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TEMPORAL SAMPLING REQUIREMENTS FOR THE TRACER KINETICS
MODELING OF BREAST DISEASE

ELIZABETH HENDERSON,* BRIAN K. RUTT,*† AND TING-YIM LEE*†‡
*Lawson Family Imaging Research Laboratories, Robarts Research Institute, London, Ontario; †Department of Diagnostic

Radiology, London Health Sciences Centre, University Campus, London, Ontario; and ‡Department of Radiology and
Lawson Research Institute, St. Joseph’s Health Centre, London, Ontario, Canada

The physiological parameters measured in the tracer kinetics modeling of data from a dynamic contrast-
enhanced magnetic resonance (MR) breast exam (blood flow-extraction fraction product [FE], volume of the
extracellular extravascular space [Ve], and blood volume [Vb]) may enable non-invasive diagnosis of breast
cancer. One of the factors that compromises the accuracy and precision of the parameter estimates, and therefore
their diagnostic potential, is the temporal resolution of the MR scans used to measure contrast agent (gadolinium-
diethylenetriamine pentaacetic acid [Gd-DTPA]) concentration in an artery (arterial input function [AIF]) and
in the tissue (tissue residue function [TRF]). Using computer simulations, we have examined, for several AIF
widths, the errors introduced into estimates of tracer kinetic parameters in breast tissue due to insufficient
temporal sampling. Temporal sampling errors can be viewed as uncertainties and biases in the parameter
estimates introduced by the uncertainty in the relative alignments of the AIF, TRF, and sampling grid. These
effects arise from the model’s inherent sensitivity to error in either the AIF or TRF, which is dependent on the
values of the tracer kinetic parameters and increases with AIF width. Based on the results of the simulations, to
ensure that the error in FE and Ve will be under 10% of their true values, we recommend a rapid bolus injection
of contrast agent (;10 s), that the AIF be sampled every second, and that the TRF be sampled every 16 s or less.
An accurate measurement of Vb requires that the TRF be sampled at least every 4 s. The results of these
investigations can be used to set minimum dynamic imaging rates for tracer kinetics modeling of the breast.
© 1998 Elsevier Science Inc.
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INTRODUCTION

Dynamic contrast-enhanced magnetic resonance imaging
(MRI) has potential for achieving good specificity in
breast cancer diagnosis. The enhancement versus time
curves of benign and malignant lesions tend to have
distinctive shapes. After a rapid bolus injection of a
contrast agent, most malignant lesions enhance rapidly
and plateau within a few minutes whereas benign tu-
mours generally enhance at a much slower rate.1–5 Be-
cause of this observation, many authors have used en-
hancement indices, such as the maximum tissue
enhancement, the tissue enhancement at various time
points, and the initial rate of contrast agent uptake, as a
basis for differentiating between benign and malignant

breast lesions.1,4–10Attempts at breast cancer diagnosis
using enhancement indices, however, have not yielded
consistent results. Specificity measurements based on
enhancement indices vary between 65% and 100%.1,4–11

Furthermore, some have suggested that enhancement in-
dices alone are not sufficient for differentiating between
benign and malignant tissue.10,12–14

On the other hand, the moderate success achieved in
these studies, and other work on tumour angiogene-
sis,15,16 suggests that there may be physiological differ-
ences between breast abnormalities that are responsible
for the distinctive appearances of the contrast agent up-
take curves of benign and malignant tissues. In addition,
measurements of parameters, expressed in tissue contrast
agent uptake curves, which relate to tumour angiogenesis,
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may have a role in assessing patient prognosis or treat-
ment planning. For example, the steepest slope of con-
trast enhancement in tumours has been correlated with
microvessel density,10 an indicator of the degree of tissue
angiogenesis and an independent prognostic indicator for
the metastatic potential of a tumour.17,18 A direct, accu-
rate measurement of parameters that fundamentally de-
scribe the tissue vasculature may enable improved spec-
ificity in breast cancer diagnosis, and could have a role in
the staging of breast cancer patients.

Due to the above considerations, there has recently
been a trend toward applying a tracer kinetics model to
dynamic contrast-enhanced MRI data in order to extract
parameters that reflect the state of the tissue vasculature,
and hence the degree of angiogenesis.19–25 To obtain
quantitative vascular parameters from a tracer kinetics
model, a measurement must be made of the time course
of contrast agent in the tissue of interest (tissue residue
function [TRF]) and, in addition, the time course of
contrast agent in an artery (arterial input function [AIF])
must either be measured or assumed. When the tracer
kinetics model is fit to these two time courses, parame-
ters such as the flow-extraction fraction product (FE), the
capillary permeability surface area product (PS), the
volume of the extracellular, extravascular space (Ve),
and the blood volume (Vb) can be estimated. Hulka et
al.22 have demonstrated the improved specificity attained
with FE estimates compared to that achieved using an
enhancement index. In addition, van Dijke et al.26

showed, in an animal breast cancer model, that plasma
volume and microvascular permeability are significantly
correlated with microvessel density. Tracer kinetic pa-
rameters do appear to be indicative of tumour angiogen-
esis and, if indeed there are fundamental differences
between benign and malignant tumours, then it is likely
that more accurate measurements of tracer kinetic pa-
rameters will enable improved separation between the
two groups.

