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ABSTRACT

Dynamic studies of Gd-based contrast agents in magnetic resonance

imaging (MRI) are increasingly being used for tumor characterization as
well as therapy response monitoring. Because detailed knowledge regard
ing the pathophysiological properties, which in turn are responsible for
differences in contrast enhancement, remains fairly undetermined, it was
the aim of this project to: (a) examine the relationship between contrast
enhanced dynamic Mifi-derived characteristics and histological microves
sel density counts, a recognized surrogate of tumor angiogenesis, from
primary or recurrent cancers of the uterine cervix; and (b) correlate these
parameters with lymphatic involvement to characterize tumor aggressive
ness in terms of lymphatic spread.

Pharmacokinetic parameters (amplitude, A; exchange rate constant,
k21)were calculated from a contrast-enhanced dynamic M@ series in 55
patients (ages 25-72 years; mean, SO years) with biopsy-proven primary
(n 42) or recurrent (n 13) uterine cervical cancer. Both pharmaco
kinetic parameters were correlated to histologically determined microves
sel density counts (factor Vifi-related antigen) and other pathological
tumor characteristics obtained from the operative specimens after radical
surgery. In addition, the magnetic resonance and histological data were
correlated to the presence or absence of lymphatic system involvement.

Pharmacokinetic Mm-derived parameters (A and k21) increased with
increasing histological microvessel density counts with r 0.41 and 0.50,
respectively. Lymphatic involvement was more comprehensibly assessed
by the pharmacokinetic parameter k21 compared with histological mi
crovessel density, resulting in a higher sensitivity, overall accuracy, and
comparable specificity. Contrast-enhanced MRI parameters might prove
to be applicable for estimation of tumor angiogenesis in uterine cervical
cancer; thus, MIII may become an additional tool to characterize malig
nant progression in terms of lymphatic involvement in uterine cervical
cancer.

INTRODUCTION

A fundamental concept in oncology is that the growth of solid
tumors, beyond a certain size, is dependent on formation of new
microvessels (1â€”4),often with enhanced vascular permeability. As
this process of tumor growth and angiogenesis proceeds, the chances
of hematogenous or lymphogenous spread increase significantly. Re
cently, numerous studies have shown a statistically significant corre
lation between increased intratumoral microvessel density and the risk
of lymphatic metastasis to local lymph nodes and distant sites or
decreased survival of patients with tumors of different origin (2â€”4).In
uterine cervical carcinoma specifically, tumor microvessel density has
been demonstrated to correlate strongly with tumor aggressiveness
(e.g., risk of lymphatic involvement and disease-free survival; Refs.
5â€”7).
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Dynamic studies of Gd-based contrast agents in MR!2 are increas

ingly being performed for tumor characterization as well as response
monitoring. Dynamic contrast-enhanced MRI using macromolecular
paramagnetic contrast agents demonstrated that the rate of change in
signal enhancement is related to tumor perfusion and vascular density
(8â€”10).In addition, functional imaging is likely to be further en
hanced by the development of quantitative MRI methods in conjunc
tion with a suitable pharmacokinetic model to allow a more detailed
parametrization of contrast enhancement with respect to tumor vas
cular density, vascular permeability, and the size of the extracellular
space of tumors ( 11â€”14).

However, because detailed knowledge regarding the pathophysio
logical properties, which in turn are responsible for differences in
contrast enhancement, remains fairly undetermined, the aim of this
project was: (a) to examine the relationship between contrast
enhanced dynamic MRI-denved characteristics and histological
microvessel density counts, a recognized surrogate of tumor angio

genesis, from tumors in patients with primary or recurrent cancer of

the uterine cervix; and (b) to correlate these parameters with lym
phatic involvement to characterize tumor aggressiveness in terms of

lymphatic spread.

PATIENTS AND METHODS

Patients. This study was conducted between December 1993 and Novem
ber 1996. To qualify for this study, patients had to have a histopathological
diagnosis of a primary or recurrent cervical carcinoma. In all cases, the MRI

procedure was performed within 1â€”6weeks before surgery. The study was
approved by a medical ethics committee. Written informed consent was
obtained from all patients after the nature of the MRI procedures had been fully
explained.

