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Abstract

Purpose: To assess early changes in brain metastasis in response to whole brain radiotherapy 

(WBRT) by longitudinal Magnetic Resonance Imaging (MRI).

Materials and methods: Using a 7T system, MRI examinations of brain metastases in a breast 

cancer MDA-MD231-Br mouse model were conducted before and 24 hours after 3 daily 

fractionations of 4 Gy WBRT. Besides anatomic MRI, diffusion-weighted (DW) MRI and 

dynamic contrast-enhanced (DCE) MRI were applied to study cytotoxic effect and blood-tumor-

barrier (BTB) permeability change, respectively.
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Results: Before treatment, high-resolution T2-weighted images revealed hyperintense multifocal 

lesions, many of which (~50%) were not enhanced on T1-weighted contrast images, indicating 

intact BTB in the brain metastases. While no difference in the number of new lesions was 

observed, WBRT-treated tumors were significantly smaller than sham controls (p < .05). DW MRI 

detected significant increase in apparent diffusion coefficient (ADC) in WBRT tumors (p < .05), 

which correlated with elevated caspase 3 staining of apoptotic cells. Many lesions remained non-

enhanced post WBRT. However, quantitative DCE MRI analysis showed significantly higher 

permeability parameter, Ktrans, in WBRT than the sham group (p < .05), despite marked spatial 

heterogeneity.

Conclusions: MRI allowed non-invasive assessments of WBRT induced changes in BTB 

permeability, which may provide useful information for potential combination treatment.
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Brain metastasis; whole brain radiotherapy (WBRT); dynamic contrast-enhanced (DCE) MRI; 
diffusion-weighted (DW) MRI; blood-tumor-barrier (BTB); volume transfer coefficient Ktrans

Introduction

The incidence of brain metastasis from primary breast cancer has been increasing recently, 

with 5–15% of primary breast cancer patients now being diagnosed with brain metastasis at 

some point in their lives. In the case of triple negative and Her2+ breast cancers, incidence 

has increased to over 35% (Pestalozzi et al. 2006; Nayak et al. 2012). Increased breast 

cancer brain metastasis (BCBM) diagnosis is attributed to improved systemic therapies, an 

aging population, and increasingly frequent imaging (Wen 2001; Nayak et al. 2012). The 

prognosis for patients with these metastasis continues to be poor, with mean survival 

reported to be as low as 3.2 months (Niwinska et al. 2011).

The current standard of care for brain metastasis includes surgical resection, stereotactic 

radiosurgery (SRS) and/or whole brain radiotherapy (WBRT). Surgical resection, while 

useful on larger, solitary lesions, fails to improve patient outcome when multifocal lesions 

are present and is not useful for tumors in surgically inaccessible locations of the brain. SRS 

employs a single high dose of radiation to accurately target tumor lesions while minimizing 

damage to normal tissue. SRS is less invasive, and commonly applied to discrete metastasis, 

but may have limited use in treating multiple lesions (>4) (Soike et al. 2018). Whole Brain 

Radiotherapy (WBRT) has consistently been a standard of care treatment for multiple or 

numerous brain metastasis, designed to treat multiple lesions and occult micrometastases. 

WBRT is delivered to the entire brain in equally fractionated, daily treatments. WBRT has 

been shown to provide patients relief from neurologic symptoms, improve quality of life, 

and improve tumor control (Khuntia et al. 2006). However, deteriorating cognitive function 

has been frequently associated with WBRT. Nonetheless, with more patients than ever 

developing brain metastases, and survival time stagnantly short, there is an urgent need for a 

more effective treatment of brain metastatic disease.

Attempts to treat these metastatic lesions with traditional chemotherapeutics have been 

repeatedly stymied by the inability of traditional drugs to penetrate the blood-brain-barrier 
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(BBB) in therapeutic concentrations, allowing the brain to exist as a ‘sanctuary site’ for 

metastases (Lockman et al. 2010). Indeed, extensive preclinical and clinical studies have 

demonstrated limited vascular permeability in brain metastases, in particular at their early 

stage of development. The traditional understanding of tumor vasculature and vascular 

permeability in brain metastases is largely based on invasive histological studies. These 

studies normally require many mice that are sacrificed at different time points after tumor 

implantation. More importantly, information about temporal development in individual 

lesions is absent from histological studies.

