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A B S T R A C T

It has become clear that carcinogenesis goes beyond tumor cell biology. Cancer research has acknowledged the
importance of biological functions of the tumor-microenvironment, wherein not only cellular components seem
to hold valuable information but also structural components like collagen fibers. Several studies have focused on
the significance of stromal collagen fiber organization and reported on its role in cancer progression, inva-
siveness and treatment response. In this review, we discuss the different imaging methods for stromal collagen
organization, followed by an in-depth discussion of current literature on in-vitro and animal experiments and
human studies, highlighting its importance with respect to cancer progression, prognosis and prediction. We can
conclude that collagen organization contains valuable information with regard to metastatic potential and
clinical outcomes in cancer. However, the significance of an aligned versus disorganized collagen morphology
differs between cancer types, implying more research is necessary before steps towards clinical implementation
can be made.

1. Introduction

Cancer remains a worldwide health burden and leading cause of
death, with an estimated 18.1 million new cases and 9.6 million deaths
in 2018 (Bray et al., 2018). Despite the frequent occurrence, the biology
of this disease is far from being completely unraveled. Initially cancer
research focused on tumor cell biology, wherein the so-called hallmarks
of cancer emphasized cancer cell associated biological aspects (i.e.
sustained proliferative signaling, insensitivity to growth suppressors,
cell death resistance, limitless replicative potential, sustained angio-
genesis and tissue activation, invasion and metastasis) (Hanahan and
Weinberg, 2000). However, this concept was revised almost a decade
later (Hanahan and Weinberg, 2011), as the complexity of tumorigen-
esis had been recognized as a bidirectional communication between

cancer cells and certain cell types within the tumor microenvironment.
This process shares many similarities with wound healing, wherein the
presence of dense collagenous stroma (i.e. desmoplastic response)
around the tumor cells is the result of a complex interaction between
the hosts ‘stromal cell response against invading cancer cells, by acti-
vation of various inflammatory cells and growth factors such as vas-
cular endothelial growth factor (Dvorak, 2015; Ribatti and Tamma,
2018). Extensive research is ongoing in this field, in order to gain more
understanding in the biological functions of the tumor microenviron-
ment. In the past years, numerous studies have been published focusing
on the significance of stromal architecture and collagen organization
with regard to cancer progression, invasiveness and treatment response.
Here, we give an overview of literature investigating this stromal or-
ganization, highlighting its significance within cancer progression,
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prognosis and prediction. We will first describe the different techniques
used to visualize the stromal collagen organization, followed by an in-
depth discussion of current in vitro and animal experiments, and rea-
lization of proof of principle in human studies.

1.1. Visualization methods

Numerous visualization methods are available for quantification
and characterization of stromal collagen organization within cancer
tissue, ranging from conventional to highly sophisticated microscopy
techniques. In the next section we will elaborate on the methodology of
these techniques. For a summary and illustration of frequently used
histological staining's and microscopic visualization methods, see
Table 1 and Figure S1.

1.1.1. Semi-visual microscopy
Conventional microscopy could be considered the easiest applicable

and most cost-effective method for determination of collagen organi-
zation, since it can be easily incorporated in routine diagnostic work-
flows. To capture the collagen organization using this method, in-
tratumoral regions (surrounded by neoplastic cells at all corners) are
selected in three individual hematoxylin and eosin (H&E)-stained tumor
tissue slides. Using ImageJ (Image Processing and Analysis in Java),
approximately 10–15 straight lines are drawn onto the image, alongside
the stromal fiber orientation. Subsequently, the mean orientation of
these vectors and the standard deviation of the orientation are de-
termined as measure for stromal fiber network organization of the
tumor. Wherein a high standard deviation indicates broad distribution,
hence disorganized stroma and a low value indicates radially organized
stroma (Fig. 1, Figure S1A, Figure S2). Adding AZAN trichrome
staining, which highlights the collagen component of tissue, did not
improve this method. Comparison of stromal organization scores for
both methods (n=51) revealed a good correlation (r = 0.806), in-
dicating that H&E-stained slides are sufficient and adequate for the
stromal organization scoring using this method (Dekker et al., 2015).

1.1.2. Masson’s trichrome
Another staining method, applied for connective tissue visualization

is the Masson’s trichrome stain. This three color staining protocol is
based on a purple (hematoxylin) nuclear stain, a red (mix of xylidin
ponceau and acid fuchsin) cytoplasmic stain and a light green or aniline
blue collagen fiber stain, wherein the discrimination between collagen
and other connective tissue components is linked to a difference in
permeability (Figure S1E) (https://www.histalim.com/home/activ-
ities/our-services/histology/masson-trichrome/https://www.hista-
lim.com/home/activities/our-services/histology/masson-trichrome/).
A study assessing the agreement and reliability of collagen bundle or-
ientation measurements between different staining and microscopic
techniques, revealed Masson’s trichome staining with light microscopy
was equivalent to picrosirius red staining with polarized microscopy

and H&E-confocal with microscopy (Marcos-Garces et al., 2017).

1.1.3. Picrosirius red staining with polarized light microscopy
The picrosirius red stain (also known as “Sirius red” stain) is a more

widely applied histochemical technique for selectively highlighting and
visualizing collagen networks. This inexpensive method relies on the
birefringent properties of collagen molecules. Otherwise explained,
when collagen fibers are hit by light, this is refracted into two rays
which travel at a different speed and vibration direction oriented at 90°
to each other. When picrosirius red (an elongated birefringent mole-
cule) is bound to collagen it positioned parallel to the collagen, thereby
increasing the natural birefringence. These complexes of picrosirius
red-bound fibrillar collagens can be detected under polarized light,
wherein they have a bright appearance which set them apart from the
other tissue which remain dark or black (Figure S1B - C) (Rittie, 2017).
This picrosirius red-polarization (PSR-POL) method has a good corre-
lation with another collagen-imaging method, namely second harmonic
generation (SHG) imaging. However, benefits of PSR-POL over SHG are
its ability of higher detection of fiber counts, length, alignment,
straightness and width (Drifka et al., 2016a). See Table 1 for a detailed
overview of the individual advantages and disadvantages of the in-
dividual visualization methods.

