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Abstract

Multiple myeloma (MM) is a largely incurable, debilitating hematologic malignancy of terminally 

differentiated plasma cells in the bone marrow (BM). Identification of therapeutic response is 

critical for improving outcomes and minimizing costs and off-target toxicities. To assess changes 

in BM environmental factors and therapy efficacy, there is a need for noninvasive, nonionizing, 

longitudinal, preclinical methods. Here, we demonstrate the feasibility of preclinical magnetic 

resonance imaging (MRI) for longitudinal imaging of diffuse tumor burden in a syngeneic, 

immunocompetent model of intramedullary MM. C57Bl/KaLwRij mice were implanted 

intravenously with 5TGM1-GFP tumors and treated with a proteasome inhibitor, bortezomib, or 

vehicle control. MRI was performed weekly with a Helmholtz radiofrequency coil placed on the 

hind leg. Mean normalized T1-weighted signal intensities and T2 relaxation times were quantified 

for each animal following manual delineation of BM regions in the femur and tibia. Finally, tumor 

burden was quantified for each tissue using hematoxylin and eosin staining. Changes in T2 

relaxation times correlated strongly to cell density and overall tumor burden in the BM. Median 

T2 relaxation times and regional T1-weighted contrast uptake were shown to be most relevant in 

identifying post-therapy disease stage in this model of intramedullary MM. In summary, our 
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results highlighted potential preclinical MRI markers for assessing tumor burden and BM 

heterogeneity following bortezomib therapy, and demonstrated the application of longitudinal 

imaging with preclinical MRI in an immunocompetent, intramedullary setting.

Graphical Abstract:

There is a scarcity of preclinical MRI studies of bone marrow malignancies. Here, we demonstrate 

multi-parametric MRI to longitudinally follow changes in the bone marrow in response to multiple 

myeloma stage and therapy in a preclinical immunocompetent model. The key findings in the 

intramedullary model were that T1-weighted contrast-enhanced MRI and T2 relaxation times are 

indicative of spatiotemporal disease progression and response to proteasome inhibitor therapy. 

Histology of the bone marrow validated the MR observations.
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Introduction

Multiple myeloma (MM) is a cancer of terminally differentiated plasma B-cells in the bone 

marrow (BM) that accounts for approximately 15% of all mortalities associated with 

hematologic malignancies1,2. Despite recent improvements in MM treatment, the efficacy of 

MM therapeutic strategies is still variable, especially at the late stages of cancer 

progression3. Changes in therapy efficacy are influenced, in part, by the interactions of 

myeloma cells with the BM microenvironment. As a result, imaging strategies to 

noninvasively assess changes in the BM microenvironment can provide valuable information 

for treatment stratification.

In MM, clinical magnetic resonance imaging (MRI) is used extensively to delineate lesions 

and stage disease progression following treatment4. Traditional biological markers, 

including bone remodeling and angiogenesis-related factors and plasma cell infiltration, are 

correlated to the observed lesions in T1-weighted, non-contrast enhanced and fat-

suppressed, T2-weighted MRI5,6. In particular, diffuse and variegated BM lesions have been 

identified with heterogeneous signal in T1-weighted imaging, with high correlation between 

level of diffuse infiltration and poor prognosis5. Additional MR techniques, including 

diffusion-weighted imaging, dynamic contrast-enhanced imaging, and magnetic resonance 

spectroscopy have also highlighted significant differences in diffusion coefficients, 

vascularity, and adipose tissue fraction between responders and non-responders7–9.

While the role of MRI is well established in the clinic, studies demonstrating the potential of 

preclinical MRI in MM are scarce. Due to its excellent soft-tissue contrast and resolution, 

MRI provides a preclinical platform for studying the BM microenvironment in a 

noninvasive, nonionizing, longitudinal manner. Here, we demonstrate the use of multi-

parametric MRI for longitudinal imaging of the tumor burden in the BM in a syngeneic 

immunocompetent model of intramedullary diffuse MM. Treatment with a proteasome 

inhibitor, bortezomib, was performed, due to its relevance in MM clinical care at all stages 

and its effect on BM remodeling10. Effective changes in tissue heterogeneity and tumor 

burden from T1-weighted imaging and T2 parametric maps, respectively, were correlated 

with histology for validation. T2 relaxation times and regional T1-weighted contrast uptake 

were shown to be most relevant for identifying post-therapy disease stage in this model of 

intramedullary MM.

