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Abstract The aim of this study was
to correlate quantitative dynamic
contrast-enhanced MRI (DCE MRI)
parameters with microvessel density
(MVD) in prostate carcinoma. Twen-
ty-eight patients with biopsy-proven
prostate carcinoma were examined
by endorectal MRI including multi-
planar T2- and T1-weighted spin-
echo and dynamic T1-weighted tu-
rbo-FLASH MRI during and after
intravenous Gd-DTPA administra-
tion. Microvessels were stained on
surgical specimens using a CD31
monoclonal antibody. The MVD was
quantified in hot spots by counting
(MVC) and determining the area
fraction by morphometry (MVAF).
The DCE MRI data were analyzed
using an open pharmacokinetic two-
compartment model. In correspond-

Introduction

Prostate cancer has become a leading cause of morbidity
and mortality in men in Western countries. The risk of
developing clinical disease is presently assessed at ap-
proximately 13% [1]. In the next decades the increasing
natural life expectation will result in a further increase of

lated death rate [2].

ing anatomic locations the time shift
(At) between the beginning of signal
enhancement of cancer and adjacent
normal prostatic tissue, the degree of
contrast enhancement and the con-
trast exchange rate constant (k,,)
were calculated. The MVC and
MVAF were elevated in carcinoma
(p<0.001 and p=0.002, respectively)
and correlated to k,; (r=0.62,
p<0.001 and r=0.80, p<0.001, re-
spectively). k,,-values of carcinoma
were significantly higher compared
with normal peripheral but not cen-
tral zone tissue. At was longer in
high compared with low-grade tu-
mors (p=0.025). The DCE MRI can
provide important information about
individual MVD in prostate cancer,
which may be helpful for guiding bi-
opsy and assessing individual prog-
nosis.

Keywords Prostate carcinoma -
Dynamic contrast-enhanced MR
imaging - Angiogenesis -
Microvessel density

both the incidence of prostatic cancer as well as the re-

The main diagnostic problems for clinicians con-
cerned with prostate cancer include early detection, lo-
calization, and staging, as well as prediction of individu-
al aggressiveness. For curative treatment the identifica-
tion of early tumor stage in asymptomatic individuals is
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crucial. Early detection was significantly improved using
prostate-specific antigen (PSA) serum testing, and the
rapid increase of prostate cancer incidence during the
past two decades can partially be explained by this se-
rum test [3]. It is furthermore encouraging that the fre-
quency of cancers in the preinvasive phase with tumor
spread confined to the prostate has continuously in-
creased using PSA screening. In any case, however, sys-
tematic needle biopsy is performed to finally confirm the
presence of cancer and to assess the tumor grade.

The preferred treatment of early stage cancer confined
to the prostate is radical prostatectomy or conformal ra-
diotherapy. To select patients for radical prostatecomy
accurate preoperative staging is important, particularly
for identification of extracapsular extension, seminal
vesicle invasion, and distant tumor spread to avert un-
necessary surgery. The most commonly used clinical pa-
rameters for assessing the probability of organ confined
disease include digital rectal examination, PSA serum
level, and the Gleason grading after systematic sextant
biopsy of the prostate. Transrectal ultrasound (TRUS) is
essentially important for guiding biopies of the prostate
in patients suspected of having prostate cancer. After his-
tological confirmation MR imaging with an endorectal
surface coil (endoMRI) offers the most promise for local
staging, particularly for ruling out extraprostatic tumor
extension and seminal vesicle infiltration. The reported
staging accuracy of endoMRI for predicting extracapsu-
lar or seminal vesicle involvement varies from approxi-
mately 50 to 80% with considerable interreader variabili-
ty [4, 5]. Jager et al. [6] have shown that endoMRI can
be cost-effective in the presurgical evaluation of men
with moderate or high prior probability of extracapsular
disease, particularly to avert unnecessary radical prosta-
tectomy. Disadvantages of endoMRI are due to its low
specificity, but staging accuracy can be improved by
adding 3D proton MR spectroscopic imaging to the rou-
tine MRI protocol [7].

