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The purpose of this study was to assess the effects of cellular-
interstitial water exchange on estimates of tracer kinetics pa-
rameters obtained using rapid dynamic contrast-enhanced
(DCE) MRI. Data from the internal obturator muscle of six pa-
tients were examined using three models of water exchange: no
exchange (NX), fast exchange limit (FXL), and intermediate rate
(shutter-speed [SS]). In combination with additional multiple flip
angle (FA) data, a full two-pool exchange model was also used.
The results obtained using the NX model (transfer constant,
Ktrans � 0.049 � 0.027 min–1, apparent interstitial volume, ve �

0.14 � 0.04) were marginally higher than those obtained using
the FXL model (Ktrans � 0.045 � 0.025 min–1, ve � 0.13 � 0.04),
but the error bars overlapped in two-thirds of these parameter
estimate pairs. Estimates of Ktrans and ve obtained using the SS
model exceeded those obtained using the NX model in half the
patients, and many estimates, including all those of intracellular
residence time of water, ti, were imprecise. Results obtained
using the full two-pool model fell between those obtained using
FXL and NX models, and estimates of ti were also imprecise.
The results suggest that data obtained using clinically relevant
DCE-MRI are exchange-insensitive and unsuitable for the as-
sessment of cellular-interstitial water exchange. Magn Reson
Med 60:1011–1019, 2008. © 2008 Wiley-Liss, Inc.
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It has been known for many years that the movement of
water between tissue compartments can have a significant
influence on measured tissue MR characteristics such as
relaxation times and diffusion coefficients (e.g., Refs. 1 and
2). In recent years, there has been interest in how this
exchange of water might affect tracer kinetics experiments
performed using dynamic contrast-enhanced (DCE) MRI
(3–6). In these studies it is usually assumed that water
occupies four principal compartments: the intracellular
space of the tissue, the interstitial space (extracellular ex-

travascular space), the plasma space, and the red blood
cells (RBC). It is broadly accepted that water exchange
across the RBC membrane, between RBC and plasma, is
extremely rapid due to the high water permeability of the
membrane (mean residence time of water in the RBC �
9.8–14 ms [2]). That is, water exchange occurs at the
so-called fast exchange limit (FXL). On the other hand,
most evidence to date suggests that vascular-interstitial
(also known as transendothelial) water exchange, between
the blood plasma and interstitium, is relatively slow at less
than 7 s–1 (3,4). There is little agreement about the rate of
cellular-interstitial (also known as transcytolemmal) water
exchange. Landis et al. (5) have suggested that this ex-
change may significantly influence the assessment of con-
trast agent concentrations in DCE-MRI experiments. Con-
trast agent enters the interstitium from the plasma and
increases the relaxation rate of interstitial water. Since the
relaxation rate of water in the cell remains the same, the
increasing difference in compartmental rates may lead to
significant transient sorties away from the precontrast wa-
ter exchange state. Such an effect can result in underesti-
mates in the measured tissue contrast agent concentration
and subsequent inaccuracies in estimates of tracer kinetics
parameters (5). Whether these effects are significant in a
typical DCE-MRI experiment is the subject of debate
(3,7,8).

In their previous work, Landis et al. (5) studied muscle.
Muscle is of particular interest when assessing cellular-
interstitial water exchange due to its structure. It has a
large intracellular volume fraction, a much smaller inter-
stitium, and a very small vascular fraction (9), and thus the
MR signals obtained from muscle are largely insensitive to
the confounding effects of vascular-interstitial water ex-
change. Following the lead of Landis et al. (5), we under-
took a study of human muscle to address two principal
aims. First, we assessed the maximum effect of cellular-
interstitial water exchange on measurements of tracer ki-
netics parameters obtained using a clinically relevant
DCE-MRI protocol by analyzing our data at the FXL and at
the opposing limit of no exchange (NX) and comparing the
results. Second, we used the approach described as the
“shutter-speed” (SS) model (often referred to as bolus en-
hanced relaxation overview [BOLERO]) (5,6) to estimate
the rate of cellular-interstitial water exchange in muscle.
These findings led us to analyze our data further using a
full two-pool exchange model.
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THEORY

