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This study aims to assess the utility of quantitative dynamic contrastenhanced (DCE) magnetic resonance im-
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aging (MRI) parameters in comparison with imaging tumor size for early prediction and evaluation of soft
tissue sarcoma response to preoperative chemoradiotherapy. In total, 20 patients with intermediate- to high-
grade soft tissue sarcomas received either a phase | trial regimen of sorafenib + chemoradiotherapy (n = 8)
or chemoradiotherapy only (n = 12), and underwent DCE-MRI at baseline, after 2 weeks of treatment with
sorafenib or after the first chemotherapy cycle, and after therapy completion. MRI tumor size in the longest
diameter (LD) was measured according to the RECIST (Response Evaluation Criteria In Solid Tumors) guide-
lines. Pharmacokinetic analyses of DCE-MRI data were performed using the Shutter-Speed model. After only
2 weeks of treatment with sorafenib or after 1 chemotherapy cycle, K™ (rate constant for plasma/intersti-
tium contrast agent transfer) and its percent change were good early predictors of optimal versus suboptimal

pathological response with univariate logistic regression C statistics values of 0.90 and 0.80, respectively,
whereas RECIST LD percent change was only a fair predictor (C = 0.72). Posttherapy K™, v, (extravascu-
lar and extracellular volume fraction), and ke, (intravasation rate constant), not RECIST LD, were excellent

(C > 0.90) markers of therapy response. Several DCE-MRI parameters before, during, and after therapy
showed significant (P < .05) correlations with percent necrosis of resected tumor specimens. In conclusion,
absolute values and percent changes of quantitative DCE-MRI parameters provide better early prediction and
evaluation of the pathological response of soft tissue sarcoma to preoperative chemoradiotherapy than the
conventional measurement of imaging tumor size change.

INTRODUCTION

Soft tissue sarcomas are a rare, heterogeneous group of malig-
nancies that can be found in nearly any site in the body, most
commonly occurring in the extremities. While surgical resection
is the mainstay of treatment, large tumors (>5 cm) with high
pathological grade have an unacceptably high rate of metastatic
recurrence and subsequent death. Although optimal treatment
for high-risk sarcomas of the extremities remains undefined,
one strategy involves the use of combination preoperative che-
motherapy and radiation. The intent of such treatment is to treat

micrometastatic disease in hopes of preventing metastatic re-
lapse, to sensitize the tumor to the effects of radiation with
chemotherapy to prevent local tumor recurrence, and to poten-
tially downsize the tumor to facilitate surgical resection. The
degree of necrosis found in pathological examination of the
tumor specimen after surgery has been suggested to correlate
with disease control and overall survival (1). Thus, a noninva-
sive imaging method that is useful for prediction and evaluation
of soft tissue sarcoma response to preoperative therapy could be
a valuable tool to enable personalized treatment.
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Measurement of imaging tumor size change based on the
RECIST (Response Evaluation Criteria In Solid Tumors) guideline
(2) is commonly used in clinical trials to evaluate solid tumor
response to treatment. However, size change in response to
therapy is often found to be preceded by changes in underlying
tumor functions (3-7), such as perfusion and permeability,
cellularity, and metabolism. As a noninvasive imaging
method for evaluation of perfusion and permeability, dy-
namic contrast-enhanced magnetic resonance imaging (DCE-
MRI) is increasingly used in research and early-phase clinical
trial settings to assess and, importantly, predict tumor re-
sponse to treatment (3-5).

In soft tissue sarcomas, because the primary tumors are
often heterogeneous in composition, including areas of fibrosis,
necrosis, and hemorrhage, radiographic tumor size shrinkage
from preoperative therapy is uncommon and does not necessar-
ily correlate with the clinical outcome (8). The reports on soft
tissue sarcoma staging and preoperative therapeutic monitoring
using DCE-MRI are limited in the literature. In most studies,
either qualitative description of the curve shape (9-12) or semi-
quantitative metrics, such as wash-in and wash-out rates (13,
14) or area-under-the-cure (13), were used in the analysis of
DCE-MRI signal intensity time-course data. Although these 2
methods are simple and straightforward without the need for
sophisticated mathematical modeling, the results are directly
related to MRI signal change—not tissue biology, and are gen-
erally dependent on data acquisition protocol details and scan-
ner platforms and settings, making it difficult to compare
studies across institutions (15-17). Quantitative analysis of the
DCE-MRI data by pharmacokinetic modeling allows estimation
of imaging biomarkers that are direct measures of tissue biolog-
ical properties and, in principle, independent of data acquisition
details and scanner platform. In this paper, we report our initial
results in the evaluation of soft tissue sarcoma response to
preoperative chemoradiotherapy using quantitative DCE-MRI.
The DCE-MRI data were analyzed using a pharmacokinetic
model that takes into account the finite intercompartmental
water exchange kinetics (18, 19).

