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Tuberous sclerosis complex (TSC) is an inherited genetic disorder characterized by mutations in TSC1 or TSC2 class of tumor suppressers which impact several organs including the kidney. The renal manifestations are usually in the form of angiomyolipoma (AML, in 80% of the cases) and cystadenomas. mTOR inhibitors such as rapamycin and everolimus have shown efficacy in reducing the renal tumor burden. Early treatment prevents the progression of AML; however, the tumors regrow upon cessation of therapy implying a lifelong need for monitoring and management of this morbid disease. There is a critical need for development of imaging strategies to monitor response to therapy and progression of disease which will also facilitate development of newer targeted therapy. In this study we evaluated the potential of multiparametric 1H magnetic resonance imaging (mpMRI) to monitor tumor response to therapy in a preclinical model of TSC, the transgenic mouse A/J Tsc2+/-. We found 2-dimensional T2-weighted sequence with 0.5 mm slice thickness to be optimal for detecting renal lesions as small as 0.016 mm3. Baseline characterization of lesions with MRI to assess physiological parameters such as cellularity and perfusion is critical for distinguishing between cystic and solid lesions. Everolimus treatment for three weeks maintained tumor growth at 36% from baseline, while control tumors displayed steady growth and were 70% larger than baseline at the end of therapy. Apparent diffusion coefficient, T1 values and normalized T2 intensity changes were also indictive of response to treatment. Our results indicate that standardization and implementation of improved MR imaging protocols will significantly enhance the utility of mpMRI in determining the severity and composition of renal lesions for better treatment planning.
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Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant syndrome caused by germline inactivating mutations in either allele of the genes TSC1 or TSC2. The TSC1/TSC2 tumor suppressor gene complex, also known as the Hamartin and Tuberin protein complex, negatively regulates mechanistic target of rapamycin (mTOR) complex 1 (mTORC1), a master regulator of cellular biosynthesis, resulting in proliferation, angiogenesis and uncontrolled cell growth. This disorder affects multiple organ systems and the clinical manifestations of TSC include tumors in brain, skin, heart, lungs, and kidneys and neurological conditions such as seizures, autism, and cognitive disability. The renal manifestations are usually in the form of angiomyolipoma (AML, in 70-80% of the cases) and cystadenomas and are one of the main causes of mortality and morbidity in patients with TSC (1). The severity of renal involvement is markedly increased in disease caused by TSC2 compared to TSC1 mutations (2). TSC renal cysts have a range of disease patterns and severity reflected by a clinical scoring system that has been developed independent of the Bosniak scale (3). These lesions are under-recognized for causing severe disease which manifests as hypertension and chronic kidney disease. Management of TSC cystic disease is not well-studied although controlling blood pressure (4) and treating with mTOR (5) inhibitors have shown benefit in reducing cystic burden.

Unlike sporadic AML tumors that are unilateral and smaller in size, those associated with TSC are multiple, bilateral, and asymptomatic. However, as they progress to larger lesions (>3 cm), they run the risk of bleeding and require prophylactic management to prevent renal impairment which can sometimes be fatal. Transarterial embolization of these lesions at high risk for bleeding has been shown to slow tumor growth and preserve renal function (6). However, repeat treatment is often required and necessitates regular radiographic follow-up. Thus, constant monitoring after diagnosis, for tumor growth and emergence of new tumors, is implicit in the management of TSC-associated AML.

mTOR pathway inhibitors such as everolimus and sirolimus are the first line of therapy against asymptomatic AML (7). Studies have shown that early treatment prevents the progression of AML and can in fact cause tumor shrinkage, but tumors regrow upon cessation of therapy, implying a lifelong need for monitoring and management. Therefore, imaging assessment of disease prevalence and treatment response is essential for management of this disease. Magnetic resonance imaging (MRI) is the recommended modality to follow these renal lesions that often have cystic components and are sometimes fat-poor (8).

The Tsc2+/- A/J mouse is heterozygous for deletion of exons 1-2 and is considered a good model to study TSC-related kidney disease because the mice develop age-related renal cysts and kidney tumors (cystadenomas and cystadenocarcinomas) with a defective mTOR pathway like that observed in human TSC-related tumors (9–11). This model has proven invaluable for evaluating numerous therapies (12–14) but the lack of longitudinal noninvasive measures of treatment effect is a significant barrier to full utilization of this model. In fact, this model has not been characterized with imaging modalities such as MRI which is an indispensable tool in the clinical workup of patients with TSC. Hence, the goal of this pilot study was to evaluate and optimize MR imaging protocols for monitoring renal lesions and to assess the potential of multiparametric 1H MRI (mpMRI) to monitor tumor response to therapy in this preclinical transgenic mouse model of TSC.



Materials and Methods


Animal Model

Six male A/J strain Tsc2+/- mice (courtesy Tuberous Sclerosis Complex Alliance), 6-7 months old, were studied (n = 3 control and n = 3 treatment). All procedures were approved by our Institutional Animal Care and Use Committee. The mice were treated with everolimus (RAD001, Sigma-Aldrich), 5 mg/kg administered intraperitoneally daily for a total of 3 weeks. Everolimus was dissolved in PEG 400 and 20% 2-hydroxypropylcylcodextrine in water + dimethylsulfoxide (DMSO, Sigma-Aldirch).



1H MR Imaging

Tumor-bearing mice were imaged using a vertical wide bore 14.1T scanner (1,000 mT/cm gradients, Agilent) equipped with a millipede 40 mm 1H coil for anatomic imaging. Mice were anesthetized with 1–2% inhalant isoflurane. Multiparametric imaging was performed which included T2-weighted imaging for morphology, diffusion weighted images for cellularity, T1-weighted images with variable flip angle for T1 mapping followed by dynamic contrast enhanced (DCE) imaging for measuring perfusion. High resolution T2-weighted images were acquired for anatomic references using a fast spin echo sequence with fat suppression and the following parameters: field of view, 30 x 30 mm; matrix size, 256 x 256; repetition time, 3 s; echo time, 10 ms; ETL 8; segments 32; NEX, 2; slice thickness 1 and 0.5 mm, interleaved acquisition in both axial and coronal orientations. High resolution 3D images were acquired using a fast spin echo sequence and the following parameters: repetition time, 200 ms; echo time, 9 ms; field of view, 30 x 30 mm; slab thickness, 64 mm; matrix size, 256 x 256 x 64 (128 for 0.5 mm thick slices); NEX, 2; slice thickness 0.5-mm. Diffusion weighted images with respiratory gating were acquired using the following parameters: matrix size, 128 × 128; field of view, 30 × 30 mm; slice thickness, 1 mm; b-values of 25, 180, 323, 508 s/mm2. T1 mapping was performed by acquiring gradient echo images with field of view, 30 x 30 mm; matrix size, 128 x 128; repetition time, 39 ms; echo time, 3 ms; slice thickness 1 mm with the following flip angles: 2, 5, 10, 15, 20, 30 and 40 degrees. Following T1 mapping, a bolus of Gd-DTPA (0.27 mmol/kg, Magnevist, Bayer Healthcare, Whippany, NJ) was injected via the tail vein followed by 150 µL of saline flush. DCE MRI was performed with the following parameters: TE/TR =1.11/39 ms, 40° flip angle, 128´128 matrix, 30 x 30 mm FOV, 0.3125 x 0.3125 mm in-plane resolution, 1 mm slice thickness, 40 dummy scans (prior to contrast agent injection), and 5s temporal resolution with total 50 time points. After baseline imaging, the three mice were either treated with everolimus and the remaining three were untreated controls. All the six mice were imaged weekly with the same imaging protocol for a total of three weeks.



