A

;aiﬁ‘éf‘ﬁ- . UNIVERSITA
| ” S AI-,,:{]_‘O %1 ) &l DEGLI STUDI
%" DITORINO

T

i

'y

i

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Non-destructive age estimation of biological fluid stains: An integrated analytical strategy based
on near-infrared hyperspectral imaging and multivariate regression

This is a pre print version of the following article:

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1886954 since 2023-01-31T10:29:24Z

Published version:
DOI:10.1016/j.talanta.2022.123472
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

14 October 2023



Talanta

Non-destructive age estimation of biological fluid stains: an integrated analytical
strategy based on near-infrared hyperspectral imaging and multivariate regression

Manuscript Number:
Article Type:
Section/Category:
Keywords:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

Suggested Reviewers:

Opposed Reviewers:

--Manuscript Draft--

Research Paper
Molecular Spectroscopy and Optical Probes

near infrared (NIR) spectroscopy; hyperspectral imaging (HSI); partial least squares
(PLS) regression; biological fluid; aging estimation; forensic analysis

Paolo Oliveri, PhD
University of Genova
Genoa, ITALY

Cristina MANIS, MSc
Cristina MANIS, MSc
Cristina Malegori, PhD
Eugenio ALLADIO, PhD
Marco VINCENTI, PhD
Paolo GAROFANO, PhD
Filippo BARNI, PhD
Andrea BERTI, PhD
Paolo Oliveri, PhD

From a criminalistic point of view, the accurate dating of biological traces found at the
crime scene, together with its compatibility with the estimated crime perpetration
timeframe, enables to limit the number of suspects by assessing their alibis and
clarifying the sequence of events. The present study delineates, for the first time, the
possibility of dating biological fluids such as semen and urine, as well as blood traces,
by using a novel non-destructive analytical strategy based on hyperspectral imaging in
the near infared region (HSI-NIR), coupled with multivariate regression methods.
Investigated aspects of the present study include not only the progressive degradation
of the biological trace itself, but also the effects of its interactions with the support on
which it is absorbed, in particular the hydrophilic vs. hydrophobic character of fabric
tissues. Results are critically discussed, highlighting potential and limitations of the
proposed approach for a practical implementation.

Markus Baumgartner, PhD

Prof., University of Zurich: Universitat Zurich
Markus.Baumgartner@irm.uzh.ch

Expert on Forensic Analytical Chemistry and spectral imaging

Simon Lewis, PhD

Prof., Curtin University - Perth Bentley Campus: Curtin University
S.Lewis@curtin.edu.au

Expert on Forensic Analytical Chemistry and spectral imaging

Grzegorz Zadora, PhD

Prof., University of Silesia: Uniwersytet Slaski w Katowicach
greg_zadora@yahoo.com

Expert on Forensic Analytical Chemistry and Statistical Analysis in Forensic Sciences

Gerda Edelman, PhD

Dr., Netherlands Forensic Institute: Nederlands Forensisch Instituut
g.edelman@nfi.minven;j.nl

Expert on Crime Scene investigations, spectral imaging and multivariate data analysis

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

Universita | DIFAR DIPARTIMENTO
di Genova | DI FARMACIA

Genova, March 2", 2022

Dear Editor,

We are pleased to submit the manuscript entitled “Non-destructive age estimation of
biological fluid stains: an integrated analytical strategy based on near-infrared hyperspectral
imaging and multivariate regression”, for your consideration for publication in Talanta.

The study arises from a collaboration between two academic research groups (at the
universities of Genova and Turin, respectively), the Regional Antidoping Center & Regional
Toxicology Laboratory “A. Bertinaria” (Orbassano), and the Scientific Investigation Section
(Reparto Investigazioni Scientifiche) of Carabinieri (Rome), and represents the evolution of a
former study published in Talanta (C. Malegori, E. Alladio, P. Oliveri, C. Manis, M. Vincenti, P.
Garofano, F. Barni, A. Berti, Identification of invisible biological traces in forensic evidences by
hyperspectral NIR imaging combined with chemometrics, Talanta, Volume 215, 1 August 2020,
120911, https://doi.org/10.1016/]j.talanta.2020.120911). The previous study was devoted to
identification of biological stains, while the current one is focused on the estimation of time
elapsed between the deposition of the biological fluid and its analysis.

We confirm that this manuscript is an original work; it has not been published
elsewhere and is not under consideration by any other journal. We have no conflicts of interest
to declare. As the Corresponding Authors, we confirm that the manuscript has been read and
approved for submission by all the named authors.

We ensure our collaboration to further improve the manuscript, following the guidance
and comments of the Reviewers that you might choose.

