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ABSTRACT 

Diffuse Optical Imaging (DOI) technologies provide metabolic and hemodynamic 

information in tissue in a label-free manner using non-harmful near infrared light. 

Recently, DOI techniques have received significant interest as a non-invasive functional 

imaging tool for monitoring patient response to cancer therapies in the clinic. A number of 

reports have demonstrated that DOI can determine response within hours to weeks from 

the start of treatment. Despite these promising results, the potential impact, and ultimately 

adoption of DOI for cancer therapy monitoring in the clinic is limited in part by the lack of 

knowledge of the cellular, molecular, and biological origins of these clinical observations. 

Knowledge of the biological underpinnings of DOI response markers is likely to provide 

clinically relevant insights that can be used to manage and personalize cancer treatment 

strategies. To this end, the work presented in this dissertation was focused on developing 

methodology and instrumentation for a novel preclinical imaging technique called Diffuse 

and Nonlinear Imaging (DNI). DNI combines functional measurements of tumors obtained 

by wide-field DOI with the underlying tumor biology captured with intravital Multiphoton 

Microscopy (MPM). Specifically, DNI combines MPM with the DOI technique Spatial 
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Frequency Domain Imaging (SFDI) to provide multiscale datasets of tumor microvascular 

architecture coregistered within wide-field hemodynamic maps. A procedure was 

developed to image small animal tumor models with high x-y spatial coregistration 

accuracy and precision between SFDI and MPM, along with a novel method to match the 

imaging depths of both modalities by utilizing informed SFDI spatial frequency selection. 

A preliminary in vivo DNI study of murine mammary tumors revealed multiscale 

relationships between tumor oxygen saturation and microvessel diameter, and tumor 

oxygen saturation and microvessel length. Based on these encouraging results, an 

integrated DNI instrument was then designed and fabricated to acquire tumor vascular 

structure and function datasets in an inherently spatially coregistered manner from a single 

system, while simultaneously increasing the sampling resolution of functional spatial 

heterogeneity. Finally, a small longitudinal study was conducted with the DNI system to 

explore multiscale relationships between tumor vascular structure and function over space 

and time in different tumor models and treatment regimens. In summary, the work 

described in this dissertation resulted in a new method to investigate the relationships 

between clinically translational DOI hemodynamic markers and MPM metrics of vascular 

architecture. Ultimately, this work will help to pave a path towards DOI for personalized 

and precision medicine to significantly impact and inform adaptive therapy strategies 

tailored to the in vivo state of each patient’s tumor. 

  



 

 ix 

TABLE OF CONTENTS 

DEDICATION ................................................................................................................... iv 

ACKNOWLEDGMENTS .................................................................................................. v 

ABSTRACT ...................................................................................................................... vii 

TABLE OF CONTENTS ................................................................................................... ix 

LIST OF TABLES ........................................................................................................... xiv 

LIST OF FIGURES ........................................................................................................ xvii 

LIST OF ABBREVIATIONS ....................................................................................... xxxii 

Chapter 1: Introduction ....................................................................................................... 1 

1.1 Motivation ............................................................................................................... 1 

1.2 Hypothesis............................................................................................................... 2 

1.3 Aims ........................................................................................................................ 2 

1.4 Structure of thesis ................................................................................................... 3 

Chapter 2: Background ....................................................................................................... 5 

2.1 Treatment response in breast cancer ....................................................................... 5 

2.2 Diffuse Optical Imaging (DOI) for in vivo monitoring of treatment response ....... 6 

2.3 Correlating DOI with histology ............................................................................ 10 

2.4 Imaging biological markers of treatment response in preclinical tumors with 

intravital microscopy ............................................................................................ 12 

2.5 In vivo diffuse optical monitoring of preclinical tumors with Spatial Frequency 

Domain Imaging (SFDI) ....................................................................................... 15 

2.6 Intravital Multiphoton Microscopy (MPM) .......................................................... 19 



 

 x 

2.7 Multiscale imaging with SFDI and MPM ............................................................. 22 

2.8 Multiscale imaging of tumor vascular structure and function .............................. 23 

Chapter 3: Diffuse and nonlinear imaging of multiscale vascular parameters for in vivo 

monitoring of preclinical mammary tumors ............................................................... 25 

3.1 Introduction ........................................................................................................... 26 

3.2 Methods................................................................................................................. 29 

3.2.1 Spatial frequency domain imaging .............................................................. 29 

3.2.2 Multiphoton microscopy .............................................................................. 32 

3.2.3 Evaluating the imaging depth of MPM and SFDI ....................................... 32 

3.2.4 Estimating optical property uncertainties for SFDI ..................................... 35 

3.2.5 Py230 murine mammary tumor model ........................................................ 36 

3.2.6 Diffuse and nonlinear imaging of Py230 tumors through mammary imaging 

windows ......................................................................................................... 37 

3.2.7 Extraction of tumor microvasculature metrics from MPM data .................. 40 

3.2.8 Calculation of multiscale tumor vascular structure-function relationships . 42 

3.2.9 Statistical analysis ........................................................................................ 43 

3.3 Results ................................................................................................................... 44 

3.3.1 Multiscale depth penetration ........................................................................ 44 

3.3.2 Optical property uncertainties as a function of spatial frequency choices ... 46 

3.3.3 DNI of multiscale vascular parameters in murine mammary tumors .......... 49 

3.4 Discussion ............................................................................................................. 54 

3.5 Conclusion ............................................................................................................ 57 



 

 xi 

3.6 Acknowledgements ............................................................................................... 57 

3.7 Supplementary Materials ...................................................................................... 58 

3.7.1 Supporting information ................................................................................ 58 

3.7.2 Optical sampling depth in the spatial frequency domain ............................. 67 

3.7.3 Optical property uncertainty estimates for spatial frequency domain imaging

......................................................................................................................... 76 

Chapter 4: Multiscale imaging of in vivo tumor vascular structure and function over 

space and time with diffuse and nonlinear imaging in preclinical cancer models ...... 83 

4.1 Introduction ........................................................................................................... 84 

4.2 Methods................................................................................................................. 87 

4.2.1 An integrated Diffuse and Nonlinear Imaging (DNI) system ...................... 87 

4.2.2 Stability of the SFDI device within the DNI system ................................... 93 

4.2.3 Accuracy of the SFDI device within the DNI system.................................. 94 

4.2.4 Breast cancer xenograft models ................................................................... 95 

4.2.5 Longitudinal diffuse and nonlinear imaging of HR6 and BT474 tumors 

through mammary imaging windows ............................................................. 97 

4.2.6 Extraction of tumor microvasculature metrics from vascular images ....... 102 

4.2.7 Calculation of spatial and temporal multiscale relationships between tumor 

vascular structure and function ..................................................................... 103 

4.2.8 Statistical analysis ...................................................................................... 104 

4.3 Results ................................................................................................................. 105 

4.3.1 The integrated DNI system ........................................................................ 105 



 

 xii 

4.3.2 Stability of the SFDI device within the DNI system ................................. 116 

4.3.3 Accuracy of the SFDI device within the DNI system................................ 118 

4.3.4 DNI enables longitudinal coregistered multiscale measurements of tumor 

vascular structure and function over a wide-field ......................................... 120 

4.3.5 Spatial multiscale correlations between tumor vascular structure and 

function ......................................................................................................... 123 

4.3.6 Intratumor heterogeneity ............................................................................ 126 

4.3.7 Temporal multiscale correlations between tumor vascular structure and 

function ......................................................................................................... 128 

4.3.8 Treatment and model differences ............................................................... 131 

4.4 Discussion ........................................................................................................... 133 

4.5 Conclusion .......................................................................................................... 136 

4.6 Acknowledgements ............................................................................................. 137 

4.7 Supplementary Materials .................................................................................... 138 

4.7.1 Supporting information .............................................................................. 138 

4.7.2 openSFDI: An open-source guide for constructing a spatial frequency 

domain imaging system ................................................................................ 141 

Chapter 5: Conclusion and future directions .................................................................. 144 

5.1 Summary of achievements .................................................................................. 144 

5.2 Future directions ................................................................................................. 146 

5.3 Conclusion .......................................................................................................... 149 

BIBLIOGRAPHY ........................................................................................................... 150 



 

 xiii 

CURRICULUM VITAE ................................................................................................. 173 

  



 

 xiv 

LIST OF TABLES 

Table S3-1: Multiscale vascular relationships explored in Py230 tumors. This table 

includes all 16 multiscale correlations tested between MPM (µ-vascular) metrics and 

SFDI (wide-field) metrics for each spatial frequency pair (a = 0.05 and 0.1 mm-1, b = 

DC and 0.1 mm-1). For each evaluated multiscale correlation for a given frequency 

pair, the Pearson (P) correlation coefficient and Spearman’s (S) rank correlation 

coefficient were computed, along with their respective unadjusted p-values. The p-

values were adjusted using both the Tukey-Ciminera-Heyse (TCH) and Bonferroni 

(BF) procedures to control for the type I error rate. The absolute value of the Fisher 

z-transformation was also computed from the Pearson’s ρ, and the multiscale 

correlations were arranged from largest to smallest (going down the table) based on 

the absolute value of their computed Fisher’s z. * indicates that the unadjusted p-value 

is < 0.05 for a given correlation metric of a given multiscale relationship (e.g., *PaSa 

indicates that the unadjusted p-values are < 0.05 for both the Pearson and Spearman 

correlation coefficients only for the frequency pair 0.05 and 0.1 mm-1). † indicates 

that the TCH adjusted p-value is < 0.05 for a given correlation metric of a given 

multiscale relationship (e.g., †Pa indicates that the TCH adjusted p-value is < 0.05 for 

the Pearson correlation coefficient only for the frequency pair 0.05 and 0.1 mm-1). ‡ 

indicates that a given vascular metric did not pass the Shapiro-Wilk test (i.e., metric 

is not from a normally distributed population). a or b next to ‡ indicates that the SFDI 

metric was rejected by the Shapiro-Wilk test for a given spatial frequency pair. .... 63 

Table S3-2: SFDI instrument, data acquisition, and data processing parameters. ............ 78 



 

 xv 

Table 4-1: Table outlining overall DNI performance characteristics. Resolution refers to 

transverse/lateral resolution. The measured resolution for MPM was determined by 

measuring fluorescent beads (0.1 μm diameter). The measured resolution for SFDI 

was based on SFDI images of a 1951 USAF resolution test chart. However, it should 

be noted that the resolution of any diffuse optical imaging system like SFDI in a highly 

scattering medium like biological tissue is realistically dictated by the transport mean-

free path (l*) within a sample, which is dictated by the sample’s optical properties. For 

biological tissue, l* is typically on the order of 1 mm. μa: absorption, μ′s: reduced 

scattering, TPEF: two-photon excited fluorescence, SHG: second harmonic 

generation, NADH/FAD: metabolic co-factors, γ: backscatter, QE: quantum 

efficiency, sCMOS: scientific CMOS, PMTs: photomultiplier tubes, FOV: field of 

view, NA: numerical aperture, λ: wavelength, fx: spatial frequency, φ: spatial phase.

................................................................................................................................. 115 

Table S4-2: Multiscale vascular temporal relationships explored in a HR6 tumor treated 

with DC101. This table includes all 16 multiscale correlations tested between 

structural (Δµ-vascular) metrics and functional (Δwide-field) metrics. For each 

evaluated multiscale correlation, the Pearson correlation coefficient and Spearman’s 

rank correlation coefficient were computed, along with their respective unadjusted p-

values. The p-values were adjusted using both the Tukey-Ciminera-Heyse (TCH) and 

Bonferroni (BF) procedures to control for the type I error rate. The absolute value of 

the Fisher z-transformation was also computed from the Pearson’s ρ, and the 



 

 xvi 

multiscale correlations were arranged from largest to smallest (going down the table) 

based on the absolute value of their computed Fisher’s z. ..................................... 139 

 

 

  



 

 xvii 

LIST OF FIGURES 

Figure 2-1: Examples of Diffuse Optical Imaging (DOI) technologies for treatment 

response monitoring in clinical and preclinical tumors10,20,21. .................................... 8 

Figure 2-2: Spatial Frequency Domain Imaging (SFDI) (A) setup and imaging geometry 

(θ ~15 deg), and (B-D) data processing workflow21. ................................................ 16 

Figure 2-3: Demonstration of (a) single-photon versus (b) two-photon excited 

fluorescence33. (c) Various nonlinear multiphoton modes of contrast/imaging34. ... 21 

Figure 3-1: The diffuse and nonlinear imaging (DNI) system combines coregistered spatial 

frequency domain imaging (SFDI) and multiphoton microscopy (MPM). (A) A 

generalized schematic of the SFDI system. A digital micro-mirror device (DMD) was 

used to structure light from LEDs into sinusoidal 1-D patterns, which were projected 

onto a sample of interest. The reflected signal was collected with a CCD camera. (B) 

Schematic of the MPM system. Pulses of light from a femtosecond tunable laser (680-

1300 nm) were passed through a half-wave plate (HWP) before being split by a 

polarizing beamsplitting (PBS) cube, which diverts approximately half of the laser 

power to a beam dump (BD). The remaining half was passed through an electro-optic 

modulator (EOM or Pockels cell) used to control the power of the excitation beam at 

the sample. The excitation and emission paths were coupled through a 16× long 

working distance (3 mm) water immersion objective (0.8 NA), and separated by a 

dichroic mirror (DM, 755 nm long-pass). A short-pass filter (SPF) in the detection 

path was used to further clean up the collected emission before splitting it into two 

channels with a dichroic mirror (DM, 565 nm long-pass). Band pass filters (BPF), 



 

 xviii 

525/70 nm and 700/75 nm, were used to further isolate the emitted light. Each 

emission channel was collected with photomultiplier tubes (PMT). A quarter-wave 

plate (QWP) was placed in the excitation path to circularly polarize the light for 

second harmonic generation (SHG) imaging of collagen, which was not analyzed for 

the purposes detailed herein. ..................................................................................... 30 

Figure 3-2: DNI mouse imaging procedure. (1) 106 Py230 murine mammary tumor cells 

were injected orthotopically into the inguinal 4th mammary fat pad of 5- to 6-week-

old C57BL/6 female mice. (2) Tumors were allowed to grow untreated to 

approximately 150 mm3. (3) At that point, the skin covering the tumor was removed 

and a MIW (7 mm imaging diameter) was implanted over the tumor. (4) SFDI 

measurements were made through the MIW at the following wavelengths and spatial 

frequencies: λ = [659, 691, 731, 851] nm, fx = [0, 0.05, 0.1] mm-1. Following the SFDI 

measurements, a fluorescent marker (<1 mm in diameter) was applied to the MIW, 

and a planar illumination SFDI measurement was taken to establish the imaging origin 

in SFDI space for coregistration. (5) Evans Blue dye (2P-Ex/Em 1050/680 nm) was 

injected via the tail vein at a dose of 80 mg/kg to fluorescently label the tumor 

microvasculature. (6) After establishing the fluorescent fiducial mark as the origin in 

MPM space using a translation stage, two-photon scans of tumor microvascular 

architecture were performed throughout the MIW while recording the x-y spatial 

location of each scan relative to the fluorescent fiducial mark. ................................ 38 

Figure 3-3: Processing flow for extracting microvascular architecture metrics from MPM 

scans of the tumor microvasculature through the MIW. After converting each 



 

 xix 

microvascular stack into a MIP image, an anisotropic diffusion (edge enhancing) filter 

was used to enhance the edges of vessels, followed by a multiscale Hessian filter to 

accentuate vessel-like features relative to background. The filtered MIP images then 

underwent a binarization process to calculate microvessel density, followed by a 

skeletonization process to then extract microvascular metrics such as the diameter, 

length and tortuosity of each vessel. ......................................................................... 41 

Figure 3-4: Comparison of depth penetration between SFDI and MPM based on imaging 

contrast as a function of depth. The depths at which either imaging regime loses 

sensitivity to their respective form of contrast (SFDI: hemoglobin absorption, MPM: 

fluorescently labeled vasculature) can serve as a metric for imaging depth penetration. 

(A) Experimental setup for evaluating contrast dependent depth penetration. For 

evaluating SFDI depth penetration, a 1 mm diameter glass capillary tube was filled 

with bovine blood and submerged in a liquid phantom that mimicked average Py230 

tumor OPs (µa = 0.046 mm-1, µ′s = 0.71 mm-1). The blood tube was measured with 

SFDI at incremental depths below the surface of the liquid phantom. For evaluating 

MPM depth penetration, the same experimental setup and procedure as SFDI was 

performed, with the addition of Evans Blue dye being mixed with bovine blood in the 

capillary tube to mimic fluorescent labeling of vasculature at a concentration similar 

to that used for in vivo imaging. The experiment was carried out on a single 

experimental setup. (B) A plot of normalized contrast-to-noise (CNR) versus blood 

tube depth beneath the surface of the liquid phantom. The orange triangle (▲) data 

points represent two-photon imaging of Evans Blue dye mixed with bovine blood in 



 

 xx 

the capillary tube (TPEF Ex/Em 1050/680 nm). The blue circle (●) and square (■) 

data points represent the different SFDI CNR versus depth curves based on 

hemoglobin absorption contrast at 851 nm for different pairs of spatial frequencies, 

demonstrating the tunability of SFDI imaging depth with spatial frequency choices. 

The following are the exponential decay constants (α) with their 95% confidence 

bounds, and goodness-of-fit (R2) values for [DC & 0.1 mm-1, 0.05 & 0.1 mm-1, TPEF], 

respectively: = [0.53, 0.84, 0.81]/mm, 95% confidence bounds on α = [(0.50, 0.55), 

(0.76, 0.91), (0.73, 0.88)]/mm, R2 = [0.98, 0.94, 0.95]. (C) Visualization of contrast 

dependent depth penetration for both modalities. Diffuse reflectance (Rd) and 

absorption (μa) images are at 851 nm. Measurements at 2 mm were taken to visually 

demonstrate the deeper penetration with DC as compared to higher spatial 

frequencies. MPM (white) scale bar = 250 μm, SFDI (black) scale bar = 5 mm. .... 45 

Figure 3-5: Comparison of (A) absorption (μa) and (B) reduced scattering (μ′s) uncertainties 

for SFDI measurements taken with DC and 0.1 mm-1 vs 0.05 and 0.1 mm-1 fx pairs in 

homogeneous tissue-mimicking optical phantoms. Two phantoms were measured 

with SFDI at nine different wavelengths ([471, 526, 591, 621, 659, 691, 731, 811, 

851] nm), giving a total of 18 different optical property (OP) pairs. The gray region 

in each plot represents the OPs that fall within the 10% to 90% range of Py230 OPs 

(μa = 0.03:0.07 mm-1, μ′s = 0.50:0.96 mm-1). OP extraction at 0.05 and 0.1 mm-1 are 

plotted against OP extraction at DC and 0.1 mm-1, with the identity line shown. 

Uncertainty (error bars) was determined by calculating the SD over the entire imaging 



 

 xxi 

field-of-view (8.7 × 6.5 cm2) for each OP measurement. Note that the errors in OP 

extractions are a function of both μa and μ′s. ............................................................ 48 

Figure 3-6: An example of in vivo DNI in a Py230 murine mammary tumor through a 

MIW. (A) A white light image of tumor and non-tumor tissue underneath the MIW, 

with different tissue regions identified. (B) A table detailing imaging specifications of 

the DNI technique. (C) The corresponding wide-field map of total hemoglobin (THb) 

concentration from SFDI is shown over the MIW from (A), followed by several two-

photon scanned microvascular regions coregistered within the wide-field map. This 

particular example demonstrates the simultaneous functional and architectural 

differences between tumor regions and non-tumor regions. White scale bars = 100 

μm. ............................................................................................................................ 50 

Figure 3-7: Multiscale relationships between tumor vasculature structure and function in 

Py230 tumors. These multiscale relationships became stronger when the 0.05 and 0.1 

mm-1 fx pair (B and D) was used for SFDI compared with the DC and 0.1 mm-1 fx pair 

(A and C). Each point in the plots represents multiscale data from a tumor region in 

the MIW equivalent in size to the MPM FOV (~825 × 825 μm). Each axis, and thus 

each data point, represents average values within a given region extracted from their 

respective imaging modality and over the same region (SFDI: StO2; MPM: vessel 

diameter, vessel length extracted from MIPs). The data comes from 25 regions from 

six tumors. The lines represent the lines of best fit to the data in each plot. The 

Pearson's ρ (ρP) and Spearman's ρ (ρS) are reported for each plot. *Denotes unadjusted 

P < 0.05, and † denotes Tukey-Ciminera-Heyse (TCH) adjusted P < 0.05. ............. 53 



 

 xxii 

Figure S3-8: Correcting for the influence of the MIW on optical property extractions. Two 

homogeneous tissue-mimicking optical silicone phantoms were imaged with SFDI at 

9 different wavelengths (([471 526 591 621 659 691 731 811 851] nm) and 8 different 

spatial frequencies ([DC 0.05 0.1 0.15 0.2 0.3 0.4 0.5] mm-1), with and without an 

imaging glass (i.e., window) covering the entire FOV. This is shown in (A) and (B) 

at 471 nm DC illumination. The window introduced a linear deviation from the ground 

truth optical properties as shown in (C), (D), (F), and (G). This linear deviation was 

also observed in Rd (not shown). (E) and (H) show the comparison between no 

correction and applying a linear correction in Rd to account for the window. This 

correction minimizes the optical property error to below 10% for both µa and µ′s. . 59 

Figure S3-9: DNI coregistration accuracy and precision. (A) A custom calibration target 

was fabricated to quantify the (x,y) spatial coregistration between the SFDI and MPM 

imaging systems. The calibration target was fashioned from thermal-sensitive paper. 

Six square 824.57 by 824.57 μm2 areas were burned into the target using two-photon 

absorption. The center square was deemed as the “fiducial mark,” and its x-y location 

(red asterisk) was defined as (0 µm, 0 µm) on the MPM translation stage. The 

remaining five surrounding squares were deemed as regions-of-interest (ROIs) and 

their locations were defined in reference to the fiducial mark. The calibration target 

was then imaged with SFDI. The locations of each ROI within the SFDI image were 

then predicted based on their respective (x,y) coordinates (red solid squares). These 

locations were compared to the center-of-mass locations of each ROI calculated from 

the SFDI planer image (black dotted squares). The red asterisk in (A) indicates the 



 

 xxiii 

origin (0,0) µm in SFDI space. (B) A plot representing the 5 surrounding ROIs from 

the calibration target with red squares, with the red center circle in each square 

representing the MPM spatial coordinates, and the black dots representing the SFDI 

spatial coordinates determined from center of mass calculations for 10 trials for each 

of the ROIs. (C) The accuracy of coregistration was calculated based on the x and y 

discrepancies between the predicted (MPM) and measured (SFDI) ROI locations, and 

this was repeated 10 times to calculate precision. .................................................... 60 

Figure S3-10: Plots of normalized contrast-to-noise ratio (CNR) versus blood tube depth 

beneath the surface of a liquid phantom that mimicked average Py230 tumor OPs (μa 

= 0.046 mm-1, μ′s = 0.71 mm-1). The orange triangle (▲) data points represent two-

photon imaging of Evans Blue dye mixed with bovine blood in the capillary tube 

(TPEF Ex/Em 1050/680 nm). The blue circle (●) and square (■) data points represent 

the different SFDI CNR vs depth curves based on hemoglobin absorption contrast at 

(A) 471 nm and (B) 811 nm for different pairs of spatial frequencies, demonstrating 

experimental repeatability at other wavelengths. The following are the exponential 

decay constants (α) with their 95% confidence bounds, and goodness-of-fit (R2) 

values for [DC & 0.1 mm-1, 0.05 & 0.1 mm-1, TPEF], respectively: (A) α = [0.51, 

0.73, 0.81]/mm, 95% confidence bounds on α = [(0.41, 0.62), (0.61, 0.86), (0.73, 

0.88)]/mm, R2 = [0.81, 0.85, 0.95]. (B) α = [0.57, 0.84, 0.81]/mm, 95% confidence 

bounds = [(0.55, 0.59), (0.77, 0.91), (0.73, 0.88)]/mm, R2 = [0.99, 0.95, 0.95]. ...... 64 

Figure S3-11: Representative MPM microvascular images from each mouse (n = 6) plotted 

next to their respective multiscale vascular parameter data points to visualize 



 

 xxiv 

microvascular morphology in the context of extracted metrics. (A) Plot of average 

tumor oxygen saturation (StO2, %) versus average vessel diameter (μm) for the spatial 

frequency pair 0.05 and 0.1 mm-1. (B) Plot of average tumor oxygen saturation (StO2, 

%) versus average vessel length (μm) for the spatial frequency pair 0.05 and 0.1 mm-

1. White scale bars = 100 µm. ................................................................................... 65 

Figure S3-12: Heterogeneity in tumor vascular content as a function of depth. The images 

show representative regions of hematoxylin (blue) and CD31 (brown) stained tissue 

sections taken from a single Py230 tumor at different depths. The slides were sent to 

the Brigham and Women’s Hospital Pathology Core (Boston, MA) for hematoxylin 

(H) and CD31 staining, after which the stained tissue sections were imaged with an 

upright bright-field microscope outfitted with a color camera and a 4x objective 

(Nikon Eclipse 50i microscope and SPOT camera, Micro Video Instruments, Avon, 

MA). For each section (i.e., depth), images were stitched together using a stitching 

method in FIJI85. The stitched images were then deconvolved into H and CD31 

channels using a color deconvolution method in FIJI110. CD31 was then quantified by 

taking the total number of CD31 pixels and dividing by the sum of CD31 plus H pixels 

using the deconvolved images. The bar plot shows the resultant CD31 analysis. Since 

vascular content is not homogeneous with depth throughout the tumor, this 

emphasizes the importance of matching sampling volumes between the diffuse and 

nonlinear imaging regimes to establish robust multiscale correlations across tumor 

microvascular structure and function. Importantly, this reinforces the need for SFDI 

to match MPM in depth sensitivity, otherwise SFDI measurements would be volume 



 

 xxv 

averaging hemoglobin information from vasculature beyond the depth limitation of 

MPM and undermine any elucidated multiscale correlations. Scale bar is 500 μm. 67 

Figure S3-13: Experimental setup and schematic of two-layer phantom with top layer 

thickness d varying from [0−7.5] × l* where l* = 2 mm. Theta (θ) is 15 deg. This 

experimental setup was used to acquire reflectance as a function of spatial frequency 

(fx) and layer thickness d. All measurements were performed at λ = 731 nm. ......... 69 

Figure S3-14: (a) Experimentally measured and calibrated Rd (solid lines) and Pz,max(z ≤ 

d/l*) from simulation (dashed lines) and (b) their difference. ................................... 73 

Figure S3-15: Median sampling depth (d50) with [25 to 75]% (gray rectangle) and [10 to 

90]% (vertical-capped line) intervals versus fx for media with optical properties μ′s / 

μa = 15.4 and l* = 1.3 mm. ......................................................................................... 75 

Figure S3-16: (a) Phantom optical properties for training (circles) and test (triangles) sets. 

