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CONSPECTUS

dentification of the order, thickness, composition, A e —

and possibly the origin of the paint layers form-
ing the structure of a painting, that is, its stratig-
raphy, is important in confirming its attribution and
history as well as planning conservation treatments.
The most common method of examination is anal-
ysis of a sample collected from the art object, both
visually with a microscope and instrumentally
through a variety of sophisticated, modern analyt-
ical tools. Because of its invasiveness, however, sampling is less than ideally compatible with conservation ethics; it
is severely restricted with respect to the amount of material extirpated from the artwork. Sampling is also rather lim-
ited in that it provides only very local information. There is, therefore, a great need for a noninvasive method with
sufficient in-depth resolution for resolving the stratigraphy of works of art.

Optical coherence tomography (OCT) is a noninvasive, noncontact method of optical sectioning of partially trans-
parent objects, with micrometer-level axial resolution. The method utilizes near-infrared light of low intensity (a few
milliwatts) to obtain cross-sectional images of various objects; it has been mostly used in medical diagnostics. Through
the serial collection of many such images, volume information may be extracted. The application of OCT to the exam-
ination of art objects has been in development since 2003.

In this Account, we present a short introduction to the technique, briefly discuss the apparatus we use, and pro-
vide a paradigm for reading OCT tomograms. Unlike the majority of papers published previously, this Account focuses
on one, very specific, use of OCT. We then consider two examples of successful, practical application of the tech-
nique. At the request of a conservation studio, the characteristics of inscriptions on two oil paintings, originating from
the 18th and 19th centuries, were analyzed. In the first case, it was possible to resolve some questions concerning
the history of the work. From an analysis of the positions of the paint layers involved in three inscriptions in rela-
tion to other strata of the painting, the order of events in its history was resolved. It was evident that the original
text had been overpainted and that the other inscriptions were added later, thus providing convincing evidence as to
the painting’s true date of creation. In the second example, a painting was analyzed with the aim of confirming the
possibility of forgery of the artist's signature, and evidence strongly supporting this supposition is presented.

These two specific examples of successful use of the technique on paintings further demonstrate how OCT may be readily adapt-
able to other similar tasks, such as in the fields of forensic or materials science. In a synergistic approach, in which information
is obtained with a variety of noninvasive techniques, OCT is demonstrably effective and offers great potential for further
development.
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Introduction

Easel paintings, especially when prepared according to tradi-
tional techniques, are multilayered structures. A support, usu-
ally stretched canvas or a wooden panel, is covered with glue
size, and then primed in order to smooth its surface and to
ensure proper adhesion of the consecutive layers. The com-
position may be outlined in an underdrawing executed by one
of various techniques, and then the opaque paint layers are
applied. To obtain a desirable visual effect, an additional cover
of one or more layers of semitransparent glazes and finally a
transparent varnish may be added. Apart from the obvious
protective function of the varnish, it has a very important effect
on the final appearance of the artwork.'? Additionally in
many cases, this primary structure may be modified by alter-
ations introduced by the artists themselves or commissioned
by later owners. Among these, traces of previous renovation
treatments, for example, overpaintings, are particularly impor-
tant to detect. Another separate group of interventions in the
structure of the artwork are various kinds of forgeries, some-
times committed many years or even one or more centuries
ago and having their own history.

For conservation or inventory purposes, it is very impor-
tant to reveal the stratigraphy, that is, the order, thickness,
composition, and possibly the origin, of the layers building up
the painting’s structure. This knowledge is important in con-
firming the attribution and history of the artwork and is also
essential for the planning of future conservation treatments.
For these reasons, the attention of art historians and conser-
vators has long been focused on methods of obtaining such
information. The most common approach has been, and still
largely is, to collect a small sample, embed it in resin, and
then analyze its cross section under the microscope. At
present, in addition to or replacing classical microchemical
analysis,®> a wide range of microspectroscopic methods, for
example, micro-Raman (¢Raman), micro-infrared Fourier trans-
form («FTIR), micro-X-ray fluorescence («XRF), scanning elec-
tron microscopic energy-dispersive X-ray (SEM-EDX), and
particle-induced X-ray emission (PIXE) spectroscopies, is used
to better understand artwork composition throughout exam-
ination of the sample.*

