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Imaging Characterizes Tumor Response to Radiation Therapy
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X P. Santos, X K.K. Peck, X J. Arevalo-Perez, X S. Karimi, X E. Lis, X Y. Yamada, X A.I. Holodny, and X J. Lyo

ABSTRACT
BACKGROUND AND PURPOSE: Chordomas notoriously demonstrate a paucity of changes following radiation therapy on conventional
MR imaging. We hypothesized that dynamic contrast-enhanced MR perfusion imaging parameters of chordomas would change signiﬁcantly following radiation therapy.
MATERIALS AND METHODS: Eleven patients with pathology-proved chordoma who completed dynamic contrast-enhanced MR perfusion imaging pre- and postradiation therapy were enrolled. Quantitative tumor measurements were obtained by 2 attending neuroradiologists. ROIs were used to calculate vascular permeability and plasma volume and generate dynamic contrast-enhancement curves.
Quantitative analysis was performed to determine mean and maximum plasma volume and vascular permeability values, while semiquantitative analysis on averaged concentration curves was used to determine the area under the curve. A Mann-Whitney U test at a
signiﬁcance level of P ⬍ .05 was used to assess differences of the above parameters between pre- and postradiation therapy.
RESULTS: Plasma volume mean (pretreatment mean ⫽ 0.82; posttreatment mean ⫽ 0.42), plasma volume maximum (pretreatment
mean ⫽ 3.56; posttreatment mean ⫽ 2.27), and vascular permeability mean (pretreatment mean ⫽ 0.046; posttreatment mean ⫽ 0.028) in
the ROIs signiﬁcantly decreased after radiation therapy (P ⬍ .05); this change thereby demonstrated the potential for assessing tumor
response. Area under the curve values also demonstrated signiﬁcant differences (P ⬍ .05).
CONCLUSIONS: Plasma volume and vascular permeability decreased after radiation therapy, suggesting that these dynamic contrastenhanced MR perfusion parameters may be useful for monitoring chordoma growth and response to radiation therapy. Additionally, the
characteristic dynamic MR signal intensity–time curve of chordoma may provide a radiographic means of distinguishing chordoma from
other spinal lesions.
ABBREVIATIONS: AUC ⫽ area under the curve; DCE ⫽ dynamic contrast-enhanced; Ktrans ⫽ vascular permeability; max ⫽ maximum; RT ⫽ radiation treatment;
Vp ⫽ plasma volume

C

hordoma is a rare cancer of persistent or ectopic notochord
remnants, commonly found in the clivus, spine, and sacrum.1 Chordomas account for only 1%– 4% of all bone cancers,
with an annual incidence of 1 per 1,000,000 and a prevalence of
⬎1 per 100,000.2,3 Although having a low grade in histology,
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chordomas are locally invasive, aggressive, and prone to recurrence.1 Thus, patients are faced with a dismal prognosis and clinical progression mirroring that of malignant neoplasms. The median survival of patients with chordoma is currently 6.29 years,
with survival rates dropping from 67.6% at 5 years to 39.9% at 10
years.4
The diagnosis of chordoma is challenging. Currently, conventional MR imaging is the criterion standard for the primary assessment of chordoma because it allows discrimination of tumor
soft tissue from normal architecture, as well as the surveillance of
spinal metastases.5-7 Classically, chordomas appear isointense or
hypointense on T1-weighted MR imaging and hyperintense on
T2-weighted MR imaging.8 Most lesions exhibit minimum-tomoderate heterogeneous enhancement with gadolinium, mirroring their heterogeneous histology.9 Not surprising, conventional
MR imaging is limited in its capacity to discriminate chordoma
and other spinal cancers.10

