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FTIR imaging allows automated identification and quantification of breast tumor cells as well as
investigating tumor-related stroma alterations
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ABSTRACT

Fourier Transform InfraRed (FTIR) spectroscopy coupled to microscopy (IR imaging) has
shown unique advantages in detecting morphological and molecular pathologic alterations in
biological tissues. The aim of this study was to evaluate the potential of IR imaging as
diagnostic tool to identify characteristics of breast epithelial cells and the stroma. In this study
a total of 19 breast tissue samples were obtained from 13 patients. For 6 of the patients, we
also obtained Non-Adjacent Non-Tumor tissue samples. Infrared images were recorded on the
main cell/tissue types identified in all breast tissue samples. Unsupervised Principal
Component Analyses and supervised Partial Least Square Discriminant Analyses (PLS-DA)
were used to discriminate spectra. Leave-one-out cross-validation was used to evaluate the
performance of PLS-DA models. Our results show that IR imaging coupled with PLS-DA can
efficiently identify the main cell types present in FFPE breast tissue sections, i.e. epithelial
cells, lymphocytes, connective tissue, vascular tissue and erythrocytes. A second PLS-DA
model could distinguish normal and tumor breast epithelial cells in the breast tissue sections.
A patient-specific model reached particularly high sensitivity, specificity and MCC rates.
Finally, we showed that the stroma located close or at distance from the tumor exhibits
distinct spectral characteristics. In conclusion FTIR imaging combined with computational
algorithms could be an accurate, rapid and objective tool to identify/quantify breast epithelial
cells and differentiate tumor from normal breast tissue as well as normal from tumor-
associated stroma, paving the way to the establishment of a potential complementary tool to

ensure safe tumor margins.
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INTRODUCTION

Breast cancer is the most common carcinoma in women worldwide. This epithelial tumor
accounts for 23% of all cancers in women globally and 27% in affluent countries, which is
more than twice as common as cancer at any other site.'” The incidence of breast cancer
varies 10-fold depending on the geographical location; in Europe 430 000 new breast cancer
cases are annually diagnosed.®' Prognosis and survival rates vary greatly depending on the
tumor type, size, grade, stage, lymph node and hormonal receptor status as well as the
treatment of the patient.” The prognosis for patients with breast cancer is very good if detected
at an early stage.' Therefore, early detection and accurate diagnosis remain a cornerstone to
improve breast cancer patient outcome and survival.* Most patients with early breast cancer
undergo as the first step of treatment, surgical intervention. The challenge is to remove the
primary tumor with clear (negative) margins. Accurate and rapid assessment of the margins
safety is essential since a positive margin leads to a re-excision procedure which may have
negative consequences, including prolonged wound healing, post-operative infection, patient
anxiety and poor cosmetic outcome.’ Margin status is therefore a prognostic factor for in-

5,6,3
breast recurrence.””

Nonetheless, a clear definition of what constitutes an adequate
histological margin of excision has been the subject of much debate.®> Currently the absence or
presence of tumor cells is assessed routinely by visual inspection of a hematoxylin and eosin
(H&E) stained tissue section. Indication of changes in the microscopic morphology and
composition of the breast tissue performed by pathologists is still regarded as the gold

standard for the assessment of breast lesions.

Fourier Transform InfraRed (FTIR) technology shows potential as a new promising
diagnostic method to detect morphological and molecular pathologic alterations in biological
tissues.” "> While infrared (IR) spectroscopy reflects the chemical composition of the tissue,
combination with microscopy (IR imaging) allows spatially resolved examination of complex

tissues and heterogeneous 521mples.l4’15 Previous studies have demonstrated the possibility to

16-19,15 23,15 24-27,15

e . . 20-22,15
discriminate normal and tumor tissue in breast, colon, > lung, prostate

28-30,15

and cervix using IR spectroscopy. This technique can screen human tissues without any

reagent, requires minimal sample preparation, is time-saving and non-destructive. Moreover
this method provides spectral fingerprints which allow subsequent classification of spectra

into different categories with objective computational methods.' !>
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As recently described,*® the role of tumor cell microenvironment appears now as critical. The
stroma provides support for tumor growth, progression, invasion and metastasis.’’=*3
Cellular tissue network involves epithelial cells, fibroblasts, myofibroblasts, endothelial cells,
adipocytes and immune cells whereas the extracellular matrix, also called stroma includes
collagen, laminin, metalloproteinases and fibronectin which constitute the connective

tissue.>**

Significant differences between normal and reactive stroma have been
demonstrated.”’** The so-called reactive stroma can determine invasiveness properties of
carcinoma cells.”~** It was therefore of interest to evaluate whether these differences could be

identified by infrared imaging and could be of potential diagnostic interest.

The purpose of this study is to assess the possibility of developing a rapid and automated tool
to identify breast tumor cells (i), to discriminate tumor from normal tissue based on the IR
spectral features of breast epithelial cells (ii) and to assess the tumor microenvironment (iii).
More precisely, we focused on discriminating breast tumor cells and non-adjacent non-tumor

(NANT) cells from the margin, referred here to as normal breast epithelial cells.