Initially, 65 patients with primary (n â€”45) or recurrent (n = 20) carcinoma

of the cervix were included in this study. Ten patients were excluded from the
data analysis due to different reasons: (a) one patient terminated the MRI study
due to claustrophobia; (b) six were found to be inoperable due to extensive
pelvic side wall infiltration; and (c) in three patients, data analysis was not
possible due to artifacts caused by patient movement. The remaining 55

patients with primary (n = 42) or recurrent (n â€”13) cervical carcinoma form

our study group for correlation of pharmacokinetic MRI findings with histo
logical microvessel density and histopathological diagnosis. Patients with

recurrent disease had been treated before MRI with surgery (n = 7, Wertheim
Meigs operation) or a combination of operation and postoperative radiotherapy
(n 6, Wertheim-Meigs operation and postoperative pelvic external irradia
tion ranging from 30â€”45 Gy). The time interval between initial treatment of

the primary carcinoma and the time of suspected tumor recurrence ranged from
4â€”154months (mean, 34 months). Surgical treatment consisted of radical
hysterectomy (n 30) or pelvic exenteration (n = 25) with pelvic lymph node
dissection in all cases.

2 The abbreviations used are: MRI, magnetic resonance imaging; SRTF, saturation

recovery, turbo fast low-angle shot; ROl, region of interest; DTCMV, distance to closest
microvessel; MR. magnetic resonance; VEGF, vascular endothelial growth factor; FOV,
field of view; TR, repetition time; TE, echo time; TH, section thickness; Gd-DTPA.
gadolinium megluminpentetate; CM, contrast material.
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MRI FOR ASSESSMENT OF ANGIOGENESIS OF CERVICAL CARCINOMA

MIII Protocol. MRI was performed with a 1.5-Tesla system [Magnetomkinetics of the relative signal enhancement can be described by themodelSP
4000, and as of April 1996,with a Magnetom VISION (Siemens,Erlangen,Germany)]

using the body coil (n = 16), a pelvic surface coil (n = 24), orafour-element
body phased-array coil (n = 15) for signal detection. Respiratory

motion artifacts were reduced by using a belt that restrained abdominalSce(t)
I + A' ( k,,:@ -k,: @,( k2t@@ s0 1a @e ,e @e,emovements

and a slice-selective saturation pulse that canceled out signalsfromthe
abdominal wall. Vascular pulsation artifacts were reduced with the useofspatial

presaturation (approximately at the level of the descendingaorta).A

sagittal Fast Low Angle Shot (FLASH) sequence served as a localizer.
T2-weighted turbo spin-echo images (TR!l'E = 2800â€”4200/93â€”120ms;k21

d b - 1

a k@i(k21 k@1) an â€”(k â€”ket)@FOV
= 180â€”350mm; TH = 5â€”7mm; turbo factor = 3â€”15)were obtainedintheaxial
and sagiftal planes to image the entire pelvis from below the inferior aspectDuring the infusion (0 < t < t) ofthe CM, the identity t' = t has to beused,of

the pubic bone up to 15. Ti-weighted spin-echoimages(TRIFE 600/15 ma;afterward the identity t' t. It is a remarkable property of this equationthatFOV

= 180â€”350mm;Th = 5â€”7mm) wereacquiredbeforeand about5 mm afterapart from multiplication by the multidimensional amplitude A, the shapeofadministration

of Gd-DTPA (Magnevist; Berlex, Wayne, NJ).the temporal response SCM(t)/Sois determined in the approximationdescribedFor
the dynamic analysis, an especially optimized SRTF sequence with aonly by the kinetic parameters k21and k@1(Fig. 1).The three parameters k@1,kei,high

temporal resolution of 1.4 s was used (12). The preparation periodand A were determined by least-squares fitting of the measured data. Bythispreceding
the FLASH imaging part (TR!fE = 10/4 ms; FOV = 220â€”360mm;approach, the complete tissue-specific information contained in asignal-timematrix

size = 256 x 128 interpolated to 256 X 256; TH = 5â€”7mm; onecurve is condensed to two parameters: (a) the rate constant k21,characterizingexcitation)