1.1.4. Second harmonic generation imaging
SHG imaging is a high-resolution laser scanning microscopy tech-

nique, which produces quantifiable images of collagen fiber networks in
stained and unstained tissue slides. In 1961, the concept of the second
harmonic of the original light was first demonstrated by Franken et al,
as they observed that pulses of deep red ruby laser light through a
quartz crystal produce ultraviolet light (Franken, 1961). Hereafter,
others followed to formulate basic principles of this SHG and other non-
linear optics (Bloembergen, 1965), which eventually lead to the con-
cept of implementation of SHG in scanning microscopes and the first
biological SHG imaging experiments in 1986 (Dolino, 1973; Gannaway
and Sheppard, 1978; Freund et al., 1986). In short, SHG imaging relies
on an intense laser pulse passing through materials with a non-cen-
trosymmetric environment. Upon this, the laser field undergoes a non-
linear, second-order polarization, resulting in a signal at half the wa-
velength (at doubled frequency) of the original light entering the ma-
terial. SHG is a coherent process, wherein signals are mainly collected
in a forward direction. The forward to backward signal ratio (F/B ratio)
is herein dependent on the sample traits. For instance, increased tur-
bidity leads to more backward scatter. The polarization anisotropy that
is produced by SHG, can be used to determine the degree of protein
organization within tissue, as well as axial and radial symmetries and
absolute orientation (Figure S1D) (Mohler et al., 2003). Most SHG
imaging setups will use a laser scanning microscope with a titanium
sapphire mode-locked laser to serve as an excitation source. Despite of
the promising results in tissue and collagen network characterization
(detailed study results in section in vivo studies -humans) (Conklin

Fig. 1. Hematoxylin and Eosin colon cancer tissue slides.
(A) Example of colon cancer tissue with disorganized stroma.
(B) Example of colon cancer tissue with aligned stroma.

S.M. Zunder, et al. Critical Reviews in Oncology / Hematology 151 (2020) 102907

3



et al., 2011; Hanley et al., 2016; Drifka et al., 2015; Provenzano et al.,
2006; Zhou et al., 2017), SHG imaging is currently not implemented in
routine tissue diagnostics due to the complexity of this sophisticated
system as well as the technical demands and expenses.

1.1.5. Two-photon microscopy and fluorescence
Another non-linear microscopy method is two-photon fluorescence

(TPEF), also referred to as two-photon laser scanning microscopy,
multiphoton microscopy (MPM) or multiphoton laser scanning micro-
scopy (MPLSM). A technique which offers increased image depth ana-
lysis by using infrared light which minimizes scattering in the tissue and
suppression of background signals due to the multiphoton absorption.
This offers superior imaging compared to confocal microscopy, but at
limited phototoxicity. In stroma, the TPEF signals mainly arise from the
elastin within the stroma. The principle of this method was first de-
scribed by Maria Göppert-Mayer in 1931 (Goeppert-Mayer, 1931). In
TPEF, a laser is focused, causing photons to become more crowded and
enhancing the probability of simultaneous absorption of two photons
by a fluorophore. As this simultaneous absorption occurs, it leads to
emission of one photon to a higher energy state causing selective ex-
citation of fluorophores in a sample (Figure S1F). To achieve a sig-
nificant number of two-photon absorption events, the density of pho-
tons must be around one million times higher than is required to
generate the equivalent number of one-photon absorptions. This power
can only be achieved by using focusing mode-locked (pulsed) lasers
(Denk et al., 1990; Denk and Svoboda, 1997).

1.1.6. Other methods
Other more sparsely applied methods in collagen network visuali-

zation are; wavelet artificial neural network (ANN) based analysis
(Mukherjee et al., 2006; Paul et al., 2005), gray level entropy matrix
(GLEM) texture analysis, multi-scale basic image features (BIF) and
local binary patterns (LBP) (Jia et al., 2014; Kirkpatrick et al., 2007;
Reis et al., 2017), and optical coherence elastography/tomography
(OCT) (Watson et al., 2014; Yuting et al., 2018). In summarization,
artificial neural network analysis is a computational methodology
which performs multifactorial analyses, wherein a ANN model contains
layers of interconnected computation nodes that operate as a non-linear
summing device. The network can subsequently be trained to predict,
classify or recognize data features, like for instance collagen organiza-
tion on Transmission Electron Microscope (TEM) images (Mukherjee
et al., 2006; Paul et al., 2005; Dayhoff and DeLeo, 2001). In GLEM
texture analysis, the number of gray levels within a digitalized micro-
scopy image is reduced by requantization, whereafter the local entropy
within the window is computed and centered around a pixel with a
certain gray-level value, which is based on the gray-level distribution
within that specific window. The GLEM which is computed from the
complete image, is visualized as surface plots and gray-scale. The local
entropy values are based on estimated gray-level distributions, conse-
quently homogenous structures will have low entropy levels, whereas
inhomogeneous structures will have high levels (Jia et al., 2014;
Nielssen et al., 2008). OCT is a method which application is under great
development with respect to cancer imaging. This technique is based on
coherent light to capture resolution, 2D and 3D images from within
optical scattering media, like tissue (Wang and Larin, 2015). BIF and
LBP are alternative statistical texture analyses methods, since these are
not widely applied, it goes beyond the scope of this paper to provide a
detailed description. Therefore we would refer to literature for more
details (Reis et al., 2017).

