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Supplemental Methods 

Cell lines 

Different cell lines were selected to cover a broad range of tumor stiffness from soft 

(B16F10) to stiff (4T1, KPR3070) based on prior qualitative assessment (ex. handling tumor 

specimens) and limited mechanical testing of common tumor models (B16F10, 4T1,EMT6) and 

in house generated KPR3070 tumor model. B16F10 mouse melanoma cells (ATCC; CRL-6475), 

EMT6 mouse mammary carcinoma (ATCC; CRL2755), 4T1 mouse mammary gland carcinoma 

cells (ATCC; CRL-2539), and in-house mouse pancreatic ductal adenocarcinoma line KPR3070, 

derived from Kras.lsl.G12D/wt;Trp53lsl/R270H/wt;Pdx.Cre1 genetically-engineered mouse 

model, tested negative for mycoplasma and common rodent viruses. All tumor cells were 

cultured in DMEM supplemented with 10 % FCS, 100 U/ml penicillin, and 100 µg/ml 

streptomycin at 37 °C in a humidified chamber with 5 % carbon dioxide.   

 

Localized collagenase delivery  

BALB/c mice were inoculated subcutaneously on the right flank with 4T1 cells (1·10
5
 

cells/mouse) re-suspended in 100 µl Hank’s balanced salt solution (HBSS) / matrigel (BD 

Biosciences, CA). Three weeks after inoculation, baseline ultrasound (acoustic radiation force 

impulse (ARFI) + contrast enhanced ultrasound (CEUS)) was performed and animals were 

randomized into two groups (Control and Collagenase, n=12 each). Following baseline imaging, 

mice were kept under anaesthesia, ultrasound gel was removed, and 20 µl treatment solution was 

injected into the core of tumors and at three subcutaneous locations surrounding the tumor using 

29 G, 0.3 ml insulin syringes (BD Biosciences, CA). Control group animals received M2 media 

(Sigma, MO), while animals in the collagenase group received 0.25 U/ml collagenase-D (Roche, 

Switzerland) reconstituted in M2 media. Collagenase was administered intratumorally to avoid 
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potential toxicity from systemic administration (1). Follow up imaging was performed 24 hours 

after baseline imaging and localized delivery based on previous studies. Since these injections 

did not include an ultrasound-visible marker, stiffness was analyzed for the entire tumor cross 

section even though many areas may not have received any enzyme. 

 

Animal use and exclusion criteria: 

Mice were euthanized if institutional animal care and use committee guidelines were met 

before the end of the study. All animal exclusions were due to tumor ulcerations (ulceration 

diameter > 4 mm, or cavitated tumor regardless of size). 

 

Supplemental Table 1: List of excluded animals  

Mouse 
strain 

Tumor model Animals 
implanted 

Animals 
excluded 

C57BL/6 B16F10 w. matrigel, flank 40 10 

C57BL/6 KPR3070 w. matrigel, flank 20 0 

BALB/c 4T1 w. matrigel, flank 50 11 

BALB/c 4T1 w. matrigel, mammary fat 
pad 

15 4 

BALB/c 4T1 HBSS, mammary fat pad 15 4 

BALB/c EMT6 w. matrigel mammary 
fat pad 

14 4 

BALB/c EMT6 w. matrigel, flank 15 3 

 

Ultrasound imaging 

Mice were anesthetized with 4 % sevoflurane (Zoetis, Japan). Lateral tail veins were 

cannulated with infusion lines filled with heparinized saline (BD Biosciences, CA). Following 

tail vein cannulation, mice were positioned on their left side for syngeneic tumors, prone for 

Braf/PTEN, or supine for MMTV-Her2 and orthotopic 4T1 and EMT6. Tumor and surrounding 

areas were shaved and depilatory cream (Reckitt Benckiser, UK) was applied for approximately 

one minute, removed with dry gauze and water soaked gauze. Since Braf/PTEN tumors are not 
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covered by hair no depilatory cream was used. Following hair removal, ultrasound gel 