Even though desirable, however, there is presently no
reliable capability to discriminate between latent and po-
tentially aggressive tumors. Much research has gone into
the prognostic factors that can predict outcome in indi-
vidual patients with prostate cancer. According to the
Consensus Statements of the College of American Pa-
thologists in 1999 prognostic factors in prostate cancer
are divided into three categories [8]. Category 1 includes
factors that proved to be of prognostic importance (e.g.,
serum PSA level, TNM staging, Gleason grading). Cate-
gory-2 factors are extensively studied, but the clinical
value has to be validated in statistically robust studies
(e.g., tumor volume, DNA ploidy). Category-3 factors
have been shown to be promising but are not yet studied
well enough; of those, microvessel density and neuroen-
docrine differentiation are particularly promising.

Several studies have showed that tumor neovascular-
ization is correlated with an increased risk of distant me-

tastases and tumor recurrence after surgery as well as
poorer overall survival [9, 10, 11, 12]. The aim of this
study was to evaluate the potential of fast dynamic, con-
trast-enhanced T1-weighted MR imaging to predict mi-
crovessel density in prostate cancer for improved tumor
localization and characterization. For this purpose tumor
microvessel density was correlated with parameters char-
acterizing the kinetics of contrast enhancement.

Patients and methods

Twenty-eight patients (mean age 63.0 years, age range
56-70 years) with clinically localized and biopsy-confirmed pros-
tate cancer designated for radical retropubic prostatectomy were
included in this study. Informed consent was obtained in each pa-
tient. The TRUS (without color Doppler or contrast enhancement)
was carried out in all patients and showed suspicious findings in
25 cases. Serum levels of PSA and vascular endothelial growth
factor (VEGF) were determined preoperatively. Radical retropubic
prostatectectomy was conducted within 1 week after MRI.

MR imaging

Magnetic resonance imaging examinations were performed in
consecutive patients between June 1999 and April 2000 using a
1.0-T MR scanner (Magnetom Harmony, Siemens, Erlangen, Ger-
many) and a combined endorectal-body phased-array coil (Med-
rad, Maastricht, The Netherlands). The DCE MRI was performed
and evaluated without knowledge of the TRUS findings. Time in-
terval between biopsy and DCE MRI was 49.7+31.4 days (range
13-135 days). It was in 25 of 28 patients longer than 3 weeks,
which was shown to less likely affect staging accuracy [13]. Just
before MR imaging, 40 mg of hyoscine butylbromide (Buscopan,
Boehringer, Ingelheim, Germany) was administered intravenously
in all patients to suppress rectal peristalis.

Prostate and seminal vesicles were imaged using axial and co-
ronal T2-(TR/TE=4400 ms/120 ms) and axial T1-weighted
(TR/TE=700 ms/12 ms) turbo-spin-echo sequences with 3-mm
section thickness, 0.3-mm intersection gap, field of view (FOV)
200 mm, and matrix size 225x256. Dynamic, contrast-enhanced
MR imaging was performed using an inversion recovery turbo
fast low-angle shot (FLASH) sequence (TR/TE=1300 ms/4.2 ms,
effective inversion time (TI) 654 ms, flip angle 13°, FOV
360 mm, matrix size 128x128). Ten slices with 4-mm slice thick-
ness and 0.8-mm intersection gap were subsequently recorded
leading to an acquisition time of 13 s for each repetition. In total,
22 repetitions were acquired. With beginning of the third repeti-
tion 0.1 mmol/kg of gadopentetate dimeglumine (Magnevist,
Schering, Berlin, Germany) was injected through a cubital vein
by a short constant rate infusion within 30 s using a variable-
speed infusion pump (Spectris MR Injector, Medrad, Maastricht,
The Netherlands).