2. Discussion of literature

2.1. Stromal collagen organization

As previously referred to, tumorigenesis is currently considered as
an interplay between tumor cells and the surrounding stroma with its

stromal host cells (Hanahan and Weinberg, 2011; Liotta and Kohn,
2001; Hanahan and Coussens, 2012). In order to recognize the patho-
physiology and implications of collagen organization alterations in
carcinogenesis, fundamental research models are necessary. Only
hereafter, it is possible to validate and translate these findings to human
studies and recognize which factors have clinical implications in cancer
treatment. See Table S1 for a summarized overview of the subsequently
described studies.

2.1.1. In vitro studies
In order to understand the mechanisms involved in stromal orga-

nization in relation to tumor invasion and progression, research in
controlled environments offers great opportunities to study cell motility
and subsequent effects on collagen fibers without interference of un-
controlled extrinsic signals. The first study reporting on extracellular
matrix (ECM) reorganization comes from Friedl et al. In this study, cell-
to-matrix interactions of migrating MV3 melanoma cells were evaluated
in three-dimensional (3D) collagen lattices. The authors demonstrated
that increased collagen concentrations influenced collagen fibers,
leading to increased fiber density as well as decreasing of the mean
distance between collagen fibers. More interestingly, they also observed
progressive matrix reorganization after 24 h incubation, whereby the
original pattern of matrix texture and pores between fibers was prac-
tically completely replaced by an irregular distribution pattern of
random and aligned fibers in close proximity with the interacting MV3
cells. According to the authors, this could contribute to tumor cell
progression by the observation that following collagen fiber attachment
and cell polarization, cell migration paths followed the presence of
stretched fiber strands or preexisting tube-like paths of least resistance
in the fiber network. This implicated that contact–stimulated migration
is involved (Friedl et al., 1997). This concept, referred to as lamelli-
podia, was also evaluated by Lepzelter et al using 3D extracellular
matrix models, wherein was observed that a substantial part of persis-
tence was directly dependent on the physical environment (i.e. avail-
able moving directions and steric hindrance), rather than indirectly
dependent on the environment through the biochemical feedback that
occurs in cell motility. Moreover, the models revealed that highly
aligned matrix should produce smaller cell displacement speed, due to
the fact that lamellipodia takes longer to search an empty area ahead of
the cell, which is subsequently offset by increased persistence (Lepzelter
and Zaman, 2014). Contrary to these discoveries, the 3D invasive ductal
breast carcinoma (IDC) cell migration models of Riching et al did not
observe effects on migration speed of cancer cells models with altered
alignment or collagen concentrations. However, in accordance to Lep-
zelter et al, they did observe enhanced directional migration persistence
within aligned matrices, which was unrelated to increased matrix
stiffness. This alignment was alternatively referred to as a tumor-asso-
ciated collagen signature (TACS) (Riching et al., 2014). Previous re-
ports demonstrated that, in particular, the deposition of aligned col-
lagen with a perpendicular orientation to the tumor boundary (TACS-3)
has proven to create migrational highways for tumor cells in vivo
(Provenzano et al., 2006), along with correlation to increased invasion
and metastasis in animal models (Provenzano et al., 2008). Ad-
ditionally, Riching et al reported limited protrusions and longer cells
within aligned collagen, suggesting that this is a mechanism by which
alignment serves to increase persistence and facilitates greater travel
distances. Unlike the former collagen gel-based techniques, Burke and
colleagues emphasized their research on exploring the relation of fiber
microstructure (indicated by F/B ratio) to tumor cell motility. Based on
an in vivo model, 4T1 murine mammary adenocarcinoma cells were
chosen as cell line for further in vitro analysis (Burke et al., 2013). In
order to study cell motility responses to differences in microstructures,
fibrillogenesis of the collagen gels was altered using different methods.
The models demonstrated, when large amounts of cells (3 × 105 cells/
mL of media) were added (after 3 days), significant increases in F/B
ratio were induced on fibers in near proximity of tumor cell clusters,
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causing them to become more straightened and perpendicularly pro-
truding. To insure true cell motility analysis, further experiments were
performed by adding lower cell concentrations and earlier imaging (3 h
vs. 3d). Analysis showed an overall significant effect of F/B category on
total traveled distance (TTD) of cells (p< 0.05), whereby post-hoc
analysis demonstrated that TTD on the two highest F/B category gels
(F/B = 8.13±0.16; F/B = 10.60±1.08) was significantly greater
than on the two lowest F/B categories (F/B = 2.81±0.29; F/B =
6.20±0.14; p<0.05), which could be related to the efficiency of cells
to pull themselves along fibers. Cell velocity analysis confirmed this
hypothesis, revealing significantly higher cell velocity in the highest F/
B category gels compared to the lowest F/B categories. Additional
correlation analysis demonstrated significant positive relationships
between F/B ratio and two out of three motility parameters; average
cell velocity (p<0.05), maximum cell velocity (p<0.05) and TTD
(p=0.06) (Burke et al., 2015a). Since the observations in this study
match previous results, wherein humane IDC tumors with higher F/B
ratios produced more lymph node metastases compared to tumors with
lower F/B ratios,(Burke et al., 2013) these gel experiments suggest that
the in vitro microstructure (i.e. F/B ratio) does influence tumor cell
motility and metastatic potential. Exploring how modulation of sub-
strate stiffness influences fiber alignment by cancer-associated fibro-
blasts (CAFs), Malik et al cultured humane cancer-associated fibroblasts
at high density on collagen-I polyacrylamide gels allowing them to
produce cell-derived ECM. They demonstrated a biphasic fiber align-
ment with more than 60% fiber alignment on gels with a pathological
stiffness (∼7 kPa) compared to 30% on physiologically stiff gels (∼1.5
kPa) (Malik et al., 2018).

Based on the aforementioned in vitro studies, we are provided with
great insights in mechanisms involved in cancer cell motility and its
effects in relation to collagen architecture and organization. However,
due to the controlled nature of these models, the concepts are not
readily translatable to in vivo models.

