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Abstract

Objective: Tumor stiiiening in pancreatic adenocarcinoma (PDAC) has been linked to cancer 

progression and lack of therapy response, yet current elastography tools cannot map stiffness in a 
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whole tumor field-of-view with biologically relevant spatial resolution. Therefore, this study was 

developed to assess stiffness heterogeneity and geometrical patterns across whole PDAC xenograft 

ex vivo tumors.

Methods: The ex vivo elastography (EVE) mapping system was capable of creating stiffness 

map at 300-micron spatial resolution under a 5–20 mm field of view relevant to whole tumor 

assessment. The stiffness value at each location was determined by compression testing and an 

absolute tumor Young’s modulus map was calculated based on the calibration between the system 

and ultrasound elastography (R2 = 0.95).

Results: Two PDAC tumor lines AsPC-1 and BxPC-3 implanted in xenograft models were 

assessed to show tumor stiffness and its linear relationship to collagen content (R2 = 0.59). EVE 

was able to capture stiffness heterogeneity ranging between 5 and 100 kPa in pancreatic tumors 

with collagen content up to 25%. More importantly, data shows the inverse relationship of local 

stiffness to local drug distribution (R2 = 0.66) and vessel patency (R2 = 0.61) in both PDAC tumor 

lines.

Conclusion: The results suggested that elastography could be utilized to predict drug penetration 

in PDAC tumors or assess response to biological modifying adjunct therapies.

Significance: This study presents the first attempt to map out stiffness on a biologically relevant 

spatial scale across whole PDAC tumor slices with spatial resolution in the hundreds of microns.
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I. Introduction

POOR vascular perfusion leading to how drug penetration persists as a major problem in 

soild tumor cancer therapeutics [1] and is especially prominent in pancreatic 

adenocarcinoma (PDAC). When surgical resection is limited by tumor invasion into 

surrounding major blood vessels, almost all therapeutic options rely upon delivering 

systemic pharmacologic drugs into the tumor. Understanding and improving tumor drug 

transport efficiency therefore will benefit chemotherapy, immunotherapy and combinations 

of any targeted therapies [2] in this aggressive disease. The inherent drug-resistant nature of 

PDAC stems from two well-studied phenomena: the heterogeneity of genetic mutations and 

desmoplastic tumor microenvironment [3]. Therapies targeting cancer-associated genetic 

pathways yield mixed results[4]–[6] since the complexity of molecular signaling 

mechanisms could lead to upregulation of compensatory pathways. Meanwhile, the dense 

stroma characteristic of PDAC results in elevated total tissue pressure [7] that damages 

tumor vasculature [8] and the lymphatic system [9]. Active research on the multifaceted 

origin of poor tumor transport has not only improved our understanding on the underlying 

biological mechanisms but has also emphasized the clinical need for a biomarker that could 

reflect drug transport efficiency, and the resulting therapeutic response. The daunting search 

for such a biomarker faces an intrinsic dilemma of spatial size scale mismatch: the micron- 
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scale associated with meaningful genetic and/or biological tumor information versus the 

clinical need to acquire this data on the centimeter-scale relevant to whole tumor size.

Fortunately, recent findings from both ends of the aforementioned spatial scale range have 

reported that tumor stiffness could be a potential tool to address drug transport and therapy 

response. Laklai et al. (2010) provided the first direct evidence that linked tumor genotype 

with desmoplasia, the two constraints of PDAC drug-resistant nature [10]. In this study, 

tumor stiffness was obtained by atomic force microscopy and data from both clinical and 

preclinical samples confirmed the potential of elastography to reflect tumor biology changes 

related to cancer progression and aggression. On the mesoscopic scale, Harada et al. (2017) 

echoed the linear relationship between tissue stiffness and fibrosis content by showing 

ultrasound elastography and pathology data from a single patient [11]. Ultrasound 

elastography was also used by Wang et al. (2018) to obtain wide-field stiffness information, 

which was linearly correlated with tumor collagen but inversely correlated with PDAC 

tumor drug distribution [14]. While these findings underscore the potential use of stiffness 

imaging, current experimental elastography tools [15] do not meet the two requirements of 

having biologically meaningful spatial resolution and a clinically relevant field of view. Fig. 

