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Mapping Water Exchange Rates in Rat Tumor Xenografts
Using the Late-Stage Uptake Following Bolus Injections
of Contrast Agent
Colleen Bailey,1,2* Firas Moosvi,1,2 and Greg J. Stanisz1,2
Purpose: To map the intra-to-extracellular water exchange
rate constant in rat xenografts using a two-compartment
model of relaxation with water exchange and a range of contrast agent concentrations and compare with histology.
Methods: MDA-MB-231 cells were xenografted into six nude
rats. Three bolus injections of gadodiamide were administered.
When uptake in the tumor demonstrated a steady-state, T1
data were acquired by spoiled gradient recalled acquisitions at
four flip angles. A global fit of data to a two-compartment
model incorporating exchange was performed, assuming a
distribution volume of 20% of the rat.
Results: Voxels that did not reach steady-state and were
excluded from parametric maps tended to be in large necrotic
areas. TUNEL-negative (nonapoptotic) regions tended to have
well-defined error bounds, with an average intra-toextracellular exchange rate constant of 0.6 s1. Apoptotic
regions had higher exchange, but poorly determined upper
bounds, with goodness of fit similar to that for a model
assuming infinitely fast exchange. A lower bound of >3 s1
was used to establish voxels where the exchange rate constant was fast despite a large upper bound.
Conclusion: Water exchange rates were higher in apoptotic
regions, but examination of statistical errors was an important
step in the mapping process. Magn Reson Med 71:1874–
C 2013 Wiley Periodicals, Inc.
1887, 2014. V
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Response of cancer patients to treatment is highly
variable and imaging markers offer potential to distinguish patients responding well to therapy from
those responding poorly (1). In particular, rates of
apoptotic cell death correlate well with tumor reduction (2,3).
In vitro, the rate of water exchange across the cell
membrane increases in apoptotic cells mainly as a result
of increased membrane permeability to water, although
changes in cell shape and size due to membrane bleb-

bing may also contribute (4). However, the method used
to measure the water exchange rate constant in vitro
relies on the addition of known concentrations of contrast agent to the extracellular space and measurements
of multiple points along the T1 relaxation curve, procedures which are challenging in vivo. In addition, the
precision with which the water exchange rate constant
can be estimated depends on the concentration of gadolinium (Gd) contrast agent present, with low concentrations producing fits that have low sensitivity to
exchange (5–7). The Gd concentration in a tissue region
varies with the blood supply and relative fraction of
extracellular water (related to cellularity), further complicating in vivo attempts to detect the effects of water
exchange reliably.
To measure the transmembrane exchange rate in vivo,
this study makes use of the period following contrast
agent injection when the tissue uptake curve remains
nearly constant, a steady-state concentration region.
During this time, the T1 relaxation is characterized with
a spoiled gradient recalled (SPGR) sequence with four
flip angles (8), a relatively fast T1 characterization
method that can be completed in 1 min. The measurements are repeated following three separate injections
and the contrast agent concentration is approximated
based on the injection amount. This yields T1 relaxation
data at four separate Gd concentrations (precontrast and
following each of the three injections), which can be fitted to a two-compartment model of relaxation with
exchange (9). Fitting each voxel in the image with this
model, a map of the intra-to-extracellular water
exchange rate constant, kIE, is generated and this is
compared to histology. The conditions under which
this method is valid and the errors in the fit parameters
are examined.

THEORY
Two-Compartment Model of Relaxation with Exchange
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A simple model of cells considers the water in two separate
compartments, the intracellular (I) and extracellular (E)
spaces, as shown in Figure 1. Each compartment contains a
different fraction of the total water, M0I and M0E, which are
related by M0I þ M0E ¼ 1. The environment in each compartment is also different, resulting in different relaxation
rate constants, R1I ¼ 1/T1I and R1E ¼ 1/T1E. However, water
is not confined to a particular compartment during relaxation; it moves across the cell membrane at a rate dictated by
the exchange constant kIE for movement from intracellular
to extracellular space, and at a rate kEI for movement from
extracellular to intracellular space. These rates are related
by the equilibrium condition M0IkIE ¼ M0EkEI.
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S ¼ S0 M0A

FIG. 1. Two-compartment model of water relaxation with exchange
across the cell membrane (signal from the plasma is assumed to
be negligible). The intracellular space, I, and extracellular space, E,
have different water fractions, M0I and M0E ¼ 1-M0I, depicted by
the sizes of the dark and light gray regions. Each compartment
has a longitudinal relaxation rate constant, R1I and R1E, where R1E
varies based on the concentration of contrast agent in the extracellular space. Water exchanges from the intra- to extracellular
space at a rate described by the constant kIE and from the extracellular to the intracellular space at the related rate kEI.

The change in magnetization in each compartment
may therefore either be due to T1 relaxation of water or
to water movement across the cell membrane. It is
assumed that the sequence used to characterize T1 relaxation has a short enough echo time that transverse relaxation (T2) effects are negligible. The Bloch equations for
the longitudinal z-magnetization in the intracellular and
extracellular compartments are then (9):
dM ZI
¼ R1I ðM0I  MZI Þ  kIE MZI þ kEI MZE
dt
dMZE
¼ R1E ðM0E  MZE Þ  KEI MZE þ kIE MZI
dt

[1]
[2]

These coupled differential equations can be solved
analytically to give two relaxation rate constants, R1A
and R1B, and two coefficients, M0A and M0B. These
parameters do not generally describe physically distinct
compartments (though they may at the extreme limits of
exchange), but rather are combinations of the parameters
in the two-compartment model described above:

R1A ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R1I þ R1E þ kIE þ kEI þ ðR1I  R1E þ kIE  kEI Þ2 þ 4ðkIE kEI Þ
2

[3]

R1B ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R1I þ R1E þ kIE þ kEI  ðR1I  R1E þ kIE  kEI Þ2 þ 4ðkIE kEI Þ
2

[4]
M0A ¼

1 1 ðR1I  R1E ÞðM0E  M0I Þ þ kEI þ kIE
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 2
ðR1I  R1E þ kIE  kEI Þ2 þ 4kIE kEI
M0B ¼ 1  M0A

[5]
[6]

For the SPGR sequence used in this study, the signal
equation has one term for each of the relaxation rate
components, weighted by the M0A and M0B coefficients:

1  eTRR1A
sinðfacc aÞ
1  eTRR1A cosðfacc aÞ
1  eTRR1B
sinðfacc aÞ
þ M0B
1  eTRR1B cosðfacc aÞ