We assumed that muscle contains only two water compart-
ments (intracellular and interstitial) (10) and used the sub-
scripts i and e to refer to intracellular and interstitial water,
respectively. These compartments have fractional pool
sizes of pi and pe (pi � pe � 1) and inherent longitudinal
relaxation rates of R1(i) (� 1/T1(i)) and R1(e) (� 1/T1(e)),
respectively. Cellular-interstitial water exchange connects
these compartments and the rate is described in terms of
the mean residence time of water inside (ti) and outside (te)
the cells (the rate constants of water exchange are the
inverse of the residence times); by conservation of mass, te

� pe.ti/pi. Longitudinal relaxation of the system was mod-
ified by the addition of a gadolinium-based contrast agent
to the interstitial space. This system can be described
using a two-pool exchange formalism (1). The solution has
a biexponential form with the T1 relaxation of the system
described by two rate constants, R1S and R1L, and their
respective fractional apparent populations, aS and aL,
where aS � aL � 1 (10):
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where r1 is the T1 relaxivity of the contrast agent, and [Gd]
is its concentration in the interstitial space. These equa-
tions contain three unknowns—[Gd], ti, and pe—since we
assumed that R1(e) � R1(i) � 1/T1(0), where T1(0) is the lon-
gitudinal relaxation time of muscle measured prior to ad-
ministration of contrast agent, and that r1 � 4.3 mM–1s–1

(11). Three different approximations were considered. In
the FXL (ti 3 0), the system (described using Eqs. [1]–[3])
is reduced to a single longitudinal relaxation rate, R1:

R1 � pe(r1[Gd] � R1(e)) � piR1(i). [4]

With NX (ti 3 �), Eqs. [1]–[3] are reduced to:

R1L � R1(i)

R1S � R1(e) � r1[Gd]

aS � pe

aL � pi. [5]

In both approximations (FXL and NX) there are two
unknowns: [Gd] and pe. The third approximation to the
full two-pool model was described by Landis et al. (5). The
longitudinal relaxation of the system is described by a
single exponential rate constant, R1L (� Eq. [1]):
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This empirical approximation has been called the SS
model (6). Although in an algebraic sense the SS model
differs from the full two-pool model, it contains the same
three unknowns: [Gd], ti, and pe.

This left the task of estimating [Gd] as a function of time,
and this was achieved through the use of DCE-MRI and
tracer kinetics analysis (12). We modeled [Gd] as a convo-
lution of the measured plasma arterial input function (AIF)
with a conventional single-compartment model (13):

�Gd� �
Ktrans

pe
�

0

t

Cp�u�exp	 � Ktrans

pe
�t � u�
du, [7]

where Ktrans is the volume transfer constant for contrast
agent transport between the blood plasma and interstitium
(12) and Cp(t) is the plasma AIF. Thus by combining Eq. [7]
with Eqs. [1]–[3], our solution to the full two-pool model
had three unknowns: Ktrans, pe and ti. The SS model was
solved using a combination of Eq. [7] with Eq. [6] with the
three unknowns, Ktrans, pe, and ti. Equations [7] and [4]
provided a solution to the FXL model, while Eqs. [7] and
[5] combined to solve the NX model. Each of these solu-
tions contained two unknowns: Ktrans and pe. It is conven-
tional to report the fractional volumes, vi and ve, of the
tissue compartments rather than the fractional pool sizes,
pi and pe. The pool sizes match the volumes if the spin
densities of the compartments are the same. In the absence
of data to estimate the ratio of compartmental spin densi-
ties, we assume a ratio of 1 (thus vi � pi and ve � pe) and
report apparent volumes.