In vivo imaging promises greater efficiency since each animal serves as its own control and 

multiple time points can be sequentially examined. Because of its superb soft tissue contrast 

and spatial resolution, MRI is the most widely used imaging modality for brain tumors of 

human patients. We and others have applied small animal MRI to studying brain metastasis 

in rodent models. In our previous study, vascular permeability during intracranial tumor 

growth was investigated by longitudinal MRI in a mouse model of breast cancer MDA-

MB231-Br (231-Br) brain metastasis (Zhou et al. 2013). Our data have demonstrated that a 

large percentage of brain metastases maintain intact BTB even at the late stage of disease, 

which is consistent with histological studies reported by others (Zhang et al. 1992; Lockman 

et al. 2010; Murrell et al. 2016).

Radiation has been implicated in increasing BBB/BTB permeability, which may enhance the 

accessibility of anti-cancer chemotherapeutics to tumor lesions in brain parenchyma. Given 

the nature of multifocal lesions in the intra-cardiac 231-Br brain metastasis model and the 

clinical utility of WBRT for brain metastases, in the current study, we applied longitudinal 

MRI to investigate the effects of WBRT on inhibition of tumor growth, new tumor 

development, tumor cell killing, and vascular permeability. A clinically relevant daily dose 

of 4 Gy was delivered to metastasis-bearing mouse brain for 3 consecutive days. While a 4 

Gy × 5 dose schedule is used in the clinic (Rades et al. 2007), we aimed to determine if any 

changes, particularly in vascular permeability, occur at mid-WBRT, which may provide 

useful information for a potential combination with chemotherapeutics. In addition to high-

resolution T2-w MRI for tumor detection and volume measurements, diffusion-weighted 

(DW) MRI and dynamic contrast-enhanced (DCE) MRI were conducted before and after 4 

Gy × 3 WBRT to measure the parameters of apparent diffusion coefficient (ADC) and the 

volume transfer constant Ktrans, respectively, for assessing tumor cell killing and changes in 

vascular permeability.

Materials and methods

Cell preparation

Human triple negative breast cancer MDA-MB-231-BR brain metastatic cell line (231-BR) 

was previously described (Yoneda et al. 2001; Palmieri et al. 2007; Zhou et al. 2013). The 

231-BR cells (kindly provided by Dr. Steeg, NCI) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% FBS, 1% L-Glutamine and 1% penicillin-streptomycin 

at 37°C with 5% CO2. Once 80% confluence was achieved, the cells were harvested and 

suspended in serum-free medium.
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Breast cancer brain metastasis model

All animal procedures performed were approved by the Wake Forest University Institutional 

Animal Care and Use Committee. A total of 12 female nudes (BALB/c nu/nu) mice at 6–7 

weeks old (Charles River Laboratories, Wilmington, MA) were used for this study. The 

intracardiac model of brain metastasis has been described previously (Zhou and Zhao 2014). 

In brief, mice were anesthetized with inhalation of isoflurane (3% induction, 1.5% 

maintenance). 2 × 105 231-BR cells in 50 μL of serum-free medium were injected directly 

into the left ventricle under imaging guidance of a small animal ultrasound (Vevo LAZR, 

FUJIFILM VisualSonics, Inc. Toronto, Canada).

Magnetic resonance imaging

MRI was performed on a 7T Bruker Biospin Small Animal scanner (Bruker Biospin, 

Rheinstetten, Germany) with a 30 cm diameter horizontal bore magnet and a maximum 

gradient strength of 200 mT/m. MRI was initiated 2 weeks after tumor cell injection and 

followed a week later to detect brain lesions. Animals were sedated with 3% isoflurane and 

maintained under general anesthesia (1.5% isoflurane). Animal body temperature and 

respiration were monitored and maintained constant throughout the experiment. A mouse 

tail vein was catheterized using a 27G butterfly for Gd-DTPA (Magnevist®; Bayer 

HealthCare, Wayne, NJ) contrast agent administration. Anatomical T2-W images, covering 

from the frontal lobe to the posterior fossa, were acquired using a Fast Spin Echo (FSE) 

sequence (TR/TE = 2500/50 ms; Echo Train Length (ETL): 8; Number of Scan Averages 