Yours sincerely,

Dr. Paolo Oliveri

Professor, Analytical Chemistry and Chemometrics
Vice-President

Ligurian Section of the Italian Chemical Society (SCI)
Coordinator

Divisional Group of Chemometrics

Department of Pharmacy (DIFAR), University of Genova, Italy
+39 010 353-2626; oliveri@difar.unige.it

Dr. Marco Vincenti

Full Professor, Analytical Chemistry

Scientific Director

Regional Antidoping Center & Regional Toxicology Laboratory “A. Bertinaria”, Orbassano, Italy
Coordinator

Divisional Group of Forensic Analytical Chemistry

of the Italian Chemical Society (SCI)

Department of Chemistry, University of Turin, Italy

+39 011-670-5264; marco.vincenti@unito.it

Dipartimento di Farmacia

difar.unige.it
P. IVA 00754150100

Viale Cembrano 4, 16148 Genova
oliveri@difar.unige.it



file:///C:/Users/paolo/Documents/Papers/Forense_bis_Manis/gennaio_2022/FINALE/difar.unige.it
mailto:oliveri@difar.unige.it
https://doi.org/10.1016/j.talanta.2020.120911

Novelty Statement

Universita | DIFAR DIPARTIMENTO
di Genova | DI FARMACIA

Novelty Statement:

A novel analytical strategy based on a cutting-edge technique (hyperspectral imaging
in the near-infrared region) is presented, for the first time, as a powerful tool to
simultaneously reveal, localize and date biological stains from different fluids (blood, semen,
urine) on different supports (hydrophilic and hydrophobic fabrics). Time was introduced as a
further dimension in hyperspectral imaging and, thanks to the development of appropriate
multivariate regression models, it was possible to efficiently estimate the time (in h) elapsed
between the deposition of the biological fluid and analysis. This was possible thanks to the
capability of near-infrared spectroscopy to capture chemical modifications that occur during
the ageing. Informative chemical maps were obtained, allowing the analyst to visualize the
stain and to have a direct estimation of its age, in a completely non-destructive and non-
invasive way. Prediction models were fully validated on separate test sets and the high-impact
results are critically discussed.

The innovative analytical solution presented in this study has a great impact not only
in the forensic sector, but in the whole frame of analytical fields in which the ageing of samples
is a key issue (from biological and clinical chemistry to shelf-life studies in the food sciences).
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Abstract

From a criminalistic point of view, the accurate dating of biological traces found at the crime scene, together
with its compatibility with the estimated crime perpetration timeframe, enables to limit the number of
suspects by assessing their alibis and clarifying the sequence of events. The present study delineates, for the
first time, the possibility of dating biological fluids such as semen and urine, as well as blood traces, by using
a novel non-destructive analytical strategy based on hyperspectral imaging in the near infared region (HSI-
NIR), coupled with multivariate regression methods. Investigated aspects of the present study include not
only the progressive degradation of the biological trace itself, but also the effects of its interactions with the
support on which it is absorbed, in particular the hydrophilic vs. hydrophobic character of fabric tissues.
Results are critically discussed, highlighting potential and limitations of the proposed approach for a practical
implementation.

Keywords: near infrared (NIR) spectroscopy; hyperspectral imaging (HSI); partial least squares (PLS)
regression; biological fluid; aging estimation; forensic analysis.

1. Introduction

The recent advancements in DNA extraction and amplification awarded to biological evidences a crucial role
in the forensic investigation. Their detection within the crime scene consistently provide the identification of
a suspect or a victim, but also allows to exonerate innocent individuals and gather further knowledge to
reconstruct the crime action (for example, by pattern analysis). Another part of information that biological
traces may reveal is the alleged time frame when a crime was committed (Weyermann & Ribaux, 2012). This
estimation substantially contributes to the activity level proposition assessment as it is proposed by the
“hierarchy of propositions” theory (Cook et al. 1998). For these reasons, a procedure that allows to correlate
the time of air exposure of a biological trace with its progressive degradation, is likely to provide considerable
advantage in the resolution of violent criminal events. For estimation of the age of a bloodstain, several
techniques have been investigated. Recent review by Bremmer (Bremmer, Bruin, Gemert, Leeuwen, &
Aalders, 2012) and Zadora (Zadora & Menzyk, 2018) looked over the methods applied to this purpose,
including high-performance liquid chromatography, electron paramagnetic resonance, atomic force
microscopy, RNA degradation measurements, infrared and Raman spectrocopies. However, none of these
methods is implemented in the forensic practice yet, because they are subjected to a variety of potential bias
sources (Menzyk et al. 2020), require complex sample preparations and need to be performed in a laboratory
setting (Edelman et al. 2012). An even more limited number of analytical techniques have been described for
the age estimation of other biological traces.