(Aquasonic, Parker Labs, NJ) was applied for acoustic coupling. To estimate tumor volumes, 

anatomical b-mode images (Siemens Acuson S2000, Siemens Medical Solutions USA, CA) were 

acquired for axial and sagittal planes covering maximum tumor cross sections (14L5SP probe, 

center frequency 14 MHz, 27 % power; 50 µm in plane resolution, 300 µm slice thickness, FOV: 

3x2 cm
2
). To estimate tumor stiffness, Acoustic Radiation Force Impulse (ARFI) imaging 

(Virtual Touch™ Tissue Quantification) was performed on axial planes using parameters 

optimized for preclinical tumors. Six shear wave speed maps were acquired for each imaging 

plane. Following ARFI imaging, a 9L4 probe (center frequency 8 MHz, 27 % power; 90 µm in 

plane resolution, 300 µm slice thickness, FOV: 3.5x3 cm
2
) was positioned to match axial images 

acquired with the 14L5SP probe, and reference b-mode images were acquired. To estimate tumor 

perfusion, 40 µl of a microbubble contrast agent (SIMB4-5, Advanced Microbubbles 

Laboratories, CO, 2.3±0.2·10
9
 microbubbles/ml) was mixed with 60 µl of heparinized saline in a 

syringe and infused through tail vein catheters manually over approximately two seconds. 

Contrast enhanced ultrasound (CEUS) images (Cadence™) were acquired for one minute (30 

frames/s) starting prior to microbubble infusion. The entire imaging procedure required 

approximately 15 minutes per animal.  

 

Mass spectroscopy: 

Regents used: Hydroxyproline (>99 %), heptafluorobutyric acid (>99.0 %), and sodium 

hydroxide (Sigma-Aldrich, MO); pyridinoline and deoxypyridinoline (Quidel, CA); sodium 

borohydride (MP Biomedicals, CA), Acetonitrile, 6N HCl, and HPLC grade water (Thermo 

Fisher Scientific, MA). 
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Tumor preparation: Tumor tissues were lyophilized to dryness overnight then reduced 

with sodium borohydride in 1mM sodium hydroxide. The quantity of sodium borohydride was 

no less than 1 % of sample wet weight. After reduction, the solution was acidified to 

approximately pH 3.0. Tissues were washed with HPLC grade water and then dried by 

lyophilization. Hydrolysis was then performed in 6 N HCl at 110 °C for 20 hours. After cooling 

to room temperature, the hydrolysates were dried using a Speedvac and reconstituted in 1 % n-

heptafluorobutyric acid (HFBA). Samples were centrifuged and the supernatant was transferred 

to an autosampler vial for LC-MS/MS analysis. 

Collagen crosslink analysis: Hydroxyproline (HYP), pyridinoline (PYD), 

deoxypyridinoline (DPD) and the reducible cross-links dihydroxylysinonorleucine (DHLNL) 

were analyzed using LC-MS/MS. 5 μl of sample was injected on a ZORBAX SB-Aq column 

(150 × 3.0 mm, 5.0 μm)  column in a SHIMAZU LC system (Shimazu, Japan). The temperatures 

of the column oven and autosampler were set at 40 °C and 15 °C, respectively. The LC flow rate 

was 0.2 ml/min. The gradient was held at 95 % mobile phase A (98 % Water, 2 % ACN, 0.1 % 

HFBA) and 5 % mobile phase B (98 % acetonitrile, 2 % water, 0.1 % HFBA) for the initial 2 

minutes. Mobile phase B was increased to 90 % over 10 minutes, then further increased to 95 % 

in 1 minute and maintained at 95 % for 3 minutes before returning to initial conditions for re-

equilibration and subsequent injections. The HPLC was coupled to a 6500+ QTRAP mass 

spectrometer (Sciex, CA) operated under positive ionization mode with the following source 

settings: turbo-ion-spray source at 350 °C under N2 nebulization at 20 psi, N2 heater gas at 10 

psi, curtain gas at 30 psi, collision-activated dissociation gas pressure was held at medium, turbo 

ion-spray voltage at 5,500 V, DP at 20 V, entrance potential at 10 V. CE at 25 V for 

hydroxyproline, 40 V for PYD and DPD, 28 V for DHLNL, and collision cell exit potential at 10 

V. Sample analysis was performed in multiple reaction monitoring (MRM) mode with dwell 
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time of 0.1 seconds. Transitions of each of the compounds were identified by direct infusion 

standards. The transitions for hydroxyproline, PYD, DPD and DHLNL were 132 > 68, 429>267, 

413 >267 and 308>128, respectively. 

