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Abstract

The purpose of this study was to test whether an empirical mathematical model (EMM) of
dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) can distinguish between
benign and malignant breast lesions. A modified clinical protocol was used to improve the
sampling of contrast medium uptake and washout. T;-weighted DCE magnetic resonance images
were acquired at 1.5 T for 22 patients before and after injection of Gd-DTPA. Contrast medium
concentration as a function of time was calculated over a small region of interest containing the
most rapidly enhancing pixels. Then the curves were fitted with the EMM, which accurately
described contrast agent uptake and washout. Results demonstrate that benign lesions had uptake
(P < 2.0 x 107°) and washout (P <.01) rates of contrast agent significantly slower than those of
malignant lesions. In addition, secondary diagnostic parameters, such as time to peak of
enhancement, enhancement slope at the peak and curvature at the peak of enhancement, were
derived mathematically from the EMM and expressed in terms of primary parameters. These
diagnostic parameters also effectively differentiated benign from malignant lesions (P <.03).
Conventional analysis of contrast medium dynamics, using a subjective classification of contrast
medium Kinetics in lesions as ‘washout,” ‘plateau’ or ‘persistent’ (sensitivity=83%,
specificity=50% and diagnostic accuracy=72%), was less effective than the EMM
(sensitivity=100%, specificity=83% and diagnostic accuracy=94%) for the separation of benign
and malignant lesions. In summary, the present research suggests that the EMM is a promising
alternative method for evaluating DCE-MRI data with improved diagnostic accuracy.
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1. Introduction

Magnetic resonance imaging (MRI) of the breast has demonstrated advantages over other
imaging modalities. These include improved staging and treatment planning, enhanced
evaluation of the augmented breast, better detection of recurrence and improved screening of
high-risk patients [1,2]. Dynamic contrast-enhanced (DCE) MRI is a promising method for
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detecting and diagnosing breast cancer. This is because the rates of contrast medium uptake
and washout are related to tumor blood flow — an important indicator of malignancy [3].
Extraction of hemodynamic parameters from DCE-MRI data requires the calculation of
contrast medium concentration as a function of time (C(t)) either in each image voxel or in
regions of interest (ROI). C(t) is analyzed based on various pharmacokinetic models from
which hemodynamic parameters, such as perfusion rate, blood volume and capillary
permeability, are extracted. However, the accuracy of such parameters depends on an
appropriate theoretical model and related assumptions used to interpret data. With current
approaches to data analysis and interpretation, DCE-MRI has high sensitivity for the
detection of invasive breast cancer, but variable specificity is a major limitation [4,5].
Therefore, improvements in specificity are highly desirable. In addition, while sensitivity is
high, further improvements would be helpful for reliable detection of early noninvasive
cancers such as ductal carcinoma in situ (DCIS).

Generally, breast DCE-MRI data are analyzed using a two-compartment model approach
[6-11] or a modified two-compartment model [12]. This allows determination of the transfer
constant (K'"as) and the extracellular extravascular space fraction (vg). However, the two-
compartment model requires that the rates of contrast uptake and washout be closely related
[10]. This is not the case for many tumors; as a result, this model sometimes does not
provide a good fit to experimental data, thereby limiting its diagnostic utility. Models with
three or more compartments are more realistic [13], but due to the complexity of these
algorithms, meaningful fits to experimental data can only be obtained when raw images
have a very high signal-to-noise ratio (SNR). In addition, physiological models require
knowledge of contrast medium concentration in the blood as a function of time and, thus, the
measurement of arterial input function (AIF). Measuring the AIF is often very difficult, and
errors in the AIF translate into errors in measurements of tracer Kinetics.

To overcome problems associated with limited SNR, semiquantitative analysis of DCE-MRI
data can be performed. Most commonly in clinical practice, contrast medium uptake and
washout are analyzed by simply classifying contrast medium kinetics without fitting C(t).
Some common diagnostic parameters include the ‘initial area under the curve’ [14,15],
‘signal enhancement ratio’ [16], ‘maximum slope’ [15,17], ‘time to peak of enhancement’
[18], “‘washout ratio’ [19] and so on. The most widely used clinical approach is the system
proposed by Kuhl et al. [20], which classifies C(t) curves as either ‘washout,” ‘plateau’ or
‘persistent.”’