However, one of the inherent limitations of dynamic
contrast-enhanced MRI, and especially of multislice or
three-dimensional (3D) dynamic imaging, is its generally
low temporal resolution. Insufficient temporal sampling
of the TRF and the AIF will certainly have an effect on
the accuracy of tracer kinetic parameter estimates, and
can therefore be expected to reduce the potential speci-
ficity of the parameters. Although a number of studies
have examined the effects of insufficient temporal reso-
lution under certain conditions,11,20,27there are currently
no accepted guidelines on the temporal resolution re-
quired for accurate parameter estimates. Whereas most
studies attempt to maximize the temporal sampling rate,
different tracer kinetics modeling studies have employed
widely different temporal sampling rates. Comparisons
between the results of different studies are therefore

difficult. Furthermore, in practice, improvements in tem-
poral resolution usually necessitate a sacrifice in spatial
resolution. Knowledge of the errors introduced into the
estimates of tracer kinetic parameters by insufficient
temporal sampling would enable a better understanding
of the quantitative accuracy of previous measurements,
and an optimization of both temporal and spatial resolu-
tions for future studies.

The purpose of this work was to investigate, using
computer simulations, the effect of finite temporal sam-
pling of the AIF and the TRF on the accuracy with which
tracer kinetic parameters (FE, Vb, and Ve) may be esti-
mated and thereby to provide recommendations for the
setting of dynamic imaging rates in future studies. An
earlier version of this work has been presented previous-
ly.28 We introduce the concept of temporal jitter uncer-
tainty, which is an uncertainty introduced into the kinetic
parameter estimates as a result of the uncertainty in the
relative alignments of the AIF, the TRF, and the sam-
pling grid (array of imaging times). We also examine the
model’s inherent sensitivity to error in the TRF measure-
ment using covariance (COV) matrices. Variations in
error due to temporal sampling are examined as a func-
tion of the values of the kinetic parameters and width of
the AIF for two possible experimental situations: that in
which the AIF and the TRF are sampled at the same rate
and that in which the AIF is sampled much more fre-
quently than the TRF. The latter strategy will likely
prove to be more practical for imaging studies, as it
allows the temporal sampling constraints for the TRF to
be relaxed significantly. We conclude that, for accurate
(less than 10% relative error) estimates of FE and Ve

only, the TRF should be sampled at least every 16 s,
whereas the AIF should be sampled every second or less.
For an accurate measurement of Vb, the sampling con-
straint for the TRF must be increased to at least once
every 4 s. In addition, the contrast agent should be
administered as a rapid bolus. These recommendations
will be useful for setting the dynamic imaging rates for
future tracer kinetics modeling studies of the breast.

THEORY

Tracer Kinetics Model
The time course of contrast agent concentration in a

volume of breast tissue (Ct(t) [mmol/g]) is described by
the following equation:29,30

Ct(t) 5 FE Ca(t 2 t0)Re2
FE
Ve

(t2t0) 1 VbCa(t 2 t0) (1)

whereR indicates a convolution operation, t0 [min] is the
time separating the arrival of contrast agent in the artery
from its arrival in the tissue and Ca(t) [mmol/mL] is the
arterial concentration of contrast agent. Ve [mL/g] and
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Vb [mL/g] are the distribution volumes of the contrast
agent within the extravascular extracellular and blood
compartments respectively, and FE [mL/min/g] is the
product of blood flow (F [mL/min/g]) and the extraction
fraction (E) of the contrast agent (gadolinium–diethyl-
enetriamine pentaacetic acid [Gd-DTPA]). We chose to
use this tracer kinetics model as it takes into account the
fact that the permeability-surface area product (PS) of
Gd-DTPA in breast tissue is on the order of blood flow,
and because the parameters that this model estimates
relate directly to the tissue vasculature. This model is
mathematically identical to the general form of the Tofts
and Kermode model,31,32 and the temporal sampling
requirements for Ca(t) and Ct(t) are independent of the
interpretation of the kinetics parameters. Ca(t) and Ct(t)
are also referred to as the AIF and the TRF, respectively.