The sole availability of latent traces, often in minimal amount, together with the presence of contaminants
(Rosenblatt et al. 2019) and fluid mixtures, frequently makes the biological trace detection remarkably
complex (Harbison & Fleming, 2016). While it is requested that the suspected biological evidences are
promptly detected and identified, traditional body fluid identification and analysis unfortunately present
severe limitations, essentially due to the critical and/or degraded conditions in which these evidences are
often found (Bremmer, 2012). Moreover, their detection with traditional tests involves further degradation
or even destruction of the sample (Virkler & Lednev, 2009). In particular, the use of chemical reagents makes
the process of latent trace visualization destructive, preventing the repetition of the analysis possibly
requested. On the other hand, the DNA profiling performed on a minimal amount of biological fluids requires
its careful preservation. Indeed, both sample contamination by the use of presumptive chemical tests and
degradation by confirmatory analysis represent substantial threats when only minimal/latent traces are
available (Rankin-Turner et al. 2019). All these issues push research toward the development of new
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techniques allowing to detect minute biological traces in a selective and non-destructive way, possibly using
miniaturized and portable devices, enabling in-field activity.

The significant progress in the laser technology and the development of innovative detectors have greatly
improved the spectroscopic methods for molecular characterization (Virkler & Lednev, 2009). In this regard,
infrared (IR) radiation between 1000 and 2500 nm (referred to as the near infrared — NIR — region) represents
a very powerful tool for forensic sciences, especially when it is combined with hyperspectral imaging
techniques (HSI-NIR). The inherent investigation of the spatial dimension allowed by HSI-NIR makes it highly
valuable in the analysis of heterogeneous surfaces. In detail, the HSI-NIR data are organized in a four-
dimensional matrix, often called “hypercube”, in which the x and y dimensions account for the spatial
domain, while the z dimension represents the spectral one (reflectance values for each wavelength). The
hypercube data processing using appropriate chemometric techniques allows the analyst to gain information
on both the chemical nature of the substances present at the investigated surface and their location on it.

Recently, an analytical protocol based on HSI-NIR data was developed for the screening of various common
substrates to highlight and identify various biological traces in the potential context of a crime scene
(Malegori et al., 2020). In this study, a straightforward and reliable data processing for the extraction of the
chemical information embodied within the spectra was proposed. This approach was based on calculating a
normalized difference image (NDI), which provides a monolayer grayscale image maximizing the difference
between the stain and the supporting material (Malegori & Oliveri, 2018).

In the present study, such an analytical protocol was applied to biological evidences enabling the evaluation
of trace degradation processes, like oxidation or carboxylation, related to the period of air exposure. The
application of multivariate regression to the acquired NIR spectra provided an estimate of the exposure
period, corresponding to the time elapsed from the moment the crime was committed, based on the
degradation level of the biological trace.

The choice of robust and straightforward chemometric techniques for data processing pursues the same aim.
In the legal field, the traces should ideally be analysed and interpreted at the crime scene, in the original
context, with no chance of external contamination. In contrast, the analytical procedures currently used to
highlight and detect the biological traces exploit chemical and/or optical methods, both involving significant
contact with the sample (Bremmer, Edelman, Vegter, Bijvoets, & Aalders, 2011). Hyperspectral imaging is
particularly interesting within this context, as it is suited for non-contact identification of evidence,
minimizing the risk of trace contamination and destruction. Further advantages associated with the
spectroscopic techniques include the speed of analysis, absence of solvents and samples pre-treatments,
ability to discriminate and identify several biological fluids. All these aspects make the HSI-NIR technique
particularly appropriate and promising to pursue the goal of biological traces characterization.

2. Materials and Methods
2.1 Experimental protocol
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Figure 1: Scheme of the experimental protocol.

According to the scheme reported in Figure 1, two tissues with different hydrophilic vs. hydrophobic
properties, namely black cotton and black polyester fabrics, were selected to investigate potentially distinct
interactions occurring between the biological fluids and the supporting materials depending on their nature
and chemical features.

Among the biological evidences most frequently found in crime scenes, three biological fluids were
investigated: blood, urine, and semen. These fluids were provided by Centro Regionale Antidoping e di
Tossicologia “A. Bertinaria”, Laboratorio di Genetica Forense (Orbassano, TO - Italy) after collection from
healthy volunteers. All samples were collected in plastic vials and stored at + 4 ° C for three days before
application

The two fabrics were cut to produce three 5x5 cm cut-outs each to be used as a support for the deposition
of the biological traces. The six supports plus three glass slides was stained with 20 uL of one of the fluids
under examination: blood, urine, and seminal fluid. In the experimental protocol, the analysis of biological
fluids on a glass support (transparent to NIR radiation) was included to confirm the characteristic NIR
absorptions of each biological fluid.

