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In the field of applied researches in heritage science, the use of multivariate approach is still quite limited and often chemometric
results obtained are often underinterpreted. Within this scenario, the present paper is aimed at disseminating the use of suitable
multivariate methodologies and proposes a procedural workflow applied on a representative group of case studies, of considerable
importance for conservation purposes, as a sort of guideline on the processing and on the interpretation of this FTIR data. Initially,
principal component analysis (PCA) is performed and the score values are converted into chemicalmaps. Successively, the brushing
approach is applied, demonstrating its usefulness for a deep understanding of the relationships between the multivariate map and
PC score space, as well as for the identification of the spectral bands mainly involved in the definition of each area localised within
the score maps.

1. Introduction

Over the last decade, many research studies were focused
on the development of advanced analytical methods for
the characterisation of heterogeneous materials and their
stratigraphic localisation in paint cross-sections.

FTIRmicro-spectroscopy was widely applied to the char-
acterisation of heritage materials [1–5], and it still represents
one of the most popular approaches in the field of conser-
vation science, as it allows the simultaneous detection of
both organic and inorganic substances, as well as their local-
isation within complex sample matrices. Moreover, in the
last decades, FTIR microscopy potentialities were increased
thanks to the introduction of mapping and imaging devices,
which allow collecting a large number of FTIR spectra from a
sample area, by applying different modes of analysis, such as
total reflection and attenuated total reflection (ATR) [5–7].

FTIR chemical maps/images can be obtained plotting
the intensities of characteristic absorption bands, coded by a

chromatic scale, in correspondencewith their spatial position
on a selected sample area. However, if a univariate study is
performed on the complex matrix of spectral data (hyper-
spectral cube), a straightforward interpretation of the results
is usually difficult, as it can be affected by matrix effects,
presence of mixtures, the overlapping of characteristic bands,
and changes in their relative intensities. Thus, it has been
widely demonstrated that when data sets are constituted by
multiple objects and variables, univariate methods—which
examine one variable at a time—considerably underutilise
the information enclosed therein. Conversely, multivariate
approaches are able to consider and represent the whole
information in an easily understandable way [8–10].

Therefore, it is usually profitable to perform multivariate
analysis in order to extract the maximum useful information
embodied in the spectral dataset. Principal component anal-
ysis (PCA)—which is one of the most common and efficient
tools for multivariate data exploration—can be performed,
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after application of a proper signal preprocessing [8, 9]. The
score values can be used to build up bidimensional scatter
plots (the score plots), representing the projections of the data
objects into a Cartesian space defined by two given Principal
Component axes. A score plot gives information about
the multidimensional structures existing among the objects,
such as similarities, groupings, and trend patterns. Another
possibility for representing the object score values is to use
a chromatic scale, for example, from blue (minimum) to red
(maximum score value), recreating a 2D false colour map.

However, even though a small number of applications of
such an approach have been reported so far [11–15], in many
cases chemometric tools are underutilised and the outcomes
underinterpreted. Indeed, the simple creation of score maps
and the visualisation of score scatter plots and loading profiles
may lead to the uncorrected interpretation of chemometric
results and to the loss of information.

Within this scenario, the present work was aimed at
disseminating the usage of methodologies—which are well-
established in the chemometric field—within the field of
applied researches in heritage science, in which the use of
multivariate methods is still quite limited. To this aim, a
representative group of case studies, on which a chemometric
approach was successfully applied in practice, is presented.
This is intended to provide the reader with an illustrative
guide, to better establish the use of chemometric tools in the
interpretation of complex data sets related to the investigation
on paint cross-sections.

In the methodological workflow proposed, the two
approaches for the representation of scores—namely, scatter
plots and score colour maps—are used in a comprehensive
strategy (brushing approach), allowing an exhaustive inter-
pretation of chemometric results. In more detail, brushing
approach is a key tool for deeply understanding relationships
between the image space and the PC score space. Clusters
of scores present within the scatter plot can be selected
and localised within a PC score map, by highlighting of
the correspondent objects. Thus, the brushing approach
permits the unambiguous identification of the investigated
area corresponding to each score cluster [16, 17].

Furthermore, the spectral profiles of such objects can
be extracted and interpreted, jointly with the analysis of
the loading values, which is functional to individuate the
spectral bands that aremost involved in defining each subarea
under investigation. Finally, PC false colour images (RGB)
can be obtained by coding the score values on three selected
PCs as the intensity of the red, green, and blue channels.
This generally reveals the distribution of the various painting
materials in a single image.

The aim of this paper is to present practical examples in
which chemometric studies helped in the selection of proper
restoration practice, demonstrating the utility of the method
that could be applied to support routine investigation.

