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Abstract
Purpose: Dynamic contrast-enhanced magnetic resonance imaging offers noninvasive characterization of the vascular
microenvironment and hemodynamics. Stereotactic radiosurgery, or stereotactic body radiation therapy, engages a vascular
component of the tumor response which may be detectable using dynamic contrast-enhanced magnetic resonance imaging. The
purpose of this study is to examine whether dynamic contrast-enhanced magnetic resonance imaging can be used to predict
local tumor recurrence in patients with spinal bone metastases who undergo high-dose radiotherapy with stereotactic
radiosurgery. Materials and Methods: We conducted a study of 30 patients with spinal metastases who underwent dynamic
contrast-enhanced magnetic resonance imaging before and after radiotherapy. Twenty patients received single-fraction stereo-
tactic radiosurgery (24 Gy), while 10 received hypofractionated stereotactic radiosurgery (3-5 fractions, 27-30 Gy total). Kaplan-
Meier analysis was used to estimate the actuarial local recurrence rates. Two perfusion parameters (Ktrans: permeability and Vp:
plasma volume) were measured for each metastasis. Percentage change in parameter values from pre- to posttreatment was
calculated and compared. Results: At 20-month median follow-up, 5 of the 30 patients had pathological evidence of local
recurrence. One- and 3-year actuarial local recurrence rates were 24% and 44% for the hypofractionated stereotactic
radiosurgery cohort versus 5% and 16% for the single-fraction stereotactic radiosurgery cohort (P ¼ .20). The average
change in Vp and Ktrans for patients without local recurrence versus those with local recurrence was �76% and �66%
versus þ28% and �14% (P < .01 for both). With a cutoff point of �20%, Vp had a sensitivity, specificity, positive predictive
value, and negative predictive value of 100%, 98%, 91%, and 100%, respectively, for the detection of local recurrence
following high-dose radiotherapy. Using this definition, dynamic contrast-enhanced magnetic resonance imaging identified
local recurrence up to 18 months (mean [standard deviation], 6.6 [6.8] months) earlier than standard magnetic resonance
imaging. Conclusions: We demonstrated that changes in perfusion parameters, particularly Vp, after high-dose radiotherapy to
spinal bone metastases were predictive of local tumor recurrence. These changes predicted local recurrence on average >6
months earlier than standard imaging did.
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Introduction