consisted of six nonselective 90-degree pulses, each of which wasthe velocity of the tissue-specific signal enhancement; and (b) the amplitudeA,followed
by a gradient spoiler pulse, which was used to dephase the actualreflecting the degree of MR signal enhancement. The amplitude A, whichcantransversal

magnetization. The length of the recovery period between thebe understood as an asymptotic degree of relative signal enhancement iftherepreparation
interval and the measurement of the dominant Fourier line of theis no CM elimination, depends on three tissue-specific parameters: (a) onthek

space was chosen to be TR@ = 200 ms. For the SRTF sequence, a linearprecontrast tissue relaxation time Ti; (b) on the tissue-specific relaxivity;andrelationship
between measured signal enhancement and the contrast material(c) on the fraction of the extracellular volume (1 1, 12). As proven bycomputerconcentration

of gadopentetate dimeglumine was established in a reasonablesimulations, k21 can be determined reliably in the range k21 < 13 min â€˜.Thisapproximation
by phantom measurements similar to those described in Ref. 12.limit corresponds to a distribution time of t21 = 1n2/k21 that is in the orderofPositioning
of the SRTF images was performed in the sagittal or axial planeone-quarter of the temporal sampling interval (13s).(depending

on the maximum tumor extension) so that the entire cervical tumorTo reduce the number of images and facilitate visual interpretation,awas
examined systematically with 8â€”10cross sections. From each slice, 22color-coding scheme (Fig. 1) was applied that used a reference matrix tocolorSRTF

images were measured with a temporal resolution of 10â€”14s. Thiscode both the amplitude (A) and the exchange rate constant (k@1).Overlayingresulted
in a total acquisition time of 4â€”5mm. Data analysis was done off-linethe color-coded parameters on the SRTF images allows thepharmacokineticon

a VAX Alpha 3000/500 (DEC; Maynard) using self-made software (12). Toinformation of contrast enhancement to be combined with thecorrespondingreduce
the effects of operator dependency on injection times and to quantitatemorphological image. To automate this approach, Hoffmann et a!. (12) devel

the contrast-enhanced MR signal, the dosage as well as the application tech oped a software package for processing the dynamic images on a pixel-by
nique of the contrast agent was standardized. A total dose of 0. 1 mmolpixel basis for each section and for the colored overlay. The automateddataGd-DTPA/kg

body weight was injected iv. by a short constant-rate infusionprocessing, including data transfer and postprocessing analysis, requiredonlywithin
30 5 using a variable-speed infusion pump (CA! 626P; Doltron AG,20â€”30 mm, and it can be done in a clinicalsetting.Uster,

Switzerland). Infusion was started simultaneously with the measurementThere are significant variations in the individual patients from the timeofof
the third repetition with the first imaging section.i.v. contrast medium injection until its arrival at the uterine cervix. To takethisComputation

of Pharmacokinetic Parameters from Dynamic Mifiinto account, the data analysis was fitted to the time-signal enhancement intheMeasurements.
The data analysis is based on the pharmacokinetic opencommon iliac arteries. Therefore, a ROI was placed in the left and/orrighttwo-compartment
model shown in Fig. 1 (11). According to this model, thecommon iliac vessels. The baseline signal intensity at the time point immedi

equation:

with

(1)

(2)

Fig. 1. Illustration of a pharmacokinetic two
compartment model describing the physiological
mechanism of Gd uptake in tissue (left) and a
two-dimensional color table of the parameters
(right). Left. the highly permeable microvessels
(dashed lines) allow gadopentetate dimeglumine to
enter the interstitial space. However, gadopentetate
dimeglumine cannot enter the tumor cells (white
arrow). In the pharmacokinetic model used, cx
change rate constant k2, is influenced by microves
sel permeability and/or vascular density, whereas
amplitude A is correlated with the total extracellu
lar space containing the interstitial space and the
intravascular volume. Right, a two-dimensional
color table of both pharmacokinetic parameters.
Each of the 16 different colors reflects a discrete
interval of amplitude A (0.1 < A < 0.4,
0.4 < A < 0.8, 0.8 < A < 1.2, and A > 1.2) and
the exchange parameter k2, (min â€˜;0 < k2, < 1.6,
1.6< k21< 3.2.3.2< k2,< 4.8,andk2,> 4.8).
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ately preceding signal intensity increase was determined to be the starting
value for further pharmacokinetic data analysis.