To compare the output of the model with the data acquired
in our experiments, we needed to substitute the simulated
relaxation rates of the four models into equations describing
the signal obtained using our imaging sequence (14). In the
case of the FXL and SS models, the resultant single-compo-
nent R1 was substituted directly into:

S � S0

sin����1 � exp� � TR.R1��

�1 � cos���exp� � TR.R1��
, [8]

where S0 is the signal that would be obtained from the
tissue using an infinite repetition time (TR) and a 90°
pulse, and � is the actual flip angle (FA) used. The S0 term
incorporates the effects of T*2 decay (which is assumed to
vary negligibly at short echo times [TEs]), scaling factors,
and other sequence settings that may confound signal-
intensity comparisons. The NX and full two-pool models
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have biexponential solutions and the R1S and R1L compo-
nents are substituted into:

S � S0�aS

sin����1 � exp� � TR.R1S��

�1 � cos���exp� � TR.R1S��

� aL

sin����1 � exp� � TR.R1L��

�1 � cos���exp� � TR.R1L��
�. [9]

MATERIALS AND METHODS

Six patients (age � 60–77 years, mean � 68 years) were
examined; all were undergoing MRI for assessment of be-
nign prostatic hyperplasia (15). The study was performed
at 1.5 T (Philips Intera; Philips Medical Systems, Best, The
Netherlands) using a cardiac phased-array coil wrapped
around the pelvis for signal detection. Following the ac-
quisition of scout images and reference images for coil
scaling and parallel reconstruction (SENSE reference), the
pelvis was imaged in the axial plane using a multislice
turbo spin-echo sequence (20 slices; 512 	 512 matrix;
400 	 400 mm FOV; 4.5 mm slice thickness; 0.5 mm gap;
TR/TE(effective) � 5432/135 ms; echo train length � 19;
four averages). A 400 	 400 	 100 mm volume aligned in
the axial plane and including the prostate, internal obtu-
rator muscles, and bladder was then selected for all sub-
sequent quantitative imaging. The T1(0) of tissues in this
volume was measured using a multishot 3D inversion
recovery turbo field echo (IR-TFE) sequence and inversion
times of 65, 250, 1000, 2500, and 3900 ms (176 	 176 	 20
matrix (following interpolation); TR/TE � 2.4/0.8 ms; in-
tershot delay � 4 s; SENSE factor of 2.5 applied left to
right). Subsequently, a 3D fast field echo (RF-spoiled gra-
dient echo) sequence was used to acquire 10 volumes at
each of the following FAs, 30°, 5°, and 50°, to establish
baseline signal intensities (176 	 112 	 10 acquisition
matrix (176 	 176 	 20 following interpolation); TR/TE �
3.4/0.9 ms; SENSE factor of 2.5). The 30° acquisition was
then repeated every 1.5 s for 7.5 min following injection of
0.1 mmol/kg Gd-DTPA-BMA (Omniscan; GE Healthcare,
Little Chalfont, Buckinghamshire, UK). The contrast agent
was injected at 3 ml/s using a power injector (Spectris;
Medrad, Indianola, PA, USA) and was followed by a sim-
ilar volume of saline. At the end of the dynamic run, a
further 10 volumes were again acquired at FAs of 30°, 5°,
and 50°.

The plasma AIF was obtained by examining data mea-
sured in the external iliac arteries in the inferior half of the
imaging volume. The distal aspect of the arteries within
the volume was selected to avoid in-flow artifacts (16).
Signal intensity-time curves were plotted for all voxels in
5 	 5 grids placed over each artery. These were converted
to R1-time curves by reference to the baseline signal inten-
sity (before the first pass of contrast agent) (17), the mea-
sured hematocrit of the blood, and by assuming a baseline
blood T1 of 1400 ms (18,19). Voxels exhibiting partial
volume effects were rejected (that is, if they showed a
reduced first-pass peak height compared to those in the
center of the artery). The R1-time curves from the remain-
ing voxels were averaged together, and the mean time
course from the left and right arteries was used as an AIF.
A volume of muscle tissue (internal obturator) was se-

lected for further analysis. S0(30), S0(5), and S0(50) for the
muscle were calculated for each FA data set (5°, 30°, and
50°) using baseline data and the T1(0) estimate derived from
IR-TFE data (20). Postcontrast data were divided by the
respective S0 estimates to provide raw signal intensity-
time curves for the dynamic data and 5°, 30°, and 50° data
in the tail of the muscle signal-time curve for subsequent
model fitting.