The spine accounts for up to 70% of all bone metastasis, which

is the third most common site of cancer metastasis following

lung and liver.1,2 Five to ten percent of all patients with cancer

develop spinal bone metastases, often causing significant mor-

bidity and mortality.3 Evaluation for the presence of spinal

metastases and assessment of treatment response are currently

performed using conventional magnetic resonance imaging

(MRI).4 Images acquired using T1-weighted and short-tau

inversion recovery sequences allow for accurate detection of

spinal metastases. However, assessment for treatment response

is limited and progression is defined as an increase in the size of

lesions, but there are no accurate ways of defining a positive

treatment response other than the stability of the lesion size.5-9

Dynamic contrast-enhanced MRI (DCE-MRI), as an

advanced MR technique, offers noninvasive characterization

of vascular microenvironment and hemodynamics that is not

available from conventional MRI and the traditional dynamic

susceptibility contrast (or T2*) perfusion method.10 Dynamic

contrast-enhanced MRI involves rapid intravenous injection of

a contrast agent such as gadolinium diethylene triamine pen-

taacetic acid (Gd-DTPA), which is measured with a dynamic

T1-weighted imaging sequence. The extended Tofts’ 2-

compartment pharmacokinetic model, which assumes that all

contrast is either in the interstitial space or in the intravascular

space, is generally used to calculate the intravascular volume,

Vp, which is an estimate of tumor vascularity, and the rate of

contrast leakage from the intravascular to interstitial space,

Ktrans, which is an estimate of vessel permeability.11-13 With

DCE-MRI, the voxel-wise tracer kinetic analysis during accu-

mulation and distribution of contrast medium in the area of

interest offers insight into pathophysiological status of tumor

microenvironment. Dynamic contrast-enhanced MRI perfusion

parameters have been shown to be able to noninvasively dis-

criminate between hypervascular and hypovascular spinal

metastases.14,15 Furthermore, DCE-MRI has been used to

assess treatment response in patients with spinal metastases

treated with high-dose radiation therapy (RT).10,16 It has been

demonstrated that changes in perfusion parameters, particularly

Vp, reflect tumor response to RT in spinal bone metastases.10

Stereotactic radiosurgery (SRS), or stereotactic body radia-

tion therapy (SBRT), is a technique that allows for the delivery

of a single or short course (3-5 treatments) of high-dose RT

using conformal techniques with inverse planning. It has been

shown to provide excellent local control (LC; 1-year LC rate

>90%) and a low risk of toxicity to spinal cord and other organs

at risk in a shorter treatment course than conventional external

beam radiation therapy.3,17-19 Recent work using experimental

mouse tumor models demonstrates that high-dose radiation

(>8-10 Gy) induces microvascular endothelial apoptosis in the

targeted tissue, in addition to direct tumor cell damage.20 Thus,

it is believed that in human tumors as well, SRS engages a

vascular component of the tumor response, which may be

detectable using DCE-MRI.

In this study, we hypothesize that in addition to evaluating

treatment response, changes in DCE-MRI perfusion parameters

can be used to predict local tumor recurrence in patients with

spinal metastases undergoing high-dose RT.

Materials and Methods

Participants

A waiver of authorization was granted by our institutional

review board. We retrospectively examined patients at our

institution who received high-dose RT for the treatment of

spinal metastasis between 2009 and 2012. Of these, we identi-

fied 208 patients who had lesions located between T12 and S5.

Lesions outside this area were excluded as DCE-MRI is only

routinely performed on the lower part of the spine due to poten-

tial image degradation by respiratory and cardiac motion arti-

facts in the upper spine. We then selected only patients who had

at least 1 DCE-MRI scan performed both before and after

irradiation, resulting in 48 patients. Finally, we excluded all

patients who had scans of poor quality due to prior surgery

or kyphoplasty in the area of lesion and ended up with 30

patients in total.

Of the 30 patients in our study, 5 had pathologic evidence of

local recurrence (LR), obtained from biopsy during salvage

surgery, while 25 were in our LC group. All cases were

reviewed by a multidisciplinary team of experts in spinal

malignancies consisting of neurosurgeons, radiation and med-

ical oncologists, interventional radiologists, and neuroradiolo-

gists. Patients in the LC group showed no radiographic (MRI

and Positron Emission Tomography [PET]) evidence of tumor

recurrence, defined as a progressive increase in size of the

treated lesion with consideration of the clinical scenario, at a

median follow-up time of 21 months. For those patients with

LR, the median time to proven recurrence, defined as a positive
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surgical pathology, was 12 months. The date of detection of LR

on standard imaging was based on official radiologist report

and review in multidisciplinary tumor board. Twenty of the 30

patients in our cohort received single-fraction (24 Gy) SRS,

while 10 of the 30 received hypofractionated (3-5 fractions,

27-30 Gy total) SRS. The use of hypofractionated instead of

single-fraction SRS was at the discretion of the treating physi-

cian, with primary considerations for hypofractionated SRS

including prior radiation to the same lesion or proximity to

critical dose-limiting normal structures. The decision Kaplan-

Meier analysis was used to estimate the actuarial LR rates of

each group, which were compared using a log-rank test. Further

patient characteristics, including the site of primary neoplasms,

are summarized in Table 1.

Magnetic Resonance Imaging Acquisition

Magnetic resonance imaging scans were acquired with 1.5-T

GE scanner (GE Healthcare, Milwaukee, Wisconsin) using an

8-channel cervical–thoracic–lumbar spinal coil. Routine MRI

assessments involved the following: sagittal T1 (field of view

[FOV], 32-36 cm; slice thickness, 3 mm; repetition time [TR],

400-650 milliseconds; flip angle [FA], 90�) and T2 (FOV,

32-36 cm; slice thickness, 3 mm; TR, 3500-4000 milliseconds;