However, despite the fact that the results obtained in this
way have been and to a large extent still are usually consid-
ered the most unequivocal, there are two disadvantages to
this approach. First, sampling is rightly regarded as invasive,
and so its application is strictly limited by conservation eth-
ics. Usually it is allowed to be performed only within an area
of former damage, where collecting material would have a
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negligible impact on the final condition of the artwork. There-
fore, information collected this way must be considered rather
random and not necessarily representative of the object as a
whole. In addition, the results obtained from sampling in the
area of destruction must of necessity be interpreted with
extreme care, since the structure of the object in this very
place could have already been more or less heavily perturbed
by the damage. The second disadvantage of sampling meth-
odologies lies in their local character: the information gained
is always specific to the site of sampling, since the structure of
the painting, especially the thickness of particular layers, may
vary rapidly® across even fairly small regions.

All of these limitations have long been known, and in
response, alternative noninvasive investigations have gained
significant attention. Paintings are X-rayed to detect alterations
and traces of former compositions covered by later superim-
posed additions. The inspection of paintings by means of UV-
excited fluorescence has also become very popular: not only
may old paint and varnish layers (fluorescent) be distinguished
from new ones (nonfluorescent),® but the chemical composi-
tion of the varnish may be revealed due to the characteristic
fluorescence exhibited by some of its ingredients.” Visual
inspection of UV-excited fluorescence may also indicate the
presence of certain pigments in the paint layer." Another tech-
nique used for pigment identification is reflectance spectros-
copy in visible light.® The significant transparency of many
pigments to infrared light permits utilization of IR radiation in
the wavelength range 0.7 to 7 um®'° to reveal under-
drawings.

The methods described above allow general diagnoses of
paintings for the purpose of resolving causes of their deteri-
oration and to detect damaged regions as well as areas of
former conservation treatments. Information on the location of
underdrawings, on regions of previous restorations, on the
thickness of paint layers, and on the presence of delamina-
tions can also be obtained through various thermographic
inspection techniques, including pulsed phase thermography
(PPT).'° The identification of delaminations may also be
achieved through air-coupled ultrasound echo detection.""
Holographic interferometry techniques provide information on
bulk structural faults and mechanical discontinuities in a piece
of artwork."? All these noninvasive methods, as well as mod-
ern structurally resolving ones like XRF (see above) or CT
(computed tomography) either are only sensitive to surface
properties or do not have sufficient spatial resolution to be
useful for structures with an overall thickness of only a frac-
tion of a millimeter: the resulting information comprises an
overlap of that from all different depths.
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This Account is devoted to a novel technique, optical coher-
ence tomography (OCT), for high-resolution structural imag-
ing, operational in conservation science since 2003."* OCT
uses low-power light in the spectral range of 700 to 1500 nm
to probe structure noninvasively from a distance of a few cen-
timeters, in order to provide detailed micrometer-resolved
information on its cross section, and thus stratigraphy, in a
purely optical, noncontact, noninvasive, and nondestructive
way.

The major drawback to practical application of OCT in the
examination of artwork arises from the limited transparency
of the strata examined to the light used. However, layers like
varnishes and glazes, usually semitransparent and thereby
decisive for aesthetic impression, may readily be successfully
tested in this way. In addition, the very high sensitivity of
modern OCT modalities enables the collection of signals from
deeper structures.

Until now, OCT has been employed in the investigation
and conservation of artwork to examine varnish and glaze lay-
ers of easel paintings,’* '8 analyze underdrawings,'®> exam-
ine historic jades,'® ceramics, and glass objects,?°?" inspect
atmospheric corrosion of stained glass,?? and precisely image
punchwork.?* Another group of applications is related to mon-
itoring various dynamic processes such as the drying of a var-
nish layer,?*2* laser ablation of varnish,2®~2 and the tracing
of environmentally induced deformations of paintings on
canvas.*®

In this Account, the application of OCT to investigation of
the structure of easel paintings is revisited and extended to
more practical aspects. Using examples of oil paintings from
a conservation studio, it will be shown how information
obtained with OCT may be used to verify their history and
authenticity.

