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SUMMARY:  27 
Here, we present a protocol to use a curvelet transform-based, open-source MATLAB software 28 
tool for quantifying fibrillar collagen organization in the extracellular matrix of both normal and 29 
diseased tissues. This tool can be applied to images with collagen fibers or other types of line-like 30 
structures. 31 
 32 
ABSTRACT:  33 
Fibrillar collagens are prominent extracellular matrix (ECM) components, and their topology 34 
changes have been shown to be associated with the progression of a wide range of diseases 35 
including breast, ovarian, kidney, and pancreatic cancers.  Freely available fiber quantification 36 
software tools are mainly focused on the calculation of fiber alignment or orientation, and they 37 
are subject to limitations such as the requirement of manual steps, inaccuracy in detection of the 38 
fiber edge in noisy background, or lack localized feature characterization. The collagen fiber 39 
quantitation tool described in this protocol is characterized by using an optimal multiscale image 40 
representation enabled by curvelet transform (CT). This algorithmic approach allows for the 41 
removal of noise from fibrillar collagen images and the enhancement of fiber edges to provide 42 
location and orientation information directly from a fiber, rather than using the indirect pixel-43 
wise or window-wise information obtained from other tools. This CT-based framework contains 44 
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two separate, but linked, packages named “CT-FIRE” and “CurveAlign” that can quantify fiber 45 
organization on a global, region of interest (ROI), or individual fiber basis. This quantification 46 
framework has been developed for more than ten years and has now evolved into a 47 
comprehensive and user-driven collagen quantification platform. Using this platform, one can 48 
measure up to about thirty fiber features including individual fiber properties such as length, 49 
angle, width, and straightness, as well as bulk measurements such as density and alignment. 50 
Additionally, the user can measure fiber angle relative to manually or automatically segmented 51 
boundaries. This platform also provides several additional modules including ones for ROI 52 
analysis, automatic boundary creation, and post-processing.  Using this platform does not require 53 
prior experience of programming or image processing, and it can handle large datasets including 54 
hundreds or thousands of images, enabling efficient quantification of collagen fiber organization 55 
for biological or biomedical applications. 56 
 57 
INTRODUCTION:  58 
Fibrillar collagens are prominent, structural ECM components. Their organization changes impact 59 
tissue function and are likely associated with the progression of many diseases ranging from 60 
osteogenesis imperfecta1, cardiac dysfunction2, and wound healing3 to different types of cancer 61 
including breast4–6, ovarian7, 8, kidney9, and pancreatic cancers10. Many established imaging 62 
modalities can be used to visualize fibrillar collagen such as second harmonic generation 63 
microscopy11, stains or dyes in conjunction with bright field or fluorescence microscopy or 64 
polarized light microscopy12, liquid crystal-based polarization microscopy (LC-PolScope)13,  and 65 
electron microscopy14.   As the importance of fibrillar collagen organization has become clearer, 66 
and the use of these methods has increased, the need for improved collagen fiber analysis 67 
approaches has also grown.  68 
 69 
There have been many efforts to develop computational methods for automated measurement 70 
of fibrillar collagen. Freely available software tools are mainly focused on the calculation of fiber 71 
alignment or orientation by adopting either first derivative or structure tensor for pixels15,16, or 72 
Fourier transform-based spectrum analysis for image tiles17. All these tools are subject to 73 
limitations such as the requirement of manual steps, inaccuracy in detection of the fiber edge in 74 
noisy background, or lack of localized feature characterization. 75 
 76 
Compared to other freely available open-source free software tools, the methods described in 77 
this protocol use CT—an optimal, multiscale, directional image representation method—to 78 
remove noise from fibrillar collagen images and enhance or track fiber edges. Information about 79 
location and orientation can be provided directly from a fiber rather than by using the indirect 80 
pixel-wise or window-wise information to infer the metrics of fiber organization. This CT-based 81 
framework18–21 can quantify fiber organization on a global, ROI, or fiber basis, mainly via two 82 
separate, but linked, packages named “CT-FIRE”18, 21 and “CurveAlign”19, 21. As far as the 83 
implementation of the software is concerned, in CT-FIRE, CT coefficients on multiple scales can 84 
be used to reconstruct an image that enhances edges and reduces noise. Then, an individual fiber 85 
extraction algorithm is applied to the CT-reconstructed image to track fibers for finding their 86 
representative center points, extending fiber branches from the center points, and linking fiber 87 
branches to form a fiber network. In CurveAlign, CT coefficients on a user-specified scale can be 88 
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used to track local fiber orientation, where the orientation and locations of curvelets are 89 
extracted and grouped to estimate the fiber orientation at the corresponding locations. This 90 
resulting quantification framework has been developed for more than ten years and has evolved 91 
greatly in many aspects such as functionality, user interface, and modularity. For instance, this 92 
tool can visualize local fiber orientation and allows the user to measure up to thirty fiber features 93 
including individual fiber properties such as length, angle, width, and straightness, as well as bulk 94 
measurements such as density and alignment. Additionally, the user can measure fiber angle 95 
relative to manually or automatically segmented boundaries, which, for example, plays an 96 
important role in image-based biomarker development in breast cancer22 and pancreatic cancer 97 
studies10. This platform provides several feature modules including ones for ROI analysis, 98 
automatic boundary creation, and post-processing. The ROI module can be used to annotate 99 
different shapes of ROI and conduct corresponding to ROI analysis. As an application example, 100 
the automatic boundary creation module can be used to register hematoxylin and eosin (H&E) 101 
bright field images with second harmonic generation (SHG) images and generate the image mask 102 
of tumor boundaries from the registered H&E images. The post-processing module can help 103 
facilitate the processing and integration of output data files from individual images for possible 104 
statistical analysis.  105 
 106 
This quantification platform does not require prior experience of programming or image 107 
processing and can handle large datasets including hundreds or thousands of images, enabling 108 
efficient quantification of collagen organization for biological or biomedical applications. It has 109 
been widely used in different research fields by many researchers all over the world, including 110 
ourselves. There are four main publications on CT-FIRE and CurveAlign18–21, out of which the first 111 
three have been cited 272 times (as of 2020-05-04 according to Google Scholar).  A review of the 112 
publications that cited this platform (CT-FIRE or CurveAlign) indicates that there are 113 
approximately 110 journal papers that directly used it for their analysis, in which approximately 114 
35 publications were collaborative with our group, and the others (~ 75) were written by other 115 
groups. For instance, this platform was used for the following studies: breast cancer22–24, 116 
pancreatic cancer10,25, kidney cancer9,26, wound healing3,27–30, ovarian cancer8,31,7, uterosacral 117 
ligament32, hypophosphatemic dentin33, basal cell carcinoma34, hypoxic sarcoma35, cartilage 118 
tissue36, cardiac dysfunction37, neurons38, glioblastoma39, lymphatic contractions40, fibrous 119 
cacffolds41, gastric cancer42, microtubule43, and bladder fibrosis44. Figure 1 demonstrates the 120 
cancer imaging application of CurveAlign to find the tumor-associated collagen signatures of 121 
breast cancer19 from the SHG image. Figure 2 describes a typical schematic workflow of this 122 
platform. Although these tools have been reviewed technically18,19,21, and a regular protocol20 for 123 
alignment analysis with CurveAlign is also available, a visual protocol that demonstrates all the 124 
essential features could be useful. A visualized protocol, as presented here, will facilitate the 125 
learning process of using this platform as well as more efficiently address concerns and questions 126 
that users might have.  127 
     128 
PROTOCOL:  129 
 130 
NOTE: This protocol describes the use of CT-FIRE and CurveAlign for collagen quantification. 131 
These two tools have complementary, but different, main goals and are linked together to some 132 
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extent. CT-FIRE can be launched from the CurveAlign interface to conduct most operations except 133 
for advanced post-processing and ROI analysis. For a full operation of CT-FIRE, it should be 134 
launched separately. 135 
 136 
1. Image collection and image requirement 137 
 138 
NOTE: The tool can process any image file with line-like structures readable by MATLAB 139 
regardless of the imaging modality used to collect it.  140 
 141 
1.1. Use 8-bit grayscale as the image type as the default running parameters are based on this 142 
format.  143 
 144 
NOTE: SHG imaging is a widely used label-free and high-resolution fibrillar collagen imaging 145 
method. SHG images from a breast cancer study19 will be used here for the purpose of 146 
demonstration.  147 
 148 
2. Software installation and system requirement 149 
 150 
NOTE: Both standalone and source-code versions are freely available. The source code version 151 
requires a full MATLAB installation including toolboxes of Signal Processing, Image Processing, 152 
Statistics Analysis, and Parallel Computing. To run the source-code version, all the necessary 153 
folders including some from the third-party sources should be added to the MATLAB path. Use 154 
of the standalone application (APP) is recommended for most users, which requires an 155 
installation of a freely available MATLAB Compiler Runtime (MCR) of specified version. The 156 
procedure of installing and launching the APP is described below. 157 
 158 
2.1 Download CT-FIRE version 3.0 (CTF3.0) and CurveAlign Version 5.0 (CA5.0) APP packages from 159 
https://eliceirilab.org/software/ctfire/  and https://eliceirilab.org/software/curvealign/, 160 
respectively.  161 
 162 
NOTE: Each package includes the standalone APP, manual, and test images.  163 
 164 
2.2 Follow the detailed requirements and installation instructions from the above websites 165 
to install MATLAB MCR 2018b. 166 
 167 
2.3 Launch the APP.  168 
 169 
2.3.1. For a Windows 64-bit system, double click on the APP icon to launch it.  170 
 171 
2.3.2. For a Mac system, follow the following steps to launch it: Right click on the APP (ctrl-click) 172 
| Show Package Contents | Contents | MacOS | applauncher (right-click and choose open).  173 
 174 
NOTE: Other details can be seen in the software websites listed in 2.1. 175 
 176 