Experimental

Cell Culture and Reagents

5TGM1-GFP cells (5TGM1; kind gift from Dr. K. N. Weilbaecher, Washington University, 

Department of Medicine) were maintained at 106 cells/mL in Iscove’s Modified Dulbecco 

Medium supplemented with 10% v/v fetal bovine serum and 1% penicillin/streptomycin (all 

from Thermo Fisher Scientific, MA, USA). Bortezomib (Sigma Aldrich, MO, USA) doses 

were prepared prior to each therapy injection.
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Tumor model and bortezomib therapy

All animal studies were conducted according to protocols approved by the Washington 

University Institutional Animal Care and Use Committee. Mice were anesthetized under 2% 

v/v isoflurane/100% O2 prior to tumor implantation. Female 4–8 week old C57Bl/KaLwRij 

mice were injected intravenously with 106 5TGM1 cells, via the lateral tail vein, which 

resulted in diffuse tumor burden in the BM and spleen11.

Tumor-bearing mice were separated into randomly assigned untreated (n=5) and 

bortezomib-treated (n=9) independent cohorts (Figure 1). Bortezomib therapy was 

administered intraperitoneally at 1 mg/kg twice a week beginning on day 14 post tumor 

implantation12. Untreated animals received the vehicle control on the same schedule. Non-

tumor bearing animals (n=4) were imaged once.

Preclinical Magnetic Resonance Imaging

Preclinical 1H MRI experiments were performed on a 4.7-T Agilent/Varian (Santa Clara, 

CA, USA) DirectDrive MRI scanner employing a horizontal Oxford Instruments (Abington, 

Oxfordshire, UK) magnet with 40-cm clear bore diameter and an actively shielded 

Resonance Research Inc. (Billerica, MA) gradient/shim coil assembly of 11.5-cm bore 

diameter driven by Oy International Electric Company (IEC; Helsinki, Finland) model 

A-240 amplifiers (~70 gauss/cm is achievable with a rise time of ~120 μs). All imaging 

experiments were conducted under 1% v/v isoflurane/100% O2 anesthesia. Mice were 

placed prone, with the hind leg immobilized within a tuned Helmholtz radiofrequency coil. 

The hind leg was used to image changes in large BM sites with minimal motion artifacts. 

Body temperature was maintained with an external air heater. Planning and localization of 

femur and tibia regions of interest (ROIs) were performed using sagittal (field of view 

(FOV) 2.5×2.5×0.5 cm3) and transverse (FOV 1.5×1.5×1.0 cm3) T1-weighted gradient echo 

sequences (flip angle 20°, repetition time (TR) 100 ms, echo time (TE) 5 ms). Following 

field shimming, T2 parametric maps were collected using multi-slice, multiple spin echo 

(FOV 2×2×0.3 cm3, TR 2s, 7.1 ms ≤ TE ≤ 113.5 ms, 16 echoes, 0.156×0.156×1 mm3 voxel 

dimensions, 128×128×3 matrix dimensions, 1 average). Mice were then injected 

intraperitoneally with 12 μmol MultiHance (Bracco Diagnostics, NJ, USA). To allow the 

contrast agent to accumulate and approach steady state, CE T1-weighted gradient echo 3D 

images were collected 8–10 minutes following injection of the agent (FOV 2×1×1 cm3, flip 

angle 20°, TR 25 ms, TE 4.2 ms, 0.78×0.78×0.78 mm3 voxel dimensions, 128×256×128 

matrix dimensions, 4 averages).

Bone histology and imaging

Following euthanasia, femur and tibia were removed and decalcified. Bone tissue was 

embedded in paraffin, sectioned at 5 μm thickness, and stained with hematoxylin and eosin 

(H&E). Brightfield images of the H&E stained slides were acquired using the NanoZoomer 

Digital Pathology System (NanoZoomer 2.0-HT, Hamamatsu, Japan).