The samples were analysed immediately after fluid deposition and the acquisitions were repeated every
hour, for 48 hours, to evaluate the spectroscopic changes over time. At the end of the initial 48 hours, the
hyperspectral images of the samples were acquired twice a day for 19 days at regular 12-hours intervals.
Globally, each fabric scrap was subjected to 86 HSI-NIR analyses, spanning over a total of 504 hours. The
acquisition frequency was chosen according to the known alteration kinetics of the main biological fluids
constituents, typically occurring at high rate within the few initial hours and decreasing at longer time
intervals. To simulate the conditions occurring at an actual crime scene, humidity and temperature were not
set at controlled values, but both parameters were continuously monitored over the experimental periods.
In detail, the average laboratory temperature was 25 °C (+ 2 °C) and the average humidity was 60% (+ 7 %).
The room lighting followed regular circadian cycles. To best simulate typical conditions found at an actual
crime scene, the tissue samples were exposed only to the light coming from the laboratory windows.

2.2 Hyperspectral imaging
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For all types of samples, HSI-NIR data were acquired by a push-broom system composed of a SWIR3
hyperspectral camera operating in the 1000-2500 nm spectral range, at 5.6 nm resolution (Specim Ltd,
Finland). The instrumental setting is characterised by three halogen lamps (35 W, 430 Im, 2900 K, each) as
the illumination sources and a horizontal line scanner (40 x 20 cm LabScanner, Specim Ltd, Finland) on which
samples are laid down. The system is controlled by the Lumo Scanner v. 2.6 software (Specim Ltd, Finland).
Before each measurement, dark (closed shutter) and white (99% reflectance Spectralon® rod) images were
automatically recorded and stored and were used to compute the spectral reflectance value (R) for each pixel
and wavelength. For the acquisition, the scan parameters were set as follows: frame rate equal to 50.00 Hz
and exposure time equal to 9.00 ms; manual focus was tuned before the scan. By scanning the entire surface
of the sample, a complete three-dimensional hyperspectral image was created, where the first two
dimensions represent the spatial information (coordinates of the planar space) while the third one is the
spectral coordinate.

The spectra, recorded in the reflection mode (reflectance scale), were subsequently converted into pseudo-
absorbance Log(1/R) values (Manley, 2014) to facilitate the direct understanding of the spectral
characteristics (Oliveri, Malegori, Simonetti, & Casale, 2019).

2.3. Multivariate data processing

Images of the dehydrated biological fluids collected at different time points were processed to evaluate and
confirm the characteristic NIR absorptions of each biological fluid. Specifically, their NIR images collected
from glass supports were analysed by means of principal component analysis (PCA). To minimise unwanted
systematic signal contributions due to physical irregularities of the sample surface, the NIR spectra were pre-
processed by means of the standard normal variate transform (SNV) as a scatter-corrective pre-processing
(Barnes et al. 1989), together with a Savitzky—Golay smoothing (15-datapoint window size, third-degree
polynomial). The PCA outcomes confirmed the expected selection of the most informative wavelengths for
each biological fluid, described in (Malegori et al. 2020). These characteristic wavelengths were employed to
calculate a normalized difference image (NDI) which produces a monolayer grayscale image that maximizes
the difference between the stain and support and highlights the biological trace (Malegori et al. 2020):

NDJ = Xs~Ras (1)
Rys

where Ry is the reflectance value at the wavelength of the support (cellulose or polyester) and R,y is the
average reflectance value at the wavelength characteristic for each dehydrated biological fluid. In this way,
the monolayer grayscale image is scaled between its maximum (forced to 255, white) and minimum (forced
to 0, black) reflectance values.
The NDI image was calculated for each sample and time point. Afterwards, a masking procedure was applied
to the images, with a threshold set on the corresponding NDI intensity histogram (Piarulli et al., 2020) that
eliminates the pixels not matching the biological trace. The mean spectra were calculated by averaging the
spectral profiles that are associated to the pixels constituting each of these crops. Then, they were used for
building multivariate regression models by the Partial Least Squares (PLS) method, with the aim to evaluate
possible correlations between the observed changes in the chemical content of the biological traces and their
exposure time. In detail, six regression models were built: one for each type of biological fluid on both
hydrophilic (cotton) and hydrophobic (polyester) supports. Each regression model was created using the NIR
spectra as predictor variables and the exposure time (in hours) as the response variable. Spectra recorded at
eight analysis times evenly distributed over the entire time range were selected as the test set for the models
validation, while the training set was composed of 70 spectra. The data were pre-treated by column mean-
centering. The optimal complexity (number of latent variables) of the PLS models was selected by applying a
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cross-validation scheme on the training set data, with 5 cancellation groups, and choosing the number of
latent variables (LV) corresponding to the model characterised by the lowest cross-validation error (RMSECV).
In the subsequent validation phase, the optimised PLS model was applied to the test set and an algorithm
was designed for creating false-colour maps of the biofluid stains, providing a visual and immediate
understanding of trace aging time. The algorithm includes a first step of automatic segmentation of the
image, based on a cut-off in the histogram of the NDI values, to automatically identify all the pixels
corresponding to the presence of the biological trace on the support. By applying an object-based approach
(Malegori & Oliveri, 2018), an average spectrum was calculated for each biofluid stain, on which the PLS
prediction model of the time interval elapsed from the deposition of the biological trace was applied.
Response values (hours from the deposition) computed by applying PLS model were codified according to a
chromatic false-colour scale from red (minimum response value) to blue (maximum response value), used to
color the selected pixels within the image.