1B illustrates basic elastography tools with atomic force microscopy (AFM) and 

multiphoton microscopy harmonic imaging (MPM) being widely explored to characterize 

very small regions of tissue. Optical coherence elastography (OCE) or ultrasound 

elastography (UE) are non-invasive, however OCE has a small field of view (f < 1 mm, up to 

5mm with a translation stage) with high spatial resolution (r ≈ 0.01 mm) while UE has a 

higher field of view (f ≈ 10 mm) but limited spatial resolution (r ≈ 1 mm).

In order to study PDAC tumor stiffness at a clinically relevant size scale with biologically 

meaningful spatial resolution, we developed a novel, cost-effective ex vivo elastography 

(EVE) mapping system. EVE equipped by a translation stage was able to map tumor 

stiffness at 300-micron resolution in pancreatic xenograft tumors with 1-cm diameter. This 

spatial resolution is sufficient to study tumor drug distribution, since intratumoral transport 

primarily relies on diffusion between blood vessels [1]. Additionally, our previous studies 

have showed that the spatial scale of relevant variation in tumor solid stress is hundreds of 

microns, matching the known intercapillary distances [16]. Stiffness of the tumor also 

appears to be linked to the complexity [16] and thickness [10] of the collagen grown within 

the desmoplastic tissue. Therefore, EVE provides an adequate spatial resolution and field of 

view so that elastography information could be assessed globally and regionally, 

compensating for both microscopic and mesoscopic elastography tools (Fig. 1A). In this 

study, the methodology for whole-tumor stiffness mapping was developed and verified with 

data from two orthotopic PDAC xenograft models. The relationship between stiffness and 

tumor microenvironment was examined by quantifying tumor collagen from pathology 

images to provide direct visualization of stiffness and stroma variations in whole-tumor size. 

Finally, tumor transport parameters such as patent vessels and drug distribution via 

fluorescence imaging were investigated to determine the spatial relationship between 

stiffness, perfused vasculature and resulting drug penetration.
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II. Methods

A. Ex vivo Elastography (EVE) mapping system

The system consisted of a fiber optic pressure sensor FOP-M260 (FISO, Quebec, Canada) 

coupled with a three-dimensional motorized translation table (Velmex, Bloomfield, NY) 

illustrated in Fig. 2A. The x-y dimension (table part# MAXY4009, stepping motor part# 

PK266–03A) was responsible for tracking the spatial coordinates across the tumor surface, 

and the z-dimension (table part# MA4006, stepping motor part# PK266–03B) controlled the 

compression displacements applied to determine strain and corresponding pressure values. 

The pressure sensor operates based on Fabry- Perot interferometer technology (Fig. 2C). 

This pressure sensor has been utilized in both preclinical and clinical settings [17]–[19]. In 

this application, the pressure readings were converted into electrical signals in the range of 

0–5V using the FISO signal conditioning module (part# FPI-LS, FISO, Quebec, Canada). 

The analog was input to LabVIEW via a data acquisition device USB-6008 (National 

Instruments, Austin, TX). Pressure data had a resolution of 0.02 kPa and accuracy of 13 kPa. 

The pressure detection range is ± 40 kPa relative to atmospheric pressure. The pressure 

sensor and the motorized xyz table were controlled by LabVIEW and a simplified flowchart 

on data acquisition is illustrated in Fig. 2E. Mapping grid size was adjustable based on the 

tumor size. On an average tumor surface of 10 × 10 mm, imaging with the 300-μm 

resolution probe resulted in a grid size of 35 × 35 points.