https://eliceirilab.org/software/ctfire/
https://eliceirilab.org/software/curvealign/
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3. Individual fiber extraction with CT-FIRE 177 
 178 
NOTE: CT-FIRE uses CT to denoise the image, enhance the fiber edges, and then uses a fiber 179 
extraction algorithm to track individual fibers. Length, angle, width, and straightness are 180 
calculated for individual fibers.    181 
 182 
3.1 CT-FIRE on single image or multiple images 183 
 184 
3.1.1. Launch the APP as described in 2.3.  185 
 186 
3.1.2. Click on the Open File(s) button in the main graphical user interface (GUI, Figure 3A), and 187 
then select one or more images/or image stacks from the prompt window. Use the technique 188 
appropriate for the operating system to select multiple images in the dialog (e.g., in Windows, 189 
hold CTRL while selecting multiple files).  190 
 191 
NOTE: If two or more image files are selected, all the images must use the same running 192 
parameters for the analysis. Make sure that all the images are acquired under the same or similar 193 
conditions.   194 
 195 
3.1.3. Select parallel computing options by checking the Parallel checkbox on the top right 196 
corner for multiple images analysis.  197 
 198 
3.1.4. For the image stack, move the slice slider under the file listbox to select the slice to be 199 
analyzed. 200 
 201 
3.1.5. Set running properties. Use default parameters for an initial analysis of some images. If 202 
using default parameters, skip to step 3.1.6. To set different parameter(s), click on the Update 203 
button in the Parameters panel. Follow the manual to properly tune the parameters.  204 
 205 
NOTE: The most frequently adjusted parameters include the background threshold (thresh_im2) 206 
and the nucleation searching radius (s_xlinkbox).  If the background noise level is high, set 207 
thresh_im2 to a larger value; s_xlinkbox is associated with the average radius of the fibers, set a 208 
smaller value to detect thin fibers. 209 
 210 
3.1.6. Click on the Run button.  211 
 212 
NOTE: The progress information will be displayed in both the information window and the 213 
command window. After the analysis is complete, the output table will be displayed (Figure 3B). 214 
 215 
3.1.7. Click on any item in the output table to see the histogram of fiber measures (Figure 3C 216 
and Figure 3F) of the image including length, width, angle, and straightness. 217 
 218 
NOTE: The fiber images with fibers overlaid on the original image will also be displayed (Figure 219 
3E). 220 
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 221 
3.1.8. Check the subfolder named ctFIREout under the image folder for the output files including 222 
the overlaid image “.tiff” file, “.csv” file, and “.mat” file.  223 
               224 
3.2 CT-FIRE region of interest (ROI) analysis 225 
 226 
3.2.1 ROI annotation using ROI Manager 227 
 228 
3.2.1.1. Click on the Open File(s) button in the main GUI (Figure 3A) to load one or more 229 
images. 230 
 231 
3.2.1.2. Select the image to be annotated in the file list. 232 
 233 
3.2.1.3. Select the ROI Manager in the dropdown menu of ROI Options panel. 234 
 235 
3.2.1.4. Click on the RUN button to launch the ROI Manager module (Figure 3A). 236 
 237 
3.2.1.5. In the ROI manager GUI (Figure 4A), click on the dropdown menu below Draw ROI 238 
Menu(d) to draw the ROIs, one by one.  239 
 240 
NOTE: The ROI shape can be rectangle, freehand, ellipse, polygon, or specified rectangle. Follow 241 
the on-screen instructions to draw, save, and quit ROI annotation. 242 
 243 
3.2.1.6. After selecting the method to draw the ROI, drag the yellow rectangle that appears 244 
on the original image to the desired position, and then click on the Save ROI(s) button or press 245 
the key s to add this ROI to the ROI list.  This ROI will be automatically named.  246 
 247 
3.2.1.7. Draw a new ROI by dragging the previous ROI to a new position, and save it as 248 
mentioned in 3.2.1.6, or repeat steps 3.2.1.5–3.2.1.6 to draw a new ROI. 249 
 250 
3.2.1.8. Press x or select New ROI? in the ROI shape dropdown menu to quit ROI 251 
annotation. 252 
 253 
3.2.1.9. Check the checkboxes Show All and Labels to show all the defined ROIs on the list 254 
and their names on the original image. 255 
 256 
3.2.1.10. Select the ROI on the ROI list to conduct basic ROI operations including Rename 257 
ROI, Delete ROI, Save ROI Text, Load ROI from Text, Save ROI Mask, Load ROI from Mask, and 258 
Combine ROIs.    259 
 260 
3.2.1.11. Check the output file of the ROI manager saved as “.mat” file in a subfolder named 261 
ROI_management under the original image folder.  262 
 263 
3.2.1.12. To annotate another image in the opened file list, repeat steps 3.2.1.3–3.2.1.11. 264 
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 265 
3.2.1.13. After the annotation is done, close the ROI manager GUI, and reset the main GUI 266 
by clicking on the Reset button in the main GUI.   267 
 268 
3.2.2. ROI analysis for a single image in ROI Manager 269 
 270 
3.2.2.1. If full-image CT-FIRE analysis is conducted and the results are saved in the default 271 
directory, click on one or more ROIs in the ROI list, then click on the ctFIRE ROI Analyzer button 272 
to launch the Post-ROI analysis module.  273 
 274 
NOTE: The results will be automatically saved in a subfolder located at \\[image folder]\ 275 
CTF_ROI\Individual\ROI_post_analysis\. 276 
 277 
3.2.2.2. In the pop-up window, click on the Check Fibers button to display fibers within the 278 
selected ROIs (Figure 4B).   279 
 280 
3.2.2.3. Click on Plot Statistics to display histograms of each ROI (Figure 4C). The 281 
corresponding output figures will be displayed. 282 
 283 
3.2.2.4. If full image CT-FIRE analysis has not been conducted, click on one or more ROIs 284 
in the ROI list, and click on the Apply ctFIRE on ROI button to directly apply CT-FIRE analysis to 285 
the selected ROIs.  286 
 287 
3.2.2.5. Follow the instructions in the prompt window to run the analysis.  288 
 289 
NOTE: The parameters for running the CT-FIRE are passed through the main GUI, and the user 290 
can update the running parameters as described in step 3.1.5 as needed.  After the analysis is 291 
complete, the summary statistics of fiber measures will be displayed in the output table. The 292 
results will be automatically saved in a subfolder located at \\[image folder]\ 293 
CTF_ROI\Individual\ROI_analysis\.  294 
 295 
3.2.3. ROI analysis for multiple images using ROI Analyzer 296 
 297 
3.2.3.1. Follow the steps in 3.2.1 to annotate ROIs for the images to be analyzed. 298 
 299 
3.2.3.2. Open one or more images by clicking on the Open File(s) button. 300 
 301 
3.2.3.3. To run ROI post analysis when the full image analysis results are available, click on 302 
the dropdown menu in the Run Options panel and select the option CTF post-ROI analyzer. 303 
 304 
3.2.3.4. Click on the RUN button to run ROI analysis for all the loaded images.   305 
 306 
3.2.3.5. Check the progress information displayed in the message window at the bottom 307 
of the GUI and in the command window. 308 
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 309 
3.2.3.6. After the analysis is complete, check the summary statistics for each ROI displayed 310 
in an output table.  311 
 312 
NOTE: The detailed output files are automatically saved in a subfolder located at \\ [image 313 
folder]\CTF_ROI\Batch\ROI_post_analysis\. 314 
 315 
3.2.3.7. To run a direct analysis when the full image analysis results are not available, 316 
follow steps 3.2.3.1–3.2.3.6, except that in step 3.2.3.3, select the option CTF ROI analyzer; in 317 
step 3.2.3.4, before clicking on the RUN button, update the running parameters as described in 318 
step 3.1.5. After clicking on the RUN button, in a prompt dialog window, choose between 319 
Rectangular ROI and ROI mask of any shape.  320 
 321 
NOTE: If all the annotated ROIs are rectangular, the user can choose the “Rectangular ROI”. In 322 
step 3.2.3.6, the ROI analysis results are saved in a subfolder located at \\[image 323 
folder]\CTF_ROI\Batch\ROI_analysis\ .   324 
 325 
3.3. Post-processing with CT-FIRE 326 
 327 
NOTE: After the regular CT-FIRE analysis described in 3.1, the user can perform further post-328 
processing.  Without running the time-consuming fiber extraction again, regular post-processing, 329 
described in 3.3.1, can update some basic output figure properties, whereas the advanced post-330 
processing described in 3.3.2 can visualize individual fibers and their properties, perform complex 331 
thresholding among all the four fiber properties, generate summary statistics of the selected 332 
fibers, and visualize the selected fibers using a customized color map. 333 
 334 
3.3.1. Regular post-processing with CT-FIRE 335 
 336 
3.3.1.1. Launch the CT-FIRE app, or click on the Reset button after other operations to 337 
initialize the CT-FIRE main GUI (Figure 3A). 338 
 339 
3.3.1.2. Check the .mat checkbox on the top of the main GUI. 340 
 341 
3.3.1.3. Click on the Open File(s) button to select the CT-FIRE output .mat file in the 342 
ctFIREout subfolder.  343 
 344 
NOTE: If multiple files are selected, the Batch checkbox will be checked automatically. The file 345 
name of the corresponding images will be displayed in the box list.   346 
 347 
3.3.1.4. Update the options in the Output Figure Control panel. 348 
 349 
3.3.1.5. Keep the default options in Output Options, which will make sure all the output 350 
files will be updated according to the new set of parameters set in 3.3.1.4. 351 
 352 
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3.3.1.6. Click on the Post-processing button. Check the progress information in the 353 
message window at the bottom of the main GUI as well as in the command window.  354 
 355 
3.3.1.7. After the analysis is complete, click on any item in the output table to see the 356 
histogram of fiber measures of the image including length, width, angle, and straightness.  357 
 358 
NOTE: New output files will overwrite the old ones in the ctFIREout subfolder.  359 
 360 
3.3.2. Advanced post-processing of CT-FIRE 361 
 362 
3.3.2.1. Launch the CT-FIRE app, or click on the Reset button after other operations to 363 
initialize the CT-FIRE main GUI (Figure 3A). 364 
 365 
3.3.2.2. Check the OUT.adv checkbox at the top of the main GUI (Figure 3A). 366 
 367 
3.3.2.3. Click on the Post-processing button to launch the advanced post-processing GUI 368 
named “Analysis Module” (Figure 5A). 369 
 370 
3.3.2.4. Click on the Select File button to select an image.  371 
 372 
3.3.2.5. Click on the Visualise Fibers button to enter fiber number based on the labels in 373 
the Tab figure Original-fibers.  374 
 375 
NOTE: The measurements of the selected fibers will be displayed in an output table (Figure 5B), 376 
and the corresponding fibers will be overlaid on the original image shown in the tab figure named 377 
Measured-Fibers (Figure 5C). 378 
 379 
3.3.2.6. Click on the Confirm/Update button to move to the thresholding operation.  380 
 381 
3.3.2.7. Check the thresholding box to enable the threshold settings. 382 
 383 
3.3.2.8. Choose one of the four thresholding options from the dropdown menu. 384 
 385 
3.3.2.9. Enter the desired thresholds in the Thresholds panel for one or more fiber 386 
properties. 387 
 388 
3.3.2.10. Click on the Threshold Now button to apply the above thresholding conditions.   389 
 390 