In dynamic contrast-enhanced magnetic resonance
imaging (MRI) studies, Ct(t) can be calculated from the
change in image intensity following a bolus injection of
Gd-DTPA, assuming appropriate calibration is per-
formed.31,33–35Determining Ca(t) is somewhat more dif-
ficult. If a large artery can be included in the image field
of view, then Ca(t) can also be calculated from the changing
image intensity of the artery in the dynamic series, although
difficulties arising from factors such as flow effects and
oblique vessels must be overcome. Ca(t) can also be deter-
mined by arterial blood sampling33,34 or by assuming a
general shape.21 Because the temporal sampling rates for
the TRF and often for the AIF are finite, parameter
accuracy will suffer. The temporal sampling issue is of
particular concern for 3D dynamic imaging of the breast.

Temporal Jitter
A complication to studies of the effect of insufficient

temporal sampling of the AIF and TRF on estimates of
tracer kinetic parameters is the phenomenon of temporal
jitter. In practice, it is impossible to synchronize the
sampling grid, which is the array of time points at which
the TRF or AIF are sampled, with the arrival of contrast
agent at the artery or tissue (Fig. 1). Even if the first
sample is always taken at the beginning of the initial rise
of the AIF, variations in the transit time between the
artery and the tissue and in cardiac output mean that the
delay between the AIF and the TRF, (e–d as defined in
Fig. 1), will always be unknown. The uncertainty in the
relative temporal positions of the AIF, TRF, and the
sampling grid can have a large effect on the accuracy
with which the parameters can be determined, as we will
show in this paper, but is unpredictable in an experimen-
tal situation.

Sensitivity Functions and COV Matrix Calculations
The precision with which a model is able to measure

tracer kinetic parameters can be examined qualitatively

using sensitivity functions (Fig. 2) and quantitatively by
calculating COV matrices.36 Sensitivity functions, SFi(t),
of the tracer kinetic parameters are defined as:

SFi(t) 5
­Ct(t)

­pi
, i 5 1, 2, . . .n (2)

where pi is the ith tracer kinetic parameter (in this case,
n 5 3). Therefore, if the ith parameter, pi, is changed by
Dpi, then Ct(t) will change byDpiz SFi(t). The magnitude
of a sensitivity function over the time course of the
experiment is an indication of the suitability of the model
for estimations of that particular parameter. The more
similar two sensitivity functions are, the less a fitting
routine is able to distinguish between the two corre-
sponding parameters.

A COV matrix can be calculated from the sensitivity
functions:37

COV 5 s2(FTF)21, Fij 5 SFi(j) (3)

Fig. 1. The AIF and TRF are both sampled at a ratet, and are
offset from the start of the sampling interval by timesd ande,
respectively. In an experimental situation,d ande are unknown,
and the uncertainty in these two parameters will therefore
introduce an uncertainty in the estimates of the kinetic param-
eters.
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wheres2 is the noise variance in the TRF. The diagonal
elements of the COV matrix are the variances of the
parameter estimates, and each represents the expected
uncertainty in the estimate of the corresponding param-
eter due to noise in the TRF measurement. The off-
diagonal elements are the COV of the parameters and
indicate how errors in estimates of the parameters inter-
act. For example, if the COV between two parameters is
negative, then if one parameter is overestimated, the
other will tend to be underestimated, assuming no bias in
the parameter estimates. COV matrices are therefore a
useful tool for predicting how the error in each parameter
will vary with parameter value or AIF width.

Insufficient temporal sampling of the TRF means that
high frequency information is lost. This loss, when con-
sidered together with the effect of temporal jitter, man-
ifests itself as an uncertainty in the TRF measurement.
We therefore investigated the use of COV matrices for
predicting trends in errors arising from uncertainties in
the TRF introduced by temporal jitter, rather than noise.
Because we are examining the relative effects of differ-
ent temporal sampling rates, then, without the loss of
generality, we will set the noise variance (s2) of the TRF
to be equal to one.

MATERIALS AND METHODS

The effect of temporal sampling on the accuracy of
tracer kinetic parameter estimates was examined through
a series of computer simulations. The error introduced by
insufficient temporal sampling is highly dependent on

the shapes of both the arterial input function and the
tissue residue function. Therefore, the simulations were
repeated for many sets of values of the kinetic parame-
ters (FE, Ve, Vb) as well as for several widths of the
arterial input function. The trends found in the computer
simulations were compared with the predictions of the
COV matrices. In addition, two different sampling strat-
egies were studied.

The arterial input function used in the simulations was
a published curve38 obtained by withdrawing arterial
blood samples every 10 s following a 10-s bolus injec-
tion of Gd-DTPA. We digitized this curve and then
interpolated it by cubic Hermite polynomials to 0.25-s
temporal resolution, using the NAG Fortran library rou-
tines E01BEF and E01BFF (The Numerical Algorithms
Group Ltd., Downers Grove, IL).39 Note that because the
original AIF was measured at 10-s intervals, the high
frequency components in the peak of the curve that may
be present in a true AIF are not represented in the AIF
used in the simulations. In order to simulate the effect of
a slower injection rate, the original interpolated curve
was stretched in the time direction by factors of 2, 4, and
8 (Fig. 3). The area under the AIF was conserved to
simulate a constant injected dose. Although the stretch-
ing operation does not exactly reproduce the combined
effects of the injection duration and the underlying phys-
iology, these curves roughly correspond to the AIFs that
would be observed following a 40-s, 80-s, and 160-s
injection of contrast agent, respectively. Both the TRF
and the AIF had a total length of 8 min.