(b) Diffuse reflectance error model. Data at 13 spatial frequencies and 4 spectral 

wavelengths............................................................................................................... 80 

Figure S3-17: Cramér-Rao bounds for absorption and reduced scattering coefficient 

uncertainties for average Py230 tumor optical properties (µa = 0.046 mm-1, µ′s = 0.71 

mm-1). CRBs expressed as percentage of true optical properties. ............................ 82 

Figure 4-1: The integrated Diffuse and Nonlinear Imaging (DNI) system. (A) Schematic 

of the DNI system. (B) Bird’s-eye view CAD rendering of the SFDI illumination arm 

of the DNI system with the light paths outlined for the 3 LEDs (measured center 

wavelengths: 665 nm, 789 nm, and 863 nm ). fs-laser: femtosecond-laser (tunable 

from 680-1300 nm), HWP: half-wave plate, PBS: polarizing beamsplitter, BD: beam 



 

 xxvi 

dump, EOM: electro-optic modulator (Pockels cell), QWP: quarter-wave plate, DM: 

dichroic mirror (DM right before OBJ: 725 nm long-pass; DM right before PMTs: 

495 nm long-pass), OBJ: objective (SFDI: 2×, 56.3 mm WD, 0.1 NA, air immersion; 

MPM: 16×, 3 mm WD, 0.8 NA, water immersion), SPF: short-pass filter (750 nm SP), 

BPF: band-pass filter (440/80 nm and 550/100 nm), PMT: photomultiplier tube, P: 

linear plorizer, sCMOS: scientific CMOS camera, LED: light emitting diode, DMD: 

digital micro-mirror device. ...................................................................................... 89 

Figure 4-2: (A) Example of an implanted MIW over an exposed mammary tumor. (B) 

Example of an anesthetized mouse in a supine position within the custom-made 

holder, immobilized by the stabilizing bars with the round openings securely fitted 

around the MIW. (C) DNI sample stage supporting the custom-made holder with a 

mouse’s MIW underneath the 16× MPM objective. (D) The calibrated linear 

translation stage, outlined by the solid red rectangle within the overall image of the 

DNI system, is vertically aligned and orthogonal to the DNI sample stage. ............ 98 

Figure 4-3: (A) An image of the overall DNI system with mirrors outlined that relay the 

SFDI spatially modulated one-dimensional sinusoidal illumination patterns onto the 

DNI sample stage. (B) Bird’s-eye view of the SFDI illumination arm, with light paths 

outlined from the 3 LEDs impinging onto the DMD before they are reflected to the 

first relay mirror. (C) Side view of the SFDI illumination arm with first relay mirror 

outlined. (D) An image of the SFDI detection arm with the 2× objective located at the 

microscope objective port to collect sample reflectance measurements, which are 

relayed by the internal microscope optics to the sCMOS camera attached to the 



 

 xxvii 

microscope’s camera port at the top. The second relay mirror is outlined. (E) A 

demonstration of how the relay mirrors guide the light to the DNI sample stage. . 108 

Figure 4-4: DNI imaging length scales. Images of a fluorescent 1951 USAF resolution test 

chart taken with both the SFDI and MPM portions of the DNI system after switching 

objectives between the two imaging modes (SFDI: 2× objective; MPM: 16× 

objective) to demonstrate the relative spatial extents of SFDI and MPM. Wavelengths 

refer to illumination/excitation wavelength for a given modality. Line spacing was 

determined by inspecting each modalities image of the resolution test chart, with the 

approximate resolution limit based on the largest group and element numbers 

observed without distinct image contrast. ............................................................... 111 

Figure 4-5: Examples of the coregistered modes of contrast with DNI. (Top left) A 3D-

printed cube with the letters “BU” etched onto one surface of the cube and filled with 

a solution of 20% Intralipid® and 0.1 mg/mL Evans Blue dye. The dye has 

absorption/excitation peaks 470 nm, 540 nm, and 620 nm, and has a peak fluorescence 

emission at 680 nm117,118. (Bottom left) A MPM image of the “BU” letters with two-

photon excited fluorescence (TPEF) contrast (2p-ex/em 1050/680 nm). (Top right)  A 

SFDI absorption (μa) map of the “BU” letters at 665 nm. (Bottom right) A SFDI μa 

map of the “BU” letters at 863 nm. Given that the dye has minimal absorption 

efficiency past 670 nm117, it was expected that the μa values at 863 nm would be less 

than the μa values at 665 nm. All scale bars are 1 mm. .......................................... 113 

Figure 4-6: Results from a representative 60 minute drift measurement showing the 

stability of μa (top row) and μ′s (bottom row) measurements, with the coefficient of 



 

 xxviii 

variation (cv: ratio of the standard deviation over the mean for the entire drift 

measurement) in estimated optical properties calculated for each wavelength. ..... 117 

Figure 4-7: Accuracy of the SFDI device within the DNI system compared with a 

commercial SFDI device (“Gold standard”). Each data points represents the average 

optical property of a phantom measured three times, with error bars representing the 

standard deviation across all three measurements (n = 9 phantoms). The error bars are 

smaller than the markers due to the low measurement variability of the SFDI device 

within the DNI system, as evidenced in Figure 4-5. The average ± standard deviation 

difference between the DNI SFDI device and the commercial SFDI system was 4 ± 

6% for μa, and -1 ± 4% for μ′s. ................................................................................ 119 

Figure 4-8: An example of heterogeneity in tumor vascular structure and function captured 

with the DNI system over multiple days within a single HR6 tumor treated with 

DC101. Order of rows goes downward from “Day” labels. (Row 1) White light images 

of HR6 tumor acquired through a MIW. Scale bar 1 mm applicable to entire row. 

(Row 2) Corresponding tumor oxygen saturation (StO2) maps from SFDI 

measurements of the HR6 tumor underneath the MIW using 0.05 and 0.1 mm-1. The 

regions outlined by the red dashed boxes (~ 3.5 × 3.5 mm2) indicate the locations 

where vascular images were acquired for Rows 3 and 4. Scale bar 1 mm applicable to 

entire row. StO2 (%) color bar scale applies to entire row. (Row 3) Corresponding 

tumor microvasculature images from MPM scans taken within the regions indicated 

in Row 2. Scale bar 500 μm applicable to entire row. (Row 4) Wide-field, multiscale 

views of spatially coregistered tumor oxygenation (function) and microvascular 



 

 xxix 

architecture (structure) from regions indicated in Row 2. Scale bar 500 μm applicable 

to entire row. StO2 (%) color bar scale applies to entire row. ................................ 122 

Figure 4-9: An analysis of spatial multiscale relationships between tumor vasculature 

structure and function in a HR6 tumor treated with DC101 from a single measurement 

day. (Top row) A wide-field DNI measurement of tumor vascular structure and 

function divided into various tiles/spatial divisions (4x4, 8x8, and 16x16). (2nd row 

from the top) Vessel density (%) heat map representations of the various spatial 

divisions, where each tile is represented by its calculated vessel density value. (3rd row 

from the top) Tumor oxygen saturation (StO2, %) heat map representations of the 

same various spatial divisions, where each tile is represented by its average StO2 

value. (Bottom row) Spatial correlation plots of StO2 versus vessel density, where 

each point represents a different tile within the wide-field DNI measurement. ..... 125 

Figure 4-10: Changes in tumor vascular structure and function over time differ across the 

MIW. (A) and (B) are examples of different locations from a DC101 treated HR6 

tumor with differing structural and functional dynamics over time. Scale bars are 250 

µm. .......................................................................................................................... 128 

Figure 4-11: Temporal multiscale relationships between changes in tumor vasculature 

structure and function from baseline (Day -1) in a HR6 tumor treated with DC101. 

Each point in the plots represents multiscale data from a tumor region in the MIW 

equivalent in size to a MPM FOV (~825 × 825 μm). Each axis, and thus each data 

point, represents changes from baseline within a given region extracted from their 

respective imaging modality and over the same region (SFDI: ΔStO2; MPM: 



 

 xxx 

Δ[Vessel diameter] and Δ[Vessel length]). The data comes from 4 different MPM 

ROIs tracked over 5 days within a single tumor (n = 20 data points per correlation 

plot). The lines represent the lines of best fit to the data in each plot. The Pearson's ρ 

(ρP) and Spearman's ρ (ρS) are reported for each plot. *Denotes unadjusted P < 0.05, 

†denotes Tukey-Ciminera-Heyse (TCH) adjusted P < 0.05, and ‡denotes Bonferroni 

(BF) adjusted P < 0.05. ........................................................................................... 130 

Figure 4-12: Temporal multiscale relationships between changes in tumor vasculature 

structure and function from baseline (Day -1) in a HR6 tumor treated with mIgG (A 

and B), and in a BT474 tumor treated with DC101 (C and D). Each point in the plots 

represents multiscale data from a tumor region in the MIW equivalent in size to a 

MPM FOV (~825 × 825 μm). Each axis, and thus each data point, represents changes 

from baseline within a given region extracted from their respective imaging modality 

and over the same region (SFDI: ΔStO2; MPM: Δ[Vessel diameter] and Δ[Vessel 

length]). The data comes from 4 different MPM ROIs tracked over 5 days within each 

tumor (n = 20 data points per correlation plot). The lines represent the lines of best fit 

to the data in each plot. The Pearson's ρ (ρP) and Spearman's ρ (ρS) are reported for 

each plot. *Denotes unadjusted P < 0.05, and †denotes Tukey-Ciminera-Heyse (TCH) 

adjusted P < 0.05. .................................................................................................... 132 

Figure S4-13:  Changes in tumor vascular structure and function and their relationships 

may be treatment and model specific. Changes in tumor vascular structure and 

function with respect to baseline (day -1) are analyzed for the three mouse types that 

were measured with DNI longitudinally: DC101 treated HR6 tumor, mIgG treated 



 

 xxxi 

HR6 tumor, and DC101 treated BT474 tumor. (Top row) Changes in mean StO2 

(ΔStO2) over time from 4 different MPM ROIs in each mouse type, where the error 

bars represent the standard deviation of the 4 locations. (2nd row from the top) Changes 

in mean vessel density (Δ[vessel density]) over time from the same 4 MPM ROIs in 

each mouse type, where the error bars represent the standard deviation of the 4 

locations. (3rd row rom the top) Changes in mean vessel diameter (Δ[vessel diameter]) 

over time from the same 4 MPM ROIs in each mouse type, where the error bars 

represent the standard deviation of the 4 locations. (Bottom row) Changes in mean 

vessel length (Δ[vessel length]) over time from the same 4 MPM ROIs in each mouse 

type, where the error bars represent the standard deviation of the 4 locations. ...... 140 

  



 

 xxxii 

LIST OF ABBREVIATIONS 

AC Alternating current 

BF Bonferroni 

CCD Charged coupled device 

CLAHE Contrast limited adaptive histogram equalization 

DC Direct current 

DNI Diffuse and nonlinear imaging 

DOSI Diffuse optical spectroscopic imaging 

Hb Hemoglobin 

LED Light-emitting diode 

LUT Look-up table 

MC Monte Carlo 

MPM Multiphoton microscopy  

NIR Near-infrared 

PBS Phosphate buffered saline 

Ph.D. Doctor of Philosophy  

PMT Photomultiplier tube 

Rd Diffuse reflectance 

SD Standard deviation 

SFDI Spatial frequency domain imaging 

SHG Second harmonic generation  

StO2 Tissue oxygen saturation 

TCH Tukey-Ciminera-Heyse 

TPEF Two-photon excited fluorescence 



 

 1 

Chapter 1: Introduction 

1.1 Motivation 

In the last two decades, diffuse optical imaging (DOI) techniques have received 

significant interest as emerging non-invasive functional imaging tools for monitoring 

patient response to cancer therapies in the clinic. DOI techniques are able to provide 

important metabolic and hemodynamic information related to the in vivo tumor state1,2. In 

particular, a growing number of reports have successfully used DOI to monitor treatment 

response in cancer patients, with early hemodynamic and metabolic response markers 

reported within hours to weeks from the start of treatment3–5. For example, several reports 

have shown that decreases in hemoglobin content, decreases in water, and/or increases in 

lipid correlate with pathologic complete response in breast cancer patients receiving 

chemotherapy before surgery (i.e., neoadjuvant chemotherapy, NAC)6–9. Similarly, it has 

been reported that rapid increases in oxygenated hemoglobin within the first day of therapy 

is predictive of NAC outcomes10. While these results are encouraging, the potential impact, 

and ultimately adoption of DOI for cancer therapy monitoring in the clinic is limited in part 

by the lack of knowledge of the cellular, molecular, and biological origins of these clinical 

observations. Knowing how these macro DOI signatures relate to the biological 

underpinnings at the micro scale is key to providing clinically relevant insights that can be 

used to manage a cancer patient's treatment strategy with DOI feedback. Moreover, with a 

clear understanding of the relationships between DOI and the underlying tumor biology, it 

may be possible to use DOI for personalized and precision medicine to significantly impact 

and inform adaptive therapy strategies tailored to the in vivo state of each patient’s tumor. 
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1.2 Hypothesis 

We hypothesized that: (1) clinically translatable DOI metrics measured at the tissue 

level could be tracked together with biological features at the cellular level in preclinical 

cancer models through the novel combination of DOI with intravital microscopy, and (2) 

this novel imaging method could enable the ability to investigate how these multiscale 

parameters relate to one another over space and time within individual preclinical tumors. 

1.3 Aims 

To test this hypothesis, three aims were set up with the primary objectives of first 

assessing the feasibility of the combined imaging method, constructing a fully integrated 

imaging system, and demonstrating that the integrated imaging modality can be used to 

track in vivo multiscale parameters and their potential relationships over space and time. 

The specific aim are: 

Aim 1: To evaluate feasibility of combing DOI with intravital microscopy for in 

vivo monitoring of multiscale parameters in preclinical tumors. 

Aim 2: To design, construct, and characterize the performance of a system that 

physically integrates DOI with intravital microscopy. 

Aim 3: To demonstrate that the novel imaging method and system is able to track 

multiscale parameters and investigate multiscale relationships in vivo over space and time, 

all within a single tumor. 
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1.4 Structure of thesis 

The thesis consists of 5 chapters. Chapter 1 provides the motivation behind this 

work by identifying the need to relate macroscopic DOI measurements to the underlying 

microscopic tumor biology to create a path towards DOI-guided adaptive therapy strategies 

to improve the efficacy of cancer therapies. Chapter 2 provides background on: (i) the 

current state of monitoring treatment response in breast cancer patients; (ii) Diffuse Optical 

Imaging (DOI) and its potential for monitoring treatment response; (iii) attempts made to 

correlate DOI metrics with histology to better understand the biological underpinnings of 

DOI treatment response monitoring; (iv) the role of intravital microscopy in elucidating 

biological makers of treatment response in preclinical tumor models; (v) the use of Spatial 

Frequency Domain Imaging (SFDI) as a non-contact , wide-field, label-free DOI technique 

for monitoring treatment response in preclinical tumors; (vi) intravital Multiphoton 

Microscopy (MPM) as the technique to combine with SFDI to investigate the relationships 

between DOI and the underlying tumor biology in concert;  (vii) previous efforts to 

combine SFDI and MPM for multiscale imaging in non-tumor tissue types; and (viii) 

multiscale imaging of tumor vascular structure and function to lay the foundation for the 

novel imaging method and modality developed herein. 

 Chapters 3 and 4 together make up the aforementioned aims. Chapter 3 investigates 

the feasibility of combing SFDI with MPM for in vivo monitoring of multiscale vascular 

parameters in preclinical tumors through the developments of novel methods to coregister 

and depth match SFDI and MPM, followed by an in vivo study in a murine mammary 

tumor model. Chapter 4 details the development of a fully integrated SFDI-MPM system, 
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and our ability to use the integrated modality to conduct longitudinal and multiscale in vivo 

measurements of tumor vascular structure and function over a wide-field during the course 

of treatment in a breast cancer xenograft model to investigate multiscale relationships over 

space and time within a single tumor. Finally, Chapter 5 presents final conclusions and 

future directions for the method and system developed here, which include (i) exploring 

and validating novel drug combinations and scheduling, (ii) identifying translational 

imaging metrics of response and resistance, and (iii) creating a path toward diffuse optical 

image-guided adaptive therapy to improve the efficacy of cancer therapies. 

  



 

 5 

Chapter 2: Background 

2.1 Treatment response in breast cancer 

Breast cancer is the most common type of cancer and is the second leading cause 

of cancer death in women in the U.S.11 In 2019, an estimated 268,000 new cases of female 

breast cancer will be diagnosed in the U.S. (a 30% increase from 2014), and anticipated to 

account for 41,000 deaths12. Breast cancer deaths are typically a result of the eventual onset 

of therapy evasion/resistance, followed by metastasis. This is known to occur in the 

metastatic setting for a variety of anti-cancer agents, including drugs designed to target and 

kill breast cancer cells, such as trastuzumab (Herceptin®) for HER2 positive breast 

cancers13. Systemic therapies, including cytotoxic, hormonal, and immunotherapeutic 

agents, are initially active in approximately 90% of primary breast cancers and 50% of 

metastases14. Unfortunately many patients’ tumors will eventually acquire therapy 

resistance with continued treatment due to the onset of resistance mechanisms such as 

increased expression of multidrug resistance (MDR) proteins (e.g. drug efflux pumps), 

mutated drug targets, and upregulation of alternate pathways14. These classes of resistance 

mechanisms can be broadly categorized as intrinsic resistance mechanisms, or resistance 

mechanisms operating intracellularly at the individual tumor cell level. The other class of 

resistance mechanisms are extrinsic resistance mechanisms, or extracellular mechanisms 

which are a result of changes to heterogeneities in the tumor microenvironment. Examples 

of extrinsic resistance mechanisms include those related to the various tumor-stroma 

interactions, such as the interactions between tumor cells and immune cells, and tumor 

cells and fibroblasts15,16. 



 

 6 

 A potential strategy for avoiding tumor evasion/resistance to therapies in breast 

cancer would be to progressively alter the treatment regimen in a patient specific manner. 

Effective guiding and scheduling of personalized therapy will require longitudinal and 

frequent in vivo monitoring of functional information related to the tumor state. This is 

imperative for predicting treatment response to guide adaptive therapy decisions, including 

when to continue or when to stop and alter treatment. However, anticipating treatment 

response is a significant clinical challenge because current clinical imaging modalities (e.g. 

MRI, CT, PET-CT) are highly focused on anatomical structures rather than metabolic or 

molecular information, and the cost and safety concerns associated with current medical 

imaging techniques limit how often patients can be imaged during therapy. Notably the 

changes in commonly monitored parameters, including tumor volume or glucose-analog 

uptake, have been shown to be poor predictors of treatment response and often manifest 

only after a tumor has stop responding to therapy17,18. The ability to accurately predict 

treatment response would allow clinicians to make evidence-based therapy changes in a 

timely manner, which could substantially improve patient outcomes. 

2.2 Diffuse Optical Imaging (DOI) for in vivo monitoring of treatment response 

Diffuse Optical Imaging (DOI) techniques are ideally suited for monitoring 

treatment response as they provide endogenous label-free hemodynamic and metabolic 

tissue-level information of the in vivo tumor state1,2, and have demonstrated clinical utility 

for continuous monitoring of early treatment response and frequent longitudinal 

monitoring of treatment efficacy3–9. Moreover, they have favorable safety profiles, are 

relatively inexpensive, and do not require dedicated infrastructure1,2. 
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DOI methods, such as Diffuse Optical Spectroscopy (DOS), non-invasively launch 

near-infrared (NIR) light (650-1000 nm) into deep (mm to cm thick) biological tissue to 

quantify wavelength-dependent tissue optical properties (OPs), namely absorption µa(λ), 

and reduced scattering µ′s(λ). NIR light in human tissue experiences minimal absorption, 

and thus penetrates on the order of several millimeters to several centimeters deep into 

tissue2. In heterogeneous tissue, such as tumors, photons are multiply scattered at distances 

greater than 1 to 2 mm from a source, and can be modeled as a photon diffusion process 

using the Radiative Transport Equation (RTE)1,19. Although the RTE model of diffuse light 

transport in tissue accounts for both the absorption and scattering of photons, it is difficult 

to solve analytically and is typically simulated using Monte Carlo (MC). An approximated 

diffusion equation is often used in practice to easily and analytically solve for µa and µ′s 

based on measurement and boundary conditions, and the use of time/spatial domain versus 

frequency domain, laying the foundation for various DOI methods1,2. Measurements of µa 

at multiple wavelengths allows for the extraction of tissue hemodynamic parameters, 

including absolute concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin 

(HHb), from which total hemoglobin (THb) concentration and tissue oxygen saturation 

(StO2) can be determined1. µ′s is related to and dictated by tissue structure such as the 

extracellular matrix, as well as density of cells and organelles2. Figure 2-1 provides 

examples of DOI methods and their applications in cancer. 
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Figure 2-1: Examples of Diffuse Optical Imaging (DOI) technologies for treatment response 

monitoring in clinical and preclinical tumors10,20,21. 
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DOI techniques have been used to monitor and predict treatment response on the 

macro to mesoscopic scales in the preclinical and clinical settings. For example, Roblyer 

et al. showed that a clinical frequency-domain DOS system can inform pathologic complete 

response (pCR) in breast cancer patients 1 day after their first chemotherapy infusion based 

on percent changes in HbO2
10. Moreover, Tabassum et al. demonstrated the feasibility of a 

wide-field, non-contact preclinical DOI technique called Spatial Frequency Domain 

Imaging (SFDI) to optically characterize a preclinical prostate cancer model21. Initial 

findings showed that µ′s and StO2 are predictive of tumor rebound several days prior to 

uncontrolled exponential tumor growth. These and other published work demonstrate that 

DOI is sensitive to treatment response with clinical potential based on functional and 

metabolic measurements made at the tissue-level. However, for clinicians to make 

informed decisions on a cancer patient’s treatment strategy using DOI feedback, it will be 

imperative for them to know how any changes (or lack of changes) they observe with DOI 

are ultimately indicative of the underlying biological mechanisms taking place within the 

patient’s tumor. Although efforts have been made to bridge this gap and provide a 

biological basis for DOI measurements in tumors, these multiscale relationships between 

DOI metrics and the biological underpinnings remain to be elusive. This is in part due to a 

lack of appropriate tools/methods available to investigate potential multiscale relationships 

between DOI and the underlying tumor biology with high fidelity so as to ensure clear and 

accurate biological interpretations of DOI measurements in tumors. 
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2.3 Correlating DOI with histology 

In the last two decades, several reports have tried to link DOI with histology in an 

attempt to establish robust correlations between key DOI and underlying biologic measures 

of tumors9,22–26. However, there are several limitations with this approach. 

One limitation is being able to achieve high coregistration accuracy between DOI 

and histology26. This is usually a difficult and cumbersome manual task to extract tissue 

samples for histology that precisely match where imaging took place inside the live intact 

tissue to correlate molecular metrics with imaging metrics, leaving room for doubt and 

error in those correlations. Furthermore, while DOI generally measures volume-averaged 

tissue, histology typically looks at single slice from a single tumor location and therefore 

only captures a small fraction of the tumor volume and does not adequately capture 

heterogeneities sampled with DOI26. 

Another limitation is that there may be important microscale markers of treatment 

response to correlate with DOI that are difficult to capture and quantify through histology. 

For example, tumor microvascular metrics such as tortuosity, vessel length, and vascular 

permeability are difficult to assess and measure with conventional immunohistochemistry 

(IHC)27,28, but could be invaluable microscale indicators of treatment response, such as in 

the context of antiangiogenic therapies29. Moreover, the tissue fixation and processing steps 

of IHC can introduce artifacts and disrupt the native architecture of the various micro-

morphologies in the tumor such as the microvascular network, and therefore may result in 

estimation errors of these markers from histology27. 
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Finally, being able to investigate and verify the potential correlations between the 

temporal changes in DOI and underlying biologic parameters in response to therapy is 

imperative to clearly establish the accuracy with which DOI can track treatment response. 

The relevant timescales for identifying key biological markers of treatment response during 

therapy can be within the first 24 to 48 hours of the first treatment, to multiple consecutive 

days following the start of treatment. However, taking many tissue samples for histology 

within the first 24 to 48 hours, followed by multiple consecutive days is impractical for 

both the clinical and preclinical settings. Although one may anticipate how biological 

parameters may change during treatment, it is less clear when these key changes are 

expected to take place over the course of treatment. Thus, it is difficult to know when to 

take tissue samples for IHC analysis of key time-points for comparison with imaging. 

Ultimately, to link key DOI and underlying biologic measures of tumors in a 

reliable manner, the ideal method would need to accomplish the following: (i) enable 

superior interrogation of the same intact and sampled in vivo tissue volumes between DOI 

and biological metrics via accurate and precise coregistration, and (ii) accurately capture 

relevant in vivo biological markers of treatment response in a noninvasive manner for 

correlative analysis with DOI measurements taken at the same time and over multiple time-

points within a single tumor. The preclinical setting is ideal for testing these ideas as this 

will require careful control over treatments and imaging, with regular access to tumors. 

Notably, it will be important to measure the same parameters as clinical DOI techniques to 

translate potential findings to the clinic and provide a pathway for adaptive therapy 

strategies based on diffuse optical monitoring of treatment response. 
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2.4 Imaging biological markers of treatment response in preclinical tumors with 

intravital microscopy 

Intravital microscopy has played a key role in longitudinally characterizing in vivo 

biological markers of treatment response in the preclinical setting. For instance, intravital 

microscopy techniques have enabled the visualization and study of in vivo structural and 

functional changes to the tumor microvasculature, and as a result have transformed our 

understanding of angiogenesis and treatment effects related to the tumor microvasculature. 

For example, using intravital fluorescence microscopy, Yuan et al. revealed that tumor 

vascular permeability is spatially heterogeneous due to the formation of abnormal 

microvascular architecture during angiogenesis30. 

More recently, intravital microscopy techniques have been used to investigate the 

role of the tumor microvasculature during response and resistance, and how the tumor 

microvasculature can even differ between responsive and resistant tumors. For example, 

Nakasone et al. showed through in vivo spinning disk confocal microscopy that extrinsic 

factors in mammary tumors, such as vascular leakage, impact drug distribution and the 

inflammatory response which can influence tumor resistance15. Notably, McCormack et al. 

demonstrated through hyperspectral intravital microscopy that tumor microvessel density 

and oxygenation can track differential treatment responses in trastuzumab-sensitive and –

resistant tumors31. Specifically, in comparison to the trastuzumab-resistant tumors, the 

authors observed in the trastuzumab-sensitive tumors significant increases and decreases 

in microvessel density and oxygenation, respectively, five days into trastuzumab therapy. 

Moreover, this observation was followed by significant decreases and increases in the 
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tumor volumes of trastuzumab-sensitive and –resistant tumors, respectively, 48 hours later. 

Using hyperspectral intravital microscopy, this study revealed the potential prognostic 

value of in vivo tumor microvasculature dynamics differentiating response from resistance 

during therapy. However, these and other similar intravital microscopy techniques are 

limited to superficial imaging (<150 µm deep) in tumors due to the use of visible 

wavelengths (350-750 nm) for single photon imaging, which experience high amounts of 

absorption (e.g., due to blood in superficial tumor vasculature) and scattering that limit 

their imaging depth in biological tissue. 

