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Abstract
The combination of manifold optical imaging modalities resulting in multimodal optical systems allows
to discover a larger number of biomarkers than using a single modality. The goal of multimodal imaging
systems is to increase the diagnostic performance through the combination of complementary
modalities, e.g. optical coherence tomography (OCT) and Raman spectroscopy (RS). The physical signal
origins of OCT and RS are distinctly different, i.e. in OCT it is elastic back scattering of photons, due to a
change in refractive index, while in RS, it is the inelastic scattering between photons and molecules.
Despite those diverse characteristics both modalities are also linked via scattering properties and
molecular composition of tissue. Here, we investigate for the �rst time the relation of co-registered OCT
and RS signals of human bladder tissue, to demonstrate that the signals of these complementary
modalities are inherently intertwined, enabling a direct but more importantly improved interpretation and
better understanding of the other modality. This work demonstrates that the bene�t for using two
complementary imaging approaches is, not only the increased diagnostic value, but the increased
information and better understanding of the signal origins of both modalities. This evaluation con�rms
the advantages for using multimodal imaging systems and also paves the way for signi�cant further
improved understanding and clinically interpretation of both modalities in the future.

1. Introduction
In the last three decades, biomedical imaging has largely focused on the development and translation of
single-modality techniques, e.g. optical coherence tomography (OCT), Raman spectroscopy (RS),
�uorescence microscopy, etc. for in-vivo tissue characterization in order to improve medical diagnostics1.
An individual analytical modality, however, only provides a certain, and usually limited aspect about a
sample related to the speci�c contrast mechanism, potentially missing other relevant diagnostic
biomarkers2. Consequently, the combination of multimodal approaches was and still is a prime focus in
the biomedical optics research. Multimodal approaches are based on two (or more) complementary
modalities, covering largely independent biomarker information, and providing a more complete
diagnostic evaluation. Especially the combination of modalities that provide morphological and
molecular information, such as optical coherence tomography (OCT) and Raman spectroscopy (RS) has
been proven to be potentially very powerful3–5. OCT, as a non-invasive interferometric-based imaging
modality, provides morphologically depth resolved tissue information6 with numerous applications in
ophthalmology. Furthermore, OCT has also recently been translated to endoscopic applications in
cardiovascular, gastrointestinal and urinary tract as well as pulmonary diagnosis7–9. While OCT delivers
structural information in real time, it falls short in providing molecular or metabolic information of the
investigated tissue. Similar to medical ultrasonography the diagnostic evaluation of OCT signi�cantly
relies on the expertise of the user and a time-consuming correlation to conventional histological thin
section staining methods, such as hematoxylin and eosin (H&E). Raman spectroscopy, on the other hand,
is based on inelastic scattering events between photons and molecules, providing non-invasive label-free
information on the molecular content of a sample. It has been widely used for single cell10 or tissue
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characterization11–13 and a variety of in-vivo applications, inter alia, discrimination of brain tumors14,15 or
breast tissue16,17. A number of implementations also incorporated RS into �ber optical probes for
assessment of pathologies for a variety of inner organs18. It is, therefore, not surprising that considerable
research effort has gone  into the multimodal combination of optical coherence tomography and Raman
spectroscopy (OCT-RS), which has been applied in various ex-vivo and in-vivo studies4,5,19–27. The
comprehensive work excellently outlines the advantages for combining those two very complementary
optical modalities. It is quite apparent that the physical signal origin for both modalities is different, i.e. in
OCT it is the elastic back scattering of photons, due to a change in the refractive index, while in RS, it is
the inelastic scattering between photons and molecules. Nevertheless, despite those different
characteristics there is link between both modalities, namely the OCT signal strength is proportional to
the scattering property of the tissue, while the scattering property of the tissue is linked to the molecular
composition28. To be more precise, the scattering intensity will, for example, signi�cantly differ between
lipid tissue and �brous tissue, but so will also the molecular composition for those tissues. While these
considerations will only be valid for a well-de�ned set of samples, e.g. certain biological tissues, it should
be possible to relate signals between both modalities, enabling a better signal interpretation of each
modality.

In general, many different hollow internal organs of the human body consist of characteristic layers: an
epithelial layer, a connective tissue layer and a muscular layer. The epithelial layer covers the organs
towards the inner lumen (colon, urinary bladder, etc.); connective tissue is comprised of collagen �bers,
nerves, blood and lymphatic vessels29; and the muscular layer provides structural integrity of the organ
and enables voluntary and involuntary contractile functions, such as heart contraction or  movement of
the gastrointestinal and urinary tracts. The molecular tissue composition of each layer is diverse, but can
be assessed by Raman spectroscopy, through the assessment of distribution of cells, collagen or lipids30.
Because conventional RS provides no depth perception of the component distribution, the
implementation of OCT can compensate this by providing the layered structures of the organ wall as well
as transition zones of chemically different composed tissue locations, due to the change in the refractive
index between the layers. The urinary bladder wall, for example, consists of the urothelium or mucosa,
placed on a connective tissue layer called lamina propria  and the muscularis propria 29. Performing OCT
measurements on the inner bladder wall, will result in reduced signal intensity coming from the
urothelium and the muscularis layer31, while connective tissue, on the other hand, consisting among other
components of collagen �bers, will lead to higher OCT signals originating from this layer32–34. In
contrast, deposits of fatty tissue could result in very low OCT signal, as reported in breast tumor
imaging35–37. Those OCT signal intensity relations can be quite ambiguous, because OCT signal contrast
may have a multitude of different origins, which are not directly deducible from the data. For example,
mechanical damage to the tissue caused by surgical equipment may result in low OCT signal areas38

and could lead to false interpretation of presented OCT images. Hence, it is paramount to compare OCT
data from biopsies to pathological H&E stained thin sections to establish a ground truth for the
observation. This, however, also bears signi�cant challenges for ex-vivo analysis and is inconceivable for
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a co-registration of in-vivo measurements and the extracted biopsy. The combination with a molecular
speci�c modality, which can access the underlying molecular origin and directly correlate the information
to the pathological information, would be highly valuable. The ability of Raman spectroscopy to provide
molecular information of biological sample that can directly be correlated to H&E information has been
extensively shown39. However, as of now, the multimodal combination of RS and OCT has largely
focused on the extraction of individual biomarkers for disease diagnostics, and not to assess the relation
between the two signals, which can considerably increase the understanding for underlying origin of the
generated signals.