The three exemplificative cases were chosen to embrace
different conservation issues relate to the characterisation
of the execution technique and the material applied during
past restoration campaign to support ongoing conservation
actions. Moreover, the multivariate approach was applied for
all the samples for the identification and localisation of thin

organic layers ascribable to finishing (such as varnishes) or
preparation layers. The identification of such thin layers still
represents a challenging task in the field of conservation
science not only for their limited thickness but also for their
complex chemical compositions. In more detail, the first case
of study (sample 15r1) was referred to a recent study on a
painting on paper considered one of the most important
example of mosaic replica in Italy. For the first time, such
a type of artistic sample has been investigated by analytical
methodologies, revealing new insights on the execution
technique adopted. In addition, a sample was collected from a
mural painting (XI century), characterised by the presence of
surface treatments applied during past restoration interven-
tions (sample PO1). A practical example in which chemomet-
ric studies helped the selection of proper restoration practice
was reported, demonstrating the utility of the method that
could be applied to support routine investigation. Finally,
the paper showed the results obtained on a sample collected
from a rare example of ancient celestial globe dated back
to the XVII century (sample BC1). Interestingly, the present
research showed the potentialities of a multivariate approach,
which allowed obtaining more information than what was
previously obtained with the use of univariate method and
revealing the presence of a thin proteinaceous layer.

2. Materials and Methods

2.1. Samples. Three paint samples characterised by the pres-
ence of different types of organic coatings/treatments were
submitted to 𝜇ATR-FTIR analyses, and their chemical com-
position and stratigraphic spatial location were determined
by means of a multivariate approach.

The first sample (sample 15r1) was investigated in the
framework of a project aimed at archiving and preserving
a wide collection of mosaic replicas (referred to as “cartoni
musivi” in Italian), painted in Ravenna between the second
half of the XIX century and the first decades of the XX
century.They were mainly used as a documentation tool dur-
ing mosaic restoration workshops. The sample analysed was
collected from a blue painted area of the mosaic paper replica
The Doves (1940), by Alessandro Azzaroni (Figure 1(a)).

The second sample (sample PO1) was collected from the
lower part of the west wall of the XI century mural paintings
located in the Pomposa Abbey (Codigoro, Ferrara, Northern
Italy).

The third sample (sample BC1) was sampled from the
wooden support of a celestial globe executed by Vincenzo
Coronelli in the XVII century.

2.2. Sample Preparation. Paint fragments were embedded in
potassium bromide (KBr, purity > 99.9%, by Sigma Aldrich
Inc, USA) and cross-sectioned by following a standardised
procedure which includes a dry polishing on Micro-Mesh�
silicon carbide papers (Micro-Surface Finishing Inc, Wilton,
USA) with successive grid from 2400 up to 12,000 [18].

2.3. Optical Microscopy. Sample cross-sections were primar-
ily observed under optical microscopy in order to document
the stratigraphic morphology of the paint layers. A dark field
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Figure 1: Cross-section microphotographs of sample 15r1 embedded in KBr. (a) Image under visible light; (b) image under UV illumination;
the red box indicates the selected area for 𝜇FTIR-ATR analysis.

observation was performed, with a BX51 (Olympus Optical,
Tokyo, Japan) microscope equipped with a digital scanner
camera Olympus DP70. A 100-W halogen projection lamp
and a Ushio Electric USH102D ultraviolet (UV) lamp (Ushio
Inc, Tokyo, Japan)were employed for the acquisition of visible
and fluorescent images, respectively.

2.4. 𝜇ATR-FTIR Analysis. A Thermo Nicolet iN�10MX
imaging microscope (Thermo Fisher Scientific, Waltham,
MA, USA), fitted with a mercury-cadmium-telluride (MCT)
detector cooled by liquid nitrogen, was used for mapping
analysis. Measurements were performed using a slide-on
ATRobjective, equippedwith a conical germanium crystal, in
the range 4000–675 cm−1, at a spectral resolution of 4 cm−1.
Backgroundswere acquired keeping the slide-on inserted and
the ATR objective not in contact with the sample surface.

For ATRmapping on sample 15r1, an area of 140 × 80 𝜇m2

was analysed, with a step of 10 𝜇m in the 𝑥-𝑦 direction and an
aperture of 60× 60 𝜇m, corresponding to an investigated area
of about 15𝜇m2 for each single point analysed. A total of 180
spectra were recorded.

Sample PO1 was mapped using an aperture of 30 × 30 𝜇m
(with an effective investigated area of about 7.5 𝜇m2 for each
point of analysis) and a step of 4𝜇m in the 𝑥-𝑦 direction.The
overall area of analysis was of 92 × 84 𝜇m2, with 528 spectra
recorded.

A Nicolet Nexus 5700 spectrometer combined with a
Thermo Continuum IR microscope (Thermo Fisher Scien-
tific, Waltham, MA, USA) was employed for the analysis
of sample BC1. The infrared spectra were measured in
the spectral range 4000–650 cm−1 at a spectral resolution
of 4 cm−1. A micro-slide-on ATR silicon crystal, directly
connected to the microscope objective, was used to collect a
total of 192 spectra on a selected area of 300 × 220𝜇m2. The
selected aperturewas 150× 150𝜇m(effective investigated area
of approximately 40 𝜇m2) and the step size was 20 𝜇m in the
𝑥-𝑦 direction.