(NSA): 8; matrix size: 256 × 256; spatial resolution: 86 × 86 μm2 in plane; scan time: 10 

min 40 s). For assessing WBRT effects, immediately before and 24 h after the final dose of 

WBRT, a series of pulse sequences for T2-w, DW, DCE and T1-w post contrast MRI was 

performed sequentially. Diffusion-weighted MRI was acquired with single-shot echo planar 

imaging (EPI) using the following parameters: TR/TE = 2000/30 ms; b-values = 0, 500, and 

1000 s/mm2 equally in each of three orthogonal directions; matrix size: 128 × 128; NSA: 4; 

scan time: 11 min 44 s. Before DCE MRI, rapid high-resolution images for T1 mapping by 

variable flip angles was acquired (Brown et al. 2014). T1-w images were acquired using a 

FLASH sequence (TR/TE = 100/2.24 ms; FA = 5,10,20, and 35 degrees; NSA: 6; matrix 

size: 128 × 128; slices: 15; scan time per FA: 57 s). DCE-MRI was performed on 5 of the 

slices containing the most metastases using a FLASH T1-w sequence (TR/TE: 43/2.3; FA: 

30 degrees; matrix size: 128 × 128: NSA: 2; scan time per acquisition: 8 s). Fifty dynamic 

images over 7 mins were collected before and after manual i.v. bolus injection of Gd-DTPA 

(0.1 mmol/kg). Finally, T1-w contrast-enhanced images were acquired with a FSE sequence 

(TR/TE: 800/7 ms; ETL: 4; NSA: 8; matrix size: 256 × 256; spatial resolution 86 × 86 μm; 

scan time 5 min 7 s).

Whole brain radiation therapy

Multifocal brain metastases were confirmed in all 12 mice by MRI. However, one animal 

was found to have an unusually high number of tumor lesions and thus was removed from 

the study after confirmation by outlier analysis. Once brain metastasis was confirmed by 

MRI, the tumor-bearing mice were randomly assigned to either WBRT (n = 6) or sham (n = 

5) treatment group. The mice were anesthetized with inhaled 3% isoflurane and each mouse 
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of the WBRT group (n = 6) received a total of 12 Gy in 3 daily doses of 4 Gy (4 Gy × 3). 

Radiation was delivered using an X-RAD 320 orthovoltage irradiator (Precision X-ray, 

North Branford, CT) at 300 kV, 1 mm Pb HVL, at a dose rate of 233 cGy/min. Each animal 

was carefully positioned supine under a rectangular Lipowitz alloy collimator of 10 × 15 

mm for each fraction of radiation, aligning the collimator field edges with landmarks of the 

skull and avoiding eye regions.

Data analysis

General image analysis—All imaging analysis was conducted using house-made 

MATLAB scripts (Mathworks, Natick, MA). Prior to quantitative mapping and analysis, 3-

by-3 median filtering was conducted on all raw images to reduce noise. All images were co-

registered and upsized to the dimensions of T2-w images for analysis. Tumor volumes were 

estimated from T2-w images by manually outlining the enhancing portion of the mass on 

each image, excluding any hyperintense CSF or edema. Semi-automated thresholding and 

histogram analysis were conducted on the outline to precisely define tumor tissue. T1-CE 

image analysis was conducted by comparing contrast-enhanced T1-w images to T1-w 

images without contrast to define regions with contrast enhancement.

T1 mapping—T1 values were computed from collected multiple flip angle T1-w images 

by voxel-wise data fitting to Equation (1):

Si = S0 * sin(α)
1 − exp

−TR
T1

1 − exp
−TR
T1

cos(α)
(1)

Where Si is the signal intensity at a given flip angle (α), S0 is the raw voxel intensity, and TR 

is the repetition time. Here the assumption is made that TE<T2* (Eminian et al. 2018).

DW MRI—ADC mapping was accomplished by conducting voxel-wise fitting of DW image 

signal intensities to the Stejskal-Tanner equation (Equation 2) using a least-squares approach 

(Sener 2001; Westin et al. 2002).