2.1.2. In vivo studies ― animals
With the transition from in vitro to experimental animal models we

are one step further to clinical translation and application of stromal
reorganization in practice. In the publication of Riching, reference is
made to alignment by means of tumor-associated collagen signatures.
Provenzano et al first revealed these signatures in a study evaluating
epithelial and tumor-stromal interactions in a breast cancer mice
model, to get insights in local cell invasion mechanisms during carci-
nogenesis. Herein, multiphoton excitation-SHG imaging revealed three
distinct TACS to characterize tumors, namely; TACS-1, the presence of
dense collagen fibers indicated by an increased signal intensity in the
region surrounding the tumor; TACS-2, characterized by the presence of
straightened (“taut”) collagen fibers stretched around the tumor, in-
dicating growth leading to increased tumor volume; and lastly TACS-3,
the presence of radially aligned collagen fibers which facilitate invasion
and may be indicative of invasive and metastatic tumor growth po-
tential Provenzano et al. (2006). By using picrosirius red staining
combined with high magnification scanning electron microscopy, they
demonstrated within normal mammary gland models, that collagen
fibers are wrapped around the ductal structures in an organized manner
surrounding epithelial cells and are additionally able to wrap individual
cells in multiple directions, which could suggest a role as an anchoring
and restraining structure. Further investigation into TACS-3 demon-
strated that in tumor regions undergoing growth and invasion, collagen
fibers aligned perpendicular to the tumor. The authors hypothesize that
this realignment emerges through contractile and morphogenic events
from the cells at the tumor boundaries, in order to organize the ECM
and prepare for local invasion. This was supported by several additional
analyses of collagen structures within regions of invading cells,
whereby all models revealed that local tumor invasion occurred solely
where collagen fibers were radially aligned from the tumor in direction
of tumor cell invasion. A type-I collagen model demonstrated direct

contact between radially reorganized collagen fibers and invading cells,
suggesting that tumor cells are able to reorganize collagen matrices de
novo, in order to facilitate invasion (Provenzano et al., 2006). As it has
been demonstrated that desmoplasia, a feature often seen in more ag-
gressive tumors, consists of increased deposition of fibrillar collagens
like collagen-I, which by itself leads to stiffening of the ECM, as well as
by alignment (Riching et al., 2014; Butcher et al., 2009; Keely, 2011),
Barcus et al emphasized on the significance of ECM stiffness in breast
cancer progression. By orthotopically transplanting clonal green fluor-
escent protein (GFP)-labelled prolactin-induced ERα+ mammary
tumor cell lines into syngeneic wildtype (WT (n=14)) or heterozygous
mutant collagen-I female mice (Col1a1tmJae/+, mCol1a1 (n=14)), a
model with increased collagen-I was constructed (Barcus et al., 2017).
In correspondence with the models from Provenzano, PSR-POL micro-
scopy revealed that in mCol1a1 mice, dense collagen fibers were
aligned with tumor projections whereas in WT mice the fibers were
wrapped around the tumor edges, similar to collagen fibers in non-ag-
gressive tumors (Conklin et al., 2011; Provenzano et al., 2006). SHG
imaging combined with alignment analysis demonstrated a significant
difference in alignment between tumors of WT recipients, wherein
collagen fibers were aligned to each other and parallel to the tumor
edge, whereas in tumors of mCol1a1 recipients, the fibers were less
orientated (p< 0.0001) with many perpendicular to the tumor bulk or
aligned with protrusions into the fat pad. This indicates the ECM can
interact with hormonal signals in order to induce metastatic potential in
ERα+ breast cancers (Barcus et al., 2017). Evaluating microscopic
changes associated with disease development in ovarian cancer, Watson
et al were able to demonstrate alterations in the ovarian microstructure,
even before macroscopic changes were visible. SHG imaging (n=44)
revealed that with progression from normal ovaries to other pheno-
types, the collagen microstructures altered from thin, linear and tightly
net-like packed fibers in normal ovarian tissue and cystic tumors,
however in the latter with more abundant than normal appearance of
collagen, to fewer collagen with fibers that appeared tangled and
spread-out in tubular hyperplasia and fibrosarcoma tumors (Watson
et al., 2014). Although these results are promising and suggest a com-
bination of optical coherence tomography-MPM systems could be useful
in early detection of ovarian cancer, a limitation is the absence of
adenocarcinomas in this study, causing it to not fully represent the
clinical situation. Aforementioned studies have demonstrated within
different tumors types, carcinogenesis is associated with alterations in
collagen organization, with respect to disease progression and invasion.
Where these studies mainly focus on the overall effects on the ECM,
other studies highlight the purpose of specific receptors and/or proteins
within ECM remodeling. For instance, Navab et al studied the role of
integrins in non-small cell lung cancer (NSCLC), since these have been
indicated as factors in tumor proliferation, migration, invasion and act
as multifunctional receptors in tumor stroma (Barczyk et al., 2010;
Desgrosellier and Cheresh, 2010). Specifically looking into α11β1 ex-
pression (i.e. stromal cell-specific receptor for fibrillar collagens), SHG
imaging of tumor xenografts in a knockout mice model revealed that
loss of α11 expression was significantly correlated with decreased ECM
stiffness and collagen organization and consequently with less tumor-
igenicity (Navab et al., 2016). Du et al also evaluated a specific marker
within NSCLC, namely lysyl hydroxylase 2 (PLOD2). An enzyme which
is an important collagen synthetase that is able to induce collagen re-
organization and has proven to be prognostic in several cancers (Chen
et al., 2015; Gilkes et al., 2013). In their study, the effects of PLOD2 on
ECM and tumorigenesis were further explored using a knock-out me-
tastasis model. The authors confirmed that the metastatic potential
decreased with silencing of PLOD2, along with the observation of re-
organization of collagen. Namely, within PLOD2 knock-out tumors,
picrosirius red and Masson’s trichrome staining revealed less alignment
of collagen fibers compared to the control group, hereby hindering the
formation of an aligned “pathway” for cancer cell migration. Thus
suggesting that PLOD2 induces collagen reorganization in NSCLC in
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order to promote metastasis.
Abovementioned studies prove that microscopic examination of

