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Summary

Cells undergoing apoptosis
experience an increased
intracellular to extracellular
water exchange rate. A water
exchange quantification
technique for clinical DCE-
MRI was developed and
applied to 19 brain metasta-
ses patients treated with ste-
reotactic radiosurgery (SRS).
The intraeextracellular
water exchange rate

Purpose: This study was designed to evaluate whether changes in metastatic brain tu-
mors after stereotactic radiosurgery (SRS) can be seen with quantitative MRI early af-
ter treatment.
Methods and Materials: Using contrast-enhanced MRI, a 3-water-compartment tissue
model consisting of intracellular (I), extracellular-extravascular (E), and vascular (V)
compartments was used to assess the intraeextracellular water exchange rate constant
(kIE), efflux rate constant (kep), and water compartment volume fractions (M0,I, M0,E,
M0,V). In this prospective study, 19 patients were MRI-scanned before treatment and
1 week and 1 month after SRS. The change in model parameters between the pretreat-
ment and 1-week posttreatment scans was correlated to the change in tumor volume
between pretreatment and 1-month posttreatment scans.
Results: At 1 week kIE differentiated (P<.001) tumors that had partial response from
tumors with stable and progressive disease, and a high correlation (RZ�0.76,
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identified partial response
patients within 1 week after
treatment and also predicted
the extent of tumor
shrinkage at 1 month.
Thus, intraeextracellular
water exchange rate is a
promising biomarker of
brain metastases response to
SRS.

P<.001) was observed between early changes in the kIE and tumor volume change
1 month after treatment. Other model parameters had lower correlation (M0,E) or no cor-
relation (kep, M0,V).
Conclusions: This is the first study that measured kIE early after SRS, and it found
that early changes in kIE (1 week after treatment) highly correlated with long-term
tumor response and could predict the extent of tumor shrinkage at 1 month after
SRS. � 2017 Elsevier Inc. All rights reserved.

Introduction

Brain metastases have a significant impact on patient quality
of life and survival. In the course of cancer illness up to 40%
of patients develop brain metastases (1). Stereotactic radio-
surgery (SRS) is a useful tool to treat brain metastases and
has been found to improve patient outcomes, including
survival, in patients with single metastases (2). Evaluation of
tumor response to SRS is carried out using the Response
Assessment in Neuro-Oncology-Brain Metastasis (RANO-
BM) criteria (3) which relies on the changes in tumor size.
However, it may take weeks or months before significant
changes in tumor size take place. Moreover, early changes in
tumor size do not always correlate with later outcomes (4),
and very few studies have attempted (with limited success)
to evaluate treatment response with quantitative MRI within
a few days after treatment (5-7). Thus, more robust markers
of response are desired that can quantify early molecular or
cellular changes in the tumor, such as those seen in apoptosis
(8, 9). Identifying nonresponders early after treatment and
avoiding delays to salvage treatments may lead to better
treatment outcomes.

Stereotactic radiosurgery induces DNA damage in
tumor cells, which leads to programmed cell death
(apoptosis). It has been shown in vitro (10) and in animal
models (11) that cellular apoptosis can be detected by MRI
(within 48 hours after treatment) through quantification of
the water exchange rate constant between intracellular and
extracellular compartments, kIE (10-12). The water ex-
change rate increases in apoptotic cells owing to the
increased surface-to-volume ratio of the cell either by
transformation of the cell into a less spherical shape or
decreased volume overall (10, 13) and, to lesser extent,
owing to increased cellular membrane permeability to
water molecules (10).

There exist several techniques to measure the water
exchange rate constant between intracellular and extracel-
lular compartments (11, 12, 14-17). Landis et al (18) and,
more recently, Bailey et al (11) applied a 2-compartment
tissue relaxation model to contrast-enhanced MRI with
multiple injections of contrast agent (CA), to calculate
water exchange rate. Multiple injections of CA make these
techniques time-consuming and difficult to translate into

clinic. Other approaches that can be more easily applied to
the in vivo dynamic contrast-enhanced (DCE)-MRI have
also been proposed. Yankeelov et al (17, 19) and Springer
et al (14) use a 2-compartmental model of water exchange
between the intracellular and extracellular compartments
and incorporate a tracer kinetic model (Tofts-Kety model
[20]) into the apparent longitudinal relaxation rate con-
stant’s measurement (while ignoring the contribution of the
tumor’s vascular compartment).

In the present study we use a modified approach for
evaluating the intracellular to extracellulareextravascular
water exchange rate constant from clinical DCE-MRI data
using a combination of a 3 water compartment tissue model
and a vascular signal separation technique called indepen-
dent component analysis (ICA). The ICA-based separation
(21-24)provides the MRI signal of vascular and extra-
cellulareextravascular compartments using the standard,
clinically used DCE-MRI datasets and yields sufficient
signal measurement to fit to the water exchange model.

The focus of this study was to evaluate this novel imaging
approach as an early biomarker of tumor response to SRS. We
hypothesized that shortly after SRS, the intraeextracellular
water exchange rate constant, which is a surrogate of tumor
apoptosis, can differentiate between responders and
nonresponders.

Methods and Materials

Three-pool relaxation model

Each voxel in DCE-MRI was assumed to be composed of 3
water compartments: vascular (V), extracellulareextravascular
(E), and intracellular (I), and a 3-water-compartment relaxation
model (Fig. 1) was used. Each compartment in a voxel was
assumed to contain a fraction of the voxel’s total water content
proportional to its volume fraction (M0,V, M0,E, M0,I). Water
was assumed to transfer from the intracellular, I, to
extracellulareextravascular compartment, E, with exchange
rate constant, kIE. Thewater exchange betweenvascular, V, and
extracellulareextravascular, E, compartments was assumed to
be negligible (kVE Z kEV Z 0). Detailed description of the
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