MATERIALS AND METHODS

In this institutional review board-approved and HIPAA (Health
Insurance Portability and Accountability Act of 1996)-compli-
ant prospective study, 20 patients (male, 15; female, 5; mean
age, 49 years; age range, 25- 69 years) with histologically con-
firmed, =5 cm, intermediate- to high-grade soft tissue sarcomas
of the extremities, in whom preoperative systemic therapy and
surgical resection were planned, provided written informed con-
sent to participate in a longitudinal research MRI study that
included DCE-MRI. The tumors were located in the thigh (n =
13), knee (n = 3), and calf (n = 4) regions. The exclusion criteria
included indwelling metal, severe claustrophobia, pregnancy, or
glomerular filtration rate <30/mL/min/1.73 m?.

In total, 12 patients were treated with our institutional-
standard chemoradiotherapy regimen consisting of ifosfamide
and epirubicin (IE) combined with preoperative hypofraction-
ated radiation (20). Each 21-day chemotherapy cycle included
intravenous (L.V.) infusion of epirubicin (30 mg/m?/day) over
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3-5 minutes on days 1-4 (epirubicin was omitted during cycle
2) and ifosfamide (2.5 g/m?/day LV. infusion) over 90 minutes
on days 1-4 along with I.V. hydration, mesna, antiemetics, and
filgrastim or pegfilgrastim. Chemotherapy was planned for 3
preoperative and 3 postoperative cycles. Surgery was planned
for week 9, and chemotherapy was resumed ~4 weeks after
surgery. External beam radiation therapy was initiated concom-
itantly at the start of cycle 2 of chemotherapy and consisted of
28 Gy administered as 8 fractions of 3.5 Gy each over 10 days.
The other 8 patients were treated on a phase I clinical trial that
included the addition of sorafenib (200 mg daily, 400 mg daily,
or 400 mg twice daily), a vascular endothelial growth factor
receptor tyrosine kinase inhibitor, to the same chemoradiother-
apy regimen, except that chemotherapy was administered for 3
rather than 4 days (21). Sorafenib administration began 2 weeks
before the first chemotherapy cycle. The clinicopathological
characteristics of the patients are presented in Table 1.

The research MRI examinations were performed before
treatment (visit 1, V1), after 2 weeks of sorafenib-only treatment
in the phase I trial or after the first IE treatment cycle in the
standard regimen (V2), and after completion of preoperative
therapy but before surgery (V3). Several patients dropped out of
the MRI study at V2 and V3 due to various personal or medical
reasons, resulting in completed MRI examinations in 16 patients
(on the standard regimen, 9; on the sorafenib trial, 7) at V2 and
12 patients (on the standard regimen, 7; on the sorafenib trial, 5)
at V3.

All the research MRI studies were performed using a 3 T Tim Trio
system (Siemens, Healthcare, Erlangen, Germany) with the body
coil as the radiofrequency (RF) transmitter and a phased-array
body matrix coil (combined with a phased-arrayed spine matrix
coil) as the RF receiver. Following scout and multisection axial
T,-weighted MRI with fat suppression to locate the tumor, 3-di-
mensional sagittal DCE-MRI data acquisition with fat suppres-
sion was conducted using an RF-spoiled gradient-echo se-
quence, covering the spatial extent of the tumor. The acquisition
parameters included flip angle = 10°, echo time/repetition time
= 1.5/6.0 milliseconds, a parallel imaging acceleration factor of
2, field of view = 24 -36 cm, in-plane matrix size = 448 X 224,
and section thickness = 5.0 mm. The total acquisition time for a
DCE-MRI series was ~10 minutes for 36-80 frames of image
volume of 12-30 sections each, with 6.8 -16.0 seconds temporal
resolution. The variations in the number of frames, the number
of sections per volume, and temporal resolution were because of
the differences in the tumor size. The L.V. injection of the con-
trast agent (CA), gadoteridol [Gd(HP-DO3A), 0.1 mmol/kg at 2
mL/s; ProHance, Bracco Diagnostic Inc.], by a programmable
power injector, was timed to commence after acquisition of 5
frames of baseline image volumes, followed by a 20-mL saline
flush.

