Magnetic Resonance in Medicine 52:420—-429 (2004)

Microcirculation and Microvasculature in Breast Tumors:
Pharmacokinetic Analysis of Dynamic MR Image Series

Gunnar Brix,"” Fabian Kiessling,? Robert Lucht,” Susanne Darai,® Klaus Wasser,?

Stefan Delorme,? and Jirgen Griebel’

The purpose of this study was to quantify microcirculation and
microvasculature in breast lesions by pharmacokinetic analysis
of Gd-DTPA-enhanced MRI series. Strongly T,-weighted MR
images were acquired in 18 patients with breast lesions using a
saturation-recovery-TurboFLASH sequence. Concentration-
time courses were determined for blood, pectoral muscle, and
breast masses and subsequently analyzed by a two-compart-
ment model to estimate plasma flow and the capillary transfer
coefficient per unit of plasma volume (F/Vp, Kps/Vp) as well as
fractional volumes of the plasma and interstitial space (fg, f).
Tissue parameters determined for pectoral muscle (fp, = 0.04 +
0.01,f, = 0.09 = 0.01, F/Vp = 2.4 + 1.3 min™', and Kpg/Vp = 1.2 =
0.5 min™") and 10 histologically proven carcinomas (f, = 0.20 +
0.07, f, = 0.34 = 0.16, F/V, = 2.4 = 0.7 min™', and Kpg/Vp =
0.86 + 0.62 min™") agreed reasonable well with literature data.
Best separation between malignant and benign lesions was
obtained by the ratio Kpg/F (0.35 = 0.17 vs. 1.23 + 0.65). The
functional imaging technique presented appears promising to
quantitatively characterize tumor pathophysiology. Its impact
on diagnosis and therapy management of breast tumors, how-
ever, has to be evaluated in larger patient studies. Magn Re-
son Med 52:420-429, 2004. © 2004 Wiley-Liss, Inc.
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Breast cancer represents the most common malignancy in
females, constituting a major health problem, particularly
in developed countries. Conventional X-ray mammogra-
phy, supplemented by sonography, has been proven to be
the primary modality for breast imaging. However, despite
the important role played by X-ray mammography as a
diagnostic and screening tool, it suffers especially from a
limited specificity and thus leads to unnecessary breast
biopsies. Therefore, new noninvasive imaging strategies
are required for discriminating between benign and malig-
nant breast masses in women with equivocal findings in
conventional breast imaging or women with breast im-
plants, previous therapy, or predisposing mutations of tu-
mor suppressor genes. Besides positron emission tomog-
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raphy (PET), dynamic contrast-enhanced MRI is the most
promising approach providing information on tumor
pathophysiology for improved diagnosis and management
of breast lesions.

As summarized in recent review articles on dynamic MR
mammography (1-3), the kinetics of signal variation in
breast lesions after injection of a paramagnetic contrast
medium (CM) represents an important criterion for the
detection and differentiation of suspicious breast masses.
According to the analysis presented by Kuhl et al. (4), a
persisting (accumulating) enhancement pattern or a wash-
out phenomenon over a period of time of about 5-6 min
after the initial perfusion phase is a strong indicator for
benign and malignant lesions, respectively.

Although the histopathological basis of the different en-
hancement patterns in breast masses is not yet fully un-
derstood, it is well known that angiogenesis, i.e., the for-
mation of new vessels, is an important aspect (5,6). Mi-
crovessels in solid tumors exhibit a series of severe
structural and functional abnormalities: They are often
dilated, tortuous, elongated, and saccular and show an
incomplete or even missing endothelial lining and an in-
terrupted basement membrane. Moreover, there is an an-
archic vascular organization of microvessels accompanied
by significant arterio-venous shunt flow (6).

To gain further insight into contrast enhancement in
breast lesions and its histopathological basis, it is neces-
sary to study tumor microvasculature and microcircula-
tion in more detail in vivo. To this end, various MR studies
were performed to quantify different aspects of contrast
enhancement using either simple compartment models or
principles of indicator-dilution theory (7-15). With the
exception of a double-tracer method used in an animal
model (14), these techniques, however, do not allow dis-
tinguishing between the two relevant physiological trans-
port processes, namely, the transport of CM through tissue
vasculature by regional blood flow and its permeation
across microvascular walls into the interstitial space.
Therefore, it was the aim of this study to investigate the
applicability and potential of a compartment approach
(16), which offers the possibility to estimate regional blood
flow and capillary permeability as well as volume frac-
tions of the intravascular and interstitial space.