3.3.2.11. Check the prompt figure with its name ending with metrics visualization to see 391 
the selected fibers overlaid on the original images with the customized color maps as shown in 392 
Figure 5E. 393 
 394 
3.3.2.12. Repeat steps 3.3.2.9–3.3.2.11 to set the desirable thresholds. 395 
 396 
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3.3.2.13. Click on the Save Fibers button to save the selected fiber information.   397 
 398 
NOTE: Corresponding selected fibers will be displayed in the tab figure named After-399 
Thresholding. 400 
 401 
3.3.2.14. Click on the Generate stats button, and then click on the OK button in the pop-up 402 
window to generate summary statistics.  403 
 404 
NOTE: An output table (Figure 5D) will show the mean value of the selected fibers. Other statistics 405 
of the selected fibers will be saved in an excel file whose location is displayed in the status 406 
window at the bottom of this GUI. 407 
 408 
3.3.2.15.  To include the selected individual fiber information in the output file, check the 409 
Generate sheet for raw data box before clicking on the OK button.  410 
 411 
3.3.2.16. To combine results from multiple images, in step 3.3.2.4, check the Batch Mode 412 
box or Stack Mode  and select the multiple images or stack(s) to be analyzed; skip steps 3.3.2.5–413 
3.3.2.6. In steps 3.3.2.8–3.3.2.9, set thresholding conditions, but as the buttons threshold now 414 
and Save Fibers are disabled, skip steps 3.3.2.10–3.3.2.13;  and lastly,  follow the instructions in 415 
step 3.3.2.14 to generate summary statistics and individual fiber properties of the selected fibers. 416 
 417 
4. Fiber analysis with CurveAlign  418 
 419 
NOTE: CurveAlign was initially developed to automatically measure angles of fibers with respect 420 
to user-defined boundaries. The current version of CurveAlign can be used for bulk assessment 421 
of density- and alignment-based features in addition to the relative angle measurement by either 422 
loading the individual fiber information extracted by CT-FIRE or directly using the local 423 
orientation of the curvelets.  CurveAlign calculates up to thirty features related to global or local 424 
features mainly including density and alignment as well as individual fiber properties when CT-425 
FIRE is adopted as the fiber tracking method.    426 
 427 
4.1. Fiber analysis with curvelets 428 
 429 
4.1.1. Launch the APP as described in 2.3. 430 
 431 
4.1.2. Click on the Reset button to reset the APP to its initial status if other operations have 432 
been conducted. 433 
 434 
4.1.3. In the main GUI (Figure 6A), check the Fiber analysis method option to make sure CT is 435 
selected (default option).  436 
 437 
NOTE: In this mode, CT is performed on the image, and the orientation of each curvelet 438 
represents the direction of a fiber at the corresponding location.  439 
 440 
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4.1.4. Click on the Boundary method dropdown menu, and select the boundary processing 441 
mode from the following dropdown menu options: No Boundary, CSV Boundary, and TIFF 442 
Boundary.  443 
 444 
NOTE: If no boundary is needed, skip this step. Refer to 4.3 for how to calculate fiber angles with 445 
respect to a boundary. 446 
 447 
4.1.5. Click on the Get Image(s) button in the main GUI (Figure 6A), and then select one or more 448 
images/or image stacks from the prompt window. Use the technique appropriate for your 449 
operating system to select multiple images in the dialog (e.g., in Windows, hold CTRL while 450 
selecting multiple files).   451 
 452 
NOTE: If two or more image files are selected, all the images must use the same running 453 
parameters for analysis. Make sure that all the images are acquired under the same or similar 454 
conditions.  455 
 456 
4.1.6. For the image stack, move the slice slider under the file listbox to select the slice to be 457 
analyzed. 458 
 459 
4.1.7. Enter the Fraction of coefs to keep. This value is the fraction of the largest coefficients of 460 
CT that will be used in the fiber analysis.  461 
 462 
NOTE: If the image has a large variation in fiber intensity or contrast, annotate regions of interest 463 
with even contrast for the fiber analysis as this mode only detects the brightest fibers in an image. 464 
In addition, the larger the image size is, set a smaller value for this fraction.    465 
 466 
4.1.8. Keep all the parameters in the Output Options and others in the Advanced option as the 467 
default; the output files may be needed in other future operations.  468 
 469 
4.1.9. Click on the Run button at the bottom of the main GUI (Figure 6A).  470 
 471 
NOTE: The progress information will be displayed in a message window highlighted in green color 472 
at the bottom. After the process is done, some summary statistics for each image will be 473 
displayed in the output table (Figure 6B), and all the output files will be automatically saved in a 474 
sub-folder named CA_Out in the directory of the original image(s). 475 
 476 
4.1.10. Click on any item in the output table (Figure 6B) to see the histogram (Figure 6E) or 477 
compass plot (Figure 6F) of fiber angles.  478 
 479 
NOTE: The overlay image (Figure 6C) and heatmap (Figure 6D) of alignment or angle will also be 480 
displayed. 481 
 482 
4.1.11. Click on the Reset button to run other operations, or close the main GUI to quit the APP.  483 
 484 
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4.2. Individual fiber analysis with CT-FIRE  485 
 486 
NOTE: The procedure is the same as the one described in section 4.1 except that in step 4.1.3, 487 
select CT-FIRE related fiber analysis mode, and skip step 4.1.7  as it is not applicable and is 488 
disabled in CT-FIRE mode. Specifically, in step 4.1.3, select one among the following three CT-489 
FIRE-based individual fiber analysis methods: 490 
 491 
4.2.1. Select CT-FIRE Fibers to use the fiber center point and fiber angle to represent the fiber.  492 
 493 
NOTE: This option does not consider the changes in fiber orientation along the length of the fiber.      494 
 495 
4.2.2. Select CT-FIRE Endpoints to use the two endpoints of a fiber and corresponding fiber 496 
angle to represent the fiber.  497 
 498 
NOTE: Compared to 4.2.1, this option uses two positions to represent a fiber rather can one 499 
(center point of the fiber). 500 
 501 
4.2.3. Select CT-FIRE Segments to use segments of a fiber to represent the fiber.  502 
 503 
NOTE: Each segment has an equal length (set to 5 pixels by default in CT-FIRE) as well as its 504 
orientation and location, which reflects the change in orientation along the whole length of the 505 
fiber. This option would be the most time-consuming, but would be the best option among the 506 
three CT-FIRE-based fiber analysis methods to track changes in the local orientation of a curvy 507 
fiber.  508 
 509 
4.3. Relative alignment analysis with boundary 510 
 511 
NOTE: Compared to the regular analysis without boundary conditions described in sections 4.2 512 
and 4.3, relative alignment analysis with boundary conditions needs the following: 513 
 514 
4.3.1. In step 4.1.3, select the tiff boundary condition.  515 
 516 
NOTE: The user will need a corresponding boundary file for each image or each stack.  Follow the 517 
on-screen instructions to manually annotate either a CSV (comma-separated-values format 518 
based, x-y coordinates) boundary file or a Tiff boundary file. The boundary files created in 519 
CurveAlign will be automatically saved according to the file directory and file naming conventions 520 
described below. If a pair of H&E bright-field and SHG images are provided, use the automatic 521 
boundary creation module described in section 4.4 to generate the boundary file. 522 
 523 
4.3.2. In the Primary Parameters panel, enter the distance from the closest boundary to only 524 
evaluate the fibers within this distance range.   525 
 526 
4.3.3. In the Output Options panel, check the boundary association box Bdry Assoc to visualize 527 
the point on the boundary that is associated with a fiber, fiber segment, or curvelet.    528 
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 529 
4.4. Automatic boundary creation 530 
 531 
4.4.1. Launch the APP as described in 2.3. 532 
 533 
4.4.2. Click on the Reset button to reset the APP to its initial status if other operations have 534 
already been conducted. 535 
 536 
4.4.3. Click on the BD Creation button to launch the automatic boundary creation module. 537 
 538 
4.4.4. Follow the on-screen instructions/clues to create boundary file for one or more images 539 
based on a pair of H&E bright-field and SHG images. 540 
 541 
4.4.5. Close the module window, or click on the Reset button in the main GUI (Figure 6A) to quit 542 
this module. 543 
 544 
4.5  CurveAlign region of interest analysis 545 
 546 
4.5.1 ROI annotation using ROI Manager 547 
 548 
4.5.1.1. Click on the Get Image(s) button in the main GUI (Figure 6A) to load one or more 549 
images. 550 
 551 
4.5.1.2. Select the image to be annotated in the file list. 552 
 553 
4.5.1.3. Click on the ROI Manager to launch the ROI Manager module (Figure 7A). 554 
 555 
4.5.1.4. Follow steps 3.2.1.5–3.2.1.13 in section 3.2.1. 556 
 557 
4.5.2. ROI analysis for a single image in ROI Manager 558 
 559 
4.5.2.1. If full image CurveAlign analysis has been conducted, and the results are saved in 560 
the default directory, click on one or more ROIs in the ROI list, and then click on the CA ROI 561 
Analyzer button to run Post-ROI analysis.  562 
 563 
NOTE: After the analysis is complete, summary statistics will be displayed in an output table 564 
(Figure 7C) as well as a histogram figure (Figure 7D) showing the angle distribution. 565 
 566 
4.5.2.2. Click on any item in the output table to visualize the fibers in a given ROI (Figure 567 
7B) as well as the histogram of the fiber angles. 568 
 569 
4.5.2.3. Check the output files saved in a subfolder located at \\[image folder]\ 570 
CA_ROI\Individual\ROI_post_analysis\. 571 
 572 
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4.5.2.4. If full-image CA analysis has not been conducted, click on one or more ROIs in the 573 
ROI list, and click on the Apply CA on ROI button to directly apply CA analysis to the selected 574 
ROIs. Follow the instructions in the prompt window to run the analysis.  575 
 576 
NOTE: The parameters for running the CA analysis are passed through the main GUI; update the 577 
running parameters described in step 4.1.7 as needed.  After the analysis is complete, the results 578 
of the summary statistics of fiber measures will be displayed in the output table. The results will 579 
be automatically saved in a subfolder located at \\[image folder]\ 580 
CA_ROI\Individual\ROI_analysis\. 581 
 582 
4.5.3. ROI analysis for multiple images using ROI Analyzer 583 
 584 
4.5.3.1. Follow the steps in 4.5.1 to annotate ROIs for the images to be analyzed. 585 
 586 
4.5.3.2. Open one or more images by clicking on the Get Image(s) button. 587 
 588 
4.5.3.3. To run ROI post analysis when the full image analysis results are available, click on 589 
the ROI Analysis button and select the option ROI post-processing. 590 
 591 
4.5.3.4. Check the progress information displayed in the message window at the bottom 592 
of the GUI and in the command window. 593 
 594 
4.5.3.5. After the analysis is complete, check the summary statistics for each ROI displayed 595 
in an output table.  596 

