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Abstract

Insight into the vasculature of the tumor in small animals has the potential to impact many areas of 

cancer research. The heterogeneity of the vasculature of a tumor is directly related to tumor stage 

and disease progression. In this small scale animal study, we investigated the feasibility of 

differentiating tumors with different levels of vasculature heterogeneity in vivo using a previously 

developed hybrid magnetic resonance imaging (MRI) and diffuse optical tomography (DOT) 

system for small animal imaging. Cross-sectional total hemoglobin concentration maps of 10 

Fisher rats bearing R3230 breast tumors are reconstructed using multiwavelength DOT 

measurements both with and without magnetic resonance (MR) structural a priori information. 

Simultaneously acquired MR structural images are used to guide and constrain the DOT 

reconstruction, while dynamic contrast-enhanced MR functional images are used as the gold 

standard to classify the vasculature of the tumor into two types: high versus low heterogeneity. 

These preliminary results show that the stand-alone DOT is unable to differentiate tumors with 

low and high vascular heterogeneity without structural a priori information provided by a high 

resolution imaging modality. The mean total hemoglobin concentrations comparing the 

vasculature of the tumors with low and high heterogeneity are significant (p-value 0.02) only when 

MR structural a priori information is utilized.
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1. INTRODUCTION

Tumor vasculature is drastically different from normal tissue, affecting all aspects of cancer 

from the diagnosing and staging of a tumor, to the treatment planning and therapeutic 

response [1]. Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) can 

noninvasively provide information on tumor vasculature such as blood perfusion and vessel 

permeability, with the use of an exogenous contrast agent in vivo [2,3].Indeed, 

inconsistencies in the distribution of the agent uptake in the tumor provide direct insight of 

the heterogeneity of the tumor vasculature, and has been reported to be biologically and 

diagnostically significant [4,5]. For example, studies have shown that the contrast agent 

uptake heterogeneity is highly correlated to the microvessel density (MVD) and the vascular 

endothelial growth factor (VEGF), which are both biomarkers for neoangiogenesis and have 

implications for drug delivery and targeted therapy [6]. The heterogeneity of the contrast 

agent uptake in the tumor can also provide information on cell viability and tumor stage, 

impacting treatment strategies [7]. For ex-ample, necrotic regions can be seen as unenhanced 

regions in the DCE-MRI enhancement maps. As necrotic regions are often surrounded by a 

thin layer of hypoxic cells, this presents some therapeutic challenges as the lack of oxygen 

makes these cells resistant to radiation therapy and some forms of chemotherapy [7,8]. In 

fact, using the DCE-MRI it has shown that quantifying the tumor contrast enhancement 

heterogeneity is not only useful as a measurement for treatment response, but also has the 

potential as a predictor of patient therapeutic outcome in many cancers including cervix, 

ovary, liver, and breast [3,6,9,10]. Consequently, quantifying the heterogeneity of tumor 

vasculature in vivo is important.

Currently, DCE-MRI is the gold standard for measuring tumor vascular heterogeneity in 
vivo; however, diffuse optical tomography (DOT) shows promise. DOT is a safe and in-

expensive imaging modality that has great potential for cancer imaging. DOT uses near-

infrared light to probe tissue properties based on endogenous contrast, and can derive 

functional information such as total hemoglobin concentration (HbT) and oxygen saturation. 

HbT can provide much needed insight on tissue metabolism and tumor malignancy [11]. For 

example, malignant tumors have been shown to have a higher HbT than benign tumors 

[12,13]. DOT can provide information on the tumor microenvironment as changes in the 

hemoglobin and oxygen content is directly related to the angiogenesis, metabolism, and 

hypoxia in the tumor [14]. Studies have shown that the HbT in the tumor is directly related 

to the tumor angiogenesis [15]. The oxygen saturation of the tumor can also provide 

valuable information on the tumor metabolism and hypoxia [16]. Such information could 

impact treatment strategies by helping clinicians provide personalized patient treatment. For 

example, a decrease in the tumor hemoglobin and oxygen content following a chemotherapy 

treatment has been associated with a better treatment response and outcome [17,18]. In 
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addition, studies have shown that the tumor metabolic response can predate anatomical 

changes, such as the size obtained from traditional imaging modalities during neoadjuvant 

chemotherapy, making DOT a promising imaging modality to monitor the early treatment 

response [19].

