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Abstract 

Background  The tumor microenvironment (TME), particularly the extracellular matrix (ECM), plays a crucial role 
in regulating breast cancer progression. Among ECM components, collagen type I—accounting for over 90% of fibril-
lar collagen in the human body—is the primary structural component of the tumor ECM. It critically modulates tumor 
cell behavior, influencing migration, invasion, and therapy resistance. The structural organization of collagen type I 
fibers can significantly impact clinical outcomes.

Methods  This systematic review aimed to assess the association between tumor-stromal collagen type I characteris-
tics and clinical outcomes in breast cancer. A comprehensive search strategy identified studies from major databases, 
which were appraised using quality assessment tools. Data on collagen quantity, morphology, alignment, and organi-
zation were extracted and analyzed to explore their relationship with survival, metastasis, therapy resistance, and clini-
cal characteristics of breast cancer.

Results  Our analysis revealed that increased collagen density—particularly with an organized/aligned fiber ori-
entation—was strongly associated with poor prognosis. Specifically, increased intratumoral collagen quantity 
was linked to reduced overall survival (HR = 7.84, p = 0.031). Stage III tumors exhibiting elevated collagen uniformity 
showed higher metastasis rates (p = 0.004), and HER2⁺ tumors with high collagen content correlated with resistance 
to HER2-targeted therapies (p < 0.05). Furthermore, higher collagen curviness was associated with better outcomes, 
including a reduced recurrence risk (HR = 0.77, p < 0.001). Subtype-specific trends emerged as ER/PR-negative 
tumors more frequently exhibited a perpendicular collagen arrangement (p = 0.02), whereas ER/PR-positive tumors 
showed elevated COL1A1 expression (p < 0.0001). Despite these patterns, the heterogeneity of study methodologies 
and the complexity of the tumor microenvironment highlight the need for unified frameworks to advance clinical 
translation.
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Conclusions  This review highlights the prognostic significance of tumor-stromal collagen characteristics in breast 
cancer, suggesting that future research should focus on the molecular mechanisms underlying collagen remodeling 
and its potential as a cancer biomarker and therapeutic target.

Keywords  Collagen type I, Breast cancer, Extracellular matrix, Tumor microenvironment, Prognostic marker, 
Systematic review

Introduction
Breast cancer, a significant global health challenge, 
affects 2.1 million women every year and results in 
the death of 30% of those diagnosed [1]. Increasing 
evidence suggests that the tumor microenvironment 
(TME) plays a fundamental role in tumor progres-
sion across various cancer types, including breast can-
cer [2]. Identifying the specific contributions of each 
TME component could lead to more effective cancer 
management strategies [3]. One hallmark feature of 
the TME in desmoplastic cancers, such as breast can-
cer, is the extracellular matrix (ECM) [2]. The ECM in 
breast tissue is a dynamic network of structural pro-
teins, including collagens, elastin, periostin, laminins, 
fibronectin, osteonectin, thrombospondin, osteopon-
tin, entactin, tenascin, and glycosaminoglycans, and 
among these, collagens are the most abundant protein 
in ECM [4], and play a crucial role in cancer cell sur-
vival and metastasis [5]. 

More than 28 types of collagens have been identified 
in humans and are categorized by structure and func-
tion. Fibrillar collagens, such as types I, II, and III, pro-
vide tensile strength, while collagens associated with 
fibrils, like types IX and XII, regulate fibril assembly. 
Network-forming collagens, such as type IV, constitute 
basement membranes, and other collagens, including 
types XIII and XVII, anchor cells to the ECM [4]. Col-
lagen type I, the focus of this review, constitutes 90% 
of the fibrillar collagen in breast cancer stroma, mak-
ing it the dominant component observed and a key 
determinant of matrix biophysical properties [6].

Collagen type I, referred to as collagen in this study, 
can affect tumor cells behavior via its biochemi-
cal properties [7]. Furthermore, the ability of cancer 
cells to sense and respond to mechanical signals has 
attracted increasing attention in recent years [8]. Dur-
ing cancer initiation and progression, there is a con-
tinuous reciprocal interplay between cancer cells and 
collagen, both within and around the tumor. This 
dynamic interplay results in changes in various colla-
gen fiber parameters [9]. A variety of techniques are 
used to evaluate collagen parameters in breast cancer.

Methodologies for investigating collagen fiber features 
in breast cancer research
In addition to traditional methods such as real-time PCR 
(which measures mRNA expression of collagen type I, 
alpha 1, COL1A1) and immunohistochemistry (IHC, 
which detects COL1A1 protein) [10, 11], collagen struc-
tural features (such as quantity and organization) can 
also be assessed through different staining and imaging 
techniques, as well as computational analyses.

Imaging techniques

Second Harmonic Generation (SHG) microscopy  SHG 
microscopy is a powerful label-free optical technique widely 
employed for the specific imaging of collagen fibers. This 
method harnesses the unique structure of fibrillar collagens 
to generate a high-contrast signal without the need for exog-
enous stains or labels. The fundamental principle of SHG 
involves the interaction of two photons with the same fre-
quency from an incident near-infrared laser beam with the 
non-centrosymmetric arrangement of collagen molecules, 
resulting in the emission of a single photon with exactly 
double the frequency (half the wavelength) of the excitation 
light. This intrinsic property allows for highly specific visu-
alization of collagen [12, 13].

SHG microscopy offers several key advantages for the study 
of collagen in biological systems. Its ability to resolve sub-
micron features enables the detailed visualization of colla-
gen fiber architecture and organization [14]. The technique 
is versatile and can be applied to fresh, fixed, or formalin-
fixed paraffin-embedded (FFPE) tissue samples, making it 
adaptable to various research and potential clinical applica-
tions [13]. Moreover, Polarimetric SHG (P-SHG) enhances 
quantitative analysis by resolving collagen fiber orientation 
and molecular alignment, critical for studying structural 
changes in pathologies like breast cancer [13, 15].

Polarized Light Microscopy (PLM)  PLM is a technique 
that capitalizes on the intrinsic birefringence of collagen 
fibers to visualize their organization within tissues. Bire-
fringence is an optical property exhibited by anisotropic 
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materials where the refractive index of the material varies 
depending on the polarization and propagation direction 
of light passing through it. Collagen fibers, due to their 
highly ordered molecular arrangement, possess this char-
acteristic. PLM, when combined with Sirius Red staining, 
offers a cost-effective 2D visualization of collagen bire-
fringence, suitable for broad screening. However, unlike 
SHG (which provides 3D label-free imaging), PLM lacks 
depth resolution and molecular specificity. However, this 
accessibility makes PLM a valuable tool, particularly in 
resource-limited settings or for initial broad screening of 
tissue samples [16].

Quantitative Phase Imaging (QPI)  QPI maps the optical 
path length difference (OPD) in tissue samples, provid-
ing insights into their nanoarchitecture without the need 
for stains. It works by measuring light phase shifts using 
interferometry, offering label-free imaging that avoids 
staining-related artifacts. Color Spatial Light Interfer-
ence Microscopy (cSLIM) is an enhancement of QPI that 
allows the analysis of stained tissues. cSLIM integrates 
with stained samples by computationally separating 
stain-induced phase shifts from intrinsic tissue proper-
ties, enabling simultaneous traditional and label-free 
analysis. Therefore, it integrates seamlessly with current 
pathology workflows, enabling both traditional stain-
based analysis and advanced stain-independent assess-
ments via mathematical corrections. While QPI (and 
cSLIM) detects refractive index variations in dense ECM 
structures (including collagen), it lacks SHG’s specific-
ity. Collagen is inferred based on structural morphology. 
With compatibility for stained tissues and high through-
put potential, cSLIM shows great promise for clinical and 
pathology applications, bridging traditional and innova-
tive methodologies effectively [17, 18].

Staining techniques

Hematoxylin and Eosin (H&E) Staining  H&E staining 
enables the visual identification of collagen-rich stroma 
in tissue samples due to their characteristic eosino-
philic (pink/red) staining. This routine and cost-effective 
method allows for an initial assessment of the collagen-
ous stroma. Crucially, H&E-stained slides can undergo 
computational analysis to yield quantitative data on col-
lagen. While techniques like SHG offer greater specificity, 
the widespread availability of H&E makes computational 
approaches valuable for leveraging existing resources in 
collagen studies [17, 19].

Masson’s trichrome staining  Masson’s trichrome stain-
ing is a histological technique utilized to assess the 

composition of collagen by specifically highlighting col-
lagen fibers in blue, allowing for its clear visual identifica-
tion within the tissue. This method is crucial as it enables 
the measurement of collagen area percentage in tissue 
sections through subsequent image analysis. While pro-
viding valuable quantitative data on bulk collagen content 
for studying various pathological conditions like breast 
cancer, it primarily reveals the overall amount rather than 
detailed fibrillar-level structural organization, for which 
techniques like SHG are more suited [20, 21].

Sirius red and picrosirius red staining  Sirius red stain-
ing and the closely related picrosirius red staining are 
collagen-specific histochemical techniques that function 
by intensely binding to collagen fibers and enhancing 
their natural birefringence when viewed under polar-
ized light, making them prominent methods for collagen 
structural analysis. They can be used to visualize collagen 
and are frequently combined with polarization micros-
copy to offer detailed insights into the organization of 
the collagen network within tissue samples. Picrosirius 
red staining, a variant of Sirius red, is prepared by mix-
ing Sirius Red with a saturated aqueous solution of picric 
acid. When viewed under light microscopy, picrosirius 
red stains collagen fibers red, while epithelial cells appear 
yellow. This staining method under polarized light inten-
sifies the birefringence of collagen, allowing for a more 
detailed assessment of its structure [22, 23].

Computational analysis
Following the acquisition of images through various 
staining and microscopy techniques, a range of compu-
tational methods are essential for extracting quantitative 
information about collagen fiber features. Automated 
tools like CT-FIRE (for fiber extraction and morphom-
etry) and CurveAlign (for spatial alignment analysis) are 
critical for processing SHG microscopy images, enabling 
precise quantification of fiber length, width, alignment, 
and orientation relative to tumor-stroma interfaces [24]. 
Beyond these automated approaches, more sophisti-
cated analytical techniques like curvelet transform are 
also employed. The curvelet transform is a sophisticated 
mathematical tool that is particularly well-adapted for 
analyzing images containing curve-like features, such 
as the fibrillar structure of collagen captured in SHG 
microscopy images [25]. By applying the curvelet trans-
form to SHG images, researchers can then derive several 
important quantitative features of individual collagen fib-
ers such as orientation, length, and curvature, providing 
a detailed characterization of the collagen network [26].

