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Abstract
In the present study, an innovative and highly efficient near-infrared hyperspectral imaging (NIRHSI) method is proposed to provide spectral maps able to reveal collagen distribution in large-size
bones, also offering semi-quantitative estimations. A recently introduced method for the
construction of chemical maps, based on Normalized Difference Images (NDI), is declined in an
innovative approach, through the exploitation of the NDI values computed for each pixel of the
hyperspectral image to localize collagen and to extract information on its content by a direct
comparison with known reference samples. The developed approach addresses an urgent issue of
the analytical chemistry applied to bioarcheology researches, which rely on well-preserved collagen
in bones to obtain key information on chronology, paleoecology and taxonomy. Indeed, the high
demand for large-sample datasets and the consequent application of a wide variety of destructive
analytical methods led to the considerable destruction of precious bone samples. NIR-HSI prescreening allows researchers to properly select the sampling points for subsequent specific analyses,
to minimize costs and time and to preserve integrity of archaeological bones (which are available in
a very limited amount), providing further opportunities to understand our past.

Keywords
Chemical mapping; Normalized difference images (NDI); Near-infrared spectroscopy;
Hyperspectral imaging; Ancient bones; Collagen.

2

1. Introduction
Well-preserved collagen in bone remains is of utmost importance for the evaluation of biology,
evolution and ethology of ancient humans and animals. Indeed, bone collagen informs on the
individual’s history, including its lifestyle, death and behaviour. To unveil such key information,
collagen has been targeted by isotopic analyses, i.e. diet [1-6], mobility [7-9] and chronology [1014], and more recently by proteomics, i.e. phylogeny [15-18] and species identification[19-21].
Collagen, a triple-helix fibrous protein, is the major constituent of the bone organic matrix [22].
After burial, bone collagen is usually subjected to post-depositional modifications due to
degradation and contamination processes induced by several factors such as temperature, the time
elapsed, soil, pH, humidity and microbial activity [23, 24]. Most of the current analytical protocols
(e.g. isotopic, radiocarbon and proteomic) require well-preserved collagen in terms of content and
quality, to provide valuable information [18,19, 21]. Isotope and radiocarbon analyses require more
than 1% by weight of well-preserved collagen to yield accurate data [25]. Genetic analyses rely on
the persistence of DNA molecules, possibly linked to the residual presence of collagen in bone
remains [26, 27]. Similarly, also ZooMS (Zooarchaeology by Mass Spectrometry) and paleoproteomics need preserved collagen peptides for taxonomic discrimination [21].
Previous works suggested that bones may present micro-areas with variable organic content due to
diagenetic alterations [28, 29]. For example, intra-bone subsampling recently revealed that drilled
bulk samples collected in an area of a few centimetres may present different nitrogen contents and,
consequently, a variable intra-sample collagen content [28].
In the last few decades, the uncontrolled application of destructive analytical methods, aimed at
finding well-preserved collagen, led to the destruction of numerous precious bone samples. A recent
comment published on Nature [30] drew the attention of researchers in the analytical and
anthropological fields to this issue, admonishing the reckless management of the heritage of human
and animal remains. More sustainable non-invasive analytical methods are now needed, as well as
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systematic documentation, across laboratories, on ancient humans and related species remains and
on the success rate of data recovery. Thus, the possibility to gather a suitable amount of wellpreserved collagen from bone specimens is crucial to obtain robust results and, potentially, to
enable the analysis of those samples with low-bulk collagen but presenting specific areas with
higher content.
Recently, several efforts have been focused on the development of reliable non-destructive prescreening methods for the detection of collagen in bone specimens and the evaluation of their state
of conservation. Spectroscopic techniques — as e.g. Fourier-transform infrared (FTIR) [21], Raman
[31, 32] and near-infrared (NIR) [33–35] — played a focal role, but the possibility of an extensive
mapping of samples has not been explored yet. Indeed, up to now, spectroscopic techniques allowed
researchers to perform only point analyses on the bone specimens, without the possibility to clearly
understand the spatial distribution of collagen – a crucial issue in heterogeneous samples. A
previous study reported on the use of a NIR camera, with a reduced spectral range (900–1700 nm),
on small cross-sectioned samples, using spectral bands associated with hydroxyapatite (O-H
vibration modes) [36] to evaluate the diagenetic status of skeletal remains in support of Sr isotopic
analyses.
In the present study, an innovative and non-invasive near-infrared hyperspectral imaging (NIR-HSI)
method was developed for the simultaneous detection and localization of collagen in ancient bones,
exploiting the short-wave infrared (SWIR) range (1000–2500 nm). In more detail, a fast and
straightforward protocol to generate false colour chemical maps of the collagen distribution was
proposed, based on the calculation of normalized difference images (NDI). The NDI method has
been recently proposed in the frame of forensic and environmental applications [37, 38]. In the
present study, it was implemented with an approach that exploits the NDI values extracted from
each pixel of the hyperspectral image and compares the computed median values among real and
reference samples. These values are reported in the ordinate axis of the box and whisker plot to
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support the comparison and the evaluation of data obtained; thus, the joint examination of reference
bones and test samples led to estimate the collagen content in each sample and within its different
areas, supporting the identification of proper sampling points. The NDI approach is efficient when
the target analytes have distinctive absorptions in the spectrum and are present at a detectable
concentration in the sample analysed. The effect of signal interferences such as baseline effects is
minimised by the mathematical transform itself.
This approach can radically reduce the destruction rate of precious samples, thus increasing the
number of bones that can be submitted to guided micro-destructive sampling. In addition, the rapid
pre-screening of large bones may contribute to optimize the time and the budget dedicated to timeand cost-consuming analyses, such as radiocarbon, stable isotopes and proteomics, reducing the
total number of specimens analysed and, thus, potentially leading to a drastic drop in average
research costs in these fields.
The method was, at first, assessed on six faunal samples with previously determined collagen
content used as reference samples and then tested on three bone samples, characterized by different
chronological period and site of excavation. To validate the method, the test bones were sampled in
areas with different collagen content and quantitative analysis was performed through an acid
demineralization method and compared with the outcomes of NIR imaging.