Fig. 2. Sensitivity functions for the tracer kinetics model represented by Eq. (1) with FE5 0.5 mL/min/g, Ve 5 0.4 mL/g, Vb 5 0.05
mL/g, and an AIF corresponding to a 10-s bolus injection of Gd-DTPA (13 AIF).
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The literature was surveyed to determine the antici-
pated range of values for the tracer kinetic parameters in
breast tumour tissue (Table 1). Based on the reported
values of FE, Ve, and Vb, we considered FE values
ranging between 0.1 and 1.3 mL/min/g, Ve values rang-
ing between 0.1 and 0.8 mL/g, and Vb values ranging
between 0.01 and 0.125 mL/g.

High temporal resolution TRFs were generated from
the AIFs using the tracer kinetics model equation (Eq. 1).
Many sets of parameter values were studied. Because
investigating every possible combination of values of the
tracer kinetic parameters is impossible, each parameter
was varied in turn, while the other two parameters were
held constant at a mean value. The mean values used for
FE, Ve, and Vb were 0.5 mL/min/g, 0.4 mL/g, and 0.05
mL/g, respectively. In this way, the trends in the errors

arising from temporal sampling could be evaluated as a
function of parameter value. Tissue residue functions
generated for several sets of parameter values (FE, Ve,
and Vb) are shown in Fig. 4.

There are two basic strategies that could be employed
for carrying out quantitative dynamic contrast-enhanced
MR exams. In one, an artery is included in the same
image slice as the tissue of interest, and therefore both
the AIF and the TRF are sampled simultaneously at
every image time (time of centre of k-space acquisition).
In the other possible strategy, the AIF is sampled at a
much finer temporal resolution than the TRF, either by
an interleaving strategy such as that proposed by Taylor
et al.41 or by using a general, assumed AIF, which is
known at high temporal resolution.21 Preliminary inves-
tigations28 showed that in the second sampling strategy,
the requirements for sampling of the TRF would be
relaxed significantly compared to the first strategy.
Therefore, in one set of simulations, both the AIF and the
TRF were sampled by digitally picking points every 1 s,
2 s, 4 s, 6 s, 8 s, . . . , and 20 s. In the second set of
simulations, the interval at which the AIF was sampled
was held constant at 1 s, while the TRF was sampled
every 4 s, 8 s, 12 s, 16 s, . . . , and 44 s. This sampling
methodology simulates the idealized case in which all of
k-space is collected instantaneously.

Prior to sampling, the AIF and TRF were shifted by
various fractions of the sampling interval (d/t and e/t,
respectively [Fig. 1]) in order to simulate the effect of
temporal jitter. For the first sampling situation, in which
both curves are sampled at the same rate, both the AIF
and TRF were shifted by 0, 1/4, 1/2, and 3/4 of the
sampling interval,t, making 16 combinations. In the
second sampling simulation, in which the temporal res-
olution of the AIF is much higher than that of the TRF,
only the TRF was shifted by multiples of 1/16th of the
sampling interval, again making 16 combinations.

Parameter estimates were calculated using the quasi-
Newton bounded minimization routine E04JAF from the
NAG Fortran Library.39 As a pre-processing step, the
sampled AIFs input to this program were interpolated via
a cubic Hermite polynomial interpolation to 0.5-s inter-
vals in order to improve upon the accuracy in the eval-
uation of the convolution integral in Eq. (1). Four pa-
rameters were solved for: FE, Ve, Vb, and to, the time
difference between the beginning of the AIF and the
beginning of the TRF. FE, Ve, and Vb were all con-
strained to be non-negative. Finally, in order to test that
the fitting routine had converged to a global minimum,
three different sets of initial parameter values were sup-
plied to the fitting program, and, if more than one solu-
tion was found, indicating fit instability, the set of pa-
rameter values that minimized the sum of squared
residuals was accepted. For each TRF, AIF, sampling

Fig. 3. The four AIFs used in the computer simulations. The
width of the AIF was varied by stretching an AIF (digitized
from Andersen et al.38), corresponding to a 10-s bolus injection
of Gd-DTPA (13 AIF), in the time direction by factors of 2
(2 3 AIF), 4 (4 3 AIF), and 8 (83 AIF).