Current treatment guidelines recommend en bloc surgical resection for primary chordoma lesions, followed by adjuvant radiation therapy to eliminate residual disease.1,10 Resection quality is
largely predictive of postsurgical outcomes: Patients who underwent more aggressive, radical resection exhibited remission lasting nearly 3.5 times longer than those who had only undergone
subtotal resection.11 Thus, local recurrence despite resection and
adjuvant radiation is considered a marker of treatment failure.
However, en bloc excision is not universally feasible for all patients with chordoma. Surgical resection of chordoma is often
complicated by local invasion of adjacent vessels and impingement of surrounding structures. In these advanced cases, alternative approaches such as subtotal resection, high-dose radiation
therapy, and systemic biologic therapies may be indicated. Determining the need for such therapies requires careful monitoring of
tumor response to therapy postresection.
However, monitoring tumor progression with conventional MR imaging is complicated by the indolent nature of
chordoma: Its lesions are largely clinically silent until later
stages of disease, at which point they are resistant to most
traditional chemoradiation regimens.1 As a result, chordoma
lesions typically do not exhibit significant changes in tumor
volume in response to therapy, once again limiting the utility
of conventional MR imaging in evaluating treatment efficacy
and subsequent patient prognosis.
Unlike conventional MR imaging, dynamic contrast-enhanced MR perfusion imaging (DCE-MR imaging) provides insight into the physiologic and hemodynamic characteristics of
neoplastic lesions by evaluating tumor vascularity. DCE-MR imaging involves assessing changes in signal intensity with time, before and after contrast injection.12 Previous studies have shown
that DCE-MR imaging is useful for monitoring the response to
therapy in spinal bone metastases,13 and for discriminating the
hypo- and hypervascular spinal lesions of prostate carcinoma and
renal cell carcinoma, respectively.14 More recently, DCE-MR imaging has shown clinical utility in chordoma diagnosis, effectively
discriminating between chordoma and giant cell tumors of the
axial skeleton.15
The purpose of this study was to determine whether DCE parameters, plasma volume (Vp) and vascular permeability (Ktrans),
can be used to monitor tumor response to radiation treatment
(RT). We hypothesized that DCE-MR imaging parameters obtained via quantitative and semiquantitative methods can be used
to characterize tumor response to RT, detecting subsequent
changes in chordoma vasculature, which may later predict parallel changes in tumor volume as detected by conventional MR
imaging.

MATERIALS AND METHODS
Subjects
We analyzed retrospective radiographic data from patients with
pathology-proved chordoma of the sacrum, spine, or clivus.
Eleven patients (mean age, 61 years) with DCE-MR perfusion
imaging before and after RT were enrolled. Our institutional review board granted a waiver of authorization and consent for this
study.

Data Acquisition
MR imaging sequences were acquired with a 1.5T scanner (HDxt
16.0; GE Healthcare, Milwaukee, Wisconsin), equipped with an
8-channel cervical-thoracic-lumbar surface coil. Patients underwent routine MR imaging, including sagittal T1 (FOV, 32–36 cm;
section thickness, 3 mm; TR, 400 – 650 ms; flip angle, 90°) and T2
(FOV, 32–36 cm; section thickness, 3 mm; TR, 3500 – 4000 ms;
flip angle, 90°), axial T1 (FOV, 18 cm; section thickness, 8 mm;
flip angle, 90°) and T2 (FOV, 18 cm; section thickness, 8 mm; TR,
3000 – 4000 ms; flip angle, 90°), and sagittal STIR imaging (FOV,
32–36 cm; section thickness, 3 mm; TR, 3500 – 6000 ms; flip angle,
90°).
DCE-MR imaging of the spine was acquired on completion of
routine MR imaging. A power injector was used to administer a
bolus of gadolinium-diethylenetriamine penta-acetic acid at a
dose of 0.1 mmol/kg and rate of 2–3 mL/s. The kinetic enhancement of tissue before and after contrast injection was obtained by
using a 3D T1-weighted fast-spoiled gradient-echo sequence (TR,
4 –5 ms; TE, 1–2 ms; section thickness, 5 mm; flip angle, 25°; FOV,
32 cm; matrix, 256 ⫻ 128; temporal resolution, 6⬃7 seconds) and
consisted of 10 –12 images in the sagittal plane. Ten phases for
preinjection time delay and 30 phases for postinjection were obtained. Sagittal and axial T1-weighted postinjection MR images
were additionally acquired after DCE-MR imaging.