Conversely, intravital multiphoton microscopy (MPM) uses longer wavelengths in 

the NIR to short-wave infrared (SWIR, 1000-1300 nm) regions for two (or more) photon 

imaging, which experience significantly less absorption and scattering and can therefore 

image deeper into biological tissue (~ 1 mm). Given this and other advantages of intravital 

MPM over other intravital microscopy techniques (see Section 2.6 for details), MPM has 

revolutionized in vivo imaging of preclinical tumors by providing exquisite molecular, 

cellular, and physiological information and key insights into tumor pathophysiology that 

ultimately influenced new drug targets and strategies for treating tumors32. The various 

MPM contrasts mechanisms that have been exploited for tumor imaging in the preclinical 

setting include two-photon excitation (TPE), second harmonic generation (SHG), and 

fluorescence lifetime imaging microscopy (FLIM)33,34. For example, through TPE of 

fluorescently labeled cells, Wyckoff et al. were able to directly visualize macrophage-

assisted tumor cell migration and intravasation mediated by paracrine signaling between 

tumor cells and tumor-associated macrophages in mammary tumors35,36. Szulczewski et al. 
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were able to track heterogeneity in breast tumor cells and the surrounding 

microenvironment in a live mouse model using TPE and FLIM to excite and monitor the 

endogenous fluorescence of the metabolic co-factors NADH and FAD in tumor cells, along 

with SHG to see collagen37. Shah et al. demonstrated that metabolic subpopulations within 

tumors measured with TPE and FLIM imaging of NADH and FAD provide metrics 

predictive of treatment response and resistance in animal models38. Finally, building upon 

the single photon intravital microscopy work with the tumor microvasculature, MPM has 

made it possible to characterize with exquisite detail both structural and functional changes 

in the tumor microvasculature across space and time during tumor development and during 

the course of treatment32. For example, Tong et al. characterized vascular normalization 

upon the administration of an antiangiogenic agent using intravital MPM, noting decreases 

in vascular density, vessel diameter, tortuosity, and vascular permeability29. The authors 

also found an induced pressure gradient across the tumor vasculature, along with increases 

in drug penetration as a result of vascular normalization29. Such observations of the tumor 

microvasculature have led to important insights with regard to the dosing and scheduling 

of different therapy regimens. 

However, it is worth noting that treatment response studies using intravital 

microscopy have mainly emphasized fundamental cancer biology, and thus highly focused 

on the microscale without a direct means for clinical translation. Moreover, clinical 

translation of these biological mechanisms for effective monitoring of treatment response 

is challenging in part due to sampling of small regions within a tumor that do not fully 

recapitulate the global response state as a function of the entire spatial heterogeneity 
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throughout the tumor. Nonetheless, intravital microscopy techniques such as MPM for 

deep, high resolution, 3D in vivo imaging of tumors, have the potential for elucidating 

biological markers of treatment response at the microscale based on changes to the 

underlying tumor biology as a function of different therapy regimens.  Accordingly, with 

careful attention to proper integration and systematic characterization, the combination of 

intravital microscopy with DOI could be the ideal method to track together clinically 

translatable DOI metrics measured at the tissue level with biological features captured at 

the cellular level with intravital microscopy, all within a single tumor in the preclinical 

setting. Furthermore, such a multiscale imaging approach could provide the opportunity to 

bridge biological mechanisms with clinical outcomes, and as a result enable for the first 

time direct information flow between cancer biology and clinical oncology. 

2.5 In vivo diffuse optical monitoring of preclinical tumors with Spatial Frequency 

Domain Imaging (SFDI) 

Spatial Frequency Domain Imaging (SFDI) is a DOI technique that can quantify 

volume-averaged tissue optical absorption and scattering on a pixel by pixel basis over a 

two-dimensional area39,40. Measurements of tissue optical absorption at different 

wavelengths enables the extraction of molar concentrations of tissue chromophores over a 

wide-field, providing a non-contact and label-free means to assess tissue viability, 

oxygenation, micro-architecture, and molecular content1. Details regarding the theory, 

instrumentation, image acquisition, and data processing for SFDI have been described 

elsewhere39–42. Figure 2-2 provides a diagram of a typical SFDI setup and imaging 

geometry, and data processing workflow. 
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Figure 2-2: Spatial Frequency Domain Imaging (SFDI) (A) setup and imaging geometry (θ 

~15 deg), and (B-D) data processing workflow21. 
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Briefly, SFDI is a noncontact, wide-field imaging system that projects spatially 

modulated sinusoidal patterns of light at different wavelengths and spatial frequencies onto 

diffusive media to separate the relative contributions of reduced scattering µ′s(λ) and 

absorption µa(λ) within the sample of interest. At each wavelength and spatial frequency 

(in this case along one spatial dimension, fx), raw reflectance images at three different 

phases (0°, 120°, and 240°) are sequentially projected using a digital micro-mirror device 

(DMD) or other spatial light modulator (SLM) and measured with a camera43. 

The planar (DC) and sinusoidal (AC) projections are measured and then 

demodulated to extract the amplitude envelope (MAC(fx)) of the measurement using a 

conventional communications algorithm40. A separate reference measurement (MAC,ref(fx)) 

at the same wavelengths and spatial frequencies is made on a calibration phantom with 

known optical properties to calibrate for the source intensity and the instrument response 

of the imaging system. Additionally, a Monte Carlo (MC) based or analytical forward 

model of photon propagation in diffusive media is used to predict the calibration phantom’s 

diffuse reflectance (Rd,ref(fx)) based on prior knowledge of the calibration phantom’s 

optical properties at each measurement wavelength40. Using Equation 2.1 the amplitude 

envelopes of the sample (MAC(fx)) and calibration phantom (MAC,ref(fx)), in addition to the 

predicted diffuse reflectance of the calibration phantom (Rd,ref(fx)), are used to determine 

the calibrated diffuse reflectance of the sample (Rd(fx)) with unknown optical properties 

for each wavelength and spatial frequency. 

𝑅𝑑(𝑓𝑥) =
𝑀𝐴𝐶(𝑓𝑥)

𝑀𝐴𝐶,𝑟𝑒𝑓(𝑓𝑥)
𝑅𝑑,𝑟𝑒𝑓(𝑓𝑥) (2.1) 
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The calibrated diffuse reflectance of the sample (i.e., the modulation transfer 

function (MTF) of the turbid sample as a function of spatial frequency) serves as an input 

to an inverse model, in this case a MC-based two-fx look-up-table (LUT) method, to extract 

the optical property values (µa(λ) and µ′s(λ)) of the sample of interest on a pixel-by-pixel 

basis at each measurement wavelength. The LUTs can be generated by running MC 

simulations, and/or by scaling a single MC simulation44,45. Finally, the absolute 

concentrations of tissue-dominant absorbing chromophores, such as HbO2 (μM) and HHb 

(μM), are calculated from their known extinction coefficients and the extracted µa(λ) values 

from each wavelength by performing a least-squares fit with the Beer’s Law (see Equation 

3.1)46. From HbO2 and HHb, total hemoglobin (THb (μM) = HbO2 + HHb) and tissue 

oxygen saturation (StO2 (%) = 100 × HbO2 / THb) can be calculated. 

The ability of SFDI to provide quantitative functional and molecular information 

in tissue, combined with its relative simplicity, safety, and low-cost has led to its use for a 

variety of biomedical applications. Some examples include SFDI monitoring of 

reconstructive surgery, burn wound healing, vascular occlusion, vascular impairment 

during the progression of Alzheimer’s disease, and drug delivery to brain tissue47–52. Less 

explored with SFDI are applications in tumor monitoring. The few examples include 

evaluation of non-melanoma skin cancer for optimizing photodynamic therapy (PDT), 

monitoring of doxorubicin (DOX) release, characterization of resected tumor specimens 

for heterogeneity in tissue structure for breast conserving surgery, guided resection of 

gliomas, and monitoring of palpable breast lesions53–60. Recently, our group is working on 

demonstrating for the first time that SFDI can be used to longitudinally monitor therapy 
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response in a preclinical prostate cancer model, and have shown that SFDI can predict 

tumor rebound21. However, the links between biological phenomena at the cellular level 

and SFDI metrics at the tissue level have yet to be demonstrated during treatment response, 

although efforts in our group are ongoing to compare SFDI and ex vivo tissue parameters 

over the course of treatment. Nonetheless, SFDI monitoring of cancer therapies can provide 

key insights into treatment response in the preclinical setting. Notably, SFDI measures the 

same parameters as clinical DOI systems such as DOS, and therefore provides a pathway 

to the clinic for adaptive therapy strategies based on diffuse optical monitoring of treatment 

response. In light of all of this, we have reason to believe that SFDI is the appropriate DOI 

technology to investigate the biological origins of treatment-induced changes observed 

with DOI in the preclinical setting. 

2.6 Intravital Multiphoton Microscopy (MPM) 

Given its precedence in identifying in vivo biological makers of treatment response 

in preclinical tumors (see Section 2.4) and its ability to do so relatively deeply into tissue 

(≤ 1 mm), intravital MPM could be an excellent candidate modality to combine with SFDI 

and explore the biological underpinnings of key DOI markers. To successfully integrate 

both imaging modalities and their respective datasets, it is imperative to understand their 

respective underlying theories and practical implementations. Here we provide the relevant 

theory and practical aspects of intravital MPM. 

Firstly, the important advantages of MPM over other intravital microscopy 

techniques include: (i) higher resolution and rejection of out-of-focus background, (ii) deep 

tissue imaging (~1 mm), (iii) the ability to capture fast dynamics, (iv) intrinsic 3D imaging, 
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and importantly (v) having access to a range of contrast mechanisms33. The higher 

resolution, rejection of out-of-focus background, and 3D imaging are due to two or more 

photons needed to generate nonlinear processes, of which the two main ones are 

multiphoton excitation and harmonic generation. The probability of a nonlinear process 

generated from two or more photons interacting simultaneously with a molecule are 

extremely low, but is increased with the use of a pulsed laser and goes as the average 

incident laser intensity raised to the order of the nonlinear process33. Thus, such processes 

mainly take place at the focal plane where most of the average incident laser intensity is 

concentrated, and very little outside the focal plane where the probability drops off rapidly. 

This not only minimizes out-of-focus background and photo-damage to the sample, but 

also provides superior spatial resolution and intrinsic optical sectioning, enabling 3D 

resolution imaging (Figure 3 and Eq. (3))33. Figure 2-3a and 2-3b provide visual 

demonstrations of one- and two-photon excitation in a fluorescent medium, and Equation 

2.2 (from thorlabs.com) provides an analytical expression for the theoretical lateral 

resolution of MPM for microscope objectives with numerical apertures (NA) greater than 

0.7, which are typically used for intravital MPM. 

𝑀𝑃𝑀 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
0.383𝜆𝑒𝑥

(𝑁𝐴)0.91
 , 𝑤ℎ𝑒𝑟𝑒 𝑁𝐴 > 0.7 (2.2) 
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Figure 2-3: Demonstration of (a) single-photon versus (b) two-photon excited fluorescence33. 

(c) Various nonlinear multiphoton modes of contrast/imaging34. 
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The ability to image deep into tissue is a result of using longer wavelengths in the 

NIR to short-wave infrared (SWIR) regions (700-1300 nm) as opposed to traditional one-

photon imaging at UV and visible wavelengths (300-750 nm). Individual photons at longer 

wavelengths have less energy than single photons at shorter wavelengths, but the 

simultaneous interaction of two or more lower-energy photons with a molecule provides 

the same effective energy as a high-energy single photon needed for processes such as 

excited fluorescence33. Moreover, the NIR and SWIR wavelengths incur less absorption 

and scattering compared to UV and visible wavelengths in biological tissue, and thus 

penetrate deeper. 

However, one barrier to deep multiphoton imaging in preclinical tumors in vivo is 

the skin, as it is highly attenuating due to mostly scattering. This has been overcome by 

employing techniques that provide direct access to the tumor mass for imaging, such as 

skin-flaps and window chambers32,61,62. Such techniques vary with regard to how often and 

long a single tumor can be imaged based on the nature of the technique63. It is also worth 

noting that there is concern that techniques for direct visualization of tumors, such as skin-

flaps and window chambers, potentially disrupt the native tumor behavior. Nonetheless, 

the techniques for direct intravital imaging of tumors have proved useful in helping to 

elucidate underlying mechanisms related to the hallmarks of cancer, and are employed in 

Chapters 3 and 4 of this thesis. 

2.7 Multiscale imaging with SFDI and MPM 

The concept of multiscale imaging with SFDI and MPM has been briefly explored 

before, but never for applications in oncology and never done in a fully integrated and 
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coregistered fashion. For example, Balu et al. demonstrated during an arterial occlusion 

that changes in wide-field hemodynamics measured with SFDI strongly correlate with 

changes in NADH auto-fluorescence of cells measured with MPM near the basal layer of 

human skin, and found that no such correlations were observed in the epidermal layers near 

the surface of the skin64. Additionally, Saager et al. showed that independent measurements 

of melanin volume fraction and distribution thickness by SFDI and MPM across various 

human skin types were strongly correlated65. Although these studies did not investigate 

spatial heterogeneity in multiscale relationships by exploring how microscale phenomena 

are spatially correlated throughout the tissue-level scale, they strongly suggest that there is 

much to be gained from exploring multiscale relationships to generate a holistic picture of 

underlying biological and physiological mechanisms. A fully coregistered SFDI and MPM 

imaging system will enable the study of complementary tumor metrics across multiple 

imaging length scales (e.g., micro-vessel structure and tissue-level hemodynamics) and 

allow for a deeper investigation into the multiscale relationships to ultimately understand 

how microscale treatment-induced changes manifest in tumor functional and metabolic 

changes at the tissue-level. Such knowledge will lay the foundation for identifying 

translational imaging metrics of treatment response, and create a path towards diffuse 

optical image-guided adaptive therapy for long term tumor control. 

2.8 Multiscale imaging of tumor vascular structure and function 

It is becoming increasingly evident that heterogeneities in the tumor 

microenvironment, in particular spatial variations in the tumor vascular network, can play 

a major role in treatment response. The variability in vessel structure and function 
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throughout the tumor can enhance sensitivity to therapy in some tumor regions and 

exacerbate resistance in other tumor regions. For example, areas within a tumor that have 

highly tortuous and poorly perfused vasculature can experience impaired delivery of 

systemic agents, allowing tumor cells in those areas to grow unchallenged32. Conversely, 

tumor regions with well-ordered and highly perfused vessels will experience effective drug 

delivery to tumor cells to mitigate growth and proliferation in those regions66. Studies have 

also observed ischemic and hypoxic tumor regions preceding elevated angiogenesis and 

tumor progression67. Ischemia and hypoxia can arise from tumor regions that have 

outgrown their vascular supply network68,69. Furthermore, hypoxia has been linked to 

cultivating resilient and aggressive phenotypes, as well as evasion of therapy70–72. All of 

this suggests that monitoring tumor vascular structure and function can provide key 

insights into treatment response. Importantly, this thesis will demonstrate that the 

combination of SFDI and MPM can be used to investigate potential multiscale 

relationships between DOI and the underlying tumor biology through multiscale imaging 

of tumor vascular structure and function, therefore establishing a method/tool to explore 

the biological underpinnings of DOI measurements in tumors. 
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Chapter 3: Diffuse and nonlinear imaging of multiscale vascular parameters for in 

vivo monitoring of preclinical mammary tumors 

Diffuse optical imaging (DOI) techniques provide a wide-field or macro assessment 

of the functional tumor state and have shown substantial promise for monitoring treatment 

efficacy in cancer. Conversely, intravital microscopy provides a high-resolution view of 

the tumor state and has played a key role in characterizing treatment response in the 

preclinical setting. There has been little prior work in investigating how the macro and 

micro spatial scales can be combined to develop a more comprehensive and translational 

view of treatment response. To address this, a new multiscale preclinical imaging technique 

called diffuse and nonlinear imaging (DNI) was developed. DNI combines multiphoton 

microscopy with spatial frequency domain imaging (SFDI) to provide multiscale data sets 

of tumor microvascular architecture coregistered within wide-field hemodynamic maps. A 

novel method was developed to match the imaging depths of both modalities by utilizing 

informed SFDI spatial frequency selection. An in vivo DNI study of murine mammary 

tumors revealed multiscale relationships between tumor oxygen saturation and microvessel 

diameter, and tumor oxygen saturation and microvessel length (|Pearson's ρ| ≥ 0.5, P < 

0.05). Going forward, DNI will be uniquely enabling for the investigation of multiscale 

relationships in tumors during treatment. 

 

 The work in Chapter 3 is published in the Journal of Biophotonics73 with the 

following contributing authors: 

Kavon Karrobi,a Anup Tank,a Syeda Tabassum,b Vivian Pera,a and Darren Roblyera 
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a Department of Biomedical Engineering, Boston University, Boston, Massachusetts, 

United States 

b Department of Electrical and Computer Engineering, Boston University, Boston, 

Massachusetts, United States 

 

3.1 Introduction 

Diffuse optical imaging (DOI) is a non-invasive and label-free technique that uses 

near-infrared light (650-1000 nm) to characterize biological tissue. DOI techniques 

typically provide multi-wavelength estimates of tissue optical absorption (μa) and reduced 

scattering (μ′s), which can be used to define diagnostic or prognostic thresholds for a wide 

range of conditions and pathologies1,2. Optical absorption can be used to extract 

concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin (HHb), from which total 

hemoglobin (THb) and tissue oxygen saturation (StO2) can be determined1. Optical 

scattering is related to tissue microstructure and can provide information about the 

extracellular matrix, density of cells and relative dimensions of organelles2. DOI has been 

highly used to characterize the in vivo tumor state in both the preclinical and clinical 

settings10,21,74. There is a growing number of reports in which DOI technologies have been 

successfully used to monitor treatment response in cancer patients, with early response 

markers reported within hours to weeks from the start of treatment4,5,10,75–77. While these 

results are encouraging, DOI techniques are limited in that they provide only a wide-field 

or macro view of the tumor state and lack the spatial resolution needed to visualize how 
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micro-scale features, including microvascular architecture, contribute to the tumor state. 

Nonetheless, knowing how these macro DOI signatures relate to the tumor biology at the 

micro-scale is key to providing clinically relevant insights that can be used to manage a 

patient's treatment strategy. Several prior studies have attempted to correlate DOI metrics 

with histopathology to better characterize the biological underpinnings of key imaging 

markers22–26. However, coregistration between noninvasive DOI and ex vivo tissue is 

challenging and can only characterize tissue at a single point in time, limiting the ability to 

understand and monitor the dynamic in vivo tumor state.  

Conversely, intravital microscopy provides a high-resolution view of the tumor 

state and has played a key role in characterizing treatment response in the preclinical 

setting32,34. In particular, changes to the tumor microvasculature architecture have been 

studied extensively in the context of treatment response in small animal tumor 

models29,30,78–81. For example, Tong et al.29 characterized vascular normalization upon the 

administration of an antiangiogenic agent using intravital multiphoton microscopy (MPM), 

noting decreased vascular density, vessel diameter, tortuosity and vascular permeability, 

along with increased drug penetration as a result of vascular normalization. These 

observations have led to important insights with regard to the dosing and scheduling of 

different therapy regimens32,81. Intravital MPM is limited, however, in that it can only 

image a small fraction of the tumor volume during a single measurement and may not 

adequately capture heterogeneities. 

While both the macro and micro spatial scales have value for monitoring the in vivo 

tumor state, there has been little prior work in investigating how these spatial scales can be 
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combined to develop a more comprehensive and translational view of treatment response. 

In this work, we address this issue by combining wide-field DOI with intravital MPM to 

create a new multiscale preclinical imaging technique called diffuse and nonlinear imaging 

(DNI). DNI provides structure-function relationships by combining DOI measurements of 

tumor oxygenation over a wide-field (function) as well as coregistered MPM 

measurements of microvascular architecture (structure). DNI has key advantages over the 

commonly used technique of manually correlating imaging markers with ex vivo 

histology22–26. These include the intrinsic ability to coregister macro- and micro-scale 

parameters over a large field-of-view (FOV), thus capturing tumor heterogeneity while 

avoiding sampling bias82. In addition, to the best of our knowledge, several microvascular 

metrics including tortuosity, vessel length and vascular permeability cannot be quantified 

with standard ex vivo histopathology techniques27. Furthermore, the integration of these 

modalities potentially allows for longitudinal in vivo monitoring of these multiscale 

relationships over time, which may lead to a more comprehensive understanding of 

treatment response and resistance. Finally, since intravital imaging has long been used to 

characterize tumor microvasculature during angiogenesis, treatment and the development 

of resistance15,29–31,83, DNI provides a means to place new findings within the context of 

this rich prior work. 

In the following sections, we first describe the two techniques that combine to make 

DNI: spatial frequency domain imaging (SFDI) and MPM. We then present the methods 

used to compare the imaging depth of both modalities, and describe a novel method to 

match imaging depths by adjusting the choice of SFDI spatial frequency. We then 
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characterize the tradeoffs between depth matching and the ability to extract optical 

properties. We then describe the procedures developed to image tumors in a coregistered 

fashion. Finally, we describe the metrics extracted from each modality, and present 

suggestive novel multiscale correlations revealed with DNI during preclinical tumor 

imaging. 

3.2 Methods 

3.2.1 Spatial frequency domain imaging 

All SFDI measurements were made with the OxImager RS SFDI system 

(Modulated Imaging Inc., Irvine, California). A diagram of the SFDI system is shown in 

Figure 3-1A. The SFDI system has nine LEDs from 471 to 851 nm for spatially modulated 

illumination and a charged-coupled device (CCD) camera (1392 × 1040 pixels) to measure 

the reflected light. The spatial patterns were projected over a 20 × 15 cm area at an incident 

angle of 15 degrees with respect to the surface normal (θ in Figure 3-1A) to reduce specular 

reflection. Crossed linear polarizers were used in front of the projection and detection 

lenses to further eliminate specular reflection. The measured reflectance was collected 

perpendicular to the sample surface, with an effective detection NA of 0.26 (Imaging lens: 

Xenoplan 1.9/35; Schneider Optics, Hauppauge, New York). The SFDI system was 

operated at a working distance of 32 cm, with a detection of FOV of 8.7 × 6.5 cm. 
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Figure 3-1: The diffuse and nonlinear imaging (DNI) system combines coregistered spatial 

frequency domain imaging (SFDI) and multiphoton microscopy (MPM). (A) A generalized 

schematic of the SFDI system. A digital micro-mirror device (DMD) was used to structure 

light from LEDs into sinusoidal 1-D patterns, which were projected onto a sample of interest. 

The reflected signal was collected with a CCD camera. (B) Schematic of the MPM system. 

Pulses of light from a femtosecond tunable laser (680-1300 nm) were passed through a half-

wave plate (HWP) before being split by a polarizing beamsplitting (PBS) cube, which diverts 

approximately half of the laser power to a beam dump (BD). The remaining half was passed 

through an electro-optic modulator (EOM or Pockels cell) used to control the power of the 

excitation beam at the sample. The excitation and emission paths were coupled through a 16× 

long working distance (3 mm) water immersion objective (0.8 NA), and separated by a 

dichroic mirror (DM, 755 nm long-pass). A short-pass filter (SPF) in the detection path was 

used to further clean up the collected emission before splitting it into two channels with a 

dichroic mirror (DM, 565 nm long-pass). Band pass filters (BPF), 525/70 nm and 700/75 nm, 

were used to further isolate the emitted light. Each emission channel was collected with 

photomultiplier tubes (PMT). A quarter-wave plate (QWP) was placed in the excitation path 

to circularly polarize the light for second harmonic generation (SHG) imaging of collagen, 

which was not analyzed for the purposes detailed herein. 
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Optical properties and hemoglobin concentrations were determined on a pixel-by-

pixel basis as described in detail elsewhere21,40. Briefly, the SFDI system was used to 

project one-dimensional sinusoidal spatial patterns at multiple wavelengths onto the 

sample of interest (e.g., phantom or tumor). For each spatial frequency (fx), three different 

phase offsets were projected (0°, 120° and 240°). The acquired images were then 

demodulated to extract the amplitude envelope at each spatial frequency measurement 

using an established amplitude demodulation method40. The demodulated images were 

compared with equivalent measurements made on a calibration phantom with known 

optical properties to remove the instrument response and obtain the calibrated diffuse 

reflectance (Rd(fx)) of the sample at each spatial frequency. All experimental and 

calibration measurements were performed at the same height/image plane to avoid the need 

for height correction during processing. Absorption (μa(λ)) and reduced scattering (μ′s(λ)) 

were recovered using a two-fx inversion algorithm which indexed a lookup table (LUT) 

relating Rd to optical properties for a given fx pair. LUTs were generated from Monte Carlo 

(MC) simulation results as described elsewhere84. For in vivo measurements, HbO2 (μM) 

and HHb concentrations (μM) were calculated by performing a least squares fit with 

Equation 3.1 using known extinction coefficients for HbO2 and HHb, and measured μa 

values at [659, 691, 731, 851] nm: 

�⃗�𝑎(𝜆) = 𝜀𝐻𝑏𝑂2 
(𝜆)𝐶𝐻𝑏𝑂2

+ 𝜀𝐻𝐻𝑏(𝜆)𝐶𝐻𝐻𝑏. (3.3) 

Total hemoglobin (THb (μM) = HbO2 + HHb) and tissue oxygen saturation (StO2 

(%) = 100 × HbO2 / THb) were also determined. All SFDI processing was performed in 

MATLAB R2015a (MathWorks, Natick, Massachusetts). 
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3.2.2 Multiphoton microscopy 

A schematic of the MPM system is shown in Figure 3-1B. Two-photon excited 

fluorescence (TPEF) was performed with an upright MPM system (Ultima Investigator; 

Bruker, Billerica, Massachusetts) with a femtosecond laser source tunable from 680 to 

1300 nm (Spectra Physics, Insight DS+, Santa Clara, California). A Pockels cell was used 

to control the laser power at the sample (Model 350-80LA EOM, Model 302RM Driver, 

Conoptics, Danbury, Connecticut). The excitation and emission paths were coupled 

through a 16× long working distance (3 mm) water immersion objective (0.8 NA) (Nikon, 

CFl75 LWD 16X W, Tokyo, Japan), and separated by a dichroic mirror (Chroma, 755 nm 

long-pass, Bellows Falls, Vermont). A 750 nm short-pass filter was used as a clean-up filter 

in the detection path. The collected emission was split with a dichroic mirror (565 nm long-

pass) into two detection channels, one with a 525/70 nm bandpass filter and the other with 

a 700/75 nm bandpass filter (Chroma). Multi-alkali PMTs (Hamamatsu Photonics, R6357, 

Hamamatsu City, Japan) were used for detection in both channels. Prairie View software 

(supplied by Bruker) was used to operate the MPM system and acquire images. The MPM 

FOV was 825 × 825 μm, with a sampling resolution of 805 nm/pixel. 

3.2.3 Evaluating the imaging depth of MPM and SFDI 

Imaging parameters from both SFDI and MPM modalities were used to characterize 

mouse mammary tumors. As these parameters were correlated across platforms, it was 

necessary to establish the imaging depth of both modalities to ensure the same tissue 

volumes were probed. This requires that the depth sensitivity of SFDI skew shallower 

given that the depth limiting modality is MPM. Ultimately, this means the longest 
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wavelength from a SFDI measurement (in this case, 851 nm) should not exceed the depth 

sensitivity of MPM. We describe here the methods utilized to evaluate imaging depth for 

both SFDI and MPM. 

A phantom study was performed to compare the drop-off in contrast as a function 

of depth between the diffuse and nonlinear imaging techniques. A liquid phantom 

composed of deionized water, nigrosin (Sigma-Aldrich, St. Louis, Missouri) and titanium 

dioxide (Sigma-Aldrich) was fabricated to mimic average tumor optical properties (μa = 

0.046 mm-1, μ′s = 0.71 mm-1) that were determined from an in vivo study described in 

section 3.2.6. A glass capillary tube (~ 1 mm inner diameter) (Carolina Biological Supply 

Company, Product No. 711040, Burlington, North Carolina) was inserted horizontally 

through the phantom. The tube was filled with bovine blood (Carolina Biological Supply 

Company) to provide absorption contrast. Triton X-100 detergent (Sigma-Aldrich) was 

added to the liquid phantom at 0.1% V/V to alleviate surface tension between the liquid 

phantom and glass tube. The depth of the blood tube started at 0 mm (liquid phantom 

surface), and was effectively lowered by 0.1 mm increments by adding additional volume 

to the liquid phantom to a depth of 1.5 mm. A vertical translation stage was used to keep 

the surface of the liquid phantom at the same image plane, avoiding the need for SFDI 

height correction. SFDI measurements were made at 851 nm at the following spatial 

frequencies: fx = [0, 0.05, 0.1] mm-1 (note that 0 mm-1 = DC). 