Other computational approaches provide valuable 
insights into collagen organization. Texture analysis, 
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which includes both first-order (evaluating the properties 
of individual pixels within an image) and second-order 
(assessing the relationships between pairs or groups of 
pixels) statistical techniques, enables the extraction of 
features indicative of structural changes in the collagen 
network. A key tool within this domain is the Gray Level 
Co-occurrence Matrix (GLCM), a statistical approach 
that examines the spatial relationships between pixel 
pairs to analyze the texture of collagen fibers. Param-
eters derived from GLCM, such as correlation and 
energy, provide significant distinctions in collagen fiber 
patterns. GLCM quantifies collagen texture via spatial 
pixel relationships. For example, GLCM energy reflects 
uniformity, while correlation indicates linear patterns. 
Coherence, a measure of fiber alignment, is calculated 
separately using structure tensor analysis [25].

Another valuable computational approach for quantita-
tively evaluating the overall orientation of collagen fibers 
within SHG microscopy images is the Fast Fourier Trans-
form (FFT) analysis. SHG image of collagen fibers is com-
posed of various directional elements, FFT decomposes 
SHG images into spatial frequencies. Dominant fiber 
alignment produces a frequency spectrum with intensity 
peaks perpendicular to the fiber direction. An ellipse fit-
ted to the spectrum quantifies alignment: a high aspect 
ratio (elongated ellipse) indicates strong alignment, while 
a circular shape reflects randomness. The aspect ratio 
defines the collagen orientation index [27, 28]. To derive 
a single, quantifiable measure of this overall orientation, 
an ellipse is often fitted to the distribution of frequencies 
in the spectrum. The shape of this fitted ellipse directly 
reflects the degree of fiber alignment: a highly elongated 
ellipse indicates a strong preference for a particular ori-
entation, whereas a more circular ellipse suggests a lack 
of dominant orientation. From the parameters of this 
ellipse, a collagen orientation index is calculated, pro-
viding a numerical value that characterizes the overall 
alignment of collagen fibers within the image. This allows 
for an objective and comparative assessment of collagen 
architecture in different biological contexts [29].

The integration of computational power extends to 
more advanced analytical paradigms. Machine learn-
ing and supervised learning algorithms are increasingly 
used to quantify and score the alignment of collagen fib-
ers concerning adjacent tumor-stromal boundaries, to 
predict patient survival outcomes [30]. It is worth noting 
that despite the advancements in automated and complex 
computational methods, manual quantification of colla-
gen fiber angles using tools like ImageJ remains a relevant 
approach in certain research studies [31, 32].

In addition to the diverse techniques employed, 
cancer-related modifications of collagen have been 
assigned various terms in different studies. In this 

review, the authors classify these terms into five dis-
tinct categories. The first category is alteration of the 
quantity or density of collagen in the TME, which is 
referred to by various labels, including the area of col-
lagen I, density, expression, deposition, content, and 
intensity. Collagen quantity is influenced by both bio-
synthesis and biodegradation. Moreover, collagen den-
sity is influenced by covalent intermolecular cross-links 
within collagen fibers [4]. The second category of colla-
gen that could be affected during cancer initiation and 
progression is indicated by fiber morphology, encom-
passing fiber width, length, and straightness/curviness 
[24]. The third feature is the intrinsic microstructural 
properties of individual collagen fibers, including fibril 
diameter, spacing, and order/disorder packing, which 
can be determined by the ratio of forward to backward 
(F/B) propagating SHG signals [12]. When a laser beam 
used for SHG microscopy interacts with the collagen 
fibers of the studied tissue sample, it generates SHG sig-
nals that can be emitted either in the same direction as 
the incident light (forward) or in the opposite direction 
(backward). The F/B SHG ratio quantifies the relative 
intensity of these forward and backward SHG signals 
and reflects the diameter or packing arrangement of the 
collagen fibrils within the tissue [12]. Fibrils with thin-
ner diameters or sparse packing structures may exhibit 
weaker forward SHG signals, resulting in a lower F/B 
ratio, which could be related to abnormal, dysregu-
lated, and rapid synthesis of collagen fibers (Fig. 1) [33]. 
Notably, the F/B SHG ratio reflects the aforementioned 
fibril properties, not the diameter or arrangement of 
the fibers [12].

However, the arrangement of collagen fibers can 
change during cancer progression, and terms such as 
organization, orientation, alignment, directionality varia-
tion, anisotropy, and dispersion can be attributed to this 
variable. Therefore, the fourth category is dedicated to 
collagen fiber organization. Additionally, during breast 
cancer progression, the angle of stromal collagen fibers to 
the tumor boundary tends to become perpendicular, rep-
resenting the fifth category [34]. Moreover, several stud-
ies have attempted to design prognostic indices based on 
various collagen features [25, 26, 35–37]. For example, 
researchers have defined different patterns of TME col-
lagen I, known as tumor-associated collagen signatures 
(TACSs), during tumor evolution. For example, TACS-1 
stands for dense collagen regions wrapped around emer-
gent tumor foci, TACS-2 represents straightened colla-
gen fibers stretched around a tumor, suggesting growth 
and increased volume, and TACS-3 is related to radi-
ally aligned collagen fibers associated with tumor cell 
invasion, potentially indicating invasive and metastatic 
growth (Fig. 2) [38].
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Another study attempted to identify and introduce 
more TACSs at the invasive front of breast tumors. 
TACS-4 involves collagen fibers forming a network near 
expanding tumors, creating a distinct tumor boundary. 
TACS-5 pertains to collagen fibers that align direction-
ally, facilitating one-way tumor cell migration without a 
clear boundary. TACS-6 indicates collagen fibers align 
chaotically, enabling multidirectional tumor cell migra-
tion without a clear boundary. TACS-7 refers to densely 
packed collagen fibers at the tumor invasion front that 
are mostly free of tumor cells, whereas TACS-8 refers 
to sparsely packed collagen fibers at the tumor invasion 
front that are mostly free of tumor cells, given that a sin-
gle tumor may contain a variety of TACSs, a prognostic 
index has been formulated to reflect the composite TACS 
profile for an individual patient [35]. Some of the impor-
tant collagen features analyzed in breast cancer research 
were summarized in Table 1.

Several studies have explored the associations of vari-
ous indices or features of collagen with different aspects 
of breast cancer, such as hormone receptor (PR, ER, 
HER2) expression, tumor stage, grade, and the likelihood 
of recurrence, metastasis, therapy response, and sur-
vival. Some studies have attempted to develop a prognos-
tic index based on various TME collagen features. Our 
objective was to conduct a systematic review that thor-
oughly reviewed these studies and uncovered intricate 
relationships between structural collagen features and 
breast cancer characteristics. Our analysis offers compre-
hensive insight into this complex association.

Materials and methods
Eligibility criteria
The eligibility criteria and research question have been 
established via the PICOs framework: “P” as popula-
tion, “I” as intervention, “C” as comparator/control, “O” 

Fig. 1  Schematic representation of the relationship between collagen structure and the forward-to-backward (F/B) Second Harmonic Generation 
(SHG) ratio. This figure illustrates how the F/B SHG ratio, obtained through SHG microscopy, reflects the microstructural properties of collagen fibers. 
On the left, a high F/B SHG ratio, indicative of normal tissue, is associated with well-organized collagen fibrils forming thick, intact fibers. In contrast, 
on the right, a low F/B SHG ratio, characteristic of pathologic tissue, suggests smaller fibril diameters, decreased order in interfibrillar packing, 
and increased fiber segmentation. The center panel depicts the SHG microscopy process, where a laser beam interacts with collagen, generating 
forward and backward SHG signals. The ratio of these signals provides insights into the collagen’s microstructural organization, which is altered 
in disease states

Fig. 2  Schematic depiction of Tumor-Associated Collagen Signatures (TACSs) during breast cancer progression. This figure illustrates the evolving 
patterns of collagen organization, known as TACSs, in breast cancer’s tumor microenvironment. The “Native collagen structure” panel shows 
the baseline arrangement of collagen fibers. TACS-1 depicts dense collagen surrounding emerging tumor, TACS-2 illustrates straightened collagen 
fibers stretched around the tumor, suggesting tumor growth and increased volume. Finally, TACS-3 shows radially aligned collagen fibers associated 
with tumor cell invasion, potentially indicating invasive growth
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as outcome, and “S” as study type [39]. The following 
inclusion criteria were based on the PICO structures:

1)	 Observational studies (cross-sectional, case-control, 
and cohort studies) published in English after 1990 
with available full-text and conference abstracts that 
evaluated the tumor-stromal collagen features of 
human breast cancer were included.

2)	 Studies with human breast cancer.
3)	 Studies have assessed the associations between TME 

collagen features of primary tumors in human breast 
cancer and the prognostic value of overall survival 
(OS), disease-free survival (DFS), relapse-free sur-
vival (RFS), and disease-specific survival (DSS)/can-
cer-specific survival (CSS).

4)	 Studies have assessed the associations between TME 
collagen features of primary tumors in human breast 
cancer and distant metastasis, recurrence, therapy 
resistance, tumor stage, tumor grade, and hormonal 
receptors of breast cancer cells (ER, PR, and HER2).

5)	 TME Collagen features include the following:

•	Collagen quantity: area, density, expression, dep-
osition, content, and intensity of collagen fibers.

•	Collagen morphology: collagen fiber width, 
length, and straight/curviness.

•	Collagen organization: orientation, alignment, 
directionality variation, dispersion, and uniform-
ity of collagen fibers.

Table 1  Collagen features in breast cancer research

Abbreviations: COL1A1 Collagen Type I Alpha 1, F/B Forward-to-Backward ratio, FFT Fast Fourier Transform, GLCM Gray-level co-occurrence matrix, IHC 
Immunohistochemistry, IGNN Intratumor graph neural network, LASSO least absolute shrinkage and selection operator, PSHG Polarization-dependent Second 
Harmonic Generation, TACSs Tumor-associated collagen signatures, TCMFs TACS corresponding microscopic features, SHG Second Harmonic Generation, PLM Polarized 
Light Microscopy

Feature Category Features Definition Measurement Methodologies

Quantity/Density Total collagen density/volume Overall collagen content in tissue, reflecting 
synthesis, deposition, or degradation.

SHG microscopy (collagen fiber volume, pixel 
ratio), Masson’s trichrome/Sirius Red staining 
(collagen area percentage), IHC/real-time PCR 
(COL1A1 expression).

Collagen intensity Signal strength of collagen in stained 
or imaged samples.

