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IR microscopy was first conceptualized in 1949 and the first commercial systemwas launched 1983. With
the appearance of FPA detectors in the 90's, FTIR microscopy became a technique of choice for histology.
Two decades later, the release of QCLs working in the mid-IR range refuels this promise by accelerating
tremendously the acquisition of IR images for large tissue areas with high-quality spectra for chemical
mapping of parameters of interest.

The new QCL-IR imaging system allows a 150� faster spectral data acquisition at equivalent S/N level.
The quality of spectral data is comparable while applying spectral curve-fitting treatments, thus showing
that laser sources offer reliable signal over a large spectral range. If QCL-IR imaging system seem to offer
the opportunity to develop routines for anatomo-pathology, several technological challenges stand in
front of us to reach this goal to define the specs of an IR microscope dedicated to hospital.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Pathologists have experienced and adopted many changes in
the laboratory, including the use of cryomicrotomes and slide
cassettes, tissue embedding systems, and the development of
immuno-histochemistry (IHC) starting in the 80s. However,
anatomo-pathology is still mostly manual. There exist high-
throughput slide scanners and IHC can be automated, but this is
for repetitive tasks only (analyzing long series of tissue section in
the sameway or accumulating databases). For anatomo-pathology,
interpretation of data requires a proper lecture at the details found
in the tissue. The main bottleneck here remains the slow
computerization and the lack of automation for the “lecture” part
of the pathologist's activity. If computer-assisted analysis and
storage of tissue images now includes automated slide labeling
and referencing, it has also possibly restricted the range of ana-
lyses that pathologists are seeking in routine cases: for example,
electronmicroscopy analyses are available but remain too complex
for routine, thus forcing pathologists to move back to a limited
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number of IHC antibodies and molecular pathology tests. These
IHC antibodies can be read immediately and their distribution is
the meaningful information that is sought. This is synonymous of
very slow progress where the demand for high-performance in
analytics is raising exponentially, notably to obtain more and more
information from tissue contents.

Laboratories benefit from automated labeling systems for high-
throughput analyses, thus able to sustain an increasing demand of
diagnostic parameters from different clinical services. However,
labeling methods and instruments have intrinsic limits that are
unlikely to be circumvented in the future. The lack of quantitative
information and the dependence on the pathologist's expertise for
the interpretation of results are other issues. Furthermore, biopsies
are not benefiting from imaging technologies, the in vivo condition
requiring the use of contrast agents that diffuse efficiently only in
living systems [1]. From an ex vivo specimen of a tissue, the mo-
lecular parameters can be analyzed by the application of mass-
spectrometry (MS) imaging and hydrogel devices for histology
applying tissue protein digestion [2]. For electron microscopy also,
sections thinner than 100 mm can be analyzed in detail. However,
these techniques require heavy workload compared to the routine
anatomo-pathology activities. Actually, they even failed to be
properly introduced in the clinics' pathology services a decade ago,

Delta:1_vs.
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:petibois@gate.sinica.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trac.2017.02.007&domain=pdf
www.sciencedirect.com/science/journal/01659936
www.elsevier.com/locate/trac
http://dx.doi.org/10.1016/j.trac.2017.02.007
http://dx.doi.org/10.1016/j.trac.2017.02.007
http://dx.doi.org/10.1016/j.trac.2017.02.007


A. Ogunleke et al. / Trends in Analytical Chemistry 89 (2017) 190e196 191
being abandoned by pathologists because of their complexity,
synonymous of low reliability.

Alternatively, the chemical analysis of tissues can be also per-
formed by reagent-free microscopies, such as those derived from
vibrational spectroscopy (infrared and Raman) [3]. Combining a
spectrometer and a microscope is called spectro-microscopy. These
setups offer a global view of the sample chemical contents, which
can be treated for extracting relevant molecular parameters for
diagnosis. They can thus perform a 2D chemical mapping with a
lateral resolution of a few microns only, which reaches the cellular
scale in tissues. They are also reagent-free and do not require fixing
the tissue before data acquisitions, thus ensuring to analyze the
native tissue with all its components maintained like in the in vivo
condition. Besides these presumed advantages, they have not been
considered so far for routine histology in clinics, which is due to
their slow process in image acquisition for large tissue areas [4]. In
analytical chemistry, the other challenge of spectro-microscopy is
to overcome the complexity and big size of spectral data found in
large images [5] if new analytical toolsmust be provided for routine
histology.