Methodology

The OCT technique originates from diagnostic medicine®® and
at present is used mostly in ophthalmology for examination
of the human retina, though OCT tomographs are also com-
mercially available for examination of the anterior segment of
the eye and of skin and other tissues. These instruments, as
well as those designed for material science, may be directly
used to examine works of art.

In every OCT instrument, infrared radiation penetrates the
object and is partially reflected at interfaces of layers of dif-
ferent refractive indices, or sometimes scattered from sites of
inhomogeneity in its structure. Returning light is collected, and
the time of propagation from the given depth of the struc-
ture is determined, thus providing a measurement of the opti-
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cal path to this structure. However, at the micrometer path
resolution desired, this propagation time cannot be measured
directly and is accomplished instead through a measurement
of interference between the object and reference beams in an
interferometer. Many specific configurations of OCT instru-
mentation are described in detail elsewhere,3° so only a brief
summary of the principle and description of the instrument
used by the authors will be given here.

To explain the general idea of the OCT device, consider the
interferometer (usually of the Michelson type) with the object
to be investigated in one arm and a mirror in the second (ref-
erence) arm. An original beam from the broadband light
source is split into two, often propagated in optic fibers, as
depicted in Figure 1. The object is penetrated by a narrow
beam of light from one of them, some of which is reflected or
scattered back from various elements (1, 2, ..., n) of the struc-
ture and collected in the interferometer. The second beam is
simultaneously back-reflected from a reference mirror. The
beam splitter recombines these beams to allow interference.
If the difference of round trip propagation times in the two
arms of the interferometer is z, for a given structural element
n, the interference signal may be described by the general
formula

() = I{w) + X, 1) + 2, Ni{w)l,{w) cos(wr,)]

n

= S(a)){Rr +Y R, +2Y [\RR, cos(wt,,)]} (1)

where the index r refers to the signal from the reference arm.
In the first line expression, the common assumption that the
(intensity) reflection coefficients R do not depend on the opti-
cal frequency o is invoked. S(w) denotes the spectrum of the
light source.

It can be seen in eq 1 that 7, appears as its product with
the optical frequency w. As a result, two approaches to extract-
ing structural information (R, and z,,) from the interferometric
signal are possible. In the first-developed method, time-do-
main OCT (TdOCT), the interference signal is collected by
means of a photodiode and thus integrated over its spectrum.
In this case, the cosine term averages to zero everywhere
except at r ~ 0. More precisely, the full width at half-maxi-
mum (FWHM) of the interference signal as a function of ¢
defines the axial resolution of the OCT instrument. For a Gaus-
sian-shaped light source of central wavelength Acenter and a
spectral bandwidth Adpwnm, this width, Arpynv, and therefore
the axial resolution, Ax, are given by the formulas
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where both the forward and backward directions of light prop-
agation in the object and the refractive index, ng, of the inves-
tigated region are taken into account in calculating Ax.

As can be seen from eq 2, the in-depth resolution increases
with increasing bandwidth of the light source. Thus, to achieve
the required axial resolution for these studies, broadband light
sources with AApwnw between 30 and 200 nm are utilized.
Since Ax quickly increases (i.e., deteriorates) for deeper infra-
red, radiation in the spectral range 800—1050 nm is usually
employed.

