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	Year
	Country
	Sample Size
	Methodology
	Investigated Collagen Feature
	Collagen Feature definition [endnoteRef:1] [1:  Includes quantity, morphology, microstructural properties, organization of collagen fiber, perpendicular alignment of fibers to tumor boundary, and prognostic indexes.] 

	Evaluated clinical features of patients
	Key Findings
	NOS[endnoteRef:2] score [2:  Newcastle-Ottawa Scale 26.	Salmon, H., et al., Matrix architecture defines the preferential localization and migration of T cells into the stroma of human lung tumors. J Clin Invest, 2012. 122(3): p. 899-910.] 


	M. W. Conklin et al. [28]
	2011
	USA
	196
	SHG[endnoteRef:3] microscopy [3:  Second-harmonic microscopy (SHG)] 

	TACS-3[endnoteRef:4] signature  [4:  tumor-associated collagen signatures (TACS)-3: Bundles of straightened and aligned collagen fibers oriented perpendicular to the tumor boundary] 

	Perpendicular alignment of fibers to tumor boundary
	· Survival 
	The presence of TACS-3 is associated with poor DSS[endnoteRef:5] and DFS[endnoteRef:6]. [5:  Disease-specific survival (DSS)]  [6:  Disease-free survival (DFS)] 

	6

	S. M. Kakkad et al. [29]
	2012
	USA
	14
	SHG microscopy
	Total collagen fiber volume
	Quantity
	· Lymph-node metastasis

	Higher Collagen fiber density in LN+[endnoteRef:7] breast cancers (fiber volume = 29.22%, inter-fiber distance = 2.25 µm) compared to LN- (fiber volume = 20.33%, inter-fiber distance = 2.88 um). [7:  Lymph node (LN)] 

The statistical analysis revealed a p-value of 0.0036 for fiber volume, indicating a significant finding, while the p-value for inter-fiber distance was 0.0807, which suggests a trend that may not be statistically significant.
	7

	
	
	
	
	
	Inter-fiber distance
	
	· 
	
	

	
	
	
	
	
	GLCM[endnoteRef:8] parameters (co-relation[endnoteRef:9] and energy[endnoteRef:10]) [8:  The Gray Level Co-occurrence Matrix (GLCM) is a statistical method used to analyze the texture of Collagen fibers by examining the spatial relationship between pixel pairs in an image.]  [9:  Co-relation in GLCM is a measure of how a pixel is related to its neighboring pixel, ranging from 1 (positively correlated) to -1 (negatively correlated). Higher co-relation in tissue samples indicates denser Collagen fibers.]  [10:  Energy (Uniformity/Angular Second Moment) measures the uniformity of an image, with a value of 1 indicating a constant image. Lower energy in tissue samples indicates denser and more organized Collagen fibers] 

	Organization
	· 
	LN- patients exhibited significantly decreased correlation and increased energy compared to LN+ patients, suggesting a less organized and less dense collagen fiber network in LN- patients. However, LN- patients also displayed a significant higher eccentricity and aspect ratio of collagen fibers compared to LN+ patients, indicating a more linear alignment of these fibers. These seemingly contradictory findings suggest that while the overall collagen fiber network is less organized in LN- patients, the individual fibers that are present exhibit a more linear arrangement.
	

	
	
	
	
	
	Fourier transform[endnoteRef:11] parameters (aspect ratio[endnoteRef:12] and eccentricity[endnoteRef:13]) [11:  Fourier transform texture analyses of Collagen fibers involve quantifying fiber patterns by fitting an ellipse to the Fourier transform of images.]  [12:  Aspect Ratio in Fourier Transform texture analysis of collagen in tissue samples indicates the ratio of the major axis to the minor axis of the ellipse, reflecting the organization and alignment of collagen fibers.]  [13:  Eccentricity in Fourier Transform texture analysis measures the ratio of the distance between the foci of an ellipse and the length of its major axis, providing information about the directional organization of collagen fibers within the tissue sample.] 

	
	· 
	
	

	K. Burke et al. [30]
	2013
	USA
	261
	SHG microscopy
	F/B ratio[endnoteRef:14] [14:  Forward-emitted to backward-emitted (F/B) ratio; Fibrils with thinner diameters or sparse packing structures may exhibit weaker forward SHG signals, resulting in a lower F/B ratio.] 