Data Analysis

All image processing and analysis were performed using MATLAB (Mathworks, Natick, MA, USA), and IDL based in-house software BRIMAGE. All the data presented in this study is from 3 mice per cohort. T2-weighted images were used to calculate the volume of tumor lesions in mice and were tracked over time by manually drawing regions of interest (ROIs) around them. T2-weighted intensities for all lesions were calculated and normalized to blood vessel intensity to evaluate the serial changes and across groups. We normalized the T2-weighted intensities to blood vessel intensity as we do not expect the latter to be affected by age and/or treatment. Apparent diffusion coefficient (ADC, mm2/s) maps were generated as previously described (15) and mean tumor ADCs for the same ROIs. Briefly, ADC were estimated on the basis of mono-exponential fitting of diffusion-weighted signal of 4 b-values to the equation S = S0•exp(–ADC• b) using VNMRJ software (Agilent Technologies). Baseline T1 maps and semi-quantitative analysis of DCE data was performed using the techniques previously described (16). We looked at the following semi-quantitative parameters based on dynamic Gd-DTPA concentration: 1) area under the curve (AUC): sum of Gd-DTPA concentrations at all time points; 2) initial area under the curve (iAUC): sum of Gd-DTPA concentration from contrast agent arrival to 90s after the arrival; 3) wash-in slope: approximate derivative of dynamic Gd-DTPA concentration curve from bolus arrival to the peak; 4) wash-out slope: the slope of linear regression of Gd-DTPA concentration from the time of peak enhancement to the last time point, with positive slopes allowed; 5) time to reach peak concentration and 6) peak concentration. We also evaluated the quantitative parameter Ktrans (volume transfer constant) that represents the permeability using the Tofts model (16).



Statistical Analysis

Data are presented as mean ± standard error. Statistical analysis was performed using one- and two-way ANOVA and linear mixed model. One-way ANOVA was performed on total tumor burden, ADCs, normalized T2 intensities and T1 values of each group at baseline. A repeated measures one-way ANOVA with Tukey’s post hoc tests was used to assess the impact of treatment on the two cohorts for the multiple imaging parameters. P-values < 0.05 were considered statistically significant. Statistical tests were performed using PRISM (GraphPad, La Jolla, CA, USA) and Stata 16 (StataCorp LLC, College Station, TX). Changes in imaging parameters of a lesion over time between treated and control mice were assessed via multilevel regression analyses. The linear mixed model analysis was conducted using ‘mixed’ function in Stata 16. Time was used as a continuous variable, and the overall linear trends in imaging parameters after therapy were obtained and reported.



Immunohistochemistry

Kidneys were harvested after the last imaging session at the end of the third week of treatment. Left and right kidneys were formalin-fixed and paraffin-embedded for histopathological analysis. Fixed kidney blocks were cut into 4 µm-thick sections on a Leica microtome (Buffalo Grove, IL, USA) in coronal orientation, then stained with hematoxylin and eosin (H&E), and Ki67/Rabbit antibody #9129 (Cell Signaling Technology Europe, B.V.). Brightfield images of lesions stained with H&E and Ki67 were acquired using a Nikon 6D microscope using a 40× power objection yielding a 0.22 μm in-plane resolution to focus on the lesions. Stitched images of the entire kidneys were acquired at 10x magnification to assess the distribution and properties of lesions. The lesions were sub-divided into three groups: cystic (filled with ≤ 25% cells), papillary (filled with > 25% cells) and solid lesions (filled with cells) (17). Images were visualized using the open-source software QuPath (18).




Results


Optimal Detection of Renal Lesions Using T2-Weighted Images

Male Tsc2+/- A/J mice, 6-7 months old, presented with bilateral adenomas and cystic lesions in the renal capsule and pelvis as shown in the representative images in Figure 1. T2-weighted images were used to delineate the lesions and estimate their volumes. Tumor volumes were measured once a week for a total of four weeks. Interestingly, the majority of the lesions were observed around the renal peripheral capsule or pelvis (Figure 1). The average lesion size at this age was 0.4 ± 0.51 mm3. The lesion size ranged from 0.016 to 5.12 mm3 and 36 ± 5.7 lesions were detected on average in each mouse.




Figure 1 | Two-dimensional proton imaging of 6–7-month-old Tsc2 +/- A/J male mice. Representative 2D T2-weighted images of the TSC mice with bilateral adenomas and cystic lesions in the renal capsule and pelvis at axial and coronal orientation. Lesions are indicated with green arrows.



Owing to the early assessment of developing lesions and their locations, and the chosen slice thickness of 1 mm (in order to achieve high SNR in a short time), we investigated whether volumes derived from axial or coronal imaging sections were different. Representative T2-weighted images of the abdomen acquired at axial and coronal orientations in shown in Figures 2A, B. Figure 2C shows the Pearson correlation analysis between the mean tumor volumes with a highly significant positive correlation (p= 0.004, r = 0.68). A Bland-Altman analysis of differences and agreement between the volumes showed that the majority of lesion volumes were well within the lines of agreement (Figure 2D).




Figure 2 | Impact of slice orientation and thickness on volume estimation. (A, B) Representative T2-weighted axial and coronal images. (C) Comparison of axial vs coronal slice orientation and its effect on the tumor volume estimation. (D) Bland-Altman plot of differences and averages from axial and coronal lesion volumes. (E, F) Representative T2-weighted 1 mm and 0.5 mm slice thickness images. Lesions are highlighted with arrows. (G) Decrease in difference of volumes of lesion estimated from 0.5 and 1 mm thick slices as function of lesion volume. (H) Bland-Altman plot of differences and averages of lesion volumes from 1 mm and 0.5 mm thick images. Lesions are indicated with green arrows.



However, considering that the majority (>90%) of the lesions were below 2 mm3, we investigated if 0.5 mm thick imaging slices would yield a better estimate of the lesion volume and minimize the partial volume effect. For this analysis the mice were imaged in the axial orientation consecutively with 0.5 as well as 1 mm slice thickness interleaved to cover the entire kidney. A total of 122 lesions were identified in both data sets. Representative T2-weighted images with 1 mm and 0.5 mm slice thickness are shown Figures 2E, F. A highly significant positive correlation (p<0.0001, r = 0.97) was obtained between the tumor volumes obtained by the two methods (data not shown). On average the lesion volumes estimated by 0.5 mm thick slice (1 ± 1.18 mm3) were ~20% lower than when measured by 1 mm slice thickness T2-weighted sequence (1.2 ± 1.3 mm3). Analysis of the difference in volumes per lesion from the two different slice thickness images showed that 1 mm thick images were overestimating the volumes significantly more for smaller lesions than larger lesions (p<0.001, Figure 2G). The lesions with volumes less than 0.25 mm3 were overestimated by 2-fold when using 1 mm slice thickness, but gradually converged to similar volumes for the lesions of volume > 1 mm3. A Bland-Altman analysis of differences and agreement between the volumes showed that majority of lesion volumes were well within the lines of agreement (Figure 2H).