PATIENTS AND METHODS
Patients

The population examined in this study included 18 fe-
males ages 27—81 years (mean age, 50.4 years) with suspi-
cious breast lesions detected by means of physical exam-
ination (inspection, palpation), X-ray mammography,
and/or sonography. Exclusion criteria were pregnancy at
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the time of study and the presence of metal implants.
Breast lesions were either proved by histology following
breast biopsy/surgery or, in the case of two fibroadenomas,
by follow-up examinations over more than 9 months. The
study was approved by the institution’s Human Ethics
Committee. Moreover, written informed consent was ob-
tained from all patients after the nature of the procedure
had been fully explained.

MR Imaging

MR imaging was performed with a 1.5 T whole-body MR
system (MAGNETOM Vision; Siemens, Erlangen, Ger-
many) using the circular-polarized body coil for RF trans-
mission and a double-breast coil for RF detection. The
patients lay prone on the breast coil with the arms ex-
tended above the head.

In the first step, precontrast 3D FLASH images were
acquired (repetition time, TR = 12 ms; echo time, TE =
5 ms; flip angle, « = 35°; slice thickness, TH = 4 mm;
matrix size = 256 X 256; field of view (FOV) = 320 mm; 32
transaxial slices). On the basis of these static images, two
transaxial sections were defined (FOV = 320 mm, TH =
6 mm) crossing the lesion and the aorta for further evalu-
ation.

In order to estimate precontrast T, relaxation times of
blood, pectoral muscle, and breast lesions, seven T,-
weighted images were acquired from each slice before CM
administration in eight consecutive patients using a spe-
cially optimized saturation-recovery-TurboFLASH (SRTF)
sequence (TR = 10 ms, TE = 4.1 ms, a = 12°, raw matrix
size = 256 X 128, image matrix size = 256 X 256) with
recovery times of Ty = 100, 300, 600, 900, 1200, 1500,
3000 ms. Preparation of the spin system was done by six
nonselective 90° pulses, separated by intervals of decreas-
ing length, during which the actual transversal magnetiza-
tion was dephased by gradient spoiler pulses. This prep-
aration scheme resulted in an almost complete cancella-
tion of the longitudinal magnetization, even in the case of
an imperfect magnetic RF field (7).

Using the same sequence, strongly T,-weighted (Tgrye =
125 ms) images were acquired from the same cross s be-
fore, during, and after intravenous administration of
0.1 mmol Gd-DTPA (MAGNEVIST; Schering AG, Berlin,
Germany) per kg body weight at a constant rate over 30 s
with an infusion pump (CAI 626P/Tomojet; Doltron AG,
Uster, Switzerland). In all patients, 128 images were mea-
sured per slice over a period of 6.9 min with an interval of
3.25 s between successive images. After a pause of
~80 s, required for image reconstruction and storage, 40
SRTF images per slice were additionally acquired in eight
consecutive patients with the same sequence and timing.

Image Postprocessing

Image postprocessing was performed on a personal com-
puter using IDL (Interactive Data Language, v. 5.2, Re-
search Systems, Boulder, CO). As a first step towards a
more sophisticated kinetic analysis, the spatial pattern of
contrast enhancement was displayed. To this end, a color-
coded parameter map per slice was computed from the
initially acquired 128 SRTF images by means of a simple
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kinetic model used in previous studies (7). Based on the
color-coded maps, which visualize both the degree and
rate of MR signal enhancement, regions of interest (ROIs)
were placed over the central part of the aorta, the pectoral
muscle, and the region within the breast lesion with the
highest and fastest enhancement. The ROIs were trans-
ferred to the corresponding T,-weighted SRTF images to
compute average signal intensities as a function of the
recovery or measurement time, respectively.

Conversion of Signal-Time Courses Into Concentration—
Time Courses

Signal analysis was performed with the program package
SigmaPlot (v. 7.101; SPSS, Chicago, IL).

As shown theoretically and by phantom experiments
(7,17), the signal intensity S of images acquired with the
SRTF sequence can be described in a good approximation

by:

S =p[1 — exp(=Trec/ T, [1]
where p is the T-weighted proton density and T, the
longitudinal relaxation time. After administration of a
paramagnetic CM, T, has to be replaced under “fast ex-
change” conditions (18) by:

1

1
)
T~ Tog + 2C10

(2]

with T,, the tissue specific precontrast relaxation time, «
the frequency-dependent relaxivity of the CM in plasma
(4.3 mM™ s for Gd-DTPA at 1.5 T and 37°C (19)), and C;
the average CM concentration in the tissue. According to
Egs. [1] and [2], concentration-time courses can be com-

puted from the measured signal-time courses by:
) o
with S, the precontrast signal.