In time-domain OCT, the reference mirror is moved grad-
ually, and the interference signal is simultaneously registered
to complete the in-depth scan. When the optical paths match
to within Ax, an interference signal is detected. Knowing the
position of the mirror, a profile of the internal structure of the
object along the probing beam can be recovered. To recover
complete cross sections, the probing beam is scanned over the
object. By analogy with the usage in ultrasonography, such a
cross-sectional image is called a B-scan, whereas the profile
along a single vertical line is called an A-scan. Different
images are obtained using the full-field modality of the OCT
technique (FF-OCT),"® which produces cross sections in planes
perpendicular to the direction of probing light (C-scans).
Among the various FF-OCT systems available, microscopic
devices (utilizing Linnik' or Mirau'” configurations) have out-
standing in-plane resolution, at the price, however, of a field
of view limited to a fraction of a millimeter. Moreover, these
systems very often utilize light from the visible range, which,
according to eq 2, also provides better in-depth resolution.'”
FF-OCT additionally holds promise for spectroscopic imag-
ing.3?

Fourier-domain OCT was developed later®? and differs from
TdOCT in the way the structural information is extracted from
the interferometric signal given by eq 1. In this case, the spec-
tral signal is registered by means of a spectrograph (spectral
OCT), or a very fast-tuned laser is used as a source with a sin-
gle photodiode detector (swept source OCT). In both modali-
ties, the spectrum of the interference signal is analyzed by
means of Fourier transformation, and the components
obtained have frequencies proportional to delay differences z,
and amplitudes proportional to reflectivities Rj.

The advantages of Fourier domain methods lie in the
absence of movable parts in the reference arm, which
increases the acquisition speed 100-fold, and in significantly
higher sensitivity due to the multiplex advantage.>*

Structural Examination of Easel Paintings with OCT Targowski et al.

FIGURE 1. OCT tomograph used in this study: LS, light source; Ol,
optical isolator; FC, fiber coupler; PC, polarization controller; NDF,
neutral density filter; DC, dispersion compensator; RM, reference-
arm mirror; X-Y, transversal scanner; DG, diffraction grating; SL,
spectrograph lens, CCD, linear CCD camera.

Another important consequence of eq 1 arises from the fact
that in the interference term, (I/,)'?, a weak useful signal /I, is
multiplied by a strong reference signal /.. This leads, due to
heterodyne gain, to the very high, shot-noise limited sensitiv-
ity of the method.

In the case studies reported in this Account, a prototype
laboratory-constructed high-resolution spectral OCT imaging
system (tomograph) was employed (Figure 1). Its axial reso-
lution is measured at 4 um in air. It comprises a broadband
infrared light source (LS, Acenter = 845 M, Adpwnuv = 107 nm)
made up of two superluminescent diodes coupled together.
The light output, of high spatial coherence (ensuring sensitiv-
ity), is launched into a single-mode optical fiber and passed
through an optical isolator (Ol), which protects the source from
back-reflected light. This tomograph employs a fiber-optic
Michelson interferometer, comprising a 50:50 fiber-optic cou-
pler (FC) dividing the light into reference and object arms. The
reference arm includes a polarization controller (PC), which
provides optimal polarization conditions for interference, a
neutral density filter (NDF) for adjusting the light power to
achieve shot-noise-limited detection, a block of glass (DC) act-
ing as a dispersion compensator, and the stationary reference
mirror (RM). The object arm comprises a lens forming a nar-
row probing beam and a transversal scanner (X-Y) responsi-
ble for scanning the beam across the sample. The light beams,
back-reflected from the reference mirror and reflected and or
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backscattered from structural elements of the object, return to
the coupler and interfere.

To extract structural information from the interference sig-
nal, the tomograph is equipped with a custom-designed spec-
trograph employing a fast CCD camera as detector. The
spectrograph comprises a volume-phase holographic grating
(DG) with 1200 grooves/mm and an achromatic lens (SL),
which focuses the spectrum onto a 12-bit single-line CCD cam-
era (2048 pixels, 12-bit A/D conversion). Following Fourier
transformation, the interference signal yields an A-scan, that
is, one line of the cross-sectional image. Moving the beam
across the sample in the X or the Y direction with the trans-
versal scanner (X-Y) enables collection of a B-scan, that is, a
2-D cross-sectional image, while the addition of scanning in
the perpendicular direction (Y or X, respectively) yields com-
plete 3-D information on the spatial structure within seconds.