The dedicated software OMNIC� and OMNIC Picta�
(Thermo Fisher Scientific,Waltham,MA,USA)were used for
the preliminary manipulation of the overall spectra dataset.

2.5. Multivariate Chemical Mapping. Multivariate data pro-
cessing and chemical mapping were performed by means of
in-house MATLAB routines (The Mathworks Inc., Natick,
USA). Suitable row pretreatments were selected and applied
in attempt to minimise systematic unwanted variations,
which could affect the signals. Inmore detail, for samples 15r1
and PO1, a linear detrending was applied, while the standard
normal variate (SNV) transformwas selected for sample BC1.
In particular, linear detrending removes the best straight-line
fit from a signal and, therefore, it corrects for linear baseline
drift, which often represents a typical issue [19].The standard
normal variate (SNV) transform, or row autoscaling, is a
pretreatment particularly used for spectral data, which allows
correcting for both baseline shifts and global intensity vari-
ations [20]. Afterwards, column autoscaling was performed
for sample 15r1 and column centring was performed for
both samples PO1 and BC1. Spectral regions were reduced,
eliminating those infrared parts affected by environmental
and instrumental noise that prevalently embody unhelpful
information. In particular, the spectral range between 2200
and 2400 cm−1 (characterised by the presence of the CO

2

absorption bands) and the terminal parts of the spectral range
(4000–3900 cm−1; 675–700 cm−1) were removed.

PCA was performed using the nonlinear iterative partial
least squares (NIPALS) algorithm, which allows stopping the
computation of principal components either at the desired
number or at a predetermined level of cumulative explained
variance. After PC computation, scores were obtained for
each grid point of the map and were used both for drawing
scatter score plots (in a Cartesian plane defined by a couple of
PCs) and for reconstructing score maps (in which scores are
refolded in the map grid and coded by a given colour scale).
To understand the relationships among groupings of points in
the score scatter plot and spatial regions in the score map, the
so-called brushing procedure is applied. Typically, brushing
is performed by selecting a cluster of points of interest
within the scatter plot: the software automatically recognises
the corresponding points in the map grid and graphically
highlights the resulting region in the map. The procedure
can also be performed in the opposite direction, by selecting
spatial regions within the score map and automatically
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highlighting the corresponding points in the score scatter
plot. The brushing approach is particularly useful, from an
exploratory point of view, since it allows not only under-
standing relationships between areas in the score map and
clusters in the score scatter plot, but also determining the
contribution of the spectral variables in characterising each
region in the map.This last achievement is possible by jointly
analysing score maps, score scatter plots, and score loading
plots—in which the importance of the original spectral
variables in the definition of two given PCs is shown. Loading
values also give information about intercorrelation among
variables (the closer the loading values, the higher the cor-
relation degree between a couple of variables) and can be also
represented as intensity profiles against the spectral variables.
Such a representation allows establishing a direct parallelism
between spectral regions revealed as important by loading
values and original absorption bands in spectral profiles.

All the steps of the data processing described were
performed bymeans of in-houseMATLAB (TheMathWorks,
Inc.) routines, which are freely available from the authors
upon request, as well as the datasets presented in the present
paper.

3. Results and Discussion

3.1. Sample 15r1. The sample was investigated in the frame-
work of a project aimed at archiving, preserving, and val-
orising a wide collection of mosaics replicas. Taking this
opportunity, a research work focused on the evaluation of
state of conservation as well as on the characterisation of
painting materials and techniques was implemented.

Microscope observations of sample 15r1 show a simple
stratigraphy, better documented under UV illumination,
which highlights the presence of three different layers (see
Figures 1(a) and 1(b)). In particular, the support made of
paper (layer 0, 18 𝜇m thick) presents a strong white fluores-
cence, while the superimposed blue pigment layer is charac-
terised by a homogeneous dark matrix with small dispersed
particles (layer 1, 27 𝜇m thick). The uppermost layer (layer 2,
20𝜇m thick)—which is not clearly identifiable under visible
light—shows a bright bluish fluorescence that can be con-
ceivably assigned to the application of a protective/finishing
coating. 𝜇ATR-FTIR measurements were performed on a
representative sample area (red box in Figure 1(b)).

A multivariate exploratory study was performed in order
to extract the maximum relevant information from the
overall set of spectra recorded from the selected small area
of analysis and to differentiate organic and inorganic sub-
stances. Among the three lowest-order principal components
(Figure 2), the score map of PC2 (Figure 2(c)) presents the
most interesting features that allowed the localisation of
the materials constituting the three layers on the basis of
their chemical nature, despite the weak spectral differences
observable.