Sirius Red staining (light microscopy), SHG 
microscopy (signal intensity).

Collagen Morphology Fiber curvature/straightness Degree of bending in fibers (curvature) 
or linearity (straightness).

SHG microscopy + CT-FIRE/CurveAlign (fiber 
tracing), ANN-based segmentation (length/
width ratios).

Fiber width/thickness Diameter or thickness of individual collagen 
fibers.

SHG/PLM imaging + CT-FIRE, CurveAlign.

Fiber length End-to-end or contour length of collagen 
fibers.

SHG microscopy + CT-FIRE, CurveAlign, ANN 
segmentation.

Collagen Organization Fiber alignment/anisotropy Directional uniformity of fibers (0 = random, 
1 = aligned).

SHG microscopy + CurveAlign (anisotropy 
coefficients), PLM (birefringence analysis).

Collagen orientation index Quantifies alignment (0 = random, 1 = 
linear).

FFT analysis + ellipse fitting (aspect ratio).

GLCM parameters Spatial relationships between pixels (e.g., 
correlation, energy).

Texture analysis of SHG/Sirius Red images 
(GLCM matrices).

Ratio parameter (PSHG) Proportion of fibrils conforming to polarized 
SHG model.

Polarization-dependent SHG (PSHG) + FFT 
analysis.

Collagen Microstructure F/B SHG ratio Forward-to-backward SHG signal ratio; 
reflects fibril diameter/packing.

SHG microscopy (emission direction analysis).

Perpendicular Relative 
to Tumor Boundary

TACS-3 signature Straightened, aligned collagen fibers per-
pendicular to tumor boundary.

SHG microscopy + computational scoring 
(fiber angle, alignment).

Prognostic Indices TACS scores (1–3, 1–8) Composite scores of collagen signatures 
(e.g., TACS-3 = perpendicular fibers).

SHG imaging + ridge/LASSO regression 
(weighted collagen patterns).

TCMF score Microscopic collagen features (e.g., fiber 
length, texture).

Multiphoton microscopy + LASSO regression.

IGNN score Spatial heterogeneity of TACS patterns 
via graph neural networks.

SHG imaging + graph neural networks (spatial 
biomarker interactions).

Collagen Prognostic Index Combines directionality, density, and disper-
sion scores.

Picrosirius Red staining + scoring system.
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•	Angle between the fiber direction and the tumor 
boundary

•	The microstructural properties of collagen are 
determined by the forward-SHG to backward-
SHG ratio.

•	Prognostic indices were developed on the basis of 
collagen features.

Investigations that met the following criteria were 
excluded:

1)	 Reviews, commentaries, case reports, and case series.
2)	 In vitro and in vivo studies
3)	 Studies not related to the topic of interest
4)	 Studies for which the full text was either unavailable 

or not in English.

Information sources
The search was conducted in four main electronic data-
bases: PubMed/MEDLINE, Web of Science (WOS), 
Scopus, and Embase via www.​Embase.​com until June 1, 
2023, and was updated on September 1, 2024. Further-
more, the search was extended to gray literature, includ-
ing conference papers. We also reviewed the references 
within the selected studies to perform a comprehensive 
search and prevent any data from being overlooked.

Search strategy
The current study was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses guidelines [40]. The primary search terms 
employed in the search strategy were neoplasm, breast 
cancer, and collagen I. The search syntax was altered in 
other databases (Table S1). They were limited to English, 
which was published after 1990.

Selection process
Three steps were performed to include a paper in the 
study. Initially, duplicates were eliminated using EndNote 
software (version X9.3.3; Thomson Reuters, Philadelphia, 
U.S.A.) and manual searching. Two independent authors 
(S.H. and F.T.) assessed the titles and abstracts of the 
remaining studies. Ultimately, two authors (S.H. and S.S.) 
separately evaluated the studies based on their full text. 
Any disagreement between the two authors was resolved 
through consensus and subsequently validated by a third 
author (R.G.).

Data collection process
Data from each study were independently extracted 
by two researchers (S.H. and S.S.) and entered into 

a designated “Data Extraction Form.” Discrepancies 
between the two authors were resolved through con-
sensus and subsequently reviewed by a third author 
(F.T.).

Data items
Data extraction for each included study was con-
ducted according to the following criteria: author, year 
of publication, sample size, collagen features (defined 
by the authors of the included studies), collagen fea-
ture category (defined by the authors of the present 
systematic review, including quantity, morphology, 
microstructural properties, organization, angle related 
to the tumor boundary, and invented prognostic indi-
ces), and association of collagen features with survival, 
metastasis, grade, stage, therapy response, recurrence, 
and hormonal receptor (PR, ER, HER2) status.

Quality assessment
Study quality was assessed by two researchers (S.H. and 
F.T.) using the Newcastle-Ottawa Scale [41] tool. The 
NOS tool is structured around three domains—selection, 
comparability, and exposure or outcome—and assigns a 
total possible score ranging from to 0–9 [42]. Based on 
this evaluation, the studies were categorized into three 
levels of quality: good, fair, and poor. In cases of disagree-
ment between the two authors, a third author (Z.M.) was 
consulted to reach consensus.

Protocol and registration
This systematic review has been registered in the Open 
Science Framework (OSF), with the URL: OSF | Assoc​
iatio​n of tumor​al colla​gen topol​ogy with breas​t cance​r 
patie​nts’ clini​cal outco​mes:​ A syste​matic​ review.

Result
Study selection
A comprehensive search of four major databases (Pub-
Med/MEDLINE, Web of Science, Scopus, and Embase) 
from inception to September 1, 2024, yielded 21,531 
references. After removing duplicates and excluding 
review articles, 13,081 studies remained for title and 
abstract screenings. Of these, 12,081 were excluded 
based on the eligibility criteria. Full-text assessment 
of the remaining 100 studies led to the exclusion of 
56 studies, primarily due to insufficient data or non-
compliance with the inclusion criteria. Finally, 44 stud-
ies were included in the qualitative analysis. A detailed 
flowchart illustrating the search process is shown in 
Fig. 3.

http://www.Embase.com
https://osf.io/d7qt3/
https://osf.io/d7qt3/
https://osf.io/d7qt3/
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Study characteristics
All the studies (n = 44) were performed on female 
human breast tumor samples. Geographically, most 
clinical studies were conducted in the USA (n = 16) 
and China (n = 16). The remaining 12 studies were 
conducted in Singapore (2), Greece (2), Ukraine (2), 
Norway (1), Brazil (1), United Kingdom (1), Russia (1), 
Lithuania (1), and Sweden (1). Data were extracted 
from the included articles to evaluate and integrate the 
results (Tables S1 and S2 in Supplementary File 1 and 
Tables in Supplementary File 2). Noticeably, significant 
variation has been observed among studies on the type 
of breast cancer samples, methodology for studying col-
lagen and defining various collagen features. To analyze 
the association between collagen features and breast 
cancer outcomes, information about methodology, col-
lagen features, and their categories was designed by the 
authors of the present paper, evaluated the clinical fea-
tures of patients, and extracted key findings.

Quality assessment
Of the 40 peer-reviewed studies, the majority (n = 37) 
were assessed as high-quality according to the NOS 

quality assessment tool, while the rest (n = 3) were 
considered fair. Fig. 4 shows the quality of the included 
studies.

Clinical outcomes
Survival prediction
To describe the prognostic significance of collagen fea-
tures, data were subdivided into three dedicated sections: 
(1) collagen quantity, (2) collagen architecture, and (3) 
collagen-based prognostic indexes. Key findings are sum-
marized in Table 2.

Collagen quantity and survival outcomes  The rela-
tionship between the quantity of collagen fibers and 
patient outcomes was studied in multiple studies. These 
studies suggest that this molecule can have diverse 
effects depending on molecular subtype of breast can-
cer and the location of collagen in the TME, such as the 
intratumor or tumor-nest boundary. In luminal breast 
cancer, elevated intratumoral collagen quantity corre-
lated with worse overall survival (OS), demonstrated 
by a hazard ratio (HR) of 7.84 in univariate analysis 
and significance in multivariate analysis. However, 
this effect was not consistent across all breast cancer 

Fig. 3  Flow-chart for the search strategy according to the Preferred Reporting Items for Systematics Reviews and Meta-Analyses (PRISMA) guideline
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subtypes [43]. Two other studies have reported that the 
total amount of collagen deposition did not correlate 
with survival [44, 45]. Two studies revealed that a dense 
layer of collagen fibers surrounding tumor nests was 
linked to better OS (HR = 0.96) and progression-free 
survival (PFS, HR = 0.95) [44] and improved disease-
free survival (DFS) and OS in triple-negative breast 
cancer (TNBC) patients [46]. However, two other stud-
ies revealed that increased overall collagen density 
is associated with worse DFS (HR = 2.107) [47] and 
disease-specific survival (DSS) with no significant cor-
relation [23] in breast cancer patients. Another study 
revealed that increased intratumoral collagen uniform-
ity (density) did not significantly affect OS [43].

Collagen architecture and survival outcomes  Multi-
ple studies have investigated the organization of tumor 
collagen and its association with patient survival using 
SHG. One study found that several collagen framework 
features, including wider collagen fibers (HR=14.25), 
high variability in collagen fiber width (HR=5.01), a more 
disorganized arrangement of collagen fibers (HR=4.07), 
and high variability in collagen fiber arrangement across 
different regions of the tissue (HR=4.54), were associ-
ated with worse overall survival in invasive breast can-
cer patients, even after adjusting for other factors. On 
the other hand, median fiber straightness (HR=0.12) was 
associated with better overall survival [25]. Another study 
demonstrated that more uniform fibers alignment was 

associated with worse DFS (HR = 1.96, p = 0.011) and 
that it trended toward reduced DSS (HR = 1.59, p = 0.10) 
[23]. Two studies failed to establish the prognostic value 
of collagen orientation for OS [27, 43]. The discrepancy 
between these investigations could be attributed to the 
angle of the aligned collagen fibers. To clarify, when the 
studied fibers are oriented parallel to the tumor periph-
ery, more anisotropic structured fibers could be associ-
ated with better OS (HR = 0.06, p = 0.007) [44]. However, 
perpendicular angle relative to the tumor boundary with 
more well-aligned collagen fibers (defined as TACS-3) 
were significantly associated with worse DFS (HR = 2.59, 
p = 0.002) and DSS (HR = 2.25, p = 0.008) compared to 
less-aligned fibers [23]. Two additional studies reinforced 
this trend, linking TACS-3 to poorer DFS (HR = 2.39, 
p = 0.017; HR = 3.04, p = 0.02) and DSS (HR = 2.17, p 
= 0.037; HR = 3.34, p = 0.017) [17, 48]. However, one 
study found no significant correlation between TACS-3 
or combined TACS-2 (aligned collagen constraining 
tumors) and TACS-3 and OS or progression-free survival 
(PFS) [44].

