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ABSTRACT: The purpose of this study was to determine the reproducibility of dynamic contrast-enhanced (DCE)-
MRI and compare quantitative kinetic parameters with semi-quantitative methods, and whole region-of-interest
(ROI) with pixel analysis. Twenty-one patients with a range of tumour types underwent paired MRI examinations
within a week, of which 16 pairs were evaluable. A proton density-weighted image was obtained prior to a dynamic
series of 30 T1-weighted spoiled gradient echo images every 11.9 s with an intravenous bolus of gadopentetate
dimeglumine given after the third baseline data point. Identical ROIs around the whole tumour and in skeletal muscle
were drawn by the same observer on each pair of examinations and used for the reproducibility analysis. Semi-
quantitative parameters, gradient, enhancement and AUC (area under the curve) were derived from tissue
enhancement curves. Quantitative parameters (Ktrans, kep, ve) were obtained by the application of the Tofts’ model.
Analysis was performed on data averaged across the whole ROI and on the median value from individual pixels
within the ROI. No parameter showed a significant change between examinations. For all parameters except Ktrans, the
variability was not dependent on the parameter value, so the absolute values for the size of changes needed for
significance should be used for future reference rather than percentages. The size of change needed for significance in
a group of 16 in tumours for Ktrans, kep and ve was �14 to �16%, �0.20 ml/ml/min (15%) and �1.9 ml/ml (6%),
respectively (pixel analysis), and �16 to �19%, �0.23 ml/ml/min (16%) and �1.9 ml/ml (6%) (whole ROI analysis).
For a single tumour, changes greater than �45 to �83%, � 0.78 ml/ml/min (60%) and � 7.6 ml/ml (24%),
respectively, would be significant (pixel analysis). For gradient, enhancement and AUC the size of change needed for
significance in tumours was �0.24 (17%), �0.05 (6%) and �0.06 (8%), respectively for a group of 16 (pixel
analysis), and �0.96 (68%), �0.20 (25%) and �0.22 (32%) for individuals. In muscle, the size of change needed for
significance in a group of 16 for Ktrans, kep and ve was �30 to �44%, �0.81 ml/ml/min (61%) and �1.7 ml/ml (13%).
For gradient, enhancement and AUC it was �0.09 (20%), �0.02 (8%) and �0.03 (12%). ve, enhancement and AUC
are highly reproducible DCE-MRI parameters. Ktrans, kep and gradient have greater variability, with larger changes in
individuals required to be statistically significant, but are nevertheless sufficiently reproducible to detect changes
greater than 14–17% in a cohort of 16 patients. Pixel analyses slightly improve reproducibility estimates and retain
information about spatial heterogeneity. Reproducibility studies are recommended when treatment effects are being
monitored. Copyright  2002 John Wiley & Sons, Ltd.
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The technique of dynamic contrast enhanced MRI (DCE-
MRI) is becoming increasingly widespread, for improv-
ing the accuracy of diagnostic imaging,1–3 but also in
research into aspects of tissue microcirculation4–7 and
assessment of microvascular changes following treat-
ment.8–13 The development of novel therapeutic agents in
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the field of cancer medicine, such as those that act on the
tumour vasculature, has increased the importance of
standardizing this powerful tool so that accurate assess-
ment of a drug’s activity can be made early in its clinical
development.14 Tofts et al. have recently set out a
consensus of opinion about the standard quantities and
symbols that should be adopted when using this tech-
nique to obtain fully quantitative parameters which relate
to tissue perfusion, microvessel permeability and surface
area.15 However, many groups still use semi-quantitative
indices, such as the initial gradient of the signal intensity
time curve in a T1-weighted series of images. Relative
changes in such semi-quantitative parameters are indir-
ectly related to changes in the physiological end-point of
interest such as perfusion.3,12,16,17