For quantification of the pre-CA T, value, T;o, proton den-
sity-weighted images were acquired immediately before and
spatially coregistered with the DCE-MRI scan (22, 23). The data
acquisition pulse sequence and parameters were the same as
those for the DCE-MRI scan except for flip angle = 5° and
repetition time = 50 milliseconds.
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Patient Age
Number (year) Gender Histologic Tumor Subtype
1 55 Male Myxoid Liposarcoma
2 60 Female  Myxoid Liposarcoma
& 62 Female  Myxofibrosarcoma
4 38 Male Pleomorphic/Undifferentiated/Spindle
5 58 Male Myxoid Liposarcoma
6 43 Male Spindle Cell Sarcoma
7 58 Male Pleomorphic/Undifferentiated /Spindle
8 53 Male Synovial Sarcoma
9 25 Male Synovial Sarcoma
10 40 Female  Pleomorphic Liposarcoma
11 53 Male Pleomorphic/Undifferentiated/Spindle
12 26 Male Myxofibrosarcoma
13 64 Male Pleomorphic/Undifferentiated/Spindle
14 33 Male Synovial Sarcoma
15 57 Male Pleomorphic/Undifferentiated/Spindle
16 34 Male Myxoid Liposarcoma
17 64 Female  Pleomorphic/Undifferentiated/Spindle
18 69 Male Pleomorphic/Undifferentiated/Spindle
19 40 Female  Myxofibrosarcoma
20 46 Male Synovial Sarcoma

Tumor Pre-therapy Chemotherapy NP Pathological

Grade  Size (cm) Regimen (%) Response
Inter 13.5 IE+S 95 Optimal
Inter 13.1 IE+S 85 Suboptimal
Inter 20.6 IE 50 Suboptimal
Inter 22.5 IE+S 95 Optimal
Inter 24.6 IE+S 95 Optimal
Inter 6.4 IE+S 30 Suboptimal
High 7.3 IE+S 99 Optimal
Inter 12.7 IE+S 60 Suboptimal
Inter 10.9 IE+S 80 Suboptimal
High 15.9 IE 80 Suboptimal
High 5.0 IE 99 Optimal
Inter 10.4 IE 99 Optimal
High 8.6 IE 98 Optimal
High 8.0 IE 70 Suboptimal
Inter 9.0 IE 99 Optimal
Inter 5.6 IE 90 Suboptimal
High 57 IE 98 Optimal
High 18.8 IE 90 Suboptimal
Inter 6.6 IE 5 Suboptimal
Inter 12.8 IE 30 Suboptimal

Abbreviations: NP, necrosis percentage; Inter, intermediate; IE, Ifosfamide + Epirubicin; S, Sorafenib.
Pre-therapy tumor size was the longest diameter (LD) measured from post-contrast DCE-MRI images.

The soft tissue sarcoma region of interest (ROI) was manually
drawn by an experienced musculoskeletal radiologist on con-
tiguous post-CA (~120-180 seconds after CA injection) DCE-
MRI image sections that cover the entire spatial extent of the
CA-enhanced tumor. The radiologist also measured the LD of the
tumor from these images based on the RECIST guidelines (2).
Table 1 lists the tumor LD values before treatment (V1).