1.1. Spectroscopy in histology

Why should spectro-microscopy be a relevant technique for
routine histopathology? Cutting-edge techniques in molecular
and cell-based diagnostics are already used in hospitals, such as
flow cytometry, DNA screening and gene sequencing, fluores-
cence in situ hybridization, and proteomics. These changes un-
dertaken by the analytical materials of anatomo-pathology
collectively represent a clear direction for technological innova-
tion in the field. However, they also bring possible threats and
dead ends. For example, digital pathology is by far more complex
than just making the acquisition of a digital image of the tissue
section. It includes a sequence of computer-assisted events that
must handle the acquisition, storage, treatment, analysis, visual-
ization, and interpretation of tissue contents. In this technical
chain, the first step, acquisition of images, already suffers from
major problems of reliability, a prerequisite for automation. For
example, if we use a UV-confocal microscope to highlight the
distribution of label, this one will be revealed by adjusting the
laser source power depending on the quality of the anti-
bodyeligand interaction. This is making UV-confocal microscopy
a semi-quantitative or simply qualitative imaging techniques.
This slack of quantitative signal management compromises the
automation of data treatments.

To become a routine, digital pathology will require an automa-
tion of these events at several levels: 1 e automating the extraction
of parameters of interest from digital images; 2 e automating the
comparison between reference (or healthy, pathological) and new
tissue slides; 3 e automating the diagnostic information to extract;
4 e allowing the system to work in a non-supervised fashion, thus
making feasible the recognition of abnormal features in a tissue.
This last feature must be validated by the physician, but 90% of the
work must be automated without risk of interpretation errors, thus
in a supervised way. The supervised features will be considered as
standard diagnostic tools while the non-supervised ones might be
considered as exploratory parameters. Supervised here means that
the pathologists decided in advance which tissue feature he wants
to reveal, most of time by using a dedicated label, there is thus no
other information to expect. Unsupervised means that there is no a
priori decision taken to reveal a given feature. Optical visible mi-
croscopy is a good example of unsupervised analysis of a tissue
sample, but it is restricted to the interaction of light with density
changes in the tissue, which thus mainly highlight its anatomical
organization.
For more sophisticated unsupervised analyses of tissue con-
tents, chemical imaging techniques (infrared, mass, Raman and
others) can play a unique role because of the global nature of the
chemical information they provide. For the past two decades,
Fourier-transform infrared (FTIR) microscopy has been used for
developing histological methods [6], mostly in cancer research
[7e10]. Other applications include the analysis of bone osteopo-
rosis [11] and osteoarthritis [12], myopathies [13], dermopathies
[14], liver fibrosis [15], degenerative diseases [16], etc. It is useful for
histology thanks to the global chemical information it provides
about the sample [17]. Global means that all chemical bonds pre-
sent in the sample will raise absorption bands, notably for proteins
and lipids, which exhibit intense absorptions [18], but also with
major contribution from carbohydrates [19] and nucleic acids [20]
to the final spectral information. Because it is quantitative, it also
allowsmapping potentially awide range of chemical information in
a non-supervised pattern, which is undoubtedly a major advantage
for comparison between healthy and pathological tissue specimens
without any a priori knowledge about the sample A search for
publications on pubmed (as of Dec. 31st, 2016 e Supplementary
material, Fig. S1), shows that FTIR microscopy has been associ-
ated to about 6000 histological studies, amongst which cancer and
bone pathology have been the main issues.

1.2. IR microscopy in histology

FTIR microscopy is particularly well suited for tumor imaging as
it provides high contrast between healthy and tumor tissues, these
ones being usually characterized by major redistributions between
proteins and lipids contents [21]. For bone, this is due to the very
characteristic absorptions found from carbonate ions of hard tis-
sues [22] in a spectral region not covered by proteins (main spectral
region 1700e1480 cm�1) and lipids (main spectra region
3050e2800 cm�1), i.e. the 1300e1100 cm�1 spectra region [11].
These two most important topics of IR microscopy in histological
studies are followed by skin analysis. This is due to the accessibility
of the sample (surface of the body), so that attenuated-total-
reflectance devices can be used for ‘in vivo” measurements. 374
manuscripts among the 931 references in pubmed are related to the
use of attenuated total reflectance (ATR) FTIR devices for direct
measurements on skin. This is also due to the fact that the skin
surface has a well characterized lipid composition that can be
accurately analyzed by FTIR spectroscopy [23,24].