The experiment was repeated to evaluate MPM contrast using a mixture of bovine 

blood and Evans Blue dye (2p-ex/em 1050/680 nm, MW 960.81 Da, Sigma-Aldrich, 

E2129) in the capillary tube. The concentration of the dye matched the concentration used 
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during intravital imaging (1.28 mg/mL). A glass coverslip (No. 1, 22 × 22 mm, Sigma-

Aldrich, CLS284522) was placed between the objective and liquid phantom surface to 

protect the objective from the phantom. For each depth, the fluorescent blood tube was 

imaged with 2-by-3 tiling, where each tile had a FOV of 825 × 825 μm. Images were 

stitched together using a stitching plugin in FIJI85. To ensure that photobleaching was not 

responsible for the decay in fluorescence with depth, reverse (i.e., deeper to shallower) 

depth measurements were made and the fluorescent signal was found to be comparable to 

the fluorescent signal of the forward (i.e., shallower to deeper) depth measurements (data 

not shown). 

The contrast-to-noise ratio (CNR) of the tube relative to the background was 

calculated at each depth for both modalities using 

𝐶𝑁𝑅 =  
𝜇𝑡𝑢𝑏𝑒−𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

[𝑤𝑡𝑢𝑏𝑒𝜎𝑡𝑢𝑏𝑒
2 +𝑤𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

2 ]

1
2

, 
(3.4) 

where μtube is the mean signal from a region-of-interest (ROI) chosen on the tube, μbackground 

is the mean signal from an ROI within the background liquid phantom, σtube and σbackground 

are the standard deviations (SD) calculated from these ROIs, and wtube = #ROIpixelstube / 

(#ROIpixelstube + #ROIpixelsbackground) and wbackground = #ROIpixelsbackground / 

(#ROIpixelstube + #ROIpixelsbackground) are the noise weights86. For SFDI, three equivalently 

sized line profiles were used as ROIs, one selected down the middle of the tube (μtube, σtube, 

#ROIpixelstube), and two selected equally distant on either side of the tube (μbackground, 

σbackground, #ROIpixelsbackground). CNR was calculated using μa at 851 nm for the following 

fx pairs: (a) 0 and 0.1 mm-1, and (b) 0.05 and 0.1 mm-1. The choice of spatial frequencies 
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is based on our prior work which utilized MC simulations to show how SFDI depth 

sensitivity decreases with increasing fx
87, and demonstrated how the choice of fx pair affects 

optical property extraction errors88. For MPM, square ROIs were used for CNR analysis. 

The ROIs for SFDI and MPM CNR analysis were matched in terms of physical area. For 

each imaging domain, a single exponential decay curve was fit to the normalized CNR 

(CNRnormalized,fit) vs. depth (d) data to extract the exponential decay constant (α) of CNR 

with depth, which served as a measure for comparing depth sensitivities between imaging 

regimes: 

𝐶𝑁𝑅𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑,𝑓𝑖𝑡 = 𝑒−𝛼𝑑. (3.5) 

3.2.4 Estimating optical property uncertainties for SFDI 

The choice of SFDI spatial frequency pair influences both the depth sensitivity and 

the ability to accurately extract optical properties. Optical property extraction uncertainties 

were quantified for different spatial frequency pairs using phantom measurements. Two 

tissue-simulating silicone-based homogeneous optical phantoms (both 21 × 21 cm) were 

measured with SDFI at nine different wavelengths ([471, 526, 591, 621, 659, 691, 731, 811 

and 851] nm), giving a total of 18 different optical property pairs that spanned the following 

ranges: μa = 0.006-0.06 mm-1, μ′s = 0.668-1.50 mm-1. Optical properties were processed for 

all measured wavelengths for the following fx pairs: (a) 0 and 0.1 mm-1, and (b) 0.05 and 

0.1 mm-1. Optical property averages and uncertainties were calculated for all 18 optical 

properties for each fx pair by taking the mean and SD, respectively, over the entire detection 

FOV (8.7 × 6.5 cm). 
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3.2.5 Py230 murine mammary tumor model 

The Py230 murine mammary tumor model was used for all tumor imaging. This 

cell line was originally derived from spontaneous mammary tumors arising from C57BL/6 

MMTV-PyMT female mice89. Py230 cells were purchased from the American Type 

Culture Center (ATCC CRL-3279, Manassas, Virginia) and grown and expanded at 37°C 

in a humidified 5% CO2 atmosphere in F-12 K culture medium containing 5% fetal clone 

II serum and supplemented with MITO serum extender, 100 Units/ml penicillin and 100 

μg/mL streptomycin, and passaged in 1:3 when cells reach 70% to 80% confluency. Female 

C57BL/6 mice, approximately 5 to 6 weeks old (15-18 g), were purchased from Taconic 

Biosciences (model #B6-F, Rensselaer, New York) and were housed in the Boston 

University Laboratory Animal Care Facility. Approximately 106 Py230 cells were injected 

orthotopically into the inguinal 4th mammary fat pad in 50 μL 1X PBS using a U-100 

insulin syringe with a 28.5 gauge needle (Product No. 329461, BD Biosciences, Franklin 

Lakes, New Jersey). Both mouse body weights and tumor volumes were measured every 3 

to 4 days. Tumor length (L) and width (W) were measured using digital calipers (VWR 

International, Radnor, Pennsylvania), and tumor volume was calculated as Vt = (π / 6) × 

(L × W) 3/2. During window chamber surgeries and DNI measurements, mice were 

anesthetized using isoflurane by inhalation (5% induction, 2% inhalation) and kept on a 

37°C circulating water heating pad to maintain physiological temperature. All animal work 

was reviewed and approved by the Boston University Institutional Animal Care and Use 

Committee. 
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3.2.6 Diffuse and nonlinear imaging of Py230 tumors through mammary imaging 

windows 

Figure 3-2 provides a flowchart of DNI measurements of Py230 tumors. When 

tumor volumes reached ~150 mm3, mice were implanted with a mammary imaging window 

(MIW) by removing the skin covering the tumor and using tissue adhesive to glue the 

surrounding skin onto the base of the MIW. Each MIW was fabricated a day before imaging 

as described elsewhere62,90. Briefly, the MIW consisted of a tissue grade plastic base and 

an 8 mm diameter circular glass coverslip (Product No. 64–0701, Harvard Apparatus, 

Holliston, Massachusetts). The plastic base was fashioned from a sterile polystyrene petri 

dish (AS4052; Thermo Fisher Scientific, Waltham, Massachusetts) using a heat-gun and 

dremel to form it into a flat washer-like structure with an outer diameter of 12 mm and an 

inner hole diameter of 7 mm. Superglue was then used to glue the 8 mm circular glass 

coverslip over the 7 mm inner hole of the plastic base, and the glue was allowed to dry for 

15 to 20 minutes before sterilizing the entire MIW with 70% ethanol. On the day of imaging 

for each mouse, the MIW was sterilized again with 70% ethanol and allowed to dry before 

implanting it over the exposed mammary tumor. After implanting the MIW, SFDI 

measurements were taken through the MIW in live anesthetized mice at the following 

wavelengths and spatial frequencies: λ = [659, 691, 731, 851] nm, fx = [0, 0.05, 0.1] mm-1. 
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Figure 3-2: DNI mouse imaging procedure. (1) 106 Py230 murine mammary tumor cells were 

injected orthotopically into the inguinal 4th mammary fat pad of 5- to 6-week-old C57BL/6 

female mice. (2) Tumors were allowed to grow untreated to approximately 150 mm3. (3) At 

that point, the skin covering the tumor was removed and a MIW (7 mm imaging diameter) 

was implanted over the tumor. (4) SFDI measurements were made through the MIW at the 

following wavelengths and spatial frequencies: λ = [659, 691, 731, 851] nm, fx = [0, 0.05, 0.1] 

mm-1. Following the SFDI measurements, a fluorescent marker (<1 mm in diameter) was 

applied to the MIW, and a planar illumination SFDI measurement was taken to establish the 

imaging origin in SFDI space for coregistration. (5) Evans Blue dye (2P-Ex/Em 1050/680 nm) 

was injected via the tail vein at a dose of 80 mg/kg to fluorescently label the tumor 

microvasculature. (6) After establishing the fluorescent fiducial mark as the origin in MPM 

space using a translation stage, two-photon scans of tumor microvascular architecture were 

performed throughout the MIW while recording the x-y spatial location of each scan relative 

to the fluorescent fiducial mark.  
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Following the SFDI measurement, a small fiducial mark (diameter < 1 mm) was 

applied to the center of the MIW using the tip of a 30.5 gauge needle dipped in yellow 

highlighter ink. With the mouse kept in the same position, a planar illumination SFDI 

measurement at 659 nm was taken to establish a frame of reference for spatial 

coregistration in post-processing. The mouse was then moved to the MPM sample stage, 

with the MIW directly underneath the MPM objective. To maintain rotational consistency 

between the systems, the heads and tails of the mice were always positioned in the same 

orientation for each imaging session for both instruments. A solution of Evans Blue dye 

(2p-ex/em 1050/680 nm) in 1X PBS was then injected via the tail vein at a dose of 80 

mg/kg to fluorescently label the tumor microvasculature. After waiting 30 to 60 seconds 

for the dye to completely circulate, the mouse was euthanized. Immediately following 

euthanization, the yellow highlighter fiducial mark was established as the frame of 

reference using the MPM system's translation stage. Two-photon scanned 3D stacks of 

tumor microvascular architecture were then acquired throughout the MIW while recording 

the x-y spatial location of each scan relative to the fiducial mark. 

The presence of the glass MIW imposed a linear perturbation to the sample's native 

diffuse reflectance (and thus optical properties) during SFDI measurements. This effect 

was empirically quantified by performing SFDI measurements on tissue-simulating optical 

phantoms with μa and μ′s values that approximated Py230 tumor optical properties with 

and without glass coverslips covering the phantom (Supporting Information Figure S1). A 

linear Rd correction factor was then determined for each spatial frequency and wavelength 

and used to correct the in vivo Rd measurements of tumors imaged with SFDI. 
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3.2.7 Extraction of tumor microvasculature metrics from MPM data 

The vascular image processing methods used and described herein are based on a 

pipeline developed by Gil et al.91. Moreover, each processing step has been used and 

validated for vascular image processing in prior works, and relevant references have been 

cited for each step. We have organized the text in this section to denote which steps are 

preprocessing steps, and which steps are vessel segmentation and metrics extraction steps. 

Tumor microvessel metrics, including vessel diameter, length, tortuosity, and density were 

extracted from the collected MPM 3D image stacks of tumor microvasculature using 

MATLAB R2017b. Figure 3-3 shows the processing flowchart. 

Preprocessing: Each stack was first converted into a maximum intensity projection 

(MIP) image, where each pixel value in the MIP is the maximum value at the particular 

pixel location over all images in the stack. The MIP was then evaluated for artifacts and, if 

present, a mask was manually generated to exclude the identified artifacts. Quantification 

of microvascular metrics was only done within the unmasked region. To correct for non-

uniform background levels, morphological erosion and dilation were performed on the MIP 

using the built-in MATLAB functions “imopen” and “strel” with a disk-shaped kernel to 

remove vessels with diameters less than 400 μm, leaving behind the background92. The 

result of this spatially filtered MIP was then subtracted from the original MIP. The image 

was then normalized between 0 and 1, followed by a contrast limited adaptive histogram 

equalization (CLAHE) process to increase local contrast in the image by making the vessel 

intensities more uniform93–95. 
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Figure 3-3: Processing flow for extracting microvascular architecture metrics from MPM 

scans of the tumor microvasculature through the MIW. After converting each microvascular 

stack into a MIP image, an anisotropic diffusion (edge enhancing) filter was used to enhance 

the edges of vessels, followed by a multiscale Hessian filter to accentuate vessel-like features 

relative to background. The filtered MIP images then underwent a binarization process to 

calculate microvessel density, followed by a skeletonization process to then extract 

microvascular metrics such as the diameter, length and tortuosity of each vessel. 
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Vessel segmentation: An anisotropic diffusion filter was applied to the resultant 

CLAHE processed image to enhance microvessel edges and suppress noise96–100. Another 

CLAHE process was performed on the diffusion filtered image, followed by multiscale 

Hessian filtering to accentuate vessel-like features101. Local adaptive segmentation was 

applied to the Hessian filtered image to binarize and isolate microvessels102,103. The 

binarized image and Hessian filtered image were fed into a Geodesic Active Contour 

segmentation algorithm using the built-in MATLAB function “activecontour” that resulted 

in a more refined segmented and binarized image with vessels in the foreground104. 

Metrics extraction: Tumor microvessel density for the final processed image was 

calculated by summing the number of vessel pixels and dividing by the total number of 

pixels in the unmasked region105. A skeletonized version of the final processed image with 

identified branch points was created using the built-in MATLAB function “bwmorph,” 

defining a single vessel as between two branch points, from which the average diameter, 

length, and tortuosity values were calculated106. The diameter of each vessel was 

determined by using the distance transform of the segmented skeletonized vessels105. 

Length of each vessel was calculated as the sum of all the pixels between branch points 

multiplied by the MPM sampling resolution (0.805 μm/pixel)105. And finally, average 

tortuosity was calculated as the sum of all the vessel path lengths divided by the sum of all 

Euclidean distances between branch points105. 

3.2.8 Calculation of multiscale tumor vascular structure-function relationships 

The fiducial mark on the MIW was used to establish the frame of reference for 

coregistration between SFDI and MPM. This marker was defined as the imaging origin (0, 
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0 μm), and the recorded x-y coordinates from the MPM scans were used to find the 

equivalent locations within the wide-field SFDI hemoglobin maps (HbO2, HHb, THb and 

StO2). Additional details about the coregistration process and the accuracy and precision 

of coregistration are included in Supporting Information (Figure S2). At each location, 

average hemoglobin metrics were determined within a square ROI with the same physical 

size as an MPM FOV (~825 × 825 μm). After pairing hemoglobin metrics with their 

corresponding microvascular metrics (i.e., microvessel diameter, length, tortuosity and 

density) for each MPM location within the MIW across all mice, the multiscale data set 

underwent an exploratory data analysis step to identify correlations between tumor 

microvascular architecture metrics and tissue-level hemodynamics. Correlation matrices 

were computed for all microvascular and hemodynamic metrics to identify multiscale 

pairwise correlations using the MATLAB function “corr.” Correlation analyses were 

performed for both spatial frequency pairs (0 and 0.1 mm-1, and 0.05 and 0.1 mm-1). 

3.2.9 Statistical analysis 

We used the Pearson correlation coefficient (ρP) to evaluate multiscale correlations 

between each SFDI metric (HbO2, HHb, THb and StO2) with each MPM metric 

(microvessel density, tortuosity, vessel length and vessel diameter). We also employed the 

Spearman's rank correlation coefficient (ρS) as it evaluates a more general monotonic 

relationship between two metrics that is not specifically linear as is the case with Pearson, 

and it does not assume a bivariate normal distribution in the paired metrics when 

determining statistical significance. We assessed normality in the multiscale metrics using 

the Shapiro-Wilk test and made note of when a metric was rejected by the test (‡, i.e., 
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metric is not from a normally distributed population). We took note of correlations with 

unadjusted P values less than 0.05 (*), and noted any correlations in which their adjusted 

P values were less than 0.05 (†). P values were adjusted using the Bonferroni (BF, 

conservative) and the Tukey-Ciminera-Heyse (TCH, less conservative) procedures to 

control for the type I error rate107. Table S1 summarizes our analysis. 

3.3 Results 

3.3.1 Multiscale depth penetration 

Figure 3-4A depicts the experimental setup for evaluating the imaging depth of 

MPM and SFDI. Additionally, Figures 3-4B and 3-4C show the analyses and visualizations 

for the drop-off in contrast with depth for MPM and SFDI, respectively. Fluorescence 

contrast from MPM is visually apparent up to approximately 1 mm. For SFDI, the 

sensitivity to blood absorption contrast in the tube is visually apparent past 1 mm, although 

the contrast at the higher spatial frequencies (e.g., 0.1 mm-1) drops-off more rapidly 

compared with lower spatial frequencies (e.g., DC). This agrees with our prior work which 

utilized MC simulations to show how SFDI depth sensitivity decreases with increasing fx
87. 
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Figure 3-4: Comparison of depth penetration between SFDI and MPM based on imaging 

contrast as a function of depth. The depths at which either imaging regime loses sensitivity to 

their respective form of contrast (SFDI: hemoglobin absorption, MPM: fluorescently labeled 

vasculature) can serve as a metric for imaging depth penetration. (A) Experimental setup for 

evaluating contrast dependent depth penetration. For evaluating SFDI depth penetration, a 

1 mm diameter glass capillary tube was filled with bovine blood and submerged in a liquid 

phantom that mimicked average Py230 tumor OPs (µa = 0.046 mm-1, µ′s = 0.71 mm-1). The 

blood tube was measured with SFDI at incremental depths below the surface of the liquid 

phantom. For evaluating MPM depth penetration, the same experimental setup and 

procedure as SFDI was performed, with the addition of Evans Blue dye being mixed with 

bovine blood in the capillary tube to mimic fluorescent labeling of vasculature at a 

concentration similar to that used for in vivo imaging. The experiment was carried out on a 

single experimental setup. (B) A plot of normalized contrast-to-noise (CNR) versus blood tube 

depth beneath the surface of the liquid phantom. The orange triangle (▲) data points 

represent two-photon imaging of Evans Blue dye mixed with bovine blood in the capillary 

tube (TPEF Ex/Em 1050/680 nm). The blue circle (●) and square (■) data points represent 

the different SFDI CNR versus depth curves based on hemoglobin absorption contrast at 851 

nm for different pairs of spatial frequencies, demonstrating the tunability of SFDI imaging 

depth with spatial frequency choices. The following are the exponential decay constants (α) 

with their 95% confidence bounds, and goodness-of-fit (R2) values for [DC & 0.1 mm-1, 0.05 
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& 0.1 mm-1, TPEF], respectively: = [0.53, 0.84, 0.81]/mm, 95% confidence bounds on α = 

[(0.50, 0.55), (0.76, 0.91), (0.73, 0.88)]/mm, R2 = [0.98, 0.94, 0.95]. (C) Visualization of contrast 

dependent depth penetration for both modalities. Diffuse reflectance (Rd) and absorption (μa) 

images are at 851 nm. Measurements at 2 mm were taken to visually demonstrate the deeper 

penetration with DC as compared to higher spatial frequencies. MPM (white) scale bar = 250 

μm, SFDI (black) scale bar = 5 mm. 

 

Crucially, we found that the depth sensitivity in μa can be tuned based on the choice 

of SFDI spatial frequency pairs. For example, we found that a choice of 0.05 and 0.1 mm-

1 skews substantially shallower compared with DC and 0.1 mm-1, and this effect can be 

used to match the dropoff in contrast with MPM. This can be visually seen when comparing 

the μa columns in Figure 3-4C. The tube contrast disappears at approximately 1 mm with 

0.05 and 0.1 mm-1, whereas the tube can be seen beyond 1 mm with DC and 0.1 mm-1. This 

can also be seen in Figure 3-4B, which shows the normalized CNR as a function of depth. 

The drop-off in contrast for 0.05 and 0.1 mm-1 (α = 0.84 mm-1) more closely matched that 

of MPM (α = 0.81 mm-1) compared with DC and 0.1 mm-1 (α = 0.53 mm-1). These results 

were repeated for other SFDI wavelengths (Figure S3). Because chromophore 

concentrations are directly linked to μa values through a linear transformation using Beer's 

law, chromophore contrast will follow similar decay characteristics. This suggests the 

hemoglobin depth contrast with SFDI, at 0.05 and 0.1 mm-1, closely matches MPM 

microvascular depth contrast for our setup. This provides the opportunity to correlate 

structure-function relationships between the systems with matching depth sensitivities. 

3.3.2 Optical property uncertainties as a function of spatial frequency choices 

The choice of SFDI fx pairs affects both the depth sensitivity of SFDI (as 

demonstrated in the previous section), as well as the ability to accurately extract optical 
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properties87,88. To assess tradeoffs between these two factors, we quantified optical 

property uncertainties for DC and 0.1 mm-1, and 0.05 and 0.1 mm-1 given that the former 

has been identified as a fx pair that minimizes optical property extraction errors21,88, and 

the latter was found to provide good agreement in depth sensitivity between SFDI and 

MPM. We found that there was good agreement in extracting optical properties between 

the two spatial frequency pairs for a range of optical properties (Figure 3-5). On average, 

the 0.05 and 0.1 mm-1 fx pair overestimated μa by 0.00026 mm−1 and underestimated μ′s 

by 0.00097 mm-1 compared with the DC and 0.1 mm-1 fx pair, demonstrating very little 

bias. However, we found a 3× increase in uncertainty in μa and a 1.4× increase in 

uncertainty in μ′s with 0.05 and 0.1 mm-1 compared with DC and 0.1 mm-1 when 

considering the tumor optical property range (gray-shaded areas in Figure 3-5 plots). These 

results agreed with the SFDI optical property uncertainties predicted using the Cramér-Rao 

lower bound methodology recently described by Pera et al. (3.4× and 1.4×, respectively)88. 

It should be noted that uncertainties in either μa or μ′s for a given sample are dependent on 

both the μa and μ′s of that sample, as well as on the diffuse reflectance error model that is 

unique to the SFDI instrumentation. Together these results indicate that the 0.05 and 0.1 

mm-1 fx pair better matches MPM in imaging depth, although at the cost of a modest 

sacrifice in optical property uncertainties. 
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Figure 3-5: Comparison of (A) absorption (μa) and (B) reduced scattering (μ′s) uncertainties 

for SFDI measurements taken with DC and 0.1 mm-1 vs 0.05 and 0.1 mm-1 fx pairs in 

homogeneous tissue-mimicking optical phantoms. Two phantoms were measured with SFDI 

at nine different wavelengths ([471, 526, 591, 621, 659, 691, 731, 811, 851] nm), giving a total 

of 18 different optical property (OP) pairs. The gray region in each plot represents the OPs 

that fall within the 10% to 90% range of Py230 OPs (μa = 0.03:0.07 mm-1, μ′s = 0.50:0.96 mm-

1). OP extraction at 0.05 and 0.1 mm-1 are plotted against OP extraction at DC and 0.1 mm-1, 

with the identity line shown. Uncertainty (error bars) was determined by calculating the SD 

over the entire imaging field-of-view (8.7 × 6.5 cm2) for each OP measurement. Note that the 

errors in OP extractions are a function of both μa and μ′s. 
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3.3.3 DNI of multiscale vascular parameters in murine mammary tumors 

Figure 3-6 provides an example of DNI in a single mouse. Figure 3-6A shows a 

white light image of the tissue within the MIW. The MIW in this mouse was implanted 

such that at least half of the MIW contained tumor tissue with the rest of the window 

containing mammary fat pad and muscle. The spatial location of each tissue type relative 

to the fiducial mark was recorded. Figure 3-6C shows a THb map across the MIW, with 

representative coregistered MPM scans of vascular architecture. Substantial differences in 

THb and vascular architecture were observed in the different tissue types. For example, the 

muscle region was well vascularized with normalized vascular architecture, which 

corresponded with high levels of THb. On the other hand, the tumor regions contained 

abnormal vascular architecture, with corresponding low levels of THb. The fat pad was 

less vascularized, corresponding to low levels of THb. The table in Figure 6 provides 

technical specifications for the DNI method. 

In total, DNI was used to measure eight tumors from eight female C57BL/6 mice, 

of which six had good quality SFDI and MPM data. The average tumor volume was 170 ± 

78 mm3. On average, the maximum depth of imaging with MPM in the tumors was 

approximately 600 μm. The number of MPM ROIs collected per mouse was on average 4 

to 5 regions. Each DNI session took on average 30 to 45 minutes. 
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Figure 3-6: An example of in vivo DNI in a Py230 murine mammary tumor through a MIW. 

(A) A white light image of tumor and non-tumor tissue underneath the MIW, with different 

tissue regions identified. (B) A table detailing imaging specifications of the DNI technique. 

(C) The corresponding wide-field map of total hemoglobin (THb) concentration from SFDI 

is shown over the MIW from (A), followed by several two-photon scanned microvascular 

regions coregistered within the wide-field map. This particular example demonstrates the 

simultaneous functional and architectural differences between tumor regions and non-tumor 

regions. White scale bars = 100 μm. 
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To evaluate whether the choice of SFDI fx pair affected the strength of multiscale 

vascular structure-function relationships, all SFDI measurements were processed with both 

DC and 0.1 mm-1, and 0.05 and 0.1 mm-1 For each spatial frequency pair, we evaluated 

multiscale correlations using both the Pearson correlation coefficient (ρP) and Spearman's 

rank correlation coefficient (ρS) between each SFDI metric (HbO2, HHb, THb and StO2) 

with each MPM metric (microvessel density, tortuosity, vessel length and vessel diameter). 

This resulted in 16 multiscale correlations being evaluated simultaneously for a given 

correlation test and spatial frequency pair. Table S3-1 summarizes our overall findings. 

There were two identified Pearson correlations for 0.05 and 0.1 mm-1 with unadjusted P 

values less than 0.05 (StO2 and vessel diameter, StO2 and vessel length) and none for DC 

and 0.1 mm-1. The same two Pearson correlations were also identified with Spearman for 

0.05 and 0.1 mm-1 with unadjusted P values less than 0.05, and no identified Spearman 

correlation in the case of DC and 0.1 mm-1. The two 0.05 and 0.1 mm-1 Pearson correlations 

had TCH adjusted P values less than 0.05. No correlations were deemed significant at a 

significance level of 0.05 when adjusting P values with the Bonferroni procedure. 

In addition, we found that the 0.05 and 0.1 mm-1 fx pair strengthened the two 

identified multiscale vascular relationships that were not discernable when processed with 

DC and 0.1 mm-1, which may be attributable to the improved depth matching between 

SFDI and MPM. Figures 3-7A and 3-7B demonstrate the difference between the spatial 

frequency pairs when analyzing the relationship between tumor oxygen saturation (StO2) 

captured with SFDI and vessel diameter extracted from MPM from the six tumors (25 

ROIs). A weak negative correlation between StO2 and vessel diameter was observed with 
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DC and 0.1 mm-1 (ρP = −0.20, P = 0.33 | ρS = −0.10, P = 0.65), and a much stronger negative 

correlation was observed with 0.05 and 0.1 mm-1 (ρP = −0.50, *†P = 0.010 | ρS = −0.49, *P 

= 0.014). Likewise, a similar phenomenon was observed when analyzing the relationship 

between StO2 and vessel length for the same six tumors (25 ROIs). A weak negative 

correlation between StO2 and vessel length was observed with DC and 0.1 mm-1 (ρP = 

−0.28, P = 0.18 | ρS = −0.14, P = 0.52), and a much stronger negative correlation was 

observed with 0.05 and 0.1 mm-1 (ρP = −0.50, *†P = 0.011 | ρS = −0.48, *P = 0.016). Figure 

S4 in Supporting Information shows representative MPM microvascular images from each 

mouse (n = 6) plotted next to their respective multiscale vascular parameter data points to 

visualize microvascular morphology in the context of extracted metrics. 
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Figure 3-7: Multiscale relationships between tumor vasculature structure and function in 

Py230 tumors. These multiscale relationships became stronger when the 0.05 and 0.1 mm-1 fx 

pair (B and D) was used for SFDI compared with the DC and 0.1 mm-1 fx pair (A and C). 