 597 
NOTE: The detailed output files are automatically saved in a subfolder located at \\ [image 598 
folder]\CA_ROI\Batch\ROI_post_analysis\.  599 
 600 
4.5.3.6. To run a direct analysis with CT-mode  when the full image analysis results are not 601 
available, follow steps 4.5.3.1–4.5.3.5, except for the following  changes: modify step 4.5.3.3 by 602 
selecting the option CA on cropped rectangular ROI or CA on mask with ROI of any shape. If all 603 
the annotated ROIs are rectangular shape,  choose the Rectangular ROI option. After step 4.5.3.2, 604 
update the running parameters, as described in 4.1.7.  605 
 606 
NOTE: The ROI analysis results will be saved in a subfolder located at \\ [image 607 
folder]\CA_ROI\Batch\ROI_analysis\. 608 
 609 
4.6. Post-processing of CurveAlign 610 
 611 
4.6.1. Launch the APP as described in section 2.3. 612 
 613 
4.6.2. Click on the Reset button to reset the APP to its initial status if other operations have 614 
already been performed. 615 
 616 
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4.6.3. Click on the Post-Processing button to launch the post-processing module. 617 
 618 
4.6.4. Follow the on-screen instructions/clues to combine the output features or values from 619 
different images. 620 
 621 
4.6.5. Close the module window, or click on the Reset button in the main GUI (Figure 6A) to quit 622 
this module. 623 
 624 
5. Estimated running time 625 
 626 
5.1. Wait the estimated running time for processing an image with size of 1024 pixels x 1024 627 
pixels with moderate fiber density. The actual computational time generally depends on multiple 628 
factors including the size of the file, the analysis mode, the features to be deployed, the central 629 
processing unit (CPU) type, and the amount of available random-access memory (or RAM). CT-630 
FIRE individual fiber extraction takes a couple of minutes. CurveAlign CT-mode without boundary 631 
takes a few seconds. CurveAlign CT-FIRE fiber or fiber ends mode without boundary takes tens of 632 
seconds. CurveAlign CT-FIRE fiber mode without boundary takes hundreds of seconds. CurveAlign 633 
analysis with boundary takes tens of seconds to several minutes, depending on the complexity 634 
of the boundaries. 635 
 636 
REPRESENTATIVE RESULTS:  637 
These methods have been successfully applied in numerous studies. Some typical applications 638 
include:  1) Conklin et al.22 used CurveAlign to calculate tumor-associated collagen signatures, 639 
and found that collagen fibers were more frequently aligned perpendicularly to the duct 640 
perimeter in ductal carcinoma in situ (DCIS) lesions; 2) Drifka et al.10 used the CT-FIRE mode in 641 
CurveAlign to quantify the stromal collagen alignment for pancreatic ductal adenocarcinoma and 642 
normal/chronic pancreatitis tissues, and found that there was an increased alignment in cancer 643 
tissues compared to that in normal/chronic tissues; 3) Alkmin et al.7 used CurveAlign to quantify 644 
the angular distribution of F-actin fibers and overall collagen alignment from the SHG images of 645 
ovarian stromal collagen, and showed that matrix morphology plays an important role in driving 646 
cell motility and F-actin alignment; 4) LeBert et al.3 applied CT-FIRE to the SHG images of a 647 
zebrafish wound repair model  and found an increase in thickness of collagen fibers after acute 648 
wounding; 5) Devine et al.45 used the CT-FIRE mode in CurveAlign for SHG images of vocal fold 649 
collagen from different animal models to measure individual fiber properties and overall 650 
alignment, and showed that porcine and canine vocal fold collagen had a higher alignment and 651 
straightness inferiorly; 6) Keikhosravi et al.13 used CurveAlign to quantify collagen alignment in 652 
histopathology samples imaged with LC-PolScope, and showed that LC-PolScope and SHG are 653 
comparable in terms of alignment and orientation measurement for some types of tissue.  654 
 655 
FIGURE AND TABLE LEGENDS:   656 
Figure 1: Using CurveAlign to find tumor-associated collagen signatures from SHG images of a 657 
human breast cancer tissue microarray (TMA).   (A) Overlay image of a TMA core with SHG image 658 
(yellow) overlaid on the corresponding H&E bright field image. (B) The region of interest of (A). 659 
(C) The bright field image of (B). (D) The SHG image of (B). (F) The mask associated with the bright 660 
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field image (C).  (E) The CurveAlign output overlay image showing the tumor boundaries (yellow) 661 
from (F), representative fiber locations, and orientation (green lines); the blue lines are used to 662 
associate fibers with their closest boundaries. The green arrows in (B) and (E) show the fibers 663 
parallel to the tumor boundary, while the red arrows there show the fibers perpendicular to the 664 
boundary. The scale bar in (A) equals 200 µm. Images in (B)–(F) are displayed in the same scale, 665 
and the representative scale bar in (D) equals 50 µm. Abbreviations: SHG = second harmonic 666 
generation; H&E = hematoxylin and eosin.  667 
 668 
Figure 2: Schematic workflow of quantification of a fibrillar collagen image. (A) SHG image to 669 
be analyzed by CT-FIRE and/or CurveAlign. (B) Overlay image output by CT-FIRE. (C) Mask 670 
boundary of (A) is an optional CurveAlign input. (D) Overlay image output by CurveAlign.  The 671 
color lines in (B) represent the extracted fibers. In (D), the green lines indicate the locations and 672 
orientations of fibers that are outside the boundaries (yellow lines) and are within the specified 673 
distance from their closest boundaries, the red lines are those of other fibers, and the blue lines 674 
are used to associate fibers with their closest boundaries. Images in (A)–(D) are displayed in the 675 
same scale, and the representative scale bar in (A) equals 200 µm.  676 
 677 
Figure 3:  CT-FIRE regular analysis.  (A) Main GUI.  (B) Output table showing the summary 678 
statistics. (C) and (F) show the histograms of angle and width, respectively. (E) Output image 679 
showing the extracted fibers (color lines) overlaid on the original SHG image (D). Abbreviations: 680 
GUI = CT = curvelet transform; graphical user interface; SHG = second harmonic generation. 681 
 682 
Figure 4: CT-FIRE ROI management module. (A) Module GUI. (B) ROI post-analysis of four ROIs 683 
with different shapes showing the fibers within each ROI. (C) ROI histograms of different fiber 684 
properties.   Abbreviations: CT = curvelet transform; GUI = graphical user interface; ROI = region 685 
of interest. 686 
 687 
Figure 5: CT-FIRE advanced post-processing module. (A) Module GUI. (B) Measurements of 688 
selected three fibers. (C) Visualization of the selected three fibers in (B).  (D) Summary statistics 689 
after applying a length threshold (>60 pixels). (E) Visualization of the fibers selected in (D) with 690 
length-based color bar. Abbreviations: CT = curvelet transform; GUI = graphical user interface. 691 
 692 
Figure 6: CurveAlign regular analysis. (A) Main GUI.  (B) Output table showing the summary 693 
statistics. (C) Output image showing the locations and orientation of representative fibers (green 694 
lines)  and boundaries (yellow lines)  overlaid on the original SHG image, the blue lines are used 695 
to associate fibers with their closest boundaries, red lines show the locations and orientation of 696 
fibers inside a boundary or outside far away from the boundary (>user specified distance, e.g., 697 
250 pixels here).   (D) Heatmap of the angles: red (> 60 degrees), yellow (45–60] degrees, green 698 
(10, 45] degrees. (E)–(F) show the angle distribution using histogram and compass plot, 699 