All cross-links were quantified as mol/mol of collagen based on 14 % HYP content in 

collagen. 

 

Immunohistochemistry and histological methods 

Tumor bearing mice were injected with 100 µl of saline containing 2 mg/ml biotinylated 

tomato lectin (B-1175, Vector Laboratory, CA) via lateral tail veins. Mice were anesthetised with 

isoflurane (Henry Schein, NY) 15 minutes after lectin injections, the tips of right atria were cut 

off and mice were perfused (5 ml/min) with 20 ml cold PBS followed by 15 ml cold PBS 

containing 4 % paraformaldehyde (PFA) through a 25 G butterfly needle inserted into the left 

ventricle. Excised tumors were fixed over night at 4 ºC in PBS with 4 % PFA, transferred into 30 

% sucrose in PBS, and kept at 4 ºC until equilibrated (2-3 days). Tumors were embedded in 

optimum cutting temperature compound (OCT, Sakura Feintek, CA) and frozen in hexane 

containing dry ice. Tumors were aligned in cryomolds to match the imaging plane. The distance 

from tumor rim to center, where ultrasound imaging was performed was recorded prior to 

freezing samples. Tumor sections were cut (30 µm thickness) with a cryostat (Leica, Germany) 

collected on glass slides, dried and stored at -20 ºC. Sixteen sections were collected at -2, -1, 0, 

1, and 2 mm relative to expected axial section with maximum diameter. Out of these 5 sets, the 

set with the maximum tumor diameter was used for staining.  

TUNEL staining was performed following the manufacturer’s instructions (Roche, 

Switzerland) except for the following modifications. Sections were permeabilized with 2 % 

Triton-X in PBS at 37 ºC for one hour. The TUNEL reaction mixture was diluted 1:2 with 
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TUNEL dilution buffer. After TUNEL staining, sections were washed 3 times for 10 minutes 

with PBS followed by standard immunofluorescence staining.  

Immunofluorescence: Sections were equilibrated to room temperature, washed twice 10 

min with PBS, permeabilized with 2 % Triton-X (Sigma) in PBS for one hour at 37 ºC followed 

by incubation in blocking solution (5 % donkey serum in PBS + 0.1 % Tween-20, + 0.5 % Triton-X, 

Sigma) for one hour. Sections were incubated with primary antibodies (see Supplemental Table 2) 

diluted in blocking solution over night at 4 ºC in a humidified chamber. After washing 3 times for 15 

min with PBS + 0.1 % Tween-20, sections were incubated with secondary antibodies diluted in 

blocking solution for one hour at room temperature in a humidified chamber. Secondary antibody 

staining was followed by a final washing step (3 times 15 minutes). Glass slides were covered with 

cover slides using self-hardening mounting media. Confocal microscopy was performed using a 

Nikon A1 microscope (Nikon, Japan). Stitched images covering entire tumor cross sections were 

acquired using a 20x air objective (0.41x0.41 µm2, in plane resolution).  

 

Image analysis  

Image analysis was performed using custom, in-house software (Matlab R2016a, 

MathWorks).  

Ultrasound: Tumor boundaries were manually delineated on axial and sagittal b-mode 

images. Tumor volumes were estimated by fitting ellipsoids to manual delineations using major 

and minor axis length from axial regions of interest (ROIs) and the minor axis length of sagittal 

ROIs. Breathing motion on contrast enhanced ultrasound (CEUS) data was reduced by affine 

registration of all CEUS frames to the average of the first five frames for each series. Parametric 

maps for relative blood flow, relative blood volume, time to peak, wash in rate, and maximum 

enhancement were generated by pixel-wise numeric integration. The average of the first 10 
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frames was considered background and subtracted from the time series. A moving average filter 