Other pathological organs are less studied by spectroscopists,
possibly due to the anatomical complexity of the samples, which
limits the interpretation of data obtained from small tissue areas,
usually <1 mm2. This is particularly true for brain, kidney, pancreas
and liver, which exhibit complex sub-structure organizations and
networks (like neurons, blood vessels, multiple cell phenotypes…
etc.). This is thus challenging the FTIR microscopy community with
the request of new methods allowing to capture large IR images of
tissue, i.e. at the dimension of clinical biopsies frequently in the
range of the 1 cm2. At diffraction limited resolution, i.e., about
5e10 mm for the mid-IR range, the acquisition of 1 cm�1 tissue area
will be too long (hours) at sufficient spectral quality (S/N � 100) for
routine cases.

Since 2013, there has been a marked decline in the number of
publications related to FTIR-based histology, possibly a sign of
reluctance due to the lack of significant analytical performance
improvement since the appearance of FPA detectors 15 years ago. In
the meantime, outstanding developments occurred for other his-
tological techniques, promising “high-resolution”, “time-resolved”,
“in vivo”, and “3D” capability. None of these analytical perfor-
mances have been achieved by IRmicroscopy, with the exception of
some home-made optical setups which have not yet been
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marketed. Their weakness is the lack of reliability in providing the
same result fast enough and without using inaccessible means. For
example, the use of synchrotron radiation to enhance the S/N level
has been justified by the pursuit of getting better analytical per-
formances out of catalog FTIR microscopes [25,26]. However, this is
remaining at the demonstration level since synchrotron radiation
centers cannot be used for a routine business.

It means that innovation in FTIR microscopy technology is
required to refuel the interest on this technique for histology. This is
actually occurring with the use of intense IR sources, namely
quantum cascade lasers (QCL) working collectively to cover a large
part of the mid-IR range, currently the 1800e830 cm�1 interval
[27]. The release of QCL-IR microscopes has the potential for rein-
venting our approach of histology by speeding up the acquisition
process at high S/N. But what the speed is going to bring for the
new utilizations of this “Fourier-transform-free” IR microscopy
remains to be determined.

2. Comparison between FTIR and QCL-IR microscopy for
histological analysis

FTIR microscopes are setup with arrays of detectors, in linear or
focal plane array (FPA) geometry, these ones bearing up to
128 � 128 individual detectors (Fig. 1). During the acquisition, the
FPA detector receives all wavelengths thanks to an interferometer
(Michelson). An interferogram is generated and a Fourier transform
is used to convert it into an actual spectrum. FTIR microscope
equipped with a FPA use a thermal Globar source of IR photons that
the interferometer canmanage to provide all desired wavelength in
a spectral region (4000e500 cm�1 for the mid-infrared region).

QCLs are semiconductor lasers that emit in the mid-to far-
infrared portion of the electromagnetic spectrum. In quantum
cascade structures, electrons undergo intersubband transitions and
photons are emitted. The electrons tunnel to the next period of the
structure and the process repeats. Therefore, unlike IR in-
terferometers, QCLs generate the mid-IR signal wavelength-by-
wavelength in absolute values and the spectrum reconstruction
does not require the Fourier transform anymore [28]. Because of
this wavelength-by-wavelength signals generation, obtaining a
large spectral region may take time, but the development of pulsed
lasers working in the ms range has probably compensated the
periodic mode of signal generation [29]. This is also due to the fact
that QCLs are currently covering a quite limited spectral interval,
usually no more than 100e300 cm�1. The combination and
Fig. 1. Schematic setup of FTIR and QCL based IR micro
modulation of several QCLs is thus required to cover a large spectral
region, as for FTIR setups.

The first ever released microscope powered by QCL-IR sources,
Spero® came from Daylight Solutions (San Diego, California) in
2014. Compared to current FTIR microscopes offering equivalent
imaging capabilities, i.e. equipped with a large focal-plane array
(FPA) detector and motorized sample stage for acquisition of large
sample areas, this QCL-IR microscope promises much higher S/N
than FTIR systems thanks to the high-power output (photon flux) of
lasers, but it is limited to a shorter spectral interval
(1800e830 cm�1 e see Table 1 for specifications). We conducted a
series of measurements to test the system in its full specifications,
i.e., by collecting all wavelengths for a spectral analysis of tissue
sample contents. In brief, both the FTIR and the QCL-IR systems
were used for analyzing the same tissue sections of a mouse brain
(total area has a diameter of ~9 mm) in which a glioma tumor was
grown.