Precontrast relaxation times T, of blood, pectoral mus-
cle, and breast lesions were estimated in eight patients
from the SRTF data acquired with different recovery times
by a nonlinear regression analysis according to Eq. [1]. For
blood and muscle tissue, the average T,, value was calcu-
lated and used to estimate the corresponding tissue con-
centrations for all females by means of Eq. [3]. In contrast
to normal tissues, breast lesions are characterized by a
much greater inter- and intraindividual variability, and
thus individual T,, values must be measured as pointed
out by Tofts et al. (8). In order to avoid additional mea-
surements and thus an elongation of the overall measure-
ment time in routine breast imaging, we investigated an
alternative approach to determine precontrast T, times of
breast lesions directly from the precontrast values S, of the
acquired signal-time courses. The approximation method
is based on the observation that a Taylor expansion of Eq.
[1] gives a linear relationship between the precontrast

signal S, and the longitudinal relaxation rate 1/T,, for
Tric < T, as realized in the present study. The same holds

Ci(t) = m -In { S, — exp(Trec/ Tio) * ( S, -



422
2 plasma (central) P
CA0) » compartment »
Cp. Vp
Kps

interstitial (peripheral)
compartment

CI, l/,I

FIG. 1. Two-compartment model to describe the transport of Gd-
DTPA through capillaries and its bidirectional transport between
plasma (mean concentration, Cp; volume, V) and interstitial space
(mean concentration, C;; volume, V). C,(t) is the plasma concentra-
tion in a tissue feeding artery, F the capillary plasma flow, and Kpg
the capillary transfer coefficient.

true for the relative signal S,/S%!, where S% is the SRTF
signal evaluated in a fatty tissue region near the breast
lesion considered, since interindividual variations in fatty
tissue are negligible in good approximation. In contrast to
the absolute signal S, of a lesion, the relative signal S,/Sf"
does not depend on the actual adjustment of the MR sys-
tem, and image scaling and thus a linear relation:

1/ Ty = k- S5/ S5, [4]

can be established, which makes it possible to estimate the
precontrast relaxation rate of a breast lesion directly from
the signal ratio S,/S™. The proportionality factor k was
determined by linear correlation analysis using the T,
values evaluated in eight women as described above. Cor-
relation between both variables was tested at a significance
level of P = 0.05 by calculating Spearman’s rank correla-
tion coefficient rg (SigmaStat; v. 2.03; SPSS).

Pharmacokinetic Modeling

The pharmacokinetic model used to analyze the concen-
tration—time courses measured in tissue is shown in Fig. 1;
a detailed derivation of the model was presented in a
previous article (16). According to this open two-compart-
ment model, tracer transport through the capillary plasma
compartment (with mean CM concentration Cp and vol-
ume Vp] and its transport into the interstitial space (with
mean concentration C; and volume V}) is described by the
following pair of mass balance equations:

dCp(t)
Vp dr F(C, — Gp) — Kps(Gy — C), [5]
and
dG(t)
\4 = Kps(Cp — ), [6]

dt

Brix et al.

where F is the capillary plasma flow and K4 the capillary
transfer coefficient. Mean concentrations of the extracellu-
lar CM in arterial blood plasma C,(t) (the arterial input
function) were calculated from mean blood concentra-
tions, Cg(t), determined from the dynamically acquired
MRI datasets by C,(t) = Cx(t)/(1 — h,,,,) with h,, =~ 0.45 the
hematocrit in major vessels. The total tissue concentration,
Cr, related to the measurable increase of the MR signal
according to Eq. [3], is given by:

Cr(t) = foGo(t) + LC(D), [7]

where f, = Vp/Vy and f; = V;/ V. are the volume fractions
of the plasma and the interstitial distribution space within
the examined tissue volume Vi, respectively.

Pharmacokinetic analysis was performed with the pro-
gram MKMODEL (v. 5.0, Biosoft, Cambridge, UK) using
the model described by Egs. [5-7]. The following indepen-
dent tissue parameters were estimated (besides the lag-
time) from the concentration—time courses C.(t) and C,(1):
F/Vp, Kps/Vp, fo, and f; (note: Kpg/Vy = Kps/Vp - fo/fD).
Errors in the final fit parameters were computed via the
covariance matrix.