To date there has been very little published on
the reproducibility of DCE-MRI between sessions on
different days.18 This is clearly an important aspect
particularly when assessing the magnitude of effects seen
following treatment. This paper describes the reproduci-
bility of this technique in 21 patients who had two
examinations within a week with no interval treatment.
Semi-quantitative parameters, gradient, AUC (area under
the signal intensity–time curve for the first 90 s) and
enhancement were compared with the quantitative par-
ameters, Ktrans (‘transfer constant’ for the transfer of
contrast medium from the vessel into the extracellular
extravascular space, EES), kep (the ‘rate constant’ for the
transfer of contrast medium back from the EES into the
vessel) and ve (the contrast medium leakage space). In
addition, parameter estimates calculated on a whole
tumour region of interest (ROI) or by individual pixel
analysis were compared.
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Patients participating in the Cancer Research Campaign
(CRC) phase I trials of the vascular targeting agents di-
methylxanthenone acetic acid (DMXAA) and combre-
tastatin A4 phosphate (CA4P) had serial DCE-MRI
scans, including a pair of pre-treatment scans performed
within 1 week of each other. All patients participating in
this study gave written informed consent and the trial
protocols were approved by our institutional committee
on clinical research and ethics. The MRI studies were
performed on a 1.5 T System, Magnetom Symphony
(Siemens Medical Systems, Erlangen, Germany) using a
body coil. At each scanning session, diagnostic images
required for disease assessment were first obtained. A
marker lesion (�2 cm in size) was chosen for the DCE-
MRI. Care was taken when repositioning the patient in
exactly the same position on the subsequent visit in order
to obtain the same anatomical slice location. Three to five
slices were chosen up to 8 cm apart with one slice

through the centre of the marker lesion and muscle.
Proton density-weighted spoiled gradient echo FLASH
(fast low angle shot) images (TR = 350 ms, TE = 9.8 ms,
flip angle 20°) were then acquired at the same slice
positions to enable the calculation of tissue gadopentatate
dimeglumine (Gd-DTPA) concentration.19 A dynamic
series of 30 T1-weighted FLASH images was then
acquired for the same slice positions, with three images
prior to a manual bolus intravenous injection of
0.1 mmol/kg Gd-DTPA, given over 10–12 s using a
standardized injection protocol. Images were acquired
consecutively with no time gaps. Each set of images took
11.9 s to acquire, and the whole sequence took 6 min. The
imaging parameters for the T1-weighted FLASH se-
quence were TE 9–10 ms, TR 80 ms, 70° flip angle and
10 mm slice width. System gain factors were maintained
between acquisition of the proton density and T1-
weighted dynamic series of images.
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Images were transferred to a Sun workstation (Sparc 10,
Sun Microsystems, Mountain View, CA), and analysed
using Analyze� software (Mayo Foundation, Rochester,
MN). Using information from anatomic T1- or T2-
weighted images and post-contrast T1 images, ROIs were
carefully drawn around the tumours, including the whole
tumour where possible, but excluding pulsatility artefacts
from blood vessels, and susceptibility artefacts from
adjacent bowel. ROIs were also drawn for areas of
skeletal muscle (usually paraspinal muscle). The same
observer placed identical ROIs for each pair of images.
The observer was not blinded to the placement of the ROI
on the first image when positioning the ROI for the
second image.

The dynamic image data were analysed using both
quantitative and semi-quantitative approaches. Semi-
quantitative analysis was performed directly with the
T1-weighted images but quantitative analysis required
conversion of the MR signal intensities to Gd-DTPA
concentrations.19 This was performed by converting
signal intensities to T1 relaxation time values using the
proton density images in conjunction with data from a
calibration experiment that involved phantoms with
known T1 relaxation time values. Gadolinium concentra-
tion Ct(t) was then inferred from the tissue T1 using the
equation

Ct�t� � �1�T1�t� � 1�T10��r1

where T10
is the tissue T1 without contrast and r1 is the

longitudinal relaxivity of protons in vivo due to Gd-
DTPA (taken to be 4.5 L/S/mmol at 1.5 T).20 Although
there may be some error in the T1 determination, if the
proton density of the phantoms differs from that in the
tissue, this would be consistent between the paired MRI
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examinations. Measurements of T1 values of tissues in
vivo using this protocol are consistent with T1 values at
1.5 T in the literature.21

The ROIs were subsequently applied to the dynamic
image data in two ways. In the first method (ROI
analysis), the mean of the image data within the ROI was
calculated for each of the dynamic images, resulting in a
single time-intensity data set. In the second method (pixel
analysis), time–intensity data were obtained for each
pixel within the ROI. Each individual time–intensity data
set was separately analysed as described below and the
results were presented as parametric images. Although
the tumour tissue response was frequently heterogeneous,
a single global value for the entire region was obtained by
taking the median of all the individual pixel parameters.
The median rather than the mean was used as the
distributions of the parameters were skewed. In muscle,
tissue enhancement analysis was only done on a whole
ROI basis.