The S/N of an FTIR spectrometer is used to measure its sensi-
tivity and is often considered as the primary specification for
determining whether an instrument will meet the needs of inten-
ded use (Fig. 2). The S/N was roughly 50% higher with a single scan
using the QCL-IR system than with the best acquisition condition
(1000 scans) for the FTIR system. The comparison is even more
striking if we consider that the tissue area covered by a single FPA
tile dimension acquisition, is 340 � 340 mm2 for the FTIR system
(2.66 � 2.66 mm2/pixel) and 2000 � 2000 mm2 for the QCL-IR sys-
tem (4.3 � 4.3 mm2/pixel). One may also mention the speed of
acquisition in terms of pixels/second, which is ranging from 2044
(S/N of 20 ± 8) to 1 (S/N of 490 ± 100) for the FTIR system. A
reasonable comparison would be the 743 pixels/sec for FTIR using
10 scans (S/N of 63 ± 21) with the 768 pixels/sec for QCL-IR using 1
scan (S/N of 841 ± 210). At equivalent rate of spectra acquisition (or
pixels), the QCL-IR system provides a 13 times higher S/N than the
FTIR microscope. It has been hypothesized that QCL-IR systems
could perform acquisitions 1000� faster than FTIR at comparable
SNR and resolutions (spectral and lateral) [30]. Here, if we consider
the area covered and the final pixel size obtained and the speed of
acquisition, we obtained an IR image of a large tissue area (a mouse
brain tissue section of a Ø ~7 mm; see Fig. 3) ~150 faster with the
QCL-IR system.

Taken together, this gap in S/N level and the higher speed of
acquisition are critical features for developing new applications of
IR microscopy, notably the analysis of large tissue samples [31]. In
Fig. 3, we show the analysis of the mouse brain tissue section. The
scopes. Images courtesy from DaylightSolutions®.



Table 1
Basic specifications of compared IR microscopy systems.

Type Resolution (cm�1) Spectral range (cm�1) Detector size (mm) FPA type (pixels, condition) FPA coverage (mm) Mag. levels Final pixel size (mm) FOV (mm)

FTIR 1e16… 4000e400 40 � 40 128 � 128
N2-cooled

5.12 � 5.12 15X
36X

2.66 � 2.66
1.1 � 1.1

340 � 340
140 � 140

QCL-IR 4 and 8 1800e830 17 � 17 480 � 480
Uncooled

8.16 � 8.16 4X
12.5X

4.25 � 4.25
1.36 � 1.36

2000 � 2000
650 � 650

Fig. 2. S/N measured on FTIR and QCL-IR microscopes using the 1800e1700 cm�1

spectral interval. Acquisition time is given in the data panel of the figure and expressed
in seconds. The S/N values are mean from a full FPA tile (128 � 128 elements for N2-
cooled FTIR system and 480 � 480 elements for uncooled QCL-IR system).
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FTIR system with a 128 � 128 FPA detector required patching
25 � 22 IR images, for a total acquisition time of 11e12 h using 25
scans at 8 cm�1 and with an 8 � 8 binning (thus obtaining a 20-mm
pixel resolution on final image), which is the best compromise to
maintain the cross-reference between background and sample
acquisitions (total acquisition of 9 million spectra, 141,000 spectra
after the 8 � 8 binning). The FTIR system was constantly purged
with filtered dry-air in an air-conditioned room (20�C, 65% hu-
midity). The sample stage of the microscope was protected by a
plastic box to optimize the purge, and the FPA detector was refiled
Fig. 3. Comparison of IR spectra and 2D mapping of major absorptions on large tissue area
shown in Fig. 3 are presented in left panel. Right panel shows IR images: Left: IR spectra ex
microscopes. Left: The tumor implantation is shown with black arrow on visible (top) ima
tological (immunofluorescence e center) image (white arrow indicate tumor location). The
acquisition. Middle: FTIR images are shown for proteins (top: P ¼ 1700e1480 cm�1) and lip
and image reconstructed (bottom). Comparative results are presented for QCL-IR microscop
with liquid N2 in top-up mode (every 30 min to maintain full N2
volume and thus avoid any temperature fluctuation at detector
location) by automated pump (Norhof LN2 Microdosing System
#905, Germany). These analytical conditions can be considered as
optimized for IR microscopy, avoiding ambient condition changes
over the complete acquisition period.