	Microstructural properties
	· Invasiveness
· Lymph-node and distance metastasis
· Grade
· Stage


	The F/B ratio of the SHG signal was significantly lower in IDC[endnoteRef:15] compared to DCIS[endnoteRef:16]. However, this distinction between invasive and in situ carcinoma was not observed in cases with lobular carcinoma. [15:  Invasive ductal carcinoma (IDC)]  [16:  Ductal carcinoma in situ (DCIS)] 

In the context of N-stage[endnoteRef:17], while there might be a difference in the F/B SHG ratio between early (N0-N2) and advanced (N3) lymph node involvement in IDC, there is no significant change in this ratio with progression from no metastasis to distant metastasis within IDC. Similarly, for ILC[endnoteRef:18], lymph node involvement does not seem to associate with the F/B SHG ratio. [17:  N refers to whether the cancer has spread to the lymph nodes. It can be between 0 and 3. 0 means that there are no lymph nodes containing cancer cells. And 3 means that there are lots of lymph nodes containing cancer cells.]  [18:  Invasive lobular carcinoma (ILC)] 

In cases with IDC, while there seems to be a difference between G1 and G2 grades regarding the F/B ratio, this difference does not persist when comparing G2 with G3 or G1 with G3. The F/B ratio for G3 appears to fall between that of G1 and G2, suggesting a potential intermediate phenotype.
In IDC (n=144), the F/B ratio decreases across all stages compared to healthy tissue. In ILC (n=147), significant decreases occur in T1, T2, and T3. Interestingly, the F/B ratio slightly increases in the T4 stage for ILC, with no significant differences from healthy tissue. Overall, the F/B ratio remains relatively stable across different T stages for both IDC and ILC.
	6

	J. S. Bredfeldt et al. [31]
	2014
	USA
	196
	SHG microscopy with Semi-automated acquisition and analysis[endnoteRef:19] [19:  a process that combines automated imaging and computational techniques with some level of human intervention to quantify and score features of collagen fiber alignment] 

	Fiber curvature
	Morphology
	· Survival
	Fiber classification scores produced by the Semi-automated technique accurately predicted survival.
The TACS-3 score is a powerful predictor of survival in patients, suggesting that it could be a valuable biomarker in breast carcinoma prognosis.
Unlike fiber curvature, the hazard ratios for fiber density and fiber alignment also show significant associations with survival outcomes but to a lesser extent than the TACS-3 score.
	7

	
	
	
	
	
	TACS-3 score
	Perpendicular alignment of fibers to tumor boundary

	· 
	
	

	
	
	
	
	
	Fiber density
	Quantity

	· 
	
	

	
	
	
	
	
	Fiber alignment
	Organization
	· 
	
	

	A. Brabrand et al. [32]
	2015
	Norway
	37
	SHG microscopy
	Collagen fiber straightness
	Morphology

	· Grade
	There were no significant differences in collagen fiber straightness and alignment between high-grade and low-grade tumors.

	8

	
	
	
	
	
	Collagen fiber alignment
	Organization
	· 
	
	

	K. Burke et al. [33]
	2015
	USA
	221
	SHG emission direction analysis[endnoteRef:20] [20:  SHG emission direction analysis measures the ratio of forward-to-backward SHG signals emitted by fibrillar collagen in tumor tissues, providing insights into collagen fiber microstructure.] 

	F/B ratio[endnoteRef:21] [21:  Reflects the microstructural properties of collagen fibers, including fibril diameter, spacing, and packing arrangement.] 

	Microstructural properties
	· Grade
· Receptors expression
· Survival 
· Distant metastasis 
· Therapy response
· 
	The median levels of the F/B ratio were found to have no association with tumor grade. 
The median levels of the F/B ratio were associated with ER and PR status, but not with HER2 status. It was observed that ER-negative and PR-negative samples had higher levels of F/B ratio.
In 125 ER+[endnoteRef:22] (but not in 96 ER-[endnoteRef:23], nor in 221 combined ER+ and ER-), LN- breast cancer patients, an increased F/B ratio was significantly associated with favorable MFS[endnoteRef:24] and OS[endnoteRef:25]. [22:  ER-positive (ER+)]  [23:  ER-negative (ER-)]  [24:  Metastasis-free survival (MFS)]  [25:  Overall survival (OS)] 

An increased F/B was associated with shorter PFS[endnoteRef:26] in 60 ER+ metastatic breast cancer patients treated with tamoxifen. [26:  Progression-free survival (PFS)] 

	7

	
	
	
	
	FFT[endnoteRef:27] image analysis [27:  Fast Fourier transform (FFT)] 

	R2 value[endnoteRef:28] [28:  as a measure of the anisotropy of the overall orientation of the ensemble of collagen fibers in the image] 

	Organization
	· Survival 
· Distant metastasis
	No statistically significant relationship was observed between ln R and the length of MFS or OS within the combined (ER+ and ER-) sample set, as well as the ER+ and ER- subpopulations.
	

	Y. Wu et al. [34]
	2015
	China
	20
	SHG microscopy
	Collagen architecture
	Morphology
	· Grade 

	In low-grade IDC, Collagen fibers surrounding tumor cells exhibited a relatively circular structure with noticeable distortion and slight reduction.
In high-grade IDC, Collagen fibers surrounding tumor cells were markedly thinner, longer, and straighter with increased spacing, 
	7

	
	
	
	
	
	Collagen density
	Quantity
	· 
	A significant reduction in collagen density in high-grade IDC (in contrast with low-grade IDC) was observed.
	