Moreover, no significant correlation was discovered 
between DFS or DSS and fiber curvature [23]. Further-
more, multivariate Cox analysis revealed that better 
overall survival was marginally related to a lower F/B 
ratio after adjusting for traditional prognostic factors, 
although this relationship was not statistically significant 
(p = 0.068) [27].

Fig. 4  Summary of quality assessment
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Prognostic value of collagen‑based indexes  Recent 
advances in developing prognostic biomarkers in breast 
cancer leverage TME collagen architecture. Xi et al. [35] 
developed a model using eight (TACS-1–8), where colla-
gen alignment at the tumor’s invasive front predicted out-
comes. For example, TACS-1 and TACS-4 (coefficients 
= 1.575 and 1.101) correlated with better survival, while 
others, particularly TACS-3 and TACS-6 (coefficients = 
1.905 and 1.535) signaled higher risk. When combined 
with clinical factors, this model achieved strong accuracy 
for 5-year DFS (AUC: 0.854) and stratified low- and high-
risk patients (HR = 5.548) [35]. Complementing this, Xi 
et  al. [26] analyzed TACS corresponding microscopic 
features (TCMFs), including fiber texture and density, 
refining predictions. Combining TCMFs with TACS and 

clinical factors boosted accuracy (AUC: 0.882) and strati-
fied low- and high-risk patients (HR = 6.9) [26]. To cap-
ture hidden prognostic clues, Qiu et al. modeled spatial 
collagen interactions using an intratumor graph neural 
network (IGNN), which outperformed traditional clini-
cal factors (HR = 8.77) by integrating regional biomarker 
relationships [36]. At tumor boundaries, Huang et  al. 
identified collagen signatures at tumor boundary (CSTB) 
that surpassed clinical models in risk stratification (AUC: 
0.753) and enhanced nomogram accuracy [49]. Further-
more, four other studies successfully developed unique 
models centered on collagen features to predict survival 
[23, 25, 37, 46]. These studies highlight collagen’s role as 
a prognostic marker, offering tools to personalize treat-
ment by identifying undertreated high-risk patients.

Table 2  Association of collagen features with survival outcomes

Definitions: Collagen Texture Correlation (Higher values indicate more uniform and consistent collagen patterns). Standard Deviation of Magnitude (Higher values 
reflect greater disorganization in collagen arrangement). Intratumoral Collagen Uniformity (Higher values mean the fibers are more evenly distributed and closely 
packed). Ln R2 value: (higher values reflect greater anisotropy). Ln F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and 
decreased fiber segmentation)

OS Overall Survival, DFS Disease-Free Survival, BCSS Breast Cancer-Specific Survival, DSS Disease-Specific Survival, PFS Progression-Free Survival, HR Hazard Ratio, NA 
Not Available, TACS Tumor-associated collagen signature, Ln R2 value Natural logarithm of the R-squared value, Ln F/B Natural logarithm of the Forward-to-Backward 
ratio

Association Collagen Feature Survival Type: HR (p-value) invasive/in situ Reference

Decreased Survival Rate Intratumoral Collagen Quantity OS: HR = 7.84 (p = 0.031) Invasive [43]

High Collagenous Stroma DFS: HR = 2.107 (p = 0.037) [10]

Collagen Texture Correlation OS: HR = 4.54 (p = 0.003) [25]

Mean Fiber Width OS: HR = 14.25 (p = 0.010)

Standard Deviation of Fiber Width OS: HR = 5.01 (p = 0.011)

Standard Deviation of Magnitude OS: HR = 4.07 (p = 0.002)

Fiber Alignment DFS: HR = 1.96 (p = 0.011) [23]

TACS-3 DFS: HR = 2.59 (p = 0.002)
DSS: HR = 2.25 (p = 0.008)

DFS: HR = 2.39 (p = 0.017)
DSS: HR = 2.17 (p = 0.037)

[17]

DFS: HR = 3.04 (p = 0.02)
DSS: HR = 3.34 (p = 0.02)

[48]

Increased Survival Rate Local Collagen Density OS & DFS NA [46]

PFS: HR = 0.95 (p = 0.026)
OS: HR = 0.96 (p = 0.047)

Invasive [44]

Local Collagen Alignment OS: HR = 0.05 (p = 0.010)

Median Fiber Straightness OS: HR = 0.12 (p < 0.001) [25]

No Significant Association
With Survival Rate

Intratumoral Collagen Uniformity OS Invasive [43]

Type I Collagen Protein Expression OS & BCSS [45]

Fiber Density DSS [23]

Total Collagen Deposition OS & PFS [44]

Fiber Curvature DFS & DSS [23]

Intratumoral Collagen Organization OS [43]

TACS-3 OS & PFS [44]

TACS-2 and TACS-3

Ln F/B OS NA [27]

Ln R2 value
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Recurrence
According to multiple studies, many aspects of collagen 
fibers are associated with the risk of recurrence (Table 3). 
One study showed that DCIS cases with wider collagen 
fiber width and higher collagen numbers (specifically 
within the box with a specific sizes of 48x48 µm and 
96x96 µm) had a better recurrence-free survival. Con-
versely, DCIS cases with higher fiber straightness and 
greater distance to the nearest two fibers showed worse 
recurrence-free survival. Researchers have also intro-
duced five composite factors, three of which are inversely 
associated with recurrence. These include Factor 2 (high 
density, long distance to boundary), which is associated 
with better recurrence-free survival. Factor 3 (serpentine, 
not straight) is also inversely associated with recurrence. 
Finally, Factor 5 (long, wide fibers) is also associated with 
better recurrence-free survival. Factor 1 (high density, 
low alignment) and Factor 4 (high alignment, parallel to 
boundary) showed no significant association with recur-
rence [24]. One study demonstrated that in univariate 
analysis, elevated intratumoral collagen quantity was 
associated with a fourfold increased risk of recurrence 
(HR = 4.13) in luminal breast cancer subtypes. Higher 
intratumoral collagen uniformity (reflecting fiber density) 
was linked to a threefold increased relapse risk (HR = 
3.20), which remained significant in multivariate models 

intratumoral collagen organization showed no associa-
tion [43]. Conversely, low expression of COL1A1 pro-
tein (indicating reduced collagen synthesis) was linked 
to inferior 3-year relapse-free survival (RFS; log-rank p 
= 0.046) in young breast cancer patients, though mRNA 
levels showed no association (p = 0.781) [10]. Another 

Table 3  Association of collagen features with recurrence

Definitions: Intratumoral Collagen Uniformity (Higher values indicate fibers are more closely packed and evenly distributed). Ln F/B: (Higher value indicates larger fibril 
diameter, increased order in interfibrillar packing, and decreased fiber segmentation).

NS Not Significant, NA Not Available, TACS Tumor-associated collagen signature, Ln F/B Natural logarithm of the Forward-to-Backward ratio

Association Collagen Feature HR (p-value) Invasive/in situ Reference

Increased Risk of Recurrence Intratumoral Collagen Quantity HR = 4.13 (p = 0.023) Invasive [43]

Intratumoral Collagen Uniformity HR = 3.20 (p < 0.001)

Ln F/B HR = 3.39 (p = 0.019) [27]

Distance to Nearest 2 Fibers HR = 1.47 (p = 0.02) In situ [24]

Straightness HR = 1.47 (p = 0.03)

Low COL1A1 Protein Expression Log-rank p = 0.046 NA [10]

Decreased Risk of Recurrence Total Length Minus End-to-end Length (Curviness) HR = 0.77 (p < 0.001) In situ [24]

Width (µm) HR = 0.57 (p = 0.01)

Collagen Numbers (within the box with a specific size, 48×48 
µm)

HR = 0.58 (p = 0.003)

Collagen Numbers (within the box with a specific size, 96×96 
µm)

HR = 0.60 (p = 0.004)

No Significant Association Intratumoral Collagen Organization NS Invasive [43]

Presence of TACS-3 (%) In situ [50]

Collagen Alignment [50]

Total Length (µm), End-to-end Length (µm), Collagen Numbers (within the box 
with a specific size, 24×24 µm), Alignment of the Nearest 4 Fibers, Box Alignment 
24×24 µm, Distance to Tumor/Stromal Boundary (µm), Angle Relative to Tumor/
Stromal Boundary (°)

[24]

COL1A1 mRNA Expression NA [10]

Table 4  Association of collagen features with invasiveness

Definitions: Intratumoral Collagen Uniformity (Higher values indicate fibers are 
more closely packed and evenly distributed). F/B: (Higher value indicates larger 
fibril diameter, increased order in interfibrillar packing, and decreased fiber 
segmentation). Collagen Dispersion (Higher values indicate a more random and 
less parallel arrangement of collagen fibers). Collagen Directionality (Higher 
values indicate a more perpendicular angle of collagen fibers relative to the 
boundary). Collagen Solidity (Higher values indicate greater collagen density)

 NA Not Available, NS Not Significant, F/B Forward-to-Backward ratio

Outcome Collagen Feature p-value Reference

Collagen Directionality p < 0.0001 [22]

Negative 
Association 
with Invasive-
ness

Collagen Dispersion p = 0.005

F/B ratio in Ductal Carcinoma p < 0.05 [54]

Collagen Density p < 0.0001 [55]

Collagen Orientation p < 0.001 [28]

No Asso-
ciation 
with Invasive-
ness

Collagen Fiber Quantity NS [53]

Collagen Fiber Organization

Collagen Fiber Uniformity

Collagen Solidity [22]

F/B ratio in Lobular Carcinoma [54]



Page 12 of 24Heydari et al. Breast Cancer Research           (2025) 27:69 

study identified the ln F/B ratio as prognostic marker in 
ER-positive, distant metastasis-positive patients treated 
with tamoxifen. Elevated ln F/B correlated with a 3.39-
fold higher recurrence risk (HR = 3.39) [27]. Additionally, 
researchers have observed a positive but insignificant 
relationship between the alignment of collagen fibers 
at the tumor boundary of DCIS lesions and recurrence. 
Moreover, the TACS-3 pattern at the tumor boundary 
was not correlated with recurrence [50]. However, con-
sistently high and low recurrence rates were associated 
with high and low TACS (1–8) scores, respectively [35]. 
Furthermore, various textural features of stromal col-
lagen adjacent to DCIS are significantly associated with 
DCIS recurrence [51]. Another study introduced a new 
indicator called the collagen prognostic index. This index 
is computed by combining three distinct scores: collagen 
directionality score (rated 1–3), collagen solidity score 
(rated 1–3), and collagen dispersion score (rated 1–3). 