Cross-sectional images obtained by OCT are usually pre-
sented in a false-color scale: black areas correspond to non-
scattering media, such as air or clear, transparent varnish. Cold
colors (blue and green) indicate low-scattering or reflecting
areas, whereas warm colors (yellow and red) designate high-
scattering or -reflecting regions. More details on mapping the
scattered or reflected intensities with false colors may be
found elsewhere.>

In all tomograms shown here, the incident light path is
from the top, through air. Thus, the first strong line corre-
sponds to the air—painting (i.e., most usually the air—varnish)
interface, while other layers accessible by the light utilized
appear below this. The lowest layer depicted is always the first
nontransparent one in the structure.

It must be emphasized that all distances within an object
are presented in the OCT tomograms as optical ones, with the
assumption inherently made in processing that the photons
are reflected or scattered only once at the structure sensed.
Thus, if a gradual decay of the signal is observed below the
boundary of an opaque layer (see Figure 4a in Results sec-
tion), it means that many multiscattering events occur in this
layer and create a virtual downward elongation of the imaged
stratum. In contrast, if the OCT signal decays rapidly, creat-
ing a narrow trail in a tomogram (see Figure 4b), it indicates
that the layer absorbs light strongly. In neither of these cases,
therefore, is it possible to determine the layer thickness.

Another consequence of the representation of distances as
optical ones is that all of the internal structures of the object
appear vertically stretched by a factor equal to the refractive
index of the material. Consequently, as follows from eq 2, the
axial resolution of the instrument is increased by the same fac-
tor. If the strata in the material examined are not perpendic-
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ular to the beam direction, refraction of the incident and
returning light also leads to some additional distortion of the
image. It is possible to correct this effect numerically. How-
ever, in the cases of the tomograms presented in this Account,
while exact image corrections were not performed, the verti-
cal scale bar is adjusted to present what would, assuming a
refractive index of 1.5 and no distortion by refraction, be real
distances. In addition, the vertical scale of all tomograms pre-
sented is expanded with respect to the lateral scale, because
this improves appreciation of the axial structure of the object.

Practical Examples

In this contribution, the results of OCT examinations made on
two paintings on canvas of different style and time of origin
are presented. The first depicts a Franciscan monk, Leonard of
Porto Maurizio (1676—1751). In the lower right-hand corner,
the painting bears an inscription (St Leonard), and this is
paired up with a date (7797) painted in the lower left-hand
corner (Figure 2). It is known>® that Leonard was beatified by
Pope Pius VI in 1796, and proclaimed Saint by Pope Pius IX
in 1867. This history has raised doubts about the origin of the
inscriptions in the painting. If it had been executed in 1797,
Leonard would not yet have been canonized. Thus it was rea-
sonable to suspect that the inscription St. Leonard was added
later.

An inspection of the picture in raking (obliquely incident)
light revealed the existence of another inscription in the back-
ground, located above the date 7797 and hidden under a
thick layer of varnishes and an overpainting. It was not pos-
sible to read particular letters with standard techniques; nei-
ther X-ray nor infrared examination had been helpful.
Fortunately, the inscription was painted quite thickly, and the
canvas and priming layers were thin enough to allow exam-
ination with white-light penetrating the picture from an intense
source placed behind it (see Figure 6a in Results section). The
two-line text could be deciphered as B. Leonardus d.[a?] Mau-
rzio. However, it was not possible to determine the position of
the inscription within the stratigraphy of the painting, which
had been restored at least three times. It was therefore nec-
essary more precisely to investigate the structure of the paint-
ing in order to verify the configuration of paint and varnish
layers in the areas of all three inscriptions and thus provide
unambiguous technical information with which to resolve its
history.