Here, we investigate for the �rst time the relation of co-registered OCT and RS signals of human bladder
tissue, to demonstrate that the signals of these complementary modalities are inherently intertwined,
enabling a direct but more importantly improved interpretation and better comprehension of the other
modality. This work demonstrates that the bene�t for using two complementary imaging approaches is,
not only the increased diagnostic value, but the increased information and better understanding of the
signal origins of both modalities. This evaluation con�rms the advantages for using multimodal imaging
systems and also paves the way for signi�cant further improved understanding and clinically
interpretation of both modalities in the future.

2. Results
A particular optical modality provides information due to a speci�c contrast mechanism. This contrast
can, however, have a multitude of origins, resulting in challenges when interpreting the data. Frequently,
and especially in OCT and RS, the interpretation of data is based on the experience of the user or a
reference analysis, such as a histopathological examination of a biopsy sample. The combination of two
complementary modalities has mostly been used to increase the diagnostic value of the underlying
pathology but could also bear the potential to better understand and reference the fundamental origin of
the signals. For example, while the origin for OCT and the Raman signals is based on different physical
principles, i.e. OCT on scattering properties of the tissue and RS on the molecular composition of the
tissue, the scattering properties of the tissue also depend on the molecular composition, making the
origins of both modalities inherently connected. To investigate this relation, an optical setup was
developed, based on two forward-viewing �ber-optical probes, which allows consecutive acquisition of
Raman maps and OCT volume stacks from large biopsy samples, Figure 1. For more details on the
system, see Materials and Methods section. Human urinary bladder biopsies were used as surrogate for
those experiments. 

A total of 119 biopsies were imaged in a co-registered way with a forward viewing endoscope-based
setup. Because the imaging data for both modalities on biopsies was co-registered, it offers the
opportunity to characterize the signal origins for both modalities and qualitatively correlate the data. To
demonstrate a potential relation between both modalities the data was divided in separate groups, based
on the information present in the Raman data. Depending on the biopsy the molecular signatures of the
Raman signal show the presence of certain macromolecules commonly found in tissues. We have
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therefore divided the biopsies in three groups: lipid-rich, collagen-rich, and epithelial rich samples. For the
manuscript a subset of representative biopsies was selected and analyzed. Figure 2, 3 and 5 show
healthy bladder tissue, while Figure 4 is based on data from an early tumor stage. Additionally, a
comparison to histopathological data for those biopsies was also performed. 

Figure 2 displays the co-localized morphological and molecular data for a representative biopsy,
exhibiting very strong collagen signal, but only little epithelium and lipid signal in the Raman spectra.
Additionally, the histological (H&E) information for the biopsy is presented. As described in the material
and methods section, the individual Raman spectra were �tted by three components, representing
spectral information of epithelium, lipid, and collagen, and are displayed as distribution enface maps of
those components over the sample. For a better differentiation the epithelium was color-coded red (Fig.
2a), collagen green (Fig. 2b) and lipid blue (Fig. 2c). The strongest contribution appears in collagen,
which is homogenous throughout the biopsy. The lipid and epithelium signals, on the other hand, are
barely visible. Additionally, to the Raman maps, an OCT enface image, based on the maximum intensity
projections of ten slices from a depth of 120 -150 µm is also displayed, showing very bright signal
features throughout the entire area of the biopsy, Fig. 2d. As reported by Sergeev et al.34, collagen �bers
cause an increase in ballistic scattering of photons, resulting in a very bright OCT enface projection. To
gain a better understanding of the underlying depth information of the data, B-scans are displayed, Fig.
2e and f, supporting the overall bright appearance of the signal in the top layer of the tissue. The
collagen-rich layer has an approximate thickness of 100 µm, as indicated in the image. No other notable
features are apparent in the B-scans. For comparison, the Raman signal for the same cross-section for
each molecular component was plotted above the B-scan. Here again, the Raman signal and the OCT
data correspond quite well, displaying strong features, where the scattering in OCT is also highest. The
Raman signals are detectable in depth up to ~300 µm, while the OCT probe provides an e�cient
collection of signals within 950 µm. To support the morphological and molecular co-localized data, an
H&E-stained section from the same biopsy is presented, Fig. 2g. The H&E slide of the biopsy con�rms
that the tissue is primarily composed of lamina propria, with no apparent presence of epithelium,
con�rming the observations from RS and OCT. It is possible that the epithelium was detached during
handling of the biopsy after resection. The H&E slice does, however, indicate edema in one part of the
lamina propria and two representative �broblasts, having the task of building up the extracellular matrix
mainly composed of collagen �bers, are indicated. These results support the notion that at least for
collagen-related signals both modalities provide relatable information, and Raman spectroscopy could be
used to specify the presence of collagen in the OCT data. This particular information could be a potential
biomarker and de�ne the transition from benign to malignant tissue.