Histopathological analysis

Prostatectomy specimens were fixed in 10% neutral buffered for-
malin for 24 h. The organ was completely sliced and paraffin em-
bedded according standard protocols so that anatomical regions
could be easily reproduced [14]. Briefly, four- to five-step sections
(8 mm) were made in a plane perpendicular to the long axis of the
urethra, which corresponded to the sections used for axial MR im-
aging. Each slice was cut in half according to the right and left
side of each lobe. The ventral and dorsal segments were embedded
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Fig. 1 a Axial T2-weighted MR image (turbo-spin-echo sequence, Immunohistochemistry

TR/TE=4400 ms/120 ms) showing organ-confined carcinoma in
the right peripheral zone as circumscribed low signal intensity area.
b Dynamic contrast-enhanced MR-image (turbo FLASH, TR/
TI/TE=1300 ms/654 ms/4.2 ms) before and approximately 1 min
after start of intravenous contrast medium application demonstrat-
ing fast signal enhancement of the tumor area compared with nor-
mal peripheral zone (PZ) and central zone (CZ). Operator-defined
irregular regions of interest (ROIs) outlining areas of carcinoma
(red) as well as adjacent normal PZ (yellow) and CZ (green) are
displayed on corresponding images on the right. ¢ Prostatectomy
specimen of the dorsal segment of the right lobe showing tumor
bulk within the right peripheral zone. d Signal-time curves of se-
lected ROIs demonstrating signal enhancement characteristics of
carcinoma compared with normal PZ and CZ

separately and numbered consecutively from the apical to the bas-
al regions, so that the location of each lesion within the prostate
could be accurately noted. Sections of tumor tissue were stained
with hematoxylin and eosin for tumor classification according to
the International Union against Cancer TNM classification, Sth
edition, 1997. The grading was performed according to Gleason
and Mellinger [15]. Regions representing the main tumor bulk
were determined by light microscopy as outlined on the glass cov-
er. Small areas of histological multifocal tumors were not included
in the study. High-grade tumors correlated to Gleason scores 7-10,
low-grade tumors to Gleason scores 2—6. One pathologist (R.G.)
reviewed all cases for the present study.

For detection of antigenic sites a biotin—streptavidin amplified in-
direct immunoperoxidase method was used as described previous-
ly [16]. Briefly, 3-um-thick serial sections were cut in a SM200R
microtome (Leica, Nussloch, Germany) and deparaffinized using
standard protocols. Antigen retrieval was performed in a micro-
wave oven at 900 W 3x5 min in a citrate buffer (pH=6.0). For
demonstration of CD31 a monoclonal antibody (Dako, Hamburg,
Germany) was used at a 1:20 dilution and an overnight incubation
at 4°C in a dark humid incubation chamber. The secondary anti-
body was applied for 30 min and the streptavidin—alkaline phos-
phatase conjugated complex (Dianova, Hamburg, Germany) was
added for 30 min after washing in TBS. The use of the substrate
naphthol with the chromogen Fast Red (Boehringer, Mannheim,
Germany) resulted in a red amorphous precipitate at the binding
site. Counterstaining was performed with Mayer’s hematoxylin
(Merck, Darmstadt, Germany). Sections for morphometrical eval-
uation were not counterstained. Slides were mounted in Kaiser’s
glycerin gelatine (Merck, Darmstadt, Germany). Incubation with
preimmune serum, instead of the primary antibody, served as neg-
ative control.

Microvessel density

Microvessel density was assessed as described previously [17] by
light microscopy in areas of invasive tumor containing the highest
numbers of capillaries per area (“hot spots”). Areas of highest neo-
vascularization were found by scanning the tumor at low magnifi-
cation and identifying those areas of invasive carcinoma with the
greatest number of microvessels per area. Individual microvessel
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counts (MVC) were made on a X200 field (x20 objective and x10
ocular, 0.74 mm? per field) or by using a 10x10 square ocular grid
(0.16 mm?). Three individual fields were counted per hot spot.