3. Results and Discussion
3.1. Biological traces on glass

Prior to the development of regression models, to model the characteristic evolution of each biological traces
during the exposure time in the spectral region of interest, the absorption patterns of dehydrated fluids on
glass were assessed with the aim of confirming the distinctive wavelengths for each trace under study. The
most informative wavelengths, confirmed in such a way, are reported in a previous study (Malegori et al.
2020). These wavelengths were used preliminarly to the subsequent development of regression models on
the different tissues, to identify and segment the biological stains through the NDI calculation.

3.2. Biological traces on hydrophilic and hydrophobic tissues

PLS regression models computed on the mean spectra of each stain, automatically identified by the NDI
procedure, were performed, initially, considering the whole time interval, for predicting the exposure time
for the various biological traces, both on hydrophilic and hydrophobic tissues. Details of each model (number
of latent variables, root mean square error in cross-validation — RMSECV, and root mean square error in
prediction — RMSEP) are reported in Table 1. It should be remarked that root mean square errors have the
statistical meaning of a standard deviation (dispersion parameter), expressed with the same measurement
unit and scale as the response variable. The corresponding graphical representations of predicted vs.
experimental time values are summarized in Figure 2. The blue line is the bisector of the orthogonal space
and shows the ideal trend (predicted = experimental).
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Table 1. Parameters associated to all of the PLS regression models built.

Model Time range LVs RMSECV RMSEP
Total 12 11.4 10.8
Blood hydrophilic First 48 h 10 4.4 -
Following 19 days 14 11.2 —
Total 16 155 16.5
Blood hydrophobic First 48 h 14 43
Following 19 days 9 16.1 -
Total 9 41.3 23.4
Semen hydrophilic First 48 h 7 6.2 —
Following 19 days 11 40.8 —
Total 18 74.8 79.3
Semen hydrophobic First 48 h 1 14.0
Following 19 days 8 92.4 —
Total 14 37.0 36.3
Urine hydrophilic First 48 h 7 6.4 —
Following 19 days 8 62.9 -
Total 11 48.3 34.5
Urine hydrophobic First 48 h 10 7.4 —
Following 19 days 12 66.0 -

In Figure 2a, the scatter plot of the predicted versus actual response (time elapsed from the deposition of
the trace, expressed in hours) in cross-validation is shown for the blood trace deposited on the hydrophilic
tissue. In this case, the PLS model was performed with all observation times of the training set and calculated
using 12 latent variables, as suggested by the lowest root mean squared error in cross validation (RMSECV),
which was equal to 11.4 h. The subplot 2b shows the corresponding graphical output for the test set, with an

associated RMSEP equal to 10.8 h.

Figure 2c shows the scatter plot of the PLS model (predicted vs. actual response) in cross-validation for the
blood trace laid on hydrophobic tissue. In this case, the model was calculated using 16 latent variables, as
suggested by the lowest RMSECV, equal to 15.5 hours. The corresponding graph of the predicted vs. actual
response calculated for the evaluation set is reported in Figure 2d, with an associated RMSEP equal to 16.5

h.



©CO~NOOOTA~AWNPE

Urine
Cross-Validation Cross-Validation Cross-Validation
.
1 500
O 400
= $ 300
©
=z <
>
—_ 3 200
U m 100
—
— =
— 0
I 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
m Experimental value Experimental value Experimental value
m Test Set Test Set Test Set
>_ 400 400
I o @ o
S S S
2 2 300 T 300
[ s s s
o o °
(V2] 8 g g
[} 2 £ 200+ £ 200
< < o
l_ o a o
100 + 100
0
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Experimental value Experimental value Experimental value
Cross-Validation Cross-Validation Cross-Validation
c 8 m™
w 400
=2 ® ° » 300
— =2 =2 =2
= g g £ 200
> > >
pu— o [9) ) o
(@) < 100 fe,
)
—
m Qﬁ 0 Fa,
o | 100
I 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
n_ Experimental value Experimental value Experimental value
o Test Set Test Set Test Set
o 500
>= 400
o o o
I 2 E H
- K g T 300
° o °
D g g 2 200
8 8 8
(= o a [
100
= -100 d 0
0 100 200 300 400 500 0 100 200 300 400 0 100 200 300 400 500

Experimental value Experimental value Experimental value

Figure 2: Predicted vs. experimental outcomes of the PLS models (both in CV and on the test set) for the different biological fluids and
supports considered.