MR-guided Histopathological Analysis. Because the preoperative MR
images were given to the pathologist, all surgical specimens obtained by
radical hysterectomy or radical exenteration were cut carefully in a sagittal or
axial plane resembling (with an approximate accuracy of 3â€”5mm) the sections
obtained by pharmacokinetic MRI. Histological type and grade according to
the modified Broder's system were obtained from routine H&E-stained 5cc
tions. The specimens from radical surgery or pelvic exenteration were pro
cessed by macroslide technique to verify histopathological tumor extension;
depth of cervical invasion; parametrial, bladder, and/or rectal involvement; and
invasion of the lymphatics. The feature of lymphatic infiltration was classified
according to a three-point scale (1 = no, 2 = moderate, and 3 = strong
lymphatic involvement). Additional details concerning the characterization of
lymphatics have been published elsewhere (6). Four sections from each re
moved lymph node were scrutinized for tumor metastases. Lymphatic system
involvement was defined as lymph node and/or lymphatic vessel involvement.

Immunohistochemical Staining for Factor Vill-related Antigen. Mac
roslide sections of 5 p.m were stained with immunohistochemical factor
VilI-related antigen. Criteria for vessel counting were those established by
Weidner et aL (2), and each ROI was counted twice. For each tumor, eight
areas with the highest density of microvessels (hot spots) were identified at a
x 100 magnificationon sections stainedwith factor VIlI-relatedantigenand
marked with a 2 x 2-mm rectangle for detailed vessel counting and pharma
cokinetic Mifi correlation. In the marked areas, histological microvessel den
sity was estimated by counting the total number of stained vessels independ
ently by two investigators (W. W. and C. W). In addition, in 15 tumors, the
histological microvessel density was estimated by determining the distances
between random points within the tumor to the closest microvessel (DTCMV)
in histological sections stained for factor VIII-related antigen. DTCMVs were
measured by a computerized image analysis system, as described in a recent
publication (6).

Histopathologically Guided Pharmacokinetic Mill Analysis. Because
areas of specific high vascular density could be defined on the macroslides as
anatomical landmarks, we were able to set similarly sized and positioned ROIs
(approximately 3â€”6 @2)@ the respective pharmacokinetic parameter im
ages. Hence, it was possible to compare the pharmacokinetic MRI parameters
to microvessel density counts in similar anatomical locations.

Statistical Analysis. The statistical analysis was performed using SAS
software (SAS for Windows, Version 6.10; SAS, Cary, NC). Ten histological
ROIs were randomly selected to measure the interobserver and intraobserver
variability of histological microvessel density by using a coefficient of van
ance analysis. The percentage coefficient of variation for the histological
counts obtained from triplicate observations was taken as a qualitative meas
urement of the reproducibility error for the method. Also, the variance was
calculated for the histological microvessel density measurements in the parallel
5-@.tm-thick tumor section.

To test the difference in the pharmacokinetic parameter values as well as in
the histological microvessel density for the parameter, patient age, tumor size,
and tumor grading, the exact two-sample t test was used (if necessary, with
correction for unequal variances with the two-sample Wilcoxon's rank-sum

test).
The correlation between phanmacokinetic parameters (A and k21)and the

histological microvessel density was calculated by using linear and ln-trans
formed correlation coefficient r. For the dichotomous variables, we used the x@

test. To estimate the joint ability of pharmacokinetic as well as histological
parameters to predict the true lymphatic system status, the determination
coefficient @2has been used. The criterion to select the cutoff points for the
dichotomization of the pharmacokinetic as well as histological parameters was

the greatest overall accuracy determined by means of the receiver operating
curve analysis.

and pharmacokinetic parameters from the 55 study patients are sum
marized in Table!.

For 15 tumors, the vasculanity was determined from both the
computer-aided DTCMV and the operator-dependent histological mi
crovessel density counts with a mean deviation of 15% (6). The intra
and interobserver variabilities in measurements of histological mi
crovessel density were 4 and 7%, respectively. Intratumoral vascular
heterogeneity from microregion to microregion was fair, and the mean
vascular density values on the macroslide specimens exhibited a
significant (P < 0.05) correlation. However, tumor vascularity cx
pressed by the mean vascular density values from the macroslide
specimens exhibited pronounced interindividual heterogeneity (Table

1). The highest microvascular density tumor had a mean of 46 vessels
compared to 7 microvessels for the tumor with the poorest vascular
density (mean Â±SD = 26 Â± 10 vessels).