	Y. Wu et al. [35]
	2015
	China
	14
	SHG microscopy
	Collagen architecture
	Morphology
Organization
	· Invasiveness
	In DCIS, collagen showed no significant alteration compared to the normal case.
In IDC, collagen displayed a significant loss and was arranged randomly, and also, they were thin with greater bundle spacing.
	7

	
	
	
	
	
	Collagen density
	Quantity
	· 
	Significant reduction in collagen density in IDC (in contrast with DCIS).
	

	L. Wang et al. [36]
	2016
	China
	95
	Masson’s trichrome staining
	collagen content
	Quantity
	· Lymph-node metastasis
	In IDC cases, higher collagen content is linked to the LN+ status of breast cancer.
	7

	X. W. Xue et al. [37]
	2017
	China
	38
	Sirius red staining
	collagen intensity
	Quantity
	· Lymph-node metastasis
	No statistically significant correlation between collagen intensity and lymph node status in invasive breast cancer.
	7

	M. W. Conklin et al. [38]
	2018
	USA
	227
	SHG microscopy
	The presence of TACS-3
	Perpendicular alignment of fibers to tumor boundary
	· Receptors expression
· Grade
· Recurrence
	Greater fiber angles surrounding DCIS lesions were associated with features typical of poor prognosis receptor status, such as positive HER2, negative ER, or negative PR status.
No statistically significant correlation was observed between the presence of the TACS-3 pattern and histopathological grade in patients with DSICs.
No significant association was found between the proportion of fibers perpendicular to the duct and recurrence.
	6

	K. Esbona et al. [39]
	2018
	USA
	371
	Masson’s trichrome staining
	Total collagen deposition[endnoteRef:29] [29:  Collagen quantified by the percentage of blue pixels in the entire core area images.] 

	Quantity
	· Survival 
· Grade
· Lymph-node metastasis
· Receptors expression
· Stage

	In invasive breast carcinoma, total collagen deposition did not predict OS. It was positively associated with tumor grade and ER positivity but not with tumor stage, nodal status, or PR or HER2 positivity.
	6

	
	
	
	
	SHG microscopy
	Local[endnoteRef:30] collagen density [30:  Tumor-associated stroma area that falls within a 50-pixel radius in length from the tumor nest boundary] 


	Quantity
	· 
	Local collagen density was associated with better survival and also predictive of better PFS.
It showed a positive relation with PR positivity but did not have any statistically significant association with tumor grade, stage, nodal status, ER status, or HER2 status.
	

	
	
	
	
	
	local collagen alignment

	Organization
	· 
	Local collagen alignment was strongly associated with better survival. It was positively associated with tumor grade and ER status but not with tumor stage, nodal status, PR status, or HER2 status.
	

	
	
	
	
	
	TACS-3

	Perpendicular alignment of fibers to tumor boundary
	· 
	TACS-3 was associated with poorer survival. It was positively associated with tumor grade but not with tumor stage, nodal status, or receptor status. 

	

	
	
	
	
	
	TACS-2[endnoteRef:31] and TACS-3 [31:  aligned collagen fibers that are > 45 to 60 degrees perpendicular to the TN boundary (definition of the represented study)] 

	Perpendicular alignment of fibers to tumor boundary
Morphology
	· 
	 The combination of TACS-2 and TACS-3 was moderately associated with poorer survival. It correlated positively with tumor grade but not with tumor stage, nodal status, or receptor status.
	

	R. A. Natal et al. [40]
	2018
	Brazil
	42
	SHG microscopy
	Quantity[endnoteRef:32] [32:  Total sum of SHG signals intensity] 

	Quantity
	· Survival
· Lymph-node metastasis
· Stage

	In the luminal subtype IDCs, intratumoral collagen quantity was associated with poorer RFS[endnoteRef:33], intratumoral collagen organization was not associated with OS or RFS, and intratumoral collagen uniformity was associated with poorer OS. Furthermore, higher intratumoral collagen uniformity was associated with advanced pathological stage III and axillary lymph node metastasis. [33:  Relapse-free survival (RFS)] 

	6

	
	
	
	
	
	Uniformity[endnoteRef:34] [34:  Uniformity (energy) reflects the density of collagen fibers, that is, how the fibers are distant (low values) or near (high values) to each other.] 

	Quantity
	· 
	
	

	
	
	
	
	
	Organization[endnoteRef:35] [35:  Organization (coherence) measures the directionality of collagen fibers in space, ranging from 0 (randomly oriented) to 1 (highly aligned).] 