MATERIALS AND METHODS

Tissue samples selection and handling

The experimental workflow is schematically depicted in Figure 1. Formalin-Fixed Paraffin-
Embedded (FFPE) tissue samples from 13 patients with breast cancer were included in this
study. For 6 of the patients, non-adjacent non-tumor (NANT) tissue samples were also
selected. NANT tissues are healthy breast samples located at distance from the tumor
(margin). Free-tumor assessment of the NANT tissues has been double-checked by a
pathologist. For better readability in this study NANT tissues are referred below to as

‘normal’ tissues.

For each FFPE breast tissue sample, 2 adjacent tissue sections of 4 um were cut using a
microtome. One section was deposited on a glass slide, the other on a BaF, slide. After 12
hours of desiccation in a 37°C-incubator, paraffin was removed from both tissue sections by
incubation in 2 successive xylene baths for 20 minutes. Tissue rehydration was achieved
through 3 successive ethanol baths with a decreasing gradient of ethanol (100%, 90%, 70%)
for 15 minutes and 2 milliQ water baths for 10 minutes. H&E staining was performed on the
tissue section deposited on the glass slide; the section on the BaF, slide remained unstained to

perform infrared measurements.
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Study Approval. All breast tissues used in this study were taken from individuals treated at the
Institute Jules Bordet. All patients signed a protocol-specific consent. The protocols used for

human studies were approved by the Medical Ethics Committee of the Institut Jules Bordet.

Spectral data acquisition

The IR data were collected using a Hyperion 3000 Fourier-Transform InfraRed (FTIR)
imaging system (Bruker Optics, Ettlingen, Germany), equipped with a liquid nitrogen cooled
64x64 Mercury Cadmium Telluride Focal Plane Array (FPA) detector in transmission mode.
The size of an image covered an area of 180 x 180 um®. Each unit image is composed of 4096
pixels of 2.8 x 2.8 um?. Each of the 4096 detectors records one IR spectrum on the whole
spectral range from 3795 to 900 em™. Recording one spectrum/pixel as the mean of 256 scans
at a spectral resolution of 8 cm™' took approximately 5 minutes. It should be noted that spatial

resolution can be significantly lower than the pixel size, depending on the wavelength.

The H&E adjacent tissue sections were scanned using a digital slide scanner (NanoZoomer
2.0, Hamamatsu Photonics, Japan) in bright field mode (Magnitude 40x). Scans were viewed
using the NDP.view software (Hamamatsu Photonics, Japan) and IR measurement areas were
indicated by colored squares on the scan (Figure 2). IR measurements were recorded on the

unstained tissue section with the H&E section scan used as a reference.

Our spectral database included 10 IR images recorded on each of the 5 main cell types and
tissue components from the 19 breast tissue sections. The 5 main cell/tissue types in breast
tissue include epithelial cells (tumor or normal), lymphocytes, erythrocytes, connective tissue
(stroma) and vascular tissue. It must be noted that not all cell/tissue types were present on
each tissue section. As some cell types did not cover the whole imaged area, spectra

corresponding specifically to one cell type were selected by manual pixel selection.

Data analysis

Preprocessing
All spectra were preprocessed as follows: water vapor contribution was subtracted as
previously described *** with 1956-1935 cm™ as reference peak and the CO, peak flattened
between 2450 and 2250 cm™. The spectra were baseline-corrected. Straight lines were
interpolated between the spectral points at 3620, 2995, 2800, 2395, 2247, 1765, 1724, 1480,

1355, 1144 and 950 cm™ and subtracted from each spectrum. Spectra were normalized for
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equal area between 1725 and 1481 cm™ (Amide I and II peaks). The Signal-to-Noise ratio
(S/N) was then checked on each spectrum. It was required to be higher than 300 with noise
defined as the standard deviation in the 2000-1900 cm™ region of the spectrum and signal
defined as the maximum of the curve between 1750 and 1480 cm™ after subtracting a baseline
passing through these two points. Some rare spectra with normalized absorbance lower than

-5 (negative lobe) and a maximum above 120 (saturation) were discarded.

Statistical analyses

Several mean spectra were computed for each image and each cell type. Each mean spectrum
was the mean of all spectra or a subset of spectra recorded on one cell type image as detailed
for each analysis. A spectrum that had been selected once for computing a mean spectrum

was not allowed to be selected again for the computation of another mean spectrum.

In order to observe the intrinsic proximities and distances within the data set and to group IR
spectra according to their similarity, Principal Component Analyses (PCA) were performed.
Mean centering was applied before computing the PCA. Spectra with scores beyond 2 times
the standard deviation according to PC1 were considered as outliers and discarded from
further analyses. Multivariate ANalyses Of VAriance (MANOVA) were run on the spectra
using for each spectrum its scores on the first 6 PCs, to evaluate the chance that the mean
value of one cell population would be equal to the mean value of another cell population (p-

value).

Difference spectra were produced to allow emphasizing the spectral variations between two
distinct groups. These spectra were built by subtracting the mean spectrum of one group from
the mean spectrum of a second group. Student t-tests were obtained at every wavenumber
from a comparison of the distribution of the absorbance in the two groups. Results were
reported on the spectrum obtained as the difference of the means for the two groups as a black
star where the equality of the means was rejected with p<<0.01. When the result of the t-test
rejects the equality of the means, it indicates that the difference between groups is larger than

variability within group.