Fitting was performed using the sequential quadratic
programming algorithm (21) of the MATLAB software
package (The MathWorks Inc., Natick, MA, USA). The
minimization function, reduced chi-squared (
0

2 was de-
fined as:


0
2 �

1
N � n � 1�

i�1

N
�fiti � datai�

2

�i
2 , [10]

where N is the number of data points, n is the number of
fitted parameters, �i is the standard error of each measured
point (assumed to be independent of [Gd]) estimated from
the standard deviation of the first 10 dynamic data points,
before contrast agent injection. The FXL, NX and SS mod-
els were each fitted to the raw dynamic signal-time curves
using the measured AIFs and baseline T1(0) estimates. This
produced three estimates of Ktrans: Ktrans(FXL), Ktrans(NX),
and Ktrans(SS); three estimates of ve: ve(FXL), ve(NX), and
ve(SS); and one estimate of ti: ti(SS). The precision of these
estimates was assessed using a bootstrap technique (9).

To address concerns raised following the above compar-
isons (see Discussion), the full two-pool exchange model
was fitted simultaneously to all the postcontrast data (30°
dynamic and 5°, 50° and 30° post-dynamic data). This
provided estimates of Ktrans(full), ve(full), and ti(full). The
precision of the fitted parameters and parameter coupling
was defined in terms of confidence regions (22). The con-
fidence region of a fitted parameter was determined by
finding the maximum and minimum values of the param-
eter while optimizing all remaining parameters such that:


2 � 
0
2	1 �

n
N � n

F�n,N � n,p�
 , [11]

where p is the desired confidence level (95%) and F is the
F distribution function (22). This procedure determined
not only the precision of fitted parameters, but also cou-
pling between them.

RESULTS

The subjects studied had measured hematocrit levels rang-
ing from 0.37 to 0.45 (mean � 0.42) and DCE-MRI data
were acquired successfully from all six subjects. An AIF
was extracted from each subject using an average of 7 � 3
voxels and the baseline T1(0) of muscle (median volume
assessed � 12 ml, range � 4–68 ml) was estimated to be
1060 � 30 ms. An example image and signal-time data
from the external iliacs of subject 1 are shown in Fig. 1.
Both the FXL and NX models produced acceptable fits to
the data (mean 
0

2  1.4), with the average 
0
2 obtained with

the NX model being marginally smaller than that obtained
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using the FXL model (Table 1). Estimates of Ktrans(NX)
were on average 7% higher than estimates of Ktrans(FXL).
Estimates of ve(NX) were on average 9% higher than esti-
mates of ve(FXL) (see Tables 2 and 3). Fits obtained using
the SS model resulted in decreased 
0

2 compared to the
FXL and NX model fits in three of six cases (Table 1), but
none of these decreases were statistically significant when

set against the decrease in degrees of freedom of the model
(assessed using an F-test).

Estimates of parameter precision and coupling con-
firmed that the two-pool model was sufficient to describe
the experimental data. A preliminary assessment using a
four-pool model (RBC, plasma, and intracellular and inter-
stitial spaces) resulted in significant parameter coupling,
and those parameters associated with RBC-plasma ex-
change and vascular-interstitial exchange could not be
determined. Fits to the two-pool model compared well
with those obtained using the SS model (see Figs. 2 and 3).
Conversely, the estimates of Ktrans(full) and ve(full) were
closer to those obtained using the FXL and NX models
than those obtained using the SS model (Tables 2 and 3).
Estimates of ti(full) ranged from 0.5 to 4.2 s; most were very
imprecise (Table 4) and were different from the estimates
of ti(SS) (which ranged from 0 to 1.6 s).

DISCUSSION

Despite a succession of studies over the years, there re-
mains considerable uncertainty surrounding the rate of
cellular-interstitial water exchange (3–5,23). Sobol et al.

FIG. 1. Signal-time data measured in the external iliac arteries of subject 1. A single section from the center of the imaging volume acquired
in the same subject is overlaid with the internal obturator muscles highlighted with arrows. This image, acquired using a RF-spoiled
gradient-echo sequence, was obtained prior to arrival of the contrast agent and contains no evidence of in-flow artifact in the vessels.