tumor collagen organization may provide a credible prognostic sig-
nature relevant for clinical evaluation, but also suggest a potential for
development of therapeutic strategies, specifically targeting the tumor
microenvironment. Stylanianopoulos et al explored this issue, by de-
veloping a mathematical approach for calculation of diffusion coeffi-
cients of nanoparticles and macromolecules in collagenous tissues, in
order to study the effect of collagen fiber organization on diffusion
anisotropy. They applied a network generation algorithm, wherein
diffusing particles are randomly distributed in a 3D fiber network and
moved stepwise inside the fiber medium, subsequently calculating a
diffusion coefficient based on Stokesian dynamics (Phillips, 1989).
Analyses on four network structures ranging from nearly isotropic to
aligned, demonstrated that particles diffusion speed significantly in-
creased with alignment of fiber networks. However, the overall diffu-
sion coefficient was independent of pore size distribution and network
orientation. To support the mathematical predictions, SHG imaging and
single point multiphoton fluorescence recovery after photobleaching
(MP-FRAP) measurements were performed in collagen gel and tumor
tissue models. In accordance with the mathematical predictions, the
aforementioned measurements on gel models, ruled out a correlation
between hindered diffusivity and fiber alignment. Line-FRAP mea-
surements were used to investigate the effect of fiber alignment on
diffusion anisotropy in a soft tissue sarcoma xenograft model. The re-
sults showed that the diffusion coefficient was 1.5 times higher in
highly aligned collagen fibers parallel to the fiber direction compared to
perpendicular arranged fibers (Stylianopoulos et al., 2010). This illus-
trates a promising aspect of stroma alignment within optimizing drug
delivery strategies in cancer treatment.

2.1.3. In vivo studies ‒ humans
Here, we reach the phase of translational research wherein the

theories and results from in vitro and animal experiments are put to test
in human models.

Ovarian cancer. Several studies have been performed in ovarian cancer,
evaluating the changes in collagen organization with respect to tumor
development and progression. Zhu et al investigated the distribution of
type III collagen at the epithelial-stroma junction, in different ovarian
cancers (n=77). Second to collagen-I, collagen-III is also a precursor of
the most abundant collagens deposited in soft tissues (Prockop et al.,
1979). Using an immunohistochemical staining (IHC) against the
PIIINP-domain of type III collagen, the authors found that within
malignant tumors the staining intensity of PIIINP was significantly
less striking (p< 0.001) compared to benign tumors. More
interestingly, they observed an irregular organization of collagen
fibers at the epithelial-stromal junction in malignant neoplasms,
whereas in benign neoplasms the distribution was regular with fine
fibers in close proximity, tightly arranged in a fibrillar pattern
(p< 0.001). The authors suggest that this disintegration could be due
to proteolytic enzymes activity during tumorigenesis, although
reorganization was also observed in stromal regions distant from
malignant cells (Zhu et al., 1993). Using more sophisticated imaging
techniques, Kirkpatrick et al, also demonstrated architectural
differences between benign, high-risk and malignant ovarian biopsies.
By assessing the epithelial surface and underlying stroma with TPEF
and SHG, they found that in normal ovarian tissue, collagen fibrils alter
with age. Having a linear, long and straight arrangement in young
patients, to a more curved and diffuse one in older women. These
qualitative appearances were confirmed by gray-level co-occurrence
matrix (GLCM) texture analysis in a small cohort (n30-49 =7; n50-60 = 4;
n>60 = 10; p=0.02). Regarding collagen alterations in malignant
tissue, the authors compared biopsies from a group of postmenopausal
women (n=4 normal; n=5 cancer), wherein the cancer tissue displayed
loss of well-defined fine fibrillar structure. The correlation between age-

related collagen changes, observed with texture analysis in normal
tissue, was more pronounced in cancerous tissue. "Indeed, collagen
fibrils appeared to be wavy or crimped in cancerous tissue; whereas,
fibrils of older patients' normal tissue appeared diffuse, but still
preserved a somewhat normal fine structure (Kirkpatrick et al.,
2007). These wavy collagen fibrils were also demonstrated in high-
grade serous (HGS) tumors of postmenopausal women, described in a
study by Tilbury et al (Tilbury et al., 2017). They also demonstrated
that in HGS tissue, the collagen fibers are dense and highly aligned,
whereas in normal post-menopausal ovarian tissues the collagen
network was more loose and mesh-like, which somewhat contradicts
the findings of (Zhu et al., 1993) who described tightly arranged fibers
in normal ovarian tissue. However, the latter publication was more than
two decades prior to the findings of Tilbury et al, in addition to the fact
that different visualization methods were used, suggesting that the
results might not be entirely comparable. Overall, alterations in
collagen organization are observed within benign to malignant
transformation of ovarian tissue, however these results and
interpretations seem less reliable since they are highly dependent on
the visualization technique that is applied.