The QCL-IR microscope was used at 4.3 � 4.3 mm2 pixel reso-
lution with a single scan at 8 cm�1 and required 5 � 4 FPA tiles
(480� 480 pixels each) obtained in 109min (S/N 870± 190). A total
of 4.6 million spectra was obtained for the mouse brain tissue
section. It allows obtaining similar chemical mapping using the
same spectral intervals than with the FTIR system. The lipid-to-
protein ratio calculated from the 1430e1480 and
1700e1480 cm�1 spectral intervals exhibited comparable intensity
ranges. The protein to lipid ratio was also processed and recon-
structed IR images were found similar in intensity range and dis-
tribution within the tissue section, the anatomical details of brain
tissue appearing clearly. Therefore, at a macroscopic level (ca. a 1-
cm2 tissue section area), the two systems provide very similar re-
sults. To compare the results at the spectrum level (Fig. 4), we
further compared the absorption parameters for a series of twenty
pixels of 4.3 � 4.3 � 10 mm3 for the QCL system and
5.2 � 5.2 � 10 mm3 for the FTIR system (using a 2 � 2 binning of
spectra for closest matching of voxel dimensions e spectra
extracted from same tissue region, see Fig. 4). We used the curve-
fitting method as an example of spectral data treatment that
highlights spectral absorption differences. The curve-fitting of the
1750e1450 cm�1 spectral interval (amide I and II of proteins) is a
widely-used method for characterizing the secondary structure of
proteins. It allows extracting several bands for which the protein
structure parameter can be assigned. We applied a fixed band
profile (position of bands in the amide I spectral interval) and let
the mathematical parameters of band shape (full-width at half
. IR spectra corresponding to the same tissue location for the different scanning time
tracted from IR images at different acquisition conditions on both the FTIR and QCL-IR
ge and corresponding labeling of tumor cells (vimentin e green) is observed on his-
full spectral absorbance IR image (bottom) from FTIR microscope is obtained in a 12 h-
ids (center: L2 ¼ 1480e1430 cm�1) absorbance. The protein to lipid ratio is calculated
e (right column).



Fig. 4. Curve-fitting of the 1750e1600 cm�1 spectral interval using common band distribution profile. Twenty spectra were extracted on the same area of the cortex as indicated by
arrows, choosing a common location on FTIR and QCL-IR images. Curve-fitting was processed after baseline correction (1800e900 cm�1). Band parameters were set as follows: 20/
80 Gaussian/Lorentzian, band positions peaked from second derivative spectra and fixed for the 1700e1490 cm�1 spectral interval and let free for extremities (i.e., >1700 cm�1 and
<1490 cm�1). A 0.1 RMSE error was set as a limit for curve-fitting calculation. * ¼ p < 0.05.
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height, Gaussian/Lorentzian fraction, intensity at band position)
free in the curve-fitting process [5].

The curve-fitting of spectra obtained by the FTIR and QCL IR
microscopes at closest S/N (1000 scans for FTIR vs. single scan for
QCL) shows that band distribution and shape for the amide I and II
area (shown as the green rectangle on Fig. 4) are rather similar with
a low RMESE value obtained for each spectrum reconstruction
(<0.1% of spectral interval area). However, bands found at the limit
of QCL-IR spectral range coverage (i.e., approaching 1800 cm�1) had
significant variations with respect to the FTIR spectra. This is
possibly due to the cutoff of signal for the laser covering this
spectral region. Other variations were also observed at the right
limit of the spectral interval used for the curve-fitting (i.e.,
approaching 1450 cm�1). The shape of the QCL-IR and FTIR spectra
were quite different below 1500 cm�1, thus inducing those signif-
icant deviations in related curve-fitted bands. This is certainly due
to a difference in signal distribution over the spectral interval
covered by the respective sources for the FTIR and QCL-IR micro-
scopes. The shift from one laser to another in the QCL-IR systems
(powered by 4 lasers for the 1800e950 cm�1) can induce a loss of
linearity in signal that must be taken into account. Thus, even if
curve-fitted parameters were found very close between techniques
for the amide I and II region, the comparison between microscopes
powered by different IR sources must be considered very
cautiously. Such differences between IR spectra obtained by
different systems is not surprising as it was already observed be-
tween FTIR systems powered by the globar and synchrotron radi-
ation sources [26,32].