	Organization
	· 
	
	

	C. Sun et al. [41]
	2018
	USA
	60
	Masson’s trichrome staining
	Collagen area percentage
	Quantity
	· Lymph-node and
· Distant metastasis
	While the collagen area percentage was significantly higher in breast cancer patients with bone metastasis compared to those without any lymph node and other site metastasis, there were no statistically significant differences between the no-metastasis and lymph-node metastasis groups, as well as between the lymph-node metastasis and bone metastasis groups.
	7

	D. E. Desa et al. [42]
	2019
	USA
	56
	SHG microscopy
	Intensity threshold-based[endnoteRef:36] F/B ratio [36:  selection of pixels based on an intensity threshold] 

	Microstructural properties
	· Therapy response

	The F/B SHG ratio in core needle biopsy sections holds promise as a predictor of response to neoadjuvant chemotherapy in HER2+ cancers. Specifically, at the tumor-host interface in HER2+ samples, the p-value for differences in the F/B ratio between RCB[endnoteRef:37] 0/1 and RCB 2/3 groups was 0.0246. However, for the coherency-based ratio, these significant differences were not observed in triple-negative biopsies or the tumor-bulk biopsies of HER2+ samples. Additionally, the average fiber angle at the tumor boundary did not significantly differ across various RCB classes in HER2+ or TNBC samples. [37:  Residual Cancer Burden (RCB) class] 

	7

	
	
	
	
	
	Coherency threshold-based[endnoteRef:38] F/B ratio [38:  selection of pixels based on energy and coherency threshold] 

	
	· 
	
	

	
	
	
	
	
	Average fiber angle at the tumor boundary
	Perpendicular alignment of fibers to tumor boundary
	· 
	
	

	H. Majeed et al. [43]
	2019
	USA
	196
	Color spatial light interference microscopy (cSLIM[endnoteRef:39]) [39:  A whole-slide imaging modality that performs interferometric imaging on stained tissue, with a color detector array.] 

	TACS-3
	Perpendicular alignment of fibers to tumor boundary
	· Survival 
	TACS-3 positive cases had hazard ratios greater than 2 and p-values less than 0.05, indicating a significant likelihood of worse DSS and DFS outcomes.
	7

	T. F. Shen et al. [44]
	2019
	China
	7
	FFT image analysis 
	Collagen orientation[endnoteRef:40] [40:  Collagen orientation index quantifies collagen arrangement, ranging from 1 for perfectly aligned fibers to 0 for random distribution, calculated using the aspect ratio of a fitted ellipse on the Fourier transform of SHG images.] 

	Organization
	· Invasiveness
	The collagen bundles in ILC were significantly more randomly oriented than in LCIS[endnoteRef:41]. [41:  Lobular carcinoma in situ (LCIS)] 

	7

	M. S. Toss et al. [45]
	2019
	United Kingdom
	573
	Picrosirius red staining
	Collagen Directionality  

	Perpendicular alignment of fibers to tumor boundary
	· Invasiveness
· Grade
· Receptor expression
· Recurrence

	The DCIS coexisting with IBC[endnoteRef:42] cohort had a higher collagen directionality than the pure DCIS cohort. [42:  Invasive breast cancer (IBC)] 

In pure DCISs, collagen directionality was significantly associated with higher nuclear grade, but not receptor expression.

	8

	
	
	
	
	
	Collagen Solidity (density)

	Quantity
	· 
	Collagen solidity was not significantly different in patients with the pure DCIS group compared to the DCIS coexisting with IBC patients. 
In DCISs, collagen solidity was significantly associated with higher nuclear grade, hormonal receptor negativity, and HER2 positivity.
	

	
	
	
	
	
	Collagen Dispersion[endnoteRef:43] [43:  Lower dispersion had parallelly arranged collagen fibers all over the duct perimetry] 


	Organization
	· 
	DCIS coexisting with IBCs had a lower collagen dispersion than pure DCISs.
In pure DCISs, the mean ranks for collagen dispersion differed significantly among these groups: 249.1 for the low nuclear grade, 264.2 for the moderate nuclear grade, and 185.6 for the high nuclear grade.
In DCISs, the parallel arrangement of collagen fibers (lower
dispersion) was significantly associated with hormonal receptor negativity and HER2 positivity.
	

	
	
	
	
	
	collagen prognostic index[endnoteRef:44] [44:  Collagen directionality score (1-3) + collagen solidity score (1-3) + collagen dispersion score (1-3)] 

	Prognostic indexes
	· 
	DCIS coexisting with IBC had a higher collagen prognostic index than pure DCIS.
In DCISs, the collagen prognostic index was significantly associated with higher nuclear grade, hormonal receptor negativity, and HER2 positivity.
The high collagen prognostic index was an independent poor prognostic factor for DCIS recurrence for all kinds of recurrences.
	

	Z. Chen et al. [46]
	2020
	China
	8
	SHG microscopy
	Collagen density
	Quantity
	· Grade
	Collagen density in low-grade DCIS is significantly higher than in high-grade DCIS with micro-invasion. 
	6

	D. E. Desa et al. [47]
	2020
	USA
	95
	SHG microscopy
	F/B ratio
	Microstructural properties
	· Distant metastasis
· Receptor expression
· Stage

	In untreated, estrogen receptor-positive, lymph node-negative invasive ductal carcinoma patients, the F/B ratio of collagen fibers in the tumor-stroma interface was found to be an independent prognostic indicator of MFS. A lower F/B ratio had poorer MFS.
The F/B ratio of collagen fibers did not show any association with stage, HER2, and progesterone receptor status.