FA, 90�), axial T1 (FOV, 18 cm; slice thickness, 8 mm; FA,

90�) and T2 (FOV, 18 cm; slice thickness, 8 mm; TR, 3000-

4000 milliseconds; FA, 90�), and sagittal short inversion time

inversion recovery (FOV, 32-36 cm; slice thickness, 3 mm; TR,

3500-6000 milliseconds; FA, 90�).
Dynamic contrast-enhanced MRI of the spine as a part of

standard clinical protocol was then acquired. A bolus of

Gd-DTPA was administered by a power injector at 0.1

mmol/kg body weight and at a rate of 2 to 3 mL/s. The kinetic

enhancement of tissue during and after injection of Gd-DTPA

was obtained using a 3-dimensional T1-weighted fast spoiled

gradient-echo sequence (TR, 4-5 milliseconds; TE, 1-2 millise-

conds; slice thickness, 5 mm; FA, 25�; acquisition matrix, 256

� 128, FOV, 32 cm; total 40 dynamic phases; temporal reso-

lution [Dt] of 5 seconds) and consisted of 10 to 12 images in

sagittal plane. First 10 phases were acquired without contrast

injection and have been used to calculate T1. Sagittal and axial

T1-weighted post-Gd-DTPA MR images were acquired after

DCE-MRI.

Data Analysis

Dynamic image processing software (NordicICE: version 2.3;

NordicNeuroLab [NNL], Bergen, Norway) was used for data

processing. Preprocessing steps included background noise

removal, spatial and temporal filtering, and automatic detection

of arterial input function (AIF) from the aorta. The AIF was

individually measured in each acquisition of every patient.

Pixels with a large change in signal intensity (SI), with a rapid

change immediately after bolus injection, and with an early

peak in intensity in the image(s) have been chosen for AIF.

Linear assumption was made between change in SI and gado-

linium concentration to convert SI curve to concentration–time

curve. At low concentrations (below about 10 mM), the linear-

ity assumption holds because the relationship between SI and

Gd concentration is approximately linear.21 The extended

Tofts’ 2-compartment pharmacokinetic model was applied for

calculation of parameters Vp and Ktrans, in which Vp ¼ intra-

vascular plasma volume and Ktrans (permeability) ¼ rate con-

stant of Gd leakage from intravascular to interstitial space.11

The Ktrans and Vp maps were obtained for each patient in a

region of interest (ROI) within the tumor. On each map, ROIs

were drawn freehand by the same investigator around regions

of increased SI in tumor area, defining regions of higher overall

perfusion. If tumor was present on multiple slices, the slice

containing the most enhancing voxels (SliceMax) was used.22

Regions of interest were also drawn over normal unirradiated

bone marrow (BM) 2 to 3 vertebrae away from the ROI, which

was used as a baseline to measure relative SI of each lesion.

Regions of interest around metastatic lesions were placed in the

solid part of the tumor with careful consideration to avoid

venous structures, hemangiomas, disc spaces, cortical bone,

and spondylotic changes. Anatomical images that overlaid onto

the DCE-MRI perfusion images were used in ROI placements.

Relative SI values were obtained for each lesion before and

Table 1. Summary of Patient Characteristics.

Local

Control

Local

Recurrence Total

Number of patients 25 (83%) 5 (17%) 30

Age

Median (range) 67 (40-89) 56 (52-73) 65 (40-89)

Sex

Male 15 3 18

Female 10 2 12

Site of spinal metastasis

T12-L1 8 1 9

L2-L3 10 2 12

L4-L5 7 2 9

Primary neoplasm

Thyroid 5 0 5

Colon 4 0 4

Breast 3 1 4

Prostate 3 1 4

Renal cell carcinoma 2 2 4

Sarcoma 3 0 3

Lung 2 0 2

Other 3a 1b 4

Treatment regimen

Single-fraction SRS (24 Gy) 18 (72%) 2 (40%) 20 (67%)

Hypofractionated SRS

(27-30 Gy)

7 (28%) 3 (60%) 10 (33%)

Time to recurrence, months

Median (range) NA 12 (1-21)

Follow-up time, months

Median (range) 21 (5-40) 14 (7-20) 20 (5-40)

Abbreviations: NA, not available; SRS, stereotactic radiosurgery.
aLiver, esophageal, melanoma.
bGallbladder.

Kumar et al 859



after radiotherapy and were compared in terms of percentage

change, calculated as: ([Pre � Post]/Pre) � 100. The mean

percentage change in perfusion parameters (Vp and Ktrans) from

pre- to posttreatment scans was calculated in each group (LR

and LC).