Data analysis

Image analysis was performed using in-house routines developed on MATLAB R2014b 

(Mathworks, MA, USA). ROIs for the femur, tibia, and muscle volumes were drawn on each 
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slice of T1-weighted, non-CE and CE images using ImageJ (National Institutes of Health, 

MD, USA). To minimize variability in inter-scan T1-weighted image intensity resulting 

from unavoidable modest variability in coil placement and subject positioning, CE T1-

weighted images were normalized by the mean voxel intensity of the muscle volume of 

interest (VOI). T2 parametric maps were generated using non-linear least squares fitting of 

the equation S(t) = A + B × exp(−t/C) for each voxel, where S(t) is the signal intensity, t is 

TE, A and B are scaling constants, and C is the voxel-specific T2. The constant, A, accounts 

for both the positive, non-zero mean of Rician noise and any steady-state, non-zero 

transverse magnetization resulting from imperfect, slice-selective 180° refocusing pulses.

The spatial distribution of T1-weighted signal within the femur and tibia VOIs was assessed 

by calculating the coefficient of variation of the normalized T1-weighted intensity and 

textural autocorrelation. To calculate textural autocorrelation, image histograms were 

distributed into equally sized integer bins and voxels were relabeled to the integer values of 

their respective bins. A gray-level co-occurrence matrix (GLCM) was computed on the VOI 

covering each neighboring voxel in 3D space13,14. Autocorrelation was calculated as 

∑i
Ng ∑ j

Ng pip j, where Ng and p are the number of gray levels in the scaled image and the 

GLCM, respectively. Bone histology images were imported into MATLAB using ImageJ 

and the Bio-Formats application interface15. Images were first manually segmented into 

femur and tibia BM ROIs, and then into tumor and non-tumor ROIs. Tumor burden (%) was 

calculated for tumor-bearing groups as (Total ROI area – Non-tumor area)/(Total ROI area) 

* 100%.

Statistical analysis

Statistical analysis on histogram and texture statistics from the imaging and histology was 

performed using GraphPad Prism 7.0 (GraphPad, CA, USA). One-way analysis of variance 

(ANOVA) with Tukey multiple comparisons test was used to assess statistical significance 

between multiple treatment groups for femur and tibia VOI individually. A p-value less than 

0.05 was defined as statistically significant. Correlations between MR and histology features 

were calculated using the Spearman rho coefficient. Finally, to distinguish between pre- and 

post-therapy time points, a 150-tree random forest was trained on a group of T1-weighted 

and T2 histogram and heterogeneity features16. The features used in this analysis were the 

median, variance, coefficient of variation, and entropy from femur and tibia VOIs in the T1-

weighted images and T2 parametric maps. Classification error was computed as the rate of 

misclassification against a random one-third of the data at each iteration, while the 

importance of each feature was computed by dividing misclassification probability by the 

standard deviation from all trees.

Results

Observed differences in normalized 3D CE T1-weighted MRI

Diffuse tumor burden in the femur and tibia VOIs in treated and untreated C57Bl/KaLwRij 

mice bearing intramedullary 5TGM1 tumors was visualized using normalized CE T1-

weighted imaging (Figure 2). Due to heterogeneity in the BM composition of the femur and 
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tibia, end-stage untreated mice displayed spatial variation in T1-weighted CE image 

intensity in the femur, and to a lesser extent, tibia (Figure 2B). By contrast, non-tumor 

bearing (Figure 2A) and end-stage treated (Figure 2C) groups showed minimal spatial 

heterogeneity in either femur or tibia. Mid-stage, untreated (week 3) and treated (week 4) 

mice had similar spatial distributions in both femur and tibia (Supplemental Figure 1A–B). 

Textural analysis of these images confirmed the observed spatial distributions. The GLCM 

autocorrelation, which measures the fineness of the textured image, was significantly 

reduced in the femurs of untreated tumor-bearing mice (p<0.05) relative to the non-tumor 

bearing and treated tumor-bearing groups (Figure 2D). Furthermore, there was a statistically 

significant increase in the difference in autocorrelation between the treatment time points 

and the pre-treatment baseline relative to the untreated groups (p<0.01) (Figure 2E).