After the preliminary map analysis, score and loading
plots (Figures 2(a) and 2(b)) were examined, in order to
identify the spectral bands that mainly characterise each
layer and to better evaluate the information enclosed within
multivariate maps. In particular, in the PC2-3 score plot

(Figure 2(a)), two different groups of points are shown,
related to high (red squares) and low (green squares) score
values along PC2. These clusters correspond to layers 1 and
2 visualised in the PC2 score map, respectively (Figures 3(c)
and 3(d)). The correspondence with the loadings located in
the matching directions reveals that a crucial role in describ-
ing layer 2 is played by a well-defined band at 1600 cm−1

(O–H groups) and the spectral band at 2930 cm−1 (C–H
aliphatic stretching absorption bands). This information was
supported by the examination of the average profile of the
spectra collected from layer 2 (Figures 3(a) and 3(b)), which
was characterised by the simultaneous presence of an intense
absorption band at 1027 cm−1, suggesting the presence of a
polysaccharide-based material, probably a coating made of a
natural gum.

On the contrary, the red area—corresponding to layer
1 (see Figure 2(d))—describes the well localised blue paint
layer. According to loading analysis, the examination of
average extracted spectra allows the identification of a band
at 3690 cm−1 (O–H stretching of hydrated silicate), probably
linked to the presence of kaolin mixed with ultramarine
blue, together with the band at 910 cm−1 (Si–O–H stretching)
which helps in the discrimination of layer 1 as revealed by
the loadings analysis (Figure 3(c)). More challenging was the
clear identification of the bindingmedia used in suchpigment
layer, because the presence of inorganic pigment could
hamper the detection of the usually very limited amount
of organic binder. In the specific sample, it was possible to
hypothesise the presence of polysaccharide material used
as binder. However, it is worth noticing that, in different
areas, lipidic substances have been also identified. This is
consistent with the fact that these copies were realised by
artists (typically restores) for documentation purposes, and
they needed and were asked to obtain specific effects in order
to reproduce the original mosaic. Thus, the use of different
pigment mixtures or different binding media, even in the
same painting, may be required.

Finally, the layer 0 was characterised by the presence
of a band at 1155 cm−1 ascribable to C–O–C antisymmetric
stretching of cellulose (Figure 3(d)).

For comparison, univariate approach was also applied.
Nevertheless, due to the similar spectral features of com-
ponents present in the stratigraphy, the univariate method,
which is based on the intensity of single bands, made
it difficult to have a clear distinction between the layers
(Figure 4).

3.2. Sample PO1. The diagnostic campaign performed on the
mural painting of the Pomposa Abbey represented a funda-
mental step in the set-up of a pilot restoration intervention
aimed at the requalification of the entire monument. Indeed,
due to a very poor state of conservation, an urgent restoration
was needed. Thus, in attempt to define the most suitable
conservative interventions, a proper analytical protocol was
adopted to characterise original and restoration materials, as
well as the painting technique.

For sample PO1, the study was aimed at characterising
the nature and stratigraphic localisation of surface treatments
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Figure 2: Sample 15r1. (a) PC23 score plot: clusters highlighted in red indicate the objects points localised within layer 2 (white dots in (c))
and green for points localised within layer 1 (white dots in (d)); (b) PC23 loading plot; (c, d) PC2 score map.

applied during past restoration interventions. Indeed, due
to the strong absorption bands of the matrix of calcium
carbonate, difficulties in the proper characterisation of the
chemical nature of the varnish occurred.

Optical microscope observations (see Figure 5) revealed
the presence of a white ground layer (layer 0) over which
a paint layer with red pigment particles dispersed within a
white matrix can be identified (layer 1, 52 𝜇m thick and layer
2, 17 𝜇m thick). Furthermore, a thin brownish external layer
(layer 3, 10 𝜇m thick), which exhibits a whitish fluorescence
under UV illumination (Figure 5(b)), can be documented in
the stratigraphy.
𝜇ATR-FTIRmeasurements were performed on a selected

area showed as a red box in Figures 4(a) and 4(b), and the
resulting spectral datasets were submitted to PCA. Five PC

score maps were taken into consideration for the interpreta-
tion of the entire paint stratigraphy (Figures 6(a)–6(e)).

The average spectrum of layer 0, well recognisable in the
PC3 score map, reported the presence of calcium carbonate
as the main component (data not shown). Differentiation
between layers 1 and 2 is observable in the PC2 score maps.
Indeed, layer 1 appeared to be characterised by the presence of
calcium carbonate (data not shown), while the joint analysis
of scores and loadings (Figures 7(a) and 7(b)—PC2-5 score
and loadings plot) allowed the identification of the higher
contribution of the spectral variable at 1026 cm−1 (Si–O
stretching) in the description of layer 2. The corresponding
average spectral profile (Figure 4(d)) revealed the simulta-
neous presence of absorption bands at 3692 and 3615 cm−1

(O–H stretching), suggesting the presence of a hydrated
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Figure 3: Sample 15r1. (a) Average spectral profile extracted from layer 2; (b) reference spectrum of a natural gum (peach gum purchased by
Zecchi, Florence Italy); (c) average spectral profile extracted from layer 1; (d) average spectral profile extracted from layer 0.

silicate based material dispersed within a calcium carbonate
matrix.