[7]

where S0 is the equilibrium signal when all magnetization is flipped into the transverse plane, TR is the repetition time and facc corrects for deviations from the
prescribed flip angle, a.
As facc can be determined by B1 correction methods
prior to the SPGR experiment, Eq. [4] contains four independent parameters: S0, R1A, R1B, M0A ¼ 1-M0B. However
there are five independent parameters of interest in the
two-compartment model: S0, R1I, R1E, M0E, and kIE. Altering one of the two-compartment parameters in a known
way, for example changing relaxation rate using contrast
agents (10,11), yields multiple datasets where Eq. [4]
applies and these may be solved globally for the remaining two-compartment model parameters.
Contrast Agent as a Method of Probing the TwoCompartment Model Parameters
The contrast agent Gd diethylenetriamine pentaacetic
acid bis-methylamide (Gd-DTPA-BMA, gadodiamide) is
an extracellular contrast agent that alters the T1 relaxation rate of water in that compartment:
R1E ¼ R1E0 þ r1 ½GdE

[8]

where R1E0 is the relaxation rate constant in the absence
of gadodiamide and r1 is the relaxivity. This equation
assumes that the extracellular space is well-mixed so
that all of the water in that compartment experiences
the same increase in relaxation rate due to gadodiamide. The addition of gadodiamide therefore perturbs
the values of R1A, R1B, M0A and M0B (described by Eqs.
[3]–[6]), thus affecting the signal as a function of flip
angle (see Eq [7]).
In the limit where


M0I
kIE 1 þ
 jR1I  R1E j
M0E

[9]

Eqs. [3]–[6] simplify as M0A approaches zero and M0B
approaches 1, so that the relaxation is monoexponential
with a relaxation rate constant
R1B ¼ M0I  R1I þ M0E  R1E  R1FXL

[10]

This is known as the fast exchange limit (FXL) (5) and
substituting Eq. [8] in Eq. [10] gives
R1FXL ¼ M0I  R1I þ M0E  R1E0 þ M0E r1 ½GdE

[11]

The relaxation rate constant, R1, changes linearly with
the Gd concentration so long as the FXL condition
(Eq. [9]) holds. The value of kIE does not appear in these
equations because the fit is insensitive to it (the
exchange rate is too fast relative to the relaxation
process). In most biological tissues in the absence of Gd,
R1I  R1E and Eq. [9] is valid. It is the addition of
Gd that alters the balance between water exchange and
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magnetization recovery
by T1. When sufficient Gd is

M0I
added such that kIE 1 þ M
 jR1I  R1E j, the relaxation
0E
becomes nonmonoexponential and the measured relaxation rate constants are not linear with Gd concentration.
In summary, the Gd concentration affects the reliability
of the exchange estimate, which is important in determining where in the tumor the estimates are reliable and
some regions may need to be excluded from analysis.

Contrast Agent Concentration at Steady-State
Following a bolus injection, the contrast agent leaks
across the vessel wall into the extracellular space, resulting in a concentration that changes significantly over the
course of several minutes (see Supporting Information
Fig. S1). It then reaches a maximum and begins to wash
out. In many tumors, this washout is a slow process, producing a steady-state region of contrast agent
concentration.
When the extracellular concentration (or equivalently
the relaxation rate) reaches a maximum, the concentrations in the plasma and extracellular spaces are equal:
[Gd]p¼[Gd]E, assuming that the contrast agent moves
across the vessel wall according to Fick’s law and that
the plasma and extracellular compartments are wellmixed (12). At steady-state, the contrast agent concentration in the plasma is proportional to the amount injected
with a constant of proportionality that depends on the
fraction of the rat’s volume that is accessible to contrast
agent, the distribution volume, Vdist. The effect of clearance can be accounted for if the time constant for clearance of the contrast agent, Tclear, is known. This
provides a means of approximating the contrast agent
concentration in the extracellular space based on the
amount of gadodiamide injected:
½GdE ¼ ½Gdp ¼

Ninj
X
Vinj;k ½Gdinj
k¼1

Vdist

expðtelapsed;k =Tclear Þ [12]

where the amount of gadodiamide from the kth injection
is equal to the volume of that injection, Vinj,k, multiplied
by the concentration of gadodiamide, [Gd]inj. This is corrected for clearance using the time that has passed
between the kth injection and the steady-state measurement, telapsed,k. As this time differs for each injection, the
cumulative amount is the sum of these terms for each of
the completed injections, numbering Ninj.
In this study, it was assumed that the distribution volume was equal to 20% of the rat’s volume, calculated
from the rat’s mass and a density of 1 g/mL. The clearance time, Tclear, was assumed to be 29 min, equivalent
to a biological half-life of 20 min, a value based on pharmacokinetic experiments (not shown) and consistent
with literature experiments of gadodiamide clearance in
rats (13–15). The effects of these assumptions will be discussed later. The extracellular longitudinal relaxation
rate, R1E, applied to the two-compartment model was
calculated by substituting the [Gd]E value from Eq. [12]
into Eq. [8] with r1 ¼ 4.2 mM1 s1 and R1E0 ¼ 0.67 s1
as determined by previous measurements of contrast
agent in the blood plasma at 7 T. It was assumed that

the relaxivity
environments.

was

the

same

in

all

extracellular

METHODS
Animal Model
Six female nude rats (6–8 weeks) were injected subcutaneously in the hind limb with 5 million breast cancer
cells (MDA-MB-231). Cells were cultured in Roswell
Park Memorial Institute medium (Wisent, Montreal, Canada) with 5% fetal bovine serum (Fisher Scientific,
Ottawa, Canada) and 5 mL penicillin and streptomycin
(Invitrogen Canada Inc) for 8–17 days (passage two to
five) prior to injection.
Tumors were allowed to grow to 1 cm, which took
6 weeks. In two cases, cells were implanted with matrigel and four rats were treated with 8 Gy radiation to
induce cell death. Only results immediately prior to sacrifice are presented in this article. For scanning and procedures, animals were anaesthetized with isoflurane
(Abbott Laboratories, Montreal, Canada), and experiments were performed under approval of the Sunnybrook Animal Care Committee. The average rat weight
was 172 6 12 g.
Contrast Injection Procedure
Catheters (24 G gauge, Hospira, Lake Forest, IL) were
inserted into the animal’s tail vein and attached to a
four-way stopcock. Three separate injections of gadodiamide (Omniscan, GE Healthcare) diluted with saline
were performed as follows: Vinj1 ¼ 0.3 mL, [Gd]inj1 ¼
167 mM; Vinj2 ¼ 0.3 mL, [Gd]inj2 ¼ 333 mM; Vinj3 ¼ 0.3
mL, [Gd]inj3 ¼ 500 mM. This is a cumulative dose of
1.7 mmol/kg for a 172 g rat. Signal intensity following
each injection was monitored by a DCE-MRI sequence
of repeated SPGR images and, when signal approached
a constant level, steady-state T1 data were acquired
using SPGR scans at four different flip angles. In general, the time between injections was tinj  6 min,
including 1 min to acquire data at steady-state. Prior
to contrast agent administration, four SPGR scans and
seven inversion recovery scans using different inversion
times were performed for B1 correction. There are therefore
T1
data
at
four
different
gadodiamide
concentrations.
MRI Scan Parameters
All MRI scans were performed on a 7 T Bruker Avance
(Bruker Biospin, Germany) animal scanner with an 86
mm quadrature coil for excitation and 2 cm surface coil
placed around the tumor for receive. To obtain T1 data, a
3D SPGR sequence was chosen because it is fast (four
flip angles can be obtained in 1 min) and accurate T1
measurements can be obtained with appropriate flip
angles, data fitting procedures and B1 correction schemes
(16,17). At each steady-state concentration, four SPGR