EVE validation testing was carried out with agar phantoms to ensure the system could detect 

relative changes in pressure readings under tumor tissue measuring condition illustrated in 

Fig. 2A. Given that the mouse tumor sample thickness was on average 5mm (L0), 100-μm 

total deformation yielded a maximum of 2% strain ensuring tissue linear elasticity. At least 

three pressure measurements were required to generate a stress-strain curve whose slope was 

used to determine stiffness, therefore, three indentations (AL) were selected to be 30,60 and 

90 μm. At each location, relative stiffness readings were calculated by measuring the slope 

of the stress-strain curve. For each of 6 varying concentrations of agar phantoms (1%, 1.2%, 

1.5%, 1.6%, 1.8% and 2% agar), 21 relative stiffness measurements from 3 samples were 

obtained. Results from this test showed that EVE was able to detect the linear relationship 

between increasing agar concentration phantoms and increasing stiffness (R2 = 0.98). There 

was no significant difference in phantom measurements obtained with and without the 

beaker confinement illustrated in Fig. 2A-B. More importantly, stiffness readings obtained 

from a flat phantom surface (27±3.0 kPa) and from a 15° inclined surface (27±2.4 kPa) were 

consistent. This test provided evidence that EVE is sufficient to measure stiffness from 

samples with a high surface irregularity, an inherent characteristic of fresh tissue with high 

stiffness such as solid pancreatic tumors. Tumor surface detection thus was extended and 

largely contributed to the average imaging time of 2 hours per tumor.

To convert from relative stiffness measurements to absolute Young’s modulus values, EVE 

system was calibrated by a UE system. The UE system consisted of a Vantage 64 Ultrasound 

Scanner (Verasonics Inc.) and an L7–4 (Phillips Healthcare) linear transducer array. UE data 

was collected by using a 400-μs, 7-kHz push pulse to induce shear waves. Young’s modulus 

calculation for this system is described in Wang et al. under “Modulus estimation” [13]. A 
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series of gelatin phantoms was fabricated to determine the calibration factor between the 

EVE relative stiffness measurements and absolute Young’s modulus in kPa generated by 

UE. The calibration curve between two systems is illustrated in Fig. 2D. The feasibility of 

EVE system to produce correct stiffness maps is verified by measurement data from murine 

organs such as pancreas and spleen tissue. Validation results from this experiment is further 

discussed in Section IIIA.

B. Animal and Tumor Model

All animal procedures were conducted under the protocol approved by the Dartmouth 

Institutional Animal Care and Use Committee (IACUC). 27 athymic nude mice between the 

age of 6–8 weeks were used in this study. 13 mice were injected with human tumor cell line 

AsPC-1 (ATCC, Cat# CRL-1682) and the other 14 with BxPC-3 (ATCC, Cat# CRL-1687). 

The pancreas was exposed and tumor cells were injected with a 1:1 ratio of Matrigel. 

AsPC-1 and BxPC-3 required 2–4 weeks and 5–7 weeks, respectively, for tumors to reach 

ideal imaging size of 1 cm in diameter. The mice were on purified diet to reduce 

autofluorescence from food consumption.

C. Tumor Sample Preparation

After the tumors reached imaging size, the mice were anesthetized and sacrificed. The 

resected tumor was then embedded in gel. The gel block consisted of 10% gelatin, 1% 

cornstarch and 89% water designed to be just stiff enough to hold the bulk of the tumor. The 

gelatin phantom was sliced in half to provide a flat imaging surface for stiffness mapping 

(Fig. 2B). Three metal pins were inserted into the tumor to provide fiducial markers [20] for 

image co-registration between the stiffness map and pathology data. A layer of PBS was 

applied on the tumor surface to maintain proper hydration. Stiffness measurements from 

both gelatin and tumor samples confirmed no dehydration problem existed.

D. Drug Uptake Quantification via Fluorescence Imaging

Verteporfin or BPD (USP, Rockville, MD, USA) was dissolved in dimethyl sulfoxide at 1 

mg/ml then diluted with PBS to obtain a final concentration of 0.1 mg/ml. Lectin (Vector 

Laboratories, Cat#FL-1211) at a concentration of 2 mg/ml was used as vascular patency 

marker. BPD (1 mg/kg) and lectin (2 mg/kg) were injected intravenously one-hour and 2-

minutes, respectively, before sacrifice. Seven out of 13 AsPC-1 mice and 7 out of 14 

BxPC-3 mice received these injections. After slicing the gel to expose the tumor surface, 

fluorescence imaging was immediately performed on fresh tissue by a flatbed scanner (GE 

Typhoon 700) using a 473 nm excitation source with a 670 nm LP filter. Vascular patency 

was determined by fluorescence imaging of lectin using a PerkinElmer Vectra3 slide scanner 

with a FITC filter.