(30 frames) was applied on pixel-wise time intensity curves to reduce noise. Relative blood 

volume (RBV) was defined as the area under the time intensity curve. Mean transit time (MTT) 

was defined by the first moment of the time intensity curve. Relative blood flow was calculated 

as RBV/MTT. Time to peak was define as the time from contrast arrival (>5% enhancement) to 

signal maximum. Wash in rate was defined as the maximum slope between contrast arrival and 

maximum signal enhancement (2,3). Affine registration of 9L4 reference b-mode images to 

14L5SP anatomical b-mode images was used to derive transformation matrices for the alignment 

of perfusion maps to 14L5SP anatomical b-mode and acoustic radiation force impulse (ARFI) 

data. Four shear wave maps with the least variation between them were averaged and converted 

to elastic moduli: 𝐸 = 3𝜌𝑣2 with material density 𝜌 (1020 kg/m
3
) and shear wave speed 𝑣. Axial 

tumor masks were used to limit the analysis to tumor tissue. A 5 % CEUS enhancement 

threshold was used to define perfused and non-perfused tumor areas. ARFI artifacts were 

observed in and around fluid filled cysts in MMTV-Her2 tumors. To exclude these areas from 

downstream analysis, image guided filtering (neighbourhood size 10, Matlab) was performed on 

b-mode images to reduce noise. Filtering was followed by Otsu thresholds (Matlab) applied 

within the axial segmentation masks. Detected low intensity areas (fluid filled areas) were dilated 

(disk radius 5 pixel) (Supplemental Fig. S1A) to cover cyst boundaries. 

 Confocal microscopy: To reduce image noise, diffusion coherence filtering 

(https://www.mathworks.com/matlabcentral/fileexchange/25449-image-edge-enhancing-

coherence-filter-toolbox) was performed on Collagen and SMA grayscale images using the 

following parameters (collagen: T,5,dt,1,rho,5,Scheme,R,eigenmode,2; T was changed to 3 for 

SMA). For Endomucin, Lectin, TUNEL, F4-80, CD3, HABP and PDGFR-α staining, image 

guided filtering (Matlab) was used with the following parameters (Neighbourhood size 6, 6, 3, 6, 

https://www.mathworks.com/matlabcentral/fileexchange/25449-image-edge-enhancing-coherence-filter-toolbox
https://www.mathworks.com/matlabcentral/fileexchange/25449-image-edge-enhancing-coherence-filter-toolbox
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3, 5, 4 degree of smoothing default rescaled by 5, 5, 10, 5, 10, 10, 10 respectively). No filtering 

was performed for Hydrazide stained sections. Collagen and PDGFR-α density were estimated 

using Otsu thresholds (Matlab) multiplied with 0.4 followed by removal of connected objects < 

25 pixels. For vessel detection (endomucin/lectin), thresholds were followed by watershed 

segmentation (Matlab) to separate touching vessels and removal of filled areas < 33 µm
2
 and > 

8000 µm
2
 (Supplemental Fig. S2E, S3). Vessel density was expressed as vessels/mm

2
 based on 

centroid positons of detected vessels or as filled vessel area mm
2
/mm

2
. Minor diameters of 

detected objects were used to estimate vessel diameters. Lectin signal within endomucin defined 

objects was used to determine vessel perfusion. Vessel maps were dilated (disk with 10 pixel 

radius) and overlaid on smooth muscle actin (SMA) staining’s to define vessel associated SMA 

and non-vessel SMA considered activated fibroblasts / myofibroblasts (Supplemental Fig. S3). 

To estimate T-cell and macrophage density, thresholded objects within single cell size range 

(>100 <1000 pixels) were classified as individual cells. For larger objects, cell nuclei were 

detected based on watershed segmentation of corresponding DAPI images. Detected nuclei were 

classified as positively stained cells (Supplemental Fig. S2F, S4). Hyaluronic acid staining was 

performed with a biotinylated protein. Since perfused vessels were labeled with biotinylated 

lectin, corresponding dilated vessel masks (disk, radius 7 pixels) were applied to hyaluronic acid 

maps to remove vessel associated signal. To reduce data requirements, parametric maps were 

resized to 50x50 µm (Supplemental Fig. S2A-D).  