scans were acquired (a ¼ 16.6–20, 11, 7, and 5 ; TR ¼ 20
ms; TE ¼ 2.5 ms; 128
96
8 matrices; 4
3
0.8
cm3 field-of-view).
A series of seven 2D inversion recovery scans (inversion time ¼ 62.1, 100, 300, 700, 900, 1200, 1500 ms) was
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acquired prior to injection for B1 correction (TR ¼ 2500
ms; TE ¼ 11.6 ms; 64
96 matrices, 4
3 cm2 field of
view, 1 mm slice thickness, three slices).
The DCE-MRI sequence used to monitor the contrast
agent concentration and its approach to steady state was

an SPGR sequence at a single flip angle (a ¼16.6–20 ; TR
¼ 20 ms; TE ¼ 2.5 ms; 64 96 8 matrices; 4 3 0.8
cm3 field-of-view; temporal resolution 10.2 s).
All images were acquired axially with one signal average (NEX). A saturation band (26-mm thick) was placed
sagitally with respect to the rat, covering the nonimplanted leg and half of the body, to reduce motion artefacts and limit signal from inflowing blood. No visible
respiratory motion was apparent in the images and the
phase encode direction was selected to minimize the
effects in the tumor region (phase encoding right-to-left
direction).

longitudinal relaxation rate constant in the extracellular
space, R1E, was assumed to vary in a manner dependent
on the amount of gadodiamide injected, as described in
the theory section (Eqs. [8] and [12]).
For comparison, data were also fitted to the limits of
Eq. [7]. In the FXL, Eq. [7] reduces to:
S ¼ S0


S ¼ S0 M0E

1  eTRR1E
sinfacc a
1  eTRR1E cosfacc a
þ M0I

Motion during the steady-state image acquisition was
negligible. However the injections resulted in small displacements that were corrected by manual rigid registration. This method agreed well with a more sophisticated,
automated technique that allowed nonrigid rotations and
translations (18), with the edges of the tumor shifting
less than 0.4 voxels (0.13 mm) after registration for both
techniques, compared to a 0.9 voxel (0.28 mm) shift for
unregistered data.
Errors in the prescribed flip angle were calculated
using the precontrast inversion recovery data. The data
from all seven inversion times were fitted to an equation
for mono-exponential T1 relaxation assuming Gaussian
noise (19):
SIR ¼ Seq ½1  ð1 þ aÞeTIR10 þ aeTRR10 

[13]

where Seq is the equilibrium signal, a accounts for

imperfections in the 180 pulse and R10 is the average
longitudinal relaxation rate constant in the absence of
gadodiamide. This equation assumes exchange is fast
(mono-exponential) when no contrast agent is present
and that the echo time, TE, is short enough to neglect T2
relaxation.
This R10 value was then used when fitting the precontrast steady-state SPGR data to


1  eTRR10
sin facc a
1  eTRR10 cosfacc a


[14]

to determine the value of facc, which was fixed in Eq. [7].
This equation assumes that the flip angle error is linear
with the prescribed flip angle.
Data from all four flip angles at all four gadodiamide
concentrations ([Gd] ¼ 0 mM and during the steady-state
following each of the three injections) were fitted globally to Eq. [7], with R1A, R1B, M0A and M0B given by Eqs.
[3]–[6]. This yielded four independent fitted parameters:
the equilibrium signal S0, the longitudinal relaxation rate
constant in the intracellular space R1I, the extracellular
water fraction M0E and the water exchange rate constant
from the intracellular to the extracellular space kIE. The

[15]

where R1FXL is the weighted average of the extracellular
and intracellular R1s (Eq. [11]). Then data were fitted
assuming that no exchange of intra-to-extracellular water
occurred on the timescale of relaxation (slow exchange
limit, SXL):

Data Fitting

SSPGR ¼ S0

1  eTRR1FXL
sin facc a
1  eTRR1FXL cosfacc a

1  eTRR1I
sinfacc a
1  eTRR1I cosfacc a

[16]

Error Analysis
Statistical errors in the fitted parameters were determined
by adjusting the parameter of interest in small increments
and allowing the remaining parameters to vary until
x2


x20 1 þ


np
Fðnp ; N  np ; 0:68Þ
N  np

[17]

where x2 is the reduced chi-squared value from the fit
with one fixed parameter, x02 is the reduced chi-squared
value with all parameters optimized, np is the number of
parameters in the fit, N is the number of data points and
F is the F distribution function, calculated here for a
68% confidence interval (20).
Mapping and Exclusion Criteria
Parametric maps of the two-pool model parameters were
generated by fitting the inversion recovery data voxel-byvoxel according to Eq. [13] and then upsampling using a
nearest-neighbor approach to match the resolution of the
steady-state data. A flip angle correction factor, facc, was
calculated using Eq. [14] for each voxel and fixed in Eqs.
[3]–[7] while the data were fitted for the remaining twocompartment model parameters (S0, R1I, M0E and kIE).
It must be noted, however, that the parameters of the
two-compartment model may be difficult to determine in
some regions of the tumor. Fitting to the model requires
that the contrast agent concentration is steady during
data acquisition, but the arrival of the bolus and the rate
of clearance vary depending on the leakiness of the
blood vessels and the available space into which the
contrast agent leaks. The final maps therefore excluded
points that did not reach steady-state by eliminating voxels in which the change in signal over the last 1.4 min of
the first DCE monitoring sequence was more than 15
times the standard deviation of the noise, SDnoise.
There are also regions with limited gadodiamide
uptake. The value of exchange is poorly determined in
these regions (5–7) since the relaxation rate changed
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very little and the tissue remained near the FXL. Using a
simple signal change threshold to determine when the
model is reliable is problematic because the change in
signal that is needed for reliable parameter determination
depends on several factors, including the amount of contrast agent delivered, the water fractions and the value of
exchange itself. Instead, these regions were identified by
using Eq. [17] to determine whether the fit was sensitive
to the value of the exchange rate parameter. Voxels
where the confidence interval for the exchange rate constant was broad (i.e., kIE values from < 3 to > 5 s1 did
not significantly change the x2 value from its minimum)
were excluded from the final maps as unreliable. However, in some cases where the confidence interval was
broad, it was still possible to place a reasonable lower
bound on the exchange rate constant (kIE > 3 s1). Values where the lower bound of the confidence interval
was > 3 s1 were therefore included in the parametric
maps even if the upper bound was high since the
exchange rate may be said to be high, regardless of the
fact that the exact value is poorly determined.