E. Tumor Biological Parameter Identification

After stiffness mapping, the tumors were fixed in 10% formalin and sectioned at 4-micron 

thickness. H&E staining was used to identify tumor tissue while Masson’s Trichrome (MT) 

identified collagen fibers by blue staining. All image data was co-registered to MT image 

(Fig. 3A) using a rigid transformation in MATLAB. The blue collagen map was segmented 
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from the MT image by converting from RGB to HSV color space and thresholding for blue 

pixels (0.5 < hue < 0.7, saturation > 0.5 for BxPC-3 and saturation > 0.3 for AsPC-1, value > 

0.7). Different saturation cutoffs for each tumor line was necessary to make sure segmented 

maps truly reflect collagen content within the tumors. Collagen percentage was obtained by 

finding the ratio of blue pixels over the total tumor tissue area. H&E image was used to 

identify and exclude non-tumor tissue from analysis. Fig. 3B showed an example of a tumor 

sample with pancreas and spleen tissue attached. ROIs for these regions were manually 

drawn and subtracted out. Regions of necrosis or dead tumor cells were also excluded. All 

pathology data procedures aforementioned were confirmed with an animal pathologist.

F. Statistical Analysis

Statistical analysis was done for determining differences between groups with a Student’s t-

test performed in MATLAB with a two-tailed analysis and α = 0.05. Linear regression and 

exponential fit of data was done in Excel for data sets with these apparent trends.

III. Results

A. EVE system detects tumor stiffness heterogeneity and differentiates between tumor, 
spleen, and pancreas tissue

Fig. 3 shows that EVE can detect stiffness heterogeneity as well as distinguish non-tumor 

tissue and necrotic regions. It is clearly visible from the MT histology image that pancreas 

tissue (top left) is stained in dark purple, necrotic regions (bottom right) in light pink and 

viable tumor tissue in darker pink. While it is virtually impossible to identify tumor from 

pancreas tissue in the white light images, Young’s modulus (YM) maps obtained from EVE 

can distinguish this difference. Both pancreas and necrotic regions were much softer than 

tumor tissue. Fig. 3B illustrates the average YM detected from spleen and pancreas tissue, 

found in 8 samples to be 4.0+0.3 kPa and 2.3+0.3 kPa, respectively. This data set provided 

validation results for EVE’s feasibility to produce correct stiffness maps as these values 

agree with previously reported YM of murine organs. Yu et al. (2018) showed spleen’s YM 

of rats to be 3.9+0.6 kPa while Rice et al. (2017) reported mouse pancreas stiffness ranging 

from 1 to 4 kPa as PDAC progressed in genetically engineered mouse models [21], [22], 

Even though these tissues are excluded from tumor analysis in this study, the measurements 

help to confirm the feasibility of using EVE in tumor stiffness mapping.

B. EVE system has the resolution necessary to study extracellular matrix (ECM) 
heterogeneity in PDAC tumors as compared to ultrasound elastography

A comparison between UE and EVE is carried out with the result displayed in Fig. 4. 

Ultrasound B mode and elastography map were constructed using an established technique 

[14]. After that, EVE was used to measure tumor stiffness and a side-by-side comparison is 

illustrated in Fig. 4A.Generally, both UE and EVE agree on the level of stiffness 

heterogeneity in the tumor as well as the location of high stiffness. However, EVE, with the 

ability to resolve better spatial resolution, reveals a more refined stiffness map that displays 

similar patterns to the collagen profile in Fig. 4B. Expanded regions in Fig. 4C again show 

that stiffness information at a sufficient spatial resolution can reflect the collagen distribution 

within tumors.
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C. Collagen content in PDAC tumors is correlated with reported Young’s modulus values, 
both of which display extreme heterogeneity