The mean values of A and 1 calculated from the ROl analysis on
the pharmacokinetic MR images increased with increasing histologi
cal microvessel density (Table 1). The linear correlation coefficient
between the histological microvessel counts and the pharmacokinetic
parameters A and k21 was r = 0.41 or r = 0.46 (P < 0.001); the
log-transformed coefficients were 0.43 and 0.50 (P < 0.001), respec
tively (Fig. 2).

Tumors without lymphatic system involvement had a mean count

of 19 Â±10 vessels (n = 13), whereas tumors with lymphatic system
involvement had significantly (P < 0.05) higher counts (28 Â±9
vessels; n 42; Fig. 3). Highly significant differences (P < 0.001)

were found in the mean k21 values in patients without (k21 = 2.1 Â±1.0
min I;@ = 13) or with (k21 = 6.9 Â±7.0 min I; n = 42) involvement
of the lymphatic system (Fig. 3). Examples of a well-vascularized

tumor and a poorly vascularized tumor are shown in Figs. 4 and 5.
Although tumors with lymphatic involvement tended to have higher
mean values of A (1 .7 Â±0.5 versus 1.5 Â±0.4), differences were not
significant (P = 0.12).

The significant differences in the histological microvessel density
counts or in the pharmacokinetic parameter 21 in patients with or
without lymphatic system involvement suggested that a threshold
value might be defined to separate these two groups. Using a linear
discrimination analysis, the best threshold values to separate these two

groups were selected for the histological microvessel density and the

pharmacokinetic value 21@ When a threshold value of 27 for the
histological vascular density or k21 of 2.4 min â€w̃as selected, a
similar specificity of 84 (1 1 of 13) or 77% (10 of 13) but a signifi
cantly (P < 0.05) higher sensitivity of 76% (32 of 42) was reached

using the k21 parameter compared to 55% (23 of 42) for the histolog
ical microvessel density value as a predictor of lymphatic system
involvement. In addition, the parameter k21 had a significantly
(P < 0.05) higher overall accuracy (76%) for predicting lymphatic
system involvement than did histological microvessel density (6 1%).

An example of a tumor with a low histological microvessel density yet
is lymphatic system positive and correspondingly high k21 values is

shown in Fig. 6.
When the relationships of individual and pathological variables,

patient age, tumor size, and grading to histological microvessel den
sity or pharmacokinetic parameters were studied by univariate regres

sion analysis, none of these variables revealed a significant correla

tion.

Fifty-five tumors were removed by radical hysterectomy or exen

teration and assessed by an in-depth histopathological and immuno
histochemical investigation. Patient ages, tumor stages, lymphatic

system involvement, mean histological tumor microvessel density,

A growing body of evidence supports the idea that tumor growth
and metastatic potential depend on the ability of a tumor to induce
angiogenesis (1â€”3,15, 16). The use of immunohistochemical methods
to determine whether a tumor has entered an angiogenic phase has
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Table 1 Patient characteristics, pathologicalfindings, and pharmacokinetic values

ri;;:Age(yr)His'@StagePre-Rx@'Diamete{NSdLAe@,4yP@J,4@k21'I46SC

2'lB1701101.01.0232SC
ILB3301272.03.0344SC
3lB4001170.92.2472SC
2IVA5011171.43.2561SC
2LIB3012231.513649SC
1LB3502331.02.6733SC
2LIIB4012260.94.085