Data Analysis
Data processing and analysis were performed with dynamic image
processing software (NordicICE, version 2.3.14; NordicNeuroLab, Bergen, Norway). Preprocessing steps included removal of
background noise, spatial and temporal smoothing, and detection
of the arterial input function from the aorta. The arterial input
function was individually calculated in each acquisition. Pixels
with a large change in signal intensity, with a rapid change immediately after bolus injection, and with an early peak in intensity
were chosen for the arterial input function. Linear assumption
was made between the change in signal intensity and gadolinium
concentration to convert the signal intensity curve to a concentration-time curve.
Anatomic images that matched the DCE-MR images were
used in ROI placements. Voxel-by-voxel estimates of quantitative
perfusion parameters, including vascular permeability and
plasma volume, were determined with a Tofts 2-compartment
pharmacokinetic model16 analysis. The area under the curve
(AUC) was obtained from semiquantitative analysis to assess its
potential as a discriminator of tumor histology.
ROIs were drawn to encompass the entirety of the chordoma
by 2 attending neuroradiologists who were blinded to biopsy results and other clinical data, including age and sex, with careful
consideration to avoid lesion margins, normal-appearing marrow, endplates, spondylotic changes, and vessels (including the
basivertebral venous plexus). ROI values were determined for
each section. Radiologists placing ROIs were blinded to additional
clinical information and additional imaging.

Dynamic Concentration-Time Curves
Dynamic concentration-time curves illustrate changes in MR imaging signal intensity as a function of time. As a semiquantitative
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FIG 1. MR signal intensity is diminished in response to radiation therapy in DCE-MR imaging. A, Representative sagittal and axial T1-weighted MR
images and dynamic derived images from DCE-MR imaging, illustrating a chordoma of the sacrum and clivus, pre- and postradiation therapy. B,
Individual dynamic MR signal intensity–time curves pre-RT (blue) and post-RT (purple), obtained from corresponding ROIs (red).

analysis, AUCs in the dynamic concentration-time curves were
generated from the same ROIs. Two curves for before and after
RT were obtained for each patient. Only MR imaging signal intensities corresponding to the phases of the postinjection period
were included for the calculation.

Statistical Analysis
A Wilcoxon ranked sign test at a significance of P ⱕ .05 was
conducted to assess the difference between the Vp and Ktrans
maximum (max) and mean values pre- and post-RT. A MannWhitney U test at a significance of P ⱕ .05 was conducted to assess
the difference between the dynamic curves pre- and post-RT.

DCE-MR Imaging Intervals
There was variability with respect to the number of both pre- and
posttreatment DCE-MR imaging perfusion scans provided for
each patient. In this study, we selected scans on the basis of the
proximity to the time of radiation therapy as measured by pretreatment and posttreatment intervals. The pretreatment interval
was measured as the number of days between the most proximal
pretreatment DCE-MR imaging study and the first day of radiation therapy; the posttreatment interval was measured as the
number of days between the last day of radiation therapy and the
most proximal posttreatment DCE-MR imaging study.

Therapeutic Response
All subsequent posttreatment surveillance MR images and corresponding reports were reviewed. Time to recurrence was measured as the number of days between the last day of radiation
therapy to the first radiology report that noted increasing tumor
size/signal enhancement concerning for progression. Corresponding radiation oncology notes were reviewed to confirm that
2212
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the patient’s clinical presentation aligned with radiologic findings. For 5 of 11 patients, progression-free survival was measured
as the number of days from the last day of radiation therapy until
the first surveillance MR imaging that reported possible progression. For the remaining 6 of 11 patients with no concerning radiologic findings, progression-free survival was measured from
the last day of radiation therapy until their most recent MR
imaging.

RESULTS
Patient Demographics and Tumor Characteristics
Six patients had spinal lesions, 4 had sacral lesions, and 1 had a
clival lesion. Of the 11 lesions analyzed, 7 were localized and 4
were metastatic. Five lesions were recurrent (On-line Table 1).
The average bidimensional size for readers 1 and 2 was 22.9 ⫻ 40.0
cm2 and 22.7 ⫻ 40.0 cm2 pretreatment, respectively, and 23.6 ⫻
42.2 cm2 and 23.8 ⫻ 40.8 cm2 posttreatment, respectively. The
average percentage change post-RT was 4.3% for reader 1 and
3.4% for reader 2. There was good interreader reliability across
tumor measurements (R2 ⫽ 1.0, On-line Table 1).