We further investigated whether 3-dimensional acquisition would have better sensitivity in detecting the smaller lesions. To do this we compared the SNR and acquisition time between 2D and 3D images acquired with 0.5 mm slice thickness equivalents. Representative 2D and 3D images with 0.5 mm slice thickness are shown in Figure S1A. Figure S1B lists the total acquisition time, signal to noise and contrast to noise ratio for 2D and 3D images. For the resolution that is required to detect small lesions, the 3D images took significantly more time and resulted in similar SNR and CNR compared to 2D. It is important to note that repetition time for 3D images was lower at 200 ms. The lesion volumes from 0.5 mm slice thickness images ranged between 1 – 3.1 mm3. The Pearson correlation analysis of the tumor volumes estimated from 2D versus 3D sequences showed a significantly positive correlation (Figure S1C). No additional lesions were observed in 3D acquisition images that was not present in the 2D acquisition images.



Baseline Characterization of Diffusion and Perfusion Imaging

The mean ADC of lesions at baseline was 0.0019 ± 0.0006 mm2/s with the values ranging from 0.0007 to 0.0033. The smallest lesion for which we were able to calculate the ADC was 0.61 mm3. A histogram analysis of the values is given in Figure S2. The majority of the lesions (~73%) had ADC values higher than 0.0018 mm2/s. We observed no correlation between baseline ADC and lesion volumes or normalized T2 intensities (data not shown).

DCE analysis was performed on three mice at baseline and 21 lesions in total were identified. Two lesions representing the range of DCE parameters are shown in Figure 3. These selected lesions show the two distinct dynamic curves of the contrast agent and the corresponding physiological parameters and the mean and standard deviations of all the quantitative and semiquantitative parameters obtained of the representative lesions are tabulated in Figure 3. As shown in Figure 3, lesion 1 with higher volume had much slower wash-in of Gd-DTPA and peak concentration, compared to lesion 2 which showed a faster accumulation of the contrast agent and higher peak concentration. Lesion 2 also had faster wash-out and higher Ktrans, i.e., permeability. The concentration maps overlaid on the lesions show the lack of contrast agent build-up within the center of lesion 1. Lesion 1 with higher ADC of 0.0022 mm2/s had a significantly lower accumulation of the contrast agent as compared to lesion 2 with ADC of 0.0016 mm2/s which showed a rapid uptake and washout of the contrast agent. The concentration curves of all the individual lesions are shown in Figure S3.




Figure 3 | Representative cystic and cellular lesions and their baseline properties. (A) Representative T2-weighted and magnevist peak concentration maps. (B) Dynamic curves of magnevist concentration from two lesions. Table with physiological and DCE parameters for the lesions. Lesions are indicated with green arrows.



Clear patterns of perfusion parameters were visible in the different manifestations of cyst and cystadenomas in concordance with other imaging parameters. Correlation analysis showed that lesions with larger volumes had significantly lower Ktrans (Figure 4A), slower washout (Figure 4D), lower iAUC (Figure 4G) and peak concentration (Figure 4H) indicating perfusion-impaired lesions. Ktrans was also found to be significantly lower for lesions with higher ADCs (Figure 4B) and T2 intensities (Figure 4C), representative of more cystic lesions (19). Washout was significantly faster for lesions with lower ADCs (Figure 4E) and T2 intensities (Figure 4F) indicating solid adenomas (20). All the remaining correlations are shown in Figure S4. Lesions with larger volume and higher T2 intensity had slower wash-in of Gd-DTPA although not significant. DCE-MRI enhancement pattern has been used to differentiate between truly cystic (no internal enhancement) and soft-tissue lesions (some internal enhancement). Lesion 1 in Figure 3 is indicative of a cystic lesion.




Figure 4 | Correlational analysis of quantitative and semi-quantitative DCE parameters and physiological parameters. Correlation of Ktrans with (A) volume, (B) ADC and (C) T2 normalized intensity; Washout correlated to (D) volume, (E) ADC and (F) T2 normalized intensity; and volume correlation with (G) peak concentration and (H) iAUC.



Lesions with larger tumor volumes demonstrated much lower enhancement and permeability compared to smaller lesions. Lesions with higher ADCs and normalized T2 intensities had lower permeability and slower clearance of contrast agent representative of cystic lesions. It was observed that lesions with slower clearance also had slower uptake of the contrast agent, although this trend was not significant.



Response of TSC Lesions to Treatment

We evaluated the changes in tumor volume to measure the effect of everolimus on Tsc2+/- mice. First, we compared the changes in total tumor burden from baseline in the two groups, everolimus-treated and untreated controls. On average it was observed that the tumors of mice treated with everolimus, after the initial increase in volume in the first week, did not demonstrate any further significant change in total tumor burden over the remaining three weeks (increased by 36 ± 20% by week 1, 39 ± 12% by week 2 and 39 ± 06% by week 4 compared to baseline) (Figure 5A). In contrast, tumors of mice in the control group increased in volume week over week (28 ± 23% by week 1, 62 ± 57% by week 2 and 71 ± 40% by week 4 compared to baseline). Mice treated with everolimus demonstrated a deceleration in total tumor burden compared to control, although a two-way ANOVA analysis showed that it was not statistically significant. Supplementary Figure S5 demonstrates a representative example of change in volume for control and treated lesions and individual tumor burdens.




Figure 5 | Impact of treatment on physiological properties of lesions. (A) Lesion volume change with respect to baseline in control and treated mice. (B) Mean ADC of all the lesions in control and treated cohort over time. Representative ADC maps overlaid on diffusion weighted imaged at b = 25 s/mm2 at baseline and week 3 for control and treated tumors (C). Lesions are indicated with green arrows. ** indicates p<0.01.



Mean tumor ADCs (Figure 5B) of treated mice increased over baseline at week 3 (2.3 ± 0.5 x 10-3 mm2/s) while tumors in control mice either showed a decrease or maintained similar mean ADCs as baseline (1.95 ± 0.7 x 10-3 mm2/s). One-way ANOVA analysis showed that ADCs were significantly different for treated cohort (p<0.001), and post hoc comparison showed that baseline ADC was lower than all the later time points (p<0.01). Figure 5C demonstrates a representative example of change in ADC for control and treated lesions. Increase in ADC for the treated lesion was observed whereas in control lesion a decrease in ADC was observed.

Closer analysis of the changes in lesions over time using linear mixed model analysis demonstrated a slight difference in the rates of change in ADC (p = 0.0836) and volumes (p = 0.0898), where ADC slightly increased and volumes slightly decreased for treated tumor while ADC slightly decreased, and volume slightly increased for control tumors (Figure S6A, B). Figure S6C shows the changes in T1 in control and treated mice. We observed an increase in T1 at week 3 (3.2 ± 0.85 secs) from baseline (2.97 ± 0.21 secs) in control mice and a decrease in T1 of treated mice at week 3 (2.16 ± 0.9 secs) from baseline (2.63 ± 0.4 secs). Treated and control tumors showed statistically significant differential changes in T1 (p = 0.0495), with treated tumors significantly decreasing (-0.0058/day) and control tumors significantly increasing (.0276/day) (p = 0.0272).