3. Discussion

3.1. The source-detector issue revisited

Till now, the source-detector issue was the bottleneck of
infrared microscopy [17]. A weak photon flux was observed while
using Globar sources and that FPA detectors remained poorly sen-
sitive due to the lack of challenging performances of Globar-based
optical systems. With the arrival of more powerful laser sources,
the use of detectors with more linear response (microbolometer
FPAs) seems feasible and thus to bring a new element; quantitative
analyses become possible on a wider range of spectral intensities
(minemax of intensity between the spectra within the same IR
image), typically what we observe on biological samples, where the
scale of concentration of organic matter can be from 1 to 5 in ab-
solute value. The MCT detectors are liquid-N2 cooled for reducing
the electronic noise level well below the signal limit of IR sources
(Globar, synchrotron radiation and tunable lasers) [33]. It is
therefore a technology of choice for fast acquisitions (short scan-
ning duration with low level of accumulated signal) or to analyze
very thin samples (with small amount of IR-active vibrators to
create a detectable signal). Microbolometer detectors have a noise
floor much higher than MCT. Therefore, they have not been
considered useful for FTIR microscopes using globar sources since
high S/N could not be obtained. Now that the signal level of QCL
sources is several orders of magnitude higher, the use of uncooled
FPA microbolometer detectors can be considered. Now the noise
and signal stability issues are solved while coupling QCLs with a
microbolometer-FPA, the main advantage is that uncooling the
detector allows long-duration acquisitions in much more stable
conditions. The speed and minimal down-time advantage of the
QCL-IRmicroscope using themicrobolometer camera allows for the
analysis of larger samples. However, the QCL sources remain
limited compared to FTIR spectrometers. The wavelength coverage
is currently about 1800e900 cm�1 through a combination of 4 QCLs
while an FTIR spectrometer can cover 500e8000 cm�1. QCLs are
also limited in spectral resolution to 4 cm�1 in the first generation
of commercially available microscopes while FTIR microscopes
offer a 1-cm�1 resolution. Nevertheless, the analysis of tissues is not
requiring a high spectral resolution and most of chemical bonds
found in molecules exhibit IR bands in the fingerprint region, the
1800e900 cm�1 spectral interval now covered by QCLs. Histopa-
thology being considered as a main avenue for routine applications
of IR microscopy, thus possibly bringing dedicated analytical setups
in clinics, such quantitative analysis could very well define a key
domain of the development of the IR microscopy emanating from
all the efforts that the academic research devoted over the past
10e15 years.

Is there a specific coherent-like source vs. dispersive source
effects on spectral baseline? We have observed differences in
spectra obtained by FTIR and QCL-powered microscopes. These
differences show that the signal intensity is not registered equiv-
alently when collecting signal wavelength-by-wavelength of from
an interferogram and a Fourier-transform. Quantum cascade lasers
are spatially coherent sources, unlike the thermal Globar sources,
which are dispersive. This is thus affecting the way IR photons
interact with the sample contents. The main question is about how
to comprehend this difference: it is an improvement or not, or is it
just different because of the source type? To try to provide an
answer, it is first important to remindwhat is making the signal and
what is making the noise in a spectrum obtained in transmission
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measurement. In principle, QCLs should have the advantage of the
sensitivity (and thus the S/N) because of the high photon flux they
provide compared to Globar sources [34]. But, we normalized the S/
N in our comparison, even if a large number of scans was required
with the FTIR system. Another reason can be the baseline fluctua-
tion, which is not only due to the noise of the system, but also the
sample and thus the way IR photons interact with it. As shown in
Fig. 1, the focus of the beam on the sample is not similar between
systems, a larger angle of focusing being used with the FTIR.
However, it is not clear for the moment what can be the effect on
tissue analysis, which has the advantage to be rather flat (thus
limiting border effects that induce photon diffraction, which could
alter the signal measurement on detector). Nevertheless, changes
in optical density and index can appear in tissue sections, even at
thin thickness (histology uses thicknesses ranging between 4 and
20 mm). This is due to the presence of different objects in the tissue
at dimensions close to the diffraction limit of the wavelengths
corresponding to the mid-IR region (5.5e11 mm), sucg as cell nu-
cleus (Ø 1e4 mm), mitochondria (Ø 1e3 mm), blood vessels (Ø
5e20 mm)…etc. A dispersive IR source might generate a random
diffraction of IR photons at the contact of these objects while the
coherent QCL source should have a more narrow pattern of
diffraction. But this remain to be confirmed on experimental ob-
jects (ex. beads of different size and density in gels for example). As
observed on the curve-fitting results, this is also modifying the
shape of IR bands, although it did not affected significantly the
overall results of these data treatments between IR microscopy
systems. It means that all previous data treatment methods have to
be recalibrated or adapted to the new structure of spectral data
obtained while using laser sources.
3.2. Fast QCL-IR microscopy: the route to 3D histology?