respectively. Abbreviations: GUI = graphical user interface; SHG = second harmonic generation.  700 
 701 
Figure 7: CurveAlign ROI management module. (A) The module GUI. (B) Four annotated 702 
rectangular ROIs overlaid on the original image. (C) ROI post-analysis output table. (D) Angle 703 
histogram of each ROI. Abbreviations: ROI = region of interest; GUI = graphical user interface. 704 
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 705 
DISCUSSION:  706 
This protocol describes the use of CT-FIRE and CurveAlign for fibrillar collagen quantification and 707 
can be applied to any image with collagen fibers or other line-like or fiber-like elongated 708 
structures suitable for analysis by CT-FIRE or CurveAlign. For example, elastin or elastic fibers 709 
could be processed in a similar way on this platform. We have tested both tools on 710 
computationally generated synthetic fibers21.  Depending on the application, users should choose 711 
the analysis mode that is most appropriate for their data.  The CT fiber analysis mode can directly 712 
use curvelets in CT to represent fiber location and orientation, and it is sensitive to changes in 713 
local fiber structure. The CT-mode can be used to locate fibers and their orientation in complex 714 
conditions, e.g., where the noise level is high, the fiber is curvy, or the variation in fiber thickness 715 
is high. However, as the CT-mode only picks up the brightest parts of an image, it would miss 716 
some fibers with lower intensity when there is a large variation in image intensity.   717 
 718 
Moreover, the CT-mode does not provide information on individual fibers. In contrast to the CT-719 
mode, the CT-FIRE mode calculates individual fiber properties and can analyze all the fibers 720 
whose intensity is above a specified threshold.  The challenges associated with the CT-FIRE mode 721 
include:  1) the accuracy of an intact fiber extraction may be reduced or compromised when there 722 
is large variation in the intensity along a fiber or the fiber thickness across an image; and 2) the 723 
current standard analysis is computationally demanding as mentioned in the protocol. More 724 
details about the advantages and limitations of these methods can be seen in our previous 725 
publications20,21.     726 
 727 
As far as the accuracy of fiber tracking is concerned, the user can mainly rely on visual inspection 728 
to check the overlapping image where the extracted fibers or representative orientations are 729 
overlaid on the original image. In addition, for CT-FIRE, the user may use the advanced post-730 
processing module to identify the properties of selected individual fibers, and compare them to 731 
measurements by using other image analysis tools such as Fiji46.  For CurveAlign, the user may 732 
compare the orientation or alignment results to those calculated by other tools such as 733 
OrientationJ16 and CytoSpectre17. 734 
 735 
Among the features available for output by the platform, alignment-related features are most 736 
frequently used and are the most reliable and robust. To use individual fiber features, the user 737 
needs to confirm the extraction of representative fiber features. Of note, an intact fiber may be 738 
divided into several shorter segments in some circumstances, which the user should take into 739 
consideration when selecting the fiber analysis mode or conducting further statistical analysis. 740 
Even when the fiber length cannot be directly used as a comparable property, the orientation or 741 
width of fiber segments weighted against their lengths might still indicate useful information. As 742 
far as SHG imaging is concerned, numeric aperture (NA) of the objective lens can significantly 743 
affect the detection of the width and length of a fiber, but it has less impact on the orientation 744 
and alignment measurements. In our experience in SHG imaging, we usually need to use 745 
objective lens with 40x magnification or higher with NA ≥ 1.0 to achieve a robust fiber thickness 746 
measurement.  747 
  748 
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“Alignment” can be interpreted in  three different ways: 1) alignment with respect to the positive 749 
horizontal direction named “angle”, ranging from 0 to 180 degrees, where angles close to 0 have 750 
similar orientation to angles close to 180 degrees; 2) alignment with respect to a boundary 751 
named “relative angle”, ranging from 0 to 90 degrees, with 0 degrees indicating a fiber parallel 752 
to the boundary and 1 indicating a perpendicular fiber; and 3) alignment of fibers with respect to 753 
each other named “alignment coefficient”, ranging from 0 to 1, with 1 indicating perfectly aligned 754 
fibers and smaller values representing more randomly distributed fibers.   755 
 756 
Besides the fiber features calculated in this platform, some metrics based on texture analysis47–757 
49 were also proposed to quantify ECM patterns. Those texture-related features can provide an 758 
alternative or additional descriptor of the ECM in some applications. The challenges for the 759 
development of this type of metrics lie in the interoperation of the possible biological relevance, 760 
localized characterization, and the accuracy of tracing individual fibers.  761 
 762 
To optimize the running parameters and perform troubleshooting, the user can refer to the 763 
manual, relevant publications20,21 as well as the FAQ sidebars on the GitHub Wiki pages of the 764 
curvelets repository:  https://github.com/uw-loci/curvelets/wiki.  For some buttons, a function 765 
hint may appear to guide the user for the current or next operation when the user moves the 766 
mouse icon above a button. Follow the information on the GUI or command window to perform 767 
the troubleshooting.   768 
 769 
To process a large dataset, the user is encouraged to use parallel computing options, which 770 
enable the tool to process multiple images simultaneously. One option is using multiple CPU 771 
cores if available on the computer being utilized.  Alternatively, a headless version of both APPs 772 
is provided and has been successfully compiled in the compilation node through the server held 773 
at the CONDOR-based50 Center for High Throughput Computing (CHTC) at the University of 774 
Wisconsin-Madison.  The CHTC workflow for large scale fiber quantification has been developed, 775 
tested, and used successfully on real image sets consisting of thousands of images. The user could 776 
adapt the headless MATLAB functions of both CT-FIRE and CurveAlign to run quantification on 777 
other cloud computing systems including commercial services such as those offered by Amazon, 778 
Google, and Microsoft.  779 
 780 
The  ongoing and future development directions include: 1) incorporation of deep learning neural 781 
network to extract or generate high-quality synthetic collagen fiber images and improve the 782 
robustness and accuracy of fiber tracing algorithm; 2) integration of all the modules into a 783 
comprehensive platform while optimizing the code and documentation following the best 784 
software engineering practices; 3) deployment of all the core features on a cloud computing 785 
platform; 4) enhancement of the workflow of fiber analysis using CHTC service; and 5) 786 
improvement of the functionality of the synthetic fiber generator. 787 
   788 
ACKNOWLEDGMENTS:  789 
We thank many contributors and users to CT-FIRE and CurveAlign over the years, including Dr. 790 
Rob Nowak, Dr. Carolyn Pehlke, Dr. Jeremy Bredfeldt, Guneet Mehta, Andrew Leicht, Dr. Adib 791 
Keikhosravi, Dr. Matt Conklin, Dr. Jayne Squirrell, Dr. Paolo Provenzano, Dr. Brenda Ogle, Dr. 792 