Table 1. Values of tracer kinetic parameters in breast
tumours reported in the literature

Reference FE (mL/min/g) Ve (mL/g) Vb (mL/g)*

(21)† 0.1–1.3 0.3–0.8 —
(22)-cancers 0.456 0.22 — —
(22)-benign 0.176 0.11 — _
(24)†-cancers 2.046 1.20 0.456 0.18 0.266 0.12
(24)†-benign 0.906 0.78 0.476 0.19 0.176 0.10
(26)‡ — — 0.0–0.26
(40)‡ — — 0.0476 0.02

* Plasma volume.
† Assuming that tissue density is 1.0 mL/g.
‡ Human mammary carcinoma in the mammary fat pads of athymic
rats.
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rate, and sampling strategy, 16 sets of parameter esti-
mates were calculated, from the 16 possible combina-
tions of AIF and TRF shifts.

RESULTS

Effect of Temporal Sampling
Temporal jitter introduces an uncertainty into the pa-

rameter measurements (Fig. 5). Therefore, the effect of
temporal sampling on the parameter estimates can be
expressed as a bias (B) in the mean of the 16 temporal
jitter parameter estimates and as an uncertainty or stan-
dard deviation (DB). If we assume that the uncertainty in
the parameter estimates introduced by temporal jitter
follows a Gaussian distribution, then a 95% confidence
interval (B 6 1.96DB) for the parameter estimates can
be calculated (Fig. 5b). The bias and uncertainty are a
function of the sampling interval, the width of the AIF,
and the values of the tracer kinetic parameters (FE, Ve,
and Vb). The uncertainty always increases with increas-
ing sampling interval. By sampling the AIF every sec-
ond, the effect of temporal jitter can be significantly
decreased (Fig. 5c) compared to sampling both the AIF
and TRF at the same rate.

For sampling intervals of 20 s and above, the fitting
routine does not always converge to a global minimum
due to the small number of data points. In these cases,
temporal sampling errors arise from two sources: tem-
poral jitter and fit instability, and increase rapidly with
increasing sampling interval. Unfortunately, as long as
experiment time is limited, fit instability is unavoidable
for low sampling frequencies.

Predictions of the COV Matrices
The COV matrices predict an increase in the uncer-

tainty in the parameter estimates, due to noise or tempo-
ral jitter, as a function of AIF width. Also, the matrices
predict that uncertainties in all three parameters will
increase as a function of FE and decrease with increasing
Ve. The uncertainties in the estimates of FE and Ve are
independent of the value of Vb, but the uncertainty in Vb
decreases as Vb is increased. For example, Fig. 6 dem-
onstrates how the variance of the FE estimate increases
as a function of FE and width of the AIF, as predicted by
COV matrix calculations. The COV matrices success-
fully predict the trends inDB seen with AIF width and
tracer kinetic parameter value described below.

Effect of AIF Width
When both the AIF and the TRF are sampled every

second, increasing the width of the AIF increases the bias
in all mean parameter estimates (Fig. 7,t 5 1 s). This
effect is most pronounced for large values of FE (Fig. 7c)
or for small values of Ve or Vb. This trend with AIF
width disappears when both the AIF and TRF are sam-
pled at higher sampling intervals (Fig. 7,t 5 16 s). In
this case, both B andDB become large, particularly for
the narrowest AIF (13 AIF).

If the AIF is sampled at a much higher frequency (i.e.,
every second) compared to the TRF, both B andDB are
reduced substantially (Fig. 8). In general, as the width of
the AIF is reduced, both B andDB become less sensitive
to increasingt.

Fig. 4. TRF for several different sets of values for the tracer kinetic parameters FE, Ve, and Vb. All curves were generated using the
narrowest AIF (13 AIF).
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Effect of Tracer Kinetic Parameter Values
When both the AIF and TRF are sampled at the same

rate, FE and Ve are underestimated while Vb tends to be
overestimated (Fig. 9). The relative errors in the mean of

all three parameters increase with increasing FE and
decreasing Ve. The error in Vb is largest for small values
of Vb, whereas the errors in FE and Ve are independent
of the value of Vb. Uncertainties in the parameter esti-

Fig. 5. (a) The relative error in the estimates of FE for 16 different combinations ofd/t ande/t as a function of sampling interval,
t. Both the AIF and the TRF were sampled at the same rate. The true values for the kinetic parameters of the tissue were FE5 0.5
mL/min/g, Ve 5 0.4 mL/g, and Vb 5 0.05 mL/g. The AIF used corresponded to a 10-s bolus injection of contrast agent (13 AIF).
(b) Percentage bias in the mean of FE estimates plotted as a function of sampling interval. Error bars indicate the SD in the estimates
caused by the temporal jitter effect, and the 95% confidence interval is also indicated. (c) The relative error in the estimates of FE
for 16 different shifts of the TRF,e/t, if only the TRF is sampled, while the AIF is sampled every second. The same TRF and AIF
as in (a) were used.
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mates (DB) follow the same general trends with param-
eter value as do the biases (B). Overall, the Vb parameter
is by far the most sensitive to errors due to insufficient
temporal sampling.