2. Materials and Methods
2.1 Samples
The method was applied on six reference samples with known collagen content (sample ID: FB-A,
FB-B, FB-C, FB-D, FB-E, FB-F; see Table 1). Afterwards, the method was also tested on real test
samples characterized by different chronological period and site of excavation. In detail, a human
femur (MV-F) and a coxal bone (MV-C) coming from an Iron Age Italian site (Monterenzio
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Vecchio, Bologna, ca. 4th-3rd century BC) [39], and a fauna sample from a Middle-Upper
Paleolithic Italian site, namely RB (Riparo del Broion, Vicenza, Veneto, Italy, ca. 45’000 years BP)
[40].
2.2 Hyperspectral imaging
HSI-NIR data were acquired by a push-broom system composed by a SWIR3 hyperspectral camera
working in the 1000–2500 nm spectral range, at 5.6 nm spectral resolution (Specim Ltd, Finland).
The instrumental setting is characterized by three halogen lamps (35 W, 430 lm, 2900 K, each) as
illumination sources and a horizontal line scanner (40 × 20 cm moving stage) on which samples are
laid down. The system is controlled by the Lumo Scanner v. 2.6 software (Specim Ltd, Finland).
Prior to each measurement, dark (closed shutter) and white (99% reflectance Spectralon® rod)
images were automatically recorded and used to compute the spectral reflectance value (R) for each
pixel and wavelength. For the acquisition, the scan parameters were set as follow: frame rate equal
to 50.00 Hz and exposure time equal to 9.00 ms; manual focus was tuned before the scan. The
collected image data were organized in a three-dimensional data matrix, often called hypercube or,
alternatively, spectral cube. The first two dimensions of the 3D array are vertical and horizontal
spatial coordinates (pixels), while the third dimension represents the wavelengths (spectral
dimension).
2.3 NIR-HSI data analysis
Collagen distribution was obtained representing the normalized difference image (NDI) [37, 38]:
=

(1)

where Rλh is the reflectance value at 1959 nm, attributed to the O-H banding second overtone and
O-H stretching combination band of hydroxyapatite, and Rλc is the reflectance value at 2195 nm,
attributed to N-H bending second overtone and C=O stretching combination of collagen. Plotting
the NDI values for each pixel in a scale where red represents the maximum values and blue the
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minimum values, a false colour chemical map is obtained, which represents the distribution of
collagen. Owing to their high signal-to-noise ratio, spectra were used for the data analysis as raw
data without any pre-treatment [41].
Regions of interest (ROIs) at predominant red, green and blue colours were automatically selected
by defining, respectively, three numerical selection ranges of the colour values of the pixels in the
resulting NDI maps. For each of the three ROI, the average NIR spectrum was computed by
averaging the subset of spectra corresponding to the selected pixels.
NDI values of each different sample were also visualized in a box-and-whisker plot, in which the
central mark of each box indicates the median, and the bottom and top edges of the box indicate the
25th and 75th percentiles, respectively. The comparison of the NDI median values calculated for
reference samples with the ones obtained for the test samples enabled the estimation of collagen
content in the test samples.
2.3 Collagen extraction and quantification
Bone collagen was extracted from reference and test samples and quantified at the Stable Isotope
Laboratory of the University of Parma (Italy), following the protocol described by [42]. In brief, ca.
200 mg of bone was demineralized with 0.5 M HCl until no effervescence was observed. The
resulting collagen ‘pseudomorphs’ were then treated with NaOH and lyophilized. Finally, collagen
yields were calculated as the percentage of the extracted collagen weight over the total weight of the
original bone sample.