As an alternative to these approaches, empirical functions can be used to fit C(t) accurately,
without making assumptions about tumor physiology. Diagnostic parameters are derived
from these functions, rather than from raw C(t), which reduces the effect of noise.
Unfortunately, the mathematical functions with limited parameters employed so far — for
instance, Gamma functions [21] — do not have the flexibility to accurately describe contrast
uptake and washout for long periods of time in a number of different types of tissue. Some
functions accurately fit the concentration-versus-time curve or the signal-intensity-versus-
time curve, but only for short periods after contrast medium injection. Recently, we
developed an empirical mathematical model (EMM) with five parameters to describe
contrast uptake and washout behavior [22]. The EMM has been tested on transplanted
rodent prostate tumors and accurately fits data for both low-molecular-weight and high-
molecular-weight contrast agents, even at times long after contrast agent injection. Previous
work [22,23] demonstrated that parameters derived from the EMM distinguish between
metastatic and nonmetastatic rodent prostate tumors more reliably than the ‘two-
compartment model’ approach. This is likely due to improved fits to experimental data
obtained with the EMM.
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In the present study, we employed the EMM to fit DCEMRI data from suspicious breast
lesions acquired with a clinical 1.5-T scanner. Three useful secondary diagnostic parameters
— time to peak of enhancement, enhancement slope at the peak and curvature at the peak of
enhancement — were also derived from the EMM after fits to experimental data had been
performed. The use of the EMM to distinguish between benign and malignant lesions was
compared to the standard classification of C(t) performed by experienced radiologists using
the aforementioned ‘Kuhl method’. Finally, the sensitivity of the EMM to various phases of
contrast medium uptake and washout kinetics was evaluated.

2. Materials and methods

2.1. Patients and imaging protocol

Women with suspicious breast lesions detected by mammography or physical exams
frequently undergo DCE-MRI scans before biopsy as part of normal clinical care at the
University of Chicago Hospital. We analyzed MRI data from 22 female patients aged 34-79
years (mean age=59+11 years) using a protocol approved by the Institutional Review Board
after the patients had given informed consent. Based on the pathologist's (W.R.) analysis of
biopsy samples, six patients had benign lesions, nine had DCIS, two had infiltrative ductal
carcinoma (IDC) and one had infiltrative lobular carcinoma (ILC). In addition, four patients
had lesions missed by DCEMRI (because slices were not properly positioned) or had no
lesions.

MRI exams were performed with a 1.5-T Signa scanner (General Electrical Medical System,
Milwaukee, WI, USA). T1-weighted spoiled gradient-echo images of four slices (Tr/
Te=8.9/4.2 ms, field of view=24 cm, slice thickness=6 mm, acquisition matrix
size=256x160, reconstruction matrix size=256x256, flip angle=30°, bandwidth=31.25 kHz,
number of acquisitions=1) containing the suspicious lesion and surrounding tissues were
acquired with high temporal resolution (7 s) before and for 1.5 min after contrast medium
injection. Subsequently, the same pulse sequence was used to sample contrast medium
washout at approximately 8.5, 20 and 30 min after injection during gaps in routine clinical
imaging sequences. The same gain and shim settings were used for all of these scans.
Omniscan was injected at a dose of 0.1 mM kg1 and at a rate of 2 ml s~1. About 200
images were collected for each patient.