	7

	L. Gole et al. [48]
	2020
	Singapore
	210
	SHG microscopy
	The density of aggregated thick collagen fibers, and the length of dispersed thin collagen fibers
	Prognostic indexes
	· Survival
· Grade

	In TNBC[endnoteRef:45] patients, a high density of aggregated thick collagen—indicating a strong layer of collagen fibers around tumor nests—was significantly associated with better OS and DFS. Notably, when the density of aggregated thick collagen was high, longer dispersed thin collagen fibers were also linked to improved OS and DFS. Conversely, when the density of aggregated thick collagen was low, longer dispersed thin collagen fibers were associated with poorer OS and DFS. [45:  Triple-negative breast cancer (TNBC)] 

The parameters had no association with Grade.
	6

	V. Tsafas et al. [49]
	2020
	Greece
	6
	SHG microscopy
	Anisotropy
	Organization
	· Grade

	Fiber anisotropy in breast cancer patients with Grade II showed a statistically significant increase compared to patients with Grade I. 
The ratio parameter of collagen fibers in patients with Grade II is significantly higher than in patients with Grade III.
	7

	
	
	
	
	
	ratio parameter[endnoteRef:46]  [46:  The Ratio parameter measures the proportion of collagen pixels that fit a defined model. A lower ratio suggests disrupted collagen structure.] 

	Microstructural properties
	· 
	
	

	X. Wen et al. [50]
	2020
	China
	223
	Sirius red staining
	Collagen deposition
	Quantity
	· Lymph-node metastasis
	Collagen deposition of the primary LN+ invasive breast cancer tissue samples was significantly higher than that of the primary LN- invasive breast cancer tissue samples.
	6

	H. Gao et al. [51]
	2021
	China
	30
	Sirius Red/Fast Green and Masson’s trichrome staining
	Collagen alignment
	Organization
	· Lymph-node metastasis
	The extent of collagen fiber alignment is significantly higher in LN+ breast cancer tissue samples.
	6

	
	
	
	
	
	Collagen area (density)
	Quantity
	· 
	The collagen area is significantly higher in LN+ breast cancer tissue samples.
	

	E. V. Gubarkova et al. [52]
	2021
	Russia
	30
	SHG microscopy
	Collagen fiber quantity
	Quantity
	· Invasiveness
· Receptors expression[endnoteRef:47] [47:  Aggressiveness was defined based on receptor expression in the study.] 

	Collagen fiber quantity in low-aggressive[endnoteRef:48] invasive breast cancer was significantly higher than in highly-aggressive[endnoteRef:49] invasive breast cancer samples. [48:  Cases with hormone receptor expression (Luminal A and Luminal B (HER2−))]  [49:  Luminal B HER2+, non-luminal, and triple-negative breast cancer was described as highly-aggressive subtypes] 

	7

	
	
	
	
	
	Collagen fiber organization
	Organization
	
	Low-aggressive invasive breast cancer samples had significantly lower fiber organization than highly-aggressive invasive breast cancer samples.
	

	
	
	
	
	
	Collagen fiber uniformity
	Organization
	
	low-aggressive invasive breast cancer samples had a significantly higher fiber uniformity than highly aggressive invasive breast cancer cases.
	

	
	
	
	
	
	SHG-to-autofluorescence aging index of the dermis (SAAID[endnoteRef:50]) [50:  The ratio between the differing extents of collagen and tumor cells (higher values corresponding to a greater contribution from collagen)] 

	Quantity
	
	SAAID in DISC was significantly lower than in invasive breast cancer.
SAAID in low-aggressive invasive breast cancer was significantly higher than in highly-aggressive invasive breast cancer samples.
	

	M. Morkunas et al. [19]	
	2021
	Lithuania
	92
	ANN-based [endnoteRef:51] approach for tumor collagen segmentation of samples stained with Sirius Red from bright-field histology images  [51:  Artificial Neural Network] 

	ANN models (M1[endnoteRef:52], M2[endnoteRef:53], and M3[endnoteRef:54]) [52:  M1: Trained on low-detail manual annotations, capturing scarce collagen framework details.]  [53:  M2: Trained on high-detail manual annotations, focusing on detailed, texture-rich collagen features.]  [54:  M3: Trained on semi-automated annotations, capturing bulk collagen structures.] 


	Prognostic indexes
	· Survival

	In early-stage hormone receptor-positive invasive ductal breast carcinoma samples, all of the ANN models (M1, M2, and M3) could predict survival.

	6

	
	
	
	
	Sirius Red staining
	From ANN Model 1: morphometry (mean of width), orientation (standard deviation of the magnitude).
From ANN Model 2: texture (correlation), morphometry (median of straightness).
From ANN Model 3: morphometry (standard deviation of width), orientation (standard deviation of the magnitude)
	Morphology
Organization
	· Survival
	In early-stage hormone receptor-positive invasive ductal breast carcinoma samples, all of the mentioned features predicted survival, successfully.