Pancreatic cancer. Pancreatic tumors are known to contain abundant
collagenous stroma, which is produced by pancreatic stellate cells
(PSC). These PSCs are not only significant for stroma formation, but
also in facilitating cancer cell migration and invasion by reorganization
of collagen fibers in response to hypoxia, immune evasion and
therapeutic resistance (Pothula et al., 2020; Horioka et al., 2016).
Drifka et al utilized SHG imaging to quantify collagen alterations in
pancreatic ductal adenocarcinomas (PDAC) opposed to benign diseases.
Regardless of an overall increase of fibrosis in PDAC, they did observe a
heterogeneous appearance of collagen throughout the tissue microarray
(TMA) cores, whereby PDAC collagen fibers were significantly longer
(p< 0.001) and aligned (p< 0.05) than in normal tissue, which is
consistent with other studies (Provenzano et al., 2006; Yuting et al.,
2018; Tilbury et al., 2017; Brooks et al., 2016; Esbona et al., 2018; Ling
et al., 2017). However, the degree of alignment was not correlated to
the histological grade (Drifka et al., 2015). To further explore the
clinical (survival) implications of collagen alignment in PDAC, an
additional study was performed wherein was determined if collagen
alignment could serve as a prognostic marker. Corresponding to
previous results, stromal collagen was more aligned around PDAC
cells compared to the more random organization around normal tissue
(p< 0.05). Furthermore, an association between histological grade and
alignment was yet again ruled out (p=0.301). High alignment did
validate as a negative prognosticator of overall survival (OS),
independent of traditional prognostic factors (p=0.015). Hereafter,
the authors proceeded to investigate the significance of collagen
organization with respect to cancer cell migration. By quantifying
PDAC tissue cores for E-cadherin/vimentin double positivity, they
observed a significant correlation between the
epithelial–mesenchymal transition (EMT) expression by PDAC cells
and collagen alignment (Spearman r=0.202; p = 0.031). Moreover,
alignment was also positively correlated to α-SMA (Spearman r=0.121;
p = 0.022) and syndecan-1 expression (Spearman r=0.115; p =
0.029), both markers of cancer-associated fibroblasts, which play a
crucial role in remodeling of the tumor microenvironment (Drifka et al.,
2016b). Enhanced α-SMA expression was also observed in a study
investigating collagen reorganization in gastric cancer (Zhou et al.,
2017). Using picrosirius red and IHC staining, the authors found an
increase of collagen deposition, as well as a thicker appearance of fibers
in gastric cancer versus non-neoplastic tissue, consistent with findings
in other cancers (Esbona et al., 2018; Natal et al., 2018). In order to
quantitively characterize fiber alterations, five features (i.e. alignment,
length, width, density and straightness) were determined by SHG
imaging. Within gastric cancer, a significant increase was observed
with respect to alignment, length, straightness, width (p< 0.05) and
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density (p< 0.001). However, only fiber length, density and width
validated as prognosticators of OS, with collagen width being the most
powerful of all (AUC 0.741; p< 0.001) (Zhou et al., 2017).

Colorectal and esophageal cancer. For colorectal cancer (CRC), the
studies on collagen alignment are quite limited. In 2013, Liu et al
performed an exploratory analysis (n=14) in colon cancer tissue,
applying MPM and SHG/TPEF imaging. Despite the limited sample
size, they did observe distinct changes between normal versus
cancerous mucosa, namely with disordered, elongated and sparsely
visible collagen content in the latter (Liu et al., 2013). Hanley et al
evaluated a stage I/II CRC cohort (n=64) and found that increased
collagen length, contrary to fiber alignment (p=0.067), predicted a
worse cancer-specific survival (HR 2.28; 95% CI 1.040–5.007;
p=0.034), which was consistent with their findings in esophageal
adenocarcinoma (EAC (n=146)) and head & neck squamous cell
carcinoma (HNSCC (n=213)) (Hanley et al., 2016). Among the few
others researching colorectal cancer, Burke et al found that in stage I
CRC (n=69), an increased F/B was also a significant prognosticator for
poor OS (p=0.03) (Burke et al., 2015b). In accordance to
aforementioned findings,(Hanley et al., 2016) Mellone et al similarly
observed the prognostic quality of elongated collagen fibers in EAC
(n=121; p=0.028) (Mellone et al., 2016), while for organization,
others demonstrated a broad interfiber spacing as well as random
distribution of fiber orientations in neoplastic esophageal stroma (Zhuo
et al., 2009).

Squamous cell cancers. Several studies have explored changes in
collagen fiber organization in squamous cell cancers (SCC) of the oral
cavity and/or head and neck region. Previously, we briefly discussed
the prognostic relevance of collagen organizational parameters in
HNSCC, noting that fiber length could predict cancer survival,
contrary to alignment (Hanley et al., 2016). This was also observed
by Mellone et al (n=113; p=0.027) (Mellone et al., 2016). Devendra
and colleagues contradict the aforementioned, since they report that
not fiber length, but density (n=29) was most significantly correlated
to the clinicopathological parameters (i.e. tumor size (p=0.047), TNM
stage (p=0.016) and lymph node metastasis (p=0.026)). Whereas for
organization, a correlation to these parameters was yet again ruled out
(Devendra et al., 2018). Solely focusing on imaging aspects, two
independent groups (both n=50) applying PSR-POL analysis,
demonstrated a statistically significant different coloration
(p< 0.001), orientation (p=0.002) and packing (p=0.03) of collagen
fibers with progression of tumor dedifferentiation (Arun Gopinathan
et al., 2015; Kardam et al., 2016). In an effort to explain the
transformation to a random fiber orientation in poorly differentiated
tumors, the authors hypothesized that this could be due to formation of
abnormal (i.e. pathological) collagen and proteolytic activities
associated with carcinogenesis (Kardam et al., 2016). Since the
appearance of collagen architecture seems to alter with progression,
one could wonder if these patterns can already be observed in pre-
cancerous lesions like oral submucous fibrosis (OSF), a chronic
progressive condition of the oropharyngeal cavity susceptible to
malignant transformation (Aziz, 1997). With an ANN based analysis
of TEM images of collagen fibers, derived from OSF tissue and normal
submucosa, a feature vector was chosen to subsequently train the
artificial neural network. Herewith, Paul et al (n=145) and Mukherjee
et al (n=145) both illustrated that the computational classification
method was able to correctly classify normal submucosa, from less and
advanced OSF stages, indicating its potential as a clinical detection and
staging tool for OSF (Mukherjee et al., 2006; Paul et al., 2005). Other
rare oral conditions with clinically aggressive potential are odontogenic
keratocysts and ameloblastic carcinomas, members of the spectrum of
odontogenic lesions (Browne, 1975). Aggarwal et al and Kulkarni et al
investigated whether specific collagen patterns could distinguish
odontogenic cysts and predict the aggressive behavior. They

demonstrated a predominant orange-red collagen fiber birefringence
in odontogenic keratocysts, odontogenic tumors and dentigerous cysts
versus a yellow-green appearance in radicular cysts and
ameloblastoma. Indicating more loosely packed fibers in the latter
and more tightly organized fibers in the former. Hereby recognizing a
distinctive property, but not necessarily a prognostic one (Aggarwal
and Saxena, 2011; Kulkarni et al., 2017).