Morphometry was carried out in a modified and adapted meth-
od as previously published [16]. Vascular density was determined
with the aid of a Leitz Orthoplan microscope (Leica, Bensheim,
FRG) coupled to a RGB camera (Leica, Bensheim, Germany) fol-
lowing visualization on a high-resolution display monitor (Leica,
Bensheim, Germany) combined with the semi-automatic image an-
alyzing system Quantimed Q500MC (Leica, Bensheim, Germany).
To measure vascular area, a threshold level was set so that objects
other than the selected color scale were illuminated, distinguishing
between objects of positive immunoreactivity and the counter-
stained background. The area (um?2) of all highlighted objects was
measured by the computer in the designated field. Within the des-
ignated tumor region the area of microvessels in five fields of tu-
morous and the surrounding non-tumorous tissue of the tissue
block was measured at a 40-fold magnification (x4 objective and
%10 ocular). The mean area of microvessels of these five fields was
calculated, and subsequently, the area fraction (%) was determined
as the mean vascular area per measure field (MVAF). For the eval-
uation of the vascular area a computer program was used, supplied
with the Quantimed Q500MC (Leica, Bensheim, Germany).

Image analysis

Dynamic data were analyzed retrospectively on a separate worksta-
tion (VAX Alpha 3000/500, Digital Equipment Co., Maynard,
Mass.). For each patient one histopathological section showing the
main tumor bulk within the peripheral zone was selected, and the
tumor region was identified on anatomically corresponding T2-
weighted and DCE MR images. Contrast dynamic parameters were
evaluated from signal-time curves obtained in operator defined, ir-
regular regions of interests (ROIs) outlining areas of cancer and ad-
jacent normal tissue. The selection of ROIs was performed in coop-
eration with one radiologist (H.P.S.) and one pathologist (R.G.)
both having special expertise in prostate cancer imaging and pa-
thology, respectively. Location, size, and shape of the ROIs corre-
sponded to the main tumor bulk and the surrounding normal tissue
shown on histopathological specimens (Fig. la—c). Dynamic data
were analyzed by a least-squares fitting routine and a pharmacoki-
netic open two-compartment model providing the parameters de-
gree of signal enhancement (amplitude, A) and exchange rate con-
stant [ky; (min~1)] [18, 19]. Additionally, the time shift (At) be-
tween the beginning of the signal enhancement of cancer and adja-
cent normal tissue was calculated. A software package developed
by Hoffmann et al. was used for data postprocessing [20].

Statistical analysis

Statistical analysis was performed using SAS software (SAS for
Windows, version 6.12). Proof of significance was performed us-
ing Student’s ¢ test. The p values <0.05 were considered to be sig-
nificant. The association between the pharmacokinetic parameters
(A and k,,) and microvessel density was assessed by calculating
linear correlation coefficient.

Results

Dynamic contrast-enhanced MRI examinations of all 28
patients could be evaluated. Pathological confirmed can-
cer areas in the peripheral zone of the prostate were
characterized by low signal on T2-weighted MR images
in 22 of 28 cases (79%) or pronounced contrast enhance-

Fig. 2a, b Prostatectomy specimen demonstrating microvessels
(red, arrow) in a benign prostatic tissue and b tumor tissue by
staining of CD 31. Significantly more microvessels are found in
tumor tissue than in the surrounding non-neoplastic tissue. Origi-
nal magnification x12.5

ment in 19 of 28 cases (68%). In 25 of 28 of the cases
(89%) tumors could be depicted either on T2-weighted
and/or DCE MR images.

Representative ROIs outlining areas of carcinoma and
adjacent normal tissue together with the obtained sig-
nal-time curves are illustrated in Fig. 1. The ROIs within
regions of normal peripheral zone (PZ) and central zone
(CZ) could be defined in 26 cases. In 2 cases normal
prostate tissue was found only in the central zone, be-
cause the peripheral zone was completely infiltrated by
tumor tissue.