Despite its high sensitivity, DOT renders images at a low spatial resolution due to the high 

scattering of light in tissue. Tumor background contrast can be enhanced through external 

stimulation, such as gas inhalation and contrast agent injection, to improve the image quality 

[20,21]. However, stand-alone diffuse optical imaging systems still suffer from degraded 

spatial resolution and low quantitative accuracy [22,23]. To overcome this limitation, 

extensive effort has been spent to develop multimodality techniques that combine DOT with 

higher resolution imaging modalities, such as MRI, x ray, and ultrasound [21,24–26]. With 

this approach, the anatomical imaging modality can provide structural a priori information 

such as the tumor boundary, which can be used to guide and constrain the reconstruction 

algorithm by dividing the medium into tumor and background regions. It can also be used to 

classify different tissue types in the background (e.g., adipose and fibroglandular tissue in 

the breast) to assign corresponding optical properties. This multimodality approach has 

successfully been used to overcome the optical resolution limit of DOT for a number of 

applications such as determining tumor malignancy and monitoring tumor metabolic 

response to therapy [17,27,28].

While multimodality DOT has been largely used in human studies, there is a lack of 

multimodality small animal DOT systems for preclinical research [17]. As the optical 

properties are very heterogeneous in small animals, most preclinical multimodality imaging 

systems utilize fluorescent contrast for increased sensitivity and signal separation from 

background noise. Many studies have demonstrated that integrating structural a priori 

information derived from a high resolution anatomical imaging modality such as computed 

tomography (CT) and MRI can improve the resolution and quantitative accuracy of the 

recovered fluorescent source in bioluminescent (BLT) and fluorescent tomography (FT) [29–

33]. In fact, functional a priori information derived from DOT has also been shown to 

improve image performance by estimating optical scattering and absorption coefficients 

[34,35]. In addition to improving the reconstruction by providing a priori information, 

integration with anatomical imaging modalities or non-traditional functional imaging 

modalities such as positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT) can also provide a much needed cross-validation of the 

optical information [36–41]. Although DOT lacks the sensitivity of FT or BLT, it is much 

simpler to perform experimentally and computationally, has a higher signal-to-noise ratio 

(SNR) in detected signals, and does not require administered contrast agents. This can add 

an additional variable to consider for longitudinal studies, and increase the time during and 

in between imaging sessions [24,42]. With the growing number of cancer therapy drugs, 

specifically anti-angiogenic drugs that inhibit tumor growth, there is a need for small animal 

imaging systems to detect tumor microenvironment changes in pharmaceutical research for 

drug development and the study of hemodynamics. Indeed, with the progress of transgenic 

manipulation of small animals, there is no denying the key role animal models play in 

biomedical research to study disease and biological processes [24,43].
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Previously, we reported on using dynamic contrast-enhanced diffuse optical tomography 

(DCE-DOT) with the exogenous contrast agent indocyanine green (ICG) to differentiate 

necrotic and viable tumors in small animals [21]. In this paper, we studied whether the HbT 

recovered from the stand-alone DOT and MRI structural a priori guided DOT is sufficient to 

differentiate between high and low vascular heterogeneity levels of the tumors at various 

stages of growth (<2.5 cm) without the use of an exogenous contrast agent for small 

animals. Although the tumor heterogeneous hemoglobin distribution in large necrotic tumors 

(≥2.5 cm) has been reported using an ultrasound (US)-guided DOT in human breast cancer, 

there has been a lack of DOT systems to measure the heterogeneity of tumor vasculature in 
vivo for animals [44].