By sampling the AIF every second, the bias in all
three parameters due to insufficient temporal sampling of
the TRF can be reduced by approximately a factor of ten.
For this sampling strategy, the trend is that all three
parameters are underestimated (Fig. 10). In general, the
relative errors in FE and Ve increase with increasing FE
and decreasing Ve and are relatively independent of the
value of Vb. The relative error in the Vb estimates has a
more complex behaviour, but tends to increase with
increasing FE and decreasing Ve and decrease with in-
creasing Vb. Uncertainties in the parameter estimates
follow the same general trends with parameter values.
For very large sampling intervals (t . 20 s), however, B
and DB become large due to the added effect of fit
instability and trends with parameter values disappear,
particularly for the narrowest AIF.

Maximum Allowable Sampling Interval
The results from the two sets of sampling simulations

were compiled to determine what the maximum sam-
pling interval,t, would be to ensure, at a 95% confidence
level, that the estimates of the tracer kinetic parameters
are accurate to within 10% or 20%. As the width of the
arterial input function is increased, the maximum allow-
able sampling interval decreases for both sampling strat-
egies (Tables 2 and 3). If the AIF and TRF are sampled
at the same rate, then for the original AIF (13 AIF),

which corresponds to a 10-s bolus injection of contrast
agent, they must both be sampled in under 1 s for less
than 10% error in all three parameters, or in under 2 s for
less than 10% error in FE and Ve only (Table 2, Fig. 11).
If, on the other hand, the AIF is sampled at 1-s intervals,
then the temporal sampling constraints for the TRF can
be relaxed significantly. For a 10-s bolus injection of
contrast agent, the TRF must be sampled every 4 s to
achieve less than 10% error in all three parameters, or
every 16 s for less than 10% error in FE and Ve only
(Table 3, Fig. 12). Recommendations for maximumt are
accurate to within 2 s for the sampling simulation in
which the AIF and TRF are sampled at the same rate and
to within 4 s for the sampling simulation in which only
the TRF is sampled (and the AIF is sampled every
second).

DISCUSSION

Tables 2 and 3 show that, for accurate measurements
of FE, Ve, and Vb, the most important factor is that the
AIF be finely sampled. If the AIF is sampled every
second, then the TRF need only be sampled every 16 s
for accurate (less than 10% error) estimates of FE and Ve

or once every 4 s for accurate estimates of all three
parameters. If a 20% error in the parameters can be
tolerated, then the sampling requirements can be relaxed
to once every 20 s for FE and Ve only, or once every 8 s
for all three parameters. On the other hand, if the AIF and
TRF are sampled at the same rate, then, at the 10% error
limit, they must be sampled every 2 s for accurate esti-

Fig. 6. Relative uncertainty in the FE estimate as predicted by COV matrix calculations plotted as a function of FE for several AIF
widths.
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mates of FE and Ve only, or once every second for
accurate estimates of all three parameters. Thus, al-
though it may be most convenient to sample the AIF and
the TRF simultaneously, there is a significant drawback
to this strategy as both curves must be sampled at a very
rapid rate. Conversely, if the AIF alone can be sampled
sufficiently rapidly, then the temporal sampling require-
ments for the TRF can be relaxed significantly.

The plasma volume of breast tissue is small relative to
FE, and therefore the tracer kinetics model is not very
sensitive to the Vb parameter. The results of this study

show that Vb is the parameter most affected by insuffi-
cient temporal sampling. For less than 10% error in Vb,
the TRF must be sampled at least every 4 s if the AIF is
sampled every second. Due to compromises made in
order to attain a high spatial resolution or to image
multiple slices or 3D volumes, this sampling rate will not
be achieved in some studies, and therefore a significant
error will be introduced into the Vb estimate. Neverthe-
less, the effect of contrast material in the vascular space
should be included in the tracer kinetics model in order

Fig. 8. Effect of sampling interval (t) and width of the AIF on
B and DB when only the TRF is sampled (and the AIF is
sampled every second). Error bars represent the 95% confi-
dence limits. Ve 5 0.4 mL/g, Vb 5 0.05 mL/g. (a) FE5 0.1
mL/min/g, (b) FE5 0.5 mL/min/g, (c) FE5 1.3 mL/min/g.