According to the complex mathematical analysis pre-
sented in Refs. 20,21, the mean residence times for CM
particles passing through the plasma compartment and the
interstitial compartment are given by:

Vi Ve
F f, F-

v,
MRT) = 5

and MRT; = [8]

The sum is the system mean residence time MRTg

Ve +

MRTs = —F = MTTs, [9]

which equals the system mean transit time MTTg. Whereas
the mean transit time gives the average time required by a
CM particle to flow from the inlet of a (sub)system to its
outlet (by whatever path), the residence time refers to the
time that a particle remains in the compartment under
study. Transit and residence times are identical for (sub-
)systems if all material leaving cannot reenter. Since both
quantities refer to an infinitely short CM input, there is per
definition no reentry of CM when considering the system
as a whole, and thus MRTg = MTTs.

To be comparable with data presented by other groups,
the regional blood volume per unit tissue mass rBV (in
ml/100 g) and the regional blood flow per unit tissue mass
rBF (in ml/min/100 g) was computed according to:

Ve Je
BV hgm-a-hge 0
and
I‘BF:m:I‘BV"/P [11]
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where h,, ~ 0.25 is the hematocrit in small vessels and
m = pV; is the mass of the soft tissue with density p =
1.04 g/cm® in the examined tissue volume V.

To investigate the potential of the pharmacokinetic anal-
ysis presented, model parameters were estimated for all
women from concentration—time courses with 128 data
points acquired every 3.25 s over 6.9 min. The significance
of differences in the estimated tissue parameters of benign
and malignant lesions was tested by applying the Mann-
Whitney rank sum test at a significance level of P = 0.05.
To assess the effect of different measurement strategies on
the accuracy of parameter estimation, different reduced
datasets were derived from the concentration—time curves
measured in eight breast lesions with a sampling time of
3.25 s over the long acquisition time of 10.4 min (reference
strategy, S1) by omitting data points. By this approach, the
following five sampling strategies S2—S6 (characterized by
the tuple “total acquisition time/sampling time”) were
simulated: S2: 10.4 min / 6.5 s, S3: 10.4 min / 13.0 s, S4:
10.4 min / 26.0 s, S5: 6.9 min / 3.25 s, and S6: 3.45 min /
3.25 s. For each sampling strategy, the evaluation yielded
different estimates X{% for the i = 1,...,4 fit parameters (fp,
fi F/Vp, and Kpg/Vp) and the j = 1,...,8 lesion considered.
To evaluate the sampling strategies S2—S6 against the ref-
erence strategy S1, the mean relative deviation:

Xy - X

X(l) [12]

“ 32

i=1j=1

was computed.

RESULTS

Histological evaluation of suspicious breast masses in 16
patients yielded nine ductal invasive carcinomas, one lob-
ular invasive carcinoma, five fibroadenomas, and one in-
flammatory lesion. The other two women suffered from a
known fibroadenoma with a diameter of 26 mm and
31 mm, respectively. The widest diameter of all examined
lesions was 24 = 11 mm (mean *= SD; range, 8—53 mm).

For blood and pectoral muscle, nonlinear regression
analysis yielded precontrast T, values of 1348 * 94 ms
(range, 1222—1487 ms) and 607 *+ 85 (range, 458—699 ms),
respectively. In Fig. 2, the T, relaxation rates evaluated by
nonlinear regression analysis in eight breast lesions are
plotted vs. the corresponding lesion-to-fat signal ratios.
Linear regression analysis yielded a slope of k = 2.83 s™*
for the regression line. Statistical analysis confirmed a
highly significant linear correlation between both quanti-
ties (P < 0.001, rg = 0.952), which justifies the approxi-
mation method for T, determination described by Eq. [4].
Based on the established regression line, T, values of
between 558-1030 ms were estimated for the 18 breast
lesions. Relaxation times were slightly lower for the 10
carcinomas (770 = 146 ms) than for the 8 benign lesions
(875 = 107 ms).

The independent model parameters fp, f;, F/Vp, and
Kyg/Vp determined for the six different sampling strategies
S1-S6 are plotted in Fig. 3 for eight breast lesions. The
mean relative deviations 3® between the fit parameters
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FIG. 2. Relation between precontrast relaxation rates R, = 1/T, and
lesion-to-fat signal ratios measured in four breast carcinomas and
four fibroadenomas. Symbols and error bars represent T, values
and corresponding uncertainties, respectively, estimated by a non-
linear least-squares fit. The solid line gives the result of a linear
regression analysis through the origin and the dotted curves the
95% confidence interval.

determined for the sampling strategies S2—S6 and those for
the reference strategy S1 were 8.4% (S2 vs. S1), 25.1% (S3
vs. S2), 22.8% (S4 vs. S1), 10.8% (S5 vs. S1), and 62.6%
(S6 vs. S1).