Analogous models were obtained for semen (Figure 2e-h) and urine (Figure 2i-n) traces deposited on
hydrophilic and hydrophobic supports, respectively. The corresponding graphs, calculated both for the
training set in cross-validation and for the test set respectively, are reported in the subplots, as indicated in
the figure labels. In particular, the PLS models obtained on the training set for the trace of seminal fluid
deposited on hydrophilic (Figure 2e) and hydrophobic (Figure 2g) tissues arose from 9 and 18 latent variables,
corresponding to minimum RMSECV values of 41.3 hours (hydrophilic support) and 74.8 h (hydrophobic
support), respectively. Results on the test set lead to RMSEP equal to 23.4 and 79.3, respectively (see Table
1). It is evident that larger RMSE values were observed for the seminal fluid with respect to blood traces,
corresponding to broader scattering of data-points observed in Figures 2e and 2g compared with Figures 2a
and 2c. This is not surprising, as the NIR spectral absorptions of semen traces are less intense and resolved
with respect to the ones that characterise blood traces (Malegori et al. 2020).

Similar conclusions can be drawn from the regression models built that predict the time elapsed from
deposition of the urine traces on hydrophilic and hydrophobic substrates. In particular, Figures 2i and 2m

8
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show the predicted vs. actual delay time from deposition, for each substrate, as calculated from 14 and 11
latent variables, respectively. The corresponding lowest value of RMSECV was 37.0 h and 48.3 h for the two
substrates. Results on the test set lead to RMSEP equal to 36.3 and 34.5, respectively.

From rough inspection of Figure 2 and Table 1, it is preliminarly inferred that the predictions appear quite
effective for blood and appreciably less accurate for urine and semen, and that the hydrophilic tissue produce
more predictable results than the hydrophobic tissue.

It is common opinion in forensic science that the biological traces may undergo major changes during the
initial hours/days after deposition, while the degradation kinetics slows down afterwards (Zadora & Menzyk,
2018). For example, it has been demonstrated that clear distinction can be made between relatively fresh
bloodstains and days-old ones (Doty, McLaughlin & Lednev, 2016) and between the latter and years-old
traces (Doty, Muro & Lednev, 2017), but accurate discrimination within each of these broad timeframes are
extremely complicated. Our experimental scheme followed a setting coherent with the expected degradation
kinetics, with frequent HSI-NIR data acquisition in the first 48-hours (one every hour) and less frequent data
collection in the following 19 days (twice per day). From this concept, it stems that separate PLS models for
the two time frames may possibly fit better the data and provide more accurate prediction of the deposition
time than a single model built on all data points. The outcome of these processing are depicted in Figure 3,
where each dataset (and the corresponding PLS model) was separated into two: one related to the spectra
collected within the first 48 hours and the second related to the following 19 days. The characteristics of all
the PLS models obtained according to such a scheme are reported in Table 1.

From an overall inspection of Figure 3, it can be noted that the separate models follow comparable trends,
with the notable exception of the model corresponding to the seminal fluid deposition on hydrophobic fabric.
It is possible to conclude that, in practical forensic caseworks, it is not too detrimental to process the data by
a single linear PLS regression, but the prediction accuracy improves with separate models, especially for
acquisition times subsequent to the initial 48 hours, as it clearly appears from a comparison of the related
RMSECV values reported in Table 1. As an example, RMSECV of the global PLS model for blood deposited on
hydrophobic fabric is equal to 15.5 h, while the corresponding RMSECV of the PLS model limited to the first
48 h is equal to 4.3 h (less than one third).

A peculiar behaviour is observed for the traces of seminal fluid on hydrophobic fabric, showing almost no
change in the first 48 hours, as a result of very limited evolution of the NIR spectral tracing, which is reflected
in a flat-line PLS model and an almost constant predicted value (Figure 3f). In other words, no significant
changes in the chemical characteristics of the sample occurred in the first 48 hours. The reason for such an
odd observation relies in the chemical composition of the seminal fluid, consisting of a liquid component,
called seminal plasma, and a cellular part, the spermatozoa. Seminal plasma is an aqueous solution of organic
and inorganic substances, that serves as a natural reservoir of nutrients such as sugars, lipids and proteins as
well as antioxidants (Sharma et al., 2013). The aqueous substrate of the seminal plasma is likely to prevent
the soaking of the highly hydrophobic tissue, leaving the seminal plasma and the antioxidants contained in it
at the surface of the fabric. According to this hypothesis, the initial oxidation of the semen trace involves the
lipids, not the proteins, i.e. the substances monitored by the selected NIR wavelengths. After 48 hours, the
protein degradation process starts, yielding to NIR absorption changes and, consequently, to an interpretable
model (Figure 3h). When laid on hydrophilic tissue, such as cotton, the semen trace apparently undergoes
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regular degradation kinetics of the protein component yielding to a linear model with predictable deposition
times already in the initial 48 hours (Figure 3e).