Each point in the plots represents multiscale data from a tumor region in the MIW equivalent 

in size to the MPM FOV (~825 × 825 μm). Each axis, and thus each data point, represents 

average values within a given region extracted from their respective imaging modality and 

over the same region (SFDI: StO2; MPM: vessel diameter, vessel length extracted from 

MIPs). The data comes from 25 regions from six tumors. The lines represent the lines of best 

fit to the data in each plot. The Pearson's ρ (ρP) and Spearman's ρ (ρS) are reported for each 

plot. *Denotes unadjusted P < 0.05, and † denotes Tukey-Ciminera-Heyse (TCH) adjusted P 

< 0.05. 
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3.4 Discussion 

In this work, we developed and validated DNI as a new multiscale preclinical 

imaging method for the coregistration of tissue-level tumor hemodynamics captured with 

SFDI, and tumor microvascular architecture imaged with MPM. High x-y spatial 

coregistration accuracy and precision (≤50 μm) was demonstrated between SFDI and 

MPM. In addition, the appropriate selection of SFDI spatial frequency pair was shown to 

aid in matching MPM imaging depth. Importantly, this proved to be useful in elucidating 

multiscale vascular structure-function relationships in a proof-of-concept study in which 

DNI was used to image untreated murine mammary tumors through MIWs. 

One of the enabling features of this work was the ability to match imaging depth of 

SFDI and MPM. The enhanced similarity in imaging depth between SFDI and MPM with 

0.05 and 0.1 mm-1 as opposed to DC and 0.1 mm-1 can be largely attributed to SFDI depth 

sensitivity decreasing with increasing fx
87. We believe this effect largely contributed to the 

increased strength of the identified multiscale correlations. It is of note that correlation 

strength for the identified multiscale correlations increased when using 0.05 and 0.1 mm-1 

despite the slightly higher uncertainty in μa extractions, suggesting depth matching is 

highly important for evaluating these correlations, and that microvessel morphology may 

change with tumor depth. This was confirmed by CD31 staining of a resected tumor which 

demonstrated that tumor microvasculature varies substantially with depth (Figure S5). 

Following depth matching, we found that wide-field StO2 had strong negative 

correlations with microvessel diameter and length. This suggestive correlation between 

StO2 and microvessel diameter is consistent with prior reports that have shown hypoxic 
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tumor regions are associated with dilated microvessels80,81. Likewise, the suggestive 

correlation between StO2 and microvessel length may be also be related to the abnormal 

growth of microvasculature in hypoxic regions, although this relationship has not been 

studied to the same extent in prior work. 

This work has several important implications. First, multiscale DNI metrics provide 

a link between the large but previously disconnected bodies of prior work focused on either 

the preclinical and clinical settings. For example, microvascular metrics, including vessel 

diameter, length, and tortuosity, have been studied extensively in the context of treatment 

response in small animal tumor models29,30,78–81. In contrast, wide-field hemodynamic 

metrics (StO2, THb, etc.) have been studied extensively in the clinical setting with DOI 

technologies1,2,4,5,10,74–77,108. DNI allows these parameters to be tracked together within a 

single tumor, which provides a means to explore new agents and treatment schedules in 

the preclinical setting while evaluating the likely clinical manifestations of these 

treatments. Several reports have shown a positive correlation between THb concentration 

measured with DOI and vessel density quantified from histology of tumor biopsy 

specimens from breast cancer patients22–26. For example, in 2011, it was reported that 

pretreatment THb concentrations correlated with pretreatment mean vessel density of 

CD105-expressing neovasculature in breast cancer patients with a pathologic complete 

response22. While this prior work is encouraging, DNI expands the repertoire of multiscale 

metrics that can be studied while providing a means to track them longitudinally in a 

spatially coregistered manner. Finally, both diffuse and nonlinear imaging can measure a 

wide variety of contrasts beyond those related to the vasculature, such as optical scattering 
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with DOI, and cellular metabolism/redox and collagen architecture with nonlinear 

microscopy techniques such as TPEF/fluorescence lifetime imaging microscopy and 

second harmonic generation (SHG), respectively34,109. These contrast mechanisms can be 

exploited to validate and discover an array of novel biological and physiological multiscale 

relationships to obtain a more complete picture of the in vivo tumor state. 

While this is the first study to combine SFDI and MPM for tumor imaging, this 

combination of modalities has been previously utilized for applications in human skin. For 

example, Balu et al.64 demonstrated that changes in wide-field hemodynamics measured 

with SFDI strongly correlate with changes in NADH fluorescence measured with MPM 

during an arterial occlusion. In addition, Saager et al.65 showed that independent 

measurements of melanin volume fraction and distribution thickness by SFDI and MPM 

across various human skin types were strongly correlated. These studies suggest that there 

is much to be gained from exploring multiscale relationships to generate a holistic picture 

of underlying biological and physiological mechanisms. We add to this work novel 

methods of coregistering and depth matching SFDI and MPM, applying the methods to 

small animal tumor imaging, and investigating spatial heterogeneity in multiscale 

relationships. 

The DNI method presented here has limitations that can be mitigated going 

forward. For example, although we achieved high accuracy and precision in coregistration 

through the use of a fiducial marker, this aspect could be further improved through the use 

of a single sample stage so that both forms of imaging can be performed through an 

intrinsically shared coordinate system. Additionally, for this feasibility study we performed 
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MPM imaging in euthanized mice to avoid the need to correct for motion artifacts. The 

microvascular architecture remained intact within 1 hour post-euthanization as indicated 

by minimal dye leakage (data not shown). Going forward, longitudinal monitoring of 

multiscale vascular relationships in live mice will enhance the ability to understand 

treatment response and resistance. 

3.5 Conclusion 

In conclusion, we have developed a diffuse and nonlinear imaging method to 

quantify tumor vascular structure– function relationships across length scales. This will lay 

the foundation for identifying translational imaging metrics of response and resistance, and 

create a path toward diffuse optical image-guided adaptive therapy for long term tumor 

control. 
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Figure S3-8: Correcting for the influence of the MIW on optical property extractions. Two 

homogeneous tissue-mimicking optical silicone phantoms were imaged with SFDI at 9 

different wavelengths (([471 526 591 621 659 691 731 811 851] nm) and 8 different spatial 

frequencies ([DC 0.05 0.1 0.15 0.2 0.3 0.4 0.5] mm-1), with and without an imaging glass (i.e., 

window) covering the entire FOV. This is shown in (A) and (B) at 471 nm DC illumination. 

The window introduced a linear deviation from the ground truth optical properties as shown 

in (C), (D), (F), and (G). This linear deviation was also observed in Rd (not shown). (E) and 

(H) show the comparison between no correction and applying a linear correction in Rd to 

account for the window. This correction minimizes the optical property error to below 10% 

for both µa and µ′s. 
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Figure S3-9: DNI coregistration accuracy and precision. (A) A custom calibration target was 

fabricated to quantify the (x,y) spatial coregistration between the SFDI and MPM imaging 

systems. The calibration target was fashioned from thermal-sensitive paper. Six square 

824.57 by 824.57 μm2 areas were burned into the target using two-photon absorption. The 

center square was deemed as the “fiducial mark,” and its x-y location (red asterisk) was 

defined as (0 µm, 0 µm) on the MPM translation stage. The remaining five surrounding 

squares were deemed as regions-of-interest (ROIs) and their locations were defined in 

reference to the fiducial mark. The calibration target was then imaged with SFDI. The 

locations of each ROI within the SFDI image were then predicted based on their respective 

(x,y) coordinates (red solid squares). These locations were compared to the center-of-mass 

locations of each ROI calculated from the SFDI planer image (black dotted squares). The red 

asterisk in (A) indicates the origin (0,0) µm in SFDI space. (B) A plot representing the 5 

surrounding ROIs from the calibration target with red squares, with the red center circle in 

each square representing the MPM spatial coordinates, and the black dots representing the 

SFDI spatial coordinates determined from center of mass calculations for 10 trials for each 

of the ROIs. (C) The accuracy of coregistration was calculated based on the x and y 

discrepancies between the predicted (MPM) and measured (SFDI) ROI locations, and this 

was repeated 10 times to calculate precision. 
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Table S3-1: Multiscale vascular relationships explored in Py230 tumors. This table includes 

all 16 multiscale correlations tested between MPM (µ-vascular) metrics and SFDI (wide-field) 

metrics for each spatial frequency pair (a = 0.05 and 0.1 mm-1, b = DC and 0.1 mm-1). For 

each evaluated multiscale correlation for a given frequency pair, the Pearson (P) correlation 

coefficient and Spearman’s (S) rank correlation coefficient were computed, along with their 

respective unadjusted p-values. The p-values were adjusted using both the Tukey-Ciminera-

Heyse (TCH) and Bonferroni (BF) procedures to control for the type I error rate. The 

absolute value of the Fisher z-transformation was also computed from the Pearson’s ρ, and 

the multiscale correlations were arranged from largest to smallest (going down the table) 

based on the absolute value of their computed Fisher’s z. * indicates that the unadjusted p-

value is < 0.05 for a given correlation metric of a given multiscale relationship (e.g., *PaSa 

indicates that the unadjusted p-values are < 0.05 for both the Pearson and Spearman 

correlation coefficients only for the frequency pair 0.05 and 0.1 mm-1). † indicates that the 

TCH adjusted p-value is < 0.05 for a given correlation metric of a given multiscale 

relationship (e.g., †Pa indicates that the TCH adjusted p-value is < 0.05 for the Pearson 

correlation coefficient only for the frequency pair 0.05 and 0.1 mm-1). ‡ indicates that a given 

vascular metric did not pass the Shapiro-Wilk test (i.e., metric is not from a normally 

distributed population). a or b next to ‡ indicates that the SFDI metric was rejected by the 

Shapiro-Wilk test for a given spatial frequency pair. 
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Figure S3-10: Plots of normalized contrast-to-noise ratio (CNR) versus blood tube depth 

beneath the surface of a liquid phantom that mimicked average Py230 tumor OPs (μa = 0.046 

mm-1, μ′s = 0.71 mm-1). The orange triangle (▲) data points represent two-photon imaging of 

Evans Blue dye mixed with bovine blood in the capillary tube (TPEF Ex/Em 1050/680 nm). 

The blue circle (●) and square (■) data points represent the different SFDI CNR vs depth 

curves based on hemoglobin absorption contrast at (A) 471 nm and (B) 811 nm for different 

pairs of spatial frequencies, demonstrating experimental repeatability at other wavelengths. 

The following are the exponential decay constants (α) with their 95% confidence bounds, and 

goodness-of-fit (R2) values for [DC & 0.1 mm-1, 0.05 & 0.1 mm-1, TPEF], respectively: (A) α 

= [0.51, 0.73, 0.81]/mm, 95% confidence bounds on α = [(0.41, 0.62), (0.61, 0.86), (0.73, 

0.88)]/mm, R2 = [0.81, 0.85, 0.95]. (B) α = [0.57, 0.84, 0.81]/mm, 95% confidence bounds = 

[(0.55, 0.59), (0.77, 0.91), (0.73, 0.88)]/mm, R2 = [0.99, 0.95, 0.95]. 
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Figure S3-11: Representative MPM microvascular images from each mouse (n = 6) plotted 

next to their respective multiscale vascular parameter data points to visualize microvascular 

morphology in the context of extracted metrics. (A) Plot of average tumor oxygen saturation 

(StO2, %) versus average vessel diameter (μm) for the spatial frequency pair 0.05 and 0.1 

mm-1. (B) Plot of average tumor oxygen saturation (StO2, %) versus average vessel length 

(μm) for the spatial frequency pair 0.05 and 0.1 mm-1. White scale bars = 100 µm. 
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Figure S3-12: Heterogeneity in tumor vascular content as a function of depth. The images 

show representative regions of hematoxylin (blue) and CD31 (brown) stained tissue sections 

taken from a single Py230 tumor at different depths. The slides were sent to the Brigham and 

Women’s Hospital Pathology Core (Boston, MA) for hematoxylin (H) and CD31 staining, 

after which the stained tissue sections were imaged with an upright bright-field microscope 

outfitted with a color camera and a 4x objective (Nikon Eclipse 50i microscope and SPOT 

camera, Micro Video Instruments, Avon, MA). For each section (i.e., depth), images were 

stitched together using a stitching method in FIJI85. The stitched images were then 

deconvolved into H and CD31 channels using a color deconvolution method in FIJI110. CD31 

was then quantified by taking the total number of CD31 pixels and dividing by the sum of 

CD31 plus H pixels using the deconvolved images. The bar plot shows the resultant CD31 

analysis. Since vascular content is not homogeneous with depth throughout the tumor, this 

emphasizes the importance of matching sampling volumes between the diffuse and nonlinear 

imaging regimes to establish robust multiscale correlations across tumor microvascular 

structure and function. Importantly, this reinforces the need for SFDI to match MPM in 

depth sensitivity, otherwise SFDI measurements would be volume averaging hemoglobin 

information from vasculature beyond the depth limitation of MPM and undermine any 

elucidated multiscale correlations. Scale bar is 500 μm. 

 

3.7.2 Optical sampling depth in the spatial frequency domain 

The material in Section 3.7.2 supported the work in Chapter 3 and are based off of 

work published in the Journal of Biomedical Optics87 with the following contributing 

authors: 

Carole K. Hayakawa,a,b Kavon Karrobi,c Vivian Pera,c Darren Roblyer,c and Vasan 

Venugopalana,b 

a Department of Chemical Engineering and Materials Science, University of California at 

Irvine, Irvine, California, United States 

b Beckman Laser Institute, Laser Microbeam and Medical Program, University of 

California at Irvine, Irvine, California, United States 

c Department of Biomedical Engineering, Boston University, Boston, Massachusetts, 

United States 
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Knowledge of tissue depths sampled by SFDI is important for understanding and 

contextualizing measurements of layered and heterogeneous tissue, and is therefore 

relevant to nearly all clinical and preclinical applications of SFDI. Importantly, DNI, in 

which SFDI is combined with the optical sectioning technique MPM, would benefit from 

knowledge of SFDI photon sampling depth to ensure data from each modality is sampling 

similar tissue volumes. 

To this end, Dr. Hayakawa and Dr. Venugopalan from the University of California 

at Irvine helped to develop a method to determine optical sampling depth statistics for SFDI 

measurements using Monte Carlo (MC) simulations. We then performed a series of 

experimental SFDI measurements on fabricated phantoms to validate the simulated results. 

These measurements were taken in a two-layer phantom designed to determine the optical 

sampling depth as a function of spatial frequency. The two-layer phantom was housed in a 

container with (L × W × H) dimensions of 7.2 cm × 10.8 cm × 6.1 cm. The top layer of the 

phantom was a liquid composed of water, nigrosin, and TiO2 particles with optical 

properties μ′s / μa = 100 and l* = 1 / ( μa + μ′s ) = 2 mm at λ = 731 nm (where l* is the transport 

mean-free path). The bottom layer was a highly absorbing solid phantom composed of 

agar, water, and nigrosin, and occupied a total volume of 350 mL in the container. The top 

layer thickness d was varied from [0-7.5] × l*. Figure S3-13 provides a schematic of the 

setup. 
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Figure S3-13: Experimental setup and schematic of two-layer phantom with top layer 

thickness d varying from [0−7.5] × l* where l* = 2 mm. Theta (θ) is 15 deg. This experimental 

setup was used to acquire reflectance as a function of spatial frequency (fx) and layer 

thickness d. All measurements were performed at λ = 731 nm. 
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We used the OxImager RS SFDI system (Modulated Imaging Inc., Irvine, 

California) to measure the two-layer phantom. The SFDI system utilized crossed linear 

polarizers in front of the projection and detection lenses to minimize the effect of specular 

reflection and select for diffuse reflection. The projection field of view (FOV) was 20 cm 

× 15 cm and directed to the tissue surface at an angle of 15 deg relative to the surface 

normal. Detection was performed perpendicular to the surface of the phantom with a FOV 

of 8 cm × 6 cm (effective NA = 0.253). A vertical translation stage was used to support 

and adjust the height of the container with the two-layer phantom. After taking the first 

measurement of the highly absorbing solid phantom (i.e., d = 0 mm), incremental amounts 

of the liquid phantom were added successively with a predetermined volume such that the 

top liquid layer thickness d above the solid phantom increased by 0.5 mm between each 

measurement following the d = 0 mm measurement. The micrometer on the translation 

stage was used to lower the two-layer phantom system by 0.5 mm following each 

measurement such that the top surface of the two-layer phantom system remained at a 

constant image plane for all top layer thicknesses measured. This was done to avoid the 

need for height correction during data processing. All measurements were performed at a 

wavelength λ = 731 nm with spatial frequencies fx = [0, 0.0125, 0.025, 0.0375, 0.05, 

0.0625, 0.075, 0.0875, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.3] mm-1. At each spatial 

frequency (in this case, along one spatial dimension x), raw reflectance images at three 

different phases (0, 2π/3, and 4π/3 radians) were sequentially projected onto the phantom 

using a digital micromirror device. The resulting reflected light was imaged with a camera. 

The images were then demodulated to extract the amplitude envelope for each spatial 
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frequency measurement using an established amplitude demodulation algorithm39,40. A 

separate reference measurement at the same spatial frequencies was made on a calibration 

phantom with known optical properties for calibration of the SFDI source intensity and 

instrument response. This calibration enables the measured reflectance to be converted to 

absolute reflectance. This is achieved by comparing the measured reflectance from the 

calibration phantom with its predicted diffuse reflectance from an MC-based forward 

model using the phantom’s known optical properties. The region of interest (ROI) chosen 

for data analysis was centered in the detection FOV to avoid edge effects and measured 7.5 

cm × 2 cm. The reported experimental data are average values taken over the ROI. 

The experimental setup consisted of SFDI measurements taken of a two-layer 

phantom with a highly absorbing bottom layer placed at various depths d that extinguished 

any photons that propagated to that depth. The resulting measured reflectance was therefore 

only composed of photons that never reached depths z > d, i.e., the photons detected 

possess trajectories with a maximum z ≤ d. This was compared to the analogous 

computational result where only photons that visited a maximum z ≤ d and were 

subsequently detected were tallied and contributed to simulated reflectance measurements 

up to and including d (termed “Pz,max(z ≤ d)”; please refer to Hayakawa et al.87 for complete 

details and derivations). 

Figure S3-14 shows the calibrated experimental measurements of diffuse 

reflectance versus top layer thickness d and plots of Pz,max(z ≤ d) and their difference. The 

plots show a subset of the measured fx values for clarity. The depths d and the spatial 

frequencies have been normalized to l* = 1 mm. For normalized spatial frequency fxl* = 0, 
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the plot rises from 0 and reaches a value of 0.595 for top layer thickness of 7.5 d/l*. The 

plot rises monotonically as the top layer thickness increases because increasing numbers 

of photons fail to be extinguished by the bottom layer and are able to return to the surface 

to contribute to reflectance. As the spatial frequency increases, the measured diffuse 

reflectance flattens at a certain depth indicating that spatially modulated light for this 

frequency does not interrogate the tissue below that depth. For example, for fxl
* = 0.3, the 

spatially modulated reflectance rises from 0 and rises to 0.05 for top layer thickness of 1.0 

d/l* without further increases for larger top layer thicknesses. The absolute difference 

between the experimental measurements and the computational predictions ranged 

between [−0.012, 0.025]. 
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Figure S3-14: (a) Experimentally measured and calibrated Rd (solid lines) and Pz,max(z ≤ d/l*) 

from simulation (dashed lines) and (b) their difference. 
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After experimentally validating the MC predictions, we used the MC method to 

predict optical sampling depth statistics for SFDI measurements of real tissue. Specifically, 

the method allows us to determine the fraction (X) of the total measured diffuse reflectance 

that sampled tissue depths dX or less for a given spatial frequency. X is calculated by 

dividing Pz,max(z ≤ dX) by the total simulated diffuse reflectance (i.e., the integral over all 

depths where the contribution of each simulated detected photon is isolated to its maximum 

visited depth). For example, if a given tissue has a d90 = 5 mm for a given fx, the user is 

certain that 90% of the measured reflectance at that fx is restricted to tissue depths ≤ 5 mm, 

and only 10% of the measured reflectance at that fx sampled tissue depths > 5 mm. By 

using the MC method to simulate a range of optical properties and spatial frequencies, a 

lookup table with general optical properties was generated that can be scaled and 

interpolated to estimate sampling depths for any arbitrary tissue given knowledge of the 

optical properties for the tissue of interest. Figure S3-15 provides an example depth statistic 

plot generated from the lookup table using average Py230 tumor optical properties (µa = 

0.046 mm-1, µ′s = 0.71 mm-1). 
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Figure S3-15: Median sampling depth (d50) with [25 to 75]% (gray rectangle) and [10 to 90]% 

(vertical-capped line) intervals versus fx for media with optical properties μ′s / μa = 15.4 and 

l* = 1.3 mm. 
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The advantage of this lookup table method is that it dispenses with the need to 

execute a MC simulation for the specific tissue optical properties in question and enables 

rapid estimation of SFDI sampling depths. When comparing the lookup table method with 

the MC method for a range of optical properties and spatial frequencies, the results agree 

to within 7%, suggesting that the lookup table provides an accurate and convenient method 

for determining depth predictions. 

In conclusion, a MC method was developed to determine SFDI optical sampling 

depth statistics. We then experimentally validated the sampling depth predictions using 

SFDI measurements taken on a custom fabricated two-layer phantom system. Excellent 

agreement was obtained between these measurements and our MC predictions. A non-

dimensionalized 2-D lookup table was generated based on the MC method to determine 

sampling depth statistics for any tissue given knowledge of the absorption and reduced 

scattering properties of the tissue. Collectively, this work in Section 3.7.2 provides a 

method and convenient means to determine optical sampling depth for SFDI 

measurements. Importantly, this work informed the novel depth matching method we 

developed for DNI in Sections 3.2.3 and 3.3.1 to ensure data from SFDI and MPM were 

sampling similar tissue volumes. 

3.7.3 Optical property uncertainty estimates for spatial frequency domain imaging 

The material in Section 3.7.3 supported the work in Chapter 3 and are based off of 

work published in Biomedical Optics Express88 with the following contributing authors: 

Vivian Pera,a Kavon Karrobi,a Syeda Tabassum,b Fei Teng,b and Darren Roblyera 
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a Department of Biomedical Engineering, Boston University, Boston, Massachusetts, 

United States 

b Department of Electrical and Computer Engineering, Boston University, Boston, 

Massachusetts, United States 

 

 While the work in Section 3.7.2 helped us gain insight into the appropriate selection 

of SFDI spatial frequencies to match MPM imaging depth in preclinical tumors, we needed 

to balance this choice with any potential tradeoffs with optical property extraction errors. 

Our first insight into reconciling both concerns came from using the Cramér-Rao lower 

bound (CRB) methodology described in Pera et al.88 to explore the theoretical performance 

of the SFDI system we used in Chapter 3 as a function of spatial frequency pair choices 

and sample optical properties. Since the accuracy of the predicted performance with the 

CRB methodology relies on the diffuse reflectance error model (σRd(fx)) that is unique to 

the SFDI instrumentation and operating conditions, we needed to characterize the precision 

of our SFDI system described in Section 3.2.1. We did this by measuring 16 tissue-

simulating phantoms that spanned a range of optical properties. The phantoms were 

homogeneous silicone blocks with nigrosin and TiO2 added to control µa and µ′s, 

respectively. The phantoms ranged in size with (L × W × H) dimensions from (7 cm × 11 

cm × 3 cm) to (13 cm × 20 cm × 3 cm). We made 10 measurements of each phantom at 

each wavelength and spatial frequency. In Table S3-2, we summarize the relevant 

properties of our SFDI instrument and data acquisition and processing parameters. We 

converted the acquired data to calibrated diffuse reflectance as described in Section 3.2.1. 
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Table S3-2: SFDI instrument, data acquisition, and data processing parameters. 

  

Model OxImager RS (Modulated Imaging, Irvine, CA)

Source LEDs at 9 wavelengths (470–970 nm) + white light

Detector CCD camera: 12-bit, 1.4 MP (1392 x 1040 pixels)

Field of view 20 cm x 15 cm (maximum)

Pixel size (at sample) 0.14 mm x 0.14 mm

Spectral wavelengths 659, 691, 731, 851 nm (4 total)

Spatial frequencies
0, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,

0.4, 0.45, 0.5 mm
-1

 (13 total)

No. of measurements 10 (per wavelength per frequency)

2 x 2 binning Sum data over 2 x 2 groups of pixels

Instrument

Data Acquistion Parameters

Data Processing Parameters
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 Figure S3-16(a) shows the range of optical properties spanned by the 16 tissue-

simulating phantoms we measured. The phantoms were divided into two groups: 8 in the 

training set, and 8 in the test set, as shown in Figure S3-16(a), such that the training set 

spanned the range of optical properties of interest. The diffuse reflectance error model was 

constructed by averaging the ratio of the standard deviation (σRd) to the mean value (at each 

wavelength and spatial frequency) of the phantoms in the training set. The data in the test 

set was used to validate the model. 

The diffuse reflectance error model for our SFDI system is shown in Figure S3-

16(b). We note that the noise as a function of spatial frequency was rather flat, while the 

mean diffuse reflectance decreased with increasing spatial frequency, as expected. This 

results in the increasing trends of σRd / mean for all four spectral wavelengths, i.e., the SNR 

worsens with increasing spatial frequency. The differences due to spectral wavelengths are 

likely caused by the particular properties of the LEDs in our SFDI instrument. 
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Figure S3-16: (a) Phantom optical properties for training (circles) and test (triangles) sets. (b) 

Diffuse reflectance error model. Data at 13 spatial frequencies and 4 spectral wavelengths. 
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We then used our SFDI system’s diffuse reflectance error model in conjunction 

with the CRB methodology to obtain theoretical predictions of our optical property 

uncertainties for estimating Py230 tumor optical properties (average µa = 0.046 mm-1, 

average µ′s = 0.71 mm-1) with DC and 0.1 mm-1, and 0.05 and 0.1 mm-1 using our SFDI 

system. As detailed in Section 3.3.1, we showed that the latter spatial frequency pair 

provided better agreement in depth sensitivity between SFDI and MPM compared to the 

former spatial frequency pair. Figure S3-17 shows the theoretical predicted uncertainties 

for each optical property and spatial frequency pair. We note that the CRB methodology 

predicts that 0.05 and 0.1 mm-1 should have approximately 3.4× more uncertainty in µa and 

1.4× more uncertainty in µ′s compared to DC and 0.1 mm-1 when measuring Py230 tumor 

optical properties with our SFDI system. As noted in Section 3.3.2, these CRB predicted 

optical property uncertainties were in agreement with optical property extraction 

uncertainties that we quantified experimentally in phantoms with optical properties that 

spanned the range of Py230 tumor optical properties. Importantly, this work helped us to 

evaluate the tradeoffs between matching MPM imaging depth and optical property 

extraction errors with SFDI when choosing spatial frequencies to measure preclinical 

tumors. 