Statistical Analysis

A Mann-Whitney U test, at a significance level of P� .01, was

performed to quantify and compare the significance of the

perfusion parameters (Ktrans and Vp) in both groups. To assess

perfusion parameters as predictors of LR, receiver operating

characteristic (ROC) curves were drawn for both Vp and Ktrans

using the pROC package in R version 3.1.0. These curves were

used to determine the ideal cutoff value that provides the max-

imum sensitivity and specificity for each parameter. Area

under the curve (AUC) was also calculated for each to compare

the 2 parameters. Sensitivity, specificity, positive predictive

value (PPV), and negative predictive value (NPV) at the ideal

cutoff value for each parameter were calculated using this soft-

ware. Relationship between time after radiation treatment and

Figure 1. Average percentage change in perfusion parameters from

pre- to posttreatment scans. Both permeability (Ktrans) and plasma

volume (Vp) showed a significant difference between scans from the

local control and local recurrence groups (P < 0.01 for both). Standard

error bars are shown.

Figure 2. Example of a case in the local control group. This patient had a colon adenocarcinoma metastasis to the spine. A, Sagittal T1-weighted

image showing a metastatic lesion at the L3 vertebra. B, Graph displaying relative signal intensity (SI) of the tumor to adjacent normal bone

marrow (BM) from plasma volume (Vp) and permeability (Ktrans) perfusion maps at 3 different time points: on September 28, 2010, before

irradiation (in this case, 24 Gy in a single fraction), and twice after irradiation, on December 14, 2010 and May 24, 2011. The relative SI of the

tumor for both Vp and Ktrans is several times that of the normal BM prior to irradiation but becomes similar to or less than the SI of the normal

BM after irradiation. C, The Vp perfusion maps are shown for the same 3 time points as in the line graph. Qualitatively, it is obvious that prior to

treatment (left), the tumor has a greater SI than adjacent normal BM, but after treatment (middle and right), the SI becomes equal to or less than

the adjacent normal BM.
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percentage change in Vp in either group (LC and/or LR) has

been assessed using ordinary least squares regression.

Results

Of the 20 patients who received single-fraction SRS, only 2

(10%) had LR, while 3 (30%) of 10 patients who received

hypofractionated SRS had LR. The 1- and 3-year actuarial

LR rates were 5% and 16% for single-fraction SRS group ver-

sus 24% and 44% for hypofractioned SRS group (P ¼ .20).

The mean percentage changes in Vp and Ktrans from pre- to

posttreatment scans were both significantly different between

the LC and LR groups (Figure 1). The mean percentage

changes in Ktrans for LC and LR groups were �66% and

�7%, respectively (P < .01). The mean percentage changes

in Vp for LC and LR groups were �76% and þ30%, respec-

tively (P < .01).

Sample cases in the LC (Figure 2) and LR groups (Figure 3)

are shown. For each patient, a sagittal T1-weighted image was

used to identify metastatic lesion (Figures 2A and 3A). The Vp

and Ktrans perfusion maps were then generated as described

above and used to both quantitatively calculate relative SI of

the tumor/BM (Figures 2B and 3B) and qualitatively assess

tumor perfusion (Figures 2C and 3C). In addition to quantita-

tive difference in percentage change of Vp and Ktrans between

the LC and LR groups, qualitatively it is obvious whether the

patient has tumor control versus tumor recurrence (Figures 2C

vs 3C).

To assess the performance of perfusion parameters in pre-

dicting tumor recurrence, ROC curves were drawn for both

Ktrans and Vp (Figure 4). The AUC was 0.866 for Ktrans and

0.998 for Vp. The sensitivity and the specificity for predicting

LR for change in Ktrans with a cutoff value of �50% were 80%
and 76%, respectively. This parameter had a PPV of 44% and

an NPV of 94%. The sensitivity and the specificity for predict-

ing LR for change in Vp with a cutoff value of �20% were

100% and 98%, respectively. This parameter had a PPV of 91%
and an NPV of 100%.

Details of each recurrence case, including primary tumor

type and location, average change in perfusion parameters, and

Figure 3. Example of a case in the local recurrence group. This patient had a renal cell carcinoma metastasis to the spine. A, Sagittal T1-

weighted image showing a metastatic lesion at T12-L1. B, Graph displaying relative signal intensity (SI) of the tumor to the adjacent normal

bone marrow (BM) from plasma volume (Vp) and permeability (Ktrans) perfusion maps at 3 different time points: on May 2, 2011, before

irradiation (in this case, 24 Gy in a single fraction), and twice after irradiation, on October 13, 2011 and July 25, 2012. The relative SI tumor/BM

is high prior to irradiation, but unlike with the tumor control example (Figure 2), it stays high after irradiation and eventually increases even

more. C, The Vp perfusion maps are shown for the same 3 time points as in the line graph. Qualitatively, it is evident that both prior to irradiation

(left) and after (middle), the tumor has a greater SI than the adjacent normal BM, and with additional time (right), the tumor SI increases

even further.
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time until first posttreatment scan are displayed in Table 2.