In this small scale animal study, we investigated the performance of our previously 

developed hybrid MRI-DOT system to differentiate between tumors with low and high 

vasculature heterogeneity in vivo. To the best of our knowledge, this is the first application 

of MRI-DOT to characterize the heterogeneity of the vasculature of a tumor in small 

animals. Both the anatomical magnetic resonance (MR) and DOT measurements were 

simultaneously acquired utilizing a custom built hybrid MRI-DOT system that allows 

accurate co-registration between the MRI and optical data in time and space. These results 

were compared to the DCE-MRI which was used as the gold standard and taken on the same 

system immediately following the DOT acquisition to provide the highest degree of 

correlation and accuracy.

2. METHODS

A. Instrumentation

The animal experiments were performed on a previously developed small animal frequency 

domain DOT system that is fully integrated with MRI to acquire information simultaneously 

[45]. The DOT imaging interface consisted of a circular array of eight sources and eight 

detectors equally spaced in a radial geometry as shown in Fig. 1(c) for a total of 64 

amplitude and 64 phase measurements. The temporal resolution for all 128 measurements 

was 16 s. This system operated at 100 MHz and used five different laser diodes with 

wavelengths of 665, 760, 785, 808, and 820 nm. The MRI data was taken using a 4T 

magnet. This hybrid system used a custom designed bird-cage type radio frequency (RF) 

coil integrated with the DOT interface. The MR imaging parameters were: 180 ms repetition 

time, 15 ms echo time, 90 deg flip-angle, 120 mm field of view, 4 mm slice-thickness, and a 

matrix size of 128 × 128.

B. Animal Studies

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at the University of California, Irvine. For this study, R3230 adenocarcinoma breast tumor 

cells were subcutaneously implanted in Fisher rats. Ten rats were used in this study and 

measured at various stages of growth with 5 mm as the minimum tumor size prior to 

imaging. The animals were divided into two equal groups of low and high vascular 

heterogeneity based on tumor size and DCE-MRI. The animals were characterized using 

DCE-MRI data to study the enhancement heterogeneity of the tumor from a bolus 
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gadolinium (Gd-DTPA) tail-vein injection. We used the enhancement fraction, EF , which is 

a simple method used by a number of research groups to measure tumor contrast agent 

enhancement heterogeneity by comparing the number of “enhanced” tumor voxels to the 

total tumor voxels [7,9,46]. This fraction was employed to assess the level of tumor 

perfusion and vasculature heterogeneity. Five out of the ten rats had a high E F (mean 0.94 

± 0.03) and were classified as high perfusion and low heterogeneity compared to the second 

group with a low mean E F score of 0.66 ± 0.09.

C. Data Analysis

For image-guided DOT, spatial information obtained by an anatomical imaging modality 

was used to provide information about the structural characteristics of the tumor (i.e., size, 

shape, location) with high resolution. This structural a priori data is then incorporated into 

the reconstruction program and has been shown to significantly improve the quantitative 

accuracy of DOT [45,47]. Multi-wavelength DOT and structural MR (T1 and T2 weighted) 

images were acquired concurrently, providing accurate co-registration between the MRI and 

optical data in time and space. DCE-MRI images were subsequently acquired to track the 

kinetics of Gd-DTPA and used as a gold standard to differentiate tumors with high and low 

vascular heterogeneity. The in vivo optical data was then analyzed and the cross-sectional 

HbT maps of the animals were reconstructed from multi-wavelength DOT measurements 

both with and without MR structural a priori information. The mean HbT was averaged over 

the tumor and muscle region of interest (ROI) as defined by the T1-weighted MRI.