Tumor analysis, both globally and regionally, shows a strong correlation between stiffness 

and tumor collagen. Fig. 5A visually represents the high heterogeneity observed in both 

stiffness and collagen maps for AsPC-1 and BxPC-3 tumors. The overlay of stiffness and 

collagen information illustrates the agreement of higher stiffness regions with denser 

collagen regions. Fig. 5B reports the global average collagen content of AsPC-1 (n = 13) and 

BxPC-3 (n = 14) tumors to be 9.6±2.7 percent and 13±3 percent, respectively. Average 

AsPC-1 tumor stiffness is also lower than BxPC-3 values, 32±11 kPa and 46±24 kPa. Both 

of these measurements are statistically significant. Regional analysis to investigate both 

lower stiffness and higher stiffness regions in each tumor shows a linear relationship 

between Young’s modulus values and collagen percentage in tumors, as showed in Fig. 5C 

with R2 = 0.59. Regional analysis also suggests that collagen content in the tumors could 

reach up to 25% and tumor stiffness in between 5 and 150 kPa.

D. The inverse relationship between stiffness and drug distribution in PDAC tumors 
suggests the potential of elastography as a surrogate for tumor drug uptake

Whole tumor drug distribution and Young’s modulus map are displayed in Fig. 6A to 

demonstrate the potential of stiffness as a surrogate for drug uptake globally in PDAC 

tumors. Fig. 6B provides regional information to highlight the inverse relationship between 

drug uptake and tumor stiffness. Less drug is accumulated in ROI 1 which is stiffer and 

contains more collagen while more uptake is observed in ROI 2 which is softer and has less 

collagen. In addition, more vessels are recorded in ROI 2 as compared to ROI 1. In Fig. 6C-

D, the inverse relationship of stiffness to both drug uptake and patent vessels is highlighted 

in both tumor lines. Young’s modulus and BPD fluorescence intensity data is a linear fit for 

both AsPC-1 and BxPC-3 with R2 = 0.66 and R2 = 0.59. More drug is accumulated in 

AsPC-1 tumors based on the average fluorescence intensity in Fig. 6C. Patent vessel density 

drastically reduces as stiffness increases for both tumor lines as illustrated in Fig. 6D.

IV. Discussion

This study demonstrates that ex vivo stiffness mapping at 300-micron resolution could 

accurately represent the entire tumor-wide stiffness heterogeneity in both AsPC-1 and 

BxPC- 3 xenograft models. The range of variation in stiffness values is visualized by EVE 

for the first time, to match the same level of variation of collagen network within a tumor 

(Fig. 4B-C). In our previous work, Nieskoski et al. (2017) generated a prediction of total 

tissue pressure maps with profound heterogeneity due to the strong correlation between 

point- probed solid stress measurements and surrounding collagen area fraction in PDAC 

tumors [16]. This work has confirmed that tumor stiffness is also strongly correlated with 

stroma variation. Understanding PDAC tumor physical and biological connection is crucial 

because the practicality of stiffness imaging surpasses other tissue biomechanics quantities 

due to its non-invasive potential. Meanwhile, this finding emphasizes the need for resolution 

improvement of wide-field elastography systems such as UE and MRE to be at least on the 

resolution scale of 100’s of microns to truly reflect biological variations in the tumor 

microenvironment. Furthermore, if imaging of stiffness is not achieved on this small spatial 
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resolution scales, it is conceivable that highly inaccurate stiffness values may be obtained by 

partial volume averaging of the true values.

When analyzed region by region, the linear relationship between stiffness and collagen 

content (Fig. 5C) not only corroborates similar findings measured by UE [14], but also 

resonates with clinical data from Harada et al. (2017) in which a patient’s pancreatic 

stiffness was correlated with fibrosis percentage (R2 = 0.58) [23]. Another clinical 

study[24], in which advanced pancreatic cancer patients were treated with nab-paclitaxel to 

target tumor stroma, came to the conclusion that elastography should be further investigated 

as data suggested the link between tumor stiffness and stroma modification. The study 

pointed out that even though the number of activated cancer-associated fibroblasts (CAF) did 

not change for treated and untreated cohorts, overall tumor stiffness measured by UE 

decreased for those with treatment responses. This finding is in agreement with the results 

presented by Laklai et al. (2010) that tumor stiffening could be a better indicator of stroma 

modification than bulk collagen abundance or total collagen proteins, especially when dense 

fibrosis is a product of both physical and genetic changes [10]. These findings underscore 

the potential use of elastography in explaining controversial results [25], [26] of anti-stromal 

therapies.