S(b) = S0e−b(ADC) (2)

Where S(b) is the signal intensity at a non-zero b-value, S0 is the signal intensity without 

diffusion gradients, b is the diffusion weighting factor (Li et al. 2007; Yankeelov et al. 

2007). Voxels where fitting did not converge to physiologically relevant values were 

excluded from analysis (those with ADC ≥ 3.0 × 10−3 mm2/s indicating free water at body 

temperature or ≤0 mm2/s indicating no diffusion). Changes in ADC values were calculated 

by averaging voxel ADC values on a tumor-wise basis. All lesions with physiologically 

relevant ADC and good curve fitting were included in the analysis.
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DCE MRI—A series of T1-w images was continuously acquired pre and post manual i.v. 

bolus injection of Gd-DTPA (0.1 mmol/kg) via the tail vein. DCE MRI data were modeled 

to permeability Ktrans maps using the generalized kinetic model (GKM). Previous studies 

have validated the GKM model in murine BBB opening (Zhou et al. 2004; Egeland et al. 

2006; Luypaert et al. 2011; Vlachos et al. 2011) as a two-compartment model with blood 

plasma and extravascular extracellular space (EES) compartments (Tofts 2010).

dCt
dt = KtransCp − kepCt (3)

Where Ktrans is the transfer rate constant from the blood plasma into the EES, Kep is the 

transfer rate from the EES to the blood plasma, Cp is the concentration of Gd-DTPA in the 

blood plasma, and Ct is the concentration of Gd-DTPA in the EES. Cp determines the AIF 

through fitting with the bi-exponential equation:

Cp(t) = ∑
n = 1

2
Ane

−Knt
(4)

Where An represents the nth-pass peak amplitude of Cp, Kn represents the decay rate 

constant of Cp for pass n, and t is time. Direct AIF quantification is difficult in many models, 

particularly small animal models, necessitating AIF estimation (McGrath et al. 2009). T1-w 

image signal intensity is transformed to contrast agent concentration using the Soloman-

Bloembergen equation, as previously described (Buonaccorsi et al. 2005; Vlachos et al. 

2011).

[Gd] =
Si − S0

T1.pre * r1 * S0
(5)

Where S0 and Si are the voxel signal intensities before and after contrast administration, 

respectively, T1.pre is the longitudinal relaxation time of tissue before contrast 

administration, r1 is the longitudinal relaxivity of the contrast agent (r1 = 3:1 s−1mM−1 for 

Gd-DTPA at 7T) (Shen et al. 2015).

The nature of this study emphasizes Ktrans, although the GKM considers both Ktrans and Kep, 

Kep as a variable determines the curve shape or ‘steady state’ considerations, while Ktrans 

primarily impacts the curve amplitude and changes directly after contrast is applied (Tofts 

2010; Vlachos et al. 2011).

Immunohistochemistry

Animals were sacrificed promptly after the last MRI scan; brains (n = 3 from each group) 

were dissected and fixed in 4% paraformaldehyde (PFA). The frozen OCT embedded whole 

brains were cryosectioned (10 μm). Apoptosis staining was conducted using anti-caspase-3 

antibody (1:300; Cell Signaling, Danvers, MA) followed by secondary HRP- conjugated 
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goat anti-rabbit secondary antibody (1:1000; Jackson Immunoresearch Laboratory, West 

Grove, PA). Tumor regions and their surrounding normal brains were examined under a 

microscope for positive staining. Percentage of apoptotic tumor cells was determined by 

counting the number of Caspase 3-positive cells relative to the total number of tumor cells 

(Zhao et al. 2005).

Statistical analysis

Statistical analysis was conducted using MATLAB (Mathworks, Natick, MA). Statistical 

significance was determined by using unpaired t-tests to compare pre- and post-treatment 

data both within and across the groups for Tumor Volume, ADC, and DCE MRI derived 

parameters. p < .05 was considered to indicate statistical significance.

Results

Ultrasound image-guided left ventricular injection of 231-BR cells ensured successful 

development of brain metastasis in all 12 nude mice. In concurrence with our previous study 

of the 231-Br, longitudinal MRI started to visualize hyperintense brain metastases on T2-w 

images 3 weeks post-injection. These brain metastases distributed widely across the mouse 

brain. Prior to treatment, T2-w MRI revealed a total of 89 individual lesions in the WBRT 

mice (n = 6), while a total of 101 lesions in the sham irradiation group (n = 5) (Figure 1(a)). 