Vascular Permeability and Plasma Volume
T1-weighted and corresponding DCE perfusion images are
presented in Fig 1A, illustrating 2 representative chordoma
cases of the sacrum and clivus, pre- and posttreatment. The
averaged dynamic concentration time curves in the ROI are
presented in Fig 1B.
As expected, chordoma lesions were hypointense or isointense
on T1 and hyperintense on T2 (Fig 1A). The overall amplitude of
the dynamic concentration time curves is lower at posttreatment.
On evaluation of perfusion images, we found that before treat-

Vp mean, Ktrans max, Ktrans mean, AUC)
parameters. In contrast, only 4 irradiated tumors exhibited changes in quantitative size measurements on posttreatment conventional MR imaging. On
average, the pretreatment DCE-MR imaging interval was 94.27 days before radiation and the posttreatment DCE-MR
imaging interval was 153.81 days after
radiation. In the 5 patients who later
presented with local recurrence/tumor
progression, concerning radiographic
findings were detected on conventional
MR imaging 346 days posttreatment on
average. In comparison, significant
changes in DCE-MR imaging were detectable 119.57 days posttreatment.
Second, 6 patients who received
a shorter, more aggressive course of
RT (24 Gy in 1 fraction) exhibited
larger percentage changes in Vp mean
trans
trans
FIG 2. Perfusion maps of K
and Vp pre- and postradiation therapy. K
and Vp maps corre- (mean ⫽ ⫺41.93), Vp max (mean ⫽
trans
mean (mean ⫽ ⫺49.45),
sponding to the representative sacrum and clivus cases in Fig 1. Regions of enhancement are ⫺50.89), K
trans
indicated by white arrows, both pre-RT and post-RT.
and K
max (mean ⫽ ⫺24.71) in
comparison with patients who received
ment, 7 lesions exhibited moderate-to-high enhancement, while
longer, less aggressive courses of treatment (Vp mean ⫽ ⫺9.36, Vp
the remaining 4 lesions showed little-to-no enhancement. These
max mean ⫽ ⫺9.74, Ktrans mean ⫽ 5.01, and Ktrans max mean ⫽
trans
findings were confirmed by corresponding Vp and K
maps,
36.66) (On-line Table 2).
which also demonstrated similar enhancement patterns before
Third, 7 patients with localized tumors had larger percentage
RT (Fig 2).
decreases in Vp mean (mean ⫽ ⫺52.07) and Vp maximum
Posttreatment, there was decreased enhancement across dy(mean ⫽ ⫺46.48) values in comparison with 4 patients with metnamic images (Fig 1A), as well as Vp and Ktrans maps (Fig 2).
astatic disease (Vp mean ⫽ 53.33, Vp maximum mean ⫽ 17.36),
Box-and-whisker representations illustrated significant differsuggesting that localized tumors exhibited marked decreases in
ences in the perfusion parameters of chordoma lesions treated
vascularity and thus were more responsive to RT. Likewise, 6
with RT (Fig 3). Of the 4 quantitative perfusion parameters, Vp
never-treated tumors had larger percentage decreases in Vp mean
mean values showed the most significant difference (P ⫽ .02)
(mean ⫽ ⫺55.02), Vp max (mean ⫽ ⫺49.74), and Ktrans mean
before (mean ⫽ 0.82) and after (mean ⫽ 0.42) treatment, fol(mean ⫽ ⫺31.56) in comparison with 5 previously treated tulowed by Vp max (pre-RT mean ⫽ 3.56; post-RT mean ⫽ 2.27)
mors, supporting previous findings that treatment-naïve tumors
and Ktrans mean values (pre-RT mean ⫽ 0.046; post-RT mean ⫽
are more likely to respond to radiation therapy (Vp mean ⫽ 6.34,
0.028), which also were significant with P values of .04 and .03,
Vp max mean ⫽ ⫺11.12, and Ktrans mean ⫽ ⫺16.47) (On-line
respectively (Fig 3). However, Ktrans max values showed no sigTable 2).
nificant difference with RT (Fig 3).

DISCUSSION
Dynamic Concentration-Time Curves
Of the 11 time curves generated, 7 exhibited a persistent enhancement pattern pretreatment, while the remaining 4 curves exhibited a plateau pattern of enhancement (Fig 4B). Time curves following rapid contrast injection showed decreased signal intensity
posttreatment in 9 of 11 cases (Fig 4B). Thereafter, individual
curves were used to generate average time curves pre- and posttreatment (Fig 4A). Semiquantitative AUC analysis of the aggregate pre- and posttreatment curves showed a significant difference (P ⫽ .03) in MR signal, decreasing from mean ⫽ 21.03
pretreatment to mean ⫽ 14.52 posttreatment (Fig 4A).