Apart from the inorganic components, a particular atten-
tion was devoted to the characterisation of the brownish
external layer 3. Differentiation of such a layer from the others
is visible in PC4 score maps (Figure 8(c)), thanks to the cru-
cial role played by the spectral variable at 1726 cm−1, which is
ascribable to the characteristic ester C=O stretching vibration
of a synthetic resin.Moreover, the band at 1140 cm−1 (C–O–C
stretching) contributes in chemically differentiating this layer
from the others. The average spectral profile (Figure 8(d))
allowed the identification and spatial localisation of a very
thin layer made of an acrylic-based varnish, which was
applied during past restoration interventions. However, it
is worth pointing out that no specific signal related to the
presence of organic materials used as binders in layer 1 was

found. This evidence may be linked either to the absence
of such components or to their presence in a very low
amount, whose identification within a complex matrix was
quite challenging.

The PC false colour image (RGB) (Figure 6(f)) was
obtained by coding the PC3, PC4, and PC5 score values as
the intensity of the red, green, and blue channels. They were
ascribed, respectively, to the presence of layer 0 (calcium
carbonate), layer 1 (calcium carbonate and silicates), layer 2 (a
hydrated silicate basedmaterial), and layer 3 (acrylic varnish),
respectively.

3.3. Sample BC1. The hyperspectral data cube of sample
BC1, acquired and analysed during a former diagnostic
campaign [6], was submitted tomultivariate analysis aimed at
extracting useful andnew information, overcoming problems
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Figure 4: Sample 15r1. Univariate chemicalmaps obtained by integration of the absorption band at (a) 1600 cm−1; (b) 2928 cm−1; (c) 1030 cm−1;
(d) 1155 cm−1.
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Figure 5: Cross-section microphotographs of sample PO1 embedded in KBr. (a) image under visible light; (b) image under UV illumination.
The red box indicates the selected area for 𝜇FTIR-ATR analysis.

related to poor spectral and spatial quality, mainly induced by
the use of an old ATR system.The area of sample BC1 submit-
ted to the analysis is indicated with a red box in Figure 9.

A detailed description of sample stratigraphy was already
reported in the previous study [6]. Briefly, the sample is

characterised by the presence of two different layers of paper
on the top of a wooden support (Figure 9, layers 0 and 2).
The presence of an organic component, used in order to
make paper resistant to water, is well recognisable in the UV
fluorescencemicrophotography, thanks to the peculiar visible
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Figure 6: Sample PO1—score maps. (a) PC1, (b) PC2, (c) PC3, (d) PC4, (e) PC5, and (f) PC false colour image (RGB) obtained by coding
the PC3, PC4, and PC5 score values as the intensity of the red, green, and blue channels, respectively.

emission in layer 1 and layer 4 (15 𝜇mthick) (Figure 9(b)).The
previous study, based on a univariate approach, allowed the
identification and localisation of the two layers of cellulose by
integration of the diagnostic band at around 1021 cm−1 (C–O
stretching). The results showed also the presence of gypsum
in layer 3. The authors linked such evidence to the sampling
area, which was treated with gypsum to fill the gap induced
by paper detachment in a previous restoration. On the other
hand, even if it was possible to hypothesise the presence
of a natural resin in layer 4 (shellac) as coating (according
to the technical background [21]), it was not possible to
clearly distinguish it from layer 1 (40 𝜇m thick), supposing
the simultaneous presence of the resin in both of the layers.

Multivariate analysis was applied to better describe the
organic layers present within the stratigraphy. In particular,
the PC1 score map (data not shown) allowed the differenti-
ation among the KBr embedding system, cellulose, and all
of the other components in the sample area submitted to
analysis. Moreover, lower-order principal components were
examined in attempt to obtain more detailed information.
Thus, it was possible to clearly recognise the two organic
layers in PC5 score map (Figure 9(b)). The joint analysis of
the corresponding score scatter plot, as well as the extraction

of the average spectrum from each layer, permitted the
identification of the IR spectral features most involved in
the molecular characterisation of the layers. In the PC4
versus PC5 score plot (Figures 10(a) and 10(b)), two different
groups of points are shown. In particular, for the groups
of points (red squares) which are characterised by a mid-
score value along PC4 and a mid-low value along PC5, a
good correspondence to layer 1 is noticeable.The loading plot
shows the role of the band at 1230 cm−1 (C–O stretching)
that can be ascribed to a natural resin (data not shown); such
an absorption band in layer 4 is also visible in the extracted
spectrum (Figure 10(d)).