 Confocal data registration: DAPI density maps corresponding to parametric confocal 

maps were used for image registration. Manual regions of interest were drawn on parametric 

maps to remove non-tumor tissue (skin, fat). Initially, one DAPI density map was registered to 

the axial tumor mask (b-mode ROI) for a particular animal using similarity registration 

(translation, rotation and scale). Due to the lack of exogenous fiduciary markers there may be 
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errors in the alignment of some images. This is particularly problematic for pixel-wise 

correlations between in vivo ultrasound and ex vivo microscopy data. Registration accuracy 

depend on the presence of distinct image features on ultrasound images (e.g. fluid filled cysts, 

areas with coagulative necrosis), distinctness of tumor shape, and the variation of ultrasound and 

histological parameters across central tumor slices. Accordingly registration errors are likely to 

be small for tumors with distinct shapes (Braf/PTEN) or strong ultrasound features MMTV-

Her2. Registration accuracy is likely to be lower for small circular tumors. These limitations 

need to be considered when interpreting pixel-wise correlations across different modalities which 

aside from registration errors may also have large resolution differences impacting detection 

sensitivities. Pixel-wise correlations between histological parameters are less likely to suffer 

from this limitation as consecutive histological slide images were registered to each other. All 

remaining parametric confocal maps were aligned using transformation matrices generated by 

registration (translation, rotation and scale) of corresponding DAPI density maps to the first 

DAPI density map (Supplemental Fig. S5). 

 Data analysis: For multiple regression analysis, masks for tumor, perfused and non-

perfused tumor tissue were applied to all ultrasound and confocal microscopy derived parametric 

maps to get animal specific averages. Pixel-wise correlations were performed by combining 

parameter vectors for all animals with the same tumor type. To facilitate the comparison of 

microenvironment parameters within and across different tumor types, 2D parametric maps were 

reduced to 1D line representations based on the relative distance between centre and rim of 

individual pixels. Line representations for animals with the same tumor type were averaged 

(Supplementary. Fig. S6). 
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Supplemental Table 2: List of antibodies  

Antibody/Agent Dilution Vendor Order Nr. 

Donkey secondary antibodies 1:400 Jackson Immunoresearch 

Streptavidin 1:600 Vector laboratories SA-5649 

Endomucin 1:400 R&D Systems AF4666 

Collagen I 1:200 Abcam ab34710 

Collagen III 1:200 Abcam ab7778 

Collagen IV 1:200 Millipore AB756P 

Hydrazide 1:4000 ThermoFisher Scientific A20502 

F4/80 1:200 AbD SeroTec MCA497G 

CD3 1:100 BD Biosciences 553308 

PDGFR-α 1:200 R&D Systems AF1062 

α Smooth Muscle Actin 1:400 Sigma C6198 

Hyaluronic acid binding protein 1:50 Millipore 385911-50UG 
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Supplemental Figure 1. In vivo imaging of stiffness and perfusion in genetic tumor models. (A) 

Anatomical B-mode ultrasound image showing a genetic MMTV-Her2 tumor (dashed line). 

Contrast enhanced ultrasound (CEUS) derived relative blood flow maps. Acoustic radiation 

force impulse (ARFI) stiffness maps were overlaid on b-mode images (soft: 1 kPa, stiff: 130 

kPa). Fluid filled cysts were detected on b-mode images via threshold, dilated and excluded from 

further analysis of tumor stiffness and perfusion. Stiffness maps restricted to cyst free perfused 

tumor area (ARFI perfused tumor). (B) Anatomical B-mode ultrasound image showing a 

genetic Braf/PTEN tumor (dashed line). Contrast enhanced ultrasound (CEUS) derived relative 

blood flow maps show high perfusion throughout the tumor. Acoustic radiation force impulse 

(ARFI) stiffness maps were overlaid on b-mode images. Stiffness maps restricted to perfused 

tumor area (ARFI perfused tumor).  
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Supplemental Figure 2. Outline of segmentation procedure and examples for collagen and 

PDGFR-α segmentation. (A) Schematic for automatic collagen segmentation. (B) Schematic for 

automatic myofibroblast segmentation (non-vascular α-smooth muscle actin, SMA
+
). (C) Small 

section of confocal grayscale image from a collagen stained section. The right side shows in red 

pixels that have been classified as collagen positive. (D) Small section of grayscale confocal 

image stained with the fibroblast marker platelet derived growth factor receptor alpha (PDGF). 