Additionally, the table shows the time interval between first

detection of the LR by perfusion parameters (Vp with a cutoff

of �20%) versus standard imaging for each case. DCE-MRI

identified LR up to 18 months (mean [standard deviation],

6.6[6.8] months) earlier than standard MRI.

Discussion

Recent studies have demonstrated that DCE-MRI can detect

tumor response to high-dose RT in spinal bone metastases

through changes in perfusion parameters shortly after treat-

ment.10,16 Here, we show that in addition to evaluating tumor

response to treatment, DCE-MRI can predict local tumor recur-

rence following high-dose RT. Specifically, average change in

perfusion parameters Vp and Ktrans differed significantly from

the LC group compared with the LR group (P < .01). A more

significant difference was seen with Vp, which had an average

change of �76% in the LC group versus þ30% in the LR

group. With a cutoff point of �20%, Vp had a sensitivity of

100% and a specificity of 98% for the detection of LR follow-

ing high-dose RT. Using this definition, DCE-MRI was able to

predict local tumor recurrence on average 6.6 months earlier

than it was detected using standard imaging.

Multiple studies have examined the use of DCE-MRI in

assessing radiation treatment response in a variety of sites,

including the brain, head and neck, breast, cervix, and pros-

tate.23-27 Furthermore, some studies have shown that

DCE-MRI may be able to distinguish tumor recurrence from

treatment change, for example, in patients with gliomas.25,28

However, it was not until recently that DCE-MRI was used to

assess radiation treatment response in the spine. In a hetero-

geneous cohort of 19 spinal bone metastases treated with RT,

Chu et al reported that changes in Vp most strongly predicted

Figure 4. Receiver operating characteristic (ROC) curves examining perfusion parameters permeability (Ktrans; A) and plasma volume (Vp; B)

for the detection of local recurrence of spinal metastasis after irradiation. The area under the ROC curve was 0.866 for Ktrans and 0.998 for Vp.

For Ktrans (A), the optimal cutoff point for the detection of LR was �50%, resulting in a sensitivity of 80% and a specificity of 76%. For Vp (B),

the optimal cutoff point for the detection of LR was �20%, resulting in a sensitivity of 100% and a specificity of 98%.

Table 2. Recurrence Cases.

Recurrence

No.

Primary Tumor/

Location

Months to First

Posttreatment Scan

Average %
Change in Ktrans

Average %
Change in Vp

No. Months Changes in Vp Predicted LR

Before Standard Imaging

1 RCC/T12-L1 2 �10 þ15 4

2 Cholangiocarcinoma/L4 14 �10 0 4

3 RCC/L4 1 þ23 þ17 0a

4 Prostate/L2 5 þ78 þ67 7

5 Breast/L2 2 �42 þ7 18

Abbreviations: Ktrans, permeability; RCC, Renal Cell Carcinoma; Vp, plasma volume.
aLocal recurrence (LR) was detected on standard imaging at the same time as dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI).
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treatment response, with all successfully treated lesions show-

ing decreases in Vp, but the 2 treatment failures showing dra-

matic increases in Vp.10 Spratt et al reported that in a

homogenous cohort of 12 metastatic sarcoma lesions to the

spine treated with SBRT, with 1 local failure, a combination

of changes in perfusions parameters (Ktrans, Vp) had 100%
accuracy in predicting LC better than conventional size and

subjective neuroradiology impressions.16 Our study builds

upon these as it demonstrates that in a larger cohort of spinal

bone metastases treated with high-dose RT, including 5 patho-

logically proven local tumor recurrences, DCE-MRI perfusion

parameters can be used not only to evaluate treatment response

shortly after RT but also to predict local tumor recurrence in the

future.

While both Vp and Ktrans were found to be predictive of LR,

Vp was much more accurate, as evident by the higher AUC.