Blood Semen Urine

First 48 h Following 19 days First 48 h Following 19 days First 48 h Following 19 days

HYDROPHILIC

HYDROPHOBIC

Figure 3: Separation of global time models into two distinct models: observations in the first 48 hours and observations in the
following15 days. Blood (a-d), semen (e-h), and urine (i-n), for the hydrophylic (upper part) and for the hydrophobic fabric (lower
part)

The blood evidence laid on hydrophilic and hydrophobic fabrics gave rise to PLS models characterized by a
similar trend Figure 3a-d. Also the RMSECV values obtained from models that considers all data and those
relative to the last 19 days are comparable (see Table 1). The degradation kinetics observed in the first 48
hours slightly differs from that obtained in the following 19 days, and logically correspond to lower RMSECV
values (4.4 and 4.3 h for the first 48 h and 11.2 and 16.1 h for the subsequent 19 days). This result is in
accordance with the studies reported in the literature regarding the blood oxidation processes, which is
typically biphasic (Mie Tsuruga et al. 2001). In more detail, upon blood exposure to air, hemoglobin (HbO)
rapidly (< 48 hours) interacts with oxygen in the ambient environment and undergoes auto-oxidation to
methemoglobin (met-Hb). Once hemoglobin is auto-oxidized to met-Hb, it is slowly (hours or days, depending
on the humidity and temperature of the surrounding environment) denatured to hemichrome (HC). The
entire process is outlined below:

HbO, Y, metHb HC (2)

N
It was later established how the oxidation of oxyhemoglobin in bloodstains follows a biphasic decay and that
the rates can be described by first-order reaction kinetics. Besides, it was shown that all reaction rates exhibit
a positive correlation with temperature and that the transition of met-Hb to HC also depends on humidity

(Bremmer, de Bruin, et al., 2011).

3.3 Time trends displayed by colour maps

False-color prediction maps obtained for the test set samples provide the operator with a visual and
immediate understanding of the exposure time of the biological trace to atmospheric air. Response values
(in hours) are coded using a chromatic scale from red to blue, for the graphical representation in the image.
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Figure 4 shows the maps resulting from applying this strategy to the eight samples forming the test set for
each fluid-support combination.

AT=220 AT=460 AT=940 AT=1660 AT=220 AT=460 AT=940 AT=1660 AT=220 AT=460 AT=940 AT=166.0
PT=57  PT=450 PT=99.1 PT=1602 PT=39.6 PT=832 PT=120.7 PT=1295 PT=105 PT=737 PT=1385 PT=923

500

HYDROPHILIC

|

400

AT=238.0 AT=310.0 AT=382.0 AT=4550 AT=238.0 AT=310.0 AT=382.0 AT=455.0 AT=238.0 AT=310.0 AT=382.0 AT=455.0

PT=2155 PT=316.6 PT=378.9 PT=4622 PT=2451 PT=3343 PT=380.9 PT=456.9 PT=2452 PT=346.7 PT=407.3 PT=469.3 00

AT=220 AT=46.0 AT=940 AT=166.0 AT=220 AT=46.0 AT=940 AT=166.0 AT=22.0 AT=460 AT=940 AT=166.0
PT=153  PT=664 PT=102.1 PT=1864 PT=1426 PT=-77.2 PT=2116 PT=119.3 PT=63.4 PT=6.9 PT=1629 PT=1424

time (h)

200

100
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AT=238.0 AT=310.0 AT=382.0 AT=455.0 AT=238.0 AT=310.0 AT=382.0 AT=455.0 AT=238.0 AT=310.0 AT=382.0 AT=455.0
PT=232.0 PT=2929 PT=3712 PT=483.1 PT=202.8 PT=356.8 PT=385.6 PT=4216 PT=246.4 PT=309.9 PT=371.9 PT=4832

Figure 4: Comparison of the color maps related to the different fluids on the two supports. AT = actual time (hours); PT = predicted
time (hours) obtained by application of PLS regression.