Table 1
Reduced 
0

2 Resulting From the Fits of the Four Water Exchange
Models to the Data Obtained in All Six Subjects


0
2(FXL) 
0

2(NX) 
0
2(SS) 
0

2(full)a

Subject 1 1.04 1.01 0.96 1.05
Subject 2 0.74 0.74 0.74 0.99
Subject 3 1.84 1.81 1.69 1.69
Subject 4 1.81 1.80 1.80 1.50
Subject 5 1.84 1.79 1.65 1.76
Subject 6 1.11 1.11 1.11 0.99
Mean (SD) 1.39 (0.5) 1.38 (0.5) 1.33 (0.4) 1.33 (0.4)

aNote that 
0
2 (full) is calculated using dynamic and postdynamic

data while the other 
0
2 values are calculated using the dynamic

data only.
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(23) arrived at estimates in muscle in vitro suggesting an
exchange rate of 50 s–1. Donahue et al. (3) estimated rates
in a perfused heart model of between 8 and 27 s–1. More
recently, Landis et al. (5) suggested that exchange rates for
rat skeletal muscle in vivo fall at the lower end of Donahue
et al.’s predictions. Our data in human internal obturator
muscle in vivo appear to support the findings of Landis et
al. (5) but highlight the imprecision of such measurements
made using DCE-MRI data alone. The cellular-interstitial
exchange rate (defined as 1/ti � 1/te) estimated using the
two-pool model in our six subjects ranged from 1.4 to 16.6
s–1.

The primary finding of this study may be of particular
interest to those involved in DCE-MRI in the laboratory or
clinic. When typical rapid spoiled gradient-echo se-
quences and a standard dose of contrast agent are em-
ployed, the influence of cellular-interstitial water ex-
change on the determination of contrast agent concentra-
tion in muscle is small. This is appreciated most clearly in
the comparison of FXL and NX analyses (Tables 2 and 3).
Despite the relatively high precision of these measure-
ments, the 95% confidence intervals of the paired esti-
mates of Ktrans(FXL) and Ktrans(NX) and the paired estimates
of ve(FXL) and ve(NX) overlap in two-thirds of the cases. It
is important to emphasize that the FXL and NX models
represent the limits of the effect of cellular-interstitial wa-
ter exchange on our DCE-MRI experiment; our findings
suggest that the combination of a 30° FA, a short TR
(3.4 ms), and a standard 0.1 mmol/kg dose of contrast
agent appears to have been sufficient to achieve exchange
minimization (24).

Analysis of the same data using the SS technique pro-
duced contradictory results. Despite the fact that this tech-
nique purports to allow for intermediate exchange rates,

the estimates of both Ktrans(SS) and ve(SS) lay above the
upper limit determined by the NX results in half the cases.
Furthermore, the error bars on the estimates of ve(SS) and
ti(SS) were often excessively large. Examination of the
distribution of bootstrap estimates suggests that there are
strong correlations between estimates of ve(SS) and ti(SS)
in half the cases (Fig. 4a) and strong correlations between
ve(SS) and Ktrans(SS) in two others (Fig. 4b). The ti(SS)
estimate obtained in the remaining case (subject 6) was 0 s;
the SS model had collapsed to a limiting case equivalent to
the FXL model. In two cases the bootstrap distributions
contained two distinct minima with physiologically plau-
sible solutions (large ve and long ti or small ve and short ti).
These results contrast starkly with the distribution of boot-
strap estimates obtained using the FXL and NX models
(Fig. 5). Taken together, these results raise questions about
the validity of the SS approach when applied to DCE-MRI
data acquired in a way similar to our own (e.g., Refs.
25–27). Essentially, the SS model is over parameterized—
two parameters (Ktrans and ve) are sufficient to describe the
data; the use of three parameters results in coupling and
the estimates are compromised. The likely reason for the
bias obtained with the SS model in half our cases has been
discussed in the past (7,8) and subsequently addressed by
Yankeelov et al. (6) using an extended version of the SS
model similar to the full two-pool model. If we plot cali-
bration curves of [Gd] against a simulated signal intensity
obtained using the imaging sequence employed here and
the average muscle parameters estimated using the two-
pool model (Tables 2–4), we see a pattern closely match-
ing the signal resulting from the NX model (Fig. 6). Both
curves are almost indistinguishable from the FXL signal
up to contrast agent concentrations of �0.5 mM, and all
remain very close up to the maximum interstitial concen-

Table 2
Estimates of the Volume Transfer Constant, Ktrans, and Its Precision Obtained in Six Subjects Using the Four Water Exchange Models