Tumor size ranged from 0.06 mm3 to 0.53 mm3 in the WBRT group (mean = 0.23 ± 0.12 

mm3), and from 0.06 mm3 to 1.85 mm3 in the sham group (mean = 0.28 ± 0.22 mm3; Figure 

1(b)). One day after completion of the 3 daily doses of 4 Gy, follow-up MRI detected an 

increase in the number of lesions in each group (n = 116 for WBRT; n = 140 for sham), 

indicating the development of new metastases (Figure 1(b,c)). Compared to the pre-

treatment, post-treatment tumor size was found to become significantly larger in both of the 

groups (p < .01; Figure 1). However, mean tumor size post-treatment was 0.34 ± 0.21 mm3 

for the WBRT group, significantly smaller than that of the sham group (mean = 0.44 ± 0.31 

mm3, p < .01; Figure 1(b) and Table 1). Although 42% more new lesions were observed at 

the follow-up scans in the sham group, compared to a 21% increase in the WBRT, there was 

no significant difference found between the two groups (Figure 1(c)).

Tumor ADC maps were generated from DW MRI based on 3 b values of 0, 500, and 1000. 

As described in Methods, those tumor lesions that did not have reliable curve-fitting of ADC 

were excluded from the analysis. As a result, the WBRT mice (n = 6) had a total of 44 and 

65 individual lesions for pre and post-treatment ADC analysis, respectively; the sham-

irradiated mice (n = 5) contained 59 pre and 90 post-treatment ADC maps. The contralateral 

healthy brain as reference tissues was assessed for changes in ADC, but no inter or intra-

group difference was observed (Table 1). As shown in Figure 2(a), ADC maps revealed inter 

and intratumoral heterogeneity in both pre- and post-treated tumors. The histogram plots of 

the voxel by voxel ADC values of individual lesions all showed a right-shift after WBRT, 

indicating an increase in ADC at post-treatment. The sham irradiated tumors also showed a 

tendency of a shift towards the right, but seemed more subtle (Figure 2). For WBRT tumors, 

mean ADC at pre-treatment was 0.75 ± 0.01 × 10−3 mm2/s, which increased significantly 

after WBRT (0.83 ± 0.02 × 10−3 mm2/s; p < .01; Figure 2(b) and Table 1). There was no 
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significant change in ADC found between pre and post-sham irradiated tumors (0.75 ± 0.01 

vs. 0.77 ± 0.02 × 10−3 mm2/s; Figure 2(b)). Moreover, the post-WBRT tumors had a 

significantly higher ADC compared to the sham tumors (p < .01, Figure 2(b)). A correlative 

immunohistochemical study with anti-caspase antibody showed that the WBRT tumors had 

significantly more apoptotic tumor cells than the sham-irradiated tumors (mean = 8.2 ± 0.8% 

vs. 3.0 ± 0.3%; p < .05; Figure 3).

BTB permeability of brain metastases was investigated by two approaches: T1-w contrast-

enhanced images and quantitative Ktrans maps derived from DCE MRI. At pre- and post-

treatment, T1-w contrast-enhanced images were acquired 7 mins after manual i.v. bolus 

injection of Gd-DTPA, respectively. Out of a total of 190 lesions from the pre-treated WBRT 

and sham groups, 90 lesions (47%) were enhanced (46 ± 8% and 49 ± 8% for WBRT and 

sham, respectively; Figure 4 and Table 1). The result was in a good agreement with our 

previous study of the 231-BR brain metastases, reiterating that a large fraction of brain 

metastases keep intact BTB. The number of enhanced lesions increased significantly at post-

treatment in both of the WBRT (71 ± 4%; p < .05) and sham (62 ± 5%; p < .05) group; 

however, there was no significant difference between the two groups (Figure 4).