Normalized T2 intensity changes showed opposite trends for control and treated mice. In control mice the intensities at week 1 (10.2 ± 2.5) was slightly higher than baseline (9.75 ± 1.4, Figure S6D). Following week 1 the intensities decreased to 8.6 ± 1 by week 2 and to 7.5 ± 0.8 by week 3. In treated mice the intensities increased slightly from 10.1 ± 1.6 at baseline to 11 ± 3.5 at week 1. Following week 1 the intensities increased to 12.6 ± 0.4 at week 3. Treated and control tumors showed statistically significant differential changes in T2 intensities (p = 0.0004), with treated tumors significantly increasing (0.0841/day) and control tumors significantly decreasing

(-0.1058/day) (p = 0.0084).

This implies that with everolimus treatment the lesions had increased cystic characteristics and lesions in control group had higher cellular component. Studies have shown that papillary lesions tend to be hypointense (21) on T2-weighted images as compared to cystic lesions (22).



Immunohistochemical Analysis of Lesions

We observed cystic, papillary, and solid lesions in kidneys stained with H&E for both treated and control cohort (Figure 6). We imaged left kidneys for all the 6 mice and observed 26 cystic, 8 papillary and 9 solid lesions in control mice compared to 21 cystic, 2 papillary and 2 solid lesions in everolimus-treated mice. On average we observed more cystic lesions per kidney in treated mice (90% of total lesions) compared to control (61% of total lesions). Concomitantly, there were fewer solid lesions in the treated group. In control mice, we observed a similar distribution of solid (n = 9) and papillary lesions (n = 8) (figure not shown). We also examined the expression of Ki67 proliferation marker and histology by H&E staining to measure the cellularity of lesions. Figure 7 shows the 40x magnification image of solid lesions stained with H&E and Ki67 antibody from treated and control groups. Qualitatively, we observed higher cellularity and proliferation in the control lesion in comparison to treated.




Figure 6 | Examples of the three different manifestations of kidney cystadenomas in control and treated mice. Tumors were harvested after week 3 imaging. All pictures were taken at a 10× magnification. (A) Cystic lesions. (B) Papillary lesions. (C) Solid lesions.






Figure 7 | Immunohistochemical stains of cellularity (H&E) and proliferation (Ki67) in solid lesions in control and treated mice.






Discussion

TSC is a lifelong disorder that affects approximately 2 million people worldwide (1). Although the majority of patients have a near-normal lifespan, the disease can cause high morbidity, decreased quality of life and mortality in 5-8% of patients (17). While the clinical manifestations of this disease vary among individuals, renal manifestations are one of the leading causes of deaths. Limited treatment options are available to patients with renal manifestations and primarily involve therapy with mTOR inhibitors and percutaneous embolization if bleeding is a risk (7). Patients must undergo lifelong therapy with surveillance as the preferred method for managing the disease in these patients (2).

The Tsc2+/- mouse model is known to have cystic disease starting from 6-12 months of age (9, 10, 18). In our study, we observed multiple lesions in both kidneys in 6–7-month-old mice. The lesions are termed cystadenomas and exhibit a spectrum of phenotypes, from pure cysts to cysts with papillary projections to solid adenomas. We observed similar phenotypes as demonstrated in the histopathological examination of lesions in the mice studied (Figure 7).

Our study identified optimal MR parameters for studying the size, distribution, and physiological properties of TSC lesions including cellularity, perfusion, and diffusion. In this work, MRI was shown to be an efficient modality for robustly identifying cysts as well as cystadenomas in 6-7-month-old Tsc2+/- mice. We observed good SNR and image quality for all scans. While we did not implement respiratory gating, we recognize that it might help eliminate motion artifacts and facilitate obtaining images with even higher SNR, especially considering the use of the vertical bore microimaging scanner used in this work. Similar to prior studies, T2-weighted images were used to localize the lesions which appeared as hyperintense regions indicative of a cystadenoma phenotype (23, 24). Woodrum et al. (10) observed an average of 13.00 ± 4.28 lesions/kidney in 5-month-old mice from IHC sections, while in our study we observed 18 ± 2.8 lesions/kidney. The slightly higher count could arise from the lesion count being performed only every 1mm in the tumor using IHC compared to the entire kidney region of the MRI images in our study.

Since change in lesion volumes is the main indicator of therapeutic response (RECIST criteria) it is critical to capture the distribution and size of lesions reliably. A 2D T2-weighted imaging sequence with a smaller slice thickness of 0.5 mm at either axial or coronal orientation was found to be optimal. Although theoretically (based on 0.5 mm slice thickness) lesions of 0.0055 mm3 volume should be detectable, 0.016 mm3, the smallest lesion detectable in our study, could very well represent our detection limits based on observer performance.

Determining the composition of kidney lesions is critical in understanding the phenotype and morphology of lesions. AMLs are prone to bleeding as they increase in size. Techniques such as ADC and DCE measurements can provide us with information regarding cellularity and perfusion/permeability of the lesions. As seen in IHC images, the lesions differ in cellular composition. We observed that based on ADC values (Figure S2), the cysts being defined as those lesions with ADC > 0.0022 mm2/s (25) comprised 19 out of 61 lesions, i.e., 31% were found to be cystic at baseline. Taouli et al. (26) measured the ADC of renal cell carcinoma (RCC) and benign lesions in kidney and found RCC to have a significantly lower ADC of 0.0014 mm2/s than the benign lesions. They also showed that papillary RCC had lower ADC of 0.0012 mm2/s than non-papillary RCC (0.0016 mm2/s). Based on the same metrics 15% of the lesions in the mice are indicative of papillary phenotype. The proportion of the cystic to papillary lesions as characterized by ADC seems higher than that estimated by histopathology (10). This indicates that a more thorough correlation of MRI characteristics with histological assessment is necessary to better interpret the imaging findings, which is beyond the scope of this study.

Prior studies have shown the utility of quantitative and semi-quantitative DCE-MRI parameters as imaging biomarkers for assessing tumor aggressiveness and predicting response to therapy. We captured distinct kinetics of the contrast agent in different lesions (Figure 4 and S3). We also observed that lesions with higher ADC similar to lesion 1 had significantly lower contrast agent accumulation in the center of the lesions, demonstrating limited perfusion towards the center of the lesion characteristic of cystic lesions (19, 25). Tumors with higher Ktrans have been associated with better response to treatment (27, 28), as this indicates higher permeability and results in efficient delivery of therapeutic drug. Congruent to this we observed a lesion (not shown) with lower Ktrans of 0.04 (baseline) that increased in volume from 2.5 mm3 to 4 mm3 after everolimus therapy. Conversely, a lesion with Ktrans of 0.33 (baseline) decreased in volume from 1.5 mm3 to 0.8 mm3 after everolimus therapy. A study by Sun et al. (29) showed that differences in signal intensity as a response to contrast agent can also differentiate between clear cell and papillary RCCs, with clear cell RCC showing higher signal intensity change. Everolimus has been reported in previous studies to have anti-angiogenic effects (30, 31) and thus implementation of DCE-MRI in the standard imaging protocol for TSC will be critical in evaluating its activity.