	

	
	
	
	
	
	Density (high-detail manual measurement of the number of pixels in the mask), texture (energy, homogeneity, and informational measure of correlation 1), and morphometry (mean and median of straightness)
	Quantity Morphology
Organization
	· Grade
	In early-stage hormone receptor-positive invasive ductal breast carcinoma samples, all of the mentioned features were significantly higher in high-grade tumors than low-grade ones.

	

	
	
	
	
	
	fractal dimension, morphometry (mean and median of Straightness), density (number of endpoints, semi-automated measured number of pixels in the mask), texture (Contrast, inertia, sum average, sum variance, sum entropy, entropy, and difference entropy), orientation (mean and standard deviation of magnitude).
	Quantity Morphology
Organization
	· Grade 
	In early-stage hormone receptor-positive invasive ductal breast carcinoma samples, all of the mentioned features were significantly lower in high-grade tumors than in low-grade ones.
	

	B. L. Sprague et al. [13]
	2021
	USA
	90
	SHG microscopy
	length
	Morphology
	· Grade
· Recurrence
	Curviness, width, and density of collagen fibers, Factor 2 (high density, long distance to tumor/stromal boundary), and Factor 5 (long, wide fibers) around tumor/stromal boundary in DCIS cases, had a significant negative correlation with grade. Straightness, alignment, and angle of collagen fibers, Factor 1 (high density, low alignment), Factor 3 (serpentine, not straight), and Factor 4 (high alignment, parallel orientation to tumor boundary) to the tumor/stroma boundary had no significant association with grade.
Higher curviness, width, and density of collagen fibers, Factor 2 (high density, long distance to tumor/stromal boundary), Factor 3 (serpentine, not straight), and Factor 5 (long, wide fibers), around tumor/stromal boundary in DCIS cases could predict better RFS. Distance to the nearest 2 fibers and straightness of collagen fibers around tumor/stromal boundary in DCIS cases could predict poor RFS.
	8

	
	
	
	
	
	curviness
	Morphology
	· 
	
	

	
	
	
	
	
	width
	Morphology
	· 
	
	

	
	
	
	
	
	straightness
	Morphology
	· 
	
	

	
	
	
	
	
	density
	Quantity
	· 
	
	

	
	
	
	
	
	alignment
	Organization
	· 
	
	

	
	
	
	
	
	angle to the tumor/stroma boundary
	Perpendicular alignment of fibers to tumor boundary
	· 
	
	

	
	
	
	
	
	Factor 1 (high density, low alignment)
	Prognostic index
	· 
	
	

	
	
	
	
	
	Factor 2 (high density, long distance to tumor/stromal boundary)
	
	· 
	
	

	
	
	
	
	
	Factor 3 (serpentine, not straight)
	
	· 
	
	

	
	
	
	
	
	Factor 4 (high alignment, parallel orientation to tumor boundary)
	
	· 
	
	

	
	
	
	
	
	Factor 5 (long, wide fibers)
	
	· 
	
	

	G. Q. Xi et al. [18]
	2021
	China
	995
	SHG microscopy and ridge regression analysis for TACS-score calculation
	TACS-score in TACS (1-3) model
	Prognostic index
	· Survival 
· Recurrence

	The TACS (1-3) model could predict DFS (HR in external validation cases = 2.66) in invasive breast cancer cases.
In invasive breast cancer cases, the TACS (1-8) model, alone, competed favorably with both models TACS (1-3) or clinical models in predicting disease-free survival and stratifying low- and high-risk patients (HR in external validation cases = 4.42). 
In invasive breast cancer cases, combining clinical factors with the TACS (1-8) score in a nomogram model further improved the prognosis (HR in external validation cases = 5.5).
In all mentioned models the high and low scores were consistently associated with high and low recurrence rates, respectively.
	7

	
	
	
	
	
	TACS-score in TACS (1-8) model
	
	· 
	
	

	
	
	
	
	
	TACS (1-8)-score in the nomogram model
	
	· 
	
	

	G. Xi et al. [20]	
	2021
	China
	942
	SHG images and LASSO[endnoteRef:55] regression were applied to select the most robust features to build a TCMF[endnoteRef:56] score [55:  Least absolute shrinkage and selection operator]  [56:  TACS corresponding microscopic features] 

	TCMF model score
	Prognostic index
	· Survival 
	In invasive breast cancer cases, TCMF model score, TACS (1-8) model score, TCMF + TACS model score, and Clinical + TCMF + TACS model score could predict DFS; the HRs in external validation cases were 3.4, 5.0, 5.2, and 6.9, respectively.
	7

	
	
	
	
	
	TACS (1-8) model score
	
	· 
	
	

	
	
	
	
	
	TCMF + TACS model score
	
	· 
	
	

	
	
	
	
	
	Clinical + TCMF + TACS model score
	
	· 
	
	

	Y. Fang et al. [53]
	2022
	China
	898
	SHG microscopy
	TCMF model score
	Prognostic index
	· Lymph-node metastasis
	TACS and TCMF in the breast tumor microenvironment are both novel and independent biomarkers for estimating ALN[endnoteRef:57] metastasis. The nomogram based on independent clinical parameters combined with TACS and TCMF yields good diagnostic performance in predicting ALN status. [57:  Axillary lymph node (ALN)] 