In Fig. 4 the fit parameters f;, f;, F/Vp, and Kpg/Vp esti-
mated from concentration—time curves acquired over
6.9 min with a sampling time of 3.25 s (strategy S5) as well
as the corresponding derived parameters rBV, rBF, MRT),
MRT,, fi/fp, and Kpg/F are presented separately for the 10
malignant and the 8 benign lesions. Significant differences
in the median values between the two groups were found
for fp, F/Vp, rBV, rBF, MRTp, MRT;, and K,g/F. Best sepa-
ration between malignant and benign lesions was obtained
by the ratio Kps/F (0.35 = 0.17 vs. 1.23 * 0.65). Choosing
a cut-off level of K;,g/F = 1, the 10 carcinomas and 6 of 8
benign lesions were classified correctly.

To illustrate the quantitative results, representative con-
centration—time curves determined from the aorta, two
fibroadenomas, and two carcinomas are presented in Fig. 5
along with the fitted model parameters. The average peak
concentration in blood plasma was 1.2 * 0.2 mM (range,
0.72-1.49 mM). Concentration—time courses of breast
masses show a variable pattern: After a fast initial increase,
the curves show either a further slow increase (Fig. 5b,e) or
a slow decrease (Fig. 5¢,d) over a period of about 5 min. As
demonstrated by the plots, this behavior can be explained
physiologically by separating the bulk tissue concentra-
tion into its plasma and interstitial component. Lesions
with a continuously increasing bulk tissue CM concentra-
tion after the initial perfusion phase had a volume ratio
fi/fo of 4.2 £ 2.6 (range, 1.3-9.1) and those with an almost
constant or decreasing concentration of 1.0 = 0.2 (0.8—
1.3).

Signal enhancement observed in the pectoral muscle
upon Gd-DTPA administration was markedly lower than
that found in breast masses. Due to the resulting poor
signal-to-noise ratio of the dynamically acquired MR data,
the concentration—time courses could not be analyzed on
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FIG. 3. Comparison of parameters estimated for eight breast carcinoma and six different sampling strategies (S1: 10.4 min/3.25 s, S2:
10.4 min/ 6.5 s, S3: 10.4 min/13.0 s, S4: 10.4 min/26.0 s, S5: 6.9 Min/3.25 s, and S6: 3.45 min/3.25 s; for details see text). (a) fp, (b) f,, (c)
F/Vp, and (d) Kps/Ve. The symbols show the individual parameter values while the horizontal lines indicate the corresponding mean values.

Please note that some data points overlap.

an individual basis with the proposed pharmacokinetic
model. To overcome this limitation, individual concentra-
tion—time curves determined from blood and muscle tis-
sue were averaged. The resulting curves are shown in Fig.
6. Pharmacokinetic analysis yielded the following tissue
parameters: f, = 0.04 = 0.01, f; = 0.09 = 0.01, F/V}, =
2.4 = 1.3 min™", and Kpg/Vp = 1.2 = 0.5 min™". Based on
these data, the following derived parameters were calcu-
lated for muscle tissue: rBV = 5.1 * 1.7 ml/100g, rBF =
12.5 * 7.8 ml/min/100g, MRT,, = 25 * 14 s, and MRT; =
56 £ 34 s.

DISCUSSION AND CONCLUSION

The method investigated in the present study offers the
potential to separately characterize both capillary blood
supply and tracer exchange between the plasma and the
interstitial tissue compartment by means of dynamic MRI.
The following discussion will focus on the two major steps
of our approach: First, conversion of signal-time into con-
centration—time courses by an appropriate MR signal
model and, second, pharmacokinetic analysis of the de-
rived concentration—time curves.