Clearly, the sole presence of collagen features is undeniably a special case for this sample and in most
biopsies more than one component can be found. Fig. 3a and b present an example were the enface
Raman maps not only display collagen features, but also signal contributions from epithelium tissue.
Both molecular maps show that the constituents are distributed homogeneously throughout the biopsy,
except for the central location where the collagen density is increased, while the epithelium contribution is



Page 7/23

reduced. Again, no lipid signal can be observed in the Raman map, Fig. 3c. The corresponding, enface
image of OCT is displayed in Fig. 3d. Because the data was normalized over the entire data set for both
modalities it is also possible to compare the observations between the different samples (Fig. 2-5).
Hence, taking into consideration the observation from Fig. 2, i.e. a high collagen presence resulted in a
very bright OCT signal, here, one should see overall an apparent reduction in the OCT signal intensity,
except in the location where the collagen Raman map shows higher signals. Indeed, the OCT enface
image Fig. 3d has a reduction in brightness when compared to the OCT enface image Fig. 1d. More
speci�cally, the signal is not homogenous throughout the entire sample, but has a central location where
the OCT signal exhibits a particular high brightness, while the other positions have considerably lower
intensities. When comparing the OCT enface projection to the Raman maps of the same locations that
display a strong OCT signal, an increase in collagen contributions in the Raman image can be seen. The
reduced OCT signal, on the other hand, correlates with a reduction in collagen, but an increase in
epithelium signal in RS. To better comprehend the local morphological differences in depth a cross-
sectional representations for the indicated positions of the enface OCT are displayed in Fig. 3e and f.
Additionally, the molecular signals of the epithelium, collagen and lipid from Raman spectroscopy for
that particular cross-section are displayed above the image. Here again, it is possible to relate the OCT
depth pro�les, which show a heterogeneous variation of the signal intensity, to the molecular variation
from the enface Raman maps for the presence of collagen and epithelium tissue. It can be seen that the
signals from both modalities co-localize extremely well, indicating that the pre-processing and the co-
registration worked appropriately. Regions of more collagen (lamina propria) are giving a brighter OCT
signal in depths of 100 - 200 µm, which was also previously observed by Sergeev et al.34, while regions
where the OCT signal is reduced a stronger epithelium signal in Raman is visible. To support this
information, an H&E slice for this biopsy is presented, Fig. 3g. The bladder wall with an epithelial layer
and lamina propria can be seen, con�rming the observations provided by the cross-linked OCT and RS
information. Furthermore, mechanical artifacts and the deeper layer of the lamina propria are visible.

An additional example for a mixed epithelium and collagen sample is shown in Figure 4. Here, a similar
relation between the decomposed Raman signals and the OCT signal, but in a more heterogeneously way,
as described in Fig. 3, is present. For example, the B-scans unveil transition zones of lamina propria to
epithelium, Fig. 4e and f, and the co-localized molecular signals from the RS also indicate such transition
zones. The collagen rich layer is extending in depth from ~0 - 50 µm up to ~0 - 250 µm, Fig. 4f and e,
respectively. On the right side of Fig. 4e, the OCT signal exhibits a homogenous intensity over the entire
depth and the molecular contributions to the Raman signal are mainly from the epithelium tissue. The
histopathological image, Fig. 4g, shows thickened epithelium on the right-hand side and lamina propria
on the left-hand side. This may support the �nding in Fig. 4e of the thick epithelium layer and its
homogenous appearance. Additionally, vessels are indicated in Fig. 4g.

There are also cases where other signal features can occur in both modalities. Figure 5 shows a
representative biopsy with more heterogenous behavior, i.e. where besides the collagen and epithelium
signals also substantial contributions of lipids are present, Fig. 5 a-c. In comparison to previous cases,
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Fig. 2-4, the amount of lipid signals is substantial and well de�ned, and results in a decrease in
epithelium and collagen signals in those particular locations. As was previously shown, the signal
intensity/brightness corresponds well to the scattering property of the tissue, i.e. collagen contributions
resulted in a high OCT signal, while epithelium tissue resulted in a reduced brightness in comparison to
collagen, Fig. 2-4. Taking into consideration that lipid accumulations are highly homogeneous and low
scattering37, the observed OCT signal should be even more reduced, as in comparison to epithelium
tissue. Fig. 5d shows the corresponding enface OCT image, which has next to the readily observed
variation of signal intensity attributed to variation of epithelium and collagen signals, very apparent and
distinct black voids. Taking only the OCT information into account, those voids could also easily be
assigned to mechanical rupture of the tissue, which frequently occurs through stress during the handling.
However, by taking the information extracted from the Raman data those voids can be clearly related to
accumulations of esteri�ed lipids. The present lipid signal (Fig. 5c) is signi�cantly higher than present in
the previous biopsies in Fig. 2-4 and overlaps with the region of the black features in the OCT image.
Based on the depth information of OCT, the lipid signals are co-localized with the black voids in the OCT
B-scans in depth (Fig. 5e and f). RS is giving evidence, that those black voids are not caused by
mechanical forces but are �lled with esteri�ed lipids. Furthermore, the bene�cial depth information of
OCT enables the detection of the RS lipid intense signal regions in a depth of ~100 - 250 µm. Additionally,
the RS collagen intense signals are co-localized with the bright OCT signals at a depth of ~0 - 50 µm.
Through the morpho-molecular cross-linking of OCT and RS, the signal origin and the understanding of
the present biological tissue is substantially enhanced. Additionally, the H&E slice support the presence of
lipid pools within the bladder wall and also epithelium and lamina propria, Fig. 4g. Besides mechanical
artifacts, the detrusor muscle is visible. Those results strongly support the notion that, while the signal
origin of both modalities is complementary, they both provide a very bene�cial information that assists to
explain the corresponding modality.

3. Discussion
In this work we presented a qualitative correlation between morphological information established by
optical coherence tomography with the molecular information provided by Raman spectroscopy. The
results strongly indicate that despite the different contrast origins of both complementary modalities the
information is intrinsically relatable and can provide a more comprehensive characterization of the
investigated tissue. The presented results support the notion that OCT can be used as a pre-screening
technology, rapidly providing information on morphological structures and identi�es abnormalities, while
Raman spectroscopy can be used to provide adjunct molecular speci�c information from those locations,
enabling a molecular pro�ling of the OCT signal origin. The combined and complementary information
enables a better understanding of the underlying structures for the detected signals, strengthening the
prospective for clinical use of multimodal imaging and spectroscopy devices.