Pathological local tumor stage was pT, in 12 patients,
pT; in 15 patients, and pT, in 1 patient. Thirteen patients
had low-grade tumors and 15 patients had high-grade tu-
mors. Microvessels staining positive for CD 31 were
present in variable amounts in all sections studied with
an emphasis on the tumor compartment (Fig. 2). The
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Fig. 3 Box-Whisker plots of microvessel density determined as
the mean vascular area per measure field (MVAF) observed in ar-
eas of cancer and normal peripheral zone. The center horizontal
line indicates the median, the bottom and top edges of the box the
25th and 75th percentiles. The vertical line measures the range of
data. Significantly higher values of MVAF are observed in cancer
areas (p=0.002)
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Fig. 4a, b Box-Whisker plots of a amplitude (A) and b exchange
rate constant (k,;) obtained from ROIs outlining histopathologi-
cally proven areas of carcinoma, and adjacent normal PZ and CZ.
Values of k,, are significantly elevated in carcinoma compared
with normal PZ (p=0.008), whereas values from carcinoma and
CZ do not differ. No significant differences of A-values are found

mean area fraction of microvessels in the surrounding
non-neoplastic prostate tissue was significantly lower
than in tumor tissue (1.71+£0.62 vs 4.33+1.90%, p=0.002;
Fig. 3). The mean vessel count in tumor tissue was
93.4+30.1 for all tumors. High- and low-grade tumors
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Fig. 5 a Amplitude A and b exchange rate constant (k,;) obtained
from carcinoma ROIs as a function of microvessel density deter-
mined as the mean vascular area fraction. Values of k,; and micro-
vessel density are correlated (7=0.80, p<0.001)

Table 1 Mean and standard deviation of the degree of signal en-
hancement (amplitude, A) and the exchange rate constant [k,,,
(min-1)] obtained in carcinoma, normal peripheral zone (PZ), and
normal central zone (CZ) of the prostate. Data were calculated
from signal-time curves using a least-squares fitting routine and a
pharmacokinetic open two-compartment model

Carcinoma PZ CZ
A 1.09+0.50 0.99+0.60 1.18+0.55
k,, 2.75+1.77 0.98+0.80 3.29+2.58

exhibited a mean area fraction (MVAF) of 4.36+1.84 and
4.30+1.84% (p=0.93) as well as a microvessel count
(MVC) of 98+19.1 and 88+38.6 (p=0.43), respectively.

Calculated pharmacokinetic parameters A and k,, are
given in Table 1 and plotted in Fig. 4. k,,-values of car-
cinoma were significantly elevated compared with val-
ues of normal PZ (p=0.008). In contrast, k,,-values of
carcinoma and normal CZ did not differ. Additionally, no
differences were found between A-values of carcinoma,
normal PZ, and normal CZ.
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Fig. 6 Box-Whisker plots of relative time shifts (Ar) between the
beginning of signal enhancement in areas of normal PZ and low-
grade (Gleason score <6; n=13) as well as high-grade tumors
(Gleason score 27; n=15). Positive (negative) values indicate later
(earlier) enhancement of the tumor compared with the adjacent PZ.
In high-grade tumors signal enhancement starts significantly earlier
than in low-grade tumors (-9.0£22.9 vs 6.4+7.2 s; p=0.025)

A correlation was found between k,; and MVD. The
correlation coefficient was higher for MVD values eval-
uvated by semi-automatic image analyzing (MVAF;
r=0.80; p<0.001) than for MVD values evaluated by
counting (MVC; r=0.62; p<0.001). No correlation was
found between MVC/MVAF and A (r=-0.26/-0.22;
Fig. 5). Additionally, neither values of MVC/MVAF nor
pharmacokinetic parameters A/k,, were correlated with
T stage (r=-0.16/-0.33 and r=0.08/-0.20), Gleason grade
(r=0.28/0.11 and r=-0.01/0.05) or serum levels of PSA
(r=—0.13 /0.07 and r=0.13/0.11) and VEGF (»=0.10/-
0.08 and r=0.10/-0.08). Comparing low-grade (Gleason
score <6; n=13) and high-grade tumors (Gleason score
>7; n=15), significant differences were observed for the
time shift (At) between carcinoma and adjacent normal
PZ: the signal enhancement started significantly earlier
in high- than in low-grade tumors (-9.0£22.9 vs
6.4+7.2 s; p=0.025; Fig. 6). On the other hand, A- as
well as k,, values from low- and high-grade tumors did
not differ.