RESULTS

DCE Data Fitting
The DCE monitoring data were fitted to a standard Kety–
Tofts model (12,21) relating the concentration of contrast
agent in the tissue, Ct, to that in the plasma, Cp, to yield
the volume transfer constant, Ktrans, and the extravascular extracellular volume fraction, ve.
Ct ðtÞ ¼ Ktrans



(Fisher Scientific, Ottawa, Canada) and frozen at 80 C.
Levels were cut at 1 mm increments with two slices at
each level. The axial orientation of the MRI images was
maintained during slicing. One slice was stained with
haematoxylin and eosin (H&E) and the other was costained with terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) and CD-31, a marker of blood
vessel endothelial cells. The remaining two tumors were
fixed in formalin and levels cut at 1 mm increments (two
slices per level: one H&E, one TUNEL).
Slides were imaged using a Mirax scanner (Carl Zeiss
MicroImaging, G€
ottingen, Germany). MRI was aligned
with histology manually by first finding the slice with the
largest diameter in both modalities and then assuming
preceding and subsequent slices from histology corresponded to those from MRI because of the similar spacing. Although there may be some error due to shrinkage
during fixation, the data were typically located near the
slice with the largest diameter, which should minimize
error and be sufficient for qualitative comparison.

Zt
t¼0

Cp ðtÞe

Ktrans ðt  t þ tlag Þ
dt
ne

[18]

The parameter tlag accounts for the delay between the
bolus arrival in the plasma and the arrival in the tissue,
where interpolation between data points was done linearly. It is possible to fit DCE-MRI data to models incorporating water exchange, as in Refs. (5–7) and (22–25),
but a simpler model was chosen here due to the limited
temporal resolution and lack of arterial input function. A
biexponential function was used for the plasma
concentrations:
Cp ¼ DðA1 ek1 t þ A2 ek2 t Þ

[19]

where D is the dose of gadodiamide in mmol/kg body
weight, A1 ¼ 9 kg/L, A2 ¼ 5 kg/L, k1 ¼ 2 min1 and k2 ¼
0.05 min1. These values are taken from separate pharmacokinetic experiments on this strain of rats (data not
shown) and agree with the literature values for other rat
strains (13–15). Only the data from the first injection
were fitted since these involve lower gadodiamide concentrations that are less likely to be biased by errors created by intra-to-extracellular water exchange and
because some later uptake curves were compromised by
motion.
Histology
All six tumors were examined histologically with one of
two methods. Four tumors were placed in a mould, covered in Tissue Tek Optimum Cutting Temperature gel

The fits to the two-compartment model were stable and
the statistical errors in the fitted parameters were smaller
than the standard deviation across the voxels included
in the parametric maps for equilibrium signal S0, intracellular longitudinal relaxation rate R1I and extracellular
water fraction M0E. The fit errors for the water exchange
rate constant were often poorly determined, particularly
the upper bounds, which is why they have been considered as a special case in the construction of the parametric maps below. The reproducibility in a single rat was
demonstrated in the gastrocnemius muscle region of a
control animal that was not treated with radiation and
was scanned twice 2 days apart. The extracellular water
fraction was 0.13 6 0.06 at baseline and 0.17 6 0.05 at
48 h. The water exchange rate constant from the intracellular to extracellular space, kIE, was 1.0 6 0.5 s1 at
baseline and 1.1 6 0.4 s1 at 48 h.
Signal change due to contrast agent uptake varied
between tumors: the average signal on the DCE monitoring images increased 61 6 60% from before to after the
first injection. It also varied within a single rat’s tumor,
as demonstrated by Figure 2. The curve at point (b)
shows visible signal change due to contrast agent uptake,
as well as a steady-state region occurring 1 min after
injection and persisting for several minutes. The breaks
in the data at 300 and 660 s are the times where
steady-state multi-flip angle data were acquired, a process that took 1 min and during which little signal
dropoff was visible.
In contrast, the data from voxel (c) do not demonstrate
a steady-state within 5 min of injection. Such voxels
were eliminated using the second exclusion criterion:
over the last 1.4 min of the first DCE-MRI sequence, the
change in signal DS > 15*SDnoise. The uptake curve of
voxel (d) shows a region with very little contrast agent
uptake and is excluded based on wide error bounds for
the water exchange rate constant.
Because of the exclusion criteria, on average 20 6 10%
of the voxels within the tumor were included in the
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FIG. 2. Contrast agent uptake in rat tumour. The three points in image (a) show different uptake characteristics. Point (b) near the
tumour rim has visible change in signal due to contrast agent uptake and reaches steady-state within ~1 min of each injection, remaining there for at least 3 min afterward. Point (c) does not reach steady-state and the two-compartment model cannot be applied in this
region. Point (d) shows low contrast agent uptake and the two-compartment model gives a wide range of exchange rate constants that
fit the data in these regions. The breaks in the data (horizontal arrows) indicate the time the four SPGRs are acquired at each steadystate concentration. Inversion recovery data are also acquired prior to injection for B1 correction. Scale bar is 5 mm.

maps. Figure 3 maps the points that have been excluded
due to not reaching steady-state (green), excluded due to
poorly determined exchange rate constants from low
contrast agent uptake (orange) and included in the final
parametric maps (red) in one of the animals.
Voxels that were included fall into two cases, as demonstrated by Figures 4 and 5. Figure 4 shows the voxel
from (b) in Figure 2, a case where the error bounds on
the exchange rate constant are well-defined: kIE ¼ 0.5
(0.2/þ0.4) s1. The steady-state SPGR data for the four
flip angles at each of the four gadodiamide concentrations (preinjection and three-post injection) are fitted to
the two-compartment, fast exchange and slow exchange
models (solid lines), with residuals indicated underneath. The two-compartment model in (a) has small
residuals and very little bias in the fit. The fast exchange
model in (b) is biased at particular concentrations; for
example the fit overestimates the SPGR curve for the
lowest concentration, particularly at high flip angles. For
this voxel, the slow exchange model fits better than the
fast exchange, but more poorly than the twocompartment model (x0,FXL2 8*x0,2-comp2; x0,SXL2
2*x0,2-comp2). The extracellular water fractions, M0E,
from the fits with the different exchange assumptions
follow the pattern M0E,FXL < M0E,2-comp < M0E, SXL.
Figure 5 shows data from a different voxel, where the
two-compartment and fast exchange models demonstrate
similar goodness of fit (x0,FXL2 x0,2-comp2). The slow

exchange model was a poor fit (x0,SXL2 12*x0,2-comp2).
The extracellular water fractions from the twocompartment and fast exchange models were similar and
lower than that obtained from the slow exchange fit:

FIG. 3. A map demonstrating the voxels excluded from the final
parametric maps because they have not reached steady-state
(green) or because there was insufficient contrast agent to determine exchange reliably (orange). Voxels included in the final map
(red) tend to cluster near the tumour rim. Scale bar represents
5 mm.

1880

Bailey et al.

FIG. 4. Steady-state data for voxel (b) from Figure 2 at each of four flip angles and four gadodiamide concentrations (cumulative
amounts gadodiamide injected: squares—0 mmol; diamonds—0.05 mmol; triangles—0.15 mmol; inverted triangles—0.3 mmol) with fits
(a) to the two-compartment model with water exchange (Eqs. [3]–[7]), (b) assuming infinitely fast exchange of water across the cell
membrane (Eq. [15]) and (c) assuming no exchange of water across the cell membrane (Eq. [16]) shown by the solid lines. Residuals are
shown underneath the fits to demonstrate both the improved fit (x02 780% higher for FXL than two-compartment; x02 160% higher for
SXL than two-compartment) and the lower systematic error of the two-compartment model fit. The intra-to-extracellular water exchange
rate constant for the two-compartment fit was kIE ¼ 0.5 (0.2/þ0.4) s1.

M0E,FXL  M0E,2-comp < M0E, SXL. The intra-to-extracellular exchange rate constant was kIE ¼ 14 s1, with a lower
bound of 5 s1. The upper bound was poorly defined
since a fit with kIE ¼ 14 s1 was not significantly different from that with kIE approaching infinity. Thus a wide
range of exchange rate constants fitted the data well and

it was difficult to determine a precise value, but based
on the lower bound of 5 s1 this voxel exhibited fast
exchange.
Figure 6 shows the x2 value for the two-compartment
fit with kIE fixed to the value on the x-axis relative to the
minimum x02 value. Figure 6a uses the data from Figure

FIG. 5. Steady-state data for an included voxel with poorly defined upper error bound. There are four flip angles and four gadodiamide
concentrations (cumulative amounts gadodiamide injected: squares—0 mmol; diamonds – 0.05 mmol; triangles—0.15 mmol; inverted triangles—0.3 mmol) with fits (a) to the two-compartment model with water exchange (Eqs. [3]–[7]), (b) assuming infinitely fast exchange
of water across the cell membrane (Eq. [15]) and (c) assuming no exchange of water across the cell membrane (Eq. [16]) shown by solid
lines. Residuals are shown underneath the fits to demonstrate both the similarity of the two-compartment and FXL fits (x02 not significantly different) as well as the increased error and systematic bias of the SXL model (x02 1200% higher for SXL than two-compartment
model). The intra-to-extracellular water exchange rate constant for the two-compartment fit is kIE¼14 (9/þ1) s1.
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FIG. 6. The x2 values when intra-to-extracellular water exchange rate constant, kIE, was set to a fixed value, as indicated on the x-axis.
a: Data from Figure 4 with well-defined error bounds on the exchange rate parameter (gray dotted lines). Some jumps occur at higher
exchange rate constants where the data fit poorly and the parameter space has local minima with similarly poor fits. b: Data from Figure
5 where the upper bound of the exchange rate constant was poorly determined, but a lower error bound can be set.

4 and the minimum is at kIE ¼ 0.5 s1 with well-defined
error bounds for the likely range of kIE values (0.3–0.9
s1 with 67% confidence). There is some jitter in the x2
values at higher kIE since the fits are poor and local minima of similar goodness of fit exist. Figure 6b, for the
data from Figure 5, demonstrates the case where the
slow exchange fit was poor and a lower bound was
placed on the intra-to-extracellular exchange rate constant (5 s1 with 67% confidence), but the upper bound
was poorly defined, with the x2 value remaining near its
minimum even for the case of infinitely fast water
exchange across the cell membrane. Over all animals, an
average of 54 6 31% of fitted voxels had substantially
different fast exchange and two-compartment x02 values.
The slow exchange model generally did not fit voxels
well, with 70 6 27% of SXL x02 values being substantially greater than the two-compartment x02 values.
Voxel-by-voxel maps of the two-compartment fit
parameters for one animal are shown in the Supporting
Information. The intracellular longitudinal relaxation
rates, R1I, ranged from 0.3 to 0.7 s1. The extracellular
water fraction, M0E, and intra-to-extracellular water
exchange rate constant, kIE, showed heterogeneity within
the tumor and are presented alongside histology in Figure 7.
General trends are apparent. Four animals have low
extracellular water fractions and, as a result, relatively
few voxels are mapped. Even in cases such as in the
third animal, where extracellular water fraction is low
throughout the tumor, there are differences in the
exchange rate constant. Most voxels in viable tumor
exhibited lower exchange rate constants and welldefined error bounds. Voxels in apoptotic regions tended
to have higher intra-to-extracellular water exchange rates
with high upper error bounds, although the lower
bounds were larger than 3 s1, suggesting fast water
exchange in these regions. This is emphasized by Table
1, which summarizes the extracellular water fractions
and water exchange rates from all animals for regions of
interest (ROIs) identified on histology as muscle (gastrocnemius), viable tumor (TUNEL-negative) and apoptotic
(large TUNEL-positive regions). The voxels included in
the parametric maps in these regions were used to calculate the range (minimum and maximum), mean, standard