https://github.com/uw-loci/curvelets/wiki


   

Page 19 of 22 
 

Patricia Keely, Dr. Joseph Szulczewski, Dr. Suzanne Ponik and additional technical contributions 793 
from Swati Anand and Curtis Rueden. This work was supported by funding from Semiconductor 794 
Research Corporation, Morgridge Institute for Research, and NIH grants R01CA199996, 795 
R01CA181385 and U54CA210190 to K.W.E. 796 
 797 
DISCLOSURES:  798 
The authors have nothing to disclose. 799 
 800 
REFERENCES:  801 
1. Nadiarnykh, O. et al. Second harmonic generation imaging microscopy studies of 802 
osteogenesis imperfecta. Journal of Biomedical Optics. 12 (5), 051805–051805 (2007). 803 
2. Kouris, N. A. et al. A nondenatured, noncrosslinked collagen matrix to deliver stem cells 804 
to the heart. Regenerative Medicine. 6 (5), 569–582, doi: 10.2217/rme.11.48 (2011). 805 
3. LeBert, D. C. et al. Matrix metalloproteinase 9 modulates collagen matrices and wound 806 
repair. Development. 142 (12), 2136–2146, doi: 10.1242/dev.121160 (2015). 807 
4. Provenzano, P. P. et al. Collagen reorganization at the tumor-stromal interface facilitates 808 
local invasion. BMC Medicine. 4 (1), 38, doi: 10.1186/1741-7015-4-38 (2006). 809 
5. Provenzano, P. P. et al. Collagen density promotes mammary tumor initiation and 810 
progression. BMC Medicine. 6 (1), 1, doi: 10.1186/1741-7015-6-11 (2008). 811 
6. Conklin, M. W. et al. Aligned collagen is a prognostic signature for survival in human breast 812 
carcinoma. The American Journal of Pathology. 178 (3), 1221–1232, doi: 813 
10.1016/j.ajpath.2010.11.076 (2011). 814 
7. Alkmin, S. et al. Migration dynamics of ovarian epithelial cells on micro-fabricated image-815 
based models of normal and malignant stroma. Acta Biomaterialia. 100, 92–104 (2019). 816 
8. Campbell, K. R., Campagnola, P. J. Assessing local stromal alterations in human ovarian 817 
cancer subtypes via second harmonic generation microscopy and analysis. Journal of Biomedical 818 
Optics. 22 (11), 116008 (2017). 819 
9. Best, S. L. et al. Collagen organization of renal cell carcinoma differs between low and high 820 
grade tumors. BMC Cancer. 19 (1), 490 (2019). 821 
10. Drifka, C. R. et al. Periductal stromal collagen topology of pancreatic ductal 822 
adenocarcinoma differs from that of normal and chronic pancreatitis. Modern Pathology. 28 (11), 823 
1470–1480, doi: 10.1038/modpathol.2015.97 (2015). 824 
11. Campagnola, P. J. et al. Three-dimensional high-resolution second-harmonic generation 825 
imaging of endogenous structural proteins in biological tissues. Biophysical Journal. 82 (1), 493–826 
508 (2002). 827 
12. Arun Gopinathan, P. et al. Study of collagen birefringence in different grades of oral 828 
squamous cell carcinoma using picrosirius red and polarized light microscopy. Scientifica. 2015, 829 
1–7, doi: 10.1155/2015/802980 (2015). 830 
13. Keikhosravi, A. et al. Quantification of collagen organization in histopathology samples 831 
using liquid crystal based polarization microscopy. Biomedical Optics Express. 8 (9), 4243–4256 832 
(2017). 833 
14. Quan, B. D., Sone, E. D. Cryo-TEM analysis of collagen fibrillar structure. Methods in 834 
Enzymology. 532, 189–205 (2013). 835 
15. Boudaoud, A. et al. FibrilTool, an ImageJ plug-in to quantify fibrillar structures in raw 836 



   