Discussion

For individual planning, monitoring, and optimization of
treatment strategies improved prostate cancer imaging
strategies are necessary for tumor characterization. Par-
ticularly, there is a great need to distinguish slowly
growing from aggressive tumors, which may early pro-
gress to present clinically and need to be eradicated by
radical prostatectomy. The Gleason grading system eval-
uating the glandular architecture is the most commonly
used grading system for estimating the likelihood of in-

dividual tumor aggressiveness; however, tumor aggres-
siveness cannot be predicted using histopathological cri-
teria alone.

Associations of tumor progression and vascular densi-
ty have been demonstrated for a variety of human tu-
mors, e.g., breast [21] and cervical cancer [22]. The liter-
ature contains several studies regarding the prognostic
value of MVD in prostate cancer, which was first noted
by Weidner et al. in 1993 [9]. A correlation was reported
of intratumoral MVD with tumor progression or recur-
rence-free survival [11, 12, 23], disease-specific survival
[10, 24, 25], and incidence of metastatic disease [9]. But
there are also conflicting studies published, which did
not find prognostic significance [26, 27].

Conventional contrast-enhanced T1-weighted MRI
after intravenous administration of Gd-DTPA does not
improve overall staging accuracy as compared with T2-
weighted MRI alone [4]. Image interpretation is limited
due to strong enhancement of the normal prostate (pro-
nounced in the central zone) as well as an inhomoge-
neous enhancement in case of BPH, which is very often
present in the age group of most prostate cancer patients
[28]. On the other hand, dynamic, contrast-enhanced
MRI has been shown to be of additional value for tumor
detection and staging, particularly in the peripheral zone
of the prostate [29, 30, 31, 32, 33].

Fast dynamic, contrast-enhanced MRI with high tem-
poral resolution enables quantification of particularly
early contrast enhancement characteristics and assess-
ment of parameters of microcirculation [34]. The under-
lying mechanisms causing different enhancement curves
after intravenous Gd-DTPA administration are complex
and depend on tissue specific factors which include the
number, perfusion, and permeability of the microvessels
as well as the cellular density and the size and physico-
chemical composition of the extracellular space, in
which the contrast media is distributed. In our study, sig-
nal-time data from DCE MRI were analyzed using a
pharmacokinetic open two-compartment model [18, 19].
According to this model Gd-DTPA enters after intrave-
nous administration the intravascular space (compart-
ment 1), and reaches the tissue by circulation. Dependent
on tissue perfusion and microvascular permeability, it
passes into the interstitial space (compartment 2) and re-
enters into the intravascular space, which can be de-
scribed with a linear exchange processes in both direc-
tions [18]. The first-order rate constants for the transfer
of Gd-DTPA from the intravascular (interstitial) to the
interstitial (intravascular) space is defined as k;, (k,;).
Gd-DTPA is finally eliminated from the intravascular
space by the kidneys described by the first-order rate
constant k;.

On the basis of our patient population, a correlation
was found between the tissue-specific transport parameter
k,, and the tumor microvessel density quantified by
counting (MVC) as well as determining the area fraction
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(MVAF). This correlation is reasonable because k,, de-
pends on perfusion and vascular permeability [18], which
is expected to be increased in tumor areas with higher mi-
crovessel density. Furthermore, the observed early signal
enhancement of high-grade tumors in the peripheral zone
point to an increased permeability and/or total area of
perfused vessels within the tumor as compared with low-
grade tumors and the adjacent normal prostate tissue
(Fig. 6). Accordingly, Padhani et al. reported a delayed
onset of signal enhancement after contrast administration
in the normal peripheral zone compared with the tumor
[32]. Rouviere et al. found that prostate cancer enhanced
more and earlier than peripheral zone and adenoma [35].
An increase of mean tumor maximal signal intensity and
mean tumor rise time was observed by Preziosi et al.
[36]. In a study performed by Tanaka et al., tumor detec-
tion was possible in some cases only by identifying areas
of early contrast enhancement [31]. Turnbull et al. found
significant differences of contrast exchange rate constants
also between tumor and BPH [37].