The image on the right shows the grayscale image with PDGF positive pixels overlaid in red. (E, 

F) Schematic for automatic blood vessels and T-cells segmentation. Scale bars: 100 µm. 
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Supplemental Figure 3. Automatic segmentation examples for blood vessel, perfused blood 

vessel and myofibrobalst detection. (A) The left column shows a small confocal microscopy 

section of tumor tissue stained for blood vessel (endomucine). The right column shows the 

original confocal image overlaid with pixels classified as blood vessels in red. (B) The left 
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column shows a small confocal microscopy section of tumor tissue stained for perfused blood 

vessel (lectin). The right column shows the original confocal image overlaid with vessels 

classified as perfused in blue. (C) The left column shows a small confocal microscopy section of 

tumor tissue stained for alpha smooth muscle actin (SMA). The right column shows the original 

confocal image overlaid with non-vessel associated SMA classified as putative myofibroblast in 

red and the endomucine positive blood vessel mask in green which was dilated to remove any 

blood vessel associated smooth muscle cells. Scale bars: 100 µm. 
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Supplemental Figure 4. Automatic segmentation examples for T-cells, macrophages and 

Hydrazide detection. (A) The left column shows a small confocal microscopy section of tumor 

tissue stained for T-cells (CD3). The right column shows the original confocal image overlaid 

with centroids of detected T-cells marked by red squares. (B) The left images show a small 
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section of a tumor slide stained with the macrophage marker F4/80. The image on the right 

shows the original image with overlaid centroids of detected macrophages marked with a red 

square. (C) The left images show a small section of a tumor slide stained with Hydrazide, a 

molecule that binds strongly to elastin. The image on the right shows the original image with 

pixels classified as Hydrazide positive (putative elastin) in red. Scale bars: 100 µm. 
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Supplemental Figure 5. Image registration schematic and example from a KPR3070 tumor. (A) 

Anatomic b-mode images and acoustic radiation force impulse (ARFI) stiffness maps were 

acquired with a 14L5SP ultrasound probe. Contrast enhanced ultrasound (CEUS) images and a 

reference b-mode image were acquired using a 9L4 ultrasound probe. CEUS data was processed 

to generate parametric perfusion maps. Perfusion maps were aligned to the anatomical b-mode 

and ARFI data by registering the reference b-mode image (9L4) to the anatomical b-mode image 

(14L5SP). After the last imaging time point, tumors were excised, fixed and cut into cryo-

sections aligned with the ultrasound imaging plane. Sections were stained for a range of tumor 

microenvironment targets and imaged. Nuclear (DAPI) confocal microscopy images were 

registered to the axial segmentation mask manually drawn on anatomical b-mode images. All 

subsequent confocal images were registered to the first confocal image based on their DAPI 

channel. (B) Example for registered images of one KPR3070 tumor. A contrast enhanced 

ultrasound (CEUS) image is shown as an exemplar for perfusion parametric maps (rise time, 

mean transit time, relative blood volume, relative blood flow, time to peak, enhancement slope 

and maximum enhancement). The acoustic radiation force impulse (ARFI) stiffness maps shown 

is the average of four shear wave speed maps. Blood vessel area density maps show the fraction 

of pixels classified as blood vessels and their filled lumen. The SMA density map shows non-

vascular alpha smooth muscle actin positive cells, putative myofibroblasts. Vascular SMA maps 

show SMA positive pixel within dilated blood vessel maps. The collagen density maps show the 

density of collagen I + collagen III + collagen IV positive pixels. Viable cell density is based on 

the segmentation of TUNEL stained images. Macrophage density refers to F4/80 positive cells. 
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Supplemental Figure 6. Line representation of parametric maps. (A) Schematic outlining how 

parametric tumor maps, which are to a large extent rotationally symmetric, can be reduced to a 

line representation by binning pixels based on their relative location between tumor core and rim. 