A standard compartmental model22 was used to
describe the arterial influx of Gd-DTPA into EES and
its venous efflux. Using this model, the time course of
contrast agent concentration in tissue can be described by
the following equation:

Ct�t� � K trans � �Cp�t� 	 exp��kep � t�


Ct(t) represents the tracer concentration in tissue at time t;
Cp(t) represents the tracer concentration in arterial blood
plasma at time t; Ktrans represents the transfer constant for
transport from plasma to EES; kep represents the rate
constant for transport from the EES to plasma; and �
denotes convolution. Following the work of Tofts and
Kermode15,23 the input function Cp(t) was approximated
by a bi-exponential function that was scaled according to
the administered dose of Gd-DTPA, D (mmol/kg body
weight):

Cp�t� � D�a1 exp��m1t� � a2 exp��m2t�

a1 � 3�99 kg/l� a2 � 4�78 kg/l�

m1 � 0�144 min�1 and m2 � 0�0111 min�1

This model was fitted to the dynamic MR concentration
data using nonlinear least squares estimation to obtain
values for the two free parameters Ktrans and kep. A third
parameter ve, which was interpreted as the volume of
EES per unit volume of tissue, or ‘leakage space’ was
obtained by dividing Ktrans by kep.

The time of arrival of the bolus was calculated from the
concentration–time curve for the whole ROI. This was
done using the following steps:

1. Straight lines joining the first 8 pairs of adjacent
points were extrapolated back to the time axis (point
1 and point 2, point 2 and point 3, etc.).

2. The points at which the lines intersected the time
axis were calculated.

3. Intercepts that arose from lines with negative
gradients were discarded.

4. Intercepts that were greater than either of the time
points that defined the line were discarded.

5. The greatest of the remaining intercepts was
selected as the onset time. The resulting onset time
was then applied to the separate analysis of all the
individual pixels within the ROI. Different pixels
within a large heterogeneous tumour may have
slightly different onset times so using the mean for
the whole tumour is an approximation, but is
justified because individual pixel concentration–
time data are noisy. Including the onset time as an
additional parameter in the model increases the
number of free parameters and would correspond-
ingly increase the variability of the parameter
estimates. An alternative was to estimate the
average onset time by fitting the mean concentra-
tion–time curve to a model that included the time of
bolus arrival as a parameter in the fit. This was
rejected because large heterogeneous tumours
sometimes resulted in onset times that were a few
seconds away from the value expected by visual
inspection of the data.

������������3� ��	���	�� Pixels that resulted in poor fits
were excluded from subsequent analysis. The criteria for
acceptance were:

1. The following goodness-of-fit parameter was calcu-
lated:

1
N

�N�1

i�0

�Ci � Mi�
Mi

where Ci is the measured concentration data at the
ith time point, Mi is the corresponding point on the
fitted curve and N is the number of discrete
measurements. This parameter reflected the average
difference between the measured data and the fitted
curve and pixels with values less than 0.5 were
found to indicate an acceptable fit.

2. 0.0 � Ktrans � 5.0 (ml/ml/min)
3. 0.0 � ve � 1.0.

In a tissue with highly permeable blood vessels, the
rate at which Gd-DTPA enters the EES is limited by the
tissue perfusion, and in this situation Ktrans is equivalent
to the blood plasma flow per unit volume of tissue.15 In a
tissue such as brain with a tight blood–brain barrier and
high perfusion, the rate at which Gd-DTPA enters the
EES is limited by vessel permeability, and in this
situation, Ktrans is equivalent to the permeability–surface
area product. In malignant tumours, vessels are generally
more permeable than normal tissues, but the permeability
is heterogeneous across the tumour.24,25 Tumour Ktrans
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therefore reflects a combination of permeability–surface
area product and tissue perfusion.