Moreover, the green squares that present amid-high score
value along PC4 and low value along PC5 clearly matched
with layer 1. Spectral interpretation of multivariate data
allowed the recognition of the contribution ascribable to the
band at about 1540 cm−1 (amide II), and the extracted spectra
(Figure 10(e)) suggested the presence of a proteinaceous
component in the above-mentioned layer, together with
some traces of calcium carbonate. Moreover, the presence of
proteins may be also corroborated by the bluish fluorescence
colour well localisable in layer 1 under UV illumination.
Interestingly, with the univariate approach, the contribution



International Journal of Analytical Chemistry 9

Score plot

Layer 2

−0.2

−0.1

0

0.1

0.2

0.3

0.4
Sc

or
es

 o
n 

PC
5 

(0
.2

%
)

−0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8−0.8
Scores on PC2 (1.8%)

(a)

696698700
702

704
706

708710712714715717719
721
723
725727729731733735737739741742744746748750752754756758760762764766768769771773775777779781783785787789791793795796798800802804806808810812814816818820822823825827829831833835837839841843845847849850852854856

858
860

862

864

866

868

870
872
874876
877

879

881

883

885
887
889
891893895897899901903904906908910912914916918920922924926928930931933935937939941943945947949951953955

957958
960
962
964
966
968
970
972
974976978980982984985987989991993

995
997

999
1001

1003
1005

1007
1009

1011
1012

1014
1016

1018
102010221024102610281030

1032
1034

1036
1038

1039
1041

1043104510471049105110531055105710591061106310651066106810701072107410761078108010821084108610881090109210931095109710991101110311051107110911111113111511171119112011221124112611281130113211341136113811401142114411461147114911511153115511571159116111631165116711691171117311741176117811801182118411861188119011921194119611981200120112031205120712091211121312151217121912211223122512271228123012321234123612381240124212441246124812501252125412551257125912611263126512671269127112731275127712791281128212841286128812901292129412961298130013021304130613081309131113131315131713191321132313251327132913311333133513361338134013421344134613481350135213541356135813601362136313651367136913711373
1375
1377

1379

1381

1383

1385

1387

1389

1390

1392

1394
1396 1398 1400

1402
1404

1406

1408

1410

1412
1414
1416

1417
1419142114231425142714291431143314351437143914411443144414461448145014521454145614581460146214641466146814701471147314751477147914811483148514871489149114931495149714981500150215041506150815101512151415161518152015221524152515271529153115331535153715391541154315451547154915511552155415561558156015621564156615681570157215741576157815791581158315851587158915911593159515971599160116031605160616081610161216141616161816201622162416261628163016321633163516371639164116431645164716491651165316551657165916601662166416661668167016721674167616781680168216841686168716891691169316951697169917011703170517071709

1711
1713
1714
1716
17181720172217241726172817301732173417361738

1740
1741

1743
1745

1747
174917511753175517571759176117631765176717681770177217741776177817801782178417861788179017921794179517971799180118031805180718091811181318151817181918211822182418261828183018321834183618381840184218441846184818491851185318551857185918611863186518671869187118731875187618781880188218841886188818901892189418961898190019021903190519071909191119131915191719191921192319251927192919301932193419361938194019421944194619481950195219541956195719591961196319651967196919711973197519771979198119831984198619881990199219941996199820002002200420062008201020112013201520172019202120232025202720292031203320352037203820402042204420462048205020522054205620582060206220642065206720692071207320752077207920812083208520872089209120922094209620982100210221042106210821102112211421162118211921212123212521272129213121332135213721392141214321452146214821502152215421562158216021622164216621682170217221732175217721792181218321852187218921912193219521972199220022022204220622082210221222142216221822202222222422262227222922312233223522372239224122432245224722492401240324052407240924112413241424162418242024222424242624282430243224342436243824402441244324452447244924512453245524572459246124632465246724682470247224742476247824802482248424862488249024922494249524972499250125032505250725092511251325152517251925212522252425262528253025322534253625382540254225442546254825492551255325552557255925612563256525672569257125732575257625782580258225842586258825902592259425962598260026022603260526072609261126132615261726192621262326252627262926302632263426362638264026422644264626482650265226542656265726592661266326652667266926712673267526772679268126832684268626882690269226942696269827002702270427062708271027112713271527172719272127232725272727292731273327352737273827402742274427462748275027522754275627582760276227642765276727692771277327752777277927812783278527872789279127922794279627982800280228042806280828102812281428162818281928212823282528272829283128332835283728392841284328452846284828502852285428562858286028622864286628682870287228732875287728792881288328852887288928912893289528972899290029022904290629082910291229142916291829202922292429262927292929312933293529372939294129432945294729492951295329542956295829602962296429662968297029722974297629782980298129832985298729892991299329952997299930013003300530073008301030123014301630183020302230243026302830303032303430353037303930413043304530473049305130533055305730593061306230643066306830703072307430763078308030823084308630883089309130933095309730993101310331053107310931113113311531163118312031223124312631283130313231343136313831403142314331453147314931513153315531573159316131633165316731693170317231743176317831803182318431863188319031923194319631973199320132033205320732093211321332153217321932213223322432263228323032323234323632383240324232443246324832503251325332553257325932613263326532673269327132733275327732783280328232843286328832903292329432963298330033023304330533073309331133133315331733193321332333253327332933313332333433363338334033423344334633483350335233543356335833593361336333653367336933713373337533773379338133833385338633883390339233943396339834003402340434063408341034123413341534173419342134233425342734293431343334353437343934403442344434463448345034523454345634583460346234643466346734693471347334753477347934813483348534873489349134933494349634983500350235043506350835103512351435163518352035213523352535273529353135333535353735393541354335453547354835503552355435563558356035623564356635683570357235743575357735793581358335853587358935913593359535973599