The main avenue for large scale application seems to be histo-
pathology in clinics, with the objective to perform automated or
semi-automated diagnostics on biopsies. The development of the
first quantitative histology method can be achieved by extracting
the chemical parameters found in IR spectra and determining their
distribution. One simple example of this unique feature is that
quantitative metabolic analyses can be performed, which no cur-
rent histological technique can do. It will also allow foreseeing the
development of 3D reconstruction methods, where stacking 2D
Fig. 5. Proposed technological chain for developing 3D IR anatomo-pathology in clinics. Th
defined by the 5 columns of R&D efforts for providing a 3D IR tomography resource. The sam
achieved for continuous sectioning, IR image acquisitions and data storage; 3D reconstructio
at microscopic resolution for extracting tissue substructures as small as blood capillaries; h
spectral-derived data and metadata; and visualization routines must be developed from sp
images for a 3D overview of the sample contents can make the
breakthrough towards 3D pathology. Histological 3D datasets can
be formed by collection of individual 2D slice images, and chemical
parameters can be reconstructed for determining solid sub-
structures in tissues, such as blood or lymph vessels, membranes
or connective tissues, cells [4]…etc. as previously demonstrated
[35]. In that sense, IRmicroscopymight challenge currently existing
histological methods for revealing tissue contents by coloration or
labels, but without using these ones, and also adding quantitative
chemical parameters assigned to metabolic, biochemical or mo-
lecular features of the tissue. This will require a lot of methods to be
developed and validated, from spectral information extraction to
3D reconstruction and visualization. These developments will also
require developing an appropriate technological environment, with
automation of data acquisitions and storage, as well as with high-
throughput calculation center allowing to handle the bigdata files
generated by 3D IR images (Fig. 5). Automation, high-throughput,
and bigdata will become the three pillars of the development of
3D IR imaging for anatomo-pathology in clinics. Furthermore, must
faster QCLs are announced, reducing the scanning time per wave-
length to a few ms only without S/N alteration. This would reduce
again the acquisition time and thus bring this technology closer to
hospitals for routine anatomo-pathology.
4. Conclusion

The new generation of IR microscopes promises faster acquisi-
tions that open the potential of this technique to new applications
and developments. By reducing the acquisition time on large
sample areas, reproducible e and thus quantitative e approaches
are allowed. This is giving to IRmicroscopy a unique advantage over
other analytical techniques, notably for the ability to determine
absolute concentrations of chemical and molecular species in bio-
samples. However, it also appears that the coherence of laser
sources is modifying the shape of the spectral data resulting from
sample measurements. This has to be taken into account in future
studies using such technology. However, high-speed data acquisi-
tions make conceivable to develop 3D reconstruction methods
(stacking 2D IR images from consecutive sample sections) for a 3D
chemical imaging with quantitative analyses. Thus, IR imaging will
become a credible challenger of the only other quantitative mo-
dality available in chemical microscopy, namely mass-spectroscopy
e main issues for implementing IR microscopy as a 3D chemical imaging method are
pling methods and use-cases must be developed for 3D histology; automation must be
n methods will depend mostly on individual image corrections allowing a 3D patching
igh-performance data analytics must be invented to allow 3D features analyses from
ectral data/metadata selection to highlight relevant parameters in 3D [35].
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imaging, but with a significant simplification of sample preparation
and spectral data treatments.
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