deviation, median and interquartile range of the parameters in each animal and the numbers from all six animals
were averaged to produce the values in the table. The
exchange values in apoptotic regions, indicated by
superscripts, appear artificially high, since they are fit
equally well by the two-compartment and fast exchange
models and have poorly determined upper error bounds.
The zoomed in view of the first tumor, shown in Figure 8, contains a smaller TUNEL-positive region with
mixed apoptotic and normal cells (see arrow and histology insets). Significant cell clearance was not yet apparent. This region corresponded to an intermediate value
of water exchange rate in the parametric map. The large
necrotic region at the center of the tumor on the left side
of the image has lower apparent extracellular water fraction due to lower amount of contrast agent reaching it,
but still has high water exchange rate.
The results of fitting the first injection monitoring data
to the DCE-MRI model, Eqs. [18] and [19], are shown in
Figure 9. Figure 9a repeats the map of the extracellular
water fraction, M0E, from the steady-state fit. Figure 9b
maps the extravascular extracellular volume fraction, ve,
from the Kety–Tofts model, which assumes fast exchange
and is lower than M0E in the viable tumor rim. Along the
edge of the necrotic region at the tumor’s center, ve tends
to extreme values since contrast agent uptake is low and
the fit is insensitive to the value of ve. Figure 9c shows
the correlation between the steady-state parameter M0E
and the DCE parameter ve for points outside these
extremes (0.01 < ve < 1). The color of the points indicates the intra-to-extracellular water exchange rate constant, with higher values (kIE > 3 s1) denoted by bright
red and tending to cluster near the identity line. Slower
water exchange rate constants, denoted by darker red
points decreasing to black for values of 0 s1, tend to fall
below the identity line.
DISCUSSION
Parametric maps were generated based on a twocompartment model of relaxation with water exchange in
vivo. Contrast agent uptake was highly variable between
animals and, as shown in Figure 2, heterogeneous within
a given animal. Several tumor regions failed to reach
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FIG. 7. Parametric maps of extracellular water fraction, M0E, and intra-to-extracellular water exchange rate, kIE, for all rats. Histology slices stained by H&E appear a darker, more intense purple in regions of higher cellularity. TUNEL staining indicates regions with DNA
strand breaks (apoptosis), with positive staining appearing brown in the first two animals and pink in the later animals due to different
fixation and staining methods. Scale bars represent 5 mm.

steady-state, but these were mainly located at the edges
of large necrotic areas with little vasculature, where contrast agent leaked in slowly. Regions with low contrast
agent uptake tended to be at the center of large necrotic
areas or very cellular regions. Points with significant
uptake were typically located near the tumor rim; this

has been noted in previous studies and attributed to
lower perfusion in the tumor core, which is often
necrotic (6,22,26,27). This suggests that although the
exclusion criteria limited the regions in which the
exchange rate constant was reliably determined, they
also often had a physiological basis and these regions
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Table 1
Summary of Extracellular Water Fractions, M0E, and Water
Exchange Rate Constants from Intracellular to Extracellular Space,
kIE, for Regions-of-Interest in Muscle (Gastrocnemius), Viable Nonapoptotic Tumor and Apoptotic Tumor
Min
M0E
Muscle
Viable tumor
Apoptotic
tumor
kIE (s1)
Muscle
Viable tumor
Apoptotic
tumor

Max

Mean

SD

Median

IQR

0.09
0.13
0.07

0.21
0.20
0.16

0.15
0.17
0.10

0.04
0.02
0.03

0.15
0.17
0.09

0.05
0.03
0.05

0.2
0.3
50.8a

1.0
1.2
100.0a

0.6
0.6
80.1a

0.3
0.3
22.4a

0.5
0.6
78.5a

0.4
0.5
31.9a

Only voxels included in the parametric maps were included in the
calculation of statistics-minimum, maximum, mean, standard deviation (SD), median and interquartile range (IQR)-and the values
from all six animals were averaged.
a
For higher exchange rate constants, the upper error bound is
poorly determined and the two-compartment x02 is not significantly different from that for fit with infinitely fast exchange. The
exchange rate constants in these cases tend toward higher but
more imprecise values.

might be characterized by other MRI methods. For example, regions of necrosis and where dead cells have
already been cleared away are identifiable by increased
water diffusion and increased T2, likely due to increased
water content (28–30). The regions of most interest for
early indications of cell death are better perfused, with
better probability that the two-compartment model can
be applied.
Some mapped regions demonstrated low extracellular
water fraction, < 5%, which was consistent with the
high cellularity of many of the tumors. In regions where
TUNEL staining was negative, indicating viable tumor,
the average value of kIE was 0.6 s1. In TUNEL-positive
regions, the water exchange rate constant was difficult to
determine precisely, but was typically faster than 3 s1
and voxels were fitted equally well by the twocompartment and fast exchange models. Even in cases

where there was not yet significant cell clearance, such
as the region indicated by the arrow in Figure 8, the
water exchange rate was elevated compared to surrounding viable tumor. This was consistent with in vitro
results (4), which show an increase in the water
exchange rate constant prior to cell clearance, due partly
to increased surface area but mainly to an increase in
membrane permeability during apoptosis.
There is no gold standard with which to compare the
rate constants for exchange from the intra- to extracellular space in tumor from this study and there was large
variation with tumor biology. From Table 1, the intra-toextracellular water exchange rate constant in viable
tumor regions, 0.6 6 0.3 s1, is within the range found
in other preclinical models: 0.79 6 0.16 s1 in rat brain
glioma (22), 1.2–2 s1 in mammary carcinoma xenografts
in mice (23), 4.2 6 8.8 s1 in RIF-1 xenografts in mice
(24) and 0.7 s1 in rat brain glioma although the variation in this last case is large (6).
A more reliable comparison might be done with the
parameters in muscle. For gastrocnemius, the extracellular water fraction M0E ¼ 0.15 6 0.04 and intra-extracellular water exchange rate constant kIE ¼ 0.6 6 0.3 s1
agree with the muscle values of M0E ¼ 0.11 and kIE ¼ 1.1
6 0.4 s1 in Sprague–Dawley rats (5). In addition, the
low variability in muscle values across animals and the
reproducibility in a given animal over a number of days
suggest the method is robust.
The fit errors calculated using Eq. [14] for the equilibrium signal, S0, the intracellular T1 relaxation rate, R1I,
and the extracellular water fraction, M0E, were less than
the standard deviation across the tumor, indicating that
the biological variation was greater than that from the fitting procedure. For the intracellular-to-extracellular
water exchange rate constant, kIE, this was not always
the case, but the low precision of this parameter was not
due to poor SNR. Rather, the statistical error in the fitting of the exchange rate constant depends on how fast
the water exchange rate is relative to the relaxation taking place during the experiment, with the FXL applying
in cases meeting the criteria described by Eq. [9]. In
cases where the contrast agent concentration was low,