Loading plot

1026

−0.1

−0.05

0

0.05

0.1

Lo
ad

in
gs

 o
n 

PC
5 

(0
.2

%
)

0 0.05 0.1−0.05−0.1
Loadings on PC2 (1.8%)

(b)

0

1

2

3

M
in

 sc
or

e
M

ax
 sc

or
e

(c)

Average spectral profile of the selected points

1026

3692 3615

Average spectral profile of the selected points

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

(a
.u

.)

−0.01

−0.005

0

0.005

0.01

0.015
Y

0.02

0.025

0.03

0.035

3700 3680 3660 3640 3620 3600 3580 35603720

3000 2500 2000 1500 10003500
Wavenumbers (cm−1)

Wavenumbers (cm−1)

(d)

Figure 7: Sample PO1. (a) PC25 score plot: cluster highlighted in red indicate the objects localised within the PC2 score map (layer 1); (b)
PC25 loading plot; (c) PC2 score map: The white points indicate objects localised within layer 1; (d) average spectral profile extracted from
layer 2.

of both of the components could not be identified, disclosing
new information on the execution technique adopted by
Vincenzo Coronelli.

4. Conclusions

The proposed approach, based on the well-known poten-
tialities of multivariate analysis, allows an efficient spatial
stratigraphic localisation of compounds of interest, as well as
an efficient differentiation between heterogeneous mixtures
characterised by similar spectral features, that could not be
identified by univariate studies (single-band based maps).
In fact, up to now, only few examples were reported in the
literature on the application of multivariate mapping for the
study of paint cross-sections and this research reports and
proposes a systematic strategy which implements a com-
bined application of 𝜇ATR-FTIR mapping and chemometric

analysis. In particular, the multivariate methodology applied
proved to be a powerful and efficient tool for extracting
valuable information frommap spectra, definitely suitable for
a straightforward interpretation of complex matrices such as
paint cross-sections.

Several chemometric tools (e.g., brushing, for the local-
isation of scores in PC maps, and the extraction of average
spectral profiles) were employed for a complete extraction
of the useful information contained within the original data.
Furthermore, all the information highlighted by the most
representative PC score maps was combined in single false
colour images, thus obtaining a comprehensive chemical
mapping. The methodology presented represents a fast and
not expensive exploratory procedure that can be applied for
the interpretation of 𝜇ATR-FTIR chemical maps, avoiding
the loss of important amounts of the global information
embodied in the hyperspectral datasets.
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Figure 8: Sample PO1—(a) PC45 score plot: cluster highlighted in red indicates the objects localised within the PC4 score map (layer 3); (b)
PC45 loading plot; (c) PC4 score map; (d) average spectral profile extracted from layer 3.
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Figure 9: Cross-section microphotographs of sample BC1 embedded in KBr, (a) image under visible light; (b) image under UV illumination.
The red box indicates the selected area for 𝜇FTIR-ATR mapping.
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Figure 10: Sample BC1—(a) PC45 score plot: cluster highlighted in red indicates the objects points localised within layer 4 (white dots in
(b)) and cluster highlighted in green indicates the objects in layer 1 (white dots in (c)); (b and c) PC5 score maps; (d) average spectral profile
extracted from layer 4; (e) average spectral profile extracted from layer 1.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

References

[1] F. Casadio and L. Toniolo, “The analysis of polychrome works
of art: 40 years of infrared spectroscopic investigations,” Journal
of Cultural Heritage, vol. 2, no. 1, pp. 71–78, 2001.

[2] M. R. Derrick, D. C. Stulik, and J. M. Landry, Infrared Spec-
troscopy in Conservation Science, Getty Publications, 1999.

[3] S. Prati, G. Sciutto, I. Bonacini, and R. Mazzeo, “New Frontiers
in Application of FTIR Microscopy for Characterization of
Cultural Heritage Materials,” Topics in Current Chemistry, vol.
374, no. 3, article no. 26, 2016.