1SC2IIB3003362.02.0935SC
2IIA2001131.01.21036SC
3R8'1702292.13.91
169SC3IIIB8003302.18.01253SC

2IIB3613162.02.01
332SC 3IIB6512362.16.614

1558 46SC
3

AD 2kR ILBS.
45 Gy50

470 13 220 242.4 2.02.06.21654SC

3IIB3013201.31.01753SC
2IIB4102341.9101848SC
2IIB2012311.93.51915SC

2R5, 45Gy3802151.22.72072SC
3IVA3013270.93.12131AD
1lB3401451.80.72258SC

2RS. 45Gy2801162.01.62368AD
3RS. 45Gy3903321.82.62451AD
2RS. 30Gy2503351.91.22552SC

2LB5213292.213.12633SC
2lB4002230.91.52744SC
3IIB3313321.613.12847SC
IILB3301191.62.02955SC
2IIB501382.15.63030SC
2IIB5002332.313.23171SC
2IVA5201231.51.33229SC
2LB5202402.06.03335SC
3RS3312361.813.13453SC
2lIE4002342.23.33538SC

3RS350171 .14.03656SC
2IIB3501161.53.63746SC
3IVA9913322.23.03869SC
3ILl4713191.0103949SC
3LIB3402341.82.44043SC

3R5, 45Gy3401252.23.74143SC
3IIB3102352.03.14272SC
3IIB310371.70.74379AD
3IIIB3102461.113.14467SC
2ILIB5001312.22.84525SC
3IIB4812162.13.54638SC
2IVA4513392.15.84761SC
3RS4503161.40.84871SC
2ILB2802401.913.14968AD
2RS3303191.41.65042SC
2IVA3302230.92.05149SC
3IIB6002131.10.95235SC
1lB4103180.41.35330SC
2RS1513262.34.05436SC
IRS2501111.51.65552SC

2IIB2512312.313.1

a His, histology.

b Pre-Rx, pretreatment of patients with recurrent disease.
C Tumor diameter determined at pathology (in millimeters).

d NS, nodal status (0, negative; 1, positive).
e LA, lymphatic vessel infiltration (I , no; 2, moderate; 3, strong).

I MVD, microvessel density/4 mm2.
C In arbitrary units.

hK inmin'.
I SC 1â€”3, grade of differentiation, squamous cell carcinoma.

J 5, surgery.

k AD. adenocarcinoma.

allowed investigators to evaluate the prognostic importance of tumor
associated microvessel density. Weidner et a!. (2) and other investi

gators (17, 18) demonstrated an association between tumor vascular
density and tumor progression in primary breast carcinoma. Similar
associations have been observed for a variety of human tumors, e.g.,

esophagus (3), lung (4), and bladder (19) tumors, and recently ob

served for uterine cervical cancer (5â€”7).The findings of all of these
studies suggest that a higher number of vessels increases the proba
bility for tumor cells to enter the blood circulation and/or the lym
phatics. In addition, tumor cells extravasate from blood vessels and

may invade directly afferent lymphatic vessels and provide the most
common pathway for tumor cells to embolize and extravasate into
regional lymph nodes (20). This pathway is especially common in
tumors with a rich lymphatic drainage, such as those of the uterine

cervix.
Presently, there is no single validated method for measurement of

this complex process of tumor angiogenesis. In the absence of such a
standardized assay, we have chosen histological microvessel density
as the best available indicator of tumor angiogenesis to compare with
pharmacokinetic MRI microvascular characteristics. A positive, but
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Fig. 2. Two-dimensional scatter diagram of the
histological microvessel density of 55 tumors plot
ted against corresponding ROI analysis of the phar
macokinetic MRI characteristics (A) amplitude A
and (B) exchange rate constant k21.Linear (Ampli
tude A) and ln-transformed (k21) fits are shown on
the plots. For linear and ln-transformed fits, the
coefficients were 0.41 and 0.50 for Amplitude A and
k21, respectively.
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less than perfect, correlation between the pharmacokinetic parameters
(A and k21) and histological microvessel density was found. Appar
ently, both pharmacokinetic parameters are influenced by tumor mi
crovessel density.

An important factor to be considered when interpreting correlation
coefficients is the number of patients included in a study. A high
coefficient in a small study group may be equivalent to a moderate
coefficient in a large study group. A coefficient of 0.41â€”0.50, con
sidering the number of patients in our study group, represents a
moderate but significant correlation between histological microvessel
density and pharmacokinetic parameters k21 and/or A.

The assumption of our pharmacokinetic model is that the parameter
k21 is influenced by vascular permeability and/or vascular density.
This hypothesis is supported by our data, yielding a positive correla
tion between parameter 21 and histological microvessel density.