These scores are derived from the specific characteristics 
of collagen fibers, such as their directionality, dispersion, 
and density. Directionality and dispersion were measured 
in degrees (°), while solidity was measured in pixels. A 
high index was an independent predictor of poor prog-
nosis for recurrence [22].

Cancer invasiveness
Five studies analyzed the correlation between breast can-
cer cell invasiveness and collagen features (Table 4). One 
study reported a negative relationship between collagen 
density and breast cancer invasiveness [52], whereas the 
other reported that the proportion of collagen fibers rela-
tive to tumor cells was significantly greater in invasive 
breast cancer cases than in in  situ breast carcinomas 
[53], and there was no significant relationship between 
collagen quantity and invasiveness in the two assays 
[22, 53]. This discrepancy could be due to differences in 

Table 5  Association of collagen features of invasive breast tumors with overall stage

Definitions: Intratumoral Collagen Uniformity: (Higher values indicate fibers are more closely packed and evenly distributed). F/B: (Higher value indicates larger fibril 
diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Collagen SHG Area Fraction (Higher values indicate a greater collagen content 
within the tissue). Angular Anisotropy (Higher values indicate collagen fibers are more aligned)

NS Not Significant, TACS Tumor-associated collagen signature, Ln F/B Natural logarithm of the Forward-to-Backward ratio, SHG Second Harmonic Generation

Association Collagen Feature p-value Comparison Reference

Positive Association with Overall Stage Intratumoral Collagen Uniformity p = 0.004 III > I-II [43]

Collagen Content p = 0.005 II-IV > 0-I [47]

No Association with Overall Stage Total Collagen Deposition
Local Collagen Density
Local Collagen Alignment
TACS-3
TACS-2 + TACS-3

NS NS [44]

Ln F/B NS NS [44]

Collagen SHG Area Fraction
Angular Anisotropy

NS NS [57]

Table 6  Association of collagen features of invasive breast tumors with T stage

Definitions: F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and decreased fiber segmentation)

NS Not Significant, F/B the Forward-to-Backward ratio, COL1A1 Collagen Type I Alpha 1

Association Collagen Feature p-value Comparison Reference

Positive Association with T 
Stage

F/B ratio in Lobular Carci-
noma

p < 0.05 T4 > T1-3 [54]

Density p = 0.003 T2 > T1 [58]

Negative Association with T 
Stage

COL1A1 Protein Expression p = 0.04 T1 > T2 > T4 > T3 [10]

Width p < 0.0001 T1 > T2 [58]

Length p = 0.0006 T1 > T2

No Association with T 
Stage

COL1A1 mRNA Expression NS NS [10]

F/B Ratio in Ductal Carci-
noma

NS NS [54]

Straightness NS T1 = T2 [58]

Angle
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the methods used to define and calculate the collagen 
content. Furthermore, one investigation revealed a sta-
tistically significant increase in the F/B ratio in ductal 
carcinoma in situ (DCIS) peritumoral stroma compared 
with invasive ductal carcinoma (IDC) tumoral stroma; 
however, this distinction between invasive and in  situ 
carcinomas was not observed in patients with lobular 
carcinoma. Furthermore, an investigation indicated that 
the fibers of invasive breast cancers tend to be more per-
pendicular to the tumor boundary than those of in  situ 
breast cancers [22]. Additionally, one study showed that 
in patients with lobular carcinoma, collagen alignment is 
more ordered in in situ breast cancers [28].

Stage
This section delves into the complex relationship 
between collagen features within invasive breast tumors 
and the established clinical staging systems. Variations 
in collagen organization, density, and specific molecular 
markers are explored in relation to overall stage, tumor 
size/local extent (T), lymph node involvement (N), and 
distant metastasis (M).

Overall stage  Several studies have explored the link 
between collagen features and the overall clinical stages 
of breast cancer (Table  5). In two investigations, higher 
intratumoral collagen uniformity, indicating more 
closely packed and evenly distributed fibers, along 
with increased collagen content, was associated with 
advanced overall stage [43, 47]. However, another study 
found no association between F/B ratio and stage [56]. 
Furthermore, one study revealed no significant correla-
tion between tumor stage and collagen characteristics, 
including total collagen deposition, local collagen align-
ment and density, or the presence of TACS-3 and TACS-
2+TACS-3 [44]. This was consistent with another study 
that reported no significant associations between tumor 
stage and the content or organization of collagen fibers 
[57].
T component of TNM staging system  In the TNM 
staging system, three papers examined the relation-
ship between collagen features and the T category 
(Table  6). One study revealed that early  T  stage breast 
tissue had a significantly lower F/B ratio than healthy 
breast tissue. The F/B ratio was significantly elevated in 
advanced  T  stage invasive lobular carcinomas (ILCs), 
but not in IDC patients. These findings suggest that the 
microstructural characteristics of collagen fibrils during 
the progression of larger tumors can revert to their initial 
condition [54]. Another study aimed to assess the expres-
sion of collagen type I α1 (COL1A1), which encodes the 
major component of collagen I, via immunohistochemi-
cal (IHC) staining. In the context of T category, there was 

a gradual decrease in COL1A1 protein expression across 
T1, T2, and T3 tumors. However, in T4 tumors, COL1A1 
expression increased compared to T3 tumors. Notably, 
the transcript expression of COL1A1 was not signifi-
cantly correlated with T classification [10]. Furthermore, 
one study reported that collagen density showed a signifi-
cant positive association with T stage, with T2 having a 
higher density than T1, while width and length of colla-
gen fibers showed a significant negative association with 
T stage, with T1 having a greater width and length than 
T2. Straightness of collagen fibers showed no significant 
association with T stage [58].

N and M components of TNM staging system  Several 
studies have explored the connection between collagen 
characteristics and lymph node status (Table  7) or dis-
tance metastasis (Table 8).

Fifteen investigations analyzed the correlation between 
nodal status and collagen content and density via tech-
niques such as SHG microscopy and staining with Sirius 
red, Masson’s trichrome, or trichrome Mallory (Fig.  5). 
Collagen content is described in various ways, including 
the collagen area, density, quantity, uniformity, fiber vol-
ume, deposition, intensity, content, and expression. Six 
of these studies indicated a positive relationship between 
tumor collagen content and lymph node metastasis [11, 
21, 29, 43, 58, 59]. Conversely, nine studies reported no 
differences in tumor collagen intensity between nodal-
positive and nodal-negative groups [10, 20, 29, 43, 44, 47, 
57, 60]. Nevertheless, in one case, the authors indicated 
that statistical significance may be achieved with larger 
sample sizes [60]. Furthermore, in the context of distance 
metastasis, two investigations reported a negative cor-
relation between collagen content and distant metastasis 
[20, 57].

Three studies have evaluated the relationship between 
lymph node or distance metastasis and the SHG F/B ratio 
of the tumor stroma, which depends on the fibril diam-
eter and alignment of fibril packing in individual collagen 
fibers. One study noted that IDC patients with extensive 
lymph node involvement (N3, n = 9) showed a greater 
F/B ratio compared to those with less involvement (N0–
N2, n = 132), though the small number of N3 cases might 
limit this finding. However, another study found no sig-
nificant difference in the F/B ratio among ILC samples 
across various lymph node stages (N0–N3) or with dis-
tant metastasis (M0 vs. M1). Similarly, no significant 
F/B ratio differences were observed in IDC samples with 
varying distant metastatic statuses (M0 vs. M1). Evidence 
suggests that early in cancer progression, the stromal 
tissue around tumor cells may exhibit reduced collagen 
fibril thickness and a more disordered arrangement, 
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potentially leading to changes in F/B ratio, with a possi-
bility of reversion to a more original state as the tumor 
advances [54]. Furthermore, analysis revealed a signifi-
cant relationship between an increased F/B ratio of the 
tumor and reduced incidence of metastasis in patients 
with ER-positive breast cancer [27, 56].

Several studies have focused on the relation-
ship between collagen fiber organization and lymph 
node metastasis. Three assays revealed that lymph 

node-positive breast cancers have more organized colla-
gen than lymph node-negative breast cancers [29, 57, 59]. 
Additionally, the fibers were straighter in lymph node-
positive samples [58]. In contrast, one study reported 
that lymph node-negative breast cancers, compared to 
lymph node-positive ones, show significantly greater 
parallel alignment (as indicated by higher eccentricity) 
and fiber distribution uniformity (as indicated by higher 
energy). However, there was no significant difference 

Table 7  Association of collagen features of invasive breast tumors with N stage

Definitions: Intratumoral Collagen Uniformity (Higher values indicate fibers are more closely packed and evenly distributed). F/B: (Higher value indicates larger fibril 
diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Collagen SHG area fraction (Higher values indicate a greater collagen content 
within the tissue). Angular Anisotropy (Higher values indicate collagen fibers are more aligned). Co-relation (Higher values indicate organized spatial patterns). 
Eccentricity (Higher values indicate parallel alignment). Energy (Higher values indicate homogeneous fiber distribution). Aspect Ratio (Higher values indicate more 
anisotropic alignment)

Abbreviations: NA Not Available, NS Not Significant, TACS Tumor-associated collagen signature, F/B the Forward-to-Backward ratio, SHG Second Harmonic Generation, 
COL1A1 Collagen Type I Alpha 1

Association Collagen Feature p-value Comparison Reference

Positive Association with N 
Stage

Collagen Alignment NA NA [59]

Collagen Area p < 0.05

COL1A1 Expression p < 0.001 NA [11]

Fiber Volume p = 0.0036 NA [29]

Co-relation p = 0.0007 NA

Collagen Content p = 0.015 NA [21]

F/B ratio in Ductal Carci-
noma

p < 0.05 N3 > N0-N2 [54]

Collagen Uniformity p = 0.034 NA [43]

Density p < 0.0001 N1 > N0 [58]

Straightness p < 0.0001 N1 > N0

Angular Anisotropy p = 0.0079 NA [57]

Negative Association 
with N Stage

Eccentricity, Energy p < 0.05 NA [29]

Width, Length p < 0.0001 N0 > N1 [58]

No Association with N 
Stage

F/B ratio in Lobular Carci-
noma

NS NA [54]

Collagen Intensity NS NA [60]

Total Collagen Deposition NS NA [44]

Local Collagen Density

Local Collagen Alignment

TACS-3

TACS-2 and TACS-3

Inter-Fiber Distance NS NA [29]

Aspect Ratio NS NA

Angle NS N0 = N1 [58]

Intratumoral Collagen 
Quantity
Intratumoral Collagen 
Organization

NS NA [43]

Collagen Area Percentage NS NA [20]

Collagen SHG Area Fraction NS N0 = N1 [57]

COL1A1 Protein Expression NS N0=N1-N3 [10]

COL1A1 mRNA Expression NS N0=N1-N3

Collagen Content NS N0=N1-N3 [47]
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in anisotropic alignment (as indicated by aspect ratio) 
between the two groups [29]. Another study found that 
lymph node-negative samples exhibited significantly 
greater length and width of collagen fibers than lymph 
node-positive cases. There was no significant difference 
in the angle of tumor growth between the two groups 
[58].