Partial Least Square Discriminant Analysis (PLS-DA) was performed to extract latent

variables that enable the construction of a factor capable of predicting a class. Bootstrapping
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models and leave-one-out cross-validation (LOOCV) models were achieved using PLS-DA
analysis. LOOCV models imply to train a prediction model on spectra recorded from all but
one patient and to subsequently validate the model on the spectra from the remaining patient.
The procedure was repeated until all patients’ spectra had been challenged by the

corresponding prediction model.

To evaluate PLS-DA model performances the sensitivity, the specificity and the Matthews

Correlation Coefficient (MCC) were computed according to the following equations: *°

S itivity = i
ensitivity = -——y
Specificity = — N
pecificity = TN T FP

TP« TN — FP x FN
J(TP + FP) + (TP + FN) * (TN + FP) * (TN + FN)

MCC =

Where TP is the number of True Positives, TN the number of True Negatives, FP the number
of False Positives (type I error, equivalent to a false alarm) and FN the number of False
Negative (type II error, equivalent to a miss). Sensitivity and specificity are statistical
measures of the performance of a binary classification test. A perfect predictor would be
described as 100% sensitive and 100% specific. The MCC is a measure of the quality of a
binary classifier that can be used even if the classes are of very different sizes. It varies from
+1 to -1, +1 indicates a perfect prediction, 0 is equal to the performance of a random
classification and -1 indicates a total disagreement between prediction and observation.

Models with more than two classes were evaluated by a similar pairwise analysis.

Correction of the spectra for water vapor and CO, contribution, baseline subtraction,
normalization, quality filter application, PCA, MANOVA, Student t-test and PLS-DA
analyses were carried out by Kinetics, a custom made program, running under Matlab

(Matlab, Mathworks Inc).
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RESULTS

Identification of different cell types within tissue sections

As described in Figure 1, each tissue section examined by FTIR imaging was associated with
an adjacent tissue section that was H&E stained. The stained section was constantly used as a

reference to define the areas to be analyzed by infrared imaging.

An example of areas identified as rich in epithelial cells, lymphocytes, erythrocytes,
connective tissue (stroma) and vascular tissue appear on Figure 1D but the different areas are
much more visible on Figure 2. Figure 2 also reports a typical view of the different regions
that have been sampled. Once the region identified on the scan of the stained section was also
identified on the unstained section (Figure 1G), an infrared image could be recorded (Figure
1H). Obviously, tissues are not homogenous at the scale of the images shown in Figure 2 and
spectra had to be manually extracted from image regions representing a specific, well-
identified cell/tissue type. This was achieved by selecting regions or individual pixels with a
cursor. In some instances a PCA image was produced to guide the selection (Figure 11). As
shown in Figure 2, almost 60 unit images (ca 240,000 spectra) were recorded from this single

section.
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Figure 1: lllustration of the experimental workflow. For each FFPE breast tissue sample (4), 2
adjacent tissue sections of 4 um of thickness were cut using a microtome (B,C). The first section was
H&E stained (D) while the second section remained unstained (E). Colored squares were added on
the H&E stained reference sections to indicate the IR measurement positions (see also Figure 2) (D).
IR spectra were recorded on the unstained sections and the IR spectra of the five main breast tissue
cell types were selected by manual pixel selection (F, G, H). Spectral data were then preprocessed as

described in materials and methods (I).
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Figure 2: Whole slide scan of an H&E stained breast tissue section annotated with colored-squares
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Unsupervised analyses

Five main cell types and tissue components were identified in breast tumor tissue samples:
epithelial cells, lymphocytes, erythrocytes, connective tissue and vascular tissue. Ten IR
images were recorded on each of the main cell types, resulting in ca. 10° infrared spectra after
the manual selection step described above. Due to the large volume of spectral data, in a first
step 10 mean spectra were extracted from every IR measurement for computing a PCA

analysis. Figure 3 illustrates the result of a PCA computed on mean spectra obtained from one
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Figure 3: PCA analysis of IR spectra recorded on the 5 main cell types and tissues found in breast
tissue samples. A. 239 mean IR spectra recorded on epithelial tumor cells (blue), lymphocytes
(purple), connective tissue or stroma (pink), vascular tissue (yellow) and erythrocytes (red) of one
patient. B. Loading vectors PC1, PC2 and PC3 of the PCA. Spectra are offset along the absorbance
(Y) axis for clarity. C, D. PCA Score plots showing the projection of each spectrum of A in the PCI-
PC2 (C) and PC2-PC3 (D) spaces. Each dot stands for one spectrum. Percentages on the axis labels
indicate the variance described by PC1 (62.8%), PC2 (22.3%) and PC3 (9.89%). PCA was performed
on the 3000-2800 and 1800-1000 cm™ combined spectral regions.
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From the score plot reporting the score of each spectrum on PC1 and PC2 (Figure 3C) it
appears that connective and vascular tissues exhibit highly similar spectral features that are
not shared with the other cell types. PC1 describes the majority of the total spectral variance
(62.8%) and is responsible for the separation between vascular and connective tissues on the
one hand and the other cell types on the other hand (Figure 3C). PC2 (22.3% of the total
spectral variance) mainly separates the erythrocyte population from the other cells. The PC2
versus PC3 score plot (Figure 3D) shows that lymphocyte spectra get finally separated from
epithelial cell spectra along PC3 (9.9% of the total spectral variance). In conclusion, the first
three PCs allow a good separation of the 5 main cell types and tissue components identified
above. A MANOVA was run on all the spectra presented in Figure 3 using for each spectrum
its scores on the first 6 PCs. The chance that the mean value of one cell population is equal to
the mean value of another cell population (p-value) was always found to be lower than 1072

(data not shown).