Because the precontrast relaxation time (TI) did not show signifi
cant differences between malignant lesions and the MR sequence
parameters and the Gd-based infusion rates were kept constant, the
observed differences in A reflect the size of the extracellular space of
a lesion that consists of the intravascular blood volume and the
interstitial space. Because A reflects the total distribution volume of
Gd-DTPA in tumor tissue, when compared to 21@ a supplementary

a
.E@' 20'

Fig. 3. Microvessel density and pharmacokinetic parame
ter k21of 55 patients plotted agalnst a group of tumors with
(positive) and without (negative) lymphatic system involve
ment. Results are shown as mean (horizontal line) and SD
(0). Positive tumors had significantly (P < 0.05) higher
median vascularcounts (28 Â±9) than did negative tumors
(19 Â±10). La addition, tumors with infiltration of the lym
phatic system had a significantly (P < 0.001) higher mean k2,
value (6.9 Â±7.0 min 1) than did tumors without lymphatic
involvement (2.1 Â±1.0 min â€˜).
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Fig. 4. Demonstration of a representative example of a well-vascularized tumor with lymphatic involvement (patient 55) by (A and B) whole mount specimen and histological
microvessel density and (C and D) pharmacokinetic MRI characteristics. A. a mediosagittal whole mount specimen of the uterine cervix (H&E-stained) shows a large tumor infiltrating
the entire cervix (arrow). Note that the use of this giant cross-section specimen enables close correlation to respective sized and positioned pharmacokinetic MRI sections for interactive
ROl analysis. B, magnification (X 100) of one of the hot spots (square in A) reveals a high histological microvessel density (31 vessels). C, a corresponding mediosagittal
pharmacokinetic MRI slice shows an area (square) representing a high k21 value (k21 = 13.1 min â€˜)indicative of a high angiogenic activity as a marker for lymphatic involvement.
D. metastatic involvement of 12 of 30 sampled pelvic lymph nodes was confirmed by histological examination.
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Fig. 5. Demonstration of a representative example of a poorly vascularized tumor without lymphatic involvement (patient 1) by (A and B) whole mount specimen and histological
microvessel density and (C) pharmacokinetic MRI characteristics. A, a mediosagittal whole mount specimen of the uterine cervix (H&E-stained) shows a large tumor infiltrating the
entire cervix (arrow). B, magnification (X 100) of one of the hot spots (square in A) reveals a low histological microvessel density (10 vessels). C. a corresponding pharmacokinetic
MRI slice depicts an area (square) with a low k2, value (k2, = 1.0 min â€˜)indicative of a low angiogenic activity as a marker for no lymphatic involvement. Histological examination
confirmed no lymphatic involvement.
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Fig. 6. Demonstration of a poorly vasculanized tumor with
lymphatic involvement representative of a subgroup of patients
(patient 4) by (Aand B) whole mount specimen and histological
microvessel density and (C) pharmacokinetic MRI characteris
tics. A, a mediosagittal whole mount specimen of the operative
specimen (H&E-stained) reveals a large cervical carcinoma that
extends into the bladder and rectum (arrowheads). B, magnifi
cation of one of the hot spots (XlOO) reveals a rather low
histological microvessel density (17 vessels). C, a corresponding
pharmacokinetic MRI slice depicts an area (square) with a k2,
value (k2, = 3.2 min â€˜)indicative of a high angiogenic activity
as a marker for lymphatic involvement. Metastatic involvement
of 4 of 12 sampled pelvic lymph nodes was confirmed by
histological examination.
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explanation for the slightly lower correlation coefficient of parameter
A with histological microvessel density is that it is less representative
of microvessel density and more representative of vascular volume
per image voxel. An alternative to this is that the sizes of the
extracellular and interstitial spaces are different in most tumors than
those in normal tissues. Experimental data (20, 21) suggest that the
interstitial volume of tumors is significantly larger than that of normal
tissue, allowing more space in tumors for transport and accumulation

of molecules. This additional information may be contained in A, and
this type of tissue-specific information is not detectable by conven
tional MM.

