 19153721

Lasch P, Kneipp J. Biomedical vibrational spectroscopy: Wiley. com; 2008.

Bird B, Miljkovic M, Romeo MJ, Smith J, Stone N, George MW, et al. Infrared micro-spectral imaging:
distinction of tissue types in axillary lymph node histology. BMC Clin Pathol. 2008; 8:8. Epub 2008/09/
02. https://doi.org/10.1186/1472-6890-8-8 PMID: 18759967

Surovell TA, Stiner MC. Standardizing infra-red measures of bone mineral crystallinity: an experimental
approach. Journal of Archaeological Science. 2001; 28(6):633—42.

Thomas DB, Fordyce RE, Frew RD, Gordon KC. A rapid, non-destructive method of detecting diage-
netic alteration in fossil bone using Raman spectroscopy. Journal of Raman Spectroscopy. 2007; 38
(12):1533-7.

King CL, Tayles N, Gordon KC. Re-examining the chemical evaluation of diagenesis in human bone
apatite. Journal of Archaeological Science. 2011; 38(9):2222—30. http://dx.doi.org/10.1016/j.jas.2011.
03.023.

Colonese AC, Collins M, Lucquin A, Eustace M, Hancock Y, de Almeida Rocha Ponzoni R, et al. Long-
term resilience of late holocene coastal subsistence system in Southeastern South america. PloS one.
2014; 9(4):€93854. https://doi.org/10.1371/journal.pone.0093854 PMID: 24718458

Salzer R, Siesler HW. Infrared and Raman spectroscopic imaging. Weinheim: Wiley-Vch; 2009.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174552 March 23, 2017 16/16


https://doi.org/10.1007/s00216-008-2592-9
http://www.ncbi.nlm.nih.gov/pubmed/19153721
https://doi.org/10.1186/1472-6890-8-8
http://www.ncbi.nlm.nih.gov/pubmed/18759967
http://dx.doi.org/10.1016/j.jas.2011.03.023
http://dx.doi.org/10.1016/j.jas.2011.03.023
https://doi.org/10.1371/journal.pone.0093854
http://www.ncbi.nlm.nih.gov/pubmed/24718458
https://doi.org/10.1371/journal.pone.0174552