Statistical analysis of mean T1-weighted CE normalized intensities supported the spatial 

heterogeneity observations in representative sections (Figure 3A). End-stage (weeks 5–6), 

treated tumor-bearing mice showed a statistically significant increase in T1-weighted 

intensity relative to the mid-stage (weeks 3–4) treated and untreated groups in the tibia 

(p<0.01). Interestingly, in the femur, the mean T1-weighted intensity in the non-tumor 

bearing group was significantly higher (p<0.001) than in the rest of the groups and had a 

tighter intra-group distribution relative to the non-tumor tibia VOI. To minimize the 

underlying intra-animal heterogeneity, the %difference between the pre-treatment and the 

latter stage time-points was calculated. The end-stage treated group showed a statistically 

significant increase in the %difference in T1-weighted intensity relative to the mid-stage 

treated and untreated groups in the tibia (p<0.05), but not the femur (Figure 3B). These 

results demonstrate that region-specific permeability and contrast agent uptake via vascular 

availability are affected by bortezomib treatment response and tumor burden.

Effect of disease stage and bortezomib therapy on T2 parametric maps

To identify the effect of treatment on tumor burden, T2 parametric maps were generated. 

These maps identified substantive changes in the tibia VOI after tumor implantation. The 

non-tumor-bearing tibia had low overall T2 (Figure 4A), while untreated and treated cohorts 

displayed similar T2 distributions in both VOIs (Figure 4B, 4C). Interestingly, treated mid- 

and end-stage animals showed increasing clustering of high T2 values (>45 ms) near the 

epiphyseal plate (Supplemental Figure 1D).

These observations were further supported by quantitative analysis of the T2 parametric 

maps (Figure 5A). In both femur and tibia, mean T2 times in the end-stage (weeks 5–6), 

treated tumor-bearing group was significantly increased relative to the T2 times in the mid-

stage treated group (p<0.01). In both VOIs, the non-tumor bearing group had low mean T2, 

although as observed, the non-tumor T2 in the tibia was significantly lower than in the other 

groups (p<0.001). Following normalization with pre-treatment imaging, the treated end-

stage and mid-stage groups were more heterogeneous in the tibia VOI than in the femur 

(Figure 5B). In the tibia, there was a statistically significant difference in the %T2 difference 

between the untreated groups and the end-stage treated group (p<0.01). By contrast, in the 

femur, there was a significant reduction in the %T2 difference mid-stage treated relative to 
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the end-stage untreated and treated groups (p<0.05). These results suggest that the T2 

parametric maps are responsive to the overall disease stage following treatment.

Finally, histogram and heterogeneity features from T1-weighted images and T2 parametric 

maps were used to identify disease stage post-treatment with a 150-tree random forest. First 

order descriptive statistics, especially median T2 times, were highlighted as the most 

predictive features of pre- and post-treatment stage (Supplemental Figure 2A). Using the 

highest performing features, the intra-class separation area under the receiver operator 

characteristic curve was greater than 0.79, with total 65% accuracy in classification 

(Supplemental Figure 2B, 2C). Scaling the data onto a lower dimensional space showed that 

mid-stage (week 3–4) and end-stage (week 5–6) treated cohorts have similar MR 

characteristics (Supplemental Figure 2D). This observation suggests that imaging in this 

animal model can differentiate between pre- and post-therapy conditions, but is less sensitive 

to changes between the early and late stages of the post-treatment disease progression. In 

summary, T1-weighted CE imaging and T2 parametric maps were indicative of tumor 

burden, with significant effects seen in the end-stage, treated, tumor-bearing group.

Validation of imaging results with H&E of femur and tibia BM

To validate MRI results, the femur and tibia were extracted at end-stage disease and stained 

with H&E. Non-tumor bearing mice had high lipid content clustered near the femur 

epiphyseal plate and low overall cell density (Figure 6A). In the end-stage, untreated tumor-

bearing group, the healthy BM was overtaken by densely packed, mononuclear tumor cells, 

while non-tumor BM tissue was sequestered in the epiphysis of the femur and tibia (Figure 

6B, Supplemental Figure 3B). Following treatment, tumor tissue was primarily concentrated 

proximal to the epiphyseal plate in both femur and tibia (Figure 6C, Supplemental Figure 

3A). Additionally, both mid- and end-stage, treated groups showed statistically significant 

reductions in tumor burden in both femur and tibia relative to the untreated mice (Figure 6C, 

Supplemental Figure 3B). These1`1` results suggest that bortezomib therapy restricts tumor 

cell growth to the rapidly growing epiphyseal plate region, which may correlate with the 

observed high T2 values near the epiphyseal plate in some of the animals in the end-stage 

treated group (Figure 4C).