Despite the complexity and ongoing controversy underlying PDAC ECM remodeling, it is 

important to recognize that tumor stiffening is a universal physical phenotype to reflect 

PDAC transformation, with high potential for prognostic imaging or use in assessment of 

response or lack of response. However, appreciation of the value of the heterogeneity and 

spatial resolution can only motivate the need for further understanding of how this affects 

therapeutic delivery and response. Data from Fig. 6 showcases the possibility of exploiting 

stiffness information as a surrogate for drug penetration. Fig. 6A illustrates drug distribution 

and stiffness map from a global view whereas Fig. 6B displays two samples in which stiffer, 

collagen-denser region results in lower drug uptake and limited patent vessel area. Fig. 6C 

demonstrates the linear relationship between drug uptake and stiffness measurements in both 

AsPC-1 and BxPC-3. AsPC-1 tumors have higher BPD fluorescence intensity which aligns 

with information showed in Fig. 5B that on average AsPC-1 tumors are softer. The 

exponential fit between patent vessel area and regional stiffness corroborates the idea that 

growth-induced solid stress compresses blood vessels and CAF-depleted tumors had larger 

vessel diameters [27]. Considering it is widely accepted that functional blood vessels play a 

vital role in solid tumor interstitial transport, elastography imaging with an attempt to study 

the effect of tumor biology on drug transport should achieve a spatial resolution matching 

the capillary spacing, or hundreds of microns. Only then, tumor mechanics information will 

truly reflect biological changes with respect to transport efficiency.

This study has three main limitations. With pancreatic xenograft models implanting AsPC-1 

and BxPC-3, the immunodeficient mice may not fully recapitulate the immune response 

promised by genetically-engineered mouse models [28]. For the purpose of demonstrating 

the potential of high-resolution elastography information in studying PDAC tumor 

microenvironment, current orthotopic xenograft models have proven to be adequate. It is 

necessary to acknowledge the mismatch between fresh and fixed tissue geometries, which 

compromises the accuracy of the image co-registration process. Inserting metal pins 
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significantly facilitate this process of providing fiducial markers, to allow alignment and 

reasonable spatial match for this study. Furthermore, improved image co-registration process 

could allow for analysis of whole-tumor with ideal spatial resolution of hundreds of microns. 

Another limitation comes from the edge effect of slicing the tumor embedded in gel and 

tissue stress relaxation, both of which result in tissue deformation. The stiffness values 

obtained from the tumor boundary would take into account the soft gel beneath therefore 

reported YM would be lower than actual values at these locations. However, tumor stiffness 

heterogeneity across the tumor area is an apparent observation despite peritumoral errors.

V. Conclusion

This study has demonstrated that with higher quality of elastographic imaging, stiffness 

information and its heterogeneity provide more spatial detail into how tumor mechanics 

could reflect changes in tumor biology and phenotypes. However, the fact that the spatial 

resolution required to allow biologically meaningful and accurate imaging is higher than 

what can be achieved with any diagnostic method suggests that further improvements in 

imaging tools must be developed before this can become a routine tool. The images in this 

work provide the core rationale for developing diagnostic imaging systems that might 

capture this level of spatial information in a non-invasive manner. Additionally, this existing 

system can be used as an ex vivo assay of response to anti-stromal therapies or acute 

invasive treatments such as irreversible electroporation [29] or photodynamic therapy [30].
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Fig. 1. Current experimental techniques for assessing features related to tumor stiffness.
A) Tumor biomechanics and relevant biology information are actively studied at different 

spatial scales: sub-microscopic [10], microscopic [12] and mesoscopic [13]. Current 

elastography tools offer either biologically relevant spatial resolution or clinically relevant 

field of view, none exists that could meet both requirements. Stiffness information as a 

clinical application to evaluate drug transport brings most benefit when whole tumor 

stiffness is assessed at inter-capillary distance spatial resolution. B) Common elastography 

assessment tools and their positions in the field include AFM: atomic force microscopy, 