For each DCE-MRI data set, the voxel signal intensity time-
courses within the multisection tumor ROIs were subjected to
pharmacokinetic analysis using a 2-compartment 3-parameter
fast exchange regime (FXR)-allowed version of the Shutter-
Speed model (SSM) (18, 19, 23). The 3 fitting parameters of the
FXR-SSM are K'™" (rate constant for plasma/interstitium CA
transfer), v. (volume fraction of extravascular and extracellular
space), and 7; (mean intracellular water molecule lifetime). The 7;
parameter is used to account for the finite cross-cell membrane
water exchange kinetics. The CA intravasation rate constant,
Kep, was calculated as ke, = K"™"/v.. Mathematical formula-
tions for the FXR-SSM are described in detail in studies by
Yankeelov TE et al., Li X et al., and Tudorica A et al. (18, 19, 23).

Used for pharmacokinetic data analysis, the voxel T;o val-
ues were determined by comparing signal intensities between
the spatially registered proton density-weighted images and the
averaged baseline images from the DCE series (22, 23). The
arterial input function, the plasma CA concentration time-
course, was determined for each individual DCE-MRI data set
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through direct measurement. An ellipsoidal ROI was placed
within the clearly visible femoral artery on a post-CA DCE image
section that was approximately through the center of the artery.
The ROI signal intensity time-course was recorded and then
converted to blood R; (=1/T,) time-course using the steady-
state signal intensity equation for RF-spoiled gradient-echo
sequence (22), which was further converted to plasma CA con-
centration time-course using a linear relationship between R,
and CA concentration with a CA relaxivity of 3.8 mM~'s™ ' at 3
T, a fixed pre-CA blood R; of 0.61 s~! (24), and a hematocrit
value set at 0.45 (23, 25).

Following the FXR-SSM fittings of the DCE-MRI data,
voxel-based multisection parametric maps of the derived phar-
macokinetic parameters were generated. The mean pharmaco-
kinetic parameter value of the whole tumor was calculated by
averaging the returned voxel parameter values. For each imag-
ing metric, including pharmacokinetic parameters and RECIST
LD, the percent changes for later MRI visits relative to V1, V21%
(V2 relative to V1) and V319%, were calculated.

Pathological analysis of the post-therapy resection specimens of
each soft tissue sarcoma was performed under light microscopy
using standard pathological procedures. The pathologist esti-
mated the amount of viable tumor and the percentage of necro-
sis. Pathological response to preoperative chemoradiotherapy
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MRI Metric

V3 kep (min~T)

V3 K'rens (min~T)
V3 ve

V2 K'rens (min—1)
V31% ve

V21% Ktrans

V1 kep (min—1)
V2 kep (Min—T1)
V31% K'rans

V3 7 (s)

V1 K"ers (min—1)
V21% RECIST LD
V21% i

V21% ve

V31% RECIST LD

Optimal
Mean = SD
0.11 =0.03
0.02 = 0.01
0.15 = 0.08
0.05 = 0.03
—52% + 28%

-38% = 25%
0.32 + 0.24
0.29 + 0.26
—68% = 21%

1.42 = 0.83
0.10 + 0.09

7% = 10%
38% = 66%

-18% = 42%
—11% + 22%

Suboptimal
Mean + SD P Value ULR C Value
0.45 = 0.40 0.0024 0.97
0.21 £ 0.26 0.0012 0.94
0.36 £ 0.24 0.021 0.91
0.20 + 0.13 0.0020 0.90
53% = 92% 0.021 0.84
-9% + 33% 0.038 0.80
0.75 + 0.43 0.010 0.80
0.68 + 0.48 0.045 0.78
2% = 75% 0.043 0.78
0.85 = 0.84 0.25 0.77
0.21 = 0.16 0.055 0.72
-3% = 8% 0.13 0.72
13% = 43% 0.13 0.71
15% + 50% 0.16 0.70
7% * 8% 0.66 0.69

®

Abbreviations: ULR, univariate logistic regression; SD, standard deviation.
P value, two sample t test; V1, V2, and V21% metrics are bolded as early predictors of therapy response.

was classified as either optimal (=95% necrosis) or suboptimal
(<959% necrosis).