Figure 3B illustrates the first 3 PCs which show spectral features all over the IR absorbance
spectral region. The double z-shape observed in the amide I - amide II region of PC1 could
underline a difference in the secondary structure of the proteins. This could be understood as
connective and vascular tissues both have a high content in collagens, a family of proteins
characterized by unique triple helix structures. The quite intense negative band near 1210 and
1050 cm™ found in PC2, tentatively assigned to nucleic acid phosphate vibrations, could be
related to the lack of nucleic acids in erythrocytes, characterized on the score plot by a high

positive weight of PC2 (Figure 3C).

The results reported in Figure 3 have been obtained on a relatively small number of mean
spectra representing the main cell/tissue types. The question of whether spectra originating
from individual pixels (voxels) of the images would result in the same type of separation
according to cell type needs to be addressed. A similar PCA analysis was computed on a
subset of 500 randomly selected spectra per cell type, except for the vascular tissue class
where all 239 spectra recorded on the tissue section were considered for the analysis (Figure
S1, supplemental data). Figure S1 indicates that separation trends are similar but with more
scattering of individual spectra. Yet, identical conclusions can be drawn regarding the
separation trends and the PCs shapes are very similar. Again, a MANOVA run on all the
individual spectra presented in Figure S1, using for each spectrum its scores on the first 6

PCs, indicates that the chance that the mean value of one cell population would be equal to

12
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the mean value of another cell population was always found to be lower than 102 Similar
results have been obtained for all 13 patients when studied one by one, on the tumor tissue

samples as well as for the 6 normal (non-adjacent non-tumor) breast tissue samples.

Supervised analyses

A PLS-DA analysis was run on the different cell/tissue types identified above. Table 1 shows
the predictions obtained with a bootstrapping approach. A model was created for each cell
type using 60% of IR spectra recorded on the 13 breast tumor tissues (training set). Spectra
were selected randomly. The model was then applied on the remaining 40% of the cell spectra
(test set). The process was repeated 40 times with each time a different selection of the spectra
belonging to the training set and to the test set. The sensitivity, specificity and MCC scores of

each cell/tissue class are reported in Table 1.

Predicted as Sensitivity Specificity MCC

Epithelial C.  Lymphocytes Connective T. Vascular T.  Erythrocytes
Epithelial C.  89.5+0.4 1.1+0.1 2.310.2 7.0£0.4 0.1£0.1 89.5£0.4  96.6+0.8 0.85
- Lymphocytes 2.5+0.2 88.8+0.5 3.5£0.2 5.0+£0.3 0.2+0.0 88.8£0.5  99.6+0.9 0,92
E Connective T.  5.6+0.3 0.1+0.0 80.2+0.7 14.1£0.6 0.1+0.0 80.2+0.7  92.5+0.8 0,70
Vascular T. 2.0+£0.2 0.0£0.0 23.3£0.7 74.4+0.7 0.3+0.1 74.4£0.7  92.7£0.7 0.66
Erythrocytes  3.5+0.3 0.3£0.1 1.1+0.1 3.3%0.3 91.8+0.3 91.8£0.3  99.8+0.9 0,94

Table 1: Confusion matrix obtained by PLS-DA on a subset of 50 000 randomly selected IR spectra
among all 13 patients. Sensitivity, specificity and MCC scores are indicated at the right side. The
model was forced to take the same number of spectra in each group, i.e. 10 000 IR spectra for each
cell or tissue type. 60% of the IR spectra recorded were used to train the model (training set) the
remaining 40% were used to test the model (test set). Percentages in bold indicate the rate of correct
assignment after 40 bootstrap iterations (mean + standard deviation). The analysis was performed on

the combined 3000-2800 and 1800-1000 cm™" spectral regions.

13
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As reported in Table 1, all 5 cell populations are efficiently discriminated with correct
assignment scores reaching almost 90% for epithelial cells, lymphocytes and erythrocytes.
Connective (stroma) and vascular tissue show lower correct assignment scores of 80 and 74%
respectively. Interestingly, this is due to the fact that there is a high confusion rate between
these two groups. This confusion was already highlighted by the previous unsupervised
analyses and is probably due to the collagen high abundance found in both tissue types.
Finally Table 1 exhibits low standard deviation values which underline the good
reproducibility of the model. When applied on IR images of larger areas, supervised analyses

produce pseudo-colored spectral maps highlighting the different cell types. An example is

displayed in Figure 4.

Tumor cells(52%) Lymphocytes(9%) Erythrocytes(2%)

Figure 4: Breast tumor tissue analysis. A. H&E stained breast tumor tissue section of 540 x 360 um’
exhibiting tumor epithelial cells, lymphocytes, erythrocytes, vascular tissue, connective tissue. B.
Same tissue area on the adjacent unstained tissue section. C. Pseudo-colored image obtained after
application of the cross-validation cell type recognition PLS-DA model calibrated on a subset of 26
273 spectra from 12 patients and applied on the IR spectra recorded on the unstained tissue section
(B) of the 13" patient: tumor cells, lymphocytes, erythrocytes, connective tissue and vascular tissue
appear in blue, purple, red, pink and yellow respectively. Black and grey pixels correspond to spectra
that do not meet the quality filter thresholds. Percentages in brackets represent the tissue portion

covered by each cell type according to the recognition model.