1. Image Reconstruction—The diffusion equation was used to model the light 

propagation in tissue [48]:

∇ ⋅ D r ∇Φ r, ω − μa r + iω
cn

Φx r, ω = − q0 r, ω , (1)

where Φ r, ω W ⋅ mm−2  is the photon density, q0 r, ω  is an isotropic light source, μa mm−1

is the absorption coefficient, and cn is the speed of light corrected for the refractive index of 

the medium. The diffusion coefficient D(r) is directly related to absorption and scattering by 

the following equation: D = 1/3 μa + μ′s . Additionally, to relate the fluence rate to the 

optical flux at the boundary, the following Robin boundary condition was used to constrain 

the solutions to the diffusion equation:

Φ r, ω + 2AD r ⋅ ∂Φ r, ω
∂n = 0, (2)

where n is the refractive index of the medium, and A is the boundary mismatch parameter. A 

finite element method (FEM) based numerical solver was implemented to solve the diffusion 

equation. A FEM mesh was generated for each animal from the T1 weighted MR images. 

The size of each mesh varies for each animal. Rat 7, which is shown in the top row of Fig. 3, 

has 1168 and 313 nodes for the fine and coarse mesh, respectively. A dual mesh method was 

used to reduce computational time. A fine mesh is used to solve the forward problem, and a 

coarse mesh was used for the inverse problem. This inverse problem was solved by 
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minimizing the difference between the measured and calculated measurements. The solution 

can be written as

Δμa = JTJ + I −1JT Φm − Φc , (3)

where Φm is the measurement. Φc is the flux on the measured point calculated by the 

forward solver from the spatial distribution of μa. The Jacobian matrix J was calculated with 

the adjoint method [49]. A Levenberg–Marquardt nonlinear optimization algorithm was used 

for the reconstruction process. When anatomical a priori from the MRI was available, the 

animal was divided into two regions, tumor and background. A “soft a priori” approach was 

performed by applying a Laplacian-type regularization method, which loosely groups the 

nodes in a specified region, to find the reconstructed absorption coefficient map of the 

animal [47]. The matrix that relates each nodal property to all other nodes is defined as the 

L-matrix and can be written as

Li j =
0 if i and j are not in the same region
1/Nr if i and j are in the same region
1 if i = j

, (4)

where Nr represents the number of nodes included in one region. Then, the updated equation 

can be expressed as

Δμa = JTJ + LTL −1JT Φm − Φc . (5)

The algorithm is automatically stopped when the change in the residual between the forward 

problem and the measurements is less than 1% between successive iterations. All the 

reconstruction parameters, including the initial guess, damping factor, and stopping criteria, 

were kept the same for all the cases to ensure that there was no bias in the results. 

Chromophore concentration maps were obtained using the μa maps reconstructed at multiple 

wavelengths. More details on image coregistration and mesh generation were previously 

published [50].

2. Statistical Analysis—A two-sample Student t-test was used to estimate the p-value 

for the differences in mean HbT between the low- and high-heterogeneous tumors with and 

without a priori information.A paired Student t-test was employed to determine whether 

there was a significant difference between a priori and no priori data.A p-value of 0.05 or 

less was considered significant. Receiver operating characteristic (ROC) analysis was used 

to evaluate the potential of this method to distinguish low-heterogeneous tumors.

3. RESULTS AND DISCUSSION

A. Low Heterogeneity

Angiogenesis in the early stages of tumor growth forms a dense network of blood vessels to 

deliver nutrients to the tumor area. This dense network of blood vessels results in a highly 

perfusive and homogenous tumor. This can be seen in Fig 2(a) when the peak Gd-DTPA 
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enhancement in the tumor region is overlaid on the T1-weighted MR image of rats 1 and 5. 

The increase in blood supply also causes tumors in this stage to exhibit high uniform Gd-

DTPA enhancement throughout the whole tumor. The tumor can be located on the DOT total 

hemoglobin maps with and without MRI anatomical a priori information due to the 

increased hemoglobin concentration from angiogenesis. The stand-alone DOT image 

correlates well with the tumor region obtained by the MRI. However, when the MRI 

guidance is utilized, the total blood concentration is uniformly distributed in the tumor 

region as the a priori information loosely groups all the pixels of the tumor region together 

but at the same time allows the reconstruction algorithm the freedom to update an individual 

pixel.