(B) Parametric maps for blood vessel density, T-cell density and viable cell density of a 

KPR3070 tumor 21 days after implantation. A centrality map generated from the ultrasound axial 

segmentation mask was used to convert ultrasound and confocal parametric maps to a line 

representation showing mean ± SD. (C) Parametric maps for blood vessel density, T-cell density 

and viable cell density of a B16F10 tumor 14 days after implantation. A centrality map generated 

from the ultrasound axial segmentation mask was used to convert ultrasound and confocal 

parametric maps to a line representation showing mean ± SD. (D) Parametric maps for blood 

vessel density, T-cell density and viable cell density of a Braf/PTEN tumor 86 days after 

detection. A centrality map generated from the ultrasound axial segmentation mask was used to 

convert ultrasound and confocal parametric maps to a line representation showing mean ± SD. 
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Supplemental Figure 7. In vivo imaging of stiffness and perfusion in syngeneic tumor models. 

(A) Scatter plot for shear wave speed measurements of tumors repeated within 2 hours after 

initial measurement (measurement 1, measurement 2). (B) Bland-Altman plot showing good 

agreement between the first and second shear wave speed measurements without systematic bias 

or offset and a coefficient of variation of 12.5 % (n=32). (C) Time line for syngeneic tumor 

imaging and analysis. (D) Anatomical B-mode ultrasound image showing a syngeneic B16F10 

tumor (dashed line) at one and two weeks after implantation. Contrast enhanced ultrasound 

(CEUS) derived relative blood flow maps for segmented tumors. Acoustic radiation force 

impulse (ARFI) stiffness maps were overlaid on b-mode images (soft: 1 kPa, stiff: 130 kPa). 

Stiffness maps restricted to perfused tumor area (ARFI perfused tumor). (E) Anatomical B-

mode ultrasound image showing a syngeneic EMT6 tumor (dashed line) at one, two, and three 

weeks after implantation. Contrast enhanced ultrasound (CEUS) derived relative blood flow 

maps for segmented tumors. Acoustic radiation force impulse (ARFI) stiffness maps were 

overlaid on b-mode images. Stiffness maps restricted to perfused tumor area (ARFI perfused 

tumor). 
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Supplemental Figure 8. In vivo imaging of stiffness and perfusion in syngeneic tumor models. 

(A) Anatomical B-mode ultrasound image showing a syngeneic 4T1 tumor (dashed line) at one, 

two, and three weeks after implantation. Contrast enhanced ultrasound (CEUS) derived relative 

blood flow maps for segmented tumors. Acoustic radiation force impulse (ARFI) stiffness maps 

were overlaid on b-mode images (soft: 1 kPa, stiff: 130 kPa). Stiffness maps restricted to 

perfused tumor area (ARFI perfused tumor). (B) Anatomical B-mode ultrasound image 

showing a syngeneic KPR3070 tumor (dashed line) at one, two, and three weeks after 

implantation. Contrast enhanced ultrasound (CEUS) derived relative blood flow maps for 

segmented tumors. Acoustic radiation force impulse (ARFI) stiffness maps were overlaid on b-

mode images. Stiffness maps restricted to perfused tumor area (ARFI perfused tumor). 
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Supplemental Figure 9. Tumor volume, perfusion and stiffness for 4T1 implanted ectopically 

(n=14) or orthotopically with (n=11) or without matrigel (n=11). (A) 4T1 tumors orthotopically 

implanted in the mammary fat pad grew faster compared to 4T1 implanted ectopically in the 

flank (ANOVA, 
a
p<0.001). Although the implantation site had an effect tumor growth, the use of 

matrigel did not as growth rates were similar for 4T1 tumors implanted with or without matrigel 

in the mammary fat pad (ANOVA, p=n.s.). (B) However, 4T1 tumors implanted without 

matrigel had larger perfused areas compared to 4T1 tumors implanted with matrigel (ANOVA, 

b
p<0.001). (C) Relative blood flow for 4T1 tumors was higher when implanted in the mammary 

fat pad compared to implantation in the flank (ANOVA, 
c
p<0.001). (D,E) Tumor stiffness in 

perfused or non-perfused area was similar for 4T1 tumors implanted with or without matrigel 



28 

 