3. Results and Discussion
Collagen distributions were obtained calculating the normalized difference images (NDI) [37, 38],
as reported in the Materials and Methods paragraph, using the reflectance value at 2195 nm of
collagen (N-H bending second overtone and C=O stretching combination band) and of the band at
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1959 nm of hydroxyapatite (O-H bending second overtone and O-H stretching combination band)
[34]. For the reference samples (labelled as FB) with known collagen content, merged chemical
maps were obtained combining each sample in a single portfolio image, in which the chromatic
scale was defined considering the NDI values calculated for each pixel in all the samples (Fig. 1).
The colours observed in the maps are related to the different relative content of collagen (pure red:
highest content, green: intermediate content, pure blue: lowest content). Samples FB-A and FB-B,
which correspond to the lowest collagen content (2.9% wt of collagen), exhibited a bluish-light
green colour (Fig. 1). Samples with a mid-level collagen content FB-C, FB-D and FB-E (ranging
between 8% and 15% wt) showed a greenish hue with some yellow and light blue areas (Fig. 1).
FB-F (20% wt of collagen) was characterized by several red and yellow pixels (highest content,
>20% wt), distributed mainly on the bottom part of the sample (Fig. 1b). However, it can be noted
that, in the upper left part of the sample, the distribution of collagen presented several blue spots,
indicating a noticeably lower concentration, with respect to the bottom part.
Each map can be range-scaled individually to enhance the colour contrast and, consequently, the
visualization of differences in collagen distribution within a single sample. For FB-D, for instance,
the map analysed was range-scaled individually, from the lowest (pure blue) to the highest NDI
value (pure red), to visually enhance the intra-sample variability in collagen content (Fig. 1c and
1e). The strategy followed for data processing enabled the automatic extraction of the average
spectra from the three areas identified. As expected, the diagnostic bands associated to the presence
of collagen at 2060 nm (N-H stretching combination band), 2195 nm and at 2293 nm (C-H
stretching and bending combination band) [32] increased according to the collagen content (lower
in the blue areas, higher in the red ones). This means that, depending on the sampling point, the
quantity of collagen extracted by destructive analytical procedures (as the demineralization) may be
remarkably different [28].
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Thus, NIR-HSI maps revealed a very heterogeneous collagen distribution, both at a macro- and at a
micro-scale (pixel size = 500 µm). Such heterogeneity was observed in all the samples, pointing out
an urgent issue in bioarchaeology researches regarding the need for non-destructive pre-screening
methods to support the identification of the richest collagen areas for designing further
examinations.
Analyses of the reference set of samples showed that the NIR-HSI results were coherent with the
collagen extraction yield. In particular, the NDI median values tended to increase according to the
average collagen content (Fig. 2). This enabled a quick comparison among different specimens to
identify the most suitable area to be submitted to further investigations by means of destructive
analytical methods.
For sample FB-F, with the highest collagen content (20% wt), the highest NDI median was obtained
(0.29), with box boundaries (25th and 75th percentiles) at 0.25 and 0.33. The median NDI value of
sample FB-E (15% wt) was 0.27, with box boundaries at 0.24 and 0.29. FB-D (8.5% wt) and FB-C
(8% wt) showed a similar median value, at around 0.26, with box boundaries at 0.23-0.29 for FB-D
and at 0.24-0.29 for FB-C, exhibiting a partial box overlapping even with sample FB-E. Samples
FB-A and FB-B, with the lowest amount of collagen (2.9% wt for both), showed a median NDI
value at 0.22 and 0.23, respectively (with boundaries at 0.21 and 0.24 for FB-A, and at 0.21 and
0.25 FB-B).
The distribution of the NDI values for each sample reported in the box and whisker plot (Fig. 2)
showed that the median NDI values were positively correlated with the collagen content and that
they increased according to the yield of the extracted collagen. These outcomes indicate the
potential of NIR-HSI as a rapid tool to compare different bone remains to select the most interesting
pieces and the most appropriate areas for the collection of micro-samples to be submitted to
destructive analyses.