In summary, histology and tumor burden quantification demonstrated the difference in the 

distribution of tumor between the untreated and treated tumor-bearing groups. BM in the 

femur and tibia of untreated animals was dominated completely by tumor tissue, while 

tumor burden was concentrated proximal to the epiphyseal plate in the treated animals, 

especially in end-stage, treated disease. The heterogeneity in cell density was positively 

correlated with the coefficient of variation of the femur and tibia VOIs in the T1-weighted 

images and T2 parametric maps (Supplemental Figure 4).

Discussion

This study marks one of the first instances utilizing multi-parametric MRI to longitudinally 

follow changes in the BM in response to MM stage and therapy in a preclinical 

immunocompetent model. Previously, Fryer et al demonstrated that a combination of in vivo 
bioluminescence and T2-weighted tumor volume were correlated to therapy response in an 
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intratibial immunocompromised model of MM17. Similarly, Gauvain et al used a metastatic 

melanoma model in immunocompetent C57Bl/6 mice to identify early stage bone metastases 

using a combination of T2-weighted and T2 parametric imaging18. In both studies, the 

tumor model resulted in focal lesions, which have well-defined boundaries. However, in this 

study, a diffuse intramedullary tumor model was generated by intravenous injection of 

syngeneic tumor cells within an immunocompetent strain. The advantages of this model 

include the preservation of the immune response to the myeloma cells and the presence of 

therapy-induced inflammation. Since MRI offers high soft-tissue contrast and spatial 

resolution, we hypothesized that MRI could provide a noninvasive, longitudinal approach for 

studying changes in the BM induced by bortezomib therapy and MM disease progression. 

The key MR features and their corresponding biological correlates in the BM are 

summarized in Table 1.

T1-weighted, CE, 3D MRI signal intensities were indicative of contrast uptake within 

regions of tissue. Gadolinium-based contrast agents induce shortening of T1 relaxation 

times, resulting in increases in T1-weighted signal intensity in highly vascular and 

permeable regions relative to necrotic and less vascularized regions19. Spatial heterogeneity 

was quantitatively assessed using textural autocorrelation, which is correlated to the textural 

coarseness of the image. Image coarseness decreases with increasing MR signal 

homogeneity that can arise from reduced tumor burden, uniform contrast distribution, or a 

combination of the two factors within the VOI. The uptake of contrast within the BM in the 

femur and tibia was spatially heterogeneous, especially in the end-stage, untreated, tumor-

bearing animals. By contrast, treatment with bortezomib resulted in increases in 

homogenous contrast agent uptake within the BM in both femur and tibia. Bortezomib 

causes significant marrow remodeling, resulting in reduction in osteoclast activity and 

cytokine secretion, and inhibition of tumor-induced angiogenesis20,21. At the same time, 

healing and tumor cell death induced by bortezomib may also generate increased 

inflammation, which may result in an increase in contrast uptake within high tumor burden 

regions after relapse. By contrast, in the mid-stage treated group, bortezomib efficacy and 

inhibition of neo-vascularization likely dominates, resulting in low normalized T1-weighted 

intensity.

In contrast to T1-weighted CE images, T2 parametric maps were reflective of tumor burden 

and increased regional water content. There was less spatial heterogeneity in the T2 

parametric maps, although this observation may have partially resulted from the reduced 

resolution in the T2 maps compared to the T1-weighted 3D images. T2 values were highest 

in both treated and untreated mice near the epiphyseal plate. This may be caused by the high 

tumor burden in those regions due to the presence of hematopoietic niches in the epiphysis 

and the availability of tumor-promoting cellular and extracellular matrix factors. 

Interestingly, mean T2 relaxation time was significantly increased in the tibia of the tumor-

bearing groups relative to the non-tumor bearing group. The increase in T2 relaxation from 

the non-tumor group compared to the tumor-bearing groups was not as exaggerated in the 

femur. These trends may be a function of the underlying composition of the femur and tibia 

in the C57Bl/KaLwRij model. There is higher hematopoietic and cellular content in the 

femur BM, with the tibial BM, especially in the distal tibia, dominated by adipose tissue22. 