Descriptive statistical analysis was conducted to summarize the
pharmacokinetic parameter and RECIST LD values at each MRI
visit, as well as the percent changes of these imaging metrics
relative to baseline (V1). In assessing the abilities of MRI metrics
(absolute values and percent changes) for evaluation of therapy
response, the univariate logistic regression (ULR) analysis was
used to correlate V1, V2, and V3 MRI metrics, and the corre-
sponding V21% and V31% changes, with dichotomous patho-
logical response endpoints, optimal versus suboptimal. A ULR C
statistics value, equivalent to the area under the receiver oper-
ating characteristic curve, in the range of 0.9-1.0, indicates an
excellent marker; 0.8-0.9, a good marker; 0.7-0.8, a fair mark-
er; and <0.7, a poor marker. Two sample t test was used to
evaluate the differences in imaging metrics and the correspond-
ing percent changes between the 2 response groups, as well as
between the 2 cohorts that received standard chemoradio-
therapy and sorafenib + standard chemoradiotherapy, re-
spectively. The Fisher exact test was used to determine
whether there was association between therapy regimen (with
and without sorafenib) and response status (optimal versus sub-
optimal). Pearson correlation analysis was used to examine
relationships between MRI metrics and necrosis percentage (NP)
of the resection specimens.

RESULTS

As shown in Table 1, the pathological analyses of the surgical
specimens revealed that 9 patients (45%) (5 on the standard
regimen and 4 on the sorafenib trial) achieved optimal response
to preoperative chemoradiotherapy, while the other 11 patients

(7 on the standard regimen and 4 on the sorafenib trial) showed
suboptimal response. There was no statistically significant
(Fisher exact test, P = 1.0) association between the use of
sorafenib and pathological response status or any significant
(two sample ¢ test, P > .2) differences in any MRI metric (RECIST
LD and pharmacokinetic parameters) at any visit and in the
corresponding percent changes between the 2 cohorts on differ-
ent therapy regimens. Therefore, we combined the 2 patient
cohorts in assessing the utility of quantitative DCE-MRI for
evaluation of response to preoperative therapy.

Table 2 lists the mean = standard deviation whole-tumor
MRI metric values of the optimal and suboptimal response
groups and the corresponding ULR C statistics values for dis-
crimination of the 2 response groups. Only the absolute phar-
macokinetic parameters and the V21% and V31% changes with
C = 0.7, representing fair or better imaging biomarkers, are
listed. The C value (0.69) for V31% RECIST LD change is pre-
sented for the purpose of comparison. V1, V2, and V21% metrics
were obtained before and 2-3 weeks after the start of therapy,
and thus, are potential early predictors of therapy response. The
V2 K" parameter was an excellent (C = 0.9) early discrimi-
nator of optimal versus suboptimal pathological response, while
V1 and V2 kep, V1 and V21% Ktans 'y/2100 ve, and V21% 7; were
fair-to-good (0.7 = C = 0.8) markers for early prediction of
response. Compared with good-to-excellent predictive abilities
of the K™ and ke, metrics, the V21% change in RECIST LD was
just a fair early predictor of response. Several pharmacokinetic
metrics obtained after the completion of chemoradiotherapy,
including V3 kep, K™ and v, and V31% v, were good-to-
excellent (0.8 < C < 1.0) discriminators of optimal versus
suboptimal response, whereas the V31% change in RECIST LD
was a poor (C < 0.7) marker of response. For the imaging metrics
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Figure 1. Visit 1 (V1, before therapy), V2 (after
2 weeks of sorafenib administration or 1 chemo-
therapy cycle), and V3 (after completion of che-
moradiotherapy) color parametric K" maps of
2 soft tissue sarcomas: an optimal (A, left column,
98% necrosis in resection specimen) and a subop-
timal (B, right column, 30% necrosis in resection
specimen) responder fo preoperative therapy. The
maps were generated for fumor regions of interest
(ROIs) defined on multiple contiguous image sec-
tions, and the ones on the image sections through
the central portion of the tumors are displayed
here. For each tumor, the K'" color scale is kept
the same for all 3 visits for easy visualization of
therapy-induced changes. The left and right color
scales correspond to K™ maps in A and B,
respectively.

V2

V3

listed in Table 2 with ULR C values =0.77, including V21%
RECIST LD, the differences between the 2 response groups were
not statistically significant (P > .05).