In addition to these quantitative parameters, the
maximum gradient, G, of the signal intensity–time curve
and the enhancement E were calculated:

E � St � S0

S0

� �
max

G � d��St � S0��S0

dt

� �
max

where St is the signal intensity at time t, S0 is the baseline
signal intensity and t is time. The initial AUC was
calculated as the area under the signal intensity time
curve for the first 90 s after bolus arrival, t0.

����	��	��� ����
�	�

For each patient, the difference between the measure-
ments of a parameter at each scan, d, was calculated. The
distribution of d was tested for normality using the
Shapiro–Wilk test. To establish if the size of d was
dependent on the parameter value, Kendall’s tau for
correlation of the absolute value of d against the mean
value for the two scans of each parameter was calculated.
Values of p obtained from the above statistical tests were
adjusted for multiple comparisons using Bonferroni’s
method.26 If Kendall’s tau indicated a significant
correlation of the absolute value with the mean then the
data were logarithmically transformed (base 10). The
Shapiro-Wilk test and Kendall’s tau were recalculated on
the transformed data to retest for normality, and
dependence of the difference on the mean. Wilcoxon’s
signed ranks test was used to compare distributions of
ordinal data between the paired examinations. The
following statistical measures of reproducibility were
then obtained from a one-way analysis of variance
(ANOVA) on the original ordinal data or transformed
data as appropriate:

1. The mean squared difference dsd was calculated
from

dsd �
������������

d2

n

�

This can be used to calculate the 95% confidence
interval for change which might occur in a group of
n patients from:

CI � � 1�96 � dsd���
n

�

Any change in a group of n greater than this value
would be significant at the 5% level. For trans-
formed data this confidence interval can be
expressed as a percentage of the mean by:

�CI � 100 � antilog�log10 mean � CI�
mean

This will produce a confidence interval that is not
symmetric about the mean.

2. The within-patient standard deviation (wSD) was
obtained by taking the square root of the within-
patient mean square value in the ANOVA table.
This can also be derived from the dsd as

wSD � dsd���
2

�

3. The within patient coefficient of variation (wCV)
was derived by dividing the wSD by the overall
mean for each parameter. For transformed data the
wCV was obtained by:

wCV � antilog�wSD� � 1

When this value is large (�0.5) then the estimation
of wCV is unreliable.27

4. The repeatability of a parameter, r, was calculated
as 2.77 multiplied by wSD.28 The difference
between two measurements for the same subject
will be less than this figure for 95% of pairs of
observations. This can be expressed as both an
absolute value on the original scale, appropriate for
parameters where there is no correlation of d with
individual means and on the log scale for parameters
with such a correlation. For transformed data it can
be expressed as a percentage of the mean by:

�r � 100 � antilog�log10 mean � r�
mean

This will again give an assymetric 95% confidence
interval around the mean.

5. The ratio of the between-patient variance to the
within-patient variance was derived for each par-
ameter and each method of analysis, and tested for
a significant difference in these variances. A
parameter with a large variance in the patient
population tested, but a small variance within
individual patients would have a high value of this
ratio.

Statistical analysis was performed using JMP statistics
software package (SAS Institute Inc., USA).

�1�/ %�

The patient characteristics, tumour type and size are
given in Table 1. The range of tumour types was typical
for patients in phase I trials. Twenty-one patients had two
pre-treatment examinations within a week. Slice reposi-
tioning between the two examinations was inadequate for
one patient. Three patients had unreliable injections of
contrast agent on one of the two examinations due to
fracturing of glass syringe containing Gd-DTPA during
injection (one patient) or leakage of Gd-DTPA from
injection site (two patients). One further patient was
excluded because of a large number of pixels in the
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tumour ROI were classed as modelling failures (20%).
The shape of the Gd-DTPA concentration–time curve for
these pixels suggested a significant vascular contribution.
The estimation of parameters was therefore inaccurate, as
the model used assumes no contribution of intravascular
contrast. Thus, 16 patients formed our study cohort.

Figure 1 illustrates the mean values of tumour and
muscle parameters from the two examinations for the
individual patients, calculated using the mean of the
median values obtained from pixel analysis in tumour
and from the whole ROI analysis in muscle. The mean
value of tumour Ktrans for all patients calculated from the
Gd-DTPA–time curve was 0.43 ml/ml/min (range 0.07–
1.03). This is comparable with literature values for
human tumours.7,29 The mean tumour kep was 1.31 ml/
ml/min (range 0.44–2.70). The mean ve was 32.3 ml/ml
(range 12.9–62.4%). These values are also in the
published range for human tumours.