The co-localization of the modalities and the imaging information was achieved by implementing a
multimodal optical setup based on two front-viewing �ber-optical probes and applied to the imaging of
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bladder tumor biopsies. The co-registered morphological and molecular information was summarized on
four representative cases (3 healthy normal tissue/1 early tumor) and qualitatively compared between the
modalities and the corresponding histopathological ground truth. Due to the access to the
histopathological gold standard information, it was not only possible to relate the molecular information
between OCT and RS, but also to provide a proof for the observations. The determined molecular
signatures for epithelium, collagen, and esteri�ed lipids were directly relatable to observations in OCT
tomograms, which lack the speci�city and require additional con�rmation by H&E histology.

The observations of the present work show that strong scattering contributions in OCT tomograms in
bladder biopsies typically correspond to collagen from the connective tissue layer called lamina propria.
The presence was observable in most OCT tomograms from a large number of samples, varying in
different degrees. However, because the signal is not speci�c, the signal generating structures cannot be
safely deduced by OCT alone. Collagen has, however, a highly unique Raman signature, and can be
differentiated from other protein signals. As such, the mapping of the Raman signal of collagen
accurately provides the distribution of collagen across the sample. It is possible to extract ‘pure’
component spectra, which closely represent true and pure molecular constituents of a sample, from the
Raman data. Here, we used a combination of vertex component analysis (VCA), which extracts
endmember spectra from a data set, followed by multivariant curve resolution (MCR), which can further
optimize the endmember, providing nearly pure components, Figure 6c. Mapping the signal of the
components provides information on the distribution of the molecular constituents in the sample.
Moreover, by performing the measurements in a co-localized fashion, it was possible to qualitatively
correlate OCT and Raman information, showing that the bright signal features in OCT do correlate to an
increase of collagen in the tissue. The individual OCT images and Raman maps were normalized to the
highest signal intensity over the entire data set of the present biopsies, allowing a signal comparison of
the OCT and RS data between the individual biopsy. It could be shown that the variance in the OCT signal
intensity is also correlated to the variation in the Raman signal intensity. Besides a very distinct collagen
signal, Raman signal of esteri�ed lipids has a very unique Raman signature, and additionally, have a very
high scattering cross-section, which makes them easily detectable. In OCT tomograms the signals from
esteri�ed lipid depositions appear as very unspeci�c black voids, which could easily be due to a presence
of vasculature or a mechanical rapture of the tissue. Here again, the combination of OCT-RS provides a
picture of the morphological information and the related molecular information from the sample. In fact,
Raman spectroscopy is also capable to differentiate intracellular compartments, such as nuclei, cytosol,
intracellular vesicles, etc.10,40, however, due to the focal spot size of approx. 100 µm, and a sampling
depth of ~300 µm, only an average information from the tissue was acquired. Nevertheless, as shown in
previous work, the average signal from epithelial tissue has also a quite distinct Raman signature,
exhibiting mostly integrated signals of cytosol, nuclei acid and membrane lipids41. Using the
aforementioned data-decomposition approach it was also possible to extract a signal that presents the
well-known epithelium Raman spectrum. This signal was also mapped with the two other components
and compared to the OCT tomograms. In OCT, the presence of epithelium tissue results in a reduced
scattering, when compared to the signals from collagen, and as expected, is generated in the most top
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layer of the sample, followed by the signal from a stronger scatterer. Here again, the signals match very
well with the Raman maps of epithelium tissue, Figure 3 and 4. The OCT data contrast is not strongly
in�uenced by the focus position, since the large confocal parameter for OCT (~950 µm) ensures similar
illuminance along depth. Additionally, su�cient detection e�ciency of Raman photons is ensured within
the respective confocal depth of approx. 300 µm. This example focuses on the overall comparability and
understanding of different signal strength for morphological and molecular components. The presented
analysis strengthens the evidence that the signal origin for both modalities is inherently linked and can be
used for an in-depth understanding about the sample composition.

The physical connection of both signal origins is linked by the relation of the scattering properties of a
tissue with the molecular composition, in�uencing the signals of both modalities. The combination of
both complementary modalities not only provides an improved diagnostic value but can also be used to
aid and reference the observations of the other method, i.e. while conventional RS provides no
information on the depth, it unveils the molecular signature of the tissue, allowing to reference the
observations in OCT. On contrary, OCT is not very speci�c, but provides a depth perception to the origin of
the RS signal. The analysis establishes for the �rst time that two complementary imaging modalities are
providing a relatable assistance to each other and support a clearer clinical picture of investigated tissue
composition and health. This new path could lead to more sophisticated devices for visual and machine
aided analysis of tissue being faster, label-free and accessible for clinical use. More importantly, the
presented results open a new way of understanding and cross-linking well established imaging
technologies, marking a further step towards fusing two complementary modalities to one single system.

4. Materials And Methods
The OCT and RS data were acquired during a study, approved by the Ethical Committee at the Capital
Region of Denmark, H-17015549, and complied with the guidelines of the 2013 Declaration of Helsinki.
Furthermore, a data processor agreement between the universities in Jena and Vienna and the Capital
Region of Denmark was established (HGH-2018-038. I-suite nr. 6639). Prior to the operation, each patient
was informed and gave written and informed consent to have samples for the study taken. In total 119
biopsies from 44 different patients were resected during bladder tumor examination, 66 of which were
non-tumor, 3 PUNLMP (papillary urothelial neoplasm of low malignant potential), possessing a limited
probability of cancer progression42, 1 carcinoma in situ and 49 were cancerous biopsies. Out of the 49
cancerous samples, 48 were staged pTa and 1 pT1a, 12 of which were high and 38 were low grade.