2.2. Contrast concentration calculations

Contrast agent concentration as a function of time C(t) after contrast medium injection was
estimated by comparing the signal intensity S(t) from selected ROI to the control signal
intensity S(0) (i.e., before contrast injection) in a reference tissue with known Tq [24]. A
uniform fat region was selected as a reference tissue in this study. Since Tg < T4, we can
approximate signal intensity as a linear function of T1 and contrast medium concentration,
obtaining:

1 S®-50)
O R T a0 Sm©@ )

where Ry (4.5 mM~1 s71) is the longitudinal relaxivity of the contrast agent at 1.5 T and
Ty (fat)=260 ms [25]. Fat ROIs were selected near the suspicious lesions to minimize errors
due to the B; inhomogeneity of breast coil.
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A typical plot of contrast medium concentration as a function of time C(t) can be
approximated by three components: uptake, transition and washout. The EMM was designed
to accurately describe these three phases. After tests of various equations, the final EMM
was selected because it provided the best fit of C(t) with a relatively small number of
parameters. The EMM uses a single equation to describe tissue contrast medium
concentration during uptake and washout [22]:

1+e™!
2 (2

Cn=A(1-e)" e

where C(t) is the concentration curve as a function of time (t) calculated from the time series
of MR images, A is the upper limit of tracer concentration, « is the rate of contrast uptake
(min~1), g is the overall rate of contrast washout (min1), y is the initial rate of contrast
washout (min™1) and q is related to the slope of early uptake and the curvature of the
transition from uptake to washout. DCE-MRI data were acquired with very high temporal
resolution (7 s) during the first 1.5 min after contrast medium injection and then at lower
temporal resolution during washout. The number of independent time points was sufficient
to allow the EMM to provide reliable, reproducible and unique solutions.

Appropriate choices of initial guesses of the parameters were important; poor initial guesses
resulted in long computational times or, occasionally, failure to converge on a good fit.
Based on our earlier experience [22,23], the best initial guesses were: A=maximum value of
contrast concentration, ¢=1.0 (min~1), #=0.01 (min~1), g =1.0 and y=0.01 (min~1). In a few
cases, the EMM algorithm did not converge rapidly to a good fit, usually due to motion
artifacts. In cases where a good fit was not obtained (goodness of fit parameter R?<.90) and
the poor fit was not explained by noise level, the range of solutions was limited by testing a
limited range of values for A. Parameter A was selected because a very accurate initial
estimate could be obtained from the peak value of concentration. Specifically, values of A
were allowed to vary between 0.5 and 2 times the peak value of contrast concentration in
increments of 5% of peak value, and the best possible EMM fit for each value of A was
found by optimizing the remaining parameters. The best EMM fit was selected from the
resulting group of solutions. This approach resulted in an excellent fit (R2>.90) in all cases.

2.4. Secondary parameters

Three secondary diagnostic parameters (time to peak of enhancement, enhancement slope at
the peak and curvature at the peak of enhancement) are derived from Eq. (2). The concepts
of time to peak of enhancement and enhancement slope at the peak have been used by other
investigators [18], while curvature at the peak of enhancement is being utilized here for the
first time in the analysis of DCE-MRI data. The calculation of these parameters from the
EMM fit to experimental data, rather than directly from raw data, reduces the introduction of
error due to noise. The following derivations establish the relationship between these
diagnostic parameters and EMM parameters and illustrate how these diagnostic parameters
vary as a function of EMM parameters.

2.4.1. Time to peak of enhancement (Tpeax)—The peak signal intensity of the curve

occurs at the point at which the curve's first derivative is zero. By taking the derivative of
Eq. (2) with respect to time, we obtain the following expression:
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dcC (1)
=C(D(),
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qae—m ye—yz
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To find Tpeak, We require CD=0. Obviously, C#0 for 0<t<co, so we solve Tpea for D=0. Eq.
(4) cannot be solved analytically unless y=0. However, if we recognize that yt<1 for t=Tpeq,
we can simplify the last term of Eq. (4) to 0.5y. We can justify this approximation because
when peak concentration occurs very early after injection, Tpea is very small, and when
peak concentration occurs later, v is very small. After some simple manipulations, we can
solve the time to peak of enhancement as:

1 qa
T, ~ —I 1 .
peak @ og( +ﬁ+0.57) (5)

This formula is exactly true for y=0.

2.4.2. Maximum value of contrast concentration (Cax)—Cmax can be found by
substituting Tpeak into Eq. (2). By the same argument used in Section 2.4.1, at the time of
peak enhancement, either Tpeak OF S (as well as ) is very small. Therefore, ft<1 as is yt<1
at t=Tpeak. Using this approximation, we can find Cmayx by simplifying Eg. (2) to obtain:
q
o ~ A(l _ B+0.5y ) .

qa+p+0.5y (6)

Thus, Cmax is approximately equal to A when both £ and y are small.