In Fig. 2 the absolute value of the difference between
the scans (d) is plotted against the mean of the median
value for the two scans for each parameter using the pixel
analysis in tumour for each patient. The mean difference
and the 95% confidence intervals for the mean difference
are also shown, which ranged from �7% for enhance-
ment and ve to �14 to �16% for Ktrans. No parameter had
a mean difference significantly different from zero. The
distribution of d for each parameter was not significantly
different from normal, and only Ktrans had a significant
dependence of d on the mean value (Kendall’s tau,
p = 0.002). After logarithmic transformation of Ktrans

values, there was no longer a significant dependence of d
on the mean and Kendall’s tau was not significant
(p = 0.72). The repeatability limits are also shown.

The mean value for each parameter, the wSD, wCV
and ratio of between-patient variance to within-patient
variance calculated in tumours by pixel analysis are listed
in Table 2(a), and the same indices for the tumour ROI
analysis are given in Table 2(b). All parameters had
significantly smaller within-patient variance than be-
tween-patient variance, and the value of this ratio,
together with the wCV, enables comparison of the
reproducibility of each parameter. Enhancement and ve

are the most reproducible parameters, and have the
highest variance ratios, indicating relatively small
variability within individual patients compared with the
large variability in these parameters across the 16 patients
in our cohort. When calculated either on a pixel-by-pixel
or whole ROI basis, the wCVs were around 9% for
enhancement and ve in tumours. For Ktrans, kep and
gradient the results are more variable, with wCVs of 21–
29%. AUC has intermediate reproducibility, with a wCV
of 12%.

As there is no significant correlation of d with the
initial parameter value except for Ktrans, the percentage
variation will be less for tumours with higher initial
parameter values, and more for those with a low value. In
these cases the statistical terms expressed as absolute
values are more useful determinants of measurement
variability, such as wSD or repeatability27 and should be
used for future reference rather than the percentage
values which are also quoted to aid comparison between
parameters for this study. In an individual patient
changes greater than the repeatability value would be
significant. For example, a change in ve greater than
7.6% in an individual tumour would be statistically
significant [Fig. 2(a)]. For Ktrans the repeatability 0.26

%�
�� �� ,��	��� ���������	��	��

Patient age Patient sex Tumour type Tumour site Tumour size (cm)

55 M Renal cell carcinoma Liver 14 � 12
61 M Renal cell carcinoma Kidney 12 � 10
44 F Renal cell carcinoma Renal bed 5 � 5
60 F Renal cell carcinoma Kidney 13 � 13
42 M Renal cell carcinoma Para-aortic lymph node 4.5 � 3
70 F Ovarian serous cystadenocarcinoma Para-aortic node 6 � 9
57 F Ovarian serous cystadenocarcinoma Inguinal lymph node 6 � 5.5
50 F Ovarian serous cystadenocarcinoma Pelvis 13 � 11
41 F Peritoneal carcinoma Pelvis 6 � 6
58 F Peritoneal carcinoma Pelvis 3 � 2
56 F Leiomyosarcoma Adrenal 8 � 8.5
59 F Leiomyosarcoma Para-aortic lymph node 8 � 7
68 M Leiomyosarcoma Abdomen 21 � 18
63 F Leiomyosarcoma Pelvis 17 � 9
48 M Leiomyosarcoma Chest 18 � 16
69 F Leiomyosarcoma Pelvis 17 � 14
62 F Leiomyosarcoma Chest 17 � 19
54 F Neuroendocrine thymic carcinoma Anterior chest wall 11 � 6
48 F Adrenocortical carcinoma Liver 5 � 3.5
56 F Colonic adenocarcinoma Liver 8 � 5
46 F Breast adenocarcinoma Pelvis 9 � 7
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on the logarithmic scale can be expressed as a percentage
of the mean (�45 to �83%). Any reduction in an
individual greater than 45% or increase greater than 83%
would be statistically significant. The size of change
that would be required for statistical significance in a
group of 16 patients is given by the 95% CIs around the
mean difference. For example the 95% CIs in tumours
for Ktrans, kep and ve were �14 to �16%, �0.2 ml/ml/min