The SRTF sequence used for breast imaging allows for
the acquisition of strongly T,-weighted images with a high
temporal and spatial resolution and thus offers the poten-
tial to detect both the fast kinetics of contrast enhancement

and lesion architecture. As demonstrated by Fig. 2, pre-
contrast T, relaxation times can be estimated directly from
the dynamic SRTF image series in order to convert mea-
sured signal-time courses into concentration—time courses
according to Eq. [3]. The mean T, value of 1348 * 94 ms
estimated for whole blood falls into the range of mean T,
values (1180-1470 ms) measured at 1.5 T in different
studies as summarized by Barth and Moser (22). Analysis
of the T, relaxation times of the 18 breast lesions investi-
gated yielded somewhat lower T, values for carcinomas
(770 = 146 ms) than for benign lesions (875 * 107 ms).
These relaxation times, which were determined by means
of the simplified approximation technique (cf. Fig. 2), are
in agreement with average values of 711 ms and 857 ms
reported by Hulka et al. (9) for malignant and benign breast
lesions, respectively.

Besides the accuracy of tissue-specific precontrast T,
relaxation times, the reliability of the signal model de-
pends on two further assumptions: First, that differences
in the relaxivity a of protons in the different tissue com-
partments can be neglected. Although recent studies pro-
vide evidence that relaxivities are affected by the content
of macromolecules (19,23), which may differ between the
various tissue compartments, the error introduced by this
effect cannot be evaluated at present due to the lack of
tissue-specific data. Second, that water diffusion within
tissue compartments and water exchange between them is
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FIG. 4. Model parameters estimated for 10 malignant and 8 benign breast lesions from concentration-time curves acquired over 6.9 min
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show the individual parameter values while the horizontal lines indicate the corresponding mean values. The group of benign lesions
comprises five histologically proven fibroadenomas (O), two fibroadenomas proven by follow-up examinations (A), and one histologically
proven inflammatory lesion ({J). Please note that some data points overlap.

fast enough so that the relaxation of the bulk longitudinal
magnetization can be described by a single relaxation time
(18).

Whether water diffusion within a compartment is fast
enough so that an averaged compartmental magnetization
can be assumed depends on the distance that water can
diffuse during the time period between RF excitation and
detection. Assuming a typical diffusion coefficient for wa-
ter in soft tissues of D = 10 cm?/s, a mean net diffusion
length in unbounded 3D space of \6 * D - Tgge = 27pm is
derived for a recovery time of Ty = 125 ms (18,24). This
distance is comparable with the dimension of a medium-
sized mammalian cell but less than the mean intercapil-
lary distance of 49 pm measured in a mammary adenocar-
cinoma (25). However, to accurately determine the time it
needs for a given volume element to equilibrate with its
surrounding, it is necessary to solve the 3D diffusion equa-

tion under the appropriate boundary and initial condi-
tions. For a spherical volume element of diameter 60 pm,
for example, it takes about 30 ms to equilibrate with a
surrounding medium whose particle concentration is con-
stant if the initial content of small particles in the sphere is
zero (26). It is thus a realistic assumption that water mol-
ecules diffuse quickly enough to be sufficiently well mixed
in each tissue compartment during the recovery time of
125 ms.

More critical, however, is water transport across com-
partmental boundaries. The relevance of boundaries de-
pends on the rate of water exchange across the membrane
relative to the difference in the relaxation rates between
the compartments. Based on the exchange rates presented
in a review article by Donahue et al. (18) and the concen-
tration—time courses computed in this study, red blood
cells and plasma can be described as a single vascular
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FIG. 5. Representative concentration-time curves determined from (a) the aorta, (b) a fiboroadenoma with low and slow contrast enhance-
ment, (c) a fibroadenoma with high and fast contrast enhancement, (d) a low differentiated lobular invasive carcinoma, and (e) a low
differentiated ductal invasive carcinoma. The symbols show the experimentally determined concentrations, whereas the curves give the
results of the pharmacokinetic analysis (solid line: total tissue concentration, Cy; dashed line: intravascular contribution, f5 - Cp; dash-dot-

dot line: interstitial contribution, f, - C)).

compartment with a uniform relaxation rate. The same
holds true for parenchymal cells and the interstitial fluid,
which can be described as a uniform extravascular com-
partment. The difference between the relaxation rates es-
timated for these two compartments on the basis of the
computed concentration—-time curves and T, relaxation
rates, however, reaches values of up to 5 s in the exam-
ined breast lesions at the end of the perfusion phase,
where the CM concentration in blood is highest. Since this

value is comparable with the exchange rates of 1-7 s™
given in the mentioned review article for normal tissues,
water exchange between the vascular and extravascular
compartment is in the intermediate-exchange regime at
that point in time in breast tumors. Taking all aspects into
account, it can be concluded that under the experimental
conditions realized in our patient study, diffusion of water
within and between tissue compartments is intermediate
to fast. Unfortunately, there are no specific data available
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FIG. 6. Concentration-time courses determined from (a) the aorta
and (b) the pectoral muscle. Data were averaged after aligning the
individual curves in a way that the initial increase of the blood curves
occurs at the same point in time. For details, see Fig. 5.

that characterize water exchange in breast tumors, and
thus it is, at present, not possible to assign the exchange
regime more precisely. Therefore, the reliability of our
approach has to be assessed on the basis of the estimated
tissue parameters.