The second painting examined dates from the late nineteenth
century and depicts an unknown woman. It is skillfully painted
and signed GioRdi (Figure 3). Routine inspection of UV-excited flu-
orescence of the painting proved the existence of two kinds of



FIGURE 2. Saint Leonard of Porto Maurizio, picture from the
Franciscan Church of St. Bonaventure in Pakos¢, Poland, oil on
canvas, 121 x 84 cm?, photography in front illumination, taken by
Magdalena Iwanicka and used with permission. Circles mark the
regions in which the tomograms shown in Figure 4 were taken.
Rectangles mark the regions of the inscriptions investigated:
tomograms shown in figures indicated.

varnish on its surface: primary, fluorescing yellow, and second-
ary, of slightly blue fluorescence. Although it is certain that such
a difference in the color of fluorescence of two varnishes may be
due only to their different composition, visual color impression
alone (i.e., without precise spectroscopic analysis’) is not reli-
able for unambiguous identification of varnishes. However, some
rough indication may be given by conservation practice: old oil-
resin varnishes tend to fluoresce yellow-green, whereas mod-
ern synthetic varnishes develop rather blue fluorescence over
time.

UV examination did not reveal any differences (which usu-
ally lead to the assumption of forgery) between the region of
the signature and its surroundings. It can be seen in Figure 3
that the signature is placed within a strip-like area where the
primary varnish had been removed before the whole paint-
ing (including the area of the signature) was covered with a
different varnish, of rather blue UV-excited fluorescence. The
aim of the OCT examination of the signature was to deter-

Structural Examination of Easel Paintings with OCT Targowski et al.

FIGURE 3. Upper panels, Portrait of an unknown woman, oil on
canvas, 41.5 x 30 cm?, photography in front illumination (VIS) and
of UV-excited fluorescence (UV); photo by W. Grzesik and used with
permission. Lower panels: area of signature.

mine whether it lies on top of the remains of the original var-
nish (which had been removed), which would imply
intentional forgery.

Results

a. Structural Imaging of Multilayer Paintings. The analy-
sis of the painting Saint Leonard of Porto Maurizio by means
of optical coherence tomography reveals quite a simple pri-
mary structure. In a sample tomogram (Figure 4a), no glaze
layer is seen to be present, but up to four layers of varnish are
revealed. They are distinguishable mostly due to particles of
dirt originally present on the surface of the painting, which
then became trapped under the next layer of varnish.?” The
signal from light scattered by these particles forms a line of
dots in the tomogram, marking the location of the interface
between the surface of the painting and the subsequent lay-
ers of varnish. Had the interface line in the tomogram been
more continuous and better pronounced, reflection due to the
difference in refractive indices would have been indicated.

The signal from scattering at the upper interface of the pri-
mary, most probably original, varnish layer (yellow arrows in
the figure) is quite continuous, and the strongest of all those
originating from interfaces between the varnish layers. This
suggests that the painting was well dried, even weathered and
not cleaned, before revarnishing. Such a structure is quite
commonly present in OCT tomograms of varnish layers and
may imply that such varnishes belong to different chronolog-
ical phases.
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FIGURE 4. OCT tomograms from Saint Leonard of Porto Maurizio: (a) multilayer varnish (image width 7 mm); (b) semitransparent
overpainting (image width 7 mm); () opaque overpainting (image width 12.3 mm). Yellow arrows indicate the surface of the primary varnish
layer; green arrows indicate the primary opaque paint layer; circles show boundaries between original and overpainted areas; rectangle
indicates a region in which the overpainting is completely opaque; see text for details. The bars indicate real distances in media of refractive

index 1.5.

The opaque paint layer (green arrows) in the area of this
tomogram absorbs the probing light moderately, and some
residual multiscattering is present. In the next cross section
(Figure 4b), the original paint layer (green arrows) is more
absorbing, due to its different pigment composition, and thus
visible as a narrow line. On the right-hand side, it is appar-
ently covered by another layer of paint. It is clear that this
paint layer, which is partially permeable to IR light, lies on at
least three layers of varnish, and the original paint layer con-
tinues underneath. Such an OCT image is characteristic for

overpainting onto the surface of the picture. The practice of
this kind of renovation was quite common in the past.