2.4.3. Enhancement slope at the peak (ESpeax)—There are different ways to define
an enhancement slope. Here, we defined the Cpax/Tpeak ratio as the ESpeax of the curve,
where Tpeak and Crax are given by Egs. (5) and (6), respectively.

2.4.4. Curvature at the peak of enhancement (Kpeak)—The time to peak of
enhancement does not distinguish between contrast concentration curves that peak at the
same time but have completely different washout behaviors. In other words, the curve could
bend more or less sharply at the peak, and this can be described mathematically with
curvature. Therefore, we use curvature at the peak of enhancement to further characterize
curves with the same Tpeak and Crax. Since the plot of contrast uptake and washout C(t) is a
two-dimensional curve, its curvature (x) can be calculated by the following formula:
&ec 2, dD
()= e i |C(D +W)
- 327 3/2°
dc)? 1+(CD)Y?
(1+(d’)) ( ( )) M

At D(Tpeak)=0, the absolute value of curvature at signal maximum can be expressed as:
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=T peak (8)
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dt - (1—e? (I+e)? )

When Tpeak Obtained from Eg. (5) is substituted into Eg. (8), the expression for curvature
x(t) is complicated. However, noting that yTpeax < 1, the second term in Eq. (9) can be
approximated as 0.25y2. The first term with a in Eq. (9) is easily evaluated at Tpeak and
C(Tpeak)=Cmax given by Eq. (6). It is then straightforward to obtain the following simplified
curvature formula:

0.57)°
Kpeak & Cmax | (B+0.257) +g - 0.25y].

(10)

Eg. (10) is exactly true when y=0.

2.5. Relative sensitivity of parameters used in EMM

To obtain accurate and efficient fitting of experimental data using a numerical algorithm, the
initial guess of the parameters is important. The EMM may be more sensitive to some
parameters than to others, and sensitivity to each parameter changes over the course of
medium uptake and washout. Therefore, it is useful to analyze the sensitivity of each
parameter as a function of time. For a given function y=f(x), the relative sensitivity (S) of the
af «x
function to variations in the parameter x is Sx:a ’ Iz The relative sensitivity quantifies
how the value of the EMM function changes as the values of various parameters change
[26]. Applying this formula to the EMM (Eqg. (2)), we obtain the following sensitivity
functions for all five parameters:

aC A

ST (11)

_0C «a_ gate™

a

da C 1-ea’ (12)
oc B
Sp=— == -pt,
o C p (13)
aC ¢ _
S,=—— " ==qlog(1-¢e"),
““aq c1 d ) (14)
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2.6. Data analysis and statistical evaluation

3. Results

Imaging data were processed with IDL (Research Systems, Inc., Boulder, CO). The average
values of primary and secondary EMM parameters over all benign and malignant lesions
were calculated, and Student's t-tests were performed to evaluate which parameters showed
significant differences between benign and malignant (IDC, DCIS and ILC combined)
breast lesions. The diagnosis of the pathologist was taken as the gold standard. A confidence
interval of 95% or greater (P<.05) was considered statistically significant.

3.1. Accuracy of fits obtained with the EMM

The average value of contrast agent concentration as a function of time was calculated in
small ROIs that were manually selected to include the most rapidly enhanced voxels from
suspicious lesions, using Eq. (1). Data were analyzed for six benign lesions, nine DCIS
lesions, two IDC lesions and one ILC lesion, and C(t) for each case was fitted using the
EMM. Typical results of fitting (solid line) the C(t) (open circles) obtained from MRI are
shown in Fig. 1A, B and C for a benign lesion, a DCIS lesion and an IDC lesion,
respectively. For benign and malignant lesions, the transition from uptake to washout was
not adequately sampled. Therefore, we set y=0.0 for these curves. It can be seen that the
EMM provided excellent fits for all cases despite the fact that, in some cases, time courses
were not adequately sampled and, in some other cases, data were quite noisy.