As described in Materials and Methods, none of the spectra of Figure 4C was included in the
training set. Yet, inspection of Figure 4 reveals good agreement between the PLS-DA pseudo-
colored map (Figure 4C) and the tissue features revealed by the H&E staining (Figure 4A).
Interestingly, the percentage of area covered by epithelial cells, lymphocytes, erythrocytes,
vascular and connective tissues is provided automatically.

This is of importance as lymphocytes are of diagnostic value and are more and more counted,

manually, by the pathologists.” ™ Similar pseudo-colored spectral maps have been obtained

14
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for all other IR images with similar agreement with the corresponding H&E-stained reference

sections.

The data acquired so far indicate that it is possible to recognize the different cell/tissue types
with a high efficiency. In the next part of this work we will explore the possibility to obtain
more detailed information on the epithelial cells from which the large majority of cancers

originate.

Epithelial phenotype determination: tumor versus normal
Unsupervised analyses

The previous section clearly indicates that IR imaging is an effective tool to identify epithelial
cells within breast tissue sections. This second section focuses on the ability of IR imaging to
differentiate tumor and normal phenotypes of breast epithelial cells. Tumor and normal cells
selected here are enclosed in the tumor tissue or at distance of the tumor site (margin)
respectively. In a first step a PCA was performed on the epithelial spectra recorded on both

the tumor tissue and the normal tissue from one patient (Figure 5).

4A]

Meancent, 3000 2800 1800 1000 cm-1
o. os 10.05

]

s
]
5

PC2(18.2%)

o o6 B o T e o Wy o wa T
Figure 5: PCA analysis performed on IR spectra recorded on tumor and normal breast epithelial cells
of one patient. A. 27 mean spectra from tumor (red) and normal (green) breast epithelial cells. EFach
spectrum is the mean of all epithelial cell spectra selected from one IR image. Spectra were shifted for
the sake of clarity. B. PCA Score plot depicting the projection of each spectrum of A in the PCI1-PC2
space, performed on the 3000-2800 and 1800-1000 cm™ combined spectral regions. Each dot stands
for one spectrum. The mean of each group is represented by a square surrounded by a 90%
confidence ellipse. Percentages on the axis labels indicate the variance described by PC1 (59.1%) and
PC2 (18.2%). C. Loading vector PCI of score plot B.
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The PCA score plot presented in Figure 5B clearly shows that spectra cluster according to the
epithelial phenotype along PC1. The 90% confidence ellipses do not overlap and a MANOVA

performed on projections of the dataset on the first 6 PCs resulted in a p-value below 107

The first PC, which is the principal component that describes the majority of the spectral
variance (59.1%), is illustrated in Figure 5C. PC1 displays spectral features all over the IR
spectral range but most prominent features are located in the 3000-2800 em’ spectral region.
This spectral region is assigned to the CHj antisymmetric as well as CH, symmetric and
antisymmetric vibrational frequencies of the C-H groups present in alkyl chains, mostly

214532 The positive scores of the tumor cells on PC1 and the negative C-H

contained in lipids.
stretching bands of this PC indicate that the tumor cells have less lipids than normal cells.
Nonetheless, these peaks might also result of a difference in the paraffin uptake of both
tissues. PC1 shows a second particular feature between 1600 and 1500 cm’, a region usually
assigned to the protein Amide II band. In the absence of a similar feature in the amide I band,
such a change cannot be safely assigned to a protein secondary structure change. Finally a
band in the phosphate region (1000-1100 cm™) indicates a potential difference in the nucleic
acid abundance/state between normal and tumor epithelial cells.”> While a very good

separation could be obtained when examining each patient individually, separation was less

sharp when all data were analyzed simultaneously.

In a second step, a PCA was performed simultaneously on all the epithelial cell spectra
recorded on the 6 patients for whom both tumor tissue and normal tissue collected away from

the tumor were available (Figure 6).
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Figure 6: PCA analysis performed on IR spectra of tumor and normal breast epithelial cells recorded
on 12 tissue sections from 6 patients. A. 93 Mean spectra from tumor (red) and normal (green) breast
epithelial cells after outlier detection. Each spectrum is the mean of all epithelial cell spectra from one

IR image. Spectra have been offset for visual clarity. B. PCA Score plot depicting the projection of
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each spectrum of A in the PCI-PC2 space, performed on the 3000-2800 and 1800-1000 cm’
combined spectral regions. Each dot stands for one spectrum. Percentages on the axis labels indicate
the variance described by PC1 (30.8%) and PC2 (21.6%). C. Loading vector PC1 of score plot B. All

spectra are offset along the absorbance (Y) axis for clarity.

The PCA score plot presented in Figure 6B reveals a trend to separating tumor and normal
cells based on PC1, which describes the majority of the spectral variance (30.8%), yet with a
large degree of overlap. This shows that there is a relatively high portion of the variance
coming from inter-patient differences that blurs the separation along PC1. A MANOVA
performed on this dataset yields a p-value below 10", confirming that even when the tissue
from the 6 patients are considered together, the normal and tumor cells have distinct spectral
features. The shape of PC1 computed here (Figure 6C) is very similar to the one obtained on a
single patient (Figure 5C), suggesting the separation is robustly based on very similar spectral

features for all patients.