A similar situation is shown in Figure 4¢, but the pigments
in this overpainting absorb probing light strongly, and only
traces of subsequent layers are visible. If only the part of this
image marked with a green rectangle were analyzed sepa-
rately, the image would suggest a nontransparent primary
paint layer. However, detailed inspection in relation to the
unaltered structures visible in Figure 4c outside the area of the
overpainting, clearly indicates that, at the boundary between

bottom

200 um

FIGURE 5. OCT examination of inscriptions from Saint Leonard of Porto Maurizio: (a) first digit 7 from date 7797 (image width 9.3 mm); (b)
letter S from the text St. Leonard. (image width: 7 mm). Letters are located between arrows; see text for details. Bars indicate real distances in

media of refractive index 1.5.

@ Flow-through OCT movies of the first digit 7 from date 7797 and letter S from the text St. Leonard are available.
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FIGURE 6. Analysis of the overpainted inscription B Leonardus a Maurzio:
(@) letter D in intense penetrating light; (b) shape of the same letter
reconstructed from the OCT data by extracting the signal from depths
between 137 and 145 um; (0 the OCT scan in the same lateral scale.
Yellow solid lines in panels a and b indicate the location of the scan.

the two areas (circles), the paint layers do not match and that
the original layer (green arrows) extends underneath, simi-
larly to that in Figure 4b.
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Analyses of the kind described above may provide conser-
vators with helpful information, which is especially important
for the prospective removal of secondary layers to be carried
out with the intention of preserving the original ones.

b. Analysis of Inscriptions and Artists’ Signatures. A
similar analysis applies to signatures and other inscriptions.
The order of layers provides significant information on the
painting’s history and helps in understanding its origin. The
painting Saint Leonard of Porto Maurizio is unsigned, as is
often found in artworks commissioned by convents and
painted by members of the community. As follows from the
examination of the whole painting, sample results of which
are shown in Figure 4, it was overpainted to a great extent at
least twice and revarnished at least three times. This condi-
tion must be taken into account when the properties of the
inscriptions are examined.

In this picture, two texts are visible at present. One, 1797,
refers to the possible year of its creation, the other, St
Leonard., to the person depicted. Whereas the date is barely
legible, and thus unfortunately not possible to reproduce here,
the Saint’s name is very clearly visible. Examination with the
aid of OCT reveals a different localization of the two inscrip-
tions within the stratigraphy of the painting. The date (Figure
5a, between arrows) is visible in the tomogram as a bright
strip under the varnish and possibly under a semitranspar-
ent, thin overpainting covering all of the area under investi-
gation. The exact position of the date within the structure is
not entirely clear. It may be painted on top of the primary var-
nish (some traces of a transparent layer are visible under-
neath), but there is no doubt that the layer containing the date
belongs to a deep stratum of the structure.

The second inscription (see letter S from St. Leonard, Fig-
ure 5b, between arrows) is painted on top of the thick coat-
ing of varnish covering the original black background which
absorbs probing light strongly, so that only its upper inter-
face is visible. The text St. Leonard must therefore be consid-
ered to have been added later, probably during the last
renovation around the middle of the nineteenth century as an
alteration commemorating Leonard’s canonization.

The analysis of the third, overpainted, inscription proved
much more difficult, since it is not legible directly, either by
front illumination or in raking light, but photography with
very strong back-lighting through the painting (Figure 6a)
revealed shadows of the letters. Such imaging would not be
possible, of course, in the case of a picture painted on a
solid support, like a wooden panel. Because of the almost
opaque overpainting layer covering the inscription, OCT
examination of this area provided less than conclusive
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FIGURE 7. OCT tomogram from Portrait of an unknown woman taken over the letter d of the signature (located between red arrows). Green
arrows indicate the primary, opaque paint layer. To the right, three layers of varnish are visible over an opaque paint layer. Bars indicate

real distances in media of refractive index 1.5.