No differences of the amplitude in tumor and unin-
volved PZ or CZ and no correlation between the ampli-
tude and MVD in tumor areas were observed (Figs. 4a,
5a). In line with our observations, Padhani et al. found a
complete overlap of enhancement patterns of tumor and
normal-appearing tissue in the CZ [32]; however, an in-
creased signal enhancement in tumor compared with pe-
ripheral zone tissue was reported by Rouviere et al. [35]
and Preziosi et al. [36].

The measurement of the contrast exchange-rate pa-
rameter k,; may be helpful for assessing the prognostic
index, because it was found to be correlated with MVD
(Fig. 5b). It is important to note that histopathological
assessment of the number of small vessels alone may not
be a sufficient indicator of angiogenic activity, because it
does not necessarily reflect functional microvascular
characteristics such as perfusion or vessel wall leakage
[26]. Moreover, accurate preoperative assessment of
MYVD by needle biopsy is problematic due to tumor het-
erogeneity but may be improved using DCE MRI, which
may guide biopsy by identifying areas of high vascular
density (hot spots).

Published DCE MRI studies of prostate cancer were
performed with different MR sequences including spin-
echo and 2D saturation or inversion recovery turbo-
FLASH MR sequences. Jager et al. detected early and
rapidly accelerating signal enhancement of prostate can-
cer by using a magnetization-prepared turbo-FLASH se-
quence with an inversion pulse [29]. In our study, signif-

icant differences in enhancement patterns of tumor and
normal tissue were detected by using an inversion recov-
ery turbo-FLASH sequence. It is a shortcoming, howev-
er, that a linear relationship between the measured MR
signal changes and the Gd-DTPA tissue concentration
was not experimentally verified for the applied DCE
MRI sequence, as this was done for a saturation recovery
turbo-FLASH sequence by Hoffmann et al. [20]. Be-
cause enhancement characteristics depend on the em-
ployed DCE MRI sequence [38], results of different MR
examinations can be compared only in cases of compara-
ble examination protocols.

Another shortcoming of our study is that the accuracy
of the measured pharmacokinetic parameters may be in-
fluenced by the relatively low temporal resolution of
DCE MR imaging (13 s/repetition). Additionally, no
measurements were performed for the start enhancement
time of main arteries in the plane of the tumoral lesion
(lag time), which may correct for individual differences
in circulation time; however, differences of time shifts
between the start of Gd-DTPA administration and signal
enhancement do not impair k,; values using the method
of Brix et al. [18], because time shifts are separately fit-
ted as an independent parameter. It is important to note
that the shape of the signal intensity—time curve is deter-
mined only by the kinetic parameters k,, and k;, where-
by the influence of the systemic parameter k is largely
negligible during the initial wash-in phase, from which
the parameter k,, is eliminated [18]. The “wash-out” is
not a separate fit parameter using this model.

The use of MR sequences with higher temporal reso-
lution and new methods of curve fitting may enable a
faster and more accurate evaluation of contrast-enhance-
ment characteristics, particularly of the wash-out phase
[38], which has been shown to be a predictor of malig-
nancy in breast tumors. The use of macromolecular con-
trast media may further improve sensitivity and diagnos-
tic accuracy of DCE MRI [39].

Conclusion

Dynamic contrast-enhanced MRI has the potential to
provide important information about individual MVD in
prostate cancer. The use of DCE MRI to detect differ-
ences in perfusion parameters may be helpful for guiding
biopsy and assessing individual prognosis.
Acknowledgements We are grateful to M. Spith and A. Kappeler
for technical assistance.
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