The Ktrans permeability map generated from DCE MRI was used to assess the degree of 

BTB disruption. As shown in Figure 5, the Ktrans maps based on voxel by voxel analysis 

clearly showed not only intertumoral variation but also intratumoral heterogeneity in 

vascular permeability. Quantitative Ktrans data were presented in histogram plots (Figure 

5(a)). Compared to pre-treatment, post-treatment Ktrans increased in both the WBRT (mean 

= 0.048 ± 0.005 vs.0.073 ± 0.007 min−1) and sham irradiated tumors (mean = 0.050 ± 0.005 

vs. 0.056 ± 0.003 min−1; Figure 5(a,b) and Table 1). Statistical comparisons found 

significantly increased Ktrans only in the WBRT group (p < .05). Moreover, post-treatment 

WBRT tumors had a significantly higher Ktrans than the sham-irradiated tumors (p < .05; 

Figure 5(b)). Contralateral healthy brain as reference tissues were assessed for changes in 

Ktrans, but no inter or intra-group difference was observed.

Discussion

In the present study, we applied longitudinal high-resolution MRI to evaluate the early 

effects of clinically relevant WBRT on metastatic tumor burden, tumor cell killing and 

BBB/BTB permeability in a murine BCBM model. In good agreement with our previous 

study of this 231-Br BCBM model (Zhou et al. 2013), high-resolution T2-W images 

revealed hyperintense multifocal tumor lesions with a minimum diameter of 172 μm, ~50% 

of which did not show enhancement on T1-w post contrast images (Figure 2 and Table 1), 

indicating that many brain metastases retain intact BTB. WBRT with a hyperfractionation 

scheme of 4 Gy × 5 is applied clinically for brain metastasis treatment. However, the goal of 

this work was not to study the effects of a complete course of WBRT, but rather to 

investigate early effects occurring at mid-WBRT, for the purpose of defining a ‘therapeutic 

window’ which may be useful for synergistic application of either traditional or novel 

chemotherapeutics. Moreover, hyperfractionated WBRT has been considered as a likely 

cause of clinical cognitive decline in brain metastasis patients. Thus, if fractionations were 

reduced, WBRT induced cognitive complications may be alleviated.
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As soon as 24 hours after completion of the daily 4 Gy WBRT over 3 days, the follow-up 

MRI was conducted and T2-w MRI showed significantly delayed tumor growth in the 

WBRT tumors, as compared to the sham controls (Figure 1 and Table 1). However, the 

WBRT was not shown to inhibit the development of new lesions. These results are in line 

with previously published data of BCBM despite the total doses and fractionations of WBRT 

that varied in these studies (Smart et al. 2015; Murrell et al. 2016). Murrell and colleagues 

applied a higher dose WBRT of 20 Gy in 2 fractions to a mouse model of MDA-MB231-Br-

Her2, a genetically modified 231-Br overexpressing Her-2. For a prolonged period of MRI 

follow-up up to 12 days post WBRT, mean tumor volume, but not the number of lesions, 

was found to decrease significantly in the WBRT group (Murrell et al. 2016). In another 

recent study by Smart and colleagues aiming to compare a single high dose with fractionated 

WBRT, the clinically relevant 3 Gy × 10 was found to be superior to a single 15 Gy WBRT 

in terms of tumor growth inhibition of both macrometastases and micrometastases in the 

231-Br mouse model (Smart et al. 2015).

Concurring with anatomic MRI of tumor growth delay induced by WBRT, DW MRI 

detected significantly increased ADC in the WBRT tumors (Figure 2). DW MRI by 

measuring the microscopic mobility of water can provide information about the cellular 

structure, i.e. cell density (Hamstra et al. 2007; Padhani et al. 2009; Zhao et al. 2011). ADC 

that is extracted from DW images with multiple b values has been reported to correlate 

inversely with cell density, in which lower ADC values indicate higher cellularity, whereas 

treatment induced apoptosis and/or necrotic tissue show high ADC (Zhao et al. 2011). The 

cytotoxic effect of WBRT was further supported by immunohistochemical studies, showing 

significantly higher caspase 3 staining in the WBRT treated brain metastases (Figure 3).