Interestingly, when epithelial cell spectra recorded on all the other tumor tissue sections were
added to the PCA, the tumor cell spectra of the 7 supplementary independent sections were
located within the tumor cell spectra already shown at the right side of the PCA score plot of
Figure 6B (not shown). Figure 7 displays a difference spectrum between the mean spectra of
the two epithelial populations. The difference spectrum reveals good agreement with the PC1
loading vector shown in Figure 6C. A Student t-test computed at each wavenumber using all
individual spectra confirmed that the spectral features described previously are statistically

significant. Results are reported as stars on the difference spectrum presented in Figure 7.
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Figure 7: Difference spectrum (grey) and mean (12 tissue sections from 6 patients) IR spectra (solid
lines) + standard deviation (dotted lines) of tumor (red) and normal (green) breast epithelial cells..
The difference spectrum was obtained by subtracting the mean spectrum of normal cells from the

mean spectrum of tumor cells. Each marked wavenumber (black star) indicates a statistically
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significant difference(@=1%) between the means. Spectra are offset along the absorbance (Y) axis for

clarity and a 10-fold multiplicative constant has been applied to the difference spectrum.

Supervised analyses

The unsupervised analyses described so far convincingly show that normal and tumor cells
have significantly different infrared spectra. In order to develop an IR classification tool with
a potential clinical value, we set up a PLS-DA bootstrapping analysis of the two populations,
including all epithelial cell spectra recorded from the 12 breast tissue sections (tumor and

normal cells, Table 2).

Predicted as

Tumor Normal
g Tumor 92.0+0.6 8.0+0.6
& Normal 9.5£0.6 90.5£0.6

Table 2: Confusion matrix obtained by performing a supervised PLS-DA statistical analysis on 11,120
IR spectra recorded on epithelial cells of 12 tumor and normal tissue sections from 6 patients. 5,560
spectra of each epithelial phenotype (tumor and normal) were considered to build the model. 60% of
the IR spectra recorded were used to train the model (training set) the remaining 40% were used to
test the model (test set). Percentages in bold indicate the rate of correct assignment of the spectra to
the epithelial cell phenotype after 40 bootstrap iterations (mean + standard deviation). The analysis

was performed on the combined 3000-2800 and 1800-1000 cm™" spectral regions.

In this procedure, a fraction of the spectra was randomly selected to be used as a training set
and another distinct fraction of the spectra was used as a test set. The operation was repeated
40 times with each time a different sampling of the training set and of the test set. The models
reached very good sensitivity, specificity and MCC scores of 92.0+£0.6%, 90.5+0.6% and 0.83
respectively. Nonetheless it could be argued that in this procedure the training and the test sets
are not totally independent. Therefore an external validation was carried out at the next

section.

When a leave-one-out cross-validation (LOOCV) procedure was set up to test the spectra
from one patient at a time while leaving all the spectra from that patient out of the training set,
the mean sensitivity, specificity and MCC scores dropped to 76%, 82% and 0.6 respectively.
Results of the LOOCV models are illustrated in Figure 8. For all but one patient, these models
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still predict correctly the overall tumor/normal phenotype of the epithelial cells when

considering a threshold of 50 % for the global assignment (horizontal dotted line, Figure 8).
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Figure 8: Percentages of correct prediction for the status of epithelial cells. For each patient,
percentages correspond to the results of correct assignments for tumor epithelial cells (red bars) and
normal epithelial cells (green bars). The PLS-DA models were calibrated on 2 subsets of 5560 spectra
recorded on the normal and tumor epithelial cells embedded within 12 different breast tissue samples
belonging to 6 patients. The threshold indicated at 50% corresponds to a model performance equal to

a random classification.

Further improvement can be obtained if spectra of obviously normal cells and obviously
cancer cells are recorded from the same patients. Such an approach could be useful to identify
automatically the margins of a tumor, after calibration of the model on a set of obviously
normal and obviously cancerous cells. For each patient, 3 IR images recorded on the tumor
and 3 images recorded on normal epithelial cells were used to calibrate a PLS-DA model
which was validated on the remaining 14 IR images obtained from the same patient. The
results of the validation are displayed in Figure 9 for all patients. These patient-specific
models reach dramatically higher recognition percentages (above 90% for all but one patient)

and average sensitivity, specificity and MCC scores of 99%, 93% and 0.93 respectively. The
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overall sensitivity value is particularly high making these models of interesting clinical utility
as discussed later. Considering the 50% threshold shown by the horizontal dotted line on

Figure 9 to assign the entire sample, all samples would be correctly classified.

0, 0, ()
99% 100 99% 108100 1% 98% 97% 97%
= >

100% - 96%
92%

90% -

80% | 77_%

70% -

60% -

50%

40% -

30% -

Percentages of correct prediction

20% -

0%

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Tumor breast epithelial cells Normal breast epithelial cells

Figure 9: Fraction of correct assignments for tumor epithelial cells (red bars) and normal epithelial
cells (green bars) obtained with 6 PLS-DA models, one for each patient. Each model was calibrated
on subsets of 3 IR measurements recorded on normal and tumor epithelial cells of each of the 6
patients and tested on the remaining measurements of the same patient. The threshold indicated at

50% corresponds to a model performance equal to a random classification.