Breast cancer. To date, the majority of collagen organization research
has been performed in breast cancer. In 2011, Conklin et al set out to
assess whether TACS-3, previously discovered to be associated with
cancer progression in a mouse model (Provenzano et al., 2006), was
present in human histopathological samples and if so, to establish
whether this was correlated to survival outcomes. In a cohort of various
invasive breast cancers (n=196), they retrospectively confirmed local
areas of TACS-3. To determine the association with survival outcomes,
a three scores classifier was assembled. All three TACS-3 scores were
associated with a decreased disease-free survival (DFS) and disease-
specific survival (DSS), with hazard ratios> 3.0 for score 1 and 2. As
the stringency increased (i.e. score 3 to 2 to 1), the significance level
improved. In a multivariate Cox proportional hazard analysis, presence
of TACS-3 confirmed to be an independent prognosticator for DFS and
DSS, in addition to the variables tumor size, estrogen (ER)/
progesterone (PR) status and node status. This indicates that
quantification of collagen alignment, by means of TACS, has potential
as survival predictor in breast cancer (Conklin et al., 2011). Inspired by
these results, the authors set out to investigate if this altered collagen
alignment was also present in earlier disease stages and could predict
recurrence of disease. Using SHG imaging, collagen alignment was
determined in 227 ductal carcinomas in situ (DCIS). Among these cases,
n=36 (16%) experienced a recurrence (18 DCIS, 16 invasive breast
cancer, 2 unknown stage), n=16 had contralateral recurrences (8 DCIS,
8 invasive) and n=18 experienced ipsilateral recurrences (10 DCIS, 8
invasive). Compared to normal ducts, collagen fibers demonstrated a
modest trend toward a more perpendicular angle in DCIS (p=0.058),
however collagen alignment scores did not predict recurrence (HR 1.25;
95% CI 0.84–1.87; p=0.27). However, TACS was more common in
DCIS with features associated with poor prognosis (i.e. ER, PR, HER2
status and comedo necrosis) (Conklin et al., 2018).

In order to investigate the compositional changes of ECM
throughout the process of collagen reorganization and carcinogenesis,
Tomko et al identified 27 significantly altered ECM proteins between
IDC and normal tissue (n=19), of which 24 proteins (19 positive, 5
negative) correlated to fiber alignment scores. Amongst these, four ECM
proteins (i.e. COL12A1, fibronectin, thrombospondin-2 and tenascin-C)
correlated with poor distant metastasis-free survival. Using SHG ima-
ging, the authors subsequently revealed that solely thrombospondin-2
and tenascin-C co-localized in the TACS-3 phenotype and formed fiber
structures directly alongside straight collagen fibers in IDC (p=0.05;
p=0.01), suggesting possible involvement in collagen fiber re-
organization during tumorigenesis (Tomko et al., 2018). Prior to this
research, Burke et al ruled out changes in F/B ratio and consequently
also in fibrillar microstructure of DCIS (n=20) compared to healthy
tissue (n=37), contrary to invasive carcinomas (n=147), where al-
terations in F/B ratio and microstructure were observed. As IDC pro-
gressed to more dedifferentiated states (resp. n=8grade 1, n=88grade 2,
n=15grade 3), the SHG F/B ratio correspondingly became significantly
different. Similar to IDC, in invasive lobular carcinoma collagen mi-
crostructure was also altered, as indicated by a decrease of the F/B ratio
compared to healthy tissue. Though in lobular carcinoma in situ, the F/
B ratio was significantly different from healthy tissue, while in DCIS this
was not, which is consistent with the different tumor behavior of both
diseases (Burke et al., 2013).