Figure 1 shows the examples of V1-V3 colored tumor K"
maps from 2 patients with soft tissue sarcoma who had optimal
(Figure 1A, left column; Patient 13 in Table 1) and suboptimal
(Figure 1B, right column; Patient 6 in Table 1) responses, respec-
tively. The K" color scales are different for the 2 patients, but
it is kept the same throughout the 3 visits for each patient
to show changes in the longitudinal study. The 6 panels in
Figure 1 are cropped images (without zooming) of K™ maps
overlaid on post-CA DCE-MRI image sections that were approx-
imately through the center of the tumor. The field of view of
DCE-MRI acquisition was kept the same for all 3 visits for each
patient. Thus, it is rather apparent in Figure 1 that there was not
only minimal change in the imaging tumor size for each patient
but also little difference in tumor size change between the
optimal and suboptimal responders in the longitudinal study.
However, a substantial decrease in tumor K" was observed at
V2 compared with that at V1, and continued to V3 for the
optimal responder, while there were no noticeable K™" changes
from V1 to V2, and to V3 for the suboptimal responder.

The Pearson correlation coefficient, R, and the P values for
statistical significance are summarized in Table 3 for correla-
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Table 3. Pearson Correlation of MRl Metric with NP

MRI Metric R P
V3 Kirans -0.93 <0.0001
V3 kep -0.92 <0.0001
V31% Kirans -0.89 0.0001
V3 ve -0.75 0.005
V2 Kirans -0.62 0.010
V1 kep -0.55 0.012
V31% ve —-0.63 0.028
V1 Kirans —-0.45 0.047
V21% RECIST LD 0.31 0.25
V31% RECIST LD -0.20 0.52
V3 RECIST LD 0.19 0.56
V1 RECIST LD 0.071 0.76
V2 RECIST LD 0.078 0.77

Abbreviations: NP, necrosis percentage of the resection specimen; R,
Pearson correlation coefficient.
P < 0.05 indicates statistically significant correlation.

tions between the absolute MRI metric values (and percent
changes) and the pathologically measured NP values of the
resection specimens. Only the imaging metrics with statistically
significant (P < .05) correlations with NP are listed, except for
V1,V2,V3,V21%, and V31% RECIST LD metrics that are listed
for comparison. Figures 2 and 3 show examples of linear regres-
sions between NP and MRI metrics before therapy (Figure 2), at
the early stage of therapy (Figure 2), and after therapy (Figure 3).
While the negative correlations of V1 K"™" (Figure 2A), Kep
(Figure 2B), V2 K™ (Figure 2C), V3 K™ (Figure 3A), v. (Figure 3B),
and ke, (Figure 3C) with NP were statistically significant (P <
.05), there were no significant (P > .2) associations between any
RECIST LD measures and NP.

DISCUSSION

Consistent with our previously reported findings from the 8
patients with soft tissue sarcoma who were enrolled in the phase
I trial of sorafenib + standard chemoradiotherapy (21), this
study of a larger cohort of 20 patients shows that changes in
tumor functions as measured by quantitative DCE-MRI are su-
perior to changes in RECIST-based imaging tumor size measure-
ment for early prediction of pathological response of soft tissue
sarcoma to preoperative therapy, suggesting that therapy-in-
duced tumor functional changes precede changes in tumor size.
As an example shown in Table 2, the differences in RECIST LD
percent changes between the optimal and suboptimal response
groups were much smaller than those in K™"S percent changes
at the early stage (V219%) of the treatment. Under the condition
of 100% sensitivity for early prediction of optimal response (ie,
correctly classify all optimal responders in the study cohort), the
specificities are 40% and 60% for V21% RECIST LD and V21%
K™ans| respectively, indicating less misclassification of subopti-
mal responders as optimal responders when V210 K", instead
of V21% RECIST LD, is used as the imaging metric for early
prediction of response. In addition to V21% K", the V1 k¢
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Figure 2. Scatter plots of pathologically measured necrosis percentage (NP) of the resection specimen against Kiens (A)
and ke, (B) before therapy (V1) and Kiers (C) and RECIST LD (D) after 2 weeks of sorafenib administration or 1 chemo-
therapy cycle (V2). The straight line in each panel represents a linear regression. The Pearson correlation coefficient, R, and

P values for the 4 imaging metrics are listed in

and shown in each panel. The data points are from the initial cohort

of 20 patients for the V1 mefrics (A and B) and the 16 patients who continued to have the V2 MRI studies (C and D).