Impact of the tumor on the stroma

It has been shown before that the stroma experiences chemical changes in the vicinity of
breast tumor that can be monitored by infrared imaging.>**' It was found that the amplitude of
the chemical changes evidenced by infrared spectroscopy decreased with the distance to the
tumor.

In the present work we address the question of a modification of the stroma located in the
vicinity of the tumor (less than 10 mm) with respect to the stroma located at remote locations.

For this purpose we collected two images (4096 spectra each) of the stroma located within a
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few mm from the tumor of 11 different patients. Spectra were processed as described,
checked for S/N and spectra of area corresponding to the stroma were manually extracted. In
a second step, 200 spectra were extracted randomly from this first selection for each image,
yielding 4,400 spectra of stroma found in a tumor environment. As a control, stroma samples
from 8 patients were collected from a non-tumor location, either from mammary reduction for
half of them or, from a distant location within the same breast for the other half. Again, two
images were acquired for each patient, yielding finally 3,200 randomly selected spectra by the

same procedure.

PCA was not able to reveal any clear distinction between the two groups of spectra when all
individual spectra were considered simultaneously (not shown). Yet, some degree of
separation can be observed when the mean spectra (one mean spectrum per tissue section)

were considered (Figure 10B).
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Figure 10: Comparison of the stroma located near the tumor and in normal tissue. A. Difference
spectrum (top, black) and mean IR spectra (below, solid lines) of the stroma found near the tumor
(red, 11 patients, 22 tissue sections, one IR images of 4096 spectra each) and of the stroma found in
normal tissue (green, 8 patients, 16 tissue sections and one IR image of 4096 spectra each). The

difference spectrum was obtained by subtracting the mean spectrum of the stroma found in normal
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tissue from the mean spectrum of stroma found near tumor cells. Red stars indicate a statistically
significant difference between the means (a=1%). Spectra were offset along the absorbance (Y) axis
for clarity and a 10-fold multiplicative constant was applied to the difference spectrum. B. Score plot
of a PCA applied on the mean spectra described in A. Color code as in panel A. C. Result of a
supervised PLS-DA analysis. The rate of correct assignment (in %) to either stroma found in a tumor
environment (red) or to stroma found in a normal tissue environment (green) for each patient. A new
PLS-DA model was built for each patient so that none of the tested patient’s spectra was used to build

the model tested on that patient. D. ROC curve built from the data presented in C.

A Student t-test run at all wavenumbers indicates that the most significant differences
between the two groups are found between 1450 and 1000 cm™. A PLS-DA was then
achieved. Nineteen different models were built, each one with the spectra from 18 patients,
i.e. without any contribution of one of the patient, and the patient left out of the model
building was used as a test (Figure 10C). If assigning the stroma to a subclass (close to tumor
or close to normal tissue) according to the assignment of the majority of the spectra, all
“normal stroma” samples were correctly identified but 2 false negatives were found for the

“tumor stroma” (Figure 10).

DISCUSSION

Intraoperative tumor-localizing techniques to guide tumor excision work on a ‘macroscopic’
level and fail to give information about cancer cells at the margin, what often results in re-
excision surgery and local cancer recurrence. It would therefore be ideal to get clear margins
at a single operation and in an intraoperative context. Nowadays visual inspection of stained
tissue sections is considered as the gold standard and no perfect tool exists to assess the
surgical margin intraoperatively.® Infrared spectroscopy and infrared imaging in particular are
progressing very rapidly. Yet, today, infrared imaging cannot yet compete with the gold
standard procedure used in histopathology. Conventional infrared imaging is slow, requires
liquid nitrogen and large instruments that will not fit easily in surgery rooms. Pathologists are
trained to examine hundreds of histological sections every day what is currently unachievable

by IR imaging. Nonetheless recent advances achieved in IR whole slide imaging,™ the

56-59 57,14

advance in tunable quantum cascade lasers, so-called discrete frequency imaging etc.
indicate that in a short time scanning and analysis may be able to compete with classical
microscopic examination of tissue sections. This suggests that this spectroscopic method

combined with powerful computers could soon become an interesting tool in histopathology.
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The present study addresses the potential of infrared imaging to detect sufficient information
in breast cancer tissue to identify the main cell types/phenotypes. Overall, cell type and
phenotype discrimination remains better when analyzing tissues from the same patient.
Patient by patient, difference between cell types and differences between normal and tumor
epithelial cells are very clear. When mixing data from several patients, unsupervised analyses
show a trend to separation and supervised PLS-DA method provides a good but not total
identification of the cell type or phenotype. This observation implies that there is a significant
inter-patient variance. This can be due to either true biochemical diversity or to variability in
tissue processing. In the latter case, many parameters could be considered such as the post-
ischemia delay before tissue fixation, the time spent in formaldehyde, the type of paraffin
used and the precise temperature used for paraffin embedding, etc. Whatever the source of
variance, these variations will be modelled much better when a larger cohort of patient will be
used. Yet, the present study emphasizes the feasibility of using FTIR imaging as a series of
spectroscopic markers to identify cell types and phenotypes. It must be stressed that the
present results have been obtained on FFPE samples while tissues available in the course of
surgery will be fresh. Questions about the “validity” of samples exposed to formaldehyde,
ethanol, xylene and hot paraffin can be raised. Some of the lipids are indeed extracted, some
of the proteins are indeed denatured.”® Yet, the data accumulated so far in the literature
demonstrate that sufficient differences between tissue and cell types are maintained. Whether
the C-H stretching region (3000-2800 cm™), usually assigned mainly to lipids, can bring
useful information is even more problematic as lipids could be extracted during the procedure.
To address that question, we previously analyzed spectra from 8 cancerous epithelial cell
lines. Before FFPE processing, these closely related cell lines could be identified uniquely on
the basis of their IR spectrum. When the experiment was repeated after FFPE procedure, the
IR spectra underwent small but significant changes but spectral distances between closely
related cell lines were mostly conserved, including when considering the 3000-2800 cm-1
spectral range.”” It may be surprising that lipids are not completely removed after the
procedure. Examining tissue sections indicates that triglycerides present in adipocytes are
fully removed (not shown) but phospholipids are not all soluble in the organic solvent used
for FFPE. The sample analyzed here went through ethanol baths and then two successive
xylene baths for 20 min each. In such conditions, on a 4 pm thick section, all molecules