The morpho-molecular imaging was performed on a combined, forward-viewing probe based automated
system in a co-registered manner. Detailed description on the biopsy handling, the multimodal imaging
setup, data acquisition procedure and data analysis has already been described by the authors3, and will
be only brie�y summarized. The OCT and RS data was acquired subsequently after choosing a region of
interest (ROI) with an acquisition time of 1 minute for 9 OCT stacks and 13 minutes for 900 Raman-point
measurements in the same region on a ~4 mm² sample. The OCT and Raman probe were mounted on an
in-house designed and build holder, with a �xed offset position between the two probes, enabling co-
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registered data acquisition. The OCT setup and data acquisition work�ow is as follows: The OCT setup
incorporated an akinetic swept source laser (Insight Photonic Solutions, Inc., Lafayette, Colorado) with a
central wavelength of 1304 nm, a bandwidth of ~90 nm and a sweep frequency of ~173 kHz. The
interferometer is in Mach-Zehnder con�guration (Fig. 1). The power at the tip of the OCT endoscope was
11 mW with a measured axial and lateral resolution of 12 µm and 28 µm in air, respectively. The confocal
parameter was ~950 µm. Prior to the measurement a calibration of the piezoelectric tube driven scanning
probe was performed. For reconstructing volumetric OCT stacks, the scanning pattern was imaged on a
position sensitive device for creating a look up table (LUT). This LUT in combination with an algorithm
enabled the remapping of the spiral scan onto a square-cartesian grid leading to a cylindrical 3D-volume
with a size of 500×500×220 pixels. The pixel size in depth after the Fourier transformation was ~4 µm,
resulting in ~3 µm in tissue considering a tissue refractive index of 1.33. The scanned volume, depending
on the diameter of the spiral scan, ranged from approximately 0,7 mm³ (1 mm²×0.7 mm) up to 1.4 mm³
(1.96 mm²×0.7 mm²). The acquisition rate for one volume was 0.5 Hz. The remapped 3D volume
consisted of 510 consecutive circles (B-scans) with 340 A-scans each. Since one spiral scan was not
enough for imaging most of the biopsies (size between 1 mm² and 15 mm²), subsequent raster OCT
volume acquisitions were performed. Stitching, aligning and rotating of those OCT volumes led to a
coverage of the whole biopsy.

Following the acquisition of the OCT-stacks the system switched automatically to the Raman side, and
the acquisition of the hyperspectral Raman image was performed. Because both imaging probes were
mounted on a common holder, the probe-to-probe distance was �xed by design, ensuring that identical
ROIs were sampled. The Raman signal was collected by an in-house developed Raman �ber-optic probe,
equipped with 105 µm multimodal �ber that was connected to a 785 nm single-mode excitation laser
(Fergy-Laser, Princeton Instruments). The probe was designed to image the exit aperture of the optical
�ber with a magni�cation of 1 onto the sample plane, resulting in a nominal spot-size for the Raman
acquisition of approx. 105 µm. For all acquisitions 900 points distributed in a rectangular pattern (30×30
points) equally spaced across the biopsy were acquired. The generated signal was collected by the probe
and imaged with a two-fold magni�cation onto a collection �ber with a diameter of 200 µm. Depending
on the speci�c sample, signals can be collected from depths of up to ~300 µm. The �ber was connected
to a spectrometer (Acton Series LS785, Princeton Instruments), which was equipped with a back-
illuminated deep-depletion charge-coupled device (PIXIS 100BR_eXcelon, Princeton Instruments) with a
1340×100 imaging array and 20×20 μm sized pixels with a spectral resolution of 5 cm−1. 

Data pre-processing and analysis strategy
There are certain challenges to combine the two distinct modalities. Firstly, the OCT data has to be
�attened to account for the normalization procedure of the Raman data. Secondly, correcting for
artefacts outside of the biopsy. Thirdly, the images are acquire spatially offset to each other, and have to
be properly overlapped. Finally, the images have to be properly scaled, since the x-y dimension of OCT is
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on the order of 700×700 pixel, while the Raman image data is only 30×30 pixels. In the following we will
describe and outline the established approach to process and correlate the data.

To address the curvature of the OCT data, an in-house developed algorithm was implemented. The
approach for �nding the leading edge of the surface of the biopsy, i.e. the surface, is achieved by �nding
the �rst maxima of a derivative function of a smoothed representation of the individual A-scans, see
Figure 6a-b. By shifting the A-scan vector to zero and applying this to the entire biopsy creates the
�attening of the surface. To correct for the scattering artefacts outside of the biopsy each individual
curvature corrected A-scan was integrated, resulting in an integrated signal map. By applying an
automated thresholding, based on minimizing the Euclidean distance a binary mask was created, which
was applied to the stack to remove artefacts located outside the biopsy. In case residual artefacts
remained, removal was performed manually. The masked and integrated signal map was used for the
correlation of the OCT data and the Raman data. Before the correlation the Raman data had also to be
conditioned, i.e. after the aforementioned data preprocessing of the Raman data the signal of the high-
wavenumber region was integrated to create a mask. It is important to use the integrated signal, because
solely relying on a single band could result in a mask that only represents the distribution of a particular
macromolecule in the sample, while the integration over the high-wavenumber region captures the total
molecular distribution quite well. To perform the image registration the Raman image was �rst resized to
closely match the size of the OCT image. The resized Raman image and mean projection of the OCT
stack were transformed to phase-correlated polar coordinates43. The scale and the translation
coordinates were used on the subsequent Raman images to achieve a good overlap. One has to keep in
mind that due to the largely different image sizes and the different signal origins an overlap was not
always perfectly achieved.

The imaging data of both modalities is inherently multidimensional. The individual A-scan of an OCT
image provides a depth pro�le, based on the scattering property of the tissue, containing up to 220
individual variables. The Raman signal of an imaging set, on the other hand, also called hyperspectral
data set, is also inherently multivariant, as it encodes the molecular pro�le of the sample for each data
point containing up to 1340 interrelated variables. To reduce the dimensionality of the Raman data, VCA
was used to extract the endmember spectra, which represent the ‘pure’ components for lipid, collagen, and
epithelia tissue40,44, Figure 6c. It is important to point out that usually the endmember spectra can differ
from pure component spectra, as they can also contain contributions from other molecules. This is
especially challenging to determine any macromolecular variations for the cell-rich endothelial region,
where the intrinsic composition of the cell is highly complex, and one cannot speak of a pure component,
but rather of an endmember that presents endothelium. Nevertheless, many of the macromolecules, e.g.
collagen and esteri�ed lipids, are present in very high concentrations in the tissues, and are easier found
in a large data set. VCA was performed on the entire set of the presented biopsies, and after �tting the
spectra to the extracted endmember, each endmember group was normalized to the maximum value to
make the results comparable between the biopsies.