Focusing on evolving the imaging techniques, Bredfelt et al devel-
oped a computational semi-automated protocol to determine an algo-
rithmic model for TACS-3 analysis on TMAs, based on previous results
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from Conklin et al, relating manually quantitated collagen reorganiza-
tion to survival outcomes in breast cancer (Conklin et al., 2011). The
results of the automated method had a positive correlation with all
three manual scoring methods. In accordance, the TACS-3 negative
patients had a significantly better DFS (HR 2.59; p=0.002) and DSS
(HR 2.25; p=0.008) (Bredfeldt et al., 2014). Hereby validating the
results from Conklin et al and illustrating the potential for application
of semi-automated TACS-analysis as a clinical diagnostic tool, which
allows for more consistent and detailed data collection. Applied in
another study, this system confirmed that perpendicular collagen
alignment to the tumor boundary TACS-3 (HR 1.65; p=0.049) and
TACS-2/TACS-3 (HR 1.24; p=0.037) were predictors of poor patient OS
in invasive breast cancer (IBC (n=371)). Remarkably, local collagen
density (p=0.047) and alignment (p = 0.007) were associated with a
better prognosis. Multivariate analysis validated localized collagen
alignment (without consideration to angle) as an independent protec-
tive prognosticator (HR 0.05; 95% CI 0.00‒0.48; p=0.01), whereas
TACS-3 was borderline non-significant as independent prognosticator
for poor OS (HR 1.72; 95% CI 0.97–3.07; p=0.066) (Esbona et al.,
2018). While the abovementioned system reports promising results, it
does require acquisition of additional tissue images. Therefore, others
have developed more cost-effective methods which use clinically ac-
quired H&E slides. For instance, Reis et al demonstrated the ability of
an automated method based on BIF and LBP in combination with a
random decision tree classifier, to correctly classify a set of IBC (n=52)
in the categories aligned or disorganized stroma with an accuracy of
84% (Reis et al., 2017). Also using H&E slides but combined with SHG
imaging, Natal et al demonstrated within luminal type breast cancer,
that collagen density (p< 0.001), quantity (p< 0.001) and organiza-
tion (p< 0.006) are significantly more present in peritumoral regions
opposed to intratumoral. In addition to this, for the former two para-
meters a strong correlation was observed between peri- and in-
tratumoral areas (r=0.614; p< 0.001), whereas for collagen organi-
zation, this was not observed (r=0.101; p=0.479). Intratumoral areas
displayed a greater variation in orientation of collagen fibers. Inter-
estingly, when evaluating the prognostic power of the aforementioned
collagen parameters, this was only observed within intratumoral re-
gions. A higher intratumoral density (HR 3.20; p=0.009) and quantity
(HR 4.127; p=0.031) predicted relapse in univariate analyses, however
adjusted in the multivariate analysis this power was lost. Solely for OS,
intratumoral quantity remained prognostic in both analyses (HR 7.84;
p=0.017, padj=0.031). Collagen organization did not display any value
as prognosticator, neither for relapse-free survival (p=0.765), nor for
OS (p=0.440) (Natal et al., 2018). Applying a manual method (for
details, see section visual microscopy), Dekker et al were one of the first
to demonstrate the predictive quality of collagen alignment in stage II/
III breast cancer patients (n=175) treated with neoadjuvant che-
motherapy. They revealed that tumors with aligned stroma showed
better response to neoadjuvant therapy compared to tumors with dis-
organized stroma (p< 0.002), but also were more likely to have lymph
node metastasis (Dekker et al., 2015). This supports the hypothesis that
tumor cells are more likely to migrate alongside aligned collagen fibers
(Provenzano et al., 2006). In an effort to predict metastatic outcome,
Burke et al explored the feasibility of intensity-based SHG F/B and fast
Fourier transform analysis in breast cancer. They found that within
untreated ER + tumors (n=125) an increasing ln(F/B) was associated
with longer metastatic-free survival (HR 0.16; 95% CI 0.05–0.55;
p=0.004), however this was borderline non-significant for OS (HR
0.28; 95% CI 0.07–1.10; p=0.068). Since a subset of the cohort (n=60)
experienced metastasis, the authors proceeded to investigate whether
the F/B of the primary tumor could predict response to tamoxifen. In-
terestingly, they observed a trend opposite to the aforementioned, since
now a lower primary tumor F/B was significantly associated with
slower disease progression (HR 3.39;95% CI 1.22–9.37; p=0.019)
(Burke et al., 2015b).

Urogenital cancers. In urogenital carcinomas, several studies with divers
methods have been published over the years. Using GLEM texture
analysis, one group retrospectively demonstrated that within higher
grades of treatment-resistant prostate adenocarcinomas (CRPC (n=75))
the collagen matrix was more disorganized, reflecting in a significantly
higher entropy compared to benign prostate conditions (p< 0.05) (Jia
et al., 2014). However, these results contradict the findings of Ling et al
who demonstrated more aligned collagen within malignant prostate
biopsies compared to normal tissue (n=24), which corresponds with
results in other solid tumors applying SHG (Hanley et al., 2016; Drifka
et al., 2015; Provenzano et al., 2006; Esbona et al., 2018), a method
which relies on detailed fiber organization whereas GLEM analysis
provides a quasi-quantitive estimate of reactive stroma. Furthermore, in
the study from Ling et al the anisotropic to isotropic ratio (A:I ratio; i.e.
a parameter to compute regularity of fiber orientation) increased with a
higher Gleason score. Using SHG imaging, they illustrated that CRPC
consisted of a reticular pattern instead of a papillary one. However,
with uncontrolled proliferation, as seen in highly aggressive CRPC, this
pattern disappeared due to loss of SHG signal between the glands as a
consequence of basement membrane destruction and accompanied
influx of cancer cells in the glands and stroma (Ling et al., 2017).
These results were later validated in a study with a larger cohort
(n=42) (Yuting et al., 2018), suggesting that this approach might assist
in a more accurate characterization of CRPC. Consistent with the
aligned fiber orientation in CRPC, in a cohort (n=189) of non-muscle
invasive bladder cancer it was demonstrated that tumor progression
was yet again associated with more aligned collagen fibers (p=0.0018)
(Brooks et al., 2016).

Brain cancers. In a glioblastoma study, the authors distinguished two
groups; one with a typical fibrillar collagen appearance (n=74) with
significantly shorter fibers angles, longer fibers and a more organized
and aligned appearance and another with atypical fibrillar collagen
(n=37). Remarkably, the organized collagen signature demonstrated a
significantly better survival (p=0.001), which maintained significance
in the multivariate analysis (p=0.032) (Pointer et al., 2017).

3. Conclusion

With this review we give a comprehensive overview of literature on
the topic of stromal collagen organization in cancer tissue. In summary,
we conclude that various standardized visualization methods are cur-
rently available for characterization of the collagen architecture, but
literature is limited on providing a head-to-head comparison between
the different techniques with respect to implementation, time- and cost-
effectiveness Therefore, no “golden standard” is currently available.
Collagen organization contains valuable information with regard to
metastatic potential and clinical outcomes in cancer. However, the
significance of an aligned versus disorganized collagen morphology
differs between cancer types. We should consider the possibility that
this biomarker is only applicable in certain cancers, likewise to other
conventional biomarkers (e.g., KRAS in CRC). Since the tumor micro-
environment is a very heterogeneous phenomenon with distinct char-
acterizations between cancers, future research into intercellular sig-
naling could perhaps provide more insight in the discrepancies we
observed. Further research is therefore necessary, before any steps can
be made towards clinical implementation.
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