soluble in these solvent are likely to be extracted. The experiments show that some lipids are
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not soluble in these conditions, in line with the previous observations carried out on cell
lines.®

In a first step, the ability of IR imaging to identify the five main cell/tissue types in breast
tumor tissue samples was evaluated. Unsupervised and supervised analyses indicated that
breast cell/tissue types show different spectral features that can be used to create pseudo-
colored images and provide automatically the area covered by each cell/tissue type. This
confirms the potential utility of IR imaging as complementary technique to identify
objectively, automatically and without staining requirement, thus rapidly, the breast cell types
present in a tissue section. In agreement with the capabilities of FTIR spectroscopy underlined

. . . 61,6221
in previous studies’ "~

we showed here that an automated assignment of spectra to specific
cell types is feasible and robust. This could constitute a first layer of assignments. The
software could then automatically apply a specific model to each cell type identified in this
first layer, as already implemented in Kinetics. In a second step, computational analyses were
applied on spectra recorded on epithelial cells from breast tumors and from normal tissues.
Unsupervised analyses indicated that spectral differences exist between the two epithelial
phenotypes and that an IR tumor signature can be identified. Supervised PLS-DA models
allowed an efficient discrimination between epithelial normal cells and tumor phenotype to be
obtained. Validation of these models on independent test sets (Figure 8) identified correctly
all the tissues except for one false negative. Patient-specific models (Figure 9) produce a
highly reliable and powerful tumor classification tool with excellent sensitivity scores (99% in
average). For such analyses, 3 IR measurements from the same patient should first be
obtained both at the tumor site and from a tumor-free area. The epithelial spectra would then
be extracted by the first layer model described above and encoded as reference spectra to
create a specific tumor recognition model. The latter would then be applied to detect quickly
and automatically tumor cells in tumor surgical margins. While it could be more labor
intensive in real analyses, this method combined to the recent advances achieved in IR whole
slide imaging™ suggests IR imaging could soon become a complementary tool to assess
margin status intraoperatively. This approach is in line with the current trend to set up
personalized medicine in cancer. As each patient would have its own internal control, such
personalized diagnostics would result in more accurate and efficient results. The patient-
specific model developed in this study takes into account the specificities of the cancer
developed by the patient. This is particularly important in the case of breast cancer which is
now well-recognized as a heterogencous disease, grouping more than one unique

pathology.63_65
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Quite interestingly, the last part of this study emphasizes the differences that can be observed
in the stroma when it is close to the tumor or taken from a remote location. This could help
identify the presence of the tumor through its effect on the stroma. As recently reviewed,*® by
comparison with invasive breast cancer which has been studied extensively, the role of the
stroma is now shown to be a major player in cancer progression but lack tools for its
characterization. Recent studies have identified alterations in stromal cell function that may be
critical for disease progression from benign disease to invasive cancer.’**® Key functions of
myoepithelial cells that maintain tissue structure are lost, while tissue fibroblasts become
activated to produce proteases that degrade the stroma and trigger the invasive cellular

66673639 Stromal cells express specific genes in cancer area and invasion is

phenotype.
stimulated.®**° Consequently, a pressing need exists for tools that can characterize the
particular chemical state responsible for stroma properties with respect to cancer progression.

The 13 tumor samples used here were selected to include a large panel of distinct clinical
parameters that are routinely assessed in the diagnosis of breast cancer, i.e. different
histological grades, tumor stages, molecular subtypes, tumor sizes, lymph node status,
hormonal receptor expressions and KI67 expressions (Table S1). We performed an
exploratory study to evaluate the capability of IR imaging to identify those clinical parameters
based on the spectral characteristics of epithelial tumor cells from the 13 independent tumor
tissue samples. No correct classifications were observed. These negative results provide an
excellent control demonstrating that LOOCV procedure does not allow any classification to

be obtained as soon as none of the spectra of the patient to be tested contributed to the

building of the PLS-DA model.

In conclusion in this study FTIR imaging combined to computational algorithms was
successfully used to distinguish the different main breast tissue cell types and normal from
tumor epithelial cells. This method can be an effective aid for pathological diagnosis and

more particularly to guide surgeons in the assessment of tumor margins.
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