FIG. 8. Close up of the upper right portion of the tumor of the first rat from Figure 7, as indicated by the white box in the small histology
image on the left. The upper right part of the map has higher extracellular water fraction than the lower right part of the tumor and is
associated with lower cellularity on the H&E staining. Regions at the middle and left of this part of the tumor, where TUNEL staining indicates apoptosis, have higher water exchange rate constants, whereas regions along the tumor rim appear normal and have lower water
exchange rate constants. The region indicated by the arrow, shown in the insets on histology, contains a mix of normal and apoptotic
cells with intermediate exchange rate. Scale bars represent 1 mm.
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FIG. 9. Comparison of (a) the extracellular water fraction, M0E, from the fit of the steady-state data to the two-compartment model of
relaxation with exchange and (b) the extravascular extracellular volume fraction, ve, from the fit of the DCE-MRI data to the Kety–Tofts
model. The Kety–Tofts model assumes fast exchange and the ve parameter is typically less than or equal to the steady-state M0E
parameter except in large necrotic areas near the tumor center where DCE-MRI data are described by a single compartment. c: Correlation plot of ve and M0E. Data with fast exchange rate constants from the two-compartment fit (bright red) cluster along the black identity line. Voxels with slower exchange rate constants (darker red and black) cluster below the line. Scale bar represents 5 mm and both
maps have the same color scale.

the difference between the intra- and extracellular longitudinal relaxation rates was not as large and the value of
exchange was poorly determined. It may be possible, as
in Figure 6b, to place some lower bound on the exchange
rate constant, but the upper bound will be large. The
error bounds tended to be narrower for slower exchange
rates, which were better-determined at low contrast agent
concentrations. Similar precision issues have been noted
in other attempts to map water exchange in vivo. For
example, Yankeelov et al. (6) found that contrast agent
uptake in normal-appearing rat brain was too low to
allow the water exchange rate constant to be precisely
determined and water exchange appeared infinitely fast,
in spite of much better-determined values in the surrounding muscle. This work emphasizes the importance
of calculating the statistical errors in the fit, particularly
for the exchange rate constant, in order to determine a
reliable range. In cases where the range was large and
included low values, the exchange rate constants were
not mapped since they were not reliable. In vitro experiments showed intracellular T2 relaxation rates that were
much faster than extracellular rates (4). If this is the case
in vivo, experiments measuring T2 relaxation will be
more sensitive to exchange at low contrast agent concentrations and move toward the FXL at higher concentrations. Acquiring T2 data in addition to T1 data would
then prove useful for determining water exchange more
precisely, albeit at the expense of increased scan time.
Mapped voxels fell into two cases: those similar to Figure 4, where incorporating water exchange resulted in a
statistically improved fit; and those like Figure 5, where
the fast exchange assumption was valid and sufficient.
Correctly applying the fast exchange assumption was
important for accurate determination of the other parameters. In Figure 5, the extracellular water fraction values
from the fast exchange and two-compartment fits were
similar. However, the fits in Figure 4 resulted in an
increase in the estimated extracellular water fraction
when slower exchange rates were assumed, M0E,FXL <
M0E,2-comp < M0E, SXL, as has been observed in previous