Page 20 of 22 
 

microscopy images. Nature Protocols. 9 (2), 457–463, doi: 10.1038/nprot.2014.024 (2014). 837 
16. Rezakhaniha, R. et al. Experimental investigation of collagen waviness and orientation in 838 
the arterial adventitia using confocal laser scanning microscopy. Biomechanics and Modeling in 839 
Mechanobiology. 11 (3–4), 461–473, doi: 10.1007/s10237-011-0325-z (2012). 840 
17. Kartasalo, K. et al. CytoSpectre: a tool for spectral analysis of oriented structures on 841 
cellular and subcellular levels. BMC Bioinformatics. 16 (1), 1, doi: 10.1186/s12859-015-0782-y 842 
(2015). 843 
18. Bredfeldt, J. S. et al. Computational segmentation of collagen fibers from second-844 
harmonic generation images of breast cancer. Journal of Biomedical Optics. 19 (1), 016007–845 
016007, doi: 10.1117/1.JBO.19.1.016007 (2014). 846 
19. Bredfeldt, J. S. et al. Automated quantification of aligned collagen for human breast 847 
carcinoma prognosis. Journal of Pathology Informatics. 5 (1), 28 (2014). 848 
20. Liu, Y., Keikhosravi, A., Mehta, G. S., Drifka, C. R., Eliceiri, K. W. Methods for quantifying 849 
fibrillar collagen alignment. Methods in Molecular Biology. 1627, 429–451 (2017). 850 
21. Liu, Y. et al. Fibrillar collagen quantification with curvelet transform based computational 851 
methods. Frontiers in Bioengineering and Biotechnology. 8, 198 (2020). 852 
22. Conklin, M. W. et al. Collagen alignment as a predictor of recurrence after ductal 853 
carcinoma in situ. Cancer Epidemiology and Prevention Biomarkers. 27 (2), 138–145 (2018). 854 
23. Jallow, F. et al. Dynamic interactions between the extracellular matrix and estrogen 855 
activity in progression of ER+ breast cancer. Oncogene. 38 (43), 6913–6925 (2019). 856 
24. Smirnova, T. et al. Serpin E2 promotes breast cancer metastasis by remodeling the tumor 857 
matrix and polarizing tumor associated macrophages. Oncotarget. 7 (50), 82289 (2016). 858 
25. Fanous, M., Keikhosravi, A., Kajdacsy-Balla, A., Eliceiri, K. W., Popescu, G. Quantitative 859 
phase imaging of stromal prognostic markers in pancreatic ductal adenocarcinoma. Biomedical 860 
Optics Express. 11 (3), 1354–1364 (2020). 861 
26. Jiménez-Torres, J. A., Virumbrales-Muñoz, M., Sung, K. E., Lee, M. H., Abel, E. J., Beebe, D. 862 
J. Patient-specific organotypic blood vessels as an in vitro model for anti-angiogenic drug 863 
response testing in renal cell carcinoma. EBioMedicine. 42, 408–419 (2019). 864 
27. Govindaraju, P., Todd, L., Shetye, S., Monslow, J., Puré, E. CD44-dependent inflammation, 865 
fibrogenesis, and collagenolysis regulates extracellular matrix remodeling and tensile strength 866 
during cutaneous wound healing. Matrix Biology. 75, 314–330 (2019). 867 
28. Henn, D. et al. Cryopreserved human skin allografts promote angiogenesis and dermal 868 
regeneration in a murine model. International Wound Journal. 17 (4), 925–936 (2020). 869 
29. Rico-Jimenez, J. et al. Non-invasive monitoring of pharmacodynamics during the skin 870 
wound healing process using multimodal optical microscopy. BMJ Open Diabetes Research and 871 
Care. 8 (1), e000974 (2020). 872 
30. Israel, J. S. et al. Quantification of collagen organization after nerve repair. Plastic and 873 
Reconstructive Surgery Global Open. 5 (12) (2017). 874 
31. Rentchler, E. C., Gant, K. L., Drapkin, R., Patankar, M., Campagnola, P. J. Imaging collagen 875 
alterations in STICs and high grade ovarian cancers in the fallopian tubes by second harmonic 876 
generation microscopy. Cancers. 11 (11), 1805 (2019). 877 
32. Hu, C. et al. Imaging collagen properties in the uterosacral ligaments of women with pelvic 878 
organ prolapse using spatial light interference microscopy (SLIM). Frontiers in Physics. 7, 72 879 
(2019). 880 



   

Page 21 of 22 
 

33. Guirado, E. et al. Disrupted protein expression and altered proteolytic events in 881 
hypophosphatemic dentin can be rescued by dentin matrix protein 1. Frontiers in Physiology. 11, 882 
82 (2020). 883 
34. Kiss, N. et al. Quantitative analysis on ex vivo nonlinear microscopy images of basal cell 884 
carcinoma samples in comparison to healthy skin. Pathology & Oncology Research. 25 (3), 1015–885 
1021 (2019). 886 
35. Lewis, D. M. et al. Collagen fiber architecture regulates hypoxic sarcoma cell migration. 887 
ACS Biomaterials Science & Engineering. 4 (2), 400–409 (2018). 888 
36. Moura, C. C., Bourdakos, K. N., Tare, R. S., Oreffo, R. O., Mahajan, S. Live-imaging of 889 
Bioengineered Cartilage Tissue using Multimodal Non-linear Molecular Imaging. Scientific 890 
Reports. 9 (1), 1–9 (2019). 891 
37. Murtada, S.-I. et al. Paradoxical aortic stiffening and subsequent cardiac dysfunction in 892 
Hutchinson–Gilford progeria syndrome. Journal of The Royal Society Interface. 17 (166), 893 
20200066, doi: 10.1098/rsif.2020.0066 (2020). 894 
38. Nichol IV, R. H., Catlett, T. S., Onesto, M. M., Hollender, D., Gómez, T. M. Environmental 895 
elasticity regulates cell-type specific RHOA signaling and neuritogenesis of human neurons. Stem 896 
Cell Reports. 13 (6), 1006–1021 (2019). 897 
39. Pointer, K. B. et al. Association of collagen architecture with glioblastoma patient survival. 898 
Journal of Neurosurgery. 126 (6), 1812–1821 (2016). 899 
40. Razavi, M. S., Leonard-Duke, J., Hardie, B., Dixon, J. B., Gleason, R. L. Axial stretch 900 
regulates rat tail collecting lymphatic vessel contractions. Scientific Reports. 10 (1), 1–11 (2020). 901 
41. Xue, Y. et al. Valve leaflet-inspired elastomeric scaffolds with tunable and anisotropic 902 
mechanical properties. Polymers for Advanced Technologies. 31 (1), 94–106 (2020). 903 
42. Zhou, Z.-H. et al. Reorganized collagen in the tumor microenvironment of gastric cancer 904 
and its association with prognosis. Journal of Cancer. 8 (8), 1466 (2017). 905 
43. Zinn, A. et al. The small GTPase RhoG regulates microtubule-mediated focal adhesion 906 
disassembly. Scientific Reports. 9 (1), 1–15 (2019). 907 
44. Zwaans, B. M. et al. Radiation cystitis modeling: A comparative study of bladder fibrosis 908 
radio-sensitivity in C57BL/6, C3H, and BALB/c mice. Physiological Reports. 8 (4) (2020). 909 
45. Devine, E. E., Liu, Y., Keikhosravi, A., Eliceiri, K. W., Jiang, J. J. Quantitative second 910 
harmonic generation imaging of leporine, canine, and porcine vocal fold collagen. The 911 
Laryngoscope. 129 (11), 2549–2556 (2019). 912 
46. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nature 913 
Methods. 9 (7), 676–682, doi: 10.1038/nmeth.2019 (2012). 914 
47. Zeitoune, A. A. et al. Epithelial ovarian cancer diagnosis of second-harmonic generation 915 
images: A semiautomatic collagen fibers quantification protocol. Cancer Informatics. 16, doi: 916 
10.1177/1176935117690162 (2017). 917 
48. Wershof, E. et al. Matrix feedback enables diverse higher-order patterning of the 918 
extracellular matrix. PLoS Computational Biology. 15 (10), e1007251 (2019). 919 
49. Mostaço-Guidolin, L. B. et al. Fractal dimension and directional analysis of elastic and 920 
collagen fiber arrangement in unsectioned arterial tissues affected by atherosclerosis and aging. 921 
Journal of Applied Physiology. 126 (3), 638–646 (2019). 922 
50. Thain, D., Tannenbaum, T., Livny, M. Distributed computing in practice: the Condor 923 
experience. Concurrency and Computation: Practice and Experience. 17 (2–4), 323–356 (2005). 924 



   

Page 22 of 22 
 

 925 



Click here to access/download;Figure;Figure1_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258722&guid=86be3283-69e0-4613-a2a5-1a78ad820fea&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258722&guid=86be3283-69e0-4613-a2a5-1a78ad820fea&scheme=1


Click here to access/download;Figure;Figure2_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258723&guid=3c493ad9-d243-4756-86ac-cabe24a10ba5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258723&guid=3c493ad9-d243-4756-86ac-cabe24a10ba5&scheme=1


Click here to access/download;Figure;Figure3_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258724&guid=b9751b01-d806-4dd1-85cf-77fa0beab9b6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258724&guid=b9751b01-d806-4dd1-85cf-77fa0beab9b6&scheme=1


Click here to access/download;Figure;Figure4_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258725&guid=f7854b4b-35c8-4d1f-965d-a2c6b4ada4c7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258725&guid=f7854b4b-35c8-4d1f-965d-a2c6b4ada4c7&scheme=1


Click here to access/download;Figure;Figure5_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258726&guid=71967482-d0da-44f5-9631-a4cee69b7f9c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258726&guid=71967482-d0da-44f5-9631-a4cee69b7f9c&scheme=1


Click here to access/download;Figure;Figure6_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258727&guid=b25bdf8b-37ec-4ce4-8a81-cedd787df5fb&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258727&guid=b25bdf8b-37ec-4ce4-8a81-cedd787df5fb&scheme=1


Click here to access/download;Figure;Figure7_300dpi.tif

https://www.editorialmanager.com/jove/download.aspx?id=1258728&guid=cad34a4f-a094-4a5a-a1d4-16a2ae15287e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258728&guid=cad34a4f-a094-4a5a-a1d4-16a2ae15287e&scheme=1


Name of Material/Equipment Company Catalog Number

CT-FIRE Univerity of Wisconsin-Madison N/A

CurveAlign University of Wisconsin-Madison N/A

Click here to access/download;Table of Materials;JoVE_Table_of_Materials-Liu
Eliceiri.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1258729&guid=56332b85-e2c1-4190-bb7d-a125cc1992b8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1258729&guid=56332b85-e2c1-4190-bb7d-a125cc1992b8&scheme=1


Comments/Description
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Dear JoVE editor and reviewers, 
 
Thank you for taking the time to carefully review our manuscript.  Your comments are very 
constructive and encouraging. We have made the corresponding changes as you suggested in 
the revised manuscript. Our response to each question or comment is listed below and 
highlighted in bold font. 
 