(15%) and �1.9 ml/ml (6%), respectively (pixel ana-
lysis)

The results were similar for pixel and for whole ROI
analysis, although the values for the statistical measures
of reproducibility were generally slightly smaller for
pixel analysis than for whole ROI analysis. For example
the 95% CIs for Ktrans are �14 to �16% for pixel analysis
and �16 to �19% for whole ROI analysis. Calculation of
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individual pixel data, however, allowed the production of
parametric maps, thereby demonstrating the spatial
heterogeneity of the parameter across the tumour. Plate
1 shows parametric maps for Ktrans overlaid on an
anatomical MRI image of the same resolution in a patient
with a large pelvic leiomyosarcoma. Visual assessment
of the two images in Plate 1 reveals a close spatial
reproduction of Ktrans values, despite the marked
intratumour heterogeneity.

Table 3 shows the reproducibility analysis for muscle
ROIs. The mean values of all parameters are lower for
muscle than for tumours, although two patients (patients
11 and 14) had a higher Ktrans value in muscle than in
tumour. For all parameters, the wCVs were higher for
muscle than for tumour, although the wSDs were lower.
In this tissue, the semi-quantitative parameters had

lower wCVs than the fully quantitative parameters. The
estimate of wCV for muscle Ktrans was unreliable. Again,
enhancement was the most reproducible of the semi-
quantitative parameters, and ve was the most reproducible
of the quantitative parameters. In muscle the size of
change needed for significance in a group of 16 for
Ktrans, kep and ve was �30 to �44%, �0.81 ml/ml/min
(61%) and �1.7 ml/ml (13%). For gradient enhancement
and AUC it was �0.09 (20%), �0.02 (8%) and �0.03
(12%).

.��0/���-#

There are several statistical terms that can be used to
quantitate measurement reproducibility, and to determine
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Parameter Mean
Mean

difference
95% CI for

mean difference wSD wCV Repeatability
Variance

ratio

(a) Pixel analysis
Ktrans (ml/ml/min) 0.43 0.00 �0.06 to �0.07

(�14 to �16%)
0.10� 24% 0.26a

(�45 to �83%)
20*

Kep (ml/ml/min) 1.31 �0.06 �0.20 (15%) 0.28 21% 0.78 6.5*
ve (ml/ml) 32.3 0.67 �1.9 (6%) 2.75 8.5% 7.6 42*
AUC (arbitrary units) 0.69 �0.02 �0.06 (8%) 0.08 12% 0.22 21*
Gradient (arbitrary units) 1.42 �0.16 �0.24 (17%) 0.35 24% 0.96 3.2*
Enhancement (arbitrary units) 0.79 �0.02 �0.05 (6%) 0.07 9% 0.20 38*

(b) Whole ROI analysis
Ktrans (ml/ml/min) 0.42 �0.03 �0.07 to 0.08

(�16 to �19%)
0.11� 29% 0.32a

(�50 to �100%)
31*

Kep (ml/ml/min) 1.39 �0.16 �0.23 (16%) 0.33 24% 0.91 5*
ve (ml/ml) 30.1 �0.02 �1.91 (6%) 2.75 9% 7.62 53*
AUC (arbitrary units) 0.918 �0.01 �0.08 (9%) 0.11 12% 0.31 21*
Gradient (arbitrary units) 1.25 �0.02 �0.21 (17%) 0.31 25% 0.85 3.5*
Enhancement (arbitrary units) 0.71 �0.01 �0.04 (6%) 0.06 9% 0.17 47*

CI, confidence interval; wSD, within-patient standard deviation; wCV, within-patient coefficient of variation (wSD/mean). Repeatabil-
ity = 2.77 � wSD and is the value of the 95% tolerance limit for the difference between two measurements on an individual. Variance ratio = ratio
of between-patient variance to within-patient variance.
a log10 transformed data.
* p � 0.05.
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Parameter Mean
Mean

difference
95% CI for

mean difference wSD wCV Repeatability
Variance

ratio

Ktrans (ml/ml/min) 0.15 0.07 �0.04 to 0.06
(�30 to �44%)