Page 13/23

Declarations

Acknowledgments
We greatly appreciate productive discussions with Elisabet Anna Rank
Figure 1 has been drawn by FP, using InkScape 0.92.4 Draw Freely, www.inkscape.org.

Author Contributions
I.W.S., F.P., R.A.L., W.D., and J.P. designed the study, F.P., I.W.S., F.K., E.C. and L.M.W. were responsible for
the OCT and Raman setup, I.W.S and F.P. were responsible for manuscript writing, F.P., E.C. and I.W.S. were
responsible for the measurements, I.W.S. and F.P. were responsible for data post processing and analysis,
G.G.H and K.M. were responsible for the clinical study, T.H. was responsible for histopathological
work�ow and analysis of data, W.D., and R.A.L. were responsible for supervision of F.P., all authors
reviewed and edited the manuscript. 

Funding
This project has received funding from the European Union project MIB (Horizon 2020, grant agreement
No 667933) and the European Union’s Horizon 2020 research and innovation program under the Marie
Skłodowska-Curie grant agreement No 721766, FBI and the Bundesministerium für Bildung und
Forschung (BMBF) through the European Research Area Network on Cardiovascular Diseases
(01KL1904). 

Con�ict of interest
There are no con�icts to declare. 

Data availability
The imaging datasets generated and analyzed during the current study are available from the
corresponding author on reasonable request.

References
1. Yun, S. H. & Kwok, S. J. J. Light in diagnosis, therapy and surgery. Nature Biomedical Engineering 1,

0008 (2017).

2. Cordero, E. et al. Bladder tissue characterization using probe‐based Raman spectroscopy: Evaluation
of tissue heterogeneity and in�uence on the model prediction. J. Biophotonics (2019)



Page 14/23

doi:10.1002/jbio.201960025.

3. Placzek, F. et al. Morpho-molecular ex vivo detection and grading of non-muscle-invasive bladder
cancer using forward imaging probe based multimodal optical coherence tomography and Raman
spectroscopy. Analyst 145, 1445–1456 (2020).

4. Bovenkamp, D. et al. Combination of High-Resolution Optical Coherence Tomography and Raman
Spectroscopy for Improved Staging and Grading in Bladder Cancer. Applied Sciences 8, 2371 (2018).

5. Egodage, K. et al. Combination of OCT and Raman spectroscopy for improved characterization of
atherosclerotic plaque depositions. Chin. Opt. Lett., COL 15, 090008 (2017).

�. Optical coherence tomography: technology and applications. (Springer, 2015).

7. Tearney, G. J. et al. Scanning single-mode �ber optic catheter–endoscope for optical coherence
tomography. Optics Letters 21, 543–545 (1996).

�. Xie, T., Xie, H., Fedder, G. K. & Pan, Y. Endoscopic optical coherence tomography with a modi�ed
microelectromechanical systems mirror for detection of bladder cancers. Applied optics 42, 6422–
6426 (2003).

9. Zagaynova, E., Gladkova, N., Shakhova, N., Gelikonov, G. & Gelikonov, V. Endoscopic OCT with
forward-looking probe: clinical studies in urology and gastroenterology. Journal of Biophotonics 1,
114–128 (2008).

10. Schie, I. W. & Chan, J. W. Estimation of spectra sample size for characterizing single cells using
micro-Raman spectroscopy: Estimation of spectra sample size for characterizing single cells using
micro-Raman spectroscopy. Journal of Raman Spectroscopy 47, 384–390 (2016).

11. Bakker Schut, T. C., Wolthuis, R., Caspers, P. J. & Puppels, G. J. Real-time tissue characterization on
the basis o�n vivo Raman spectra. J. Raman Spectrosc. 33, 580–585 (2002).

12. Beljebbar, A. et al. Identi�cation of Raman spectroscopic markers for the characterization of normal
and adenocarcinomatous colonic tissues. Critical Reviews in Oncology/Hematology 72, 255–264
(2009).

13. Carvalho, L. F. C. S., Nogueira, M. S., Neto, L. P. M., Bhattacharjee, T. T. & Martin, A. A. Raman spectral
post-processing for oral tissue discrimination – a step for an automatized diagnostic system.
Biomedical Optics Express 8, 5218 (2017).

14. Bergner, N. et al. Identi�cation of primary tumors of brain metastases by Raman imaging and
support vector machines. Chemometrics and Intelligent Laboratory Systems 117, 224–232 (2012).

15. Ji, M. et al. Rapid, Label-Free Detection of Brain Tumors with Stimulated Raman Scattering
Microscopy. Science Translational Medicine 5, 201ra119-201ra119 (2013).

1�. Abramczyk, H., Brozek-Pluska, B., Surmacki, J., Jablonska-Gajewicz, J. & Kordek, R. Raman ‘optical
biopsy’ of human breast cancer. Progress in Biophysics and Molecular Biology 108, 74–81 (2012).

17. Deng, K. et al. Rapid Discrimination of Malignant Breast Lesions from Normal Tissues Utilizing
Raman Spectroscopy System: A Systematic Review and Meta-Analysis of In Vitro Studies. PLoS ONE
11, e0159860 (2016).



Page 15/23

1�. Cordero, E. In-vivo Raman spectroscopy: from basics to applications. Journal of Biomedical Optics
23, 1 (2018).

19. Ko, A. C.-T. et al. Ex vivo detection and characterization of early dental caries by optical coherence
tomography and Raman spectroscopy. J Biomed Opt 10, 031118 (2005).