The paramagnetic CM was administered in our study
over a period of 30 s, which is longer than the circulation
time of blood of about 20 s. For this reason, the CM is well
mixed in larger arteries. This is verified by the measured
blood curves presented in Figs. 5a and 6a, which show a
nearly linear increase during the constant-rate CM admin-
istration over 30 s, followed by a decrease immediately
after its end. Quantitatively comparable blood-curves were
observed in a previous CT study after administration of the
low-molecular-weight contrast agent ioprimide over 30 s
(16). The mean peak Gd-DTPA concentration at the end of
the administration phase was 1.2 * 0.2 mM. This value is
only slightly below the blood concentration of 1.4 mM
calculated for a standard person (body weight, 70 kg; blood
volume, 5 1) after administration of 0.1 mmol/kg-bw Gd-
DTPA under the assumption that extravasation can be
neglected.

Data presented in Fig. 3 indicate that it is a reasonable
compromise between accuracy of parameter estimation
and practicality of the measurement procedure in clinical
routine to acquire dynamic MR data over 6.9 min with a
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sampling time of 3.25 s (strategy S5). Doubling the sam-
pling time from 3.25 to 6.5 s (strategy S2) or increasing the
total measurement period from 6.9 to 10.4 min (strategy
S1) yielded tissue parameters which differ in average less
than 10.8% and 8.4%, respectively. Further reduction of
the temporal resolution or especially of the total measure-
ment time, however, resulted in large errors in the fitted
tissue parameters and is thus inadequate for quantitative
analysis of functional processes in breast lesions.

A basic assumption of pharmacokinetic models is that
compartments are well stirred, which means that any CM
entering a compartment is instantaneously distributed
throughout its entire volume. Whereas this is a good ap-
proximation for the interstitial space, it is a crude simpli-
fication of the complex situation in capillaries, because
spatial variations of the CM concentration along microves-
sels are neglected (27,28). For this reason, axially distrib-
uted capillary models have been developed (29). These
complex models, however, have too many confounding
parameters generally not known for tumor tissue. On the
other hand, the simplifying assumption of a well-stirred
capillary compartment used in our approach may result in
numerical estimates for the transport parameter Kpg that
differ from the permeability surface area product, PS, de-
termined by axillary distributed capillary models.

To assess the validity of our compartment approach,
concentration—time courses measured from the pectoral
muscle were analyzed. The mean values estimated for
blood volume (5.1 = 1.7 ml/100g) and blood flow (12.5 =
7.8 ml/min/100g) are above the range of blood volume
(1.8—4.7 ml/100g) and blood flow (2—-7 ml/min/100g) data
determined for resting muscle tissue by PET or plethys-
mography (references quoted in Ref. 16). This discrepancy
may be explained—at least in part—by the fact that pec-
toral muscles were not examined under resting conditions
in our study since the patients lay prone on the muscle
with the arms extended above the head. It is interesting to
note, on the other hand, that the mean values determined
in the present study for pectoral muscle tissue are nearly
identical with mean values of rBV = 4.9 = 1.3 m1/100g and
rBF = 12.0 = 5.4 estimated for human neck muscle by
dynamic CT upon administration of the nonionic CM io-
promide by means of the same pharmacokinetic model
and software implementation as used in the present study
(16). Since contrast-enhanced CT measurements are not
affected by water exchange, the good agreement between
the functional parameters determined with dynamic CT
and MRI for muscle tissue makes a strong argument that
MR data can be analyzed under the assumption of fast-
exchange conditions for this type of tissue and the mea-
surement conditions realized. The relative fractions of the
plasma (f, = 0.04 = 0.01) and interstitial tissue compart-
ment (f; = 0.09 = 0.01) also coincide well with the scarce
literature data available for muscle tissue. For skeletal
muscle of the rat, Gullino et al. (30) and O’Connor and Bale
(31) reported a relative fraction of the interstitial volume of
0.16 = 0.07 and 0.14 £ 0.02, respectively. Appelgren et al.
(32) give a relative volume of the extracellular space (=
fo + f) of 0.13.