Fig. 7. Effect of sampling interval (t) and width of the AIF on
B andDB when the AIF and TRF are sampled at the same rate.
Error bars represent the 95% confidence limits. Ve 5 0.4 mL/g,
Vb 5 0.05 mL/g. (a) FE5 0.1 mL/min/g, (b) FE5 0.5
mL/min/g, (c) FE5 1.3 mL/min/g.
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to minimize error that would otherwise be introduced
into estimates of the other two parameters.42

The results of the simulations, and examination of the
model’s sensitivity functions, show that there is no ad-
vantage to increasing the width of the AIF. In fact, for
some values of the tracer kinetic parameters, there is a
distinct disadvantage to using a wide AIF. As one might

expect, the effect of broadening the AIF is to decrease
the errors due to temporal under-sampling. This is seen
as a decrease inDB for parameter sets that are relatively
insensitive to sources of uncertainty—low values of FE,
for example (Fig. 7a). We have seen, however, that
temporal jitter, similar to noise in the TRF, introduces an
uncertainty into the parameter estimates (Fig. 5). Be-

Fig. 9. Effect of parameter value on bias (B) if both the AIF and the TRF are sampled every 4 s, for a short bolus injection of contrast
agent (13 AIF). (a) Effect of varying FE, Ve 5 0.4 mL/g, Vb 5 0.05 mL/g. (b) Effect of varying Ve, FE 5 0.5 mL/min/g, Vb 5
0.05 mL/g. (c) Effect of varying Vb, FE 5 0.5 mL/min/g, Ve 5 0.4 mL/g.
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cause the COV matrices predict an increased sensitivity
to noise with increased AIF width (Fig. 6), increasing the
width of the AIF results in increasedDB for some
parameter values. Our simulations show that an increase
in B is also seen in these cases. Tissues with high FE or
low Ve or Vb are particularly vulnerable to this effect.
For these parameter values, as predicted by the COV

matrices, the model is hypersensitive to the uncertainties
introduced by temporal jitter, and this effect dominates
over any advantage gained by increasing the AIF width.
Tables 2 and 3 show that the wider the AIF, the smaller
the maximum sampling interval allowed for a certain
allowable error in the parameters. Unfortunately, the
value of FE in breast tumours can be high (Table 1), and

Fig. 10. Effect of parameter value on bias (B) if the TRF is sampled every 16 s and the AIF is sampled every second, for a short bolus
injection of contrast agent (13 AIF) (a) Effect of varying FE, Ve 5 0.4 mL/g, Vb 5 0.05 mL/g. (b) Effect of varying Ve, FE5 0.5
mL/min/g, Vb 5 0.05 mL/g. (c) Effect of varying Vb, FE 5 0.5 mL/min/g, Ve 5 0.4 mL/g.
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so in order to minimize errors due to the combined
effects of temporal sampling and the inherent noise sen-
sitivity of the model, the sharpest possible AIF should be
used. In addition to this, it has been shown that a sharp
bolus injection of contrast agent is more efficient at
achieving tissue enhancement than is a longer constant
infusion injection.43 Based on these considerations, it
seems clear that a rapid bolus injection of contrast
agent is optimal for tracer kinetic studies of breast
tissue.

Hoffman et al.20 have also looked at the effects of
temporal sampling of the TRF and of the width of the
AIF on the accuracy and precision with which tracer
kinetic parameters can be estimated in breast tissue. They
examined the effect of temporal sampling of a TRF
generated for one typical set of tissue parameters. In their
case, they found that there is an advantage to using a
wide AIF, and recommend that the TRF be sampled
every 20 s. It is difficult to compare their results to ours,
as they used a different tracer kinetics model. The model
they used accounts for a long constant infusion of con-
trast agent and incorporates the shape of the AIF by
modeling it as a monoexponential decay. Nevertheless,
their results for the exchange parameter k21 (;FE/Ve)

31

are interesting with regards to our study. At the highest
sampling rate (one sample every 20 s) studied, the bias in
the mean of the k21 parameter estimates increased with
AIF width while the uncertainty in the estimates stayed

constant. At a low sampling rate (one sample every 80 s),
B andDB decreased with increasing AIF width. We have
observed similar trends, although over a higher range of
sampling rates (Fig. 7). Kelcz et al.,11 in a study in which
they fit the enhancement profiles of breast tumours to the
general saturation equation, also examined the effect of
insufficient temporal sampling. The parameter that they
measured, M, relates to the initial slope of the tissue
enhancement curve. They found that the precision with
which M can be estimated is a very strong function of
temporal sampling rate, and that for a standard error of
less than 20%, a temporal sampling rate of better than
once every 4 s should be used.

Obviously, the results and recommendations of this
study are only directly applicable to the tracer kinetics
model we have examined (Eq. 1), as well as to the
general form of the Tofts and Kermode model.31,32 It is
not certain how temporal sampling and temporal jitter
would affect tracer kinetics studies in which other mod-
els are used, particularly since the effect of temporal
sampling is so dependent on each model’s sensitivity
functions. The results of the two studies discussed above
imply that some of the phenomena seen in this study do
apply to studies in which other tracer kinetics models are
used, although over a different range of temporal sam-
pling rates. More extensive studies would be needed to
verify this. The recommendations outlined in this paper
can therefore only be used as a rough guide for studies in
which tracer kinetics models other than that expressed by
Eq. (1) are used.