In the presence of myeloma, T2 relaxation times increased, although interestingly, the 
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relative difference in T2 relaxation was higher in the treated animals than in the untreated 

groups. These results suggest that T2 relaxation is indicative of overall tumor burden and 

post-treatment disease progression.

Histology with H&E staining was used to validate the MRI observations. Tumor burden in 

the end-stage untreated animals completely displaced normal BM in the femur and tibia. 

This result approximates advanced MM in humans, with homogeneous, packed diffuse 

infiltration dominating the BM23. The lack of marrow adipose tissue in the tumor-bearing 

animals may be partly due to the age of the mice, since significant changes in marrow 

adipocyte depositions occur in older animals. The study used young, 4–6 week old mice, 

since young animals have high rates of bone remodeling and higher plasticity in the marrow 

composition. Both mid-treatment and end-stage cohorts had reduced tumor burden, which 

was concentrated proximal to the epiphyseal plate. Increases in the normalized T1-weighted 

intensity and T2 relaxation times were observed at the epiphyseal plate. Additionally, the 

overall heterogeneity in cell density correlated with heterogeneity in the T1-weighted and T2 

parametric imaging in the femur and tibia. These correlations and observations suggest that 

the MR results are reflective of the changes in the BM environment following bortezomib 

therapy.

The main limitations of this study are the rapid disease kinetics and the absence of validation 

with a focal lesion model and a non-tumor bearing, treated control cohort. Due to the 

aggressive nature of this tumor model, animals treated with bortezomib transitioned rapidly 

from mid-stage to end-stage disease, leaving subtle changes in the BM. Classification of 

disease stage following therapy using random forests indicated that T1-weighted contrast 

uptake and T2 relaxation times were very similar at all post-therapy time points. 

Furthermore, contrast uptake and changes in the spatial distribution of signal intensities were 

affected by the underlying heterogeneity in the distribution of hematopoietic and fatty 

marrow in the BM. Comparison with a well-circumscribed, focal lesion model may further 

validate the observations of this study and minimize the effect of spatiotemporal 

heterogeneity on the imaging results, especially at early and mid-stage disease. Finally, the 

addition of a non-tumor cohort with bortezomib treatment may provide a useful control for 

therapy-induced inflammation.

In conclusion, this study demonstrates that T1-weighted CE MRI and T2 relaxation times 

are indicative of disease progression and response to bortezomib therapy in an 

immunocompetent intramedullary model of MM. As such, it marks the first instance of 

using MRI to longitudinally study the behavior of the BM in the preclinical model with 

diffuse MM infiltration, showing significant histogram and textural feature correlation to 

tumor burden in the presence of myeloma therapy. The study also highlighted potential 

preclinical MRI markers for assessing changes to the BM induced by MM and therapy. 

Future studies will include MR spectroscopy to assess changes in adipose tissue composition 

in response to myeloma in both young and old mice, the use of alternate hypo-proliferative 

myeloma cell lines, and testing with combination therapies and newer proteasome inhibitors.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Study design, imaging, and therapy timeline. Untreated tumor-bearing (N = 5) 5TGM1/

KaLwRij were imaged weekly with non-CE T2 parametric mapping and 3D CE T1-

weighted MR weekly beginning two weeks post 5TGM1 tumor implantation. Untreated 

animals were euthanized at the onset of systemic paralysis, which occurred approximately 

four weeks post tumor implantation. The bortezomib treatment cohort (N = 9) was similarly 

implanted with 5TGM1 tumors and injected with bortezomib via intraperitoneal injection at 

1 mg/kg twice a week, beginning two weeks post tumor implantation. On imaging days 

(e.g., day 14, 21, 28), therapy and vehicle injections were performed immediately following 

imaging. As with the untreated tumor-bearing cohort, each mouse was imaged weekly with 

non-CE T2 parametric mapping and a 3D CE T1-weighted pulse sequence.
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Figure 2: 
Representative T1-weighted CE-MRI. Each voxel in the volume was normalized by the 

mean of representative muscle VOI located in the lower leg. (A) Non-tumor bearing. Red 

outline indicates reference muscle ROI used for normalization. (B) Untreated tumor-bearing, 

week 4. (C) Treated tumor-bearing, week 6. Red arrows highlight regions of significant 

spatial intensity variation. Scale bar, 4 mm. (D) Mean gray-level co-occurrence matrix 

(GLCM) autocorrelation in normalized tibia and femur VOIs in non-tumor (NT), untreated 

tumor-bearing at weeks 3 (U3) and 4 (U4), and treated tumor-bearing groups at weeks 3–4 

(MT) and weeks 5–6 (ET). (E) Mean GLCM autocorrelation relative to week 2 baseline for 

each animal (%difference = (Time-point Mean – Baseline Mean)/(Baseline Mean)). 