  



 

 82 

 

Figure S3-17: Cramér-Rao bounds for absorption and reduced scattering coefficient 

uncertainties for average Py230 tumor optical properties (µa = 0.046 mm-1, µ′s = 0.71 mm-1). 

CRBs expressed as percentage of true optical properties. 
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Chapter 4: Multiscale imaging of in vivo tumor vascular structure and function 

over space and time with diffuse and nonlinear imaging in preclinical cancer models 

Diffuse optical imaging (DOI) techniques have received significant interest as 

emerging non-invasive functional imaging tools for longitudinal monitoring of patient 

response to cancer therapies in the clinic. Moreover, DOI has been shown to capture 

important hemodynamic and metabolic markers of treatment response in cancer patients. 

Yet, the potential impact, and ultimately adoption of DOI for cancer therapy monitoring in 

the clinic is limited in part by the lack of knowledge of the cellular, molecular, and 

biological origins of these clinical observations. We recently developed a new multiscale 

preclinical imaging method called diffuse and nonlinear imaging (DNI) that combines the 

DOI technique spatial frequency domain imaging (SFDI) with intravital multiphoton 

microscopy (MPM) to investigate how DOI signatures relate to the biological 

underpinnings at the micro scale. However, the proof-of-concept demonstration of DNI 

was done with two independent devices with limited coregistration and longitudinal 

measurement capabilities, ultimately limiting the method’s throughput and ability to 

monitor treatment response over time. To address this, we developed the first integrated 

DNI system with an intrinsically shared imaging coordinate system between SFDI and 

MPM measurements in preclinical tumors. The DNI system combines a custom SFDI 

device built into a multiphoton microscope to provide inherent spatial coregistration 

between multiscale datasets of tumor structure and function. After developing the DNI 

system, we first characterized its performance characteristics. We then performed 

longitudinal multiscale measurements of tumor vascular structure and function in breast 
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cancer xenograft models, and demonstrated that the DNI system can indeed provide 

inherently coregistered measurements of tumor vascular structure and function over a 

wide-field, all within a single tumor. We then examined multiscale relationships from the 

DNI measurements over space and time. Finally, we provide preliminary results 

demonstrating differences in DNI measurements and multiscale analyses between different 

treatment regimens and tumor types. 

 

The work in Chapter 4 is to be submitted to a scientific journal with the following 

contributing authors: 

Kavon Karrobi,a Anup Tank,a Matthew Applegate,a Cameron Vergato,b David J. Waxman,b 

and Darren Roblyera 

a Department of Biomedical Engineering, Boston University, Boston, Massachusetts, 

United States 

b Department of Biology, Boston University, Boston, Massachusetts, United States 

 

4.1 Introduction 

Diffuse optical imaging (DOI) techniques have received significant interest as 

emerging non-invasive functional imaging tools for longitudinal monitoring of patient 

response to cancer therapies in the clinic. This is in part due to their ability to provide 

important label-free metabolic and hemodynamic information related to the in vivo tumor 

state in a safe, non-invasive, and inexpensive manner1,2. A growing number of reports have 
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successfully used DOI to monitor treatment response in cancer patients, with early 

hemodynamic and metabolic response markers reported within hours to weeks from the 

start of treatment3–5. For example, several reports have shown that decreases in hemoglobin 

content, decreases in water, and/or increases in lipid correlate with pathologic complete 

response in breast cancer patients receiving chemotherapy before surgery (i.e., neoadjuvant 

chemotherapy, NAC)6–9. Similarly, it has been reported that rapid increases in oxygenated 

hemoglobin within the first day of therapy is predictive of NAC outcomes10. While these 

results are encouraging, the potential impact, and ultimately adoption of DOI for cancer 

therapy monitoring in the clinic is limited in part by the lack of knowledge of the cellular, 

molecular, and biological origins of these clinical observations. Knowing how these macro 

DOI signatures relate to the biological underpinnings at the micro scale is key to providing 

clinically relevant insights that can be used to manage a cancer patient's treatment strategy 

with DOI feedback. 

To investigate potential multiscale relationships between DOI metrics and the 

underlying tumor biology in a reliable manner, the following requirements would need to 

be accomplished: (i) superior interrogation of the same intact and sampled in vivo tissue 

volumes between DOI and biological metrics, and (ii) capture relevant in vivo biological 

markers in a noninvasive manner for correlative analysis with DOI measurements taken at 

the same time and over multiple time-points within a single tumor. The preclinical setting 

is ideal for testing these ideas as this will require careful control over treatments and 

imaging, with regular access to tumors. Notably, it will be important to measure the same 

parameters as clinical DOI techniques to translate potential findings to the clinic and 
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provide a pathway for adaptive therapy strategies based on diffuse optical monitoring of 

treatment response. 

To address this challenge, we recently developed and validated a new multiscale 

preclinical imaging method called Diffuse and Nonlinear Imaging (DNI) for the 

coregistration of tissue-level tumor hemodynamics captured with the wide-field and 

noncontact DOI technique spatial frequency domain imaging (SFDI), and tumor 

microvascular architecture imaged with intravital multiphoton microscopy (MPM)73. We 

demonstrated high accuracy and precision in spatial coregistration between SFDI and 

MPM. Additionally, we showed that the appropriate selection of SFDI spatial frequency 

pair aided in matching MPM imaging depth, which proved to be useful in elucidating 

multiscale vascular structure-function relationships in a proof-of-concept study in which 

we performed DNI measurements in untreated murine mammary tumors through 

mammary imaging windows (MIWs). 

However, there were several limitations in our previous work with respect to the 

outlined requirements above. A major limitation was having to image with two physically 

separate devices. This meant that spatial coregistration between the independent SFDI and 

MPM devices needed to be done in a manual manner with the use of a fiducial maker, 

which can be prone to day-to-day variability and therefore not a robust spatial 

coregistration approach for repeated longitudinal DNI measurements in a single tumor. 

Secondly, two separate devices and manual coregistration limit measurement throughput, 

and therefore would make it difficult to image multiple tumors with DNI over multiple 

imaging sessions. This resulted in us being able to only identify multiscale relationships at 
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a single measurement time point in our previous work. Finally, we conducted DNI 

measurements in a single tumor model, and thus performing DNI measurements in other 

tumor models would help to further validate the method. 

In this work, we address those issues by developing a fully integrated DNI system, 

with SFDI and MPM measurements acquired through the same optical detection path. This 

ensures that both forms of imaging can be performed through an intrinsically shared 

coordinate system on a single sample stage, providing inherent spatial coregistration 

between SFDI and MPM datasets. The integrated DNI system also enables improved 

measurement throughput for longitudinal measurements of tumors. Overall, this DNI 

system provides the opportunity to explore multiscale relationships between DOI metrics 

and the underlying tumor biology over space and time in preclinical cancer models. 

In the following sections, we first describe how we designed and built the integrated 

DNI system. We then characterize the performance of the system. We then describe 

longitudinal imaging with the DNI system in breast cancer xenograft models in mice. We 

then present methods for analyzing multiscale relationships over space and time from 

longitudinal DNI measurements. Finally, we explore differences in DNI measurements of 

different treatments and tumor models. 

4.2 Methods 

4.2.1 An integrated Diffuse and Nonlinear Imaging (DNI) system 

An integrated Diffuse and Nonlinear Imaging (DNI) system was developed by 

building a spatial frequency domain imaging (SFDI) device into an existing multiphoton 
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microscopy (MPM) system to perform both forms of imaging on a single sample stage. 

The SFDI device is a modified version of the openSFDI platform (www.openSFDI.org). 

The four main components of the SFDI system include: (i) light emitting diode (LED) 

illumination sources, (ii) a digital micro-mirror device (DMD) used to spatially modulate 

the illumination field, (iii) an imaging lens to collect reflectance measurements, and (iv) a 

camera for detection. The SFDI illumination arm, which utilizes the LEDs and DMD, was 

constructed to one side of the shared sample stage. The SFDI detection arm, which utilizes 

the imaging lens and camera, was constructed such that it shares the same optical detection 

path and therefore an intrinsically shared imaging coordinate system with the MPM system. 

A diagram of the DNI system with SFDI and MPM components labeled is shown 

schematically in Figure 4-1A, with a rendered layout of the SFDI illumination arm shown 

in Figure 4-1B. 

 

 

http://www.opensfdi.org/
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Figure 4-1: The integrated Diffuse and Nonlinear Imaging (DNI) system. (A) Schematic of 

the DNI system. (B) Bird’s-eye view CAD rendering of the SFDI illumination arm of the DNI 

system with the light paths outlined for the 3 LEDs (measured center wavelengths: 665 nm, 

789 nm, and 863 nm ). fs-laser: femtosecond-laser (tunable from 680-1300 nm), HWP: half-

wave plate, PBS: polarizing beamsplitter, BD: beam dump, EOM: electro-optic modulator 

(Pockels cell), QWP: quarter-wave plate, DM: dichroic mirror (DM right before OBJ: 725 

nm long-pass; DM right before PMTs: 495 nm long-pass), OBJ: objective (SFDI: 2×, 56.3 mm 

WD, 0.1 NA, air immersion; MPM: 16×, 3 mm WD, 0.8 NA, water immersion), SPF: short-

pass filter (750 nm SP), BPF: band-pass filter (440/80 nm and 550/100 nm), PMT: 

photomultiplier tube, P: linear polarizer, sCMOS: scientific CMOS camera, LED: light 

emitting diode, DMD: digital micro-mirror device. 
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The specific components for the SFDI portion of the DNI system were chosen to 

enable highly sensitive measurements of in vivo hemodynamics in preclinical tumors 

through imaging windows. The SFDI illumination arm of the DNI system uses 3 high-

powered near infrared (NIR) LEDs with center wavelengths of 665 nm, 789 nm, and 863 

nm. A spectrometer was used to characterize the center wavelength of each LED, and were 

subsequently used for all data processing of SFDI measurements taken with the DNI 

system. These wavelengths were chosen to straddle the isosbestic point of oxyhemoglobin 

(HbO2) and deoxyhemoglobin (HHb) absorption at 800 nm to enable high sensitivity to 

changes in their respective concentrations during longitudinal imaging of preclinical 

tumors. To minimize LED temperature fluctuations that could accompany longitudinal 

repeated measurements and result in unstable light output, heatsinks were coupled to each 

LED to stabilize their temperatures. 

SFDI typically utilizes spatially modulated one-dimensional sinusoidal 

illumination patterns (i.e., spatial frequencies) projected onto a sample of interest (e.g., 

phantom or tumor) to measure the spatial modulation transfer function (s-MTF) of the 

sample at every spatial frequency (fx) and wavelength40. The s-MTF measurements can 

then be fit to a computational model of photon transport to determine the optical properties 

(i.e., absorption μa(λ) and reduced scattering μ′s(λ)) of the sample at every wavelength40. 

Measurements of μa at each wavelength can then be used to estimate the molar 

concentrations of tissue chromophores such as HbO2 and HHb. To generate spatially 

modulated one-dimensional sinusoidal illumination patterns at each wavelength, a DMD 

was used with a 0.45-inch WXGA resolution (LC4500 NIR, Keynote Photonics, Allen, 
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Texas). 

We wanted the SFDI detection arm of the DNI system to meet the following design 

requirements for in vivo imaging of preclinical tumors through imaging windows: (i) a 

field of view (FOV) large enough to capture the aperture of the imaging windows (~6.5 

mm diameter), and therefore the underlying tumor tissue beneath the imaging windows; 

(ii) a non-contact working distance (WD) long enough to accommodate the projected 

spatial frequencies onto the tumors beneath the imaging windows; and (iii) sufficient 

resolution to capture any heterogeneities in tumor optical properties and/or hemodynamics 

across the entire aperture of the imaging windows. Accordingly, the imaging lens selected 

for the SFDI portion of the DNI system is 2× air-immersion microscope objective (TL2X-

SAP, Thorlabs, Newton, New Jersey), with a ~56 mm WD, a numerical aperture (NA) of 

0.1, and a ~ 7.5 mm × 7.5 mm FOV. A microscope objective was used as the SFDI imaging 

lens to make use of the MPM system’s objective port and enable SFDI and MPM 

measurements to share the same optical detection path for inherent spatial coregistration 

between their respective collected datasets. The camera selected for the SFDI portion of 

the DNI system is a 2048 × 2048, 16-bit, monochromatic Andor scientific CMOS (sCMOS) 

camera (Zyla 4.2, Oxford Instruments, Oxford, Great Britain), which was mounted at the 

camera port of the MPM system’s microscope body. The camera also has the added benefit 

of cooling the detector chip, and therefore provides another source of temperature control 

to maintain stable longitudinal repeated measurements with the SFDI portion of the DNI 

system. 

To minimize the effects of specular reflection from measured samples, the spatial 
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patterns were projected at an angle with respect to the surface normal, and crossed linear 

polarizers were used in the SFDI device: (i) one linear polarizer between DMD and the 

sample stage in the SFDI illumination path, and (ii) another between the microscope 

objective and camera ports in the SFDI detection path. A modified version of the openSFDI 

LabVIEW acquisition code was used to operate and acquire images with the SFDI device 

within the DNI system. The procedures used here for acquiring and processing SFDI 

measurements to estimate optical properties and hemoglobin concentrations on a pixel-by-

pixel basis have been previously described73. 

The MPM portion of the DNI system has been described in detail elsewhere73. 

Briefly, two-photon excited fluorescence (TPEF) was performed with an upright MPM 

system (Ultima Investigator, Bruker, Billerica, Massachusetts) with a femtosecond laser 

source tunable from 680 to 1300 nm (Insight DS+, Spectra Physics, Santa Clara, 

California). The excitation and emission paths were coupled through a 16× long working 

distance (3 mm) water immersion objective (0.8 NA) (CFl75 LWD 16X W, Nikon, Tokyo, 

Japan), and separated by a dichroic mirror (725 nm long-pass, Chroma, Bellows Falls, 

Vermont). The collected emission was split with a dichroic mirror (495 nm long-pass, 

Chroma) into two detection channels, one with a 480/80 nm bandpass filter (Chroma) and 

the other with a 550/100 nm bandpass filter (Omega Optical, Inc., Brattleboro, Vermont). 

Multi-alkali PMTs (R6357, Hamamatsu Photonics, Hamamatsu City, Japan) were used for 

detection in both channels. Prairie View software (supplied by Bruker) was used to operate 

and acquire images with the MPM portion of the DNI system. The MPM FOV was 825 × 

825 μm2, with a sampling resolution of 805 nm/pixel. 
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Finally, the DNI system uses a calibrated linear translation stage driven with a 

stepper motor (LTS300/M, Thorlabs) to translate samples on the shared sample stage 

vertically between SFDI and MPM measurements. 

4.2.2 Stability of the SFDI device within the DNI system 

To ensure that any longitudinal changes in measured optical properties (and 

therefore hemodynamics) would be due to biological/physiological changes within the 

measured tumors and not due to system drift, the precision of the SFDI device within the 

DNI system was evaluated. Repeated measurements of the same optical phantom were 

conducted over 7 days. On each day: (i) SFDI measurements were repeated approximately 

every five minutes for one hour; (ii) the measurements were then processed for optical 

properties; (iii) for each wavelength, the mean optical properties were calculated over the 

entire FOV (~ 7.5 mm × 7.5 mm) at each measurement time point; (iv) the overall mean 

and standard deviation of those mean optical properties over the one hour period were 

calculated for each wavelength; (v) the coefficient variation (cv) in optical properties for 

each wavelength was calculated by taking the ratio of the standard deviation to the overall 

mean. Finally, the cv in optical properties for each wavelength was calculated across all 7 

days. Any percent changes in longitudinal SFDI tumor measurements greater than the cv 

(× 100%) can be attributed to biological/physiological changes within the measured 

tumors. 
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4.2.3 Accuracy of the SFDI device within the DNI system 

The accuracy of the SFDI device within the DNI system was evaluated by 

comparing it with a commercial SFDI device (OxImager RS SFDI, Modulim, Irvine, 

California). Tissue-mimicking homogenous optical phantoms (n = 9) were measured with 

both SFDI devices. The block-shaped phantoms were made of silicone and contained 

different amounts of nigrosin and titanium dioxide, which are used to tune absorption and 

scattering, respectively111. The optical properties of the measured phantoms were within 

the following ranges: 0.004 < μa < 0.07 mm-1 and 0.5 < μ′s < 2.1 mm-1. Each phantom was 

measured three times with each SFDI device, and all the raw data were processed 

identically. Both devices used measurements of a reference phantom with known optical 

properties for instrument response calibration. Optical properties were estimated from 

diffuse reflectance values using a 2-fx look-up table (LUT) generated from Monte Carlo 

simulations45. 

Interpolation of μa and μ′s values from the commercial SFDI device was performed 

to account for differences in wavelengths used between the commercial instrument ([621, 

691, 731, 811, 851] nm) and the SFDI device within the DNI system ([665, 789, 863] nm). 

For μa, a cubic spline was used to fit the μa spectrum of each phantom measured by the 

commercial system. Then to estimate μa measured by the commercial SFDI device at the 

DNI SFDI device wavelengths, interpolation was performed using the fit to the commercial 

system’s measured μa spectrum of each phantom at the wavelengths used in the SFDI 

device within the DNI system. For μ′s, the scattering spectrum of each phantom measured 

by the commercial SFDI system was fit to the equation 
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𝜇𝑠
′ (𝜆) = 𝑎 (

𝜆

𝜆0
)

−𝑏

, (3.1) 

where λ represents wavelength, λ0 was set to 800 nm, a is the scattering amplitude, and b 

is the scattering power. Different a and b values were found for each phantom. To estimate 

μ′s measured by the commercial SFDI device at the wavelengths used in the SFDI device 

within the DNI system, λDNI was substituted into Equation 3.2 for each wavelength on each 

phantom. 

Comparisons between the devices were made by averaging the pixels within a 

square (1000 pixels × 1000 pixels) region of interest (ROI) from each optical property map 

of each phantom measurement. For a given SFDI device, the estimated optical properties 

of each phantom was calculated by averaging across the three measurements. Likewise, 

the associated standard deviation was determined by calculating the standard deviation 

across the three measurements taken on each phantom with each SFDI device. 

4.2.4 Breast cancer xenograft models 

The HR6 and BT474 breast cancer xenograft models were used for all DNI 

longitudinal measurements. BT474 breast cancer cells are characterized by the 

overexpression of the HER2 gene, and were purchased from the American Type Culture 

Center (ATCC® HTB-20TM, Manassas, Virginia). The HR6 cell line is a Herceptin® 

(trastuzumab) resistant human breast cancer cell line derived in vivo from BT474 

xenografts continuously treated with trastuzumab112, and was generously supplied from the 

Laboratory of Dr. Carlos Arteaga (Vanderbilt University, Nashville, Tennessee). Both cell 

lines were grown and expanded at 37°C in a humidified 5% CO2 atmosphere in MEM 
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(Richter’s modification) media (Catalog No. 10373017, Thermo Fisher Scientific, 

Waltham, Massachusetts) supplemented with 10% fetal bovine serum and 0.2% phenol 

red. The HR6 culture conditions were also supplemented with 10 μg/mL trastuzumab to 

maintain the resistant phenotype in culture.  Trastuzumab was a generously supplied from 

Genentech (South San Francisco, California). Homozygous female J:NU outbred athymic 

nude mice, approximately 6 weeks old (17-22 g), were purchased from The Jackson 

Laboratory (Stock No. 007850, Ellsworth, Maine) and were housed in the Boston 

University Laboratory Animal Care Facility. The female nude mice were implanted 

subcutaneously with 0.17 mg, 14-day release, 17β-estradiol pellets (Innovative Research 

of America, Sarasota, Florida) in the mid-scapular region. The next day, nude mice were 

injected with ~1 × 107 cancer cells (either BT474 or HR6) orthotopically into the inguinal 

4th mammary fat pad suspended in a 1:1 (300 μL) mixture of PBS and Matrigel (CB-

40234C, Fisher Scientific, Pittsburgh, Pennsylvania) using 1 mL syringes with 26 gauge 

5/8 inch needles (BD, Franklin Lakes, New Jersey). Both mouse body weights and tumor 

volumes were measured every 3 days. Tumor length (L) and width (W) were measured 

using digital calipers (VWR International, Radnor, Pennsylvania), and tumor volume was 

calculated as Vt = (W2 × L) / 2 112. During window chamber surgeries and DNI 

measurements, mice were anesthetized using isoflurane by inhalation (≤ 5% induction, ≤ 

2% inhalation, both 1 L/min medical-grade oxygen flow rate) and kept on a heating pad 

(S-14298B, ULINE, Pleasant Prairie, Wisconsin) to maintain physiological temperature. 

Ophthalmic ointment was applied to the eyes of the mice to prevent dryness of the eyes 

during surgeries and imaging sessions. All animal work was reviewed and approved by the 
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Boston University Institutional Animal Care and Use Committee. 

4.2.5 Longitudinal diffuse and nonlinear imaging of HR6 and BT474 tumors through 

mammary imaging windows 

When tumor volumes reached ≥150 mm3, a mammary imaging window (MIW) was 

surgically implanted over the tumor area by removing the skin covering the tumor and 

using tissue adhesive to glue the surrounding skin onto the base of the MIW. Figure 4-2A 

shows an example of an implanted MIW. 

  



 

 98 

 

Figure 4-2: (A) Example of an implanted MIW over an exposed mammary tumor. (B) 

Example of an anesthetized mouse in a supine position within the custom-made holder, 

immobilized by the stabilizing bars with the round openings securely fitted around the MIW. 

(C) DNI sample stage supporting the custom-made holder with a mouse’s MIW underneath 

the 16× MPM objective. (D) The calibrated linear translation stage, outlined by the solid red 

rectangle within the overall image of the DNI system, is vertically aligned and orthogonal to 

the DNI sample stage. 
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Each MIW was fabricated from a 12 mm outer diameter, 6.4 mm inner hole 

diameter stainless steel washer (90965A170, McMaster-Carr, Robbinsville, New Jersey) 

and an 8 mm diameter circular glass coverslip (64-0701, Warner Instruments, Hamden, 

Connecticut) under sterile conditions in a biosafety cabinet. The washers and coverslips 

were autoclaved before using superglue to adhere the 8 mm circular glass coverslips over 

the 6.4 mm inner hole of the stainless steel washers. After allowing the glue to dry for 15 

to 20 minutes, the fabricated MIWs were further sterilized overnight under UV. MIWs 

were implanted over the exposed tumors such that the side with the glass adhered to the 

washer faced the tumors. This allowed the other side with the gap between the surface of 

the washer and the surface of the glass to face outward from the tumor, and therefore 

provided enough space between the MPM objective and the surface of the glass to achieve 

a proper working distance for MPM imaging and space for the immersion medium 

(ultrasound gel, similar refractive index to water, but evaporates slower). Yuk-2e was 

applied regularly on surrounding skin of the MIWs to discourage chewing. After 

implanting the MIWs, the mice had at least 2 days of rest after surgery before their first 

DNI measurement. DNI measurements of the mammary tumors were taken through the 

MIWs in live anesthetized mice on days -1 (baseline), 2, 5, 8, and 11. For a given breast 

cancer xenograft model, mice were randomized to receive treatment with either an 

antiangiogenic agent (DC101) or a control antibody (non-specific mouse IgG, mIgG) at a 

dose of 40 mg/kg i.p. on days 0, 3, 6, and 9. 

During DNI measurements, anesthetized mice were placed in a supine position in 

a custom-made holder62,90,113,114 with two stabilizing bars to immobilize the mice for 
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imaging and reduce motion artifacts due to respiration. The round openings of the 

stabilizing bars were securely fitted around the MIWs to restrict respiratory motion of the 

tumors under the MIWs. Care was taken to prevent excessive pressure on the mice to not 

interfere with breathing. For every DNI measurement, the custom-made holder was 

positioned on the DNI sample stage such that the heads and tails of the mice were always 

positioned in the same orientation to maintain rotational consistency between imaging 

sessions. Figure 4-2B shows an example of an anesthetized mouse in a supine position 

within the custom-made holder, immobilized by the stabilizing bars with the round 

openings securely fitted around the MIW. 

All experimental and calibration SFDI measurements with the DNI system were 

performed at the same height/image plane to avoid the need for height correction during 

SFDI processing. The following wavelengths and spatial frequencies were used for every 

calibration and experimental SFDI measurement: λ = [665, 789, 863] nm, and fx = [0, 0.05, 

0.1] mm-1. To account for the linear perturbation imposed on the native diffuse reflectances 

of measured tumors due to the presence of the MIW glass73, calibration measurements were 

taken with and without the MIW glass on calibration phantom with known optical 

properties to treat the effect of the glass as part of the instrument response function, and 

therefore could be removed with the instrument response function from experimental 

measurements in processing. Following each experimental SFDI measurement taken 

through the MIWs, a small fluorescent non-permanent fiducial mark (~1 mm in diameter) 

was applied to the MIWs, and a planar illumination SFDI measurement at 665 nm was 

taken. Between SFDI and MPM measurements taken with the DNI system, the objective 
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lenses were swapped (16× MPM for 2× SFDI), and the calibrated linear translation stage 

was used to raise the DNI sample stage to meet the smaller working distance requirement 

of the 16× MPM objective lens. Figure 4-2C shows a picture of the DNI sample stage 

supporting the custom-made holder with a mouse’s MIW underneath the 16× MPM 

objective. The DNI sample stage is attached in an orthogonal manner to the vertically 

aligned translation stage, which is outlined by the solid red rectangle in Figure 4-2D. 

Before taking MPM scans through the MIWs, the x-y spatial location of the MPM 

objective lens (which was the same x-y spatial location as the SFDI objective lens) was 

established as the frame of reference using the MPM system’s translation stage. The MPM 

portion of the DNI system was then used to scan for the location of the fluorescent fiducial 

mark within the MIWs, and its x-y spatial location relative to the established frame of 

references was recorded. The recorded x-y spatial locations of the fiducial mark from each 

DNI measurement day were used to assess any lateral shifts in x and y of the established 

frame of reference from day to day relative to baseline (day -1). After removing the fiducial 

mark from the MIWs, 30-50 μL sterile solutions of 5% w/v FITC-Dextran (2 MDa MW, 

FD2000S, MilliporeSigma, St. Louis, Missouri) in 1× PBS were administered 

intravenously via retro-orbital injections115 to fluorescently label the tumor 

microvasculature. After waiting for ~1 minute for the dye to completely circulate, a UV 

light source was used to check that the dye reached the tumors beneath the MIWs via 

fluorescence emission from superficial tumor tissue. Two-photon (2p-ex/em 800/520 nm) 

scanned 3D stacks of tumor microvascular architecture were then acquired through the 

MIWs while recording the x-y spatial location of each scan relative to the established frame 
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of reference. To check that no residual dye was left from previous DNI measurement days, 

two-photon scans before dye injection were taken on few measurement days and evidence 

of residual fluorescence (and therefore dye) was not found in either the vascular or 

interstitial space (data not shown), indicating the dye from the previous measurement days 

were no longer present in the tumors 3 days later. This gave us confidence that longitudinal 

DNI (in particular SFDI) measurements would not be affected by the presence of residual 

dye. 

4.2.6 Extraction of tumor microvasculature metrics from vascular images 

The vascular image processing methods used to extract structural metrics from 

MPM images of tumor microvascular architecture (i.e., vessel density, diameter, length, 

tortuosity) have been described in detail elsewhere73,116. Briefly, if any artifacts were 

present, images were manually masked to exclude identified artifacts and quantification of 

microvascular metrics was only done within the unmasked regions. Non-uniform 

background levels were corrected for by removing vessels (diameters ≤ 200 μm) from the 

background through morphological erosions and dilations with a disk-shaped kernel, 

followed by the subtraction of the isolated background from the original images. After 

normalizing the background-corrected images between 0 and 1, vessel intensities were 

made more uniform through a contrast limited adaptive histogram equalization (CLAHE) 

process to increase local contrast in the images. 