This is congruent with previous results that showed Vp to be

more reflective of tumor response to RT in BM than Ktrans.10

The Vp decreases in successfully treated lesions likely because

RT causes a decrease in vascularity. Conversely, the increased

Vp in cases of LR is perhaps due to increased angiogenesis in

recurrent bone metastases.2 Ktrans, an estimate of the velocity of

blood transfer from the vascular compartment to the interstitial

space, has previously been used to assess tumor vascular prop-

erties in the brain and other soft tissues but may not be as

reliable in BM due to physiologic differences between brain

and bone tissue.11

Our analysis assumed that the time following treatment does

not affect change in perfusion parameters. While this seems

likely with locally controlled tumors, it is less clear with tumors

that recur. Comparing time after radiation to percentage change

in Vp showed no correlation in the LC group but a trend toward

a significantly positive correlation in the LR group (Figure 5).

This suggests a possible relationship between time and increase

in perfusion parameters for tumors that locally recur, which

would be expected as tumors continue to grow over time. It

also raises the following question: at what point following

treatment, using our cutoff of �20% for Vp, can LR be

detected? The earliest posttreatment scan available in our LR

group was 1 month, which did predict LR; thus, it may be

possible to predict LR at this early time interval and perhaps

even earlier.

Our results have significant clinical implications. Early

detection of treated tumors that are likely to recur would allow

for more timely interventions and likely improved outcomes.

Similarly, knowing early on that a tumor was treated success-

fully and is unlikely to locally recur could decrease patient

stress and cost of additional surveillance tests and imaging.

The Spine Response Assessment in Neuro-Oncology (SPINO)

group has published its preliminary recommendations for

imaging-based local tumor response after spine SBRT, as

Response Evaluation Criteria in Solid Tumors have been

shown to be inadequate in this setting. We believe that in the

future, with further evaluation and validation prospectively,

changes in DCE-MRI perfusion parameters can be integrated

into the SPINO criteria to better define local progression after

spine SBRT.

This study is not without its limitations. The sample size is

small and heterogeneous in terms of primary tumor histology

and treatments, in part due to a requirement of both pre- and

posttreatment DCE-MRI scans and limited availability. We

acknowledge that the effect of different fractionation schemes

and systemic therapies on DCE-MRI is unknown and a poten-

tial confounder. However, the differences in perfusion para-

meters were dramatic enough between the groups (LC vs LR)

that ROC analysis could be performed and the predictive value

of the parameters was found to be very good, especially Vp.

Another limitation is that this was a retrospective study.

Because of this, the timing before and after treatment of

DCE-MRI scans was not consistent among patients. Despite

the variation in timing, we were still able to show signifi-

cant differences between the LC and LR groups. There are

also several technical challenges. To apply a pharmacoki-

netic model for quantitative analysis, both the precontrast

T1 value and AIF must be accurately measured. In the

design of DCE-MRI studies, competing demands for high

spatial resolution, coverage, and signal-to-noise ratio often

result in inadequate temporal resolution for reliable mea-

surement of the AIF. Saturation effects and mis-sampling

can affect the AIF time course and initial contrast bolus, and

dispersion of the AIF before it reaches the ROI can also

affect DCE-MRI quantification. Furthermore, due to con-

cern about potential image degradation by respiratory and

cardiac motion artifacts, we limited our study to metastases

of the lumbosacral spine only.

Future studies should include upper spinal bone metastases

if DCE-MRI is to be considered widely for response assess-

ment after high-dose RT to the spine. Additionally, a prospec-

tive study is needed to answer questions regarding timing to

Figure 5. Diagram showing the relationship between time after irra-

diation and percentage change in plasma volume (Vp). The green

triangles are data points from the local recurrence (LR) group, while

the blue diamonds are data points from the local control (LC) group.

The linear curve for each group was obtained using ordinary least

squares regression. The slope coefficients for the LR and LC groups

were 2.25 and �0.96, respectively; both did not differ significantly

from 0 (P > .05).
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change in perfusion parameters and if results vary based on

primary histology. Finally, a direct comparison to standard

imaging prospectively could more accurately determine the

benefit of DCE-MRI in terms of earlier local tumor recurrence

detection.

Conclusion

Dynamic contrast-enhanced MRI can noninvasively detect

early treatment response and predict local tumor recurrence

in spinal bone metastases treated with high-dose RT. This has

important clinical implications that may ultimately lead to

improved patient care.
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