	8

	
	
	
	
	
	TACS (1-8) model score
	
	· 
	
	

	
	
	
	
	
	TCMF + TACS model score
	
	· 
	
	

	Y. Jiang et al. [54]
	2022
	China
	64
	Sirius red staining
	TACSs (1-3) 
	Organization
Morphology
Perpendicular alignment of fibers to tumor boundary
	· Lymph-node metastasis
	The main TACS observed in LN- samples was TACS-2.
The predominant TACS observed in LN+ samples were TACS-3, followed by TACS-2.
The COL1A1 expression in LN+ cases was significantly higher than in LN- ones.
	7

	
	
	
	
	immunohistochemical staining
	COL1A1[endnoteRef:58] expression [58:  Collagen, type I, alpha 1] 

	Quantity
	· 
	
	

	L. Qiu et al. [21]
	2022
	China
	995
	IGNN[endnoteRef:59] that Personalized TACS1-8 regional distributions [59:  Intratumor graph neural network (IGNN)] 

	IGNN score
	Prognostic index
	· Survival 
	In invasive breast cancer cases, the IGNN model competed favorably with both models TACS (1-8) or clinical models in predicting DFS.
Combining clinical factors with the IGNN score in a nomogram model in invasive breast cancer cases further improved the prognosis prediction.
	7

	V. Chekhun et al. [55]
	2023
	Ukraine
	50
	Real-time PCR
Immunohistochemical methods

	COL1A1 gene expression at the mRNA and protein levels
	Quantity
	· Survival
· Stage
· Grade
· Receptors status
· Metastasis

	A low level of expression of COL1A1 protein level in breast cancer tissue was associated with better relapse-free survival in patients.
The expression of COL1A1 protein followed this order across different stages of cancer: Stage I > Stage II > Stage IV > Stage III. These differences are statistically significant and were not observed in mRNA expression.
The expression of COL1A1 protein was significantly higher in grade II tumors than in grade III, with no observed difference in mRNA expression.
The expression of COL1A1 at both the mRNA and protein levels was higher in ER+ and PR+ breast cancer samples. However, there was no significant difference in COL1A1 expression based on HER2 status.
COL1A1 mRNA or protein expression had no association with the lymph node status of the studied samples.
	6

	X. Chen et al. [56]
	2023
	China
	8
	SHG microscopy
	Straightness of collagen fibers
	Morphology 
	· Grade

	As the DCIS grade increased, the collagen type I fibers around the lesion duct became straighter, while their density decreased.
	6

	
	
	
	
	
	Density of collagen fibers
	Quantity
	· 
	
	

	S. M. Hacking et al. [57]
	2023
	USA
	120
	H&E staining
	Collagenous stroma
	Quantity
	· Survival Metastasis
· Stage
· Therapy response
	In triple-negative invasive breast cancer, the high collagenous stroma on TME was associated with lower rates of pCR[endnoteRef:60], higher pathologic stage[endnoteRef:61], and poor survival but not associated with lymph node status and clinical stage[endnoteRef:62]. [60:  pathologic complete response]  [61:  Pathological staging involves a detailed examination of the tumor and nearby lymph nodes after they have been surgically removed. In comparison with clinical staging, it provides a more precise assessment of the cancer’s characteristics and spread.]  [62:  Based on examinations before surgery, including physical exams, imaging tests, and biopsies.] 

	7

	X. X. Huang et al. [58]
	2023
	China
	500
	SHG microscopy
	 CSTB[endnoteRef:63] model [63:  Collagen signatures at tumor boundary model (an automatic classification model based on deep learning). CSTB score = (-1.395*CSTB I score) + (-2.103*CSTB II score) + (1.862*CSTB III score). CSTB I:  collagen fibers wrapped around the tumor. CSTB II: collagen fibers were parallel to the direction of tumor invasion and had obvious directionality. CSTB III: collagen fibers were disordered.] 

	Prognostic index
	· Survival
	A nomogram combining the CSTB score with the clinical model predicted survival.

	8

	[bookmark: _Hlk176618663]N. Lukianova et al. [59]
	2024
	Ukraine
	60
	[bookmark: _Hlk176369393]Trichrome Mallory staining
	Length

	Morphology
	· Lymph-node metastasis
· Grade

	The LN+ breast cancer samples had significantly lower length and width and greater density and straightness of collagen fibers. 
The angle to the regions of tumor growth is insignificant.
The grade III breast cancer samples had significantly shorter lengths and narrower widths of collagen fibers than grade II samples. The density of collagen fibers was significantly higher in grade III than in grade II. There was no significant difference in the straightness or the angle to the regions of tumor growth between the two grades.
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	Width

	
	
	
	

	
	
	
	
	
	Straightness[endnoteRef:64] [64:  A coefficient ranging from 0 to 1, where the value directly correlates with the degree of straightness of the fibers] 

	
	
	
	

	
	
	
	
	
	Angle to the regions of tumor growth[endnoteRef:65] [65:  The size of the angle formed by each fiber at the intersection with the nearest layer of epithelial cells] 


	Perpendicular alignment of fibers to tumor boundary
	
	
	

	
	
	
	
	
	Density[endnoteRef:66] [66:  Calculated by dividing the stromal area by the number of fibers within the microphotograph] 

	Quantity
	
	
	

	G. Hall et al. [60]
	2024
	USA
	69
	SHG fiberscopy system[endnoteRef:67] [67:  A flexible, miniature nonlinear fiberscope designed for high-resolution, label-free imaging of collagen fibers in tissues using second-harmonic generation microscopy.] 