Statistical significance was assessed using a one-way ANOVA with Tukey multiple 

comparisons test performed individually on the tibia and femur VOIs (*p < 0.05). Whiskers 

indicate 5–95% confidence intervals.
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Figure 3: 
Mean CE T1-weighted intensity, normalized by mean muscle intensity, in femur and tibia 

VOIs. (A) Mean CE T1-weighted normalized intensity in non-tumor bearing (NT) mice, 

untreated tumor bearing mice at weeks 3 (U3) and 4 (U4), and treated tumor-bearing mice at 

weeks 3–4 (MT) and 5–6 (ET). (B) Mean CE, T1-weighted normalized intensity relative to 

week 2 baseline for each animal (%difference = (Time-point Mean – Baseline Mean)/

(Baseline Mean)). Statistical significance was calculated using a one-way ANOVA with the 

Tukey multiple comparisons test performed individually on the tibia and femur VOIs (*p < 

0.05, **p < 0.01, ***p < 0.001; closed line indicates comparison between two groups, open-

ended line indicates statistical significance between one group against all other included 

groups). Whiskers indicate 5–95% confidence intervals.
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Figure 4: 
Representative T2 parametric maps of femur and tibia BM. (A) Non-tumor bearing mice. 

(B) Untreated tumor-bearing mice, week 4. (C) Treated tumor-bearing mice, week 6. Femur 

and tibia T2 maps were overlaid on non-CE, oblique, T1-weighted intensity images 

normalized by the mean voxel intensity of the muscle ROI. Scale bar, 4 mm; T2 range 0–60 

ms.
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Figure 5: 
Mean T2 in femur and tibia VOIs. (A) Mean T2 in non-tumor bearing (NT) mice, untreated 

tumor-bearing mice at weeks 3 (U3) and 4 (U4), and treated tumor-bearing mice at weeks 3–

4 (MT) and weeks 5–6 (ET). (B) Mean T2 relative to week 2 baseline for each animal 

(%difference = (Time-point Mean – Baseline Mean)/(Baseline Mean)). Statistical 

significance was assessed using a one-way ANOVA with Tukey multiple comparisons test 

performed individually on the tibia and femur VOIs (*p < 0.05, **p < 0.01, ***p < 0.001; 

closed line indicates comparison between two groups, open-ended line indicates statistical 

significance between one group against all other included groups). Whiskers indicate 5–95% 

confidence intervals.
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Figure 6: 
Representative H&E sections. (A) Non-tumor bearing mice. (B) Untreated tumor-bearing 

mice, week 4. (C) Treated tumor-bearing mice, week 6. Green outline indicates tumor 

boundaries. Top inset highlights non-tumor cells, as indicated by the presence of large, 

cytoplasm-rich, multi-nucleated megakaryocytes (red arrowhead) and lobular, concave 

nuclei (red arrow). The bottom inset highlights tumor cells, as indicated by the presence of 

segmented, chromatin-rich mitoses (green arrowhead) and oval plasma cell nuclei (green 

arrow). Scale bar, 500 μm; inset scale bar, 20 μm.
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Table 1:

Summary of MR markers and their corresponding biological features for each imaging group relative to the 

untreated week 4 group. 0, no effect; +, difference in features; ++, statistically significant difference in 

features.

Untreated Treated

MR marker Biological Correlate Non-tumor Week 3 Week 4
Mid-stage
(Wks 3–4)

End-stage
(Wks 5–6)

Autocorrelation and normalized T1-weighted 
intensity Tissue Homogeneity ++ 0 0 + ++

Mean T2 relaxation times Tumor burden N/A 0 0 + ++

H&E cell density Total tumor burden N/A N/A 0 ++ ++
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