The liver and the heart often appeared in sagittal breast images. In addition, blood vessels
(arteries or veins) far from the lesion appeared in most of these images. The EMM was used
to fit their contrast uptake and washout curves for comparison with the lesions. Because the
breast coil was not optimized for scans of the liver and the heart and because of significant
motion artifacts, image quality in these regions was sometimes not acceptable. Data from
manually selected ROI were analyzed only if the SNR was adequate and if there were no
abrupt changes in image intensity due to motion artifacts. The contrast concentration curves
(open circles) calculated for the small ROI over the most rapidly enhancing voxels and
EMM fits (solid line) are shown in Fig. 2A—C for the liver, heart and vessels, respectively.
Again, the EMM provided good fits in all cases despite coarse sampling after the first 90 s
contrast medium injection. The heart had uptake and initial washout faster than those of the
liver and vessels.

3.2. Averages of primary parameters of the EMM

The average values of the five parameters obtained from the EMM for benign lesions,
malignant lesions (combined DCIS, IDC and ILC), liver, heart and blood vessels are
summarized in Table 1. The goodness of fit (R?) is also given. The EMM accurately fits all
cases. Note that some R? values that are slightly lower than .90 are likely due to noise in
experimental data. Benign lesions have an average uptake rate « about two times slower
(P<.4, not significantly different) and an average washout rate § about three times slower
those of malignant lesions (a significant difference with P<.03). However, there is one very
prominent outlier in the group of benign lesions. Without the outlier, benign lesions have an
average uptake rate « about nine times slower (P<2.0x107°) and an average washout rate
about seven times slower than malignant lesions (P<.01). In addition, benign lesions have A
values smaller than those of malignant lesions, but the difference was not statistically
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significant (P<.2). A plot of contrast medium uptake rate versus washout rate for all lesions,
as shown in Fig. 3, demonstrates good separation between benign and malignant breast
lesions, except in the case of one benign lesion outlier, which was identified by the
pathologist as sclerosing adenosis. The average uptake rate (2.1 min~1) and washout rate
(0.035 min~1) for IDC were larger than those of DCIS (1.8 and 0.017 min~1, respectively).
However, these differences were not statistically significant, possibly due to the small
number of samples. If we pick an uptake rate a «>0.5 min™1 as a cutoff for malignant
lesions, then calculated sensitivity=100% (12 of 12; 95% confidence interval=86-100%),
specificity=83% (5 of 6; 95% confidence interval=55-83%) and diagnostic accuracy=94%
(17 of 18; 95% confidence interval=76-94%).

The heart and major vessels had similar uptake rates but significantly different washout
behaviors (see Table 1). The initial washout rate y in the vessels was very small compared to
that in the heart. Furthermore, the liver and the heart had similar washout behaviors but
different uptake behaviors.

3.3. Averages of secondary parameters of the EMM

The average values of secondary parameters, as calculated from the formulas given in the
Materials and Methods section for all ROI, are given in Table 2. Both figures and data show
a Tpeak that is substantially longer in benign lesions than in malignant lesions, liver, heart
and vessels. Although all curves for the liver, heart and vessels reached their peak within
less than a minute of each other (i.e., they have closer time to peak of enhancement values),
the heart had the largest curvature and the maximum enhancement slope at the peak. The
curvatures and enhancement slopes at the peak were significantly smaller for benign lesions
than for malignant lesions (P<.03). Curvature and enhancement slope versus time to peak of
enhancement for all lesions is shown in Fig. 4A and B, respectively. Both plots display
separation between benign and malignant lesions, but in this small sample, separation is less
effective than that obtained using parameters directly from the model (Fig. 3). If we pick
Tpeak<10 min as a cutoff for malignant lesions, then calculated sensitivity=92% (11 of 12;
95% confidence interval=76-98%), specificity=83% (5 of 6; 95% confidence interval =53
95%) and diagnostic accuracy=89% (16 of 18; 95% confidence interval =68-97%).