[4] W. E. Steger, “R. G. Messerschmidt, M. A. Harthcock (eds).
Infrared microspectroscopy: Theory and applications. Volume
6 of series Practical spectroscopy, editor E. G. Brame, Jr. Marcel
Dekker, Inc., New York, Basel 1988. VII + 282 pages, 182 figures,
m 65.00, ISBN 0-8247-8003-5,” Crystal Research and Technology,
vol. 24, no. 6, pp. 634-634, 1989.

[5] S. Prati, E. Joseph, G. Sciutto, and R. Mazzeo, “New advances
in the application of FTIR microscopy and spectroscopy for
the characterization of artistic materials,” Accounts of Chemical
Research, vol. 43, no. 6, pp. 792–801, 2010.

[6] E. Joseph, S. Prati, G. Sciutto, M. Ioele, P. Santopadre, and
R. Mazzeo, “Performance evaluation of mapping and linear
imaging FTIR microspectroscopy for the characterisation of
paint cross sections,” Analytical and Bioanalytical Chemistry,
vol. 396, no. 2, pp. 899–910, 2010.

[7] L. Lewis and A. J. Sommer, “Attenuated total internal reflection
microspectroscopy of isolated particles: an alternative approach
to current methods,” Applied Spectroscopy, vol. 53, no. 4, pp.
375–380, 1999.

[8] R. Dorrepaal, C. Malegori, and A. Gowen, “Tutorial: Time
series hyperspectral image analysis,” Journal of Near Infrared
Spectroscopy, vol. 24, no. 2, pp. 89–107, 2016.

[9] C.Malegori, L. Franzetti, R. Guidetti, E. Casiraghi, and R. Rossi,
“GLCM, an image analysis technique for early detection of
biofilm,” Journal of Food Engineering, vol. 185, pp. 48–55, 2016.

[10] I. T. Jolliffe, Principal Component Analysis, Springer Series in
Statistics, Springer, New York, NY, USA, 2nd edition, 2002.



12 International Journal of Analytical Chemistry

[11] F. Rosi, A. Federici, B. G. Brunetti, A. Sgamellotti, S. Clementi,
and C. Miliani, “Multivariate chemical mapping of pigments
and binders in easel painting cross-sections by micro IR reflec-
tion spectroscopy,” Analytical and Bioanalytical Chemistry, vol.
399, no. 9, pp. 3133–3145, 2011.

[12] M. Spring, C. Ricci, D. A. Peggie, and S. G. Kazarian, “ATR-
FTIR imaging for the analysis of organic materials in paint
cross sections: Case studies on paint samples from the National
Gallery, London,” Analytical and Bioanalytical Chemistry, vol.
392, no. 1-2, pp. 37–45, 2008.

[13] G. Sciutto, P. Oliveri, S. Prati, M. Quaranta, S. Lanteri, and R.
Mazzeo, “Analysis of paint cross-sections: A combined multi-
variate approach for the interpretation of 𝜇aTR-FTIR hyper-
spectral data arrays,” Analytical and Bioanalytical Chemistry,
vol. 405, no. 2-3, pp. 625–633, 2013.

[14] S. Prati, F. Rosi, G. Sciutto et al., “Evaluation of the effect of dif-
ferent paint cross section preparation methods on the perform-
ances of Fourier transformed infrared microscopy in total
reflection mode,” Microchemical Journal, vol. 110, pp. 314–319,
2013.

[15] G. Sciutto, Development of advanced analytical approaches for
the characterization of organic substances in artistic and archeo-
logical samples, Doctoral Thesis [Doctoral, thesis], University of
Bologna, 2011.

[16] P. Geladi and H. F. Grahn, Multivariate Image Analysis, Wiley,
Chichester, UK, 1996.

[17] K. H. Esbensen, T. T. Lied, K. Lowell, and G. Edwards, “Prin-
ciples of Multivariate Image Analysis (MIA) in Remote Sens-
ing, Technology and Industry,” Techniques and Applications of
Hyperspectral Image Analysis, pp. 17–42, 2007.

[18] R. Mazzeo, E. Joseph, S. Prati, and A. Millemaggi, “Attenu-
ated Total Reflection-Fourier transform infrared microspectro-
scopicmapping for the characterisation of paint cross-sections,”
Analytica Chimica Acta, vol. 599, no. 1, pp. 107–117, 2007.

[19] X. Hadoux, N. Gorretta, J.-M. Roger, R. Bendoula, and G.
Rabatel, “Comparison of the efficacy of spectral pre-treatments
for wheat and weed discrimination in outdoor conditions,”
Computers and Electronics in Agriculture, vol. 108, pp. 242–249,
2014.

[20] R. J. Barnes, M. S. Dhanoa, and S. J. Lister, “Standard normal
variate transformation and de-trending of near-infrared diffuse
reflectance spectra,”Applied Spectroscopy, vol. 43, no. 5, pp. 772–
777, 1989.

[21] R. J. Gettens and G. L. Stout, Painting Materials - A Short Ency-
clopaedia, Dover Publications, New York, NY, USA, 1966.