studies (7,27). It was therefore necessary to use a more
complex model that incorporated exchange in these
cases. This model not only corrected the underestimation of the extracellular water fraction, which was important since these voxels were more likely to be present in
viable tumor, but also yielded a value for the exchange
itself, which is a marker of apoptosis.
Previous studies have evaluated the water exchange
rate constant using modified DCE-MRI methods (5,6,22–
25). The temporal resolution requirements for DCE-MRI,
particularly near the peak when contrast agent concentration is highest, require the use of shorter repetition
times, TR. Such methods often have low precision (7) or
show no sensitivity (25) to exchange, even when multiple flip angles are used. The steady-state method
employed in this article is affected by contrast agent
washout, but this temporal restriction is not as stringent
as in a DCE-MRI modelling experiment. The steady-state
method takes 15 min, most of which is waiting for
steady-state following each bolus injection; this is longer
than a single-injection DCE-MRI measurement, but faster
than preclinical methods that employ a constant infusion
(5) that can take 2 h to reach steady-state for multiple
concentrations, although the current method uses a sevenfold higher contrast agent dose delivery rate than the
constant infusion work. Furthermore, the steady-state
method does not rely on the rapidly changing initial part
of the uptake curve nor does it rely on an arterial input
function, which is a particular challenge for DCE-MRI
experiments in small animals. Instead, an assumption
about the steady-state contrast agent concentration was
made based on (1) a pre-established time constant for
clearance by the kidneys during the experiment and (2)
distribution of contrast agent throughout a constant volume following each injection.
The clearance half-life was assumed to be 20
minutes, which was supported both by prior pharmacokinetic experiments in this rat species and by existing
literature values (13–15,31). There may be some variation
in contrast agent clearance between individual rats,
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producing a systematic error in the concentration of
gadodiamide in the extracellular space calculated by Eq.
[12]. This affects the extracellular longitudinal relaxation
rate, R1E, used in the model and may result in systematic
error in the fit parameters. However, the experimental
design minimized the effects of clearance by increasing
the amount of gadodiamide with each injection (0.05
mmol for the first injection, 0.10 mmol for the second
injection and 0.15 mmol for the third injection) so that
the largest contribution of gadodiamide was from the
most recent injection. Simulations (not shown) indicate
that assuming no clearance produces <1% change in R1I,
10% change in M0E and 5% change in kIE. Thus even
large errors in the estimated clearance half-life of the
contrast agent produce only modest changes in the final
fitted parameters.
20% rat
The distribution volume estimate, Vdist
volume using the mass and a density of 1 g/mL, in
Eq. [12] was also based on pharmacokinetic studies,
which showed a distribution volume of 19–31% and
this was consistent with literature values of 17–31%
(13,15,31). Simulations (not shown) indicated that the
extracellular gadodiamide concentration, estimated
based on the distribution volume, was mainly coupled
to the extracellular water fraction, M0E. The agreement
of muscle values with the literature, however, suggests
the 20% assumption was reasonable in these animals.
Additional scans may be added to the exam to quantify contrast agent concentration in blood and these
would not have the same temporal resolution constraints as those used more commonly in DCE-MRI
experiments. Some animals did demonstrate a gradient
of M0E values at the edges of necrotic areas (e.g., the
center of the first tumor in Fig. 7) where contrast agent
diffused into the center more slowly. This results in a
lower steady-state contrast agent concentration than
surrounding areas, even though the regions meet the
exclusion criterion of steady-state slope on the DCE
images, and the modelled M0E parameter appears artificially low due to coupling between M0E and [Gd]E in
Eqs. [7] and [8]. More stringent steady-state exclusion
criteria might correct this, but otherwise extracellular
water fractions show good correspondence with histology, suggesting that biological heterogeneity and
changes following treatment within a particular animal
may still be informative.
It was assumed that gadodiamide did not leak across
the cell membrane in cells undergoing apoptosis. This
assumption was examined by mass spectroscopy in acute
myeloid leukemia cells in vitro and intracellular concentrations were found to be less than 0.7% of extracellular
concentrations at late stages of apoptosis (4), which
included membrane shape alterations and blebbing,
although the possibility of significant leakage of gadodiamide into cells at very late apoptotic stages cannot be
excluded.
The relaxivity in the extracellular space was assumed
to be the same as that in blood plasma. This is the case
in some tissues (32), but there is some variation in relaxivity with macromolecular content (33,34) that could
bias the absolute parameter values. However, if the treatment does not substantially alter the macromolecular
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content of the extracellular space during the monitoring
period, relative parameter values may still be compared.
The parameters obtained from the steady-state method
were compared to those obtained by a more conventional
DCE-MRI method and fit to the Kety–Tofts model. This
demonstrated that the multiinjection method provided
additional information. In the FXL, the extracellular
water fraction from the two-compartment model and
steady-state data, M0E, and extravascular extracellular
water fraction, ve, typically agreed, falling near the identity line in Figure 9c. This is expected since the Kety–
Tofts model assumes fast water exchange. When
exchange was slower, M0E was typically higher than ve,
except in cases near the edges of large necrotic areas
where the DCE-MRI fit is hindered by poor uptake. The
extravascular extracellular volume fraction, ve, and water
fraction, M0E, are not precisely the same parameter: M0E
relates to the water concentration in the extracellular
space while ve is related to the physical space into
which the contrast agent leaks, independent of water
concentration. Nevertheless, the steady-state method had
some discrepancies with the DCE-MRI fits, which appear
to be explained by the differing exchange rates, as has
been noted previously by Landis et al. (27) and Buckley
et al. (7).
It should also be noted that many of the literature
studies examining exchange use it for the purpose of
quantifying the error that incorrect exchange assumptions produce in the other pharmacokinetic model
parameters, such as the volume transfer constant, Ktrans,
and the extravascular extracellular volume fraction, ve.
Several groups have suggested methods for minimizing
exchange when the kinetics of the contrast agent are of
primary interest (35), but this work demonstrates that for
the purposes of detecting apoptosis and monitoring
response to treatment, the exchange rate constant itself
was a valuable biomarker.
In this study, we assumed that the contribution of the
blood volume to the signal change was negligible. This
is a common assumption in many DCE-MRI studies and
valid when the volume fraction of the plasma is small
relative to the volume fraction of the extravascular
extracellular space (36). This is not the case in all tumor
types, however. Simulations of the effect of blood volume on steady-state data (not shown) were performed
using parameter values of R1I ¼ 0.56 s1, M0E ¼ 0.2 and
kIE ¼ 1 and 5 s1. Fast water exchange between red
blood cells and plasma, a haematocrit of 0.4 and slow
water exchange across the blood vessel wall were
assumed. The simulations indicated that a blood volume
of 10% changed equilibrium signal, S0, less than 1% and
the intracellular longitudinal relaxation rate, R1I, less
than 5%. The strongest coupling with the blood volume
was with the extracellular water fraction, as might be
expected for data acquired in the steady-state region of
contrast agent uptake, where the plasma and extravascular extracellular concentrations of contrast agent are
equal. Neglecting a blood volume of 10% in the fitting
resulted in an overestimation of the extracellular water
fraction, M0E, of 18% when water exchange was fast (kIE
¼ 5 s1). The exchange rate constant for water moving
from the intracellular to extracellular space, kIE, was
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overestimated by 10% in this case. Both of these errors
increased at lower water exchange rates (kIE ¼ 1 s1), to
26% overestimation for M0E and 20% overestimation for
kIE. Thus it may be necessary to account for blood volume in more vascular tumor types.
The average cumulative dose of gadodiamide injected
into the rats in this study was 1.7 mmol/kg, much higher
than a clinical dose of 0.1 mmol/kg. Even with this dose,
exchange could not be well-determined in some regions
where the extracellular space available for gadodiamide
to fill was small. For example, some tumors showed
extracellular water fractions less than 0.05. However, the
muscle data, with a water fraction of 0.15 6 0.04, tended
to have more reliably fitted exchange rate constants.
Translational work should therefore focus on more vascular and less cellular tumor types, such as renal cell
carcinoma. Although the error bounds of the exchange
rate constant may be larger due to lower gadodiamide
concentrations and hinder exact quantification, it may
still be possible to approximate exchange and observe
regions where exchange becomes fast following treatment. Renal tumors are also in close proximity to the
descending aorta, which has potential for quantification
of the contrast agent concentration from the MR images,
rather than using a weight-based assumption. Quantifying the extracellular contrast agent concentration should
therefore be more feasible in a clinical setting than it is
with small animals.
A small number of animals with a single tumor type
were presented as a proof of principle. These findings
are therefore preliminary and should be replicated in
more animals and other tumor types to confirm the interpretation of the data.
As treatment induces apoptosis in cells, the water
exchange rate is expected to increase (4). As described
above, higher water exchange rates are more difficult to
determine precisely, so that the number of voxels with
reliably determined exchange may decrease following
treatment. This was somewhat mitigated by the exclusion criteria, which allowed for poorly determined upper
bounds (approaching infinity), as long as the lower
bound was high enough (> 3 s1). Nevertheless, the statistical errors in the fit emphasize that caution is needed
when interpreting results from a region of interest over
time, as occurs during treatment monitoring. Parametric
mapping with error analysis at each treatment stage is
preferable, although this process is more time-intensive.
CONCLUSIONS
A two-compartment model of relaxation with water
exchange between the intra- and extracellular spaces was
applied to data obtained in the late-uptake stages following three separate contrast agent injections into rats with
breast cancer tumor xenografts, when contrast agent concentration was relatively constant. Comparison of parametric maps of the two-compartment model parameters
revealed that the extracellular water fraction had good
correspondence with cellular density and regions with
high intra-to-extracellular water exchange rate constant
corresponded to regions that stained positive for apoptosis. The water exchange rate maps contained information
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that was not always evident from the water fractions,
with elevated values in regions where mixed nonapoptotic and apoptotic cells were present, even before significant cell clearance was visible on H&E staining.
Extracellular water fraction and water exchange rate values for muscle were in agreement with those from the
literature.
Examining the statistical errors in the fitting procedure
was an important step in the analysis. Regions with
lower tissue contrast agent concentration, typically due
to low vascularity or high cellularity (small contrastcontaining extracellular space), have similar goodness of
fit for a wide range of exchange rate constants, making
that parameter poorly determined in such cases. However, these regions often correspond to necrotic areas
detectable by other methods. In viable regions, typically
along the tumor rim, the water exchange rate constants
have promise as a marker of apoptosis and thus of indicating response to treatment.
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