It has been well documented that ionizing radiation induces BBB disruption in a dose and 

time-dependent manner (Li et al. 2003; Yuan et al. 2006; Sandor et al. 2014). However, few 

studies have investigated the effect of clinically relevant WBRT fractionation schemes on 

BBB/BTB permeability in brain metastasis models. On the contrary, a single higher dose of 

WBRT has been commonly involved in such studies. In the present study, we adopted a 

clinical dose schedule with a daily 4 Gy WBRT to treat brain metastases, aiming to 

determine if BTB permeability is affected at the middle of the 4 Gy × 5 WBRT when the 

first 3 doses were completed. T1-w contrast-enhanced images acquired after i.v. bolus 

injection of Gd-DTPA has widely been used to interrogate BBB permeability. In a good 

agreement with our previous study of the 231-Br brain metastases (Zhou et al. 2013), a high 

fraction of brain metastases remains impermeable to Gd-DTPA. Despite the increased 

number of lesions that were enhanced in the post-treatment MRI, WBRT did not increase the 

BTB permeability compared to the sham controls (Figure 4). These observations also 

coincided with the study reported by Murrell et al (Murrell et al. 2016), reiterating the 

heterogeneous nature of BTB permeability among individual lesions.

In addition to T1-w contrast-enhanced imaging, quantitative MRI methods are increasingly 

common in preclinical BBB permeability assessment. Tofts model is a quantitative two-

compartment pharmacokinetic model of tissue permeability and has become the standard in 

dynamic contrast-enhanced (DCE) MRI (Tofts et al. 1995). The Tofts model relies on serial 

rapid T1-w imaging over the course of a systemic Gd-DTPA administration, providing a 
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measurement of T1-w signal enhancement as a function of time. These images are fitted 

voxel-wise to the model described in Equation 3 to formulate a quantitative map of tissue 

permeability. An arterial input function (AIF), required by this model, is formulated by the 

bi-exponential model found in Equation 4, which has been used for previous research and 

found to be an accurate approximation of the AIF in small animal models (Pickup et al. 

2003; McGrath et al. 2009).

Ktrans, which has been generally used as a measure of vascular permeability, was extracted 

from DCE MRI; Ktrans maps of individual lesions were generated to provide voxel by voxel 

measurement of intratumoral permeability. As expected, Ktrans maps clearly revealed marked 

inter- and intra-tumoral heterogeneity in BTB permeability (Figure 5). Intriguingly, in 

contrast to the data of T1-w post-contrast images, showing no difference in BTB 

permeability between the WBRT tumors and the sham controls (Figure 4), quantitative DCE 

analysis detected a significant increase in mean Ktrans of the WBRT tumors observed at post-

treatment (Figure 5). Gd-DTPA, a small molecule MRI contrast agent, has a molecular 

weight similar to that of many chemotherapeutic agents, e.g. doxorubicin and paclitaxel, or 

some small molecule tyrosine kinase inhibitor such as lapatinib. Thus, one may reason that 

the WBRT enhanced BTB permeability to Gd-DTPA is also applicable to the 

abovementioned small molecules of therapeutic agents. However, it is noteworthy that other 

chemicophysical properties, e.g. electric charge and lipophilicity, also contribute 

significantly to their BBB permeability. Moreover, Lockman and colleagues assessed the 

uptake of radio-labeled paclitaxel or doxorubicin in brain metastases of the 231-Br-Her2 

mouse model. Their data showed that the drug concentrations even in those permeable 

metastases were far below that in visceral metastases (Lockman et al. 2010). Along with our 

observations in the prior and current studies, these results supported the notion that the BTB 

of brain metastases are remarkably heterogeneous, which may prevent therapeutic doses of 

anti-cancer drugs penetrating and distributing homogeneously across the tumors. 

Nevertheless, to the best of our knowledge, the current study is the first one to apply MRI to 

analyzing the quantitative change in BTB permeability of brain metastases in response to a 

clinically relevant WBRT dose schedule.