Only three mice were imaged at baseline with DCE MRI in this study. Due to the loss of several mice early on during DCE imaging, this scan was omitted from our study at later time points. This could be due to impaired kidney function complicated by repeated contrast agent administration. Further studies are required to validate this theory. Treatment-induced changes in perfusion are critical to assess therapeutic efficacy and in future studies DCE MRI will be implemented for the entire course of imaging. Pharmacokinetic DCE-MRI has been increasingly applied in quantitative scientific research and clinical practice as studies have shown the utility of DCE-MRI parameters to predict the efficacy of chemotherapy (32) and to image activity of anti-angiogenic drugs (33, 34) noninvasively.

Analysis of baseline imaging characteristics demonstrates the importance of interpreting the lesion morphology for accurate scoring of disease. Therapeutic response is mostly measured by the change in lesion size, but other factors such as change in cellularity, signal intensity and vascularization/perfusion could also aid in early prediction of therapeutic efficacy.

Studies of Tsc2+/- and other mouse models treated with rapamycin (an FDA-approved macrolide antibiotic that acts to inhibit the mTOR pathway, and analogs) have shown the ability to restore dysregulated mTOR signaling in cells with abnormal TSC1 and/or TSC2 (5, 10, 24, 35). However, these studies were disadvantaged by the lack of imaging follow-up to evaluate response over time to potentially adapt the therapeutic regimen and obtain an earlier assessment. We observed a 70% increase in total tumor burden in control mice from baseline over a 3-week period. On the other hand, the tumor burden in everolimus-treated mice increased by approximately 37% after one week of therapy and maintained that tumor burden for the remaining two weeks of therapy. This seems to indicate that after the initial effect, the drug might play more of a maintenance role in suppressing the mTORC1 pathway. Pollizzi et al. (36) observed a 7-fold reduction in tumor burden in Tsc2+/- mice treated with N-ethyl-N-nitrosourea to increase the incidence and severity of renal lesions after treating with 10 mg/kg everolimus PO QD (5/7 days per week). Of note, the age of mice in the study by Pollizzi et al. was 20 months, perhaps relevant to the lesser magnitude of change in the younger mice in our study.

In another study, treatment of A/J Tsc2+/- mice (9 months old) with 8 mg/kg of rapamycin weekly for 12 weeks, or daily for 4 weeks and weekly for another 8 weeks, had similar effects in reducing tumor burden (~80%) indicating that duration of treatment is more important than dose in eliciting a significant response (10). Interestingly, everolimus treatment in patients showed a significant decrease in AML after 3 months of treatment and a higher reduction upon 3-6 months of treatment (37). Thus, while we observed modest changes over 3 weeks of treatment in our study, continued treatment with everolimus could have resulted in a higher decrease in tumor burden, considering that our treatment was also initiated in younger mice than in prior studies. It is important to note that studies have shown that, in Tsc2+/- mice, therapeutic intervention demonstrates reduction in tumor volumes, but the cessation of therapy results in recovery of tumor growth (10, 14, 35), highlighting the importance of prolonged treatment and monitoring. As stated earlier, this was a pilot study evaluating the feasibility of incorporating mp-MRI for studying disease progression and treatment response in this transgenic mouse model. The sample size for this study was low and for future studies a larger cohort of mice per cohort should be evaluated. We recommend exploring different dosing range and schedule in TSC models with a larger sample size to determine the optimum dosage of everolimus to observe significant change in tumor volume.

In addition to tumor volume changes, the gold standard of response criteria, we investigated if mpMRI, such as ADC, T2 weighted intensity and T1, could inform on therapeutic efficacy earlier. Normalized T2 intensity can be a useful measure for understanding the composition of a tumor. Studies have shown that different types of renal lesions show different signal properties. For example, lesions with fluid, edema, or impaired blood flow will appear hyperintense on a T2 weighted image (21). In our study, we observed a decrease in T2 intensity in control mice and an increase in everolimus-treated mice. This difference was even more significant when examined on a lesion-specific basis over time. We believe that this could be due to the anti-angiogenic effect of everolimus. In contrast, the lesions in control mice could become more cellular as they proliferate. The ADC changes in both the groups seem to validate this hypothesis, as we observed an increase in mean ADC post-everolimus treatment and a decrease in control mice. This demonstrates a decrease in cellularity, a hallmark of treatment efficacy (38). While ADC could provide an earlier indicator than volume changes, we were limited by the number of lesions we could track over time in our study. Diffusion weighted images were acquired at 1 mm slice thickness which could have resulted in our sequences not capturing lesions that were less than 0.5 mm in diameter after therapy. Interestingly, we observed three lesions that had resolved entirely after three weeks of therapy only in everolimus-treated mice. T1 relaxation times have been shown to be an unreliable metric for differentiating between the types of lesions (39). The change in T1 (ΔT1) on the other hand has been shown to indicate response to therapy (40). That study showed that everolimus-treated (10 mg/kg for 7 days) RIF-1 fibrosarcoma- and B16/BL6 melanoma- bearing mice showed significant decreases in T1 post-therapy. We observed a similar trend in our everolimus-treated mice, indicating that ΔT1 can be a highly sensitive predictor of response to treatment.

Histopathological analysis of lesions after 3 weeks of treatment showed characteristic renal cystadenomas in both everolimus-treated and control mice (Figure 7). A higher percentage of papillary lesions (18%) and solid lesions (21%) was found in control kidney as compared to 8% of papillary and solid lesions in everolimus -treated kidney. A significantly lower tumor burden from papillary and solid cystadenomas in treated mice seems to indicate a specific everolimus effect on these adenomas. Auricchio et al. showed that the cystic lesions in rapamycin-treated mice had distinct reduction in cyst-lining cells as compared to control mice (12). In our study, too, we observed in the IHC images that cystic lesions of treated mice had a thinner lining of cells as compared to that in control mice (Figure 7). A more comprehensive analysis of IHC images and correlation with MR images at baseline would be invaluable in assessing specific effects of therapy on these different lesions non-invasively over time and useful for development of combinatorial targeted therapy.

A qualitative comparison of cellularity and proliferation from IHC images between solid cysts from both the cohorts showed higher cellularity and proliferation in control mice. In future, quantitative analysis of these IHC parameters along with ADC and tumor volume could provide better assessment of treatment response and mechanism of drug action. Evaluation of IHC markers associated with mTORC1 such as phospho-S6 (pS6), hypoxia-inducible factors (HIFs) and vascular endothelial growth factors (VEGFs) can inform upon the efficacy of its inhibition. Expression of pS6, HIF and VEGF are upregulated in Tsc2+/- models and studies have shown their reduction after treatment with mTOR inhibitors (30, 36, 41–43).

Previous studies have shown that combination treatments such as sorafenib and mTOR pathway inhibitors are also effective in Tsc2+/- mouse models (10, 14, 24, 36). The utility of mp_MRI in evaluating cancer models such as renal cancer (44, 45), prostate cancer (46) and breast cancer (47) have been reported before. Future preclinical studies using Tsc2+/- and other TSC mouse models with mpMRI offer a rational approach to improving medical therapy for TSC-related tumors and other manifestations of TSC.