3.4. Kuhl classifications

Signal-intensity-versus-time curves were evaluated using normal clinical procedures.
Radiologists manually selected ROI to include the most enhancing portions of suspicious
breast lesions and classified signal intensity as a function of time following contrast medium
injection according to the three categories identified by Kuhl et al. The results are
summarized in Fig. 5. In general, this standard clinical procedure was effective in
identifying malignant lesions, which were all in either the ‘plateau’ or the ‘washout’
category. There were no benign lesions in the ‘washout’ category; however, 3 of 6 benign
lesions were in the ‘plateau’ category and 2 of 12 malignant lesions were in the ‘persistent’
category. Using the criteria proposed by Kuhl et al., calculated sensitivity=83% (10 of 12;
95% confidence interval=69-94%), specificity=50% (3 of 6; 95% confidence interval=22—
72%) and diagnostic accuracy=72% (13 of 18; 95% confidence interval=54-87%). All these
values are slightly lower than those obtained by Kuhl et al. [20] in a study of 266 patients.

3.5. Sensitivity of parameters used in the EMM

From Egs. (11)-(15), it can be seen that the relative sensitivity of the function C(t) to
variations in the parameter A does not change as a function of time. The other parameters'
relative sensitivity functions are plotted as a function of time in Fig. 6. It can be seen that the
relative sensitivity functions for the parameters a and g (S,, and Sq) decay exponentially as a
function of time after injection. Therefore, they have their largest effect on the value of the
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EMM during the early uptake phase. Note that S, is dependent on g and that S, is dependent
on a.. On the other hand, the sensitivity function for 8 (Sg) increases linearly as a function of
time. The sensitivity function for y (S,) is bounded and reaches a maximum at a
characteristic time determined by the value of y. These properties clearly reflect the role of
each EMM parameter in fitting different phases of C(t) and show that the initial estimates
for o and g are more important than for other parameters. If an initial estimate for the more
sensitive parameter is too far from the true value, the curve-fitting algorithm may not
converge.

4. Discussion

The EMM provided excellent fits to data from all lesions and tissues despite large variations
in their uptake and washout behavior. The quality of these fits likely contributed to the
relatively high diagnostic accuracy of the EMM in this small group of patients. The EMM
effectively separated benign and malignant lesions based on a combination of uptake and
washout rate constants. Conventional clinical evaluation, based on the classification of
contrast medium Kinetics as ‘washout,” “plateau’ or “persistent,” showed differences between
benign and malignant lesions, but the sensitivity and the specificity were lower than those of
the EMM. Because of the relatively small number of patients studied, the 95% confidence
intervals are large, and the differences in sensitivity, specificity and diagnostic accuracy
between conventional clinical evaluation and the EMM are not highly statistically
significant. However, there was a statistically significant difference at the 80% confidence
interval. This suggests that the diagnostic accuracy for the EMM is higher than the simple
classification of kinetic curves and that this approach warrants evaluation in a larger clinical
trial.

The differences between benign and malignant lesions reported here are particularly
promising because most of the malignant lesions studied here are DCIS and because DCIS is
typically difficult to differentiate from benign lesions [27]. In addition, both uptake and
washout rates for IDC tended to be larger than those for DCIS. In the present work, washout
rate was accurately measured because the washout was sampled for at least 15 min after
contrast medium injection, and this suggests that extended sampling of washout may result
in increased diagnostic accuracy.

The secondary parameters derived from the primary parameters also distinguished between
benign and malignant lesions. This is in agreement with previous studies [18]. Tpeak, ESpeak
and xpeak Were all significantly different between benign and malignant lesions. This is the
first time that the “curvature at the peak of enhancement’ has been used as a diagnostic
parameter. Curvature may be a useful parameter because two different plots of concentration
versus time having the same time to peak of enhancement and maxima may have very
different curvatures at the peak. Derivation of these secondary parameters — some of which
are commonly used in clinical practice — from the primary parameters of the EMM
provides some degree of noise suppression. Calculations made directly from raw
experimental data are more susceptible to errors due to noise.