In one study, there was no statistically significant 
association between MFS length and the anisotropy of 
the overall orientation of collagen fibers, as measured 

by fast Fourier transform (FFT) image analysis, within 
the combined (ER-positive and ER-negative) sample 
set or in the ER-positive and ER-negative subpopula-
tions, respectively. However, regarding the ER-positive 
group results, the negative relationship between MFS 
length and anisotropy (p = 0.058) may still be con-
sidered questionable and should be examined further 
[27]. Furthermore, two other studies did not find any 
association between fiber alignment and lymph node 
metastasis [43, 44]. Jiang et  al. reported that taut, 

Table 8  Association of collagen features of invasive breast tumors with M stage

Definitions: F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Ln R2 value: (higher values 
reflect greater anisotropy). Collagen SHG area fraction (Higher values indicate a greater collagen content within the tissue)

Abbreviations: NA Not Available, NS Not Significant, Ln R2 value Natural logarithm of the R-squared value, Ln F/B Natural logarithm of the Forward-to-Backward ratio

Association Collagen Feature p-value Comparison Reference

Negative Association with M Stage Ln F/B p = 0.004 NA [27]

Ln F/B p < 0.005 NA [56]

Collagen Area Percentage p = 0.0102 NA [20]

Collagen SHG Area Fraction p = 0.0072 M0 > M1 [57]

No Association with M Stage F/B Ratio NS NA [54]

Ln R2 value NS NA [27]

Fig. 5  Scattered plot summarizing the results of studies investigating the association between lymph node status of invasive breast cancer patients 
with content/density of collagen in the tumor microenvironment. Each dot relates to a reference showing the name of the first author (publishing 
year), and the collagen content/density-related variable. The size of the dots corresponds to the p-value, as shown in the guide box. Collagen 
Uniformity indicates whether fibers are closely packed and evenly distributed
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Table 9  Association of collagen features with grade

Definitions: F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Collagen Dispersion (Higher 
values indicate a more random and less parallel arrangement of collagen fibers). Collagen Directionality (Higher values indicate a more perpendicular angle of 
collagen fibers relative to the boundary). Collagen Solidity (Higher values indicate greater collagen density). TACS-3: (characterized by bundles of straightened and 
aligned collagen fibers that are oriented greater than 60 degrees perpendicular to the tumor boundary). TACS-2 and TACS-3: (Refers to the presence of collagen fibers 

Association Collagen Feature p-value Comparison Invasive/In situ Reference

Positive Association with Grade Total Collagen Deposition p < 0.0001 NA Invasive [44]

Collagen Solidity p < 0.0001 III > II > I In situ [22]

Collagen Density p < 0.0001 III > II NA [58]

Collagen Directionality p < 0.0001 III > II > I In situ [22]

Anisotropy p < 0.0001 II > I NA [15]

Local Collagen Alignment p = 0.014 NA Invasive [44]

TACS-3 p = 0.039 NA

TACS-2 and TACS-3 p = 0.030 NA

Homogeneity, Straightness (annotated 
by semi-automated methods), Number 
of Pixels in The Mask (annotated by high 
detail manual method), Energy, Informational 
Measure of Correlation 1,

p < 0.010 III > I-II Invasive [25]

Negative Association with Grade Collagen Dispersion p < 0.0001 I-II > III In situ [22]

COL1A1 Protein Expression p = 0.0163 II > III NA [10]

Collagen Density p < 0.05 Low-grade > high-grade In situ [62]

Collagen Density p < 0.0001 Low-grade > high-grade Invasive [52]

Collagen Density p < 0.05 Low-grade > high-grade In situ [63]

Collagen Numbers (within the box 
with a specific sizes, 48x48 µm and 96x96 
µm), Distance to nearest 2 fibers, Total length 
minus end-to-end length, Width

p < 0.05 I > II > III In situ [24]

F/B ratio p < 0.05 I > II Invasive [54]

Fractal Dimension, Number of Endpoints, 
Contrast, Inertia, Average, Variance, Entropy, 
Magnitude, Number of pixels in the mask 
(annotated by semi-automated method), 
Straightness (annotated by high detail 
manual)

p < 0.05 I-II > III Invasive [25]

Ratio Parameter Values p < 0.0001 II > III NA [15]

Length p < 0.0001 II > III NA [58]

Width p = 0.0042

No Association with Grade Total Length, Straightness, Collagen Numbers 
(within the box with a specific size, 24x24 
µm), Alignment of the Nearest 4 Fibers, Box 
Alignment 24x24 µm, Distance to Tumor/
Stromal Boundary, Angle Relative to Tumor/
Stromal Boundary

NS NS In situ [24]

Local Collagen Density NS NS Invasive [44]

Collagen Fiber Density NS NS NA [46]

The Presence of TACS-3 NS NS In situ [50]

Collagen Fiber Straightness NA NS Invasive [32]

Variation in Fiber Direction

F/B ratio NS I = III
II = III

Invasive [54]

Ln F/B NA NS NA [27]

Collagen Fiber Length NS NS NA [46]

COL1A1 mRNA Expression NS NS NA [10]

Straightness NS NS NA [58]

Angle to the Regions of Tumor Growth
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parallel collagen fibers around tumor nests were the 
most frequently observed collagen features in a lymph 
node-negative breast cancer group. The lymph node-
positive group had more straightened and aligned col-
lagen fibers, tending to be perpendicular to the tumor 
boundary [11]. Furthermore, there was a strong associ-
ation between lymph node metastasis and TACS-1 and 
−4 (negative), and TACS-5 and −6 (positive). Moreo-
ver, they demonstrated that the likelihood of lymph 
node metastasis increased with increasing TACS (1–8) 
and TCMF scores [61]. Nevertheless, one investigation 
revealed no association between collagen alignment 
and the presence of TACS in different nodal statuses 
[44].

Grade
Sixteen studies investigated the association between 
breast cancer grade and collagen features (Table  9). 
Three investigations have been conducted on the 

microstructural properties of collagen fibers. One study 
showed that the F/B ratio of tumor samples of patients 
with grade I was higher than that of grade II, while there 
were no significant differences between grades III and I 
or II [54]; however, the small sample size, especially for 
grades I (n = 8) and III (n = 15), may not provide a sta-
tistically robust comparison. Another investigation that 
compared the median F/B ratio showed that there were 
no differences between different breast cancer grades and 
F/B ratios [27]. Tsafas et al. showed that, among diverse 
grades of breast cancer samples, the fiber anisotropy in 
grade I samples was the lowest, and the presence of fibrils 
with thin diameters or sparse packing structures in grade 
III samples was the highest [15].

Among the nine investigations focused on collagen 
density and tumor grade (Fig.  6), three studies showed 
no differences in collagen density and different tumor 
grades [24, 44, 46], while two studies showed a strong 
positive association between collagen density and tumor 

oriented at greater than 45 degrees perpendicular to the tumor boundary). Ratio Parameter Values: (Higher value indicates a more intact and symmetrically structured 
collagen). Homogeneity (Higher values mean smoother texture). High Detail Manual: (Experts create more intricate manual annotations to capture complex collagen 
patterns). Semi-Automated: (Automated thresholding is combined with manual refinement for more objective annotations). Energy: (Higher values mean more 
uniform texture). Informational measure of correlation 1: (Higher values mean complex texture with correlated pixel relationships). Fractal dimension: (Higher values 
mean more complex collagen patterns). Number of endpoints: (Higher values mean a denser, more branched collagen network). Contrast: (Higher values mean 
more texture variations). Inertia: (Higher values mean more local contrast and complex texture). Average: (Higher values reflect the average intensity of pixel pairs). 
Variance: (Higher values indicate variability in the sum of pixel pairs). Entropy: (Higher values mean more randomness in collagen texture). Magnitude: (Higher values 
mean stronger alignment of collagen fibers). Number of pixels in the mask: (Higher values indicate a greater extent of collagen presence in the image)

Abbreviations: NA Not Available, NS Not Significant, TACS Tumor-associated collagen signature, Ln F/B Natural logarithm of the Forward-to-Backward ratio, COL1A1 
Collagen Type I Alpha 1

Table 9  (continued)

Fig. 6  Scattered plot summarizing the results of studies investigating the association between tumor grade of breast cancer patients with density 
of collagen in the tumor microenvironment. Each dot relates to a reference showing the name of the first author (publishing year), the collagen 
density-related variable, and invasive/in situ (indicated where specified by the reference). The size of the dots corresponds to the p-value, as shown 
in the guide box. Collagen solidity, representing collagen density. 24x24, 48x48, 96x96 indicate counts of fibers within a 24, 48, or 96-micron square 
box centered on the fiber centroid. BC, breast cancer
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grade [22, 58], and four investigations indicated that col-
lagen density in low-grade tumors is significantly higher 
than that in high-grade tumors [24, 55, 62], underscoring 
that the relationship between collagen density and tumor 
grade is not consistently defined across studies and may 
vary depending on factors such as tumor type or specific 
methodologies.

Regarding collagen fiber alignment, two studies sup-
ported the correlation between tumor grade and 
increased collagen anisotropy [22, 44], while two other 
studies did not find any association [24, 32]. Furthermore, 
when examining the presence of TACS-3, one study 
found a significant relationship between tumor grade and 
TACS-3 as well as tumor grade and (TACS-2 + TACS-3) 
[44]. In contrast, three other studies found no differences 
[24, 50, 58]. Furthermore, while three studies showed no 
significant differences between tumor grade and collagen 
straightness [24, 32, 58], other studies indicated a rela-
tionship between higher tumor grade and reduced curvi-
ness, width, or length of collagen fibers [24, 58]. Adding 
to this complexity, there is evidence of a significant posi-
tive association between total collagen deposition and 
tumor grade in an invasive carcinoma study [44], while 
collagen dispersion was negatively associated with grade 
(I-II > III) [22]. Similarly, COL1A1 protein expression 
showed a negative association with grade [47], and dis-
tance to the nearest 2 fibers also decreased with increas-
ing grade [24]. Conversely, total length, alignment of the 
nearest 4 fibers, box alignment (24x24 µm), distance to 
tumor/stromal boundary, COL1A1 mRNA expression, 
length and straightness in some studies showed no sig-
nificant association with tumor grade [24, 32, 46, 47, 58].