To suppress noise and enhance microvessel edges, an anisotropic diffusion filter 

was applied to the resultant CLAHE-processed images. Another background correction 

process was then performed on the diffusion filtered images, followed by multiscale 
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Hessian filtering to accentuate vessel-like features. To isolate microvessels, local adaptive 

segmentation was applied to the Hessian-filtered images. The resultant images were then 

binarized and fed into a Geodesic Active Contour segmentation algorithm, along with their 

Hessian-filtered counterparts, to produce final processed images with more refined 

segmentation and binarization of vessels in the foreground. 

Using the final processed images, vessel density was calculated by taking the total 

number of vessel pixels and dividing by the total number of pixels in the original images, 

which was the same for all original images (1024 × 1024 pixels). To calculate the average 

vessel dimeter, length, and tortuosity values for each image, the final processed images 

were skeletonized with identified branch points, where a single vessel was defined as being 

between two branch points. The diameter of each vessel was determined by multiplying 

the distance transform of the final processed images by their skeletonized versions to get 

radius estimates of each vessel in pixels, which were then multiplied by the MPM sampling 

resolution (0.805 μm/pixel) and a factor of 2 to get diameter estimates of each vessel in 

microns. The length of each vessel was calculated taking the total number of pixels between 

the two branch points along the vessel path and multiplying by the MPM sampling 

resolution. The tortuosity of each vessel was calculated as vessel length divided by the 

Euclidean distance between the two branch points. 

4.2.7 Calculation of spatial and temporal multiscale relationships between tumor 

vascular structure and function 

The established frame of reference from each mouse and each imaging day was 

used for coregistration between the SFDI and MPM datasets collected with the DNI for 
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that mouse and imaging day. Each established frame of reference was defined as the DNI 

origin (0, 0 μm), and the recorded x-y coordinates from the MPM scans were used to find 

the equivalent locations within the wide-field SFDI hemodynamic maps (HbO2, HHb, THb 

and StO2). At each location, average hemodynamic metrics were determined within a 

square ROI with the same physical size as an MPM FOV (~ 825 × 825 μm). After pairing 

hemodynamic metrics with their corresponding microvascular metrics (i.e., vessel density, 

diameter, length, and tortuosity) for each location within the MIW across either space or 

time, the multiscale datasets underwent an exploratory data analysis step to identify 

correlations between tumor microvascular architecture metrics and tissue-level 

hemodynamics. Correlation matrices were computed for all microvascular and 

hemodynamic metrics to identify spatial and temporal multiscale pairwise correlations. 

Correlation analyses were performed with the spatial frequency (fx) pairs [0, 0.1] mm-1 and 

[0.05, 0.1] mm-1, given that the former has been identified as a fx pair that minimizes optical 

property extraction errors21,88, and the latter has been shown to provide good agreement in 

depth sensitivity between SFDI and MPM73. 

4.2.8 Statistical analysis 

Both the Pearson correlation coefficient (ρP) and the Spearman's rank correlation 

coefficient (ρS) were used to evaluate spatial and temporal multiscale correlations between 

each hemodynamic metric (HbO2, HHb, THb and StO2) with each microvascular metric 

(vessel density, diameter, length, and tortuosity).  P values for positive correlations (ρ > 0) 

were determined by testing the alternative hypothesis that the correlations are greater than 

0, the null hypothesis being that the correlations are less than or equal to 0. Conversely, P 
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values for negative correlations (ρ < 0) were determined by testing the alternative 

hypothesis that the correlations are less than 0, the null hypothesis being that the 

correlations are greater than or equal to 0. P values were adjusted using the Bonferroni (BF, 

conservative) and the Tukey-Ciminera-Heyse (TCH, less conservative) procedures to 

control for the type I error rate107. Unadjusted (*), TCH-adjusted (†), and BF-adjusted (‡) 

P values less than 0.05 were deemed significant. 

4.3 Results 

Sections 4.3.1-4.3.3 describe the integrated DNI system and present results related 

to its system properties. Sections 4.3.4–4.3.8 then present results to demonstrate the 

potential for DNI to explore in vivo multiscale relationships between tumor vascular 

structure and function over space and time in different tumor models and treatment 

regimens. Because the presented in vivo vascular results come from n = 1 mouse for each 

tumor type and treatment regimen measured with DNI, the reader is cautioned against 

drawing any biological conclusions from the presented in vivo vascular results as they 

merely serve to demonstrate what is possible with DNI. 

4.3.1 The integrated DNI system 

Figure 4-3 shows a panel of images highlighting the various features of the 

integrated DNI system. Figure 4-3A is an image of the overall DNI system. In the bottom 

right of that image is the constructed illumination arm for the SFDI portion of the DNI 

system, which is displayed from different perspectives in Figures 4-3B and 4-3C. In Figure 

4-3B, the illumination paths of each LED are artificially highlighted to show how the 
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illumination from each LED impinges on the DMD. The 665 nm LED illumination (blue 

path) transmits through two dichroic mirrors (1st dichroic mirror: 700 nm short-pass; 2nd 

dichroic mirror: 800 nm short-pass) before illuminating the DMD, while the 789 nm LED 

illumination (green path) is reflected by the 1st dichroic mirror before transmitting through 

the 2nd dichroic mirror and illuminating the DMD. The 863 nm LED illumination (red path) 

is reflected by the 2nd dichroic mirror directly towards the DMD without passing through 

any additional optics, which may contribute to its higher illumination power (~113 μW) at 

the DNI sample illumination plane compared to the 789 nm (~41 μW) and 665 nm (~38 

μW) LEDs. However, the sCMOS camera attached to the camera port at the head of the 

microscope body as shown in Figures 4-3A and 4-3D, which serves as the detector for the 

detection arm of the DNI SFDI device, has a peak quantum efficiency (QE) of ~72% 

around 600 nm and decreases with increasing wavelength (~20% at 900 nm). Accordingly, 

the increasing illumination power at the DNI sample plane with increasing wavelength is 

balanced by the decreasing quantum efficiency with increasing wavelength of the sCMOS 

camera in the SFDI detection arm of the DNI system. 
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Figure 4-3: (A) An image of the overall DNI system with mirrors outlined that relay the SFDI 

spatially modulated one-dimensional sinusoidal illumination patterns onto the DNI sample 

stage. (B) Bird’s-eye view of the SFDI illumination arm, with light paths outlined from the 3 

LEDs impinging onto the DMD before they are reflected to the first relay mirror. (C) Side 

view of the SFDI illumination arm with first relay mirror outlined. (D) An image of the SFDI 

detection arm with the 2× objective located at the microscope objective port to collect sample 

reflectance measurements, which are relayed by the internal microscope optics to the sCMOS 

camera attached to the microscope’s camera port at the top. The second relay mirror is 

outlined. (E) A demonstration of how the relay mirrors guide the light to the DNI sample 

stage. 

 

After the illumination from each LED illuminates the DMD, the spatially 

modulated one-dimensional sinusoidal illumination patterns imparted by the DMD at each 

wavelength are then reflected towards the first relay mirror, which is outlined by the orange 

box in Figures 4-3A and 4-3C. In that same image, the imaging lens (50 mm focal length) 

that helps to create an image of the patterns onto the DNI sample plane can be seen 

positioned immediately after the DMD, followed by the first linear polarizer within a 

rotating mount as the illumination paths head toward the first relay mirror (see Figure 4-1 

for reference). The collimating lenses (16 mm focal lengths) in front of each LED 

illumination source can also be seen in Figure 4-3C. 

After the spatially modulated illumination patterns intersect with the first relay 

mirror, they are then reflected upwards towards the second relay mirror, which is outlined 

by the yellow box in Figures 4-3A and 4-3D. This second relay mirror is angled to reflect 

the SFDI illumination patterns onto the DNI sample plane below where a 3D-printed white 

“mouse” with a 3D-printed red “tumor mass” can be seen lying on a flat phantom 

positioned on the DNI sample stage below a long working distance (WD ~ 56 mm) air-

immersion objective attached at the microscope objective port. This wide-field 2× 
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objective is used to collect SFDI reflectance measurements from samples positioned below 

it on the DNI sample stage. These reflectance measurements are then sent to the camera 

positioned at the camera detection port of the microscope head via the internal relay optics 

within the microscope body. Positioned between the camera and the objective within the 

microscope body is a removable second linear polarizer. The first linear polarizer within 

the rotating mount from the DNI SFDI illumination arm is rotated such that it is cross-

polarized with the second linear polarizer that has a fixed orientation within the DNI SFDI 

detection arm. These crossed linear polarizers help to further minimize the effect of 

specular reflection from measured samples, in addition to the spatial illumination patterns 

being projected onto samples on the DNI sample stage at an angle with respect to the 

surface normal. Figure 4-3E shows how the two relay mirrors work together to guide the 

illumination (in this case collimated light from a green laser pointer aligned within the 

optical path of the DNI SFDI illumination arm) onto the 3D-printed sample sitting on the 

DNI sample stage below the DNI SFDI objective. 

To conduct MPM measurements with the DNI system, the 2× SFDI objective lens 

is swapped with a 16× water-immersion objective lens (3 mm WD), and the calibrated 

linear translation stage is used to raise the DNI sample stage to meet the smaller WD 

requirement of the 16× MPM objective lens. Finally, because both the SFDI and MPM 

portions of the DNI system use the same objective port for their respective objective lenses, 

this ensures that SFDI and MPM measurements with the DNI system share the same optical 

detection path for inherent spatial coregistration between their respective collected 

datasets. This key enabling feature is further highlighted in the following paragraphs and 
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remaining Results sections through various samples measured with the DNI system. 

Figure 4-4 shows images of a fluorescent 1951 USAF resolution test chart (57-894, 

Edmund Optics, Barrington, New Jersey) captured with the DNI system. The left image 

was captured with the SFDI portion of the DNI system with the 2× objective and planar 

(DC or 0 mm-1) illumination at 665 nm. The right image was captured immediately 

afterwards with the MPM portion of the DNI system after swapping out for the 16× 

objective and using two-photon excitation at 810 nm to generate fluorescence (peak 

emission 550 nm) from the resolution test chart (a thin glass slide was placed between the 

chart and MPM objective to place a water droplet on the glass slide and enable water-

immersion imaging). These DNI images of the resolution test chart not only demonstrate 

how the image of the chart with MPM is spatially coregistered within a wide-field image 

of the same chart taken with SFDI, but also the relative spatial extent of a single high 

resolution MPM scanning field within the larger lower resolution SFDI image. 

From these images, the line spacing (and therefore the lateral resolution limit) was 

determined for the SFDI and MPM portions of the DNI system based on the largest group 

and element numbers observed without distinct contrast in each image, and resulted in 10 

μm line spacing (Group 5, Element 5) for SFDI (~4 μm sampling resolution) and 2 μm line 

spacing (Group 7, Element 6) for MPM (~0.8 μm sampling resolution). 
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Figure 4-4: DNI imaging length scales. Images of a fluorescent 1951 USAF resolution test 

chart taken with both the SFDI and MPM portions of the DNI system after switching 

objectives between the two imaging modes (SFDI: 2× objective; MPM: 16× objective) to 

demonstrate the relative spatial extents of SFDI and MPM. Wavelengths refer to 

illumination/excitation wavelength for a given modality. Line spacing was determined by 

inspecting each modalities image of the resolution test chart, with the approximate resolution 

limit based on the largest group and element numbers observed without distinct image 

contrast. 
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To further highlight the inherent spatial coregistration between SFDI and MPM 

measurements as a result of the shared detection path within the integrated DNI system, 

the DNI system was used to image a fabricated sample with properties that could be 

measured with both SFDI and MPM. Specifically, a 10 mm × 10 mm × 15 mm cube was 

3D printed with the letters “BU” etched onto one surface of the cube and filled with a 

solution of 20% Intralipid® and 0.1 mg/mL Evans Blue dye (E2129, MilliporeSigma, St. 

Louis, Missouri). The dye has absorption/excitation peaks at 470 nm, 540 nm, and 620 nm, 

and has a peak fluorescence emission around 680 nm117,118. As a result, the solution was a 

fluorescent diffusive medium, with scattering imparted by the presence of Intralipid®, and 

absorption and fluorescence imparted by the presence of the dye. Therefore, the sample 

could be imaged with SFDI and MPM modes of contrast that would also be used to measure 

in vivo tumor vascular structure and function with the DNI system in preclinical tumor 

models: namely, absorption (μa) with SFDI, and two-photon excited fluorescence (TPEF) 

with MPM. Figure 4-5 visually shows the results from imaging the fabricated fluorescent 

and diffuse sample with the DNI system. 

As expected the “BU” letters exhibited both strong fluorescence and absorption 

properties. Also as expected, the μa values of the sample are higher at 665 nm than at 863 

nm since the dye has little to no absorption past 670 nm117. Importantly, the results 

demonstrate the inherent spatial coregistration between the SFDI and MPM modes of 

contrast with the DNI system. 
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Figure 4-5: Examples of the coregistered modes of contrast with DNI. (Top left) A 3D-printed 

cube with the letters “BU” etched onto one surface of the cube and filled with a solution of 

20% Intralipid® and 0.1 mg/mL Evans Blue dye. The dye has absorption/excitation peaks 470 

nm, 540 nm, and 620 nm, and has a peak fluorescence emission at 680 nm117,118. (Bottom left) 

A MPM image of the “BU” letters with two-photon excited fluorescence (TPEF) contrast (2p-

ex/em 1050/680 nm). (Top right)  A SFDI absorption (μa) map of the “BU” letters at 665 nm. 

(Bottom right) A SFDI μa map of the “BU” letters at 863 nm. Given that the dye has minimal 

absorption efficiency past 670 nm117, it was expected that the μa values at 863 nm would be 

less than the μa values at 665 nm. All scale bars are 1 mm. 
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Table 4-1 summarizes the overall performance characteristics of the DNI system. 

The “Biology” column places the listed technical parameters within the context of relevant 

biological parameters. For example, the modes of contrast that are relevant to the in vivo 

work described herein are μa from SFDI and TPEF from MPM with the DNI system, which 

are used to assess in vivo tumor vascular structure and function in concert over space and 

time. However, when taking into account these two modes of contrast with the other modes 

of contrast afforded by the DNI system (i.e., reduced scattering μ′s with SFDI, and second 

harmonic generation with MPM), there are a multitude of multiscale biological parameters 

that can be monitored with the DNI system in addition to vascular parameters, including 

tumor metabolism from NADH/FAD autofluorescence via TPEF, and other tumor 

microenvironment architectural parameters such as collagen via second harmonic 

generation (SHG) and SFDI scattering parameters. 

It is worth making a couple comments related to “Resolution,” which in this case 

refers only to lateral or transverse resolution. With respect to MPM resolution, the 

resolution test chart results (Figure 4-4) indicated a resolution limit of 2 μm. However, 

when measuring fluorescent 0.1 μm diameter beads, the practical MPM resolution was 

found to be approximately 3 μm. Secondly, Table 4-1 lists the measured SFDI resolution 

as 10 μm, which was the resolution limit measured from the resolution test chart. However, 

it should be noted that the resolution of any diffuse optical imaging device like SFDI in a 

highly scattering medium like biological tissue is realistically dictated by the transport 

mean-free path (l*) within a sample, which is dictated by the sample’s optical properties ( 

l*
 = 1 / [ μa + μ′s ] ). For biological tissue, a typical value of l* is on the order of 1 mm. 
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Table 4-1: Table outlining overall DNI performance characteristics. Resolution refers to 

transverse/lateral resolution. The measured resolution for MPM was determined by 

measuring fluorescent beads (0.1 μm diameter). The measured resolution for SFDI was based 

on SFDI images of a 1951 USAF resolution test chart. However, it should be noted that the 

resolution of any diffuse optical imaging system like SFDI in a highly scattering medium like 

biological tissue is realistically dictated by the transport mean-free path (l*) within a sample, 

which is dictated by the sample’s optical properties. For biological tissue, l* is typically on the 

order of 1 mm. μa: absorption, μ′s: reduced scattering, TPEF: two-photon excited 

fluorescence, SHG: second harmonic generation, NADH/FAD: metabolic co-factors, γ: 

backscatter, QE: quantum efficiency, sCMOS: scientific CMOS, PMTs: photomultiplier 

tubes, FOV: field of view, NA: numerical aperture, λ: wavelength, fx: spatial frequency, φ: 

spatial phase.  

  

PARAMETERS SFDI MPM BIOLOGY

Modes of Contrast µa , µ′s TPEF , SHG

Hemoglobin concentrations

Tissue oxygen saturation

Vascular architecture

NADH/FAD autofluorescence

Collagen architecture

Scattering parameters

(amplitude, slope, γ)

Detection
High QE 16-bit

sCMOS camera
Multi-akali PMTs

FOV
7.5 x 7.5 mm

2048 x 2048 pixels

825 x 825 µm

1024 x 1024 pixels
~ 7 mm diameter window

NA 0.1 0.8

Resolution:

Theoretical 4 µm 0.5 µm Cell diameters ~ 10 µm

Measured 10 µm 3 µm Vessel diameters > 3 µm

System Magnification 2x 16x

Illumination Power 64 µW < 100 mW

Exposure Times ~ 1 s / λ / fx / phase ~ 4 s / frame
Mouse repsiratory rate

~ 3 breaths / s

Acquisition Times
~ 30 s

3λ , 3fx , 3φ
~ 400 s / z-stack

Intravascular half-life

2 MDa dextran: 32-58 mins

10 kDa dextran: 14-16 mins
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4.3.2 Stability of the SFDI device within the DNI system 

Figure 4-6 demonstrates that there is no trend in either μa or μ′s that would indicate 

drift over time with the DNI SFDI device. For the results shown in Figure 4-6, the average 

cv of the μa measurements across all wavelengths was 0.003. For μ′s measurements, the 

average cv across all wavelengths was 0.001. The results shown in Figure 4-6 are from a 

representative 60 minute drift measurement, and similar results were achieved across all 7 

days of repeated 60 minute drift measurements. The average cv values of the μa 

measurements at 665 nm, 789 nm, and 863 nm across all 7 days were 0.003, 0.020, and 

0.005, respectively, with overall average cv of the μa measurements across all wavelengths 

and all 7 days being 0.010. The average cv values of the μ′s measurements at 665 nm, 789 

nm, and 863 nm across all 7 days were 0.001, 0.003, and 0.001, respectively, with overall 

average cv of the μ′s measurements across all wavelengths and all 7 days being 0.001. 
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Figure 4-6: Results from a representative 60 minute drift measurement showing the stability 

of μa (top row) and μ′s (bottom row) measurements, with the coefficient of variation (cv: ratio 

of the standard deviation over the mean for the entire drift measurement) in estimated optical 

properties calculated for each wavelength. 
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4.3.3 Accuracy of the SFDI device within the DNI system 

Figure 4-7 shows the results from comparing estimated optical properties in nine 

tissue mimicking optical phantoms between the DNI SFDI device and a commercial SFDI 

device (“Gold standard”). The average difference in μa measurements between the DNI 

SFDI device and the commercial SFDI system was 4% (± 6%). The average difference in 

μ′s measurements between the DNI SFDI device and the commercial SFDI system was -

1% (± 4%). As evidenced by the error bars being smaller than the makers in the plots shown 

in Figure 4-7, the DNI SFDI device had little to no variation in optical property 

measurements. This was also evidenced in Figure 4-6, and is likely due to temperature 

control achieved at both the illumination (i.e., heat sinks coupled to LEDs) and detection 

(i.e., camera sensor cooling) arms of the SFDI device within the DNI system. 
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Figure 4-7: Accuracy of the SFDI device within the DNI system compared with a commercial 

SFDI device (“Gold standard”). Each data points represents the average optical property of 

a phantom measured three times, with error bars representing the standard deviation across 

all three measurements (n = 9 phantoms). The error bars are smaller than the markers due 

to the low measurement variability of the SFDI device within the DNI system, as evidenced 

in Figure 4-5. The average ± standard deviation difference between the DNI SFDI device and 

the commercial SFDI system was 4 ± 6% for μa, and -1 ± 4% for μ′s. 
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4.3.4 DNI enables longitudinal coregistered multiscale measurements of tumor vascular 

structure and function over a wide-field 

Figure 4-8 shows DNI measurements in a single DC101 treated HR6 tumor over 

multiple days, with tumor vascular structure and function coregistered over a wide-field 

within the MIW. The top row shows white light images of the tumor underneath the MIW.  

The second row from the top shows the corresponding tumor oxygen saturation (StO2) 

maps derived from 0.05 and 0.1 mm-1 SFDI measurements of the tumor acquired through 

the MIW. The regions outlined by the red dashed boxes (~ 3.5 mm × 3.5 mm) on the StO2 

maps indicate where tiled images of the underlying tumor microvascular architecture were 

acquired with MPM, which are shown in the third row from the top of Figure 4-8. The 

bottom row shows spatially coregistered tumor oxygenation and microvascular 

architecture from the boxed regions overlaid over one another. Because the sampling 

resolution of the SFDI portion of the DNI device is lower than the sampling resolution of 

the MPM counterpart, tumor oxygenation measurements from SFDI were interpolated by 

upsampling in the Fourier domain via zero padding to match the higher resolution 

microvascular images from MPM before overlaying the two. 
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Figure 4-8: An example of heterogeneity in tumor vascular structure and function captured 

with the DNI system over multiple days within a single HR6 tumor treated with DC101. 

Order of rows goes downward from “Day” labels. (Row 1) White light images of HR6 tumor 

acquired through a MIW. Scale bar 1 mm applicable to entire row. (Row 2) Corresponding 

tumor oxygen saturation (StO2) maps from SFDI measurements of the HR6 tumor 

underneath the MIW using 0.05 and 0.1 mm-1. The regions outlined by the red dashed boxes 

(~ 3.5 × 3.5 mm2) indicate the locations where vascular images were acquired for Rows 3 and 

4. Scale bar 1 mm applicable to entire row. StO2 (%) color bar scale applies to entire row. 

(Row 3) Corresponding tumor microvasculature images from MPM scans taken within the 

regions indicated in Row 2. Scale bar 500 μm applicable to entire row. (Row 4) Wide-field, 

multiscale views of spatially coregistered tumor oxygenation (function) and microvascular 

architecture (structure) from regions indicated in Row 2. Scale bar 500 μm applicable to 

entire row. StO2 (%) color bar scale applies to entire row. 

 

On any given day, visually there appears to be heterogeneity in tumor oxygenation 

and vascular architecture over the MIW. For example, on day 11 there appears to be a 

gradient (higher to lower) in oxygenation going from left to right within the boxed region 

outlined in the MIW (Day 11 column, DNI row image in Figure 4-8). In that same region 

on day 11, areas with larger but fewer vessels appear to overlap with high oxygenation 

areas. Moreover, denser vascular areas with smaller vessels appear to occupy areas where 

oxygenation transitions from higher to lower values, with avascular areas appearing to 

overlap with lower oxygenation areas. 

Differences in tumor oxygenation and microvascular architecture over the MIW 

were also observed across the different imaging days. In particular, when looking at the 

bottom row of overlaid images in Figure 4-8, on day -1 (baseline, i.e., before the start of 

DC101 treatment) the avascular area on the left half overlaps with higher oxygenation 

levels compared to the vascularized area on the right half overlapping with lower 

oxygenation levels. Then on day 2 vasculature begins to grow into the areas of higher 

oxygenation, with those areas being completely filled with vasculature on day 5 with 
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similar oxygenation levels as day 2. However, decreases in oxygenation in those areas were 

observed on day 8. The vasculature in those areas on day 8 began to also show signs of 

decreased density, which became more pronounced on day 11 when those areas rebounded 

to higher oxygenation levels. 

4.3.5 Spatial multiscale correlations between tumor vascular structure and function 

Figure 4-9 demonstrates a method to analyze for any possible spatial multiscale 

correlations between the tumor microvascular architecture and the corresponding 

oxygenation measurement over the same vascular field, using DNI measurements from a 

single mouse and imaging day as an example. The method starts by dividing the wide-field 

DNI image (vascular structure and function) into equal sized tiles (e.g., 4x4, 8x8, 16x6), as 

shown in the top row of Figure 4-9. Microvascular metrics can then be extracted from each 

tile. In this example, vessel density is calculated for each tile. These values can be 

represented as a heat map of vessel density values for each tile over the entire DNI field, 

as shown in the second row from the top in Figure 4-9. In a similar manner, the 

corresponding tumor oxygen saturation measurement over the same DNI filed can be 

divided up into the same sized tiles and an average StO2 value can be calculated for each 

tile, shown as heat maps in the third row from the top in Figure 4-9. When comparing the 

second (vessel density heat maps) and third (StO2 heat maps) rows from the top in Figure 

4-9, we begin to visually observe a possible inverse spatial relationship between vessel 

density and tumor oxygen saturation over a wide-field for this particular tumor (DC101 

treated HR6 tumor) and imaging day (day 8). This observation is further confirmed when 

plotting tumor oxygen saturation versus vessel density for each tile (bottom row in Figure 
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4-9), and finding that indeed there is a negative spatial correlation between StO2 and vessel 

density across the wide-field. It is of note that spatial heterogeneity captured with DNI at 

two different imaging length scales (SFDI macro vs MPM micro) can be correlated with 

one another. Likewise, this suggests that spatial heterogeneity in one domain (structure or 

function) may be reflected in the other domain, and vice-versa. Finally, it is worth noting 

that as the spatial divisions became finer, the negative spatial correlation between StO2 and 

vessel density became weaker (slope became less negative) for this particular tumor and 

imaging day. 
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Figure 4-9: An analysis of spatial multiscale relationships between tumor vasculature 

structure and function in a HR6 tumor treated with DC101 from a single measurement day. 

(Top row) A wide-field DNI measurement of tumor vascular structure and function divided 

into various tiles/spatial divisions (4x4, 8x8, and 16x16). (2nd row from the top) Vessel density 

(%) heat map representations of the various spatial divisions, where each tile is represented 

by its calculated vessel density value. (3rd row from the top) Tumor oxygen saturation (StO2, 

%) heat map representations of the same various spatial divisions, where each tile is 

represented by its average StO2 value. (Bottom row) Spatial correlation plots of StO2 versus 

vessel density, where each point represents a different tile within the wide-field DNI 

measurement. 
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4.3.6 Intratumor heterogeneity 

In addition to observing heterogeneity in tumor vascular structure and function with 

DNI over space, we also observed that trends in tumor vascular structure and function over 

time can differ from one localized area to another across the wide-field. An example of this 

is shown in Figure 4-10 with two separate locations within a single tumor (DC101 treated 

HR6 tumor) over the wide-field DNI measurements. Representative DNI vascular 

structure-function images from each imaging day are shown for each location, along with 

tumor oxygen saturation (StO2, %) distributions for each location across the different 

imaging days. 
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Figure 4-10: Changes in tumor vascular structure and function over time differ across the 

MIW. (A) and (B) are examples of different locations from a DC101 treated HR6 tumor with 

differing structural and functional dynamics over time. Scale bars are 250 µm. 