B. High Heterogeneity

As the cancer progresses, the tumor grows and evolves such that the original blood supply is 

not sufficient to continue its growth. The tumor can recruit new blood vessels to alleviate 

some of this deficiency and further its growth. However, this lack of nutrients can result in 

cell death and lead to areas of necrosis in the interior of the tumor. This results in a tumor 

with lower blood perfusion and higher heterogeneity. This can be seen from Fig 3(a) in the 

DCE-MRI overlay of rats 7 and 10. Unlike the highly uniform enhancement seen in Fig 2(a), 

the Gd-DTPA enhancement of the tumor is characterized by a high enhancement on the 

tumor boundary due to the tumor rim angiogenesis and spotted with high and low areas of 

enhancement in the interior of the tumor. This indicates that the tumor has outgrown the 

nutrition supply, and the tissue has undergone some necrosis. In the optical images, the 

tumor and muscle regions are indicated by the dashed black and green lines, respectively. 

Similar to the previous case, the DOT total hemoglobin maps with and without the MRI 

tumor boundary information correlates well with the tumor region from the MRI. However, 

unlike the DCE-MRI image, the optical images present high enhancement within the tumor, 

indicating that the stand-alone DOT lacks sufficient spatial resolution to reveal tumor 

heterogeneity.

C. Total Hemoglobin Concentration

The rats were split into two categories defined by their DCE-MRI Enhancement Fraction: 

low and high tumor heterogeneity.

Five animals were found to have low heterogeneous tumors with high perfusion, while the 

other five had low perfusion tumors with high heterogeneity. The tumor size also correlates 

with the heterogeneity as the early stages of the tumor are smaller and have a dense network 

of blood vessels which is indicated by the higher enhancement fraction. The recovered 

hemoglobin concentrations within the ROIs are calculated for all ten animals from the 

reconstructed DOT images both with and without MR anatomical a priori information. Table 

1 shows the HbT values averaged over the tumor and muscle ROIs for these two groups 

along with their tumor size and enhancement fraction.

Without anatomical guidance, the stand-alone DOT shows a higher HbT of the tumor 

compared to muscle region due to the abundant vasculature in the tumor. However, it is 

unable to distinguish between the high and low heterogeneous tumors. As seen in Table 1, 
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the HbT for the DOT without MR a priori for the high and low heterogeneous tumors are 

nearly identical. The HbT is expected to be higher in the low heterogeneous tumors due to 

the higher vasculature of these early stage tumors. However, with the addition of the MR a 
priori information, there is a significant difference between the HbT for the high and low 

heterogeneous tumors. As the vasculature inside the muscle region is separate from the 

tumor, the HbT in the muscle is expected to be similar for both low and high heterogeneous 

tumor types. Thus, data in the muscle region serves as a control to determine the quality of 

the DCE-MRI and DOT measurements. Indeed, Table 1 shows that with the addition of the 

MR anatomical information, the recovered mean HbT in the muscle regions is slightly 

elevated but within the standard deviation and thus independent of the vascular 

heterogeneity in the tumor.

Figure 4 shows the mean and standard deviation for the HbT in the tumor and muscle ROI. 

Without MR guidance, the mean HbT for the low and high heterogeneous tumors are nearly 

identical at 133.7 ± 22.3 μM and 134.2 ± 32.6 μM, respectively. The muscle region showed 

similar mean HbTs of 76.2 ± 12.4 μM and 90.1.2 ± 23.0 μM for the low and high 

heterogeneous tumors, respectively, with the error bars overlapping.

On the other hand, with the addition of MR a priori, the difference between the low and high 

heterogeneous tumors becomes significant: 212.6 ± 44.1 μM and 150.7 ± 22.4 μM. Although 

there is a slight overlap with the standard deviations, a two-sample Student t-test found that 

they are statistically different with a p-value of 0.02. Meanwhile, the muscle region was 

similar to the no priori case, as there was no significant difference between the low and high 

heterogeneous tumors at 88.4 ± 28.8 μM and 109.4 ± 39.9 μM, respectively.