In a recent study, researchers developed a novel 
approach for detecting tumor collagen in bright-field his-
tology images of breast carcinoma, utilizing three distinct 
annotation methods: Low Detail Manual, where experts 
subjectively estimate collagen fiber directions with simple 
lines, resulting in less detailed annotations; High Detail 
Manual, which involves a more intricate manual anno-
tation by experts to capture complex collagen patterns; 
and semi-automated, which merges automated thresh-
olding with manual refinement for more objective anno-
tations. The study found that high-grade samples were 
significantly associated with texture descriptors, such 
as energy1, homogeneity2, and informational measure 

of correlation 13; however, low-grade samples exhibited 
higher levels of fractal dimension4, number of endpoints5, 
contrast6, inertia7, average8, variance9, entropy10, and 
magnitude11. These descriptors quantify the local varia-
tions in the gray-level co-occurrence matrix of the image. 
Furthermore, the study revealed that straightness and 
number of pixels in the mask, two key collagen features, 
varied with tumor grade, depending on the estimation 
method. High-detail manual annotations showed higher 
straightness in low-grade samples and more pixels in 
high-grade samples. In contrast, semi-automated meth-
ods indicated higher straightness and pixel count in high-
grade and low-grade samples, respectively. This suggests 
that the annotation method can significantly influence 
the interpretation of collagen characteristics in breast 
cancer [25].

Receptor (PR, ER, HER2) status
Seven studies evaluated the relationship between hor-
mone receptors in primary breast cancer cells and colla-
gen structures (Table 10).

According to one study, tumors that were ER+ and PR+ 
had a higher collagen density than those that were nega-
tive. However, researchers found no association between 
HER2 and collagen content [10]. Another study reported 
that ER- tumors exhibited significantly higher total col-
lagen deposition and local collagen alignment compared 
to ER+ tumors. Additionally, PR- tumors showed signifi-
cantly higher local collagen density than PR+ tumors [44]. 
According to another experiment, there was no signifi-
cant relationship between the hormone receptor status 
of cancer cells and the angle of the fibers relative to the 
boundary of the tumor. However, the assessment showed 

1  Energy is a texture descriptor derived from the spatial gray-level co-occur-
rence matrix that measures the uniformity of pixel pair repetitions. High 
energy values indicate more repetitive patterns and textures in the image.
2  Homogeneity assesses the closeness of the distribution of elements in 
the spatial gray-level co-occurrence matrix to the matrix diagonal. Higher 
homogeneity values suggest less contrast and a more uniform texture across 
the image.

3  Informational Measure of Correlation 1 measures the correlation of a 
pixel to its neighbor over the whole image. It’s based on the entropy of the 
gray-level co-occurrence matrix and the entropy of the image, providing 
insight into the complexity and the amount of information in the image’s 
texture.
4  Fractal dimension indicates the complexity of the collagen framework, 
with higher values suggesting a more intricate and detailed pattern.
5  A higher number of endpoints typically indicates a more complex and 
denser collagen network.
6  A higher contrast value indicates greater disparity in intensity between 
neighboring pixels, which often corresponds to a more pronounced texture 
in the image.
7  Inertia is a method of examining the spatial relationship between pixels. 
The higher the inertia value, the greater the local contrast and the more 
complex the texture pattern in the image.
8  The average intensity value of pixels in the gray-level co-occurrence 
matrix which reflects the average level of gray in the texture.
9  Variance measures the spread of the intensity values around the average, 
which indicates the amount of variation or dispersion from the average.
10  Entropy is a measure of randomness or complexity in the image texture. 
High entropy values indicate more complex and less predictable textures.
11  Magnitude summarizes the collagen framework’s directional properties.
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that low collagen density was detected more in ER-, PR-, 
or HER2+ and high dispersion was seen in tumors whose 
cancer cells were ER+ or PR+ [22].

For the determination of microstructural properties of 
breast cancer with different hormone receptor statuses, 

one study reported no association [56]. In contrast, 
another assay showed a higher F/B ratio in ER- and PR- 
-tumors than in ER+ and PR+ -tumors [27]. Finally, two 
articles delved into the relationship between hormone 
receptor status and the presence of different TACS. In 

Table 10  Association of collagen features with receptor status (ER, PR, HER2)

Definitions: F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Collagen Dispersion (Higher 
values indicate a more random and less parallel arrangement of collagen fibers). Collagen Directionality (Higher values indicate a more perpendicular angle of 
collagen fibers relative to the boundary). Collagen Solidity (Higher values indicate greater collagen density). TACS-3: (characterized by bundles of straightened and 
aligned collagen fibers that are oriented greater than 60 degrees perpendicular to the tumor boundary). TACS-2 and TACS-3: (Refers to the presence of collagen fibers 
oriented at greater than 45 degrees perpendicular to the tumor boundary)

Abbreviations: NA Not Available, NS Not Significant, TACS Tumor-associated collagen signature, Ln F/B Natural logarithm of the Forward-to-Backward ratio, COL1A1 
Collagen Type I Alpha 1, ER Estrogen receptor, PR Progesterone Receptor, HER2 Human Epidermal Growth Factor Receptor 2

Collagen Feature ER Association PR Association HER2 Association Invasive/In situ Reference

Ln F/B ER− > ER+ (p < 0.001) PR− > PR+ (p = 0.003) NS NA  [27]

TACS-3 ER− > ER+ (p = 0.002) PR− > PR+

(p = 0.02)
HER2+ > HER2− (p = 0.002) In situ  [50]

Total Collagen Deposition ER− > ER+ (p = 0.005) NS NS Invasive  [44]

Local Collagen Density NS PR− > PR+ (p = 0.038) NS

Local Collagen Alignment ER− > ER+ (p = 0.031) NS NS

TACS-3 NS NS NS

TACS-3 and TACS-2 NS NS NS

Ln F/B NA NS NS Invasive  [56]

Collagen Solidity ER− > ER+ (p = 0.001) PR− > PR+ (p < 0.0001) HER2+ > HER2− (p < 0.0001) In situ  [22]

Collagen Dispersion ER+ > ER− (p = 0.019) PR+ > PR− (p = 0.029) NS

Collagen Directionality NS NS NS

COL1A1 Protein Expression ER+ > ER− (p = 0.0011) PR+ > PR− (p < 0.0001) NS NA  [10]

COL1A1 mRNA expression ER+ > ER− (p = 0.001) PR+ > PR− (p < 0.004) NS

Type I Collagen Protein Expression ER+ > ER− (p < 0.01) NA NA Invasive  [45]

Table 11  Association of collagen features with therapy response

Definitions: F/B: (Higher value indicates larger fibril diameter, increased order in interfibrillar packing, and decreased fiber segmentation). Tortuosity 1: (90 th 
percentile tortuosity of fibers in tumor nest border). Tortuosity 2: (standard deviation of fiber tortuosity in tumor nest borders). Tortuosity 3: (mean tortuosity of fibers 
in tumor nest borders). Tortuosity 4: (median fiber tortuosity in densely inflamed stroma). Angle 1: (standard deviation of fiber relative-angles in bulk tumor borders). 
Angle 2: (proportion of fibers with high relative-angles in bulk tumor borders). Width 1: (kurtosis of fiber widths in tumor nest borders). Width 2: (skewness of fiber 
widths in tumor nest borders). F/B 1: (F/B in the tumor host interface of HER2+ patients, selecting pixels was based on an intensity threshold). F/B 2: (F/B in Triple-
negative breast cancer patients)

Abbreviations: NA Not Available, NS Not Significant, TACS Tumor-associated collagen signature, Ln F/B Natural logarithm of the Forward-to-Backward ratio, NACT​ 
Neoadjuvant Chemotherapy

Association Collagen Feature p-value Therapy Invasive/In situ Reference

Negative Association with Therapy 
Response

Ln F/B p = 0.019 Tamoxifen NA [27]

Tortuosity (1–4), 
Angle (1–2), 
and Width (1–2)

p < 0.05 Chemotherapy (Paclitaxel) + HER2-Tar-
geted Agents (Trastuzumab/Pertuzumab)

NA [66]

Collagen Content p = 0.005 Multi-therapy (Adriamycin/Cytoxan, Pacli-
taxel, Carboplatin, Bevacizumab)

Invasive [47]

Collagen Volume p < 0.001 NA Invasive [65]

Positive Association with Therapy 
Response

F/B (1) p = 0.0246 NACT (a taxane, an anthracycline, cyclo-
phosphamide, etoposide, 5-fluorouracil, 
methotrexate, and/or platinum therapy) + 
Mastectomy

NA [64]

No Association with Therapy Response F/B (2) NS

Average 
fiber angle 
at the tumor 
boundary
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this regard, while one study showed no significant rela-
tionship [44], another study confirmed that TACS-3 was 
higher in ER-, PR-, and HER2+ [50].

Therapy response
Five papers focused on the relationship between collagen 
features and therapeutic response (Table 11). According 
to one study, individuals with metastatic ER+ breast can-
cer, who were treated with tamoxifen, exhibited poorer 
progression-free survival (PSF) if their pretreated pri-
mary tumor had a higher F/B ratio than did those with 
a lower F/B ratio in the pretreated primary tumor. [27]. 
In HER2+ biopsy samples of pretreated primary tumors, 
a higher F/B ratio at the tumor-host interface has been 
linked to a better pathological response following neo-
adjuvant chemotherapy (NACT) and tumor resection, 
as determined by the residual cancer burden (RCB) clas-
sification. However, the F/B ratio was not significantly 
correlated with RCB class in TNBC biopsies [64]. Two 
studies reported a negative association between collagen 
content and neoadjuvant therapy response [47, 65]. One 
study revealed that fibers perpendicular to the tumor 
boundary tangents, fiber tortuosity, and thickness in the 
tumor nest borders of specimens from stage II-III HER2-
positive breast cancer patients were negatively associated 
with pathological complete response (pCR) [66]. Another 
study revealed that the average fiber angle at the tumor 
boundary was not correlated with RCB class in HER2-
positive or TNBC biopsy samples [64].