With the only exception of the first acquisition time, it is evident that the model can predict the exposure
time of almost any trace with adequate degree of accuracy. The captions inserted in Figure 4 show the
comparison between the real exposure time (AT) and the one predicted by the model (PT). The larger
prediction uncertainty associated with the first acquisition time is likely due to non-linear dehydration
kinetics found in the first 48 hours. On the other hand, the most striking outcome resulting from the data
presented in Figure 4 is that the prediction accuracy increases with deposition time, particularly for blood
traces. For example, the average absolute difference between actual and predicted deposition time in the
timeframe 94-455 hours (approximately 4-19 days) is as low as 3.8% for blood deposited on the hydrophilic
substrate and 6.6% for blood deposited on the hydrophobic tissue. This exceptional accuracy in prediction
overturns the former studies’ conclusions that evidenced a progressive decay of the distinctive spectral
differences for the data collected after long deposition periods, as a result of the gradual completion of the
blood degradation pathway (Menzyk et al. 2020). From a forensic point of view, it is particularly important
to get reliable preditions from relatively old biological traces, because the elapse of a significant delay
between the crime occurrence and the opening of forensic investigations represents a recurrent situation.
On the other hand, the longer time elapses since the crime event, the more relevant become the random
environmental factors that modify the trace degradation kinetics (Bremmer, 2012).

The prediction of the PLS model relative to the urine stains (subplots Figure 4e and 4f) is distinctly worse than
those obtained for blood and semen. In this case, the models can still provide a satisfactory prediction of the
exposure time for the urine trace, especially for longer exposure periods, but with lower accuracy than that
obtained for the other biological fluids. This effect is more evident on the map related to the urine traces laid
on the hydrophobic tissue (subplot 4f). The lower protein content present in urine with respect to blood and
semen results in both a more difficult identification of the biological traces and a larger uncertainty in
estimating the exposure time. Overall, lower prediction efficiencies corresponds to higher water content of
the biological fluids under examination and longer persistence of significant amount of water on the
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hydrophobic tissues. As a matter of fact, the higher water content alone does not explain the significant
variation in the model predictive capacity. Further reason to be accounted for these differences is
represented by the chemical nature of the matrices themselves. Indeed, both semen and blood are rich in
proteins, while urine typically has low protein and high mineral salts content, the latter not presenting active
groups in the near-infrared region. Consequently, the NIR signals recorded for dehydrated urine is not as
informative as those acquired from the other two biological traces.

3. Conclusions

Several techniques have been explored during the last century to address the age determination of biological
fluid stains. However, most of these studies were addressed to the aging of blood traces, leaving little room
for the aging study of other biological matrices, such as dehydrated urine and seminal fluid, both being
frequently found in the context of violent crimes. For the first time, this study systematically investigated the
aging of various biological fluids — including blood, semen, and urine — using a state-of-the-art NIR imaging
technique combined with chemometrics. Attention was not only devoted to the denaturation of the
biological sample, but also the main interactions occurring between the biological trace and its supporting
material were taken into account. In particular, highly hydrophilic and highly hydrophobic fabrics were
considered. These experiments highlighted the major contribution of the aqueous fraction in the stability of
the biological sample and its consequent impact on the predictive ability of the regression model. From a
practical point of view, this information indicates that a different interpretation of the NIR response is
needed, depending on the support hosting the biological trace.

Currently, all techniques used for biological trace aging studies are still developing and provide large standard
deviations and partially inaccurate age estimates. For example, in a study by Li et al., a blood age prediction
of the test set is reported with an overall average error of +1.17 days (Li, Beveridge, O’Hare, & Islam, 2013).
Reducing the standard deviation of predictions represents a fundamental challenge toward its
implementation into forensic practice and eventually in court (Bremmer et al., 2012). The outcomes of the
present study highlights a significant reduction of the model prediction uncertainty, which for aging
bloodstains was equal to 3.8% (10.8 hours RMSEP value) in hydrophilic tissue and 6.6% (16.5 hours RMSEP
value) in hydrophobic one. This improvement in estimating the trace age makes the procedure encouraging
in the perspective of its application in a real crime scene. In particular, the present procedure should be
combined with an on-site experimental set-up (Menzyk 2021) and a likelihood ratio-based approach (Menzyk
et al. 2020) in order to address the role of atmospheric factors, such as humidity and temperature,
contaminants and other interferences (Rosenblatt et al. 2019), which may play a key role in the trace
degradation kinetics.

Another advantage of using NIR hyperspectral imaging for biological trace age estimation is its speed of
acquisition. Actually, the time needed for the analysis depends on the crime scene size and the calculation
power. In the specific case of the present study, the application of basic chemometric techniques combined
with the speed of NIR image acquisition led to obtain the final answers in less than 5 minutes. Considering
the practical potential of the protocol proposed in this study and its simplicity of use, the opportunity to
implement it with portable instrumentation is likely to represent a strongly innovative turning point in crime
scene investigation. Portable NIR hyperspectral imaging instrumentation would be used by forensic
investigators to identify latent traces (Malegori et al. 2020), clarify the circumstances surrounding a violent
crime, and establish any connection between victim, suspect, and crime scene. Lastly, the HSI-NIR analysis is
completely non-destructive and non invasive making it particularly suitable for the direct detection of
biological traces in the original context, without any damaging contact and preserving the DNA content of
the trace.
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