We are not aware of any tracer kinetics modeling
study of the breast in which a direct measurement of the
AIF has been made. A common solution has been to use
a general, well-defined AIF, whose shape represents an
average over many healthy patients. This practice, how-
ever, introduces errors into the parameter estimates
since, even if injection rate is controlled, there is consid-
erable variability in cardiac output and renal clearance
rate even among healthy volunteers. Although, according
to our results, the sampling restrictions for the TRF could
be reduced in this case, another error would be intro-
duced by not knowing the exact AIF. Recently, however,
there have been a number of efforts to develop methods
for a non-invasive measurement of the AIF,41,44–47lead-
ing us to predict that it will soon be possible to measure
both the AIF and TRF in the same study. The results of
our simulations will be useful in determining the optimal
design of these experiments. The result that the sampling
constraints for the TRF can be relaxed considerably if the
AIF is measured fast enough is particularly interesting.
This implies that an interleaving strategy, such as that
proposed by Taylor et al.41 in which rapid imaging of a
suitable artery is interleaved with slower two- or three-
dimensional imaging of the breast tissue, has a large

Table 2. Maximumt recommendations for AIF and TRF
sampled at same rate

AIF

Maximum t
so that

error in FE

Maximum t
so that

error in Ve

Maximum t
so that

error in Vb

,10% ,20% ,10% ,20% ,10% ,20%

1 3 AIF 2 4 4 6 1 1
2 3 AIF 2 4 2 6 0 0
4 3 AIF 2 4 2 6 0 0
8 3 AIF 1 4 1 4 0 0

Table 3. Maximumt recommendations for TRF only
(AIF sampled every second)

AIF

Maximum t
so that

error in FE

Maximum t
so that

error in Ve

Maximum t
so that

error in Vb

,10% ,20% ,10% ,20% ,10% ,20%

1 3 AIF 16* 20* 16* 20* 4 8
2 3 AIF 8 16* 16* 16* 0 0
4 3 AIF 4 4 4 24* 0 0
8 3 AIF 1 8 4 24* 0 0

* Conservative estimate due to fit instability fort # 20 s.
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advantage over strategies in which an artery, the aorta for
example, is incorporated into the same field of view as
the breast tissue and the AIF and TRF measured simul-

taneously. The high temporal resolution of the AIF en-
abled by the former strategy allows for improvements in
the spatial resolution of the tissue images and opens up a

Fig. 11. Maximumt requirement for the AIF and TRF as a function of (a) FE, (b) Ve, and (c) Vb if both the AIF and TRF are sampled
at the same rate. A short bolus injection of contrast agent is assumed (13 AIF).
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possibility for accurate tracer kinetics modeling of the
data from dynamic 3D images.

In interpreting these results, one must keep in mind

that not all possible sets of parameter values were inves-
tigated. In addition, the effect of noise, a major source of
error in the measurement of tracer kinetics parameters,

Fig. 12. Maximumt requirement for the TRF as a function of (a) FE, (b) Ve, and (c) Vb if the AIF is sampled at 1-s intervals. A
short bolus injection of contrast agent is assumed (13 AIF). A horizontal line att 5 20 s indicates the sampling interval beyond
which the fit becomes unstable. Because of the additional factor of fit instability for sampling intervals beyond t5 20 s, trends with
parameter value are less clear than the trends shown in Fig. 11.
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was not considered. The recommendations fort outlined
in this paper should therefore be regarded as minimum
recommendations. It is evident, however, that temporal
sampling of the TRF in previous studies has often not
been sufficient for accurate parameter estimates. Imaging
times in various studies involving the tracer kinetics
modeling of breast tissues have ranged between 6 and
30 s.19,20,22–25In many of these studies, temporal reso-
lution was chosen to permit either higher spatial resolu-
tion, multiple slices, or 3D imaging. We have attempted
to provide a better understanding of the errors introduced
by insufficient temporal sampling of the arterial input
function and tissue residue function in the tracer kinetics
modeling of breast disease. The guidelines given will be
useful in specifying temporal resolution and therefore the
necessary trade-off in spatial resolution and other factors
in future studies.

CONCLUSIONS

The results of our work have demonstrated the im-
portance of injecting the contrast agent as rapidly as
possible. For a rapid bolus injection, in order to achieve
accurate estimates of FE and Ve (less than 10% error),
either both the AIF and the TRF must be sampled every
4 s or less, or the AIF should be sampled very rapidly (;
every second) while the TRF should be sampled every
16 s or less. Finally, if an accurate estimate of Vb, in
addition to FE and Ve, is to be made, then the TRF
should be sampled every 4 s or less, with the AIF
sampled at least every second.
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