In the present study, we have applied longitudinal MRI to evaluate the early effects of 

WBRT on BCBM. In addition to anatomic MRI, multimodal functional MRI approaches 

provided quantitative analysis of temporal and spatial changes in both tumor tissue and 

vasculature in response to WBRT, of which the information about BTB permeability change 

may be particularly useful for possible combination treatment with systemic 

chemotherapeutic agents.
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Figure 1. 
Tumor burden in response to WBRT. (a) T2-w images of a representative WBRT and Sham-

treated mouse brain were acquired at pre and post-treatment, respectively. Five consecutive 

axial MRI sections revealed multifocal hyperintense lesions (arrows) in brains of both 

groups. (b) Tumor volume of individual brain metastases at pre (empty dot) versus post 

(solid dot) treatment was plotted. Significant increase in tumor volume at post-treatment was 

observed in each group: for the sham group, mean tumor volume = 0.28 ± 0.22 (n = 101) at 

pre increased to 0.44 ± 0.31 (n = 140; p < .01); for the WBRT, mean tumor volume = 0.23 

± 0.12 mm3 (n = 89) at pre increased to 0.34 ± 0.21 mm3 (n = 116; p < .01)). At post-

treatment, the sham-treated tumors were found to be significantly larger than the WBRT 

tumors (p < .05). (c) An incidence of new tumor development at post-treatment was also 

studied. There was a 42 ± 29% increase in the number of brain lesions in the sham group, 

while a smaller increase (21 ± 16%) was found in the WBRT group. However, there was no 

significant difference between the groups. Mean ± SD, *p < .05, **p < .01.

Crowe et al. Page 14

Int J Radiat Biol. Author manuscript; available in PMC 2019 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Diffusion-weighted MRI evaluating tumor response to WBRT. (a) DW MRI was conducted 

at pre and post-treatment on both the sham and WBRT treated mouse brains. Representative 

ADC maps of individual lesions were generated and overlaid on T2-w images. 

Corresponding histograms of voxel-by-voxel ADC data were plotted for the individual 

lesions at pre and post-treatment, respectively. (b) For the group of sham and WBRT, mean 

tumor ADCs at pre (n = 59 vs. 44) and post-treatment (n = 90 vs. 65) were plotted. The post-

treatment mean ADC (0.83 × 10−3±0.01 mm2/s) was significantly higher than the pre-

treatment value (0.75 × 10−3±0.02 mm2/s; p < .05) in the WBRT group, while there was no 

significant difference between pre and post-treatment in the sham group (0.76 × 10−3±0.01 

mm2/s vs. 0.75 × 10−3±0.02 mm2/s). Mean ± SE, *p < .05.
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Figure 3. 
Caspase 3 immunostaining of WBRT induced apoptosis. Immediately after the post-

treatment MRI scans, brain metastases-bearing mice were sacrificed and brains were 

dissected. Frozen sections were prepared and immunostained with anti-caspase 3 antibody. 

Positively stained apoptotic tumor cells were presented in the representative sham and 

WBRT treated tumor. Quantitative analysis of a group of sham (n = 3) and WBRT (n = 3) 

indicated significantly more apoptotic cells in the WBRT tumors (mean = 8.8 ± 0.6%) than 

the sham tumors (3.2 ± 0.4%; p < .05). Mean ± SD.
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Figure 4. 
T1-weighted contrast enhancement indicating disrupted BBB. (a) Representative T2-w and 

T1-w contrast-enhanced images of a WBRT and sham-treated mouse brain were obtained at 

pre and post-treatment. Many of the hyperintense lesions on T2-w images were not 

enhanced on T1-w contrast images, indicating heterogeneous BBB permeability among 

individual lesions. (b) Fractions of tumors with T1 contrast enhancement at pre and post-

treatment were plotted. Significant increase in enhancing fractions was found at post-

treatment in both the sham (0.62 ± 0.05 vs. 0.49 ± 0.08) and the WBRT (0.71 ± 0.04 vs. 0.46 

± 0.08) group. Mean ± SE, *p < .05.
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Figure 5. 
DCE MRI of BTB permeability. (a) Quantitative vascular permeability Ktrans maps from 

DCE MRI were generated for the same brain lesions as shown in Figure 3 and overlaid on 

T2-w images. Histogram plots of voxel by voxel Ktrans data revealed inter- and intratumoral 

heterogeneity in BTB permeability. (b) Mean Ktrans were obtained for the pre and post-

treated brain lesions in the sham and WBRT group. Significant increase in mean Ktrans was 

found at post-treatment in the WBRT tumors (0.073 ± 0.007 vs. 0.048 ± 0.005 min−1). 

Compared to the sham treatment (mean = 0.056 ± 0.003 min−1), the WBRT tumors had a 

significantly higher Ktrans. Mean ± SE, *p < .05.
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