Ktrans(FXL)
(10�3 min�1)

Ktrans(NX)
(10�3 min�1)

Ktrans(SS)
(10�3 min�1)

Ktrans(full)
(10�3 min�1)

Subject 1 60 � 1 66 � 1 93 � 9a 60 � 4
Subject 2 15.7 � 0.2 16.4 � 0.3 15.7 � 0.6 16.7 � 1.0
Subject 3 29 � 1 31 � 1 44 � 4a 29 � 3
Subject 4 24 � 1 26 � 1 31 � 6 26 � 4
Subject 5 75 � 2 82 � 2 147 � 20a 76 � 7
Subject 6 68 � 3 71 � 4 68 � 10 75 � 10
Mean (SD) 45 (25) 49 (27) 67 (48) 47 (26)

aEstimates obtained using the SS model that were significantly higher than those obtained with the other models.

Table 3
Estimates of the Apparent Interstitial Volume Fraction, ve, and Its Precision Obtained in Six Subjects Using the Four Water Exchange
Models

ve(FXL) ve(NX) ve(SS) ve(full)

Subject 1 0.11 � 0.001 0.12 � 0.001 0.17 � 0.02a 0.12 � 0.006
Subject 2 0.11 � 0.003 0.13 � 0.004 0.11 � 0.34 0.13 � 0.006
Subject 3 0.12 � 0.003 0.13 � 0.003 0.46 � 0.2a 0.13 � 0.007
Subject 4 0.08 � 0.003 0.09 � 0.003 0.12 � 0.4 0.10 � 0.01
Subject 5 0.18 � 0.002 0.20 � 0.003 0.35 � 0.05a 0.19 � 0.01
Subject 6 0.16 � 0.004 0.17 � 0.004 0.16 � 0.03 0.19 � 0.02
Mean (SD) 0.13 (0.04) 0.14 (0.04) 0.23 (0.14) 0.14 (0.04)

aEstimates obtained using the SS model that were significantly higher than those obtained with the other models.
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tration attained in this study, which was typically 
1.0 mM. This can be contrasted with the calibration curve
obtained using the SS model; the concentration of contrast
agent inferred from such a curve would be significantly

overestimated. This divergent behavior results directly
from the assumption in the SS model that the relaxation
rate of the tissue can be approximated using only the long
component, R1L, of the two-pool exchange solution (5).
The longitudinal signal recovery (T1 relaxation) can be
described by a single exponential only when water ex-
change is in the FXL and total mixing of the pools is
observed. In all other scenarios there is no single rate
constant to describe the recovery, and a biexponential
solution is necessary to describe the observed signal. The
increasing contribution of the second component, R1S, can
be seen in the lower half of Fig. 6 despite the assertion that
this component is “rendered miniscule by the exchange
kinetics” (5). In the example shown in Fig. 6 (and in at
least half of the patient data in this study) the SS model
assumptions are incorrect and the model is inappropriate
for such analyses. The FXL and NX models are better
choices for an assessment of tracer kinetics parameters,
while the full two-pool treatment is essential for an accu-
rate (if not precise) assessment of cellular-interstitial water
exchange.

This leaves the question of whether our data are suffi-
cient for an assessment of the water exchange rate. The 30°
dynamic data alone were shown to be exchange-mini-

FIG. 2. Fits of the water exchange models (black lines) to signal-time data from subject 1 using the (a) FXL model, (b) NX model, and (c)
SS model. Residuals are plotted below each curve. To highlight the subtle effect of exchange on these data, additional curves were
simulated using the best fit parameters obtained using the FXL and NX models but with the assumptions of the NX and FXL, respectively.
These can be seen as gray lines in a and b lying below and above the fitted curves, respectively.

FIG. 3. Fit of the full two-pool water exchange model to signal-time
data from subject 1 including post-dynamic data acquired at 50°, 5°,
and 30°, respectively. Note the large changes in signal resulting from
the changes in FA employed. Residuals are plotted below the curve.