Although the pharmacokinetic MR parameters do not perfectly
correlate with the histological microvessel density as a marker for
tumor angiogenesis, one cannot conclude that these new MR param
eters are inferior to the method using histological microvessel density
in expressing angiogenic activity. Evidence strongly suggests that
angiogenic activity is not only expressed by the number of tumor
vessels but is also reflected in the permeability of tumor vessels (22,
23). Tumor cells may produceseveralangiogenicfactorsthat induce
the formation of new microvessels with discontinuous basement
membranes and interendothelial gaps that are more leaky than mature
vessels, making them more permeable for tumor cells. Therefore, the

angiogenic activity of tumor neovascularization in the metastatic
process may be better defined by the microvessel density and the
leaky nature of these newly formed vessels, facilitating vascular or
lymphatic invasion. Therefore, we compared the value of the histo
logically determined microvessel density (a recognized surrogate of
tumor angiogenesis) and the pharmacokinetic parameters to charac
terize malignant progression in terms of lymphatic involvement in
uterine cervical cancer.

Our data confirmed that lymphatic system infiltration occurred
significantly and more commonly in tumors with a high vascular

density compared with those with a low vascularity. Our data can be

interpreted as pointing to a threshold of vascularization above which

lymphatic infiltration may occur, and this resulted in a high specificity
of 84%. However, there were a significant number of tumors that had
rather low histological microvessel density yet were lymphatic system

positive, which resulted in a very low sensitivity of only 55%, making
the microvessel density values in this group not helpful to characterize
lymphatic spread.

If only the number and not the permeability of tumor vessels was
responsible for increased angiogenic activity, then the low sensitivity
obtained with the histological method could not be explained. In

contrastto histologicalmicrovesseldensity,thepharmacokineticpa
rameter k21 showed a comparable specificity in excluding lymphatic
system infiltration but a significantly higher sensitivity and accuracy
in predicting lymphatic infiltration. This may be the result of an
increased vascular permeability observed in a group of tumors with
low histological vascular density and positive lymphatic spread. Ap
parently, histological microvessel density reflects only the anatomical

number of microvessels in the site of greatest vessel density, whereas
the k21 value may also reflect their permeability.

One of the most potent factors to increase angiogenic activity in
terms of vascular density and/or vascular permeability is the VEGF
(24, 25). There is ample evidence that increased microvascular per
meability regularly and perhaps invariably precedes and/or accompa

nies angiogenesis as it occurs. Increased VEGF activity has been
shown to occur in a variety of human tumors, e.g., brain, breast, and
ovarian tumors (26â€”28).Recently, increased VEGF expression has
also been shown in cervical carcinomas (29). Therefore, the transport
parameter 21 apparently reflects angiogenic activity more compre
hensively and in fact may be superior to histological microvessel
density.

The concept of adding lymphatic vessels as well as lymph nodes to
form groups to represent lymphatic involvement is 3-fold: (a) the
growth of tumor cells within a lymph node occurs via the lymphatic
vessels, which are abundant in the uterine cervix (30); (b) the data

drawn from the literature show that lymphatic vessel invasion is a
strong predictor for lymph node infiltration (31); and (c) lymphatic

vessel and lymph node infiltration are major predictors for tumor
recurrence and survival in patients with cancers of the uterine cervix,
and therefore both are important predictors of tumor aggressiveness
(32). In general, there is a decrease in the overall 5-year survival rate

of approximately 50% in cervical carcinoma when lymphatic infiltra
tion has occurred (31, 32).

Two shortcomings of our study should be mentioned: (a) the
ultimate value of a new marker reflecting tumor aggressiveness is
demonstrated by disease-free or overall survival of patients; and (b)

short follow-up times in the present study precluded evaluation of
disease-free or overall survival. Furthermore, there was an imbalance

of patients, with the majority having lymphatic involvement. If con
firmed by examination of more patients, longer follow-up times, and
correlation with other vascular angiogenic markers (such as VEGF),
the pharmacokinetic parameters could be used to estimate tumor
angiogenesis in uterine cervical cancer. In addition, dynamic MRI

characteristics may become a new, noninvasive, and more compre

hensive assay than histological microvessel density to estimate angio
genic activity in terms of lymphatic system infiltration in tumors of

the uterine cervix. The knowledge of angiogenic activity may also
influence pretherapeutic treatment decisions including antiangiogen
esis as a novel strategy directed against tumor vascularization.
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