(ANOVA, p=n.s, p=n.s.). Tumor stiffness seven days after implantation was higher for 4T1 

tumors orthotopically implanted in the mammary fat pad compared to 4T1 tumors implanted in 

the flank (ANOVA, 
d
p<0.001, 

e
p<0.05). However, no significant differences remained three 

weeks after implantation. (4T1 ortho: implanted in mammary fat pad, 4T1 ectopic matrigel: 

implanted with matrigel in mammary fat pad, 4T1 heter matrigel: implanted heterotopically in 

the flank with matrigel) 
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Supplemental Figure 10. Collagen crosslinks in different tumor models. (A, B) Scatter plot 

showing a good correlation between mature pyridinoline (PYD) collagen crosslinks and in vivo 

stiffness measurements. However, when PYD was normalized to collagen content no significant 

correlation with stiffness could be detected. (C) Scatter plot showing a good correlation between 

mature deoxypyridinoline collagen crosslinks normalized to tumor weight and in vivo stiffness 

measurements. (D) Immature dihydroxylysinonorleucine (DHLNL) collagen crosslinks 

normalized to tumor weight were strongly correlated with tumor stiffness. (B16F10: n=19, 

EMT6: n=17, 4T1: n=28, KPR3070: n=19). 
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Supplemental Figure 11. Tumor average correlations for stiffness and T-cell density. (A) 

Scatter plot showing a negative correlation between relative blood flow (RBF) and tumor 

stiffness (ARFI) for a range of tumor models (B16F10 (n=7), EMT6 (n=8), 4T1 (n=9), KPR3070 

(n=8), Braf/PTEN (n=3), and MMTV-Her2 (n=5)). (B) Scatter plot showing a positive 

correlation between blood vessel area and tumor stiffness (ARFI) for a range of tumor models. 

(C) No statistically significant correlation was found between nuclei density a surrogate for cell 

density and tumor stiffness. (D) Stiffness (ARFI) and macrophage density (F4/80) were not 

significantly correlated. (E) Scatter plot showing a positive correlation between stiffness (ARFI) 

and T-cell density. (F) Scatter plot showing a positive correlation between collagen density 

(collagen staining) and T-cell density. (G) Scatter plot showing a positive correlation between 
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macrophage density (F4/80) and T-cell density. (H) Scatter plot showing a positive correlation 

between blood vessel density (endomucine) and T-cell density. (I) Scatter plot showing a 

positive correlation between platelet derived growth factor receptor alpha (PDGFR) density 

(putative fibroblasts) and T-cell density. 
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Supplemental Figure 12. Confocal microscopy images for DAPI stained cell nuclei. 

Representative images for DAPI stained nuclei in the viable tumor area of Braf/PTEN, MMTV-

Her2, B16F10, EMT6, 4T1, and KPR3070 tumors. Although nuclei density was lowest for the 

softest tumor in our study (Braf/PTEN) there is no appreciable increase in cell density when 

comparing soft B16F10 and stiff KPR3070 tumors. 
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Supplemental Figure 13. Perfusion and stiffness changes following localized collagenase 

delivery. (A) Timeline for localized delivery and ultrasound imaging in a syngeneic 4T1 tumor 

model. (B) The first column shows representative contrast enhanced ultrasound-derived relative 

blood flow maps before treatment. The second column shows relative blood flow maps 24 hours 
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after localized delivery of control media or collagenase. The third column shows pre-treatment 

stiffness maps and the forth column shows stiffness maps after treatment. Collagenase treatment 

led to an appreciable reduction in stiffness after treatment while neither stiffness nor blood flow 

changed in the control group. (C) There was no significant change in tumor volume between 

baseline and follow-up imaging. Scale bar: 5 mm. 
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Supplemental Figure 14. Collagen content and collagen crosslinking after localized collagenase 

delivery. (A, B) Mature deoxypyridinoline (DPD) collagen crosslinks normalized to tumor 

weight and collagen content respectively were not significantly different between control (n=6) 

and collagenase (n=6) groups. (C, D) Mature pyridinoline (PYD) collagen crosslinks normalized 

to tumor weight and collagen content respectively were not significantly different between 

groups. (E, F) Immature dihydroxylysinonorleucine (DHLNL) collagen crosslinks normalized to 

tumor weight were not different between groups while DHLNL normalized to collagen content 

was higher for the collagenase treated group. 
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