Conclusion

There is a critical need for development of non-invasive imaging strategies for TSC-derived tumor lesions to monitor the progression and relapse of the disease upon treatment. The current study shows the ability of multiparametric 1H MRI in providing vital information regarding the tumor’s characteristics non-invasively, thus allowing for a dynamic evaluation of the disease progression and treatment response. Our results show that high resolution 2D T2-weighted images with thinner (0.5 mm) slice thickness can be used to capture tumor growth robustly. ADC maps showed that cellularity of tumor lesions with diameter less than 0.75 mm in size can be evaluated and can also be used to investigate the changes in cellularity as a response to therapy. Our study has laid the groundwork to use non-invasiveMRI to characterize the various renal manifestations of TSC and can be used to evaluate response to therapy since different lesions might respond differently to different treatments and can ultimately help tailor therapy.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by UCSF IACUC.



Author Contributions

SA performed the experiments, data analysis and drafted and edited the manuscript. ED-B assisted in performing imaging of mice and data analysis. Y-HW assisted in dosing and experiments. RDS performed the IHC staining of kidneys. HQ assisted in DCE modeling, statistical analysis as well as in critical evaluation. ME provided funding, critical guidance for the experiments and manuscript. RS provided funding, experimental/study design, critical guidance for the experiments, and was responsible for supervising the execution of the study, writing and editing of the manuscript. All authors have read and approved the final manuscript.



Funding

ME was supported by the American Cancer Society (30635-RSG-17-005-01-CCE) and a pilot grant from the LAM Foundation (LAM0143P01-20).



Acknowledgments

We would like to thank the TSC Alliance® Preclinical Consortium for providing the Tsc2+/- transgenic mice.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.851192/full#supplementary-material

Supplementary Figure 1 | Comparison between lesions captured via 2D and 3D image acquisition. (A) Representative 2D and 3D images of the kidney acquired at 0.5 mm slice thickness. Lesions are indicated with green arrows. (B) Comparison between image quality of 2D and 3D images. (C) Comparison of 2D vs 3D at 0.5 mm slice thickness lesion volumes.

Supplementary Figure 2 | Histogram analysis of ADC values of lesions at baseline.

Supplementary Figure 3 | Dynamic curves of contrast agent concentration in all the lesions at baseline.

Supplementary Figure 4 | Correlational analysis of DCE parameters and physiological parameters.

Supplementary Figure 5 | Representative T2-weighted images of lesions at baseline and week 3 for control and treated tumors. Lesions are indicated with green arrows. Line graphs showing individual tumor burdens for untreated control and Everolimus treated mice.

Supplementary Figure 6 | Lesion-wise changes in (A) ADC (B) volumes, (C) T1 and (D) normalized T2 intensity of control and treated mice.



References

1. Amin, S, Lux, A, Calder, N, Laugharne, M, Osborne, J, and O’callaghan, F. Causes of Mortality in Individuals With Tuberous Sclerosis Complex. Dev Med Child Neurol (2017) 59:612–7. doi: 10.1111/dmcn.13352

2. Henske, EP, Jóźwiak, S, Kingswood, JC, Sampson, JR, and Thiele, EA. Tuberous Sclerosis Complex. Nat Rev Dis Primers (2016) 2:16035. doi: 10.1038/nrdp.2016.35

3. Bissler, JJ, and Kingswood, JC. Renal Manifestation of Tuberous Sclerosis Complex. Am J Med Genet Part C: Semin Med Genet (2018) 178:338–47. doi: 10.1002/ajmg.c.31654

4. Schrier, RW, Abebe, KZ, Perrone, RD, Torres, VE, Braun, WE, Steinman, TI, et al. Blood Pressure in Early Autosomal Dominant Polycystic Kidney Disease. N Engl J Med (2014) 371:2255–66. doi: 10.1056/NEJMoa1402685

5. Siroky, BJ, Towbin, AJ, Trout, AT, Schäfer, H, Thamann, AR, Agricola, KD, et al. Improvement in Renal Cystic Disease of Tuberous Sclerosis Complex After Treatment With Mammalian Target of Rapamycin Inhibitor. J Pediatr (2017) 187:318–322.e2. doi: 10.1016/j.jpeds.2017.05.015

6. Samuels, JA. Treatment of Renal Angiomyolipoma and Other Hamartomas in Patients With Tuberous Sclerosis Complex. CJASN (2017) 12:1196–202. doi: 10.2215/CJN.08150816

7. Krueger, DA, Northrup, H, Northrup, H, Krueger, DA, Roberds, S, Smith, K, et al. Tuberous Sclerosis Complex Surveillance and Management: Recommendations of the 2012 International Tuberous Sclerosis Complex Consensus Conference. Pediatr Neurol (2013) 49:255–65. doi: 10.1016/j.pediatrneurol.2013.08.002

8. Kingswood, JC, Bissler, JJ, Budde, K, Hulbert, J, Guay-Woodford, L, Sampson, JR, et al. Review of the Tuberous Sclerosis Renal Guidelines From the 2012 Consensus Conference: Current Data and Future Study. Nephron (2016) 134:51–8. doi: 10.1159/000448293

9. Onda, H, Lueck, A, Marks, PW, Warren, HB, and Kwiatkowski, DJ. Tsc2+/– Mice Develop Tumors in Multiple Sites That Express Gelsolin and are Influenced by Genetic Background. J Clin Invest (1999) 104:687–95. doi: 10.1172/JCI7319

10. Woodrum, C, Nobil, A, and Dabora, SL. Comparison of Three Rapamycin Dosing Schedules in a/J Tsc2+/- Mice and Improved Survival With Angiogenesis Inhibitor or Asparaginase Treatment in Mice With Subcutaneous Tuberous Sclerosis Related Tumors. J Transl Med (2010) 8:14. doi: 10.1186/1479-5876-8-14

11. Kwiatkowski, DJ. Animal Models of Lymphangioleiomyomatosis (LAM) and Tuberous Sclerosis Complex (TSC). Lymphatic Res Biol (2010) 8:51–7. doi: 10.1089/lrb.2009.0013

12. Auricchio, N, Malinowska, I, Shaw, R, Manning, BD, and Kwiatkowski, DJ. Therapeutic Trial of Metformin and Bortezomib in a Mouse Model of Tuberous Sclerosis Complex (TSC). PloS One (2012) 7:e31900. doi: 10.1371/journal.pone.0031900

13. Messina, MP, Rauktys, A, Lee, L, and Dabora, SL. Tuberous Sclerosis Preclinical Studies: Timing of Treatment, Combination of a Rapamycin Analog (CCI-779) and Interferon-Gamma, and Comparison of Rapamycin to CCI-779. BMC Pharmacol (2007) 7:14. doi: 10.1186/1471-2210-7-14

14. Guo, Y, and Kwiatkowski, DJ. Equivalent Benefit of Rapamycin and a Potent mTOR ATP-Competitive Inhibitor, MLN0128 (INK128), in a Mouse Model of Tuberous Sclerosis. Mol Cancer Res (2013) 11:467–73. doi: 10.1158/1541-7786.MCR-12-0605