0.22� NA 0.61a

(�75 to �308%)
5.7*

Kep (ml/ml/min) 1.05 0.57 �0.81 (61%) 0.46 49% 1.28 5.6*
ve (ml/ml) 12.7 �0.33 �1.67 (13%) 2.1 16% 5.71 10.6*
AUC (arbitrary units) 0.28 0.03 �0.03 (12%) 0.05 17% 0.13 7.2*
Gradient (arbitrary units) 0.44 0.02 �0.09 (20%) 0.13 28% 0.35 4.2*
Enhancement (arbitrary units) 0.26 0.02 �0.02 (8%) 0.03 12% 0.08 8.8*

CI, confidence interval; wSD, within-patient standard deviation; wCV, within-patient coefficient of variation. Repeatability = 2.77 � wSD and is the
value of the 95% limit for the difference between two measurements on an individual. Variance ratio = ratio of between-patient variance to within-
patient variance.
a log10 transformed data.
* p � 0.05. NA, estimate of wCV from transformed data was unreliable.
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measurement error for individuals or groups. A desirable
parameter is one which is sensitive to wide variations in
the characteristic to be studied where such variability
exists in a population (large between-patient variance),
but has a small variation in results obtained on different
occasions in the same individual (small within patient
variance), and will therefore have a large variance ratio.
As shown in Fig. 1, the population of patients in this
study did have a wide variation in initial DCE-MRI
parameter values. The variance ratio is therefore useful
for comparing reproducibility of different parameters. In
this study, ve and enhancement had the highest variance
ratios in tumour and muscle. Gradient had the lowest
variance ratio in both tissues. Other statistical terms are
useful for describing the magnitude of spontaneous
changes in a parameter. The 95% confidence interval
for the mean difference in Tables 2 and 3 gives a measure
of the spontaneous change to be expected in groups of a
similar size to our cohort, and the formula in the
statistical methods section allows calculation of such an
interval for groups of different sizes. In individuals, the
repeatability derived from the wSD represents the 95%
confidence limit of the spontaneous change that might
occur. If the absolute difference between examinations is
greater for patients with larger parameter values, as for
Ktrans (determined by a significant value for Kendall’s
tau), then the repeatability is calculated on the logarith-
mic scale, or can be expressed as a percentage of the
overall mean to give 95% limits for the relative change in
an individual. For example, the parameter Ktrans needs to
decrease by more than 45% or increase more than 83% to
be confident that this is due to treatment effect rather than
spontaneous change or measurement error (Table 2).
Alternatively, Ktrans could be used in a group of 16
patients to detect mean reductions greater than 14% or
increases greater than 16% and in practice, changes of
smaller magnitude than this are unlikely to be of clinical
significance. The leakage space ve, or the volume of the
extracellular extravascular space into which Gd-DTPA
diffuses, is a more reproducible parameter, and can be
used in individuals to detect changes greater than 7.6 ml/
ml.

The semi-quantitative parameters, enhancement and
initial AUC are reasonably reproducible, and can be used
in individual patients to detect changes above 0.2 (25%)
and 0.22 (33%), respectively, or mean changes greater
than 7% in a group of this size. The gradient, like Ktrans, is
a more variable parameter, but in a group can be used to
detect changes of more than 17%. The greater variability
of gradient and Ktrans may be because they are more
sensitive to changes in the arterial input function, which
will have day-to-day variation, and be affected by
changes in cardiac output. Thus, using a complex
pharmacokinetic model to produce fully quantitative
parameters does not significantly alter the reproducibility
of the technique. Where measurement of relative changes
in an individual or group of patients is required, the

simpler semi-quantitative techniques are as reproducible.
Nevertheless, the parameters from the pharmacokinetic
model are more easily related to the physiological events
in tissues, and allow comparisons between reports from
different institutions. In addition, the reproducibility of a
parameter is only one measure of its usefulness. It is also
important to assess the sensitivity of the parameter to
measuring real change in physiological events in the
tissue for a given intervention. In another study we have
compared the extensive changes in blood flow measured
using iodoantipyrine (IAP) in rat tumours after treatment
with a vascular targeting agent (combretastatin A4
phosphate) with changes in DCE-MRI parameters13

(and R. Maxwell, personal communication). We found
that Ktrans accurately mirrored blood flow changes, but
gradient measurements markedly underestimated the size
of the treatment effect, suggesting that Ktrans is a more
appropriate parameter for measuring response to this
agent. This is reflected in the variance ratios for these
parameters. Although the wCVs are the same (24%), the
variance ratio is greater for Ktrans than for gradient (20 vs
3.2), indicating a larger spread of Ktrans values in this
cohort of patients.