Discussion
This systematic review comprehensively examined the 
association between collagen architecture and breast 
cancer patient outcomes through September 2024. To 
understand this complex relationship, we explored mul-
tiple aspects of breast cancer, including survival, metas-
tasis, treatment response, recurrence, tumor grade, 
stage, and receptor status. Many studies have employed 
advanced techniques such as SHG to study fibrillar col-
lagen. Building on this foundation, we highlighted the 
potential of TACS scores and other computational mod-
els incorporating collagen features as prognostic tools. 
Additionally, by comparing the findings from multiple 
studies, we investigated the relationship between specific 
collagen components and distinct breast cancer charac-
teristics, revealing potential clinical implications, con-
flicting results, and knowledge gaps.

While the majority of studies consistently revealed 
that specific collagen characteristics (including 
increased collagen quantity, a more aligned and ani-
sotropic orientation, fibers arranged perpendicular to 
tumor boundaries, poorer microstructural properties 
(lower F/B SHG ratio), and straighter fibers) correlated 

with poorer prognosis in human breast cancer, substan-
tial investigations found no association, and a smaller 
group of studies reported opposite results. Mechanisti-
cally, the increased stiffness of the collagen-rich ECM 
can impede immune cell infiltration [67] while facili-
tating cancer cell migration [68] and altering cellular 
metabolism to favor tumor cell invasion [69]. Con-
versely, collagen can play a role in antitumor immu-
nity by providing a scaffold for antitumor cytokines 
[70]. However, induction of T-cell exhaustion through 
collagen-mediated leukocyte-associated immunoglobu-
lin-like receptor 1 (LAIR-1) signaling complicates this 
picture [71]. Additionally, collagen may contribute to 
tumorigenesis by internalizing into cancer cells, pro-
viding energy and amino acids for their growth in a 
typically hypoxic and nutritionally stressed TME [72]. 
Thus, the overall impact of collagen on cancer progres-
sion depends on the delicate balance between these 
opposing effects within the complex tumor microen-
vironment. Additionally, aligned collagen fibers cre-
ate highways that facilitate tumor cell migration and 
spread, especially when they are arranged perpendicu-
lar to the tumor boundary [73]. The collagen recep-
tor, discoidin domain receptor 1 (DDR1), is crucial 
for establishing an aligned collagen architecture. The 
DDR1 ectodomain cleavages and remodels the collagen 
matrix into a parallel structure [74]. These aligned col-
lagen fibers in perivascular regions and around tumor 
epithelial cells dictate the migratory trajectory of T 
cells and restrict them from entering tumor islets [41]. 
Anti-DDR1 antibodies disrupt collagen alignment and 
facilitate immune cell infiltration [74].

Based on the elegant studies by Burke, K. [27, 54] and 
Dessa, D. [56, 64], the poorer microstructural proper-
ties of collagen, as indicated by a lower F/B SHG ratio, 
are significantly associated with unfavorable prognosis in 
human breast cancer. This observation aligns with find-
ings in pancreatic cancer, where increased matrix metal-
loproteinase (MMPs)-mediated cleaved COL-I (cCOL-I) 
has been linked to tumor progression [75]. This indicates 
that a low F/B SHG ratio (reflecting a predominance of 
more segmented and thinner collagen fibrils with more 
random inter-fibril packing structures) [12]) might indi-
cate a higher proportion of cCOL-I within the tumor 
microenvironment. cCOL-I engages DDR1, initiating a 
signaling cascade that stimulates collagen macropinocy-
tosis and mitochondrial biogenesis, enhances tumor bio-
energetics, and ultimately promotes tumor growth and 
metastasis. Therefore, a lower F/B SHG ratio, as hypothe-
sized by the higher abundance of cCOL-I, could contrib-
ute to a more aggressive tumor phenotype. Furthermore, 
increased metabolic activity driven by cCOL-I-mediated 
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signaling might create a more permissive environment 
for tumor cell proliferation and invasion [75, 76].

However, the results of studies examining the relation-
ship between tumor-stromal collagen characteristics and 
patient outcomes in breast cancer are remarkably contra-
dictory, which underscores the complex and multifaceted 
role of collagen in breast cancer, highlighting the impor-
tance of context in determining the effect of collagen and 
the need for further investigation. To fully harness the 
potential of this research area, it is crucial to establish 
standardized methods for analyzing collagen features. By 
implementing standardized methodologies, researchers 
can better understand the influence of collagen on cancer 
progression. This will not only facilitate the integration of 
different studies but also pave the way for the develop-
ment of cost-effective and valuable collagen-based prog-
nostic tools for clinical use.

To fully understand the complex relationship between 
TME collagen and patient outcomes, future studies 
should address several critical factors.

First, ensuring an adequate sample size across all study 
groups is crucial. Smaller studies, as seen in some study 
groups of the reviewed research [27, 54] are more sus-
ceptible to chance variations and may not represent 
a broader patient population. Increasing sample sizes 
strengthens the validity of the findings and allows for 
more generalizable conclusions [77].

Second, standardizing methodologies for collagen 
analysis is highly beneficial. This encompasses vari-
ous aspects, such as tissue processing and staining 
approaches, detection techniques, and software and 
calculation methods used for image analysis [78]. For 
instance, various steps in the processing and mounting of 
sample tissues may affect the F/B ratio, emphasizing the 
need for standardized protocols [64]. The current lack 
of standardization creates challenges when researchers 
compare the findings of different studies. By establishing 
standardized techniques, future research can seamlessly 
integrate data and pave the way for more conclusive 
results.

Third, addressing the inconsistencies in the defini-
tion and measurement of collagen features is critical. 
Our review highlighted discrepancies, such as the term 
“uniformity” encompassing fiber density or distribution 
in various studies [43, 53]. Similar inconsistencies exist 
for other features, such as alignment [23, 44, 50, 59] and 
density [22–25, 43, 44, 46, 52, 53, 55, 59, 62]. This lack of 
standardization hinders our ability to compare findings 
and ultimately to understand how collagen influences 
patient outcomes. Establishing consistent definitions and 
measurement techniques is the key to unlocking the full 
potential of this research area.

Fourth, determining the spatial distribution of collagen 
fibers relative to the tumor is critical. In situ breast cancer 
primarily features peritumoral collagen, whereas invasive 
breast cancer exhibits both peritumoral and intratumoral 
collagen, with collagen often interspersed among cancer 
cells at the invasive front [34, 35]. Notably, distinct col-
lagen characteristics within these spatial contexts may 
differentially affect disease outcomes. For instance, while 
total collagen deposition in invasive breast cancer did 
not correlate with survival, local collagen density, meas-
ured as collagen content within a 50-pixel radius from 
the tumor-normal boundary, was significantly associated 
with a better prognosis [44]. This discrepancy, potentially 
attributable to variations in the collagen region of inter-
est and methodological approaches, suggests that colla-
gen quantity alone may not fully capture its influence on 
tumor behavior.

Fifth, the clinical heterogeneity of breast cancer, includ-
ing receptor expression, tumor grade, invasiveness, ori-
gin, treatment history, and age, is crucial for interpreting 
collagen-related findings. The prognostic value of col-
lagen is context-dependent, as evidenced by disparate 
results across studies. For instance, while an elevated F/B 
ratio correlates with favorable outcomes in ER+ breast 
cancer patients, its prognostic significance in other sub-
populations remains equivocal [27]. Given that COL1A1 
expression is often higher in ER+ tumors [10, 45], poten-
tially influenced by estrogen, and F/B (reflecting fibril 
diameter and packing) was observed to be lower in ER+ 
patients [27], it could be hypothesized that while estro-
gen may promote collagen production, it might also con-
tribute to disrupted fibrillogenesis within the malignant 
context. Meanwile, in ER+ group, patients exhibiting a 
higher F/B ratio might represent a subgroup where fibril 
diameter and packing are relatively preserved, poten-
tially counteracting some of the adverse effects associ-
ated with estrogen-driven ECM alterations and leading 
to improved outcomes. One study reported a positive 
association between F/B ratio in ductal carcinoma and 
N stage, with N3 tumors showing a higher F/B than 
N0-N2. This is particularly interesting as N3 represents 
more extensive lymph node metastases. The authors 
speculate this “normalization” of F/B in highly meta-
static tumors might facilitate further spread. Intensity 
threshold-based F/B at the tumor-host interface is corre-
lated with the RCB class in HER2+ biopsy samples, but 
this correlation was not detected in TNBC samples [64]. 
Moreover, a notable study reported a higher F/B ratio in 
DCIS peritumoral stroma collagen than in collagen fib-
ers within the IDC tumor, but this disparity was absent in 
lobular carcinoma [54]. Additionally, variations in ECM 
remodeling from early-stage to late-stage disease and dif-
ferences in mutation profiles further modulate collagen 
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characteristics, contributing to the complex and some-
times conflicting prognostic associations observed across 
studies [34]. For example, TP53 mutations are often asso-
ciated with increased MMP activity, potentially leading 
to a more fragmented collagen network [79], while PIK3 
CA mutations might enhance growth factor signaling 
that promotes collagen deposition and alignment [80]. 
This emphasis on the complex nature of the relationship 
between tumor cells and collagen characteristics and 
underscores the need for more comprehensive and well-
designed research. Given the importance of these stud-
ies, the authors have provided all available patient data of 
included papers in Supplementary File 2. These detailed 
patient data can help researchers develop more accurate 
prognostic models and targeted therapies based on col-
lagen characteristics.

Conclusion
In conclusion, this review highlights the complex and 
often contradictory roles of collagen in breast cancer. 
Although promising, the field requires standardized 
methodologies and larger studies to establish collagen as 
a reliable prognostic or predictive biomarker. Given its 
potential impact on tumor biology, exploring the role of 
collagen in other cancers is warranted.
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H&E	� Hematoxylin and eosin
IHC	� Immunohistochemistry
IGNN	� Intratumor graph neural network
IDC	� Invasive ductal carcinoma
LAIR-1	� Leukocyte-associated immunoglobulin-like receptor 1
MMP	� Matrix metalloproteinase
MFS	� Metastasis-free survival
NACT​	� Neoadjuvant chemotherapy
NOS	� Newcastle‒Ottawa scale
OS	� Overall survival
pCR	� Pathological complete response
PSF	� Progression-free survival
RFS	� Relapse-free survival
RCB	� Residual cancer burden
SHG	� Second harmonic generation
TCMF	� TACS corresponding microscopic features
TME	� Tumor microenvironment
TACS	� Tumor-associated collagen signature
WOS	� Web of Science
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