Table 4
Estimates of the Cellular Residence Time, ti, and Its Precision
Obtained in Six Subjects Using Two of the Water Exchange
Models

ti(SS) (s) ti(full) (s)

Subject 1 1.1 � 0.2 0.5 � 0.5
Subject 2 0.003 � 0.8 2.2 � 0.8
Subject 3 1.6 � 0.3 4.2 � 3.3
Subject 4 0.8 � 0.8 2.8 � 2.0
Subject 5 0.7 � 0.1 3.8 � 23
Subject 6 0.0 � 0.3 2.3 � 4.8
Mean (SD) 0.69 (0.61) 2.6 (1.3)

1016 Buckley et al.



mized and therefore unsuitable for such an assessment
(24). The inclusion of 5° and 50° data was designed to
extend the range of exchange sensitivity of the acquisition.
That is, the 5° data were more sensitive and the 50° data
less sensitive than the 30° data. The full two-pool model
was able to predict the amplitude of the 5° and 50° data
with negligible systematic error (Fig. 3). We were able to
obtain estimates of ti(full) while maintaining estimates of
Ktrans(full) and ve(full) within the bounds dictated by the
FXL and NX models. However, the estimates of ti(full)
were imprecise and showed a high intersubject variability.

Future studies that aim to measure water exchange will
require significantly more exchange sensitive data (e.g., by
including steady-state data with contrast agent titration
[28]).

Study Limitations

We assumed, in the absence of data to confirm otherwise,
that the underlying spin densities and T1 relaxation rates
of the interstitial and intracellular spaces were the same,
that the relaxivity of Gd-DTPA-BMA in the interstitium
was the same as that in the blood plasma, and that the

FIG. 4. Bootstrap estimates of ve(SS) against ti(SS) (a) and ve(SS)
against Ktrans(SS) (b). Note the poor precision (large scatter) in ti(SS)
for all subjects. There is poor precision in ve(SS) for three subjects
(black symbols), and in two of the remaining subjects (1 and 5) there
is poor precision in estimates of Ktrans(SS) (b).

FIG. 5. Bootstrap estimates of ve(FXL) against Ktrans(FXL) (a) and
ve(NX) against Ktrans(NX) (b). Note the relatively high precision of both
parameters for all subjects and both models, emphasized further by
the smaller scale used for the axes compared with Fig. 4b.
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Gd-DTPA-BMA did not enter the cells. These assump-
tions, if in error (e.g., Ref. 29), will introduce bias into our
parameter estimates, but are unlikely to change the general
conclusions of the study.

These data were acquired as part of a study designed to
measure prostate blood flow that required a high temporal
resolution (9,15), and as such, the signal-to-noise ratio
(SNR) was limited. As proposed by Landis et al. (5), the
signal from intravascular water was assumed to be negli-
gible, and a preliminary analysis using a four-pool model
(compare with Ref. 30) indicated that there was insuffi-
cient information in these data to support its inclusion. We
can therefore infer that its exclusion introduced little bias
into our analysis. However, it is known from similar stud-
ies that the intravascular water signal can be measured
using a distributed parameter model and an FXL approx-
imation, and that this pool represents around 3% of the
tissue water volume (9). For example, in one of the six
subjects studied, there is evidence for some bias in the FXL
and NX fits (Fig. 2a and b, temporal structure in the resid-
uals) that is removed following a distributed parameter/
FXL fit (not shown). A similar improvement in fit quality is
obtained following the SS model fit (Fig. 2c), an effect that

has been reported before (6,27). Despite this, the full two-
pool model fit (Fig. 3) does not remove the bias (the resid-
uals match those of the NX fit). Not for the first time in this
study, the SS model approximation did not reflect the
predictions of its parent model.

CONCLUSIONS

Using a clinically relevant DCE-MRI acquisition, data
were obtained from the internal obturator muscle in an
exchange-minimized manner with little or no influence
from cellular-interstitial water exchange. Analysis of
such data using an SS approach should be approached
with caution as estimates of Ktrans and ve may be biased,
estimates of ti may be inaccurate, and many parameter
estimates are likely to be imprecise. Though it was pos-
sible to estimate ti using data with a range of FAs and a
two-pool model, these estimates were very imprecise
and our findings suggest that DCE-MRI data of this type,
when used in isolation, are unsuitable for the assess-
ment of water exchange.
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