9

To further demonstrate the feasibility of NIR-HSI in the selection of sampling areas, three test
samples (RB, MV-F, MV-C), with unknown collagen content were, at first, not-invasively mapped
and, then, sampled in different points according to the collagen distributions obtained. The NDI
merged map showed an evident heterogeneity, in terms of both collagen content and distribution
(Fig. 3). RB, dating back to the Middle-Upper Palaeolithic (ca. 45 ka), resulted in be the samples
with the lowest content, reflecting a post-depositional loss of organic matrix. The distribution of
collagen content in this latter specimen was highly heterogeneous, as suggested by the presence of a
large dark blue area with some green-yellowish spots, mainly present in a half of the sample.
Conversely, the number of red and yellow pixels in the MV-F sample (4th-3rd cent BC) was
remarkably elevate and widely distributed, indicating a higher collagen content localized in specific
areas. MV-C (4th-3rd cent BC) showed a predominant green-yellowish tonality, in which some
light blue and red areas were clearly identified. The highlighted intra-sample variability may be
related to several factors as, e.g.: 1) diagenetic alterations [22]; 2) physiological differences in
collagen density due to age [43]; 3) bio-mechanical properties of bone [44, 45].
Test samples were analysed to compare collagen distributions obtained with NIR-HSI with
quantitative determinations of specific areas. Accordingly, in the box and whisker plot, the MV-F
bone presented the highest NDI median value (0.32, with box boundaries equal to 0.28 and 0.36),
while the median NDI values of MV-C was of 0.27, with box boundaries at 0.24 and 0.30. RB
showed a high variability of the NDI values with a median of 0.20 (the lowest median value in all
the samples analysed) and box boundaries at 0.14 and 0.26, suggesting a very heterogeneous
collagen distribution.
The relative distributions of collagen deduced by examination of the NDI were confirmed by the
quantitative determination in selected areas of samples MV-F, MV-C and RB, using HCl
demineralization. Sample taken from the areas characterized by a high NDI value in MV-F (Fig. 3a
and 3b) showed a higher collagen content (25% wt) than what was observed in the sample taken
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from the areas with low NDI value of the same sample (12.5% wt of collagen), confirming the
heterogeneity of collagen distribution in the femur. The same behaviour was observed in MV-C,
where the collagen content was highly superior in the areas presenting a high NDI value (26.4% wt
of collagen) with respect to ones with low NDI value (5.3% wt of collagen). A fragment taken from
the area richest in collagen (high NDI value area) of sample RB showed a value of collagen of
about 8.7% (wt). Interestingly, the maximum NDI value of RB, equal to 0.25 (Fig. 2), is of the same
order of magnitude of the median value of samples FB-C and FB-D which contain a similar
percentage of collagen.
These outcomes agree with the collagen yield of human bones from other Italian Metal-Age sites
[46], reaching up ~30% wt. The coxal bone (sample MV-C) seemed characterized by an averagely
lower collagen content with respect to MV-F, with collagen mostly localized in the exposed
trabecular portion and part of the ilium. Due to the different remodelling rate between cortical and
trabecular bone, an inter-tissue variability was expected [47]. Hence, higher collagen yield in the
trabecular bone might be explained as relatively lower mineral content, if compared to the highlymineralized cortical tissue [47, 48]. The Middle-Upper Paleolithic bone from Riparo Broion (RB)
showed, as expected, a relatively low collagen yield, as observed by NIR imaging and collagen
quantification (by performing acid demineralization). This may have been determined by the old
age of the sample RB and by a strong post-depositional loss of organic matter, probably due to the
combination of microbial attack and collagen hydrolysis [24].