15. Sriram, R, Gordon, J, Baligand, C, Ahamed, F, Delos Santos, J, Qin, H, et al. Non-Invasive Assessment of Lactate Production and Compartmentalization in Renal Cell Carcinomas Using Hyperpolarized 13c Pyruvate MRI. Cancers (2018) 10:313. doi: 10.3390/cancers10090313

16. Qin, H, Zhang, V, Bok, RA, Santos, RD, Cunha, JA, Hsu, I-C, et al. Simultaneous Metabolic and Perfusion Imaging Using Hyperpolarized 13c MRI Can Evaluate Early and Dose-Dependent Response to Radiation Therapy in a Prostate Cancer Mouse Model. Int J Radiat Oncol Biol Phys (2020) 107:887–96. doi: 10.1016/j.ijrobp.2020.04.022

17. Zöllner, JP, Franz, DN, Hertzberg, C, Nabbout, R, Rosenow, F, Sauter, M, et al. A Systematic Review on the Burden of Illness in Individuals With Tuberous Sclerosis Complex (TSC). Orphanet J Rare Dis (2020) 15:23. doi: 10.1186/s13023-019-1258-3

18. Finlay, GA, Malhowski, AJ, Polizzi, K, Malinowska-Kolodziej, I, and Kwiatkowski, DJ. Renal and Liver Tumors in Tsc2 +/– Mice, a Model of Tuberous Sclerosis Complex, do Not Respond to Treatment With Atorvastatin, a 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase Inhibitor. Mol Cancer Ther (2009) 8:1799–807. doi: 10.1158/1535-7163.MCT-09-0055

19. Israel, GM, and Bosniak, MA. MR Imaging of Cystic Renal Masses. Magnet Resonance Imaging Clinics (2004) 12:403–12. doi: 10.1016/j.mric.2004.03.006

20. van Oostenbrugge, TJ, Fütterer, JJ, and Mulders, PFA. Diagnostic Imaging for Solid Renal Tumors: A Pictorial Review. Kidney Cancer (2018) 2:79–93. doi: 10.3233/KCA-180028

21. Oliva, MR, Glickman, JN, Zou, KH, Teo, SY, Mortelé, KJ, Rocha, MS, et al. Renal Cell Carcinoma: T1 and T2 Signal Intensity Characteristics of Papillary and Clear Cell Types Correlated With Pathology. Am J Roentgenol (2009) 192:1524–30. doi: 10.2214/AJR.08.1727

22. Schieda, N, Lim, RS, McInnes, MDF, Thomassin, I, Renard-Penna, R, Tavolaro, S, et al. Characterization of Small (<4cm) Solid Renal Masses by Computed Tomography and Magnetic Resonance Imaging: Current Evidence and Further Development. Diagn Intervent Imaging (2018) 99:443–55. doi: 10.1016/j.diii.2018.03.004

23. Brown, AB, Mahmood, U, Cortes, ML, Tang, Y, Dai, G, Stemmer-Rachamimov, A, et al. Magnetic Resonance Imaging and Characterization of Spontaneous Lesions in a Transgenic Mouse Model of Tuberous Sclerosis as a Model for Endothelial Cell-Based Transgene Delivery. Hum Gene Ther (2005) 16:1367–76. doi: 10.1089/hum.2005.16.1367

24. Lee, L, Sudentas, P, Donohue, B, Asrican, K, Worku, A, Walker, V, et al. Efficacy of a Rapamycin Analog (CCI-779) and IFN-Gamma in Tuberous Sclerosis Mouse Models. Genes Chromosomes Cancer (2005) 42:213–27. doi: 10.1002/gcc.20118

25. Balyemez, F, Aslan, A, Inan, I, Ayaz, E, Karagöz, V, Özkanlı, SŞ, et al. Diffusion-Weighted Magnetic Resonance Imaging in Cystic Renal Masses. CUAJ (2017) 11:8. doi: 10.5489/cuaj.3888

26. Taouli, B, Thakur, RK, Mannelli, L, Babb, JS, Kim, S, Hecht, EM, et al. Renal Lesions: Characterization With Diffusion-Weighted Imaging Versus Contrast-Enhanced MR Imaging. Radiology (2009) 251:398–407. doi: 10.1148/radiol.2512080880

27. George, ML, Dzik-Jurasz, ASK, Padhani, AR, Brown, G, Tait, DM, Eccles, SA, et al. Non-Invasive Methods of Assessing Angiogenesis and Their Value in Predicting Response to Treatment in Colorectal Cancer. Br J Surg (2002) 88:1628–36. doi: 10.1046/j.0007-1323.2001.01947.x

28. Reynolds, HM, Parameswaran, BK, Finnegan, ME, Roettger, D, Lau, E, Kron, T, et al. Diffusion Weighted and Dynamic Contrast Enhanced MRI as an Imaging Biomarker for Stereotactic Ablative Body Radiotherapy (SABR) of Primary Renal Cell Carcinoma. PloS One (2018) 13:e0202387. doi: 10.1371/journal.pone.0202387

29. Sun, MRM, Ngo, L, Genega, EM, Atkins, MB, Finn, ME, Rofsky, NM, et al. Renal Cell Carcinoma: Dynamic Contrast-Enhanced MR Imaging for Differentiation of Tumor Subtypes—Correlation With Pathologic Findings. Radiology (2009) 250:793–802. doi: 10.1148/radiol.2503080995

30. Lane, HA, Wood, JM, McSheehy, PMJ, Allegrini, PR, Boulay, A, Brueggen, J, et al. mTOR Inhibitor RAD001 (Everolimus) Has Antiangiogenic/Vascular Properties Distinct From a VEGFR Tyrosine Kinase Inhibitor. Clin Cancer Res (2009) 15:1612–22. doi: 10.1158/1078-0432.CCR-08-2057

31. Agarwala, SS, and Case, S. Everolimus (RAD001) in the Treatment of Advanced Renal Cell Carcinoma: A Review. Oncol (2010) 15:236–45. doi: 10.1634/theoncologist.2009-0141

32. Hillman, GG, Singh-Gupta, V, Zhang, H, Al-Bashir, AK, Katkuri, Y, Li, M, et al. Dynamic Contrast-Enhanced Magnetic Resonance Imaging of Vascular Changes Induced by Sunitinib in Papillary Renal Cell Carcinoma Xenograft Tumors. Neoplasia (2009) 11:910–20. doi: 10.1593/neo.09618

33. Bex, A, Fournier, L, Lassau, N, Mulders, P, Nathan, P, Oyen, WJG, et al. Assessing the Response to Targeted Therapies in Renal Cell Carcinoma: Technical Insights and Practical Considerations. Eur Urol (2014) 65:766–77. doi: 10.1016/j.eururo.2013.11.031

34. Rosen, MA, and Schnall, MD. Dynamic Contrast-Enhanced Magnetic Resonance Imaging for Assessing Tumor Vascularity and Vascular Effects of Targeted Therapies in Renal Cell Carcinoma. Clin Cancer Res (2007) 13:770s–6s. doi: 10.1158/1078-0432.CCR-06-1921

35. Kenerson, H, Dundon, TA, and Yeung, RS. Effects of Rapamycin in the Eker Rat Model of Tuberous Sclerosis Complex. Pediatr Res (2005) 57:67–75. doi: 10.1203/01.PDR.0000147727.78571.07