20. Patil, C. A., Bosschaart, N., Keller, M. D., van Leeuwen, T. G. & Mahadevan-Jansen, A. Combined
Raman spectroscopy and optical coherence tomography device for tissue characterization. Optics
Letters 33, 1135 (2008).

21. Evans, J. W. et al. Optical coherence tomography and Raman spectroscopy of the ex-vivo retina.
Journal of Biophotonics 2, 398–406 (2009).

22. Egodage, K. et al. The combination of optical coherence tomography and Raman spectroscopy for
tissue characterization. Journal of Biomedical Photonics & Engineering 169–177 (2015)
doi:10.18287/JBPE-2015-1-2-169.

23. Mazurenka, M., Behrendt, L., Meinhardt-Wollweber, M., Morgner, U. & Roth, B. Development of a
combined OCT-Raman probe for the prospective in vivo clinical melanoma skin cancer screening.
Review of Scienti�c Instruments 88, 105103 (2017).

24. Varkentin, A. et al. Trimodal system for in vivo skin cancer screening with combined optical
coherence tomography-Raman and colocalized optoacoustic measurements. Journal of
Biophotonics 11, e201700288 (2018).

25. Rangaraju, L. P. et al. Classi�cation of burn injury using Raman spectroscopy and optical coherence
tomography: An ex-vivo study on porcine skin. Burns 45, 659–670 (2019).

2�. Presnell, A. L., Chuchuen, O., Simons, M. G., Maher, J. R. & Katz, D. F. Full depth measurement of
tenofovir transport in rectal mucosa using confocal Raman spectroscopy and optical coherence
tomography. Drug Delivery and Translational Research 8, 843–852 (2018).

27. Ashok, P. C. et al. Multi-modal approach using Raman spectroscopy and optical coherence
tomography for the discrimination of colonic adenocarcinoma from normal colon. Biomedical Optics
Express 4, 2179 (2013).

2�. Jacques, S. L. Optical properties of biological tissues: a review. Phys. Med. Biol. 58, R37–R61 (2013).

29. Gray’s anatomy: the anatomical basis of clinical practice. (Elsevier Limited, 2016).

30. De Jong, B. W. D. et al. Identi�cation of bladder wall layers by Raman spectroscopy. The Journal of
urology 168, 1771–1778 (2002).

31. Schmidbauer, J. et al. Fluorescence Cystoscopy with High-Resolution Optical Coherence Tomography
Imaging as an Adjunct Reduces False-Positive Findings in the Diagnosis of Urothelial Carcinoma of
the Bladder. European Urology 56, 914–919 (2009).

32. Gan, Y., Lye, T. H., Marboe, C. C. & Hendon, C. P. Characterization of the human myocardium by
optical coherence tomography. J. Biophotonics 12, (2019).

33. Neerken, S., Lucassen, G. W., Bisschop, M. A., Lenderink, E. & Nuijs, T. (A. M. ). Characterization of
age-related effects in human skin: A comparative study that applies confocal laser scanning



Page 16/23

microscopy and optical coherence tomography. J. Biomed. Opt. 9, 274 (2004).

34. Sergeev, A. M. et al. In vivo endoscopic OCT imaging of precancer and cancer states of human
mucosa. Optics express 1, 432–440 (1997).

35. Boppart, S. A., Luo, W., Marks, D. L. & Singletary, K. W. Optical Coherence Tomography: Feasibility for
Basic Research and Image-guided Surgery of Breast Cancer. Breast Cancer Res Treat 84, 85–97
(2004).

3�. Hsiung, P.-L. et al. Benign and Malignant Lesions in the Human Breast Depicted with Ultrahigh
Resolution and Three- dimensional Optical Coherence Tomography. 244, 10 (2007).

37. Nguyen, F. T. et al. Intraoperative Evaluation of Breast Tumor Margins with Optical Coherence
Tomography. 17 (2010).

3�. Cocca, C. J. et al. Comparison between optical coherence tomographic and histopathologic
appearances of artifacts caused by common surgical conditions and instrumentation. Veterinary
Surgery 48, 1361–1371 (2019).

39. Krafft, C., Schie, I. W., Meyer, T., Schmitt, M. & Popp, J. Developments in spontaneous and coherent
Raman scattering microscopic imaging for biomedical applications. Chem. Soc. Rev. 45, 1819–1849
(2016).

40. Schie, I. W., Alber, L., Gryshuk, A. L. & Chan, J. W. Investigating drug induced changes in single, living
lymphocytes based on Raman micro-spectroscopy. Analyst 139, 2726–2733 (2014).

41. Stone, N., Kendall, C., Smith, J., Crow, P. & Barr, H. Raman spectroscopy for identi�cation of epithelial
cancers. Faraday Disc. 126, 141 (2004).

42. Jones, T. D. & Cheng, L. Papillary Urothelial Neoplasm of Low Malignant Potential: Evolving
Terminology and Concepts. Journal of Urology 175, 1995–2003 (2006).

43. Reddy, B. S. & Chatterji, B. N. An FFT-based technique for translation, rotation, and scale-invariant
image registration. IEEE Trans. on Image Process. 5, 1266–1271 (1996).

44. Hedegaard, M., Matthaus, C., Hassing, S., Krafft, C. & Diem, M. Spectral unmixing and clustering
algorithms for assessment of single cells by Raman microscopic imaging. Theor Chem Acc 12
(2011).