DCE breast MRI has high a sensitivity for the detection of breast cancer. However, a major
limitation of DCE-MRI is its relatively low specificity [4,28]. Normally, malignant lesions
have contrast agent uptake more rapid than that of benign lesions. Most benign lesions do
not enhance or enhance slowly with delayed washout due to poor vascularization [29] and
microvascular distribution [30]. However, some benign lesions have enhancement similar to
that of malignant lesions. For example, in this study, the contrast-medium-concentration-
versus-time plot for sclerosing adenosis was similar to that of malignant lesions, with fast
uptake and washout of the contrast agent. This may be due to physiological similarities
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between some benign lesions and cancer. Rapid perfusion may be associated with
proliferative activity of hyperlastic paraenchymal cells [31]. In addition, systematic errors in
MRI measurements may decrease specificity. For example, Yankeelov et al. [32] recently
showed that equilibrium transcytolemmal water exchange also significantly affects the time
course of signal change after contrast medium injection and results in errors in the
calculation of contrast medium concentration.

To increase specificity, morphologic markers for malignancy [33,34], including spiculated
or irregular borders, peripheral enhancement and ductal enhancement [35], should be
considered in combination with kinetic parameters. Improved sampling of early contrast
uptake kinetics to cover the transition from uptake to washout and extended sampling of the
‘tail’ of the contrast medium washout may also increase specificity. The experience reported
here suggests that the “tail’ should be sampled for at least 15 min. Previous work on the
EMM applied to rodent tumor models demonstrated that the ‘tail” of the washout is
important for accurate diagnosis [22,23].

These preliminary results suggest that accurate fits to experimental data provided by an
empirical function with a small number of parameters lead to accurate diagnoses based on
contrast medium uptake and washout kinetics. Empirical function, to its advantage, does not
make assumptions about tumor physiology or microanatomy, whereas the assumptions
required by two-compartment or multiple compartment models lead to fitting errors and
subsequent diagnostic errors. For example, tumor regions with a contrast medium washout
rate that is small or zero frequently have rapid uptake rates [15]. This kinetic behavior is not
accurately represented using the two-compartment model because of the necessary
connection in the two-compartment model between uptake and washout rate; this limits
diagnostic accuracy. The EMM does not suffer from this limitation.

The primary disadvantage of the EMM approach is that the parameters extracted do not
correspond directly to identifiable physiological or anatomic features. However, this
problem can be addressed by deriving equations that connect parameters of the EMM to
physiological and anatomic parameters associated with various models (i.e., two or more
compartment models). This can be illustrated as a first approximation by making relatively
crude assumptions; if we set y=0.0 and g=1.0, then the parameters A, a and $ in the EMM
can be directly compared with two-compartment models described in Egs. (13)-(16) of
Armitage et al. [36]. For example, to compare the EMM with the Tofts—Kermode model [6]
described in Eq. (13) of Armitage et al., it can be seen that A=DvK'anS/V,(KanS—k, ;ve),
S=Kout and a+p=KaSjy, where D is the dose of administered contrast agent, v, is the
extravascular extracellular space volume fraction, K'a"s s the transfer constant, V, is the
volume of the plasma and kg is the rate constant for contrast medium elimination. Of
course, initial assumptions (y =0.0 and g =1.0) result in poor fits to the data and, therefore,
the physiological parameters that result are probably not accurate. However, these
assumptions can be refined with first-order and second-order corrections, and this may lead
to more accurate descriptions of physiology combined with optimal fits to experimental
data. Work on this approach is currently underway.

In the present experiments, the sparse temporal sampling beginning 90 s after contrast
injection — a consequence of the requirements of the clinical protocol — may have resulted
in fitting errors. In the future, we hope to obtain better sampling due to improvements in
technology, such as ‘parallel imaging,” which may increase diagnostic accuracy. Further
improvements can be obtained by applying the EMM on a pixel-by-pixel basis rather than in
small ROIs, as reported here. This requires careful handling of data with limited SNR, but
we hope to demonstrate the feasibility of this approach in a future publication.
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Nonlinear numerical curve fitting is sometimes sensitive to the initial estimate of the
parameters. If this initial estimate is too far off from true values, fitting could fail. The
present results show that the EMM is very sensitive to the parameters o and g. Thus,
accurate fits to data are difficult to obtain when the initial estimate of these parameters is far
from true values, particularly when the initial phase of rapid uptake is undersampled. On the
other hand, the high level of sensitivity for & and g was needed to fit data accurately at early
times after contrast injection, and improved fits resulted in increased diagnostic accuracy.