direct results. The deciphering of the letters from 3-D OCT
was, nevertheless, possible (Figure 6b) by adding together
signals from defined depths beneath the surface and pre-
senting them in a false-color scale, a procedure that had
previously been tested and proved?” on model paintings. In
the present case, the greatest legibility was obtained by
visualization of shadows of the thick letters, that is, by col-
lecting signal from underneath the paint layer (137—
145 um). It should be emphasized that, since this technique
utilizes scattered light, it is not limited to paintings on trans-
parent supports. Moreover, careful inspection of this OCT
tomogram (Figure 6¢) leads to the conclusion that the whole
area of investigation is, as expected, covered by the over-
painting, with a continuous layer of varnishes underneath.
It is important to note that, in the tomogram, the layer of
varnishes in areas that correspond to cross sections of the
letter D is visually similar to that in the surrounding back-
ground; no shadows cast by the opaque paint of the inscrip-
tion are present. Thus, the different transparency of the
structure, which made it possible to obtain an image from
Figure 6a, is not induced by the top layers of the painting.
This means that the inscription must be located underneath
the subsequent layer of varnish. However, it is not visible
as a separate stratum. This effect may be explained by the
strong absorption of light in the thick body of this paint
(confirmed by inspection of the image in Figure 6a), which,
together with signal loss in the overpainting located on the
painting surface, renders it impossible to see much of any-
thing below the varnish layer.

Taken together, the detailed conclusions concerning the
inscriptions in this picture lead to the supposition that the work
may have been painted at some time in the year after
Leonard’s beatification in 1796. At that time, the picture car-
ried the inscription B. Leonardus d.[a?] Maurzio, with both the
date and the caption covered by a thick multiple layer of var-
nishing. Subsequently, after canonization, the original inscrip-
tion was painted over and a new, updated, one added. The
date was left visible, possibly even emphasized by overpaint-
ing it.
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In the second case study, Portrait of an unknown wom-
an, the OCT examination shows two layers of varnish
(Figure 7): a clear lower layer and a more scattering upper
one. This confirms the results of the inspection of the paint-
ing’s surface by UV-excited fluorescence (Figure 3), which
had revealed the existence of two different kinds of var-
nish. The primary, probably original, varnish had been par-
tially removed, but its residue is clearly seen in Figure 7.
There is no doubt that the signature lies on top of the pri-
mary layer of varnish, because the thin opaque paint layer
of the signature (between arrows in Figure 7) is located at
precisely the same level as the interface between the two
varnishes. Moreover, although the paint layer of the signa-
ture obstructs deeper penetration of the beam, some traces
of the original paint layer (marked with green arrows in Fig-
ure 7) are visible underneath at a distance corresponding
to the thickness of the primary varnish in the proximity.
This analysis suggests that the signature is a forgery: it
leads to the strong suspicion that removal of the original
varnish, of yellow UV-excited fluorescence, was intentional,
and carried out in order to create the impression that the
forged signature was a genuine original one placed directly
on the paint layer before any varnishing.

Summary

The aim of this Account has been to show, using examples of
studies of original paintings, the potential of optical coher-
ence tomography for solving real problems arising in art con-
servation studios. The investigation of inscriptions on oil
paintings was specifically discussed. For two examples of such
paintings, it has been demonstrated that examination by OCT
permits the localization of particular paint layers within the
stratigraphy of the thin structure of the paintings. If this struc-
ture is transparent enough to the infrared light used for the
examination, OCT may constitute the optimal method of
choice for cross-sectional examination because of its nonin-
vasiveness, which allows its unrestricted use even in such sen-
sitive areas as those of the artist’s signature. Despite the very
specific subject of the studies reported here, it is evident that



the kind of approach described in this Account may easily be
adaptable to other appropriately similar tasks in forensic or
materials science.

In the authors” opinion, the most promising approach is a
synergistic one in which the information gained by means of
various different noninvasive methods is combined. Among
these methods, OCT shows great potential for further appli-
cation and development.
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