Figures



Page 17/23

Figure 1

The morpho-chemical imaging system based on a combination of a forward-looking Raman probe and
OCT probe. The Raman setup is built around a 785 nm single mode excitation source that is �ber-coupled
to the Raman probe, which is mounted in parallel to the imaging OCT probe and focuses the excitation
light onto the sample. The generated Raman signal is collected and guided to the spectrometer. The
swept source OCT system is built around an akinetic swept-source laser, which is connected through an
80:20 �ber optical coupler (FC) and a circulator (C) to the piezo-tube based scanning OCT probe. The
setup includes the interferometric optical setup in Mach-Zehnder con�guration with a dual balanced
detector (DBD), polarization paddles for polarization management (PP) and driving electronics for the
endoscope and a PC. The sample is observed by a bright�eld camera and the region of interest can be
selected by the user. Both systems are connected by an Arduino board, which is used to switch between
Start-Stop the stage translation and data acquisition. M: Mirror, Coll: Collimator
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Figure 2

Co-registered morpho-molecular information of OCT and Raman images on a collagen rich bladder
biopsy. Molecular Raman enface maps for epithelial (a), collagen (b) and lipid (c) content and enface
OCT maximum intensity projection of ten slices from a depth of 120-150 µm (d). The Raman maps
indicate a dominant and nearly homogenous collagen signal over the entire biopsy (b), whereas the lipid
content and epithelial signal is not very pronounced (a) and (c). The molecular information corresponds
well to the very bright OCT signal. Maximum intensity projections of 10 cross-sectional OCT B-scans are
indicated for positions in the biopsy by dashed and dotted lines in the enface image (e) and (f),
respectively. The co-registered molecular information for the three components (E: Epithelium, C:
Collagen, L: Lipid) are plotted above. It can be seen that neither B-scans in (e) nor (f) do exhibit an
epithelium layer, however, show features with a very bright appearance. For comparison, an H&E image of
the respective biopsy is displayed in (g). In the H&E slice (g), only lamina propria tissue is present, green
arrows. The whole section does not exhibit any epithelial cell layer. A region of edema within the lamina
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propria is identi�ed. Further, two representative �broblasts, building up the extracellular matrix
constructed mainly of collagen �bers are pinpointed. Scale bars: 250 µm.

Figure 3

Co-registered morpho-molecular information of OCT and Raman maps on a bladder biopsy with mixed
epithelium and collagen signals. Enface Raman map indicates homogeneous distribution of epithelial (a)
and collagen (b) signals, but no signi�cant lipid contributions (c). The collagen signals are reduced in
locations where the epithelial signal is increased and vice versa. For comparison, the enface OCT
maximum intensity projection of ten slices from a depth of 90-120 µm is shown (d). The higher signal
intensity in the OCT correlates quite well with the higher intensity in collagen signal (b). While a reduced
intensity correlates better with the increase of epithelium tissue. The maximum intensity projections of
ten cross-sectional OCT B-scans, from positions indicated by dashed and dotted lines in the images, is
plotted in (e) and (f). The co-registered molecular Raman information (E: Epithelium, C: Collagen, L: Lipid)



Page 20/23

is plotted above, and shows a good overlap between the signals, i.e. brighter OCT signal overlapping with
the collagen signals, while the darker areas correlate to the epithelial signals. For comparison, H&E image
(g) of the same biopsy shows both collagen and epithelium regions, indicated by red and green arrows
corresponding to epithelium and collagen Raman signals respectively. The epithelium is indicated with a
red arrow. The green arrow is indicating the lamina propria with high collagen content. A mechanical
artifact and the deeper lamina propria layer of the bladder wall are additionally visible. Scale bars: 250
µm.

Figure 4

Co-registered morpho-molecular information of OCT and Raman images on a bladder biopsy with strong
epithelium and collagen signals. Enface Raman map for epithelium (a) and collagen (b) display primarily
strong and heterogenous signals. Minor lipid signal is also present in the image (c). The corresponding
enface OCT maximum intensity projection of ten slices from a depth of 120-150 µm is shown in (d).
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Maximum intensity projections of ten cross-sectional OCT B-scans, positions indicated by dashed and
dotted lines in the enface image (e, f) with co-registered molecular Raman information (E: Epithelium, C:
Collagen, L: Lipid). Both B-scans exhibit transition zones of bright and dark layers, which correlate to the
Raman signals of collagen and epithelium (red and green arrows). Especially on the right-hand side of (e),
the signal of the whole cross-section appears dark in comparison to the collagen signal next to it on the
left. The same transition of epithelium and collagen is also visible in the Raman signals. For comparison
H&E image of the respective biopsy (g) shows thickened epithelium (red arrow) and collagen rich lamina
propria (green arrow). Vessels are located in the upper lamina propria layer of the bladder wall and
indicated in (g). Scale bars: 250 µm.

Figure 5

Co-registered morpho-molecular information of OCT and Raman images on a bladder biopsy with high
lipid contributions. Enface Raman maps for epithelium (a), collagen (b) and lipid (c), show the presence
and distribution of all three components, and speci�cally very pronounced lipid pools. The enface OCT
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maximum intensity projection of ten slices from a depth of 150-180 µm (d) indicates black voids,
correlating to the same locations as the lipid signals observed in the Raman map (c). Maximum intensity
projections of ten cross-sectional OCT B-scans, positions indicated by dashed and dotted lines in the
enface image (e, f) with co-registered molecular Raman information (E: Epithelium, C: Collagen, L: Lipid).
In both images, the overlap of lipid Raman signals and the black voids in the OCT cross-sections in a
depth of ~200 µm is visible. The straight vertical line arising from the bottom to the top in (g) is caused
by artifacts of the used OCT probe. For comparison, the H&E image of the biopsy, where the blue arrows
indicate the identi�ed lipid pools, is shown in (g). Here, epithelium (red arrow), lamina propria (green
arrow), detrusor muscle and mechanical artifact are also visible. Further, the collagen signal is correlated
to a brighter area in the OCT cross-section (f, green arrow). Scale bars: 250 µm.
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Figure 6

Surface adjusted OCT image (averaged over 5 B-scans) and extracted pure component spectra from the
biopsies. Most of the biopsy samples have an uneven surface, resulting in challenges during the analysis,
a.) To remove the curvature observed in the OCT images an inhouse developed algorithm, based on
gradient surface position detection was used to determine the surface location and adjust, i.e. �attening,
the surface, b.) A combination of VCA and MCR was used to extract the three ‘pure’ components from the
entire data set, which correspond to esteri�ed lipids (blue), epithelial tissue (red) and collagen (green), c.)