The EMM, in its present form, does not require an AlF but could be adapted to
accommodate an AIF, which may reduce variability and systematic error. A number of
reliable methods have been developed for the measurement of the AIF, including the
reference tissues method [37-39]. The AlF obtained using one of these approaches could be
deconvolved from raw data, and the result could be fitted with the EMM. Alternatively, to
reduce the error of deconvolution due to noise, one could fit raw data using the EMM and
then deconvolve the fitted curve from the measured AlF.

This is a pilot study with a limited number of patients, and the results do not conclusively
demonstrate advantages of the EMM. However, the results are promising and justify further
effort to develop and test this method with a larger number of patients.
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Fig. 1.

The contrast concentration curves (open circle) calculated from the average signal over the
ROI using Eq. (1) are plotted as a function of time for (A) benign, (B) DCIS and (C) IDC
lesions. The fitted curves (solid lines) obtained from the EMM demonstrate goodness of fit.
The ROI are shown in images next to the plots.
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Fig. 2.

The contrast medium concentrations (open circle) calculated from the average signal over
the ROI using Eq. (1) are plotted as a function of time for the (A) liver, (B) heart and (C)
vessels. The fitted curves (solid lines) obtained from the EMM demonstrate goodness of fit.
The ROI are shown in images next to the plots. The location of the liver, heart and vessels is
indicated by arrows.
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Fig. 3.

Plot of uptake rate (o) versus washout rate () obtained by fitting the contrast concentration
curves with the EMM for 6 benign lesions and 12 malignant lesions. Triangles inside
squares indicate IDC. There is clear separation between benign and malignant lesions,
although one of the benign lesions is an outlier.
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Fig. 4.

Plots of calculated secondary parameters (A) enhancement slope at the peak versus time to
peak of enhancement and (B) curvature at the peak of enhancement versus time to peak of
enhancement for 6 benign lesions and 12 malignant lesions. The plots show that most benign
lesions have longer times to peak of enhancement, more gentle enhancement slopes and
smaller curvatures at the peak of enhancement compared to malignant lesions.
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Fig. 5.

The number of lesions classified by radiologists as ‘washout,” ‘plateau’ and “persistent’
based on the system proposed by Kuhl et al. for 6 benign lesions and 12 malignant lesions.
There is a clear overlap between benign and malignant lesions in the *plateau” and
‘persistent’ groups.
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(A-D) Plot of sensitivities of four parameters of the EMM based on Eqgs. (12)-(15). The

vertical axis is unitless and corresponds to changes in C(t) due to variations in each

parameter. The a value used in simulations does not cover the range seen in the data because

decay was too rapid at larger o values.
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Table 2

A summary of the secondary parameters time to peak of enhancement (Tpeak), maximum of contrast
concentration (Cmax), enhancement slope at the peak (ESpeax) and curvature at the peak of enhancement
(rcpeak) derived from the EMM for the same small ROI as in Table 1

Tp&ak (min)a Crnax (mM) ES (mM min_l) K peak

Benign 18.1+11.1 3.8+1.8 0.64+1.03 0.06+0.13
Malignant  5.09+8.02 5.7+2.9 2.32+1.58 0.23+0.17
Liver 0.91+0.37 2.8+0.7 3.49+1.53 1.67+1.00
Heart 0.42+0.11 5.1+2.7 12.0£5.42 8.61+4.88
Vessel 1.38+1.25 4.9+2.3 7.54+7.79 2.32+3.52

Data are shown for benign lesions (n =6), malignant lesions (DCIS=9, IDC=2 and ILC=1), liver, heart and vessels.

Values are reported as mean+S.D. for all slices.

a . - . . . .
For those curves that did not reach a peak within the duration of the experiment, we assumed a time to peak of 30 min.
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