Figure 4a reveals that both plasma and interstitial space
in the examined breast carcinomas are much larger than in
muscle tissue (fp: 0.20 * 0.07 vs. 0.04 * 0.01; f;: 0.34 =
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0.16 vs. 0.09 = 0.01). The estimated interstitial tumor
volumes are consistent with mean values of f; = 0.33-0.60
summarized in a comprehensive review article by Jain (33)
for a variety of experimental sarcoma and carcinoma of the
rat.

Only a few studies on blood flow through breast tumors
in humans have been reported so far. Data published to
2000 are summarized in a review article by Vaupel and
Hockel (6). Despite similar histological classification and
primary site, the reported blood flow values vary consid-
erably between 8 and 80 ml/min/100g. In more recent
studies using PET and O-15-labeled water, whole-tumor
blood flow in breast carcinomas was determined to be
14.9 = 2.5 ml/min/100g (34) and 30 * 14 ml/min/100g
(35). Compared to these data, the blood flow of 61 * 25
ml/min/100g measured in the present study for 10 un-
treated carcinomas is in the upper range. It should be
noted, however, that we did not determine blood flow in
the whole tumor but rather in tumor regions with the
highest and fastest contrast enhancement. Moreover, lim-
itations in the temporal and spatial resolution of dynamic
PET measurements in patients can result in a systematic
underestimation of blood flow.

In an experimental study, Daldrup et al. (12) measured
microcirculation in R3230 mammary adenocarcinoma im-
planted in the mammary fat pads of rats using Gd-DTPA as
tracer. This investigation yielded mean values of f, =
0.08 * 0.02, F/V, = 3.0 + 1.1 min™, and Kpg/V, = 0.6 =
0.2 min™. Taking into account that the implanted tumors,
which were examined at an early stage of growth, may
have a different microvasculature as compared to sponta-
neous breast carcinomas in humans, these values are in
reasonable agreement with those estimated in the present
study.

Best separation between benign and malignant breast
lesions was obtained in our study by the ratio Kg/F. This
parameter was less than 1 in all carcinomas and on average
greater than 1 in benign lesions. Choosing a cut-off level of
Kps/F = 1, all 10 carcinomas and 6 of 8 benign lesions
were classified correctly. However, larger prospective pa-
tient studies are required to validate the clinical relevance
of the parameter Kpo/F for differential diagnosis of breast
lesions. From a physiological point of view, the data pre-
sented in Fig. 4e reveal that contrast enhancement in hot
spots of breast carcinomas is permeability-limited,
whereas in 6 of 8 benign lesions it is flow-limited. It
should be noted in this context that PS (and thus K},g) can
be higher than F because it defines the transport of tracer
that could be achieved if capillary concentration was
maintained at the arterial level throughout capillary length
(36). Our results do not confirm the hypothesis of Kuhl et
al. (4) that an increasing or decreasing CM concentration
over about 5-6 min after the initial perfusion phase is a
strong indictor for a benign and a malignant lesion, respec-
tively (cf. Fig. 5b—e). According to our data, this pattern of
concentration—time courses is primarily determined in
breast lesions by the volume ratio f;/f,—a tissue parameter
that does not discriminate between malignant and benign
lesions, as demonstrated in Fig. 4e.

The pharmacokinetic properties of conventional CM
make them an ideal probe for studying the chances of
circulating low-molecular-weight compounds to distribute
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into the interstitial space of defined tissues. This is partic-
ularly interesting for solid malignant tumors as, in this
case, the transport of systemically administered drugs
through the vascular and interstitial space to the target
cells is one of the major problems of anticancer drug ther-
apy (37). According to Eq. [8], the mean residence time of
CM particles in the interstitial compartment, MRT;, can be
derived from model parameters fitted to the concentra-
tion—time curves. For the examined breast carcinomas,
this analysis yielded a mean residence time of 52 = 36 s,
which is comparable with the value of 56 = 34 s deter-
mined for muscle tissue

In conclusion, the proposed pharmacokinetic analysis of
dynamic MR data offers promising prospects to quantita-
tively characterize tissue microcirculation and microvas-
culature in tumors. Although our approach is not yet val-
idated in all details, the agreement of the results with
published data indicates that it can be employed to im-
prove our understanding of tumor pathophysiology. Its
impact on diagnosis and therapy management of breast
tumors, however, has to be evaluated in larger patient
studies.
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