4. Conclusions
The new NIR-HSI method developed provided an efficient mapping of collagen distribution,
enabling an intra- and inter-sample comparison, fully exploiting the potentialities of the NDI data
processing translated into chemical maps or into box and whisker plots, leading to a qualitative and
semi-quantitative evaluation of the relative collagen content distribution.
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Being fast and completely non-invasive, the NIR-HSI approach may help bone pre-screening, to
identify interesting areas within the same specimen on which to drive subsequent targeted analyses,
reducing size and number of samples, ultimately contributing to save money, time and to preserve
bone integrity. Findings of the present study demonstrate that the high collagen content in old bones
may be often restricted to a few areas, clearly indicating the importance of an adequate screening
method to avoid incorrect evaluations and to maximize the ratio between information gain and
sample destruction.
Based on the resulted showed here, further researches are now in progress to develop linear and
non-linear multivariate regression models to extract quantitative data from the NIR-HSI chemical
images.
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Figure 1. NIR-HSI results on reference samples. a) Photographs of the reference samples; b) NDI
merged image of reference samples (from the above): FB-A, FB-B, FB-C, FB-D, FB-E, FB-F; c,
d,e) ROIs referred to areas with different collagen content (blue: low, green: mid-level, red: high) in
sample FB-D individually-scaled map; f) extracted averaged spectra from each ROI identified;
diagnostic bands attributed to collagen (2060 nm: N-H stretching combination band; 2195 nm: N-H
bending second overtone and C=O stretching combination 2293 nm: C-H stretching and bending
combination band) and to hydroxyapatite (1959 nm: O-H banding second overtone and O-H
stretching combination band) are marked in the plot.
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Figure 2. Box-and-whisker plot with NDI values. Box-and-whisker plot reporting the NDI values
of reference (left) and test samples (right). Collagen yield obtained by acid demineralization is also
reported for reference samples. On each box, the central red mark indicates the median, and the
bottom and top blue edges of the box indicate the 25th and 75th percentiles, respectively. The black
whiskers extend to the most extreme data points not considered as outliers, and outliers are plotted
individually using the '+' red symbol. Number of pixels for each sample: FB-A: 312; FB-B: 693;
FB-C: 2116; FB-D: 2226; FB-E: 1379; FB-F: 2412; RB: 3380; MV-F: 26933; MV-C: 54392.
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Figure 3. NIR-HSI results on test samples. a) Photographs of the test samples; sampling area for
collagen extraction are reported (red rectangles); samples were submitted to the quantification of
collagen through bone demineralization by HCl; for each investigated area the results are
highlighted (% wt of collagen) and the subsample name is reported (see Table 1); b) NDI merged
image of test samples (from the above): RB, MV-F, MV-C; c,d,e) ROIs referred to areas with
different collagen content (blue: low, green: mid-level, red: high) in sample MV-F individuallyscaled map; f) extracted averaged spectra from each ROI identified; diagnostic bands attributed to
collagen (2060 nm: N-H stretching combination band; 2195 nm: N-H bending second overtone and
C=O stretching combination 2293 nm: C-H stretching and bending combination band) and to
hydroxyapatite (1959 nm: O-H banding second overtone and O-H stretching combination band) are
marked in the plot.
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Table 1. Information about the bone samples employed in this work. Collagen yields were
calculated as the percentage of the extracted collagen weight over the total weight of the original
bone sample after HCl demineralization.
Sample name

Bone sample

Collagen

Whole-bone

Archaeological

Approximate

type

yield (% wt)

median NDI

site

sample age

Savorgnano

End

(Udine)

century AD

Savorgnano

End

(Udine)

century AD

Savorgnano

End

(Udine)

century AD

Savorgnano

End

(Udine)

century AD

Savorgnano

End

(Udine)

century AD

Savorgnano

End

(Udine)

century AD

Reference

value
FB-A

FB-B

FB-C

FB-D

FB-E

FB-F

RB

MV-F1

Fauna

Fauna

Fauna

Fauna

Fauna

Fauna

Fauna

Human

2.9

2.9

8

8.5

15

20

8.7

25

0.22

0.23

0.26

0.26

0.27

0.29

0.20

0.32

Riparo

Broion

of

of

of

of

of

of

45,000

(Vicenza, Italy)

BP

Monterenzio

4th-3rd

Vecchio

BC

7th

-

7th

-

7th

-

7th

-

7th

-

7th

-

years

(23)

cent

(22)

cent

(22)

cent

(22)

cent

(22)

cent

(22)

(Bologna, Italy)
MV-F2

Human

12.5

-

Monterenzio

4th-3rd

Vecchio

BC

(Bologna, Italy)
MV-C1

Human

5.3

0.27

Monterenzio

4th-3rd

Vecchio

BC

(Bologna, Italy)
MV-C2

Human

13.5

-

Monterenzio

4th-3rd

Vecchio

BC

(Bologna, Italy)
MV-C3

Human

26.4

-

Monterenzio

4th-3rd

Vecchio

BC

(Bologna, Italy)
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Highlights

•

Near-infrared hyperspectral imaging for localising collagen in ancient bones

•

Computation of normalized difference images for high-throughput chemical mapping

•

Relative estimation of collagen content within a sample and between samples

•

Efficient non-destructive strategy to select sampling areas in entire specimens

•

Green and rapid screening method which saves bones for further analyses