and V2 K" parameters were also good-to-excellent (ULR C
value =0.8) early predictors of optimal versus suboptimal re-
sponse, and these were significantly associated with NP of the
resection specimens in a negative relationship (Table 3 and
Figure 2). These results suggest that soft tissue sarcomas with
low perfusion and permeability at baseline (before therapy)
and/or after 1 chemotherapy cycle may have less angiogen-
esis-induced abnormal vasculature, and therefore better drug
delivery and response. The potential of noninvasive func-
tional imaging methods, such as DCE-MRI, for accurate early

prediction of therapy response may have a profound impor-
tance in the emerging era of precision and personalized
medicine. Early identification of poor responders to a therapy
regimen may allow rapid adjustment in treatment planning
and spare these patients from ineffective therapies and the
associated toxicities.

Our observation of substantial decreases in K"#"¢ of the
optimally responding soft tissue sarcomas early in the therapy
course and after therapy is also in agreement with 2 quantitative
DCE-MRI studies of animal soft tissue sarcoma model response

08 1A 1.B
. _ . -
R=-0.93 R=-0.75 .
06 - B 5001 0.8 + P = 0.0050 Figure 3. Scatter plots of patho-
i 0.6 - logically measured NP of the re-
E 04 1 * 0 - ® section specimen against MRI
g - see metrics after therapy (V3): K'rens
g 02 - 0.2 - . e
: L (A), ve (B), kep (C), and RECIST
0 . . . RS 0 r T . r L4 LD (D). The straight line in each
0 20 40 60 80 100 0 20 40 60 80 100 panel represents a linear regres-
15 o € 556 < D sion. The Pearson correlation co-
PS efficient, R, and P values for the 4
* R=-0.92 —~200 A R=0.19 * : : : : :
12 P<0.00010 3 Beliee imaging metrics are listed in
N E . . and shown in each
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= c * . 12 patients who completed the
~ 04 - R4 . : S
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0 . . . : . cohort of 20 patients.
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to isolated limb perfusion of chemotherapy agents (26, 27). Both
reported significant decreases in tumor K™ or K" variant
within hours of chemotherapy administration. Diffusion-weighted
MRI (DW-MRI) is another functional imaging method often used
to evaluate tumor response to treatment by measuring changes
in cellularity (3, 6, 7). In a DW-MRI study (28) to assess soft
tissue sarcoma response to chemotherapy, Dudeck et al.
showed that significant changes in apparent diffusion coef-
ficient after therapy were detected only when there were
substantial changes in tumor volume. Because the changes in
tumor size were minuscule (Table 2) throughout the therapy
course in this study population, it could be assumed that
DW-MRI may not be as effective an imaging tool as DCE-MRI
for the evaluation of soft tissue sarcoma response to preop-
erative chemoradiotherapy.

The post-therapy (V3) K", k., and v. parameters all
showed strong negative correlations with NP of the resection
specimens and were excellent markers (ULR C value >0.9) for
discrimination of optimal and suboptimal responders. However,
there was no significant correlation between V3 RECIST LD and
NP. This suggests that a functional imaging study such as
DCE-MRI following preoperative therapy may yield additional
information that is potentially useful for surgical planning and
subsequent management. The negative correlations of post-
therapy K™ and ke, with NP are expected, as increased tumor
necrosis is usually associated with decreased perfusion, and thus
the DCE-MRI measures of microvascular properties. The similar
relationship observed between post-therapy v. and NP is, how-
ever, intriguing. With cancer cell death and increased necrosis
after the preoperative chemoradiotherapy, the v, value is gen-
erally expected to increase with increased necrosis. The opposite
was seen in this study and the probable reason for this is that,
although defined as extravascular and extracellular volume
fraction, v, as measured by DCE-MRYI, is, in principle, the pu-
tative CA distribution volume fraction. With increased necrosis
and decreased viable perfused tumor area, the CA distribution
volume fraction, which was reported as an averaged value over
the whole tumor volume, also presumably decreased. It is pos-
sible that the estimated v. value may actually increase with
increased necrosis if the DCE-MRI acquisition time is long
enough to allow substantial diffusion of CA molecules into the
necrotic area.