In addition, ROC analysis was performed to assess the ability to detect low heterogeneous 

tumors using the tumor mean HbT. These preliminary results using the HbT recovered with 

the addition of MR a priori showed much promise. The area under the curve (AUC) was 

found to be 0.88 with a sensitivity of 80% and specificity of 100%. In comparison, the HbT 

recovered without MR a priori showed a lower sensitivity (60%) and specificity (80%) with 

an AUC of 0.6. A limiting factor in the data analysis was the low number of rats used in this 

preliminary study.

Interestingly, a paired t-test comparing the mean HbT recovered with and without a priori 
showed that only the tumors with low heterogeneity showed a significant difference (p-value 

0.016) between the two groups when the MRI a priori information was added, as seen in 

Table 2. With MR a priori, the mean HbT increased 58.9% for the tumors with low 

heterogeneity compared to only 12.3% for the tumors with high heterogeneity. The percent 

increase for the muscle when the a priori information was applied was similar at 25.9% and 

21.4% for the low and high heterogeneous tumors, respectively. This follows as the T1-

weighted MR image is used to define the tumor boundary, which is defined as one region in 

the DOT reconstruction FEM mesh. This anatomical information works well for the 

homogenous early stage tumors. However, when applied to the heterogeneous tumors, the 

anatomical ROI a priori information fails to provide an accurate guide for the hemoglobin 

concentration. Instead, a more accurate guide would be to use the functional information of 

the DCE-MRI’s enhancement maps. However, it is interesting to note that this method is 
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able to separate the tumors with high and low heterogeneity without the use of the DCE-

MRI and an exogenous contrast agent.

4. CONCLUSION

In summary, we present a method to differentiate between tumors with low and high 

heterogeneity tumors in vivo using MR-guided DOT without the use of an exogenous 

contrast agent and validated by a DCE-MRI. The results of our small scale animal study 

show that stand-alone DOT was able to localize the tumor, however, it was only with the 

addition of the a priori MR anatomical information that there was a significant difference 

between the two tumor stages. These preliminary results confirm that DOT alone lacks the 

resolution to resolve the heterogeneity of the tumor without the help of a higher resolution 

imaging modality and shows the potential of guided DOT for characterization of tumor 

heterogeneity. Although this particular hybrid MRI-DOT system is impractical for low cost 

screening and imaging, as only the tumor boundary is needed to provide structural a priori 
information, this shows that other imaging modalities such as an ultrasound, which is 

inexpensive and portable, has much more potential as seen in the study by Zhu et al. [44].

Unlike the study by Zhu et al. (2005) where they mapped the heterogeneous areas of tumor 

angiogenesis in large tumors that were confirmed to be necrotic, in this study, the tumors 

studied are in an earlier stage of growth (0.69–2.47 cm), and range from uniform tumor 

vasculature to more mature stages of tumor angiogenesis where the tumor has outgrown its 

blood supply and heterogeneous areas have developed. Previous research using DOT to 

measure the heterogeneity of tumor vasculature focuses heavily on human subjects for breast 

cancer, and there is a lack of animal systems and data [44]. To the best of our knowledge, 

this is the first in vivo animal study to non-invasively characterize and confirm different 

stages of tumor vascular heterogeneity using image-guided DOT and DCE-MRI, 

respectively. A DCE-MRI was performed in the same imaging session immediately 

following the DOT measurements to provide the highest degree of correlation and accuracy. 

Unlike the previous studies which required tissue sampling at various positions of the tumor 

to confirm vascular heterogeneity using histologic MVD counts, the uniqueness of this 

hybrid MRI-DOT system enables in vivo, noninvasive functional confirmation mere seconds 

after the DOT measurements without any movement or alteration of the system set up or 

animal other than the gadolinium injection [44]. Not only does this reduce the variables and 

errors that can occur when correlating different validation methods, but the fact that the 

DCE-MRI allows for a noninvasive confirmation of the DOT results holds much potential 

for longitudinal studies. Although the DCE-MRI is a well-known method to measure 

changes in tumor vascular heterogeneity and angiogenesis, the correlation between the 

image-guided DOT and biological stages needs to be expanded [51]. This system allows for 

a unique opportunity to correlate image-guided DOT with the biological stages of cancer 

and provide immediate confirmation using the DCE-MRI. As this in vivo technique and 

system is non-invasive and does not require surgical interference, frequent DOT 

measurements can be taken throughout the entirety of the disease.