Analysing these parameters for each pixel rather than
over the whole ROI does not dramatically affect the
reproducibility, although generally the reproducibility
was slightly better for pixel analysis. However, tumours
are characteristically heterogeneous and averaging MRI
kinetic parameters over the whole tumour removes
valuable information about this heterogeneity. Pixel
analysis enables tumour heterogeneity to be displayed
as a parameter image, thus retaining the information
about tumour heterogeneity without loss of reproduci-
bility.

These results also demonstrate that the reproducibility
is slightly worse for muscle than for tumours. The lower
mean values of parameters in muscle explains this to
some degree. Reductions in individuals greater than 75
and 79% for Ktrans and gradient, 27 and 32% for ve and
enhancement would be significant. This tissue therefore
provides a useful comparison with tumour for treatment
effects, but there would need to be larger changes in MRI
parameters in muscle before a significant change is
observed.

Standardization of the Gd-DTPA injection by using a
MR-compatible power injector and calculation of
individual arterial input functions would be expected to
significantly improve the reproducibility of these par-
ameters in both tumour and muscle. Some variability will
remain, due to actual changes in tissue blood flow,
variations in magnet fields,30–32 temperature and posi-
tioning of the patient. The use of the same observer to
position ROIs on each pair of scans, without blinding the
observer to the positioning of the ROI on the first
examination, will give better reproducibility than if the
second ROI positioning were completely independent of
the first. The fact that four patients’ data were rejected
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due to problems with injection or slice positioning
illustrates the learning curve associated with using
dynamic MRI techniques. It is also important to realize
that semi-quantitative reproducibility estimates calcu-
lated here cannot simply applied from one centre to
another, particularly when different equipment and
sequences are used. This occurs because the baseline
signal for any given tissue using a particular sequence
will differ by the choice of imager used even if identical
sequences are used. The quantification techniques used
here aim to minimize the variabilities that occur due to
the choice of imaging systems, magnetic field strengths,
sequences and parameters and thus allow comparisons
between and within patients and between different
imaging centres. Furthermore, quantification techniques
enable the derivation of kinetic parameters that are based
on some understanding of physiological processes and so
can provide insights into tumour biology.

Weber et al. published a similar assessment of
reproducibility of metabolic measurements using FDG-
PET.33 In their paper, the 95% limits of agreement for an
individual represented around 20% change in the par-
ameters studied in tumours, which were mainly in the
thorax. In the thorax, compared with regions such as the
brain, the low background activity allows more accurate
definition of tumour ROIs and therefore more reprodu-
cible results. The reproducibility of ve and enhancement
is similar to the PET parameters, whilst the Ktrans and
gradient are more variable. Studies assessing the
variability of tumour volume determinations by CT have
shown a mean coefficient of variation (CV) of 11% in
repeat measurements of the volume of liver metastases,34

and CVs between 16.5 and 113% for laryngeal
tumours.35 In brain tumours imaged by CT a change in
volume of more than 20% was needed to be statistically
significant.36 These studies demonstrate that the reprodu-
cibility of DCE-MRI parameters compares reasonably
with that of simple volume measurements. However, the
good reproducibility seen in this study is dependent on
several factors; lack of blinding of the observer for the
second measurement, good scanning technique, care in
patient positioning and reproducible injection technique.
These results are not necessarily applicable to all centres,
so similar assessments of reproducibility at individual
centres using DCE-MRI would be recommended.

In conclusion, these results show that the DCE-MRI
parameters ve and enhancement have good reproduci-
bility within individuals, and could be used to measure
changes following treatment intervention. The par-
ameters Ktrans, kep and gradient are more variable but
nevertheless can detect changes in tumours in a group of
16 patients of more than �14 to �16%, �16 or �17%
respectively. If individual patient management decisions
are being made on the results of a DCE-MRI scan, we
would recommend using two pre-treatment scans to
assess measurement variability before commenting on
treatment effects.
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