The 7; parameter is unique to the SSM method. A recent
nuclear magnetic resonance spectroscopy study of yeast cell
suspension (29) shows that the reciprocal of 7, ki, (&=1/7), the
first-order rate constant for equilibrium cellular water efflux, is
positively associated with cellular adenosine triphosphate (ATP)
levels. The in vivo association of cellular ATP decrease with k;,
decrease was shown by a DCE-MRI and *'P magnetic resonance
spectroscopy study of a murine melanoma model treated with
lonidamine (30). A review of several studies on cell suspensions,
perfused tissue, in vivo animal models, and human breast cancer
data implies that k;, measures the homeostatic turnover of the
cell membrane Na™ K*"-ATPase (31), suggesting that k;,, as
measured with the SSM DCE-MRI method, may be an imaging
biomarker of metabolic activity. In this study, both V21%
change and V3 tumor 7; were fair markers (Table 2) for discrim-
inating optimal and suboptimal response. The optimal respond-
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ers had larger percent increase in 7; (or decrease in k;,) after 2
weeks of sorafenib or after 1 chemotherapy cycle and larger
post-therapy 7; values (or smaller k;, values) than the suboptimal
responders, consistent with presumably greater reduction in
metabolic activity in optimal compared with suboptimal re-
sponders.

It is interesting to note that even though sorafenib is an
antiangiogenic agent (32), there were no significant differences
in V21% and V31% decreases of K" and ke, between the
cohort that received sorafenib + standard chemoradiotherapy
and the other cohort that received chemoradiotherapy only. IE
are cytotoxic chemotherapy agents and not known to be anti-
angiogenic. The changes in microvascular properties as mani-
fested in K™ and ke, decreases are likely due to the secondary
effects of these 2 drugs. It has been suggested (33) that cytotoxic
chemotherapy agents may affect the tumor vasculature by in-
terfering with endothelial cell function without causing endo-
thelial cell death or interfering with a specific portion of the
angiogenic cascade. This may be the reason why we observed
considerable K" and ke, decreases in tumors treated with IE
only. The fact that only small changes were observed in RECIST
LD, which is a measurement based on contrast enhancement and
thus a measure of well-perfused and permeable (to CA mole-
cules) tumor area, supports the hypothesis that the chemother-
apeutics affect tumor vasculature without causing significant
endothelial cell death (33). Similarities in V21% and V310 K'rans
and ke, decreases between the 2 cohorts suggest that the added
antiangiogenic effects of sorafenib (to IE treatment) on perfu-
sion and permeability, if any, were not measurable by DCE-MRI
in this study.

This study has several limitations. First, the sample size of
the study cohort is small. For a total of 20 patients with soft
tissue sarcoma, 2 subcohorts were treated with and without
sorafenib, respectively. The observation of no significant effects
of sorafenib on treatment outcome and changes in DCE-MRI
parameters could be because of the small sample size. Thus, it is
important to validate the initial findings from this study with a
larger patient population in the future. Second, the withdrawal
of several patients from the MRI study at V2 and V3 further
reduced the sample size in examining the treatment effects and
impaired the power of statistical analysis. Again, this limitation
can be overcome in the future with a larger study cohort. Third,
the mean tumor DCE-MRI parameter values were used in this
study to assess soft tissue sarcoma response to preoperative
therapy. The tumor heterogeneity that is reflected in the imaging
metrics, for example, in the K™" maps shown in Figure 1, was
not captured in computing the mean DCE-MRI parameter val-
ues. Several recent studies have shown that texture analysis of
tumor heterogeneity in parametric maps of kinetic features (34,
35) can be useful for evaluation of breast cancer therapy re-
sponse. The potential integration of mean values and texture
features of DCE-MRI metrics may further improve the effective-
ness of quantitative DCE-MRI for assessment of therapy re-
sponse.

In conclusion, we have shown the utility of quantitative
DCE-MRI for early prediction and evaluation of soft tissue
sarcoma response to preoperative chemoradiotherapy in this
preliminary study of 20 patients with lower extremity tumors.
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Tumor functional changes as measured by quantitative DCE-
MRI parameters such as K" and ke, provided better early
prediction of pathological response outcome than the con-
ventional approach of measuring changes in imaging tumor
size. Post-therapy DCE-MRI parameters, not the RECIST LD
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