Best regards, 
Kevin Eliceiri 
 
Editorial comments: 
Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. 
Thank you for the suggestion. We have proofread the manuscript and corrected all the 
grammar and spelling errors we are aware of. 
 

2. Unfortunately, there are sections of the manuscript that show overlap with previously 
published work. Please revise the following lines: 125-134. 
Thank you for finding this overlapping issue.  In lines 125-134 of the previous 
manuscript, we used the description from our software website. In the revised 
manuscript, we have rephrased those lines to stress the differences between these 
two tools presented in this protocol. 

 
3. Please rephrase the Summary to clearly describe the protocol and its applications in 

complete sentences between 10-50 words: “Here, we present a protocol to …” 
Thank you. We have rephrased the “Summary” as you suggested. 
 

4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 
etc.). 
Thank you. We have made the changes as you suggested. 
 

5. Is there a specific example or dataset that the protocol can be applied to? It is best to 
specify and film a specific protocol example instead of a generalized one. 
Yes, we have included some test images in our software package. We can use some of 
them to film the protocol.  
 

6. Please highlight up to 3 pages of the Protocol (including headings and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. Remember that non-
highlighted Protocol steps will remain in the manuscript, and therefore will still be 
available to the reader. 
Thank you for clarifying the requirement. We have highlighted the essential steps of 
now the 3 page protocol as you suggested in gray color.  
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7. Please ensure that the highlighted steps form a cohesive narrative with a logical flow 

from one highlighted step to the next. Please highlight complete sentences (not parts of 
sentences). Please ensure that the highlighted part of the step includes at least one 
action that is written in imperative tense. 
Thank you. We have highlighted the steps as you instructed in gray color. 
 

 
____________________________________ 
Reviewers' comments: 
Reviewer #1:  
Review 
 
 
“Fibrillar collagen analysis tools developed by the authors in this work have been successfully 
used in the research community for a number of years and have been included in many 
publications. 
 
The protocol described in this paper is clear, detailed and easy to follow. The figures show 
clearly what the user should expect, and provide appropriate examples of what can be done 
with the software.” 
 
I strongly recommend publication. 
Thank you for your careful evaluation. You summarized all the key features of our tools. We 
appreciate your recommendation.  
 
Reviewer #2:  
In this manuscript, the authors propose a video to demonstrate the use of their CurveAlign and 
CT-FIRE software to analyze collagen fiber images. These software programs have been 
developed over the last 10+ years, as the authors claim, and have been broadly adopted for 
quantification of collagen and other fibrillar structures in microscopy images. Although the 
successful history of the software and wide usage by other groups suggest that a video protocol 
may not be needed for adoption of the technology, a thorough documentation of the 
software's uses and potential pitfalls may be of use to the scientific community. Here are a few 
concerns to be addressed and suggestions to improve the manuscript and proposed video 
content: 
 
- It is unclear what 'multiscale image representation' means in the abstract. 
The curvelet transform can represent images at different scales. As far as the implementation 
of the software is concerned: in CT-FIRE, curvelet transform coefficients at multiple scales can 
be used to reconstruct an image that enhances edges and reduces the noises; in CurveAlign, 
curvelet transform coefficients at a user-specified scale can be used to track local fiber 
orientations.  We have added the description about this in lines 84-89 of the revised 
manuscript. 



 
- Although the technical details of the CurveAlign and CT-FIRE algorithms have been previously 
published, the manuscript should include a description, equations, and/or flow-chart of what 
computations and steps the software uses to arrive at the extracted features. 
Thank you for the suggestion. We have added a more detailed description about the technical 
details in lines 84-89 of the revised manuscript. 
 
 
- It would be helpful to include a summary and discussion of the scientific findings that have 
been supported by CurveAlign and CT-FIRE analysis, rather than just a list of the tissue types 
where it has been applied. A list or table of the different microscopy techniques and tissue 
preparations may be helpful. 
Thank you for the suggestion. We have added more details about some typical scientific 
findings supported by our tools in the section “REPRESENTATIVE RESULTS” of the revised 
manuscript.  
 
- Although alluded to briefly, the manuscript and video would be strengthened with increased 
discussion and an example demonstration of the application of CurveAlign and CT-FIRE for non-
collagen images. 
Thank you for the suggestion. CurveAlign and CT-FIRE have been primarily used for collagen 
fiber quantification. However, technically, both tools are not limited to collagen images. Any 
fiber-like or line-like elongated image structures can be evaluated by our tools. We have 
tested our tools on computationally generated synthetic fibers. We are also using our tools 
for elastin image quantification.  We have added more discussions about the use of our tools 
for non-collagen images in lines 557-560 of the revised manuscript. 
 
- The relationship between CurveAlign and CT-FIRE is unclear. Which software would be used 
for what purpose? How are they linked? 
The functionality of CT-FIRE and CurveAlign: The CT-FIRE can be used to measure properties 
of individual fibers, including width, length, angle, and straightness. The CurveAlign can be 
used to do bulk assessment including density- and alignment- based features as well as 
calculate the relative angle of a fiber with respect to a boundary.  
The relationship between CT-FIRE and CurveAlign: 1) The properties of individual fibers 
calculated by CT-FIRE can be loaded into CurveAlign to do CT-FIRE fiber-based feature 
calculation; 2) The CT-FIRE can now be launched from CurveAlign to conduct some basic 
operations. But for a full operation of CT-FIRE, it should be launched separately. 
We have made changes to reflect this in lines 133-141 of the revised manuscript. 
 
- What parameters can be selected and optimized in each protocol? The example protocols say 
to use the default parameters, but a table or discussion of what parameters can be adjusted 
and when adjustment is appropriate would strengthen the manuscript. 
Thank you for the suggestion. We have highlighted some critical parameters and common 
practices for parameter adjustment in the revised manuscript, such as in the step 3 in section 
3.1 for setting CT-FIRE parameters and in the step 6 in section 4.1 for setting curvelets 



analysis parameters. We have also directed the users to the manual and other relevant 
documentations for parameters optimization as shown in the “DISCUSSION section.  
 
- What are common mistakes users of CurveAlign and CT-FIRE encounter and how can they be 
avoided? 
This is a great question. We have stressed the limits of our tools in our previous publications. 
In the revised manuscript here, we have highlighted the following notes of likely utility to 
users: For CurveAlign, the curvelets fiber analysis mode should not be applied to an image 
with a large variation of intensity/contrast since curvelets mode only detects the brightest 
fibers(lines 364-368) . For CT-FIRE, the image should have sufficient resolution for the width 
calculation; in addition, an individual fiber may be divided into shorter fiber segments in 
some circumstances, which the user should take into consideration when selecting the fiber 
analysis mode or conducting further statistical analysis (lines 586-595).  
 
- How can a user be sure that he or she is using CurveAlign and CT-FIRE correctly? Is there a 
standard way to validate the extracted features? 
The user can mainly rely on visual inspection to check the overlap image where the extracted 
fibers or representative orientations are overlaid on the original image. In addition, for CT-
FIRE, the user may use the advanced post-processing module to get the properties of selected 
individual fiber, and compare them to measurements by other tools such as Fiji; for 
CurveAlign, the user may compare the orientation or alignment results to those calculated by 
other tools such as OrientationJ and CytoSpectre.  We have made corresponding changes to 
reflect this in lines 576-582 of the revised manuscript.  
 
 