MPM: multi-photon microscopy harmonic imaging, OCE: optical coherence elastography, 

UE: ultrasound elastography, MRE: magnetic resonance elastography. Ideal elastography 

imaging tools should be placed in the overlap between microscopic resolution region and 

whole-tissue FOV region. Since no current imaging tool could meet these requirements, ex 

vivo elastography (EVE) mapping was developed to study PDAC stiffness at relevant 

biological size scales, with 300-p.m spatial resolution and a field of view that would cover a 

whole PDAC tumor.

Vincent et al. Page 12

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Ex vivo elastography (EVE) system and sample preparation.
A) Overall system consists of an xyz-motorized table and a commercial fiber optic pressure 

sensor. B) Sample preparation procedure includes a tumor embedded in 10% gelatin. Metal 

pins are inserted to provide markers for image coregistration with pathology data. C) 
Pressure sensor operates based on Fabry-Perot interferometer technology. The cavity 

deformation due to external force is calibrated to give a corresponding pressure reading. D) 
Young’s modulus calibration curve between UE and EVE established by phantom 

measurements at different concentrations and temperatures. E) A simplified flow chart 

illustrates important steps of stiffness measurement, which includes tumor surface 

identification and 3-step compression testing.
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Fig. 3. Image data and tissue parameter identification process.
A) Top row from left to right: fresh tumor surface in gel with inserted metal pins, BPD 

fluorescence, stiffness map. Bottom row: Masson’s Trichrome staining, lectin fluorescence, 

segmented collagen map from MT staining. All images are co-registered to MT staining 

data. B) Average stiffness detected from spleen (4.0±0.3 kPa) and pancreas (2.3±0.3 kPa). 

These regions are excluded from tumor analysis by manual ROI drawn on pathology data.
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Fig. 4. Comparison between UE and EVE stiffness map.
A) Elastography imaging data from both systems are displayed to highlight similar pattern 

of stiffness heterogeneity. B) Stiffness map obtained from EVE system with better spatial 

resolution allows for direct comparison between stiffness and collagen pattern is the tumor. 

C) Expanded images of different ROIs highlight the correlation between stiffness and 

collagen percentage in PDAC tumors.
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Fig. 5. Stiffness and collagen content in PDAC tumors are highly correlated both globally and 
regionally.
A) Visualization of stiffness, collagen and the overlay between two parameters show a good 

correlation in both AsPC-1 and BxPC-3 tumor lines. B) AsPC-1 tumors contain 9.6±2.7 

percent collagen and average stiffness of 32±11 kPa. As for BxPC-3, collagen percentage is 

averaged at 13±3 percent and stiffness measured at 46±24 kPa. Both of these quantities are 

statistically significant between AsPC-1 and BxPC-3 tumors. C) Regional analysis to 

examine high stiffness and low stiffness regions demonstrates a linear correlation between 

Young’s modulus and collagen profile with R2 = 0.59. For each tumor, two high-stiffness 

and two low-stiffness regions were chosen (AsPC-l:n = 13, ROIs = 52; BxPC-3: n = 14, 

ROIs = 56).
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Fig. 6. PDAC tumor stiffness is inversely correlated with drug uptake and patent vessel data.
A) Whole-tumor visualization of BPD fluorescence distribution and stiffness heterogeneity 

obtained from EVE. B) Close-up regions of low and high drug uptake reveal the inverse 

relationship with stiffness and collagen distribution. C) Tumor YM is inversely correlated to 

BPD distribution in AsPC-1 and BxPC-3, with higher uptake in AsPC-1 tumors. D) Tumor 

YM limits patent vessels which explains the limited drug penetration. For each tumor, two 

high-stiffness and two low-stiffness regions were chosen. There were 3 ROIs omitted since 
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the vessel density percentage was essentially zero, and those ROIs had stiffness values 

greater than 100 kPa. (AsPC-1: n = 7, ROIs = 27; BxPC-3: n = 7, ROIs = 26).
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