Perfusion and Long-Term Outcomes
Several interesting clinical patterns emerged. First, all tumors imaged exhibited changes in at least 3 of the 5 quantitative (Vp max,

Conventional MR imaging of chordomas treated with RT typically exhibits little change. Our results suggest that DCE-MR imaging perfusion parameters obtained through quantitative (Vp
and Ktrans) and semiquantitative (AUC) analysis significantly
changed following RT and may serve as a more sensitive indicator
for monitoring tumor responsiveness to RT than conventional
MR imaging.

Major Findings
Of the 3 parameters studied, Vp was the most significant measure
of tumor response. Differences in Vp mean and Vp maximum
values pre- and posttreatment were significant. On average, Vp
max values were approximately 1.6 times greater before treatment, which is concordant with previous work demonstrating the
significantly higher vascularization of chordoma in comparison
AJNR Am J Neuroradiol 38:2210 –16
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FIG 3. Tumor plasma volume and permeability decreased after radiation therapy. Box-and-whisker plots illustrating a ﬁve-number summary for DCE-MR imaging perfusion parameters: A, Vp
mean. B, Vp max. C, Ktrans mean. D, Ktrans max (n ⫽ 12). Signiﬁcant differences were observed
pre-RT and post-RT in 3 of 4 parameters: Vp mean (pre-RT mean ⫽ 0.82, post-RT mean ⫽ 0.42,
asterisk indicates P ⫽ .02), Vp max (pre-RT mean ⫽ 3.56, post-RT mean ⫽ 2.27, asterisk indicates
P ⫽ .04), and Ktrans mean (pre-RT mean ⫽ 0.046, post-RT mean ⫽ 0.028, asterisk indicates P ⫽ .03).
Differences in Ktrans max values pre-RT (mean ⫽ 0.11) and post-RT (mean ⫽ 0.092) were not
signiﬁcant (P ⫽ .47).

with that of adjacent normal tissues.17
Chordoma has been shown to express
elevated vascular endothelial growth
factor and matrix metalloproteinase-9,
which may work in concert to increase
angiogenesis and invasiveness and promote recurrence of chordoma and other
bone cancers.18-20
Ktrans was also a positive indicator of
tumor response to therapy. A measure
of vascular permeability, Ktrans represents the rate at which blood is transferred from the vascular compartment
to the extravascular extracellular space.
Therefore, unlike Vp, Ktrans is a marker
of tumor leakiness rather than actual tumor vascularity. On receiving RT, chordoma lesions exhibited a significant difference in Ktrans mean values (P ⫽ .03).
In contrast, there was no significant difference between Ktrans maximum values
pre- and posttreatment. However, a
downward trend in Ktrans max values
suggests that future analyses of larger
patient cohorts may also achieve significance, providing further evidence that
tumor leakiness is increased in irradiated chordoma lesions.
Chordoma presented with unusual
kinetic patterns on DCE-MR imaging.
Typically, malignant tumors carry DCE-MR
imaging time–signal intensity curve signatures characterized by rapid early enhancement, followed by fast washout, as
demonstrated by the average time–signal intensity curves of renal cell carcinoma and prostate carcinoma (Fig 4C).
In contrast, 8 of 11 patients with chordoma presented with “persistently en-