36. Pollizzi, K, Malinowska-Kolodziej, I, Stumm, M, Lane, H, and Kwiatkowski, D. Equivalent Benefit of Mtorc1 Blockade and Combined PI3K-mTOR Blockade in a Mouse Model of Tuberous Sclerosis. Mol Cancer (2009) 8:38. doi: 10.1186/1476-4598-8-38

37. Brakemeier, S, Vogt, L, Adams, L, Zukunft, B, Diederichs, G, Hamm, B, et al. Treatment Effect of mTOR-Inhibition on Tissue Composition of Renal Angiomyolipomas in Tuberous Sclerosis Complex (TSC). PloS One (2017) 12:e0189132. doi: 10.1371/journal.pone.0189132

38. Fliedner, FP, Engel, TB, El-Ali, HH, Hansen, AE, and Kjaer, A. Diffusion Weighted Magnetic Resonance Imaging (DW-MRI) as a non-Invasive, Tissue Cellularity Marker to Monitor Cancer Treatment Response. BMC Cancer (2020) 20:134. doi: 10.1186/s12885-020-6617-x

39. Farraher, SW, Jara, H, Chang, KJ, Ozonoff, A, and Soto, JA. Differentiation of Hepatocellular Carcinoma and Hepatic Metastasis From Cysts and Hemangiomas With Calculated T2 Relaxation Times and the T1/T2 Relaxation Times Ratio. J Magn Reson Imaging (2006) 24:1333–41. doi: 10.1002/jmri.20758

40. Weidensteiner, C, Allegrini, PR, Sticker-Jantscheff, M, Romanet, V, Ferretti, S, and McSheehy, PM. Tumour T1 Changes In Vivo are Highly Predictive of Response to Chemotherapy and Reflect the Number of Viable Tumour Cells – a Preclinical MR Study in Mice. BMC Cancer (2014) 14:88. doi: 10.1186/1471-2407-14-88

41. Zhang, H, Cicchetti, G, Onda, H, Koon, HB, Asrican, K, Bajraszewski, N, et al. Loss of Tsc1/Tsc2 Activates mTOR and Disrupts PI3K-Akt Signaling Through Downregulation of PDGFR. J Clin Invest (2003) 112:1223–33. doi: 10.1172/JCI200317222

42. Matsuki, M, Adachi, Y, Ozawa, Y, Kimura, T, Hoshi, T, Okamoto, K, et al. Targeting of Tumor Growth and Angiogenesis Underlies the Enhanced Antitumor Activity of Lenvatinib in Combination With Everolimus. Cancer Sci (2017) 108:763–71. doi: 10.1111/cas.13169

43. Dodd, KM, Yang, J, Shen, MH, Sampson, JR, and Tee, AR. Mtorc1 Drives HIF-1α and VEGF-A Signalling via Multiple Mechanisms Involving 4E-BP1, S6K1 and STAT3. Oncogene (2015) 34:2239–50. doi: 10.1038/onc.2014.164

44. Lopes Vendrami, C, Parada Villavicencio, C, DeJulio, TJ, Chatterjee, A, Casalino, DD, Horowitz, JM, et al. Differentiation of Solid Renal Tumors With Multiparametric MR Imaging. Radiographics (2017) 37:2026–42. doi: 10.1148/rg.2017170039

45. Canvasser, NE, Kay, FU, Xi, Y, Pinho, DF, Costa, D, de Leon, AD, et al. Diagnostic Accuracy of Multiparametric Magnetic Resonance Imaging to Identify Clear Cell Renal Cell Carcinoma in Ct1a Renal Masses. J Urol (2017) 198:780–6. doi: 10.1016/j.juro.2017.04.089

46. Stabile, A, Giganti, F, Rosenkrantz, AB, Taneja, SS, Villeirs, G, Gill, IS, et al. Multiparametric MRI for Prostate Cancer Diagnosis: Current Status and Future Directions. Nat Rev Urol (2020) 17:41–61. doi: 10.1038/s41585-019-0212-4

47. Marino, MA, Helbich, T, Baltzer, P, and Pinker-Domenig, K. Multiparametric MRI of the Breast: A Review: Multiparametric MRI of the Breast. J Magn Reson Imaging (2018) 47:301–15. doi: 10.1002/jmri.25790




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Agarwal, Decavel-Bueff, Wang, Qin, Santos, Evans and Sriram. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-851192-g003.jpg
Concantraton ()

Time (mins)
o lesont = leson2

Volume (mm?) 512 0625
ADC (mm?/s) 00022 00016
T, intensity 113 868
Ktrans (min?) 0055 027
AUC (mM) 195 638
Wash-out (107 025 013
mM/min)

Washin (mM/min) 052 174
Peak Concentration 0.5 014

(mM)





OEBPS/Images/fonc-12-851192-g001.jpg
Coronal






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Defining the Magnetic Resonance Features of Renal Lesions and Their Response to Everolimus in a Transgenic Mouse Model of Tuberous Sclerosis Complex

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animal Model

          



          		

            1H MR Imaging

          



          		

            Data Analysis

          



          		

            Statistical Analysis

          



          		

            Immunohistochemistry

          



        



        



        		

          Results

        

          		

            Optimal Detection of Renal Lesions Using T2-Weighted Images

          



          		

            Baseline Characterization of Diffusion and Perfusion Imaging

          



          		

            Response of TSC Lesions to Treatment

          



          		

            Immunohistochemical Analysis of Lesions

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-851192-g005.jpg
Toa Tumor Burden

Wolki _wemz  Wew3
Time (weeks)

c Control

Baseline

g )

0.0031 mm?/s.

08N & S
>

00023 mm?/s

Day0 Day7 Oay 14 Day 21

A% Baseline
LN
SFr

= e
o'

50,0027 mm?/s

Diy0 Oay7 Day1aDay 21

Treated
Post 3 Week

0.0033 mm?/s






OEBPS/Images/fonc-12-851192-g007.jpg





OEBPS/Images/fonc.2022.851192_cover.jpg
, frontiers ‘ Frontiers in Oncology

Defining the Magnetic Resonance
Features of Renal Lesions and Their
Response to Everolimus in a
Transgenic Mouse Model of
Tuberous Sclerosis Complex





OEBPS/Images/fonc-12-851192-g004.jpg
Kirans (min‘)

H

Py

Washout (102 mM/min)

Py

2 Pvalve 00110

Lo B 04 Pvalve 0.0062 04-
o T & 3 i ..
H 2
H H
o1 g ot
o ool
B T S o e o o )
A0 i) T Nomalied nnsly
e F T, Normalized Intensity
oo 2om
Lz TR
Lon Eom
£ a05. £ a0s
& Son Son .
< . 2o B
[Fuaw[007z] 2 om0 £

.

s 2
1AUC (mM)

I

Pask concentration (mh)
2

2






OEBPS/Images/fonc-12-851192-g002.jpg
Coronal

ALk okema )

Lesion Volume : 0.9 mm*

F 0.5mm
r—

Lesion Volume : 2.05 mm® Lesion Volume : 1.7 mm?






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-851192-g006.jpg