 

Differences in microvascular architectural changes over time were observed 

between the two locations. Likewise, changes in StO2 over time were observed to also be 

different between the two locations. However, irrespective of these temporal differences 

between different locations, the question is whether any temporal relationships exist 

between their respective tumor vascular structural and functional changes.  For example, 

the location in Figure 4-10A appears to experience changes in the number and sizes of 

tumor vessels over time, which is possibly related to shifts in StO2 in that same area. The 

location in figure 4-10B appears to experience greater changes in vascular content over 

time compared to the other location, which is possibly reflected in the larger StO2 shifts in 

this location compared to the other location. We investigate the possibility of temporal 

multiscale relationships in the next section. Specifically, we explore whether changes from 

baseline (day -1) in these metrics correlate with one another as a surrogate for temporal 

relationships between tumor vascular structure and function. It has been reported that 

hemodynamic changes from baseline can be predictive of treatment outcomes10. 

4.3.7 Temporal multiscale correlations between tumor vascular structure and function 

Tumor vascular structure and function were tracked in 4 different MPM regions-

of-interests (ROIs) in a DC101 treated HR6 tumor across the 5 days of imaging (day -1, 2, 

5, 8, and 11). For each ROI, mean hemodynamic metrics (HbO2, HHb, THb, and StO2) and 

mean microvascular metrics (vessel density, diameter, length, and tortuosity) were 
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calculated for each day. For each MPM ROI, the mean baseline (day -1) value was 

subtracted from the mean values of all imaging days to calculate absolute changes (Δ) from 

baseline for each metric. These Δ metrics were used to evaluate multiscale correlations 

using both the Pearson correlation coefficient (ρP) and Spearman's rank correlation 

coefficient (ρS) between each Δ hemodynamic metric (ΔHbO2, ΔHHb, ΔTHb and ΔStO2) 

with each Δ microvascular metric (Δ[vessel density], Δ[diameter], Δ[length], and 

Δ[tortuosity]). This resulted in 16 multiscale correlations being evaluated simultaneously 

for a given correlation test. Table S4-1 summarizes our overall findings. There were 8 

identified Pearson correlations with unadjusted P values less than 0.05. 7 out of the 8 

Pearson correlations were also identified with Spearman with unadjusted P values less than 

0.05. 4 out of the 8 Pearson correlations had TCH adjusted P values less than 0.05. 3 out 

of the 7 Spearman correlations had TCH adjusted P values less than 0.05. No Pearson 

correlations were deemed significant at a significance level of 0.05 when adjusting P values 

with the Bonferroni (BF) procedure. However, 2 out of the 7 Spearman correlations had 

BF adjusted P values less than 0.05. 

Figures 4-11A and 4-11B demonstrate correlations between changes in tumor 

oxygen saturation (ΔStO2) versus changes in vessel diameter and length, respectively (4 

ROIs over 5 days = 20 data points per correlation). A strong negative correlation was 

observed between ΔStO2 and Δ[vessel diameter] (ρP = −0.43, *P = 0.029 | ρS = −0.60, *†‡P 

= 0.002). Conversely, a strong positive correlation was observed between ΔStO2 and 

Δ[vessel length] (ρP = 0.54, *†P = 0.007 | ρS = 0.57, *†P = 0.004). 
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Figure 4-11: Temporal multiscale relationships between changes in tumor vasculature 

structure and function from baseline (Day -1) in a HR6 tumor treated with DC101. Each 

point in the plots represents multiscale data from a tumor region in the MIW equivalent in 

size to a MPM FOV (~825 × 825 μm). Each axis, and thus each data point, represents changes 

from baseline within a given region extracted from their respective imaging modality and 

over the same region (SFDI: ΔStO2; MPM: Δ[Vessel diameter] and Δ[Vessel length]). The 

data comes from 4 different MPM ROIs tracked over 5 days within a single tumor (n = 20 

data points per correlation plot). The lines represent the lines of best fit to the data in each 

plot. The Pearson's ρ (ρP) and Spearman's ρ (ρS) are reported for each plot. *Denotes 

unadjusted P < 0.05, †denotes Tukey-Ciminera-Heyse (TCH) adjusted P < 0.05, and ‡denotes 

Bonferroni (BF) adjusted P < 0.05. 
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4.3.8 Treatment and model differences 

We looked to see if the correlations shown in Figure 4-11 for a HR6 tumor treated 

with DC101 would be the same in a HR6 tumor treated with a control antibody (mIgG). 

Figures 4-12A and 4-12B demonstrate a lack of significant correlations between changes 

in tumor oxygen saturation (ΔStO2) versus changes in vessel diameter and length, 

respectively (4 ROIs over 5 days = 20 data points per correlation). A weak positive 

correlation was observed between ΔStO2 and Δ[vessel diameter] (ρP = 0.05, P = 0.409 | ρS 

= 0.14, P = 0.279). Conversely, a weak negative correlation was observed between ΔStO2 

and Δ[vessel length] (ρP = -0.18, P = 0.227 | ρS = -0.09, P = 0.359). 

We also looked to see if the correlations shown in Figure 4-11 could be found in a 

BT474 tumor treated with DC101 (4 ROIs over 5 days = 20 data points per correlation). A 

weak positive correlation was observed between ΔStO2 and Δ[vessel diameter] (ρP = 0.11, 

P = 0.321 | ρS = 0.08, P = 0.373), as shown in Figure 4-12C. However, a strong negative 

correlation was observed between ΔStO2 and Δ[vessel length] (ρP = -0.51, *†P = 0.011 | ρS 

= -0.39, *P = 0.044), as shown in Figure 4-12D. 
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Figure 4-12: Temporal multiscale relationships between changes in tumor vasculature 

structure and function from baseline (Day -1) in a HR6 tumor treated with mIgG (A and B), 

and in a BT474 tumor treated with DC101 (C and D). Each point in the plots represents 

multiscale data from a tumor region in the MIW equivalent in size to a MPM FOV (~825 × 

825 μm). Each axis, and thus each data point, represents changes from baseline within a given 

region extracted from their respective imaging modality and over the same region (SFDI: 

ΔStO2; MPM: Δ[Vessel diameter] and Δ[Vessel length]). The data comes from 4 different 

MPM ROIs tracked over 5 days within each tumor (n = 20 data points per correlation plot). 

The lines represent the lines of best fit to the data in each plot. The Pearson's ρ (ρP) and 

Spearman's ρ (ρS) are reported for each plot. *Denotes unadjusted P < 0.05, and †denotes 

Tukey-Ciminera-Heyse (TCH) adjusted P < 0.05. 
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These differences may be explained by differences in either treatment (DC101 vs 

mIgG) or model (HR6 vs BT474). The top row of plots in Figure S4-13 show average 

changes in mean StO2 (ΔStO2) from the 4 MPM ROIs tracked over time in each mouse 

type (DC101 treated HR6 tumor, mIgG treated HR6 tumor, and DC101 treated BT474 

tumor). The plots in the second row from the top show average changes in mean vessel 

density (Δ[vessel density]) over time from the same 4 MPM ROIs tracked in each mouse 

type. The plots in the third row from the top show average changes in mean vessel diameter 

(Δ[vessel diameter]) over time from the same 4 MPM ROIs tracked in each mouse type. 

Finally, the bottom row of plots show average changes in mean vessel length (Δ[vessel 

length]) over time from the same 4 MPM ROIs tracked in each mouse type. The plots in 

Figure S4-13 demonstrate the potential for DNI to track longitudinal changes in vascular 

structure and function in different tumor models and treatment types, and may provide 

some insight for exploring differences between tumor models and treatment types in future 

follow-up DNI studies with a larger number of mice for each model and treatment type. 

4.4 Discussion 

In this work, we designed and built the first integrated SFDI and MPM, or DNI 

system for inherently coregistered and comprehensive multiscale measurements of in vivo 

tumor vascular structure and function over space and time in preclinical tumors. We 

demonstrated high measurement precision and accuracy with the custom SFDI device 

portion of the DNI system. In addition, we showed that the DNI system enables 

longitudinal coregistered measurements of tumor vascular structure and function over a 
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wide-field, all within a single tumor. Importantly, this proved useful in elucidating 

multiscale vascular structure-function relationships both over space and time. 

One of the enabling features of this work was the ability to make multiscale 

measurements of tumor vascular structure and function in an inherently coregistered 

fashion. This was made possible by having SFDI and MPM performed through a shared 

optical detection path, therefore providing inherent spatial coregistration between tumor 

oxygenation (function) and tumor microvascular architecture (structure) with the DNI 

system. Needless to say, this design offered significant advantages over our previous work 

which acquired SFDI and MPM measurements of tumors on different systems with manual 

coregistration in post-processing guided by a fiducial mark.  Additionally, the smaller field 

of view and therefore increased sampling resolution for functional measurements of tumors 

provided a better opportunity to explore spatial heterogeneity relationships between 

structure and function in tumors. We believe these innovations largely contributed to 

identifying a negative correlation between StO2 and vessel density over space at a given 

measurement time point. 

We also found multiscale correlations over time when analyzing for the absolute 

difference between measurements at all time points and baseline line measurements. We 

found that changes in StO2 from baseline were anticorrelated with changes in vessel 

diameter from baseline in a DC101 treated HR6 tumor measured longitudinally with DNI. 

In our previous work, we had also found a strong negative correlation between wide-field 

StO2 and vessel diameter in a different tumor model that was untreated73, and noted its 

relevance to prior reports having also observed this inverse relationship between 
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oxygenation and vessel size in tumors80,81. The DNI system is poised to monitor this 

potentially important multiscale vascular structure-function relationship during treatment 

response over space and time. We also found that changes in StO2 from baseline were 

correlated with changes in vessel length from baseline. In our previous work we had found 

a strong negative correlation between wide-field StO2 and vessel length73. Taken all 

together, this possibly suggests that multiscale relationships could either be conserved or 

not conserved between: (i) space and time, (ii) different tumors, and/or (iii) different 

treatment regimens. This is possibly further suggested by our results showing that different 

tumors receiving the same treatment, or the same tumor undergoing different treatments 

can present with different multiscale relationships, which could potentially be used to 

identify differences in treatment response. Additional studies are needed to further explore 

these ideas. 

The work presented here has limitations that can be improved upon going forward. 

One limitation is that the in vivo vascular results come from n = 1 mouse for each tumor 

type and treatment regimen measured with DNI, and therefore the reader is cautioned 

against drawing any biological conclusions from the presented in vivo vascular results as 

they merely serve to demonstrate what is possible with DNI. A control for the DC101 

treated BT474 tumor was also lacking (i.e., a mIgG treated BT474 tumor). Nevertheless, 

the vascular results from the few mice shown here may potentially be used to inform a 

future DNI study with proper and larger control and experimental groups. The analysis of 

spatial relationships between tumor vascular structure and function can also be improved, 

including an investigation of how the transport mean-free path from diffuse measurements 
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of vascular function may dictate the length scales over which DNI can be used to explore 

relationships between tumor vascular structure and function. The results in Figure 4-9 may 

provide some insight on this: as the spatial divisions became finer, the negative correlation 

between tumor oxygen saturation and vessel density became weaker (slope became less 

negative). The diffuse transport mean-free path in tissue is typically on the order of 1 mm87, 

and the length of one tile in the 4 x 4 spatial division is closer to 1 mm than the length of a 

tile from finer spatial divisions. Additionally, spatial analysis methods of DNI 

measurements could potentially benefit from analyzing the fractal properties of vasculature 

(e.g. number of branch points) and/or the use of nonlinear spatial divisions such as 

concentric circles given the fractal-like and nonlinear nature of vascular branching. Finally, 

future longitudinal DNI studies of in vivo tumor vascular structure and function will likely 

benefit from active tracking of the same vascular landmarks over time for an enhanced 

analysis of temporal relationships between tumor vascular structure and function measured 

with DNI. Overall, the small longitudinal pilot DNI study here was used to demonstrate 

the potential for DNI to explore in vivo multiscale relationships between tumor vascular 

structure and function over space and time in different tumor models and treatment 

regimens. 

4.5 Conclusion 

In conclusion, we developed a diffuse and nonlinear imaging system to quantify 

inherently coregistered multiscale structure-function relationships in vivo over space and 

time, and to demonstrate that DNI has the potential to track these parameters in different 

treatment and tumor types. Going forward, a larger study will enable comprehensive 
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investigations into treatment response with DNI in the preclinical setting to identify the 

biological origins of DOI measurements. Importantly, DNI can help to establish a clear 

understanding of the relationships between DOI and the underlying tumor biology and 

create a path towards DOI for personalized and precision medicine to significantly impact 

and inform adaptive therapy strategies tailored to the in vivo state of each patient’s tumor. 

Ultimately, DNI provides an opportunity to deepen our understanding of the biological 

underpinnings of DOI feedback on response to cancer therapies in the preclinical setting, 

allowing for careful control over treatments and imaging to translate potential findings to 

the clinic. 
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Table S4-2: Multiscale vascular temporal relationships explored in a HR6 tumor treated with DC101. This table includes all 16 

multiscale correlations tested between structural (Δµ-vascular) metrics and functional (Δwide-field) metrics. For each evaluated 

multiscale correlation, the Pearson correlation coefficient and Spearman’s rank correlation coefficient were computed, along with 

their respective unadjusted p-values. The p-values were adjusted using both the Tukey-Ciminera-Heyse (TCH) and Bonferroni (BF) 

procedures to control for the type I error rate. The absolute value of the Fisher z-transformation was also computed from the 

Pearson’s ρ, and the multiscale correlations were arranged from largest to smallest (going down the table) based on the absolute 

value of their computed Fisher’s z.

Pearson's 

ρ

Unadjusted

p-value

TCH adjusted 

p-value

BF adjusted 

p-value

Spearman's 

ρ

Unadjusted

p-value

TCH adjusted 

p-value

BF adjusted 

p-value
|Fisher's z|

StO2 (%) length (µm) 0.542 0.007 0.027 0.108 0.573 0.004 0.017 0.066 0.608

HbO2 (µM) density (%) 0.528 0.008 0.033 0.134 0.438 0.027 0.103 0.428 0.587

THb (µM) density (%) 0.519 0.010 0.038 0.152 0.385 0.047 0.175 0.751 0.575

HHb (µM) tortuosity 0.503 0.012 0.047 0.190 0.432 0.029 0.110 0.458 0.554

StO2 (%) tortuosity -0.449 0.024 0.091 0.377 -0.621 0.002 0.007 0.028 0.483

StO2 (%) diameter (µm) -0.430 0.029 0.111 0.466 -0.603 0.002 0.010 0.038 0.460

HHb (µM) diameter (µm) 0.409 0.037 0.138 0.585 0.385 0.047 0.175 0.751 0.435

HHb (µM) length (µm) -0.383 0.048 0.178 0.765 -0.361 0.059 0.216 0.946 0.403

StO2 (%) density (%) 0.316 0.087 0.306 1.000 0.239 0.155 0.489 1.000 0.327

HbO2 (µM) length (µm) 0.277 0.118 0.395 1.000 0.300 0.099 0.342 1.000 0.285

HHb (µM) density (%) 0.185 0.218 0.625 1.000 0.082 0.366 0.838 1.000 0.187

THb (µM) length (µm) 0.136 0.283 0.736 1.000 0.058 0.405 0.874 1.000 0.137

HbO2 (µM) diameter (µm) -0.115 0.314 0.779 1.000 -0.041 0.432 0.896 1.000 0.116

THb (µM) tortuosity 0.088 0.356 0.828 1.000 0.068 0.388 0.859 1.000 0.088

HbO2 (µM) tortuosity -0.062 0.397 0.868 1.000 -0.132 0.290 0.746 1.000 0.062

THb (µM) diameter (µm) 0.014 0.476 0.925 1.000 0.117 0.312 0.776 1.000 0.014

Δwide-field

(SFDI)

Δμ-vascular

(MPM)

0.05 and 0.1 mm
-1
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Figure S4-13:  Changes in tumor vascular structure and function and their relationships may 

be treatment and model specific. Changes in tumor vascular structure and function with 

respect to baseline (day -1) are analyzed for the three mouse types that were measured with 

DNI longitudinally: DC101 treated HR6 tumor, mIgG treated HR6 tumor, and DC101 

treated BT474 tumor. (Top row) Changes in mean StO2 (ΔStO2) over time from 4 different 

MPM ROIs in each mouse type, where the error bars represent the standard deviation of the 

4 locations. (2nd row from the top) Changes in mean vessel density (Δ[vessel density]) over 

time from the same 4 MPM ROIs in each mouse type, where the error bars represent the 

standard deviation of the 4 locations. (3rd row rom the top) Changes in mean vessel diameter 

(Δ[vessel diameter]) over time from the same 4 MPM ROIs in each mouse type, where the 

error bars represent the standard deviation of the 4 locations. (Bottom row) Changes in mean 

vessel length (Δ[vessel length]) over time from the same 4 MPM ROIs in each mouse type, 

where the error bars represent the standard deviation of the 4 locations. 
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BT474 tumors: 

 9 mice inoculated 

 Take rate = 5/9 

 Mice with tumors past DNI volume threshold (≥150 mm3) = 1/9 

o Completed longitudinal DNI measurements 

o Passed DNI volume threshold 5 weeks post inoculation 

HR6 tumors: 

 6 mice inoculated 

 Take rate = 5/6 

o 2 mice completed longitudinal DNI measurements 

o 2 mice unable to make it past two DNI measurement sessions 

o 1 mouse MIW fell out before could do first DNI measurement 

 Earliest to pass DNI volume threshold (≥150 mm3) = 3 weeks post inoculation 

 Latest to pass DNI volume threshold (≥150 mm3) = 7 weeks post inoculation 

4.7.2 openSFDI: An open-source guide for constructing a spatial frequency domain 

imaging system 

In building the custom SFDI device for the DNI system, contributions were made 

to the following which was submitted to the Journal of Biomedical Optics and is currently 

under review, and includes the following contributing authors: 
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Matthew B. Applegate,a Kavon Karrobi,a Joseph Angelo,b Wyatt Austin,c Syeda 

Tabassum,d Enagnon Agu´enounon,b Karissa Tilbury,c Rolf Saager,e Sylvain Gioux,b 

Darren Roblyera 

aDepartment of Biomedical Engineering, Boston University, Boston, Massachusetts, 

United States 

bICube Laboratory, University of Strasbourg, Strasbourg, France 

cDepartment of Chemical and Biomedical Engineering, University of Maine, Orono, 

Maine, United States 

dDepartment of Electrical and Computer Engineering, Boston University, Boston, 

Massachusetts, United States 

eDepartment of Biomedical Engineering, Link¨oping University, Link¨oping, Sweden 

 

SFDI is a DOI technique that can quantify volume-averaged tissue optical 

absorption and scattering on a pixel by pixel basis over a two-dimensional area. 

Measurements of tissue optical absorption at different wavelengths enables the extraction 

of molar concentrations of tissue chromophores over a wide-field, providing a non-contact 

and label-free means to assess tissue viability, oxygenation, micro-architecture, and 

molecular content. The ability of SFDI to provide quantitative functional and molecular 

information in tissue, combined with its relative simplicity, safety, and low-cost has led to 

its use for a variety of biomedical applications. However, although there has been 

significant advancements made with SFDI over the last decade, it is still in the embryonic 
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phase of being widely adopted because of a high barrier-to-entry to properly build and use 

SFDI. Accordingly, an initiative was taken to make SFDI more accessible to those 

interested in using SFDI to enhance their research applications. An open hardware platform 

called openSFDI was designed and developed to help other research groups build and use 

SFDI. OpenSFDI has gained national and international partners helping to further develop 

and advance the initiative. Multiple phases of the openSFDI project were worked on, 

including hardware selection and platform validation. Importantly, a modified version of 

the openSFDI system was incorporated into the DNI system. More details can be found 

here: www.openSFDI.org. 

  

http://www.opensfdi.org/
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Chapter 5: Conclusion and future directions 

This final chapter summarizes the conclusions from this body of work, and offers 

directions for related future work. 

5.1 Summary of achievements 

Chapter 3 presents work that focused on developing a new multiscale preclinical 

imaging technique called diffuse and nonlinear imaging (DNI) by combining wide-field 

diffuse optical imaging (DOI) with intravital multiphoton microscopy (MPM). In 

particular, the first iteration of DNI combines an independent non-contact wide-field DOI 

system called spatial frequency domain imaging (SFDI) with an independent MPM system. 

DNI provides structure-function relationships through multiscale datasets of MPM 

measurements of tumor microvascular architecture (structure) coregistered within wide-

field maps of tumor oxygenation (function) from SFDI measurements. The imaging depths 

of both modalities were compared, and a novel method was developed to match the 

imaging depths of both modalities by utilizing informed SFDI spatial frequency selection. 

The tradeoffs between depth matching and the ability to extract optical properties with 

SFDI was assessed. Procedures to image tumors in a coregistered fashion with DNI were 

presented, with high x-y spatial coregistration accuracy and precision demonstrated 

between SFDI and MPM. Methods to extract metrics from each modality were developed, 

and an in vivo DNI study of murine mammary tumors revealed multiscale relationships 

between tumor oxygen saturation and microvessel diameter, and tumor oxygen saturation 

and microvessel length (|Pearson's ρ| ≥ 0.5, P < 0.05). This was the first study to combine 

SFDI and MPM for small animal tumor imaging to investigate spatial heterogeneity in 
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multiscale relationships. In the end, the DNI method was demonstrated to quantify tumor 

vascular structure– function relationships across length scales. In support of this chapter, 

contributions were made to the following: (i) modeling and experimental validation to 

develop a method for determining the optical sampling depth of SFDI for arbitrary samples 

with arbitrary optical properties, and (ii) a method to estimate optical property uncertainties 

for SFDI. 

Chapter 4 presents a fully integrated DNI system that enables multiscale imaging 

of in vivo tumor vascular structure and function over space and time in preclinical breast 

cancer models. The DNI system was designed and constructed by building a custom SFDI 

device into a MPM system such that SFDI and MPM measurements were acquired through 

the same optical detection path. This provided inherent spatial coregistration between 

multiscale tumor vascular structure and function datasets collected with the DNI system 

from measurements of preclinical tumors through mammary imaging windows (MIWs). 

Moreover, the smaller SFDI field of view provided greater sampling of spatial functional 

heterogeneity over the wide-field, which was taken advantage of to explore relationships 

between multiscale heterogeneity. The performance of the DNI system was characterized 

before conducting any in vivo measurements. High measurement precision and accuracy 

with the custom SFDI device portion of the DNI system was demonstrated. Inherently 

spatially coregistered multiscale measurements of in vivo tumor vascular structure and 

function over a wide-field were then demonstrated longitudinally, all within a single tumor. 

Methods of analyzing spatial and temporal multiscale relationships from DNI 

measurements of in vivo tumor vascular structure and function were presented. A strong 
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spatial correlation between tumor oxygen saturation (StO2) and vessel density over the 

wide-field at a given measurement time point was demonstrated during the course of 

treatment. Strong temporal correlations between changes in StO2 from baseline and 

changes in either vessel diameter or vessel length from baseline were also elucidated. 

Finally, differences in DNI measurements for different treatment and tumor types were 

presented. In the end, a DNI system was established as a preclinical tool that can be used 

to investigate how macro DOI signatures relate to the underlying tumor biology at the 

micro scale for informed treatment response monitoring. In support of this chapter, 

contributions were made to the open hardware platform called openSFDI during the 

construction of custom SFDI device for the DNI system to enable researchers around the 

world to incorporate SFDI into their research programs. 

5.2 Future directions 

The work in this thesis provides many potential future directions, some of which 

are described below. 

1. Short-term: Using DNI to investigate whether DOI can identify treatment resistance 

through demonstrated relationships with micro scale makers of resistance and 

response. This will involve optimizing the procedure for growing the two tumor 

models used in Chapter 4 of this thesis: BT474 and HR6. The BT474 breast cancer 

model overexpresses the HER2 gene, and is therefore susceptible to the drug 

trastuzumab, clinically used and known as Herceptin® to treat breast cancer patients 

whose tumors present with overexpression of the HER2 receptor112. The HR6 

breast cancer model is a resistant version of BT474, able to evade trastuzumab 
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therapy even though its HER2 expression has been shown to be the same as 

BT474112. A few preclinical reports indicate that differences in the microvascular 

architecture may exist between the response and resistance during the course of 

trastuzumab therapy31,78,119. This thesis has demonstrated differences in tumor 

vascular structure and function and their relationships between a HR6 tumor and 

BT474 tumor both treated with an antiangiogenic. If those microvascular 

differences in response and resistance to trastuzumab can be linked to DOI 

measurements via DNI monitoring of trastuzumab treated HR6 and BT474 tumors, 

this can provide path for demonstrating that DOI is sensitive to treatment resistance. 

2. Medium-term: Expand the repertoire of multiscale structure and function metrics 

that can be measured with DNI. This thesis mainly focused on multiscale metrics 

related to the tumor vascular structure and function, yet DNI can measure a wide 

variety of contrasts beyond those related to the vasculature, such as optical 

scattering, and cellular metabolism/redox and collagen architecture with nonlinear 

microscopy techniques such as TPEF/fluorescence lifetime imaging microscopy 

and second harmonic generation (SHG), respectively34,109. Accordingly, DNI can 

be used to exploit these various forms of contrast to explore tumor heterogeneity 

over multiple imaging spatial scales (macro to the micro), and importantly its role 

in treatment response. The combination of these various metrics have the potential 

to provide a complete picture of the in vivo tumor state with DNI. 

3. Long-term: Multiscale modeling to link DNI findings back to clinical DOI 

monitoring of treatment response. Although DNI measures the same functional 
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metrics as clinical DOI techniques that have been applied to treatment monitoring 

in cancer patients, it is still unclear how to directly link DNI findings back to clinical 

DOI monitoring of treatment response. This is in part due to different imaging 

geometries, depth sensitivities, and measurement domains (time domain, time 

frequency domain, real spatial domain, and spatial frequency domain). DNI 

employs a wide-field, non-contact geometry with superficial depth sensitivities and 

measurements taken in the spatial frequency domain for the DOI portion of the 

method/system. Modeling to understand how the DOI measurements used in DNI 

can be related to clinical monitoring with other DOI measurements will be 

important in the path towards diffuse optical adaptive therapy in the clinic enabled 

by DNI findings. 

4. Technological: Wide-field MPM for DNI. Despite the integrated DNI system 

providing greater throughput compared to two independent devices, MPM scans 

are still the rate limiting step in DNI measurements. A wide-field MPM could 

significantly speed up acquisitions of wide-field microvascular architecture. Wide-

field MPM techniques have been explored and developed for preclinical intravital 

brain imaging120, and could possibly be adapted for DNI measurements of tumors. 

5. Biological: DNI is not specific to tumors, and can be used to assess multiscale 

biology/physiology in other tissue types/disease contexts. One example would be 

wound healing/scar formation. 
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5.3 Conclusion 

In the field of biomedical optics and biophotonics, more often than not new imaging 

tools are developed to provide new ways of measuring biology/physiology that can lead to 

new biological findings, and/or advance clinical practice to improve patient outcomes. This 

dissertation has mainly focused on the former with an eye towards supporting the latter. 

Through this dissertation, a novel preclinical in vivo imaging technique called diffuse and 

nonlinear imaging (DNI) has been developed which provides the opportunity to: (1) bridge 

cancer biology with clinical oncology, (2) explore tumor heterogeneity over a range of 

spatial scales and contrast mechanisms, and (3) monitor tumor structure and function in 

concert over a wide-field within a single tumor. With DNI, there is the potential to: (i) 

explore and validate novel drug combinations and scheduling, (ii) identify translational 

imaging metrics of response and resistance, and (iii) create a path toward diffuse optical 

image-guided adaptive therapy to improve the efficacy of cancer therapies. 
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