	Collagen SHG area fraction[endnoteRef:68] [68:  Collagen-containing pixels in SHG images] 

	Quantity
	· Lymph-node metastasis
· Distance metastasis
· Stage

	The collagen content (quantified by the SHG area fraction) in samples with distant metastasis was significantly lower than in samples without distant metastasis.
No significant differences in collagen content were detected in cases with different stages or lymph node status.
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	Angular anisotropy[endnoteRef:69] [69:  A fiber alignment anisotropy parameter R, which quantifies the angular symmetricity of the Fourier transform magnitude images] 

	Organization
	· 
	Collagen fibers in primary tumors of LN+ patients are more aligned than LN- counterparts.
No significant differences in collagen anisotropy were detected in cases with different stages.
	

	M. Jansson et al. [61]
	2024
	Sweden
	682
	Type I Collagen IHC[endnoteRef:70] Staining [70:  Immunohistochemical (IHC) staining] 

	The stromal expression level of type I collagen protein
	Quantity
	· Survival
· Receptors status

	High collagen I protein levels correlated with estrogen receptor positivity.
In unadjusted analysis, improved OS was associated with high stromal type I collagen protein expression, and a trend toward improved BCSS was observed. However, these associations were no longer evident after adjusting for other clinical variables.
In unadjusted analysis, better OS and BCSS were associated with high type I collagen expression among patients not receiving chemotherapy. Still, these associations were not statistically significant after adjustment for other clinical variables.
Among patients receiving chemotherapy, in the unadjusted and adjusted analysis, high type I collagen expression was associated with worse OS and BCSS, although these associations were not statistically significant.
	7

	J. X. Huang et al. [62]
	2024
	China
	319
	Masson's trichrome staining
	CVF[endnoteRef:71] [71:  collagen volume fraction (CVF) measures the proportion of collagen within a tissue sample stained with Masson’s trichrome.] 

	Quantity
	· Therapy response
	In the surgical specimens of LN+ breast primary tumors that received neoadjuvant chemotherapy before surgery, the CVF value was significantly higher in patients with residual lymph node metastasis compared to those with axillary pCR.
	7



[bookmark: _Hlk182769095]Table 2 The association between TME collagen features and clinical outcomes of patients with breast cancer in conference abstracts.
	[bookmark: _Hlk173819305]Authors
	Year
	Country
	Sample Size
	Methodology
	Collagen Feature
	Collagen Feature Category
	Evaluated clinical features of patients
	Key Findings

	T. Upadhaya et al. [63]
	2022
	USA
	122
	SHG microscopy and H&E staining
	Textural features
	Prognostic index
	· Recurrence
	Textural stromal features extracted from SHG and H&E image-based histomics indicate a significant association with DCIS recurrence, while the intensity features did not reach statistical significance.

	
	
	
	
	
	Intensity features
	
	· 
	

	T. H. Nguyen et al. [64]	
	2023
	USA
	89
	Machine learning-based approach to extract fiber-level collagen features from H&E-stained whole slide images 
	Collagen fiber tortuosity
	Morphology
	· Therapy response
	In HER2+ breast cancer patients undergoing NAT[endnoteRef:72], negative associations with pCR were observed for fibers perpendicular to tumor boundary tangents, as well as higher fiber tortuosity and fiber width in tumor nest borders. [72:  Neoadjuvant treatment (NAT) combines chemotherapy and HER2-targeted agents.] 


	
	
	
	
	
	The angle of collagen fibers 
	Perpendicular alignment of fibers to tumor boundary

	· 
	

	
	
	
	
	
	Distribution patterns of collagen fiber width
	Morphology
	· 
	

	Y. Ren et al. [22]
	2023
	Singapore
	216
	SHG microscopy
	DFS-index based on collagen parameter
	Prognostic index
	· Survival 
	The DFS-index could differentiate low-risk patients with DFS ≥ 1 year and high-risk patients with DFS < 1 year. 
The OS index could differentiate the low-risk patients with OS ≥ 4 years and high-risk patients with OS < 4 years.

	
	
	
	
	
	OS-index based on collagen parameter
	
	· 
	

	A. Koutras et al. [65]
	2024
	Greece
	Not mentioned
	Masson Trichrome and Aniline Blue staining
	collagen deposition
	Quantity
	· Grade 
· Receptors status
	A statistically significant correlation was found between collagen deposition and ER positivity and histological Grade I.