This opens up a wide array of preclinical applications. Having insight into the vasculature of 

the tumor in small animals has the potential to impact many areas of cancer research such as 
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studying different cancer disease progressions, drug development and treatment strategies, 

and even clinical care with the use of mouse drug avatars to provide personalized treatment 

for human patients [52,53]. Indeed, diffuse optical small animal imaging in vivo has much 

potential for drug development in preclinical pharmaceutical research. As one of the 

hallmarks of cancer, angiogenesis is a key component to the growth and spread of all cancers 

[54]. Much effort has been spent on developing antiangiogenic drugs that inhibit 

angiogenesis to slow tumor growth. Since FDA approval of the first antiangiogenic drug in 

2004, Bevacizumab, the number of antiangiogenic drugs has increased with many more 

drugs in clinical trials. In addition, in some cancers, studies have shown increased 

effectiveness of antiangiogenic drugs when combined with other therapies such as 

chemotherapy [1]. Consequently, methods to image and measure angiogenesis and the 

changes in the tumor vasculature have considerable importance not only for diagnosis and 

treatment, but in the development of new therapies.

The results of this preliminary investigation show the feasibility of this new method to 

differentiate tumor vascular heterogeneity. However, a major limitation includes the low 

number of animals used for this small scale animal study. Thus, future work will be to 

expand this study into a full scale investigation to validate this method. In addition, other 

criteria will be investigated further to see whether image-guided DOT can differentiate 

between multiple grades of tumor heterogeneity.
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Fig. 1. 
(a) Hybrid multi-wavelength MRI-DOT system animal holder and interface. (b) Close up of 

animal holder. (c) Schematic of interface. A 16-leg birdcage RF-coil is integrated into the 

interface to be able to acquire both optical and MRI measurements simultaneously. There are 

eight detectors and eight sources in a radial pattern, and each probe is adjusted until it comes 

in contact with the skin.
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Fig. 2. 
Low heterogeneous tumors with strong uniform enhancement in the tumor. The images in 

the top and bottom row correspond to rat 1 and 5, respectively, in Table 1. (a) T1 weighted 

MR images of the rat with the peak DCE enhancement map of the tumor (indicated as “T”) 

and muscle (indicated as “M”) region superimposed. The DOT reconstructed HbT maps 

(μM) (b) without and (c) with MRI structural a priori information is shown. The T and M 

region are indicated by black and green dashed lines.
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Fig. 3. 
High heterogeneous tumors with irregular enhancement in the tumor. The images in the top 

and bottom row correspond to rat 7 and 10, respectively, in Table 1. (a) T1 weighted MR 

images of the rat with the peak DCE enhancement map of the tumor (indicated as “T”) and 

muscle (indicated as “M”) region superimposed. The DOT reconstructed HbT maps (μM) 

(b) without and (c) with MRI structural a priori information is shown. The T and M region 

are indicated by black and green dashed lines.
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Fig. 4. 
Averaged HbT (μM) for both tumor and muscle regions recovered using stand-alone DOT 

(solid) with no priori information and a MR-guided DOT (striped) with the a priori 
information. The low and high heterogeneous cases are abbreviated as LH and HH, 

respectively. The standard deviations are also given.
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Table 2.

Paired t-test for Mean Difference in Averaged Total Hemoglobin Concentration with and without MR a priori 
Information

Heterogeneity

Tumor Muscle

Low High Low High

P-value 0.016
a 0.484 0.452 0.116

a
Significant.
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