FIG 4. Chordoma is distinguished by its unique signature on DCE-MR signal intensity–time curves. A, Averaged dynamic MR signal intensity
curves for patients with chordoma (n ⫽ 12) pre-RT (blue) and post-RT (purple). Signiﬁcant differences in areas under the curve pre-RT and
post-RT were observed (P ⫽ .03). B, Individual dynamic MR signal intensity–time curves from 12 patients (gray) were used to generate an average
curve (blue). C, Unlike hypervascular renal cell carcinomas (red) and hypovascular prostate carcinomas (green) spinal metastases,14 chordoma
presents with a signal intensity–time curve characterized by slow contrast uptake and lack of peak enhancement, likely due to a slow washout
phase. For all graphs, each phase ⫽ 1 second.
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hancing” time–signal intensity curves before treatment (Fig
4B, -C), a pattern of enhancement generally associated with
more benign lesions.21 However, this pattern of contrast uptake is
also consistent with low-grade tumors, such as chordomas.22 The
remaining 3 of 11 patients with chordomas had pretreatment time–
signal intensity curves that “plateaued” (Fig 4B, -C). Such curves are
more suspicious for malignancy, but not definitive.22 While the pattern of enhancement remained the same for most patients, 2 patients
exhibited changes in enhancement dynamics. It remains unclear
whether enhancement dynamics offer a predictive value of treatment
response.
Additionally, the persisting and plateauing kinetic patterns of
enhancement on DCE-MR imaging are not unique to chordoma.
Other osseous tumors of the spine, particularly chondrosarcoma
and giant cell tumors, also exhibit similar patterns.23 Furthermore, factors such as the heterogeneous composition of a chordoma and the shape of the ROI may also account for the variation
in kinetic patterns observed.9 Despite these uncertainties, semiquantitative AUC analysis of aggregate dynamic time–signal intensity curves demonstrated that RT was still associated with a
significant decrease (P ⫽ .03) in signal intensity posttreatment
(Fig 4A), suggesting that AUC might be another parameter for
characterizing chordoma response to RT.
Our findings are consistent with previous DCE studies that
show that physiologic changes in tumor vascularity present earlier
than corresponding morphologic changes.24,25 A representative
case is patient 7. Although the initial posttreatment conventional
MR imaging scan suggested that the tumor had responded to
radiation therapy (ie, subjectively better), subsequent surveillance
scans showed evidence of tumor progression, which was associated with clinical worsening as denoted by the corresponding radiation oncology progress notes. These findings provide evidence
supporting DCE-MR perfusion imaging as an intriguing alternate
to conventional MR imaging because decreases in detection time
are crucial for rapid decision-making, particularly for patients
with chordoma who may benefit from prompt treatment modifications. Our findings are also consistent with previous findings
demonstrating that single-dose fractions of ⬎10 Gy cause severe
vascular damage, resulting in alterations of the tumor microenvironment and triggering tumor cell apoptosis.22 The cytotoxic effects of ionizing RT are well-established, with increasing doses
leading to an increased risk of vascular pathologies.26 DCE-MR
imaging can detect evidence of vascular damage via decreased Vp
and increased Ktrans. Tumor staging and recurrence may have an
influence on both prognostication and posttreatment DCE
changes because both our study and previous studies27 have
shown that tumor progression is associated with higher Vp and
Ktrans values.
There are several limitations to our study. First, larger sample
sizes will permit ROC analysis and more estimation of the predictive value of perfusion parameters. Due to the exceedingly low
incidence and prevalence of chordoma, our study was limited by
the size of the available patient population. The sample size was
further limited to patients with chordoma who received radiation
therapy, pre- and posttreatment DCE perfusion scans, and no
complicating operations. However, some clinical patterns did
emerge that are worth investigating in future studies. Second, as a

retrospective study, there was significant variability in the timing
of the posttreatment DCE-MR images. Much of this variability
could be attributed to numerous factors, including scheduling
constraints of the patient and provider and technical errors resulting in suboptimal DCE-MR images that were excluded from the
study. Notably, patients 7 and 11 had posttreatment DCE-MR
images obtained after tumor progression was already detected on
conventional MR imaging. Additionally, these patients presented
with aggressive, widely metastatic disease that had already been
previously irradiated. Collectively, these factors limit the predictive value of DCE-MR imaging in these 2 cases; thus, they were not
included in the analysis of clinical outcomes.
Third, both the precontrast T1 value and arterial input function must be accurately measured to apply a pharmacokinetic
model for quantitative analysis. In the design of DCE-MR imaging studies, competing demands for high spatial resolution, coverage, and signal-to-noise often resulted in inadequate temporal
resolution for reliable measurement of the arterial input function.
Fourth, the precise mechanism leading to the perfusion differences before and after RT has not been elucidated, and it is probable that the perfusion changes reflect a combination of radiationand therapy-induced changes, healing bone, and reconstitution of
hematopoietic marrow. However, given that successfully treated
chordomas could be differentiated by the perfusion changes by a
statistically significant margin in our patient population, the results are meaningful regardless of the precise mechanism.

CONCLUSIONS
DCE-MR imaging presents a novel alternative to conventional
MR imaging for tumor monitoring in patients with chordoma,
providing insight into the physiologic and hemodynamic processes within a particular lesion. Quantitative and semiquantitative DCE parameters such as Vp, Ktrans, and AUC are significantly
decreased posttreatment; this change reflects the extent of vascular damage induced by radiation therapy. Collectively, these findings demonstrate the capacity of DCE-MR imaging to accurately
reflect underlying tumor physiology in response to therapy.
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