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Abstract

The relations of dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) parameters to microvessel den-
sity (MVD), histologic grade, and presence of metastasis
were evaluated to establish new prognostic indicators in
colorectal cancer (CRC). Fast-low angle shot DCE-MRI
parameters (time-intensity curves, TICs; maximal relative
enhancement within the first minute, Emax/1; maximal rela-
tive enhancement of the entire study, Emax; steepest slope of
the contrast enhancement curve; and time to peak enhance-
ment) of 21 CRCs (seven Duke stage B, 12 Duke stage C,
and two Duke stage D) were retrospectively evaluated and
correlated with corresponding postoperative MVD measure-
ments, histologic grades, and presence of metastasis at 2
years. TICs were classified as type A in nine (43%), type B
in seven (33%), and type C in five cases (24%). There was
a significant difference between TIC types with regard to
MVD (p � 0.05–0.001). Time to peak enhancement, steep-
est slope of TIC, and Emax/1 were strongly correlated with
MVD (r � �0.765, p � 0.01; r � 0.681, p � 0.01; r �
0.634, p � 0.01; respectively). MVD, steepest slope of the
enhancement curve, Emax/1, and Emax strongly correlated
with histologic grade (r � 0.475, p � 0.05; r � 0.683, p �
0.01; r � 0.687, p � 0.01; r � 0.791, p � 0.01; respec-
tively). There was a significant difference between groups
of patients with and without metastasis with regard to
histologic grade (p � 0.05) and two of the DCE-MRI
parameters (p � 0.005 for Emax/1 and p � 0.05 for time to
peak enhancement). Discriminant analysis correctly pre-
dicted the metastatic occurrence at 2 years in 90.5% of
cases using Emax/1 (p � 0.001). Histologic grade resulted
in lower rates of discrimination (66.7%; p � 0.05). DCE-
MRI parameters may help in the prediction of MVD and

histologic grade in CRC and may be used to predict
therapeutic outcome.
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Colorectal cancer (CRC) is the second most common cancer
in the United States and the most common cancer in the
gastrointestinal tract [1]. Several factors have been evaluated
in primary CRC for prognostic significance. Commonly used
prognostic factors such as histologic grading and clinical
staging do not always effectively predict therapeutic out-
come [2].

Angiogenesis, the new capillary formation in tumoral
tissue, is currently being evaluated as a prognostic indicator
in several types of cancer [3–5]. The rationale behind this
evaluation is that tumor growth beyond a milimeter in solid
tissues cannot occur without vascular support [6–8]. Tumor
angiogenesis is generally assessed by counting microvessel
densities (MVDs). Being a direct technique, this assessment
has a significant shortcoming because it depends on the
availability of a postoperative tumoral tissue or an adequate
biopsy material [9].

To help in therapeutic or surgical planning, indirect mark-
ers of angiogenesis, such as blood measurement of angio-
genic factors and dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI), recently have been used [9].
Being noninvasive and rapid, these techniques carry signif-
icant advantages over direct methods, and they may be used
to monitor response to treatment in patients who had not
undergone surgical removal of their tumors [9].

In this study, the relation of DCE-MRI enhancement
parameters to MVD, histologic grade, and presence of me-
tastasis were evaluated to provide new radiologic prognostic
indicators in CRC.Correspondence to: N. Tuncbilek; email: drtuncbilek@hotmail.com
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Materials and methods
The study group comprised 21 patients (12 male, nine fe-
male; age range � 30–72 years; mean � 54.3 years; stan-
dard deviation [SD] 11.2) consecutively referred to our MR
unit with CRCs initially detected by barium enema (n � 4),
computed tomography (n � 8), and colonoscopy (n � 9).
The tumor was located in the rectum (eight cases), rectosig-
moid colon (four cases), sigmoid colon (three cases), de-
scending colon (one case), splenic flexure (one case),
transverse colon (two cases), hepatic flexure (one case), and
the cecum (one case). All cases were subsequently operated
on and diagnosed as adenocarcinoma.

As part of their presurgical workup, all patients were
investigated with a 1.0-T (�/�20 mT/m) superconductive
scanner (Magnetom Impact Expert, Siemens, Erlangen, Ger-
many). Conventional MR series (axial spin-echo T1, T2, and
fat-suppressed T2 weighted) were used to locate tumoral
lesions and to show their morphologic characteristics. After
these preliminary series, a precontrast axial turbo fast low-
angle shot (FLASH) sequence repetition time, 11 ms; echo
time, 4.2 ms; NEX, 2; flip angle, 25°; band thickness, 163
kHz; slice thickness, 5 mm; matrix, 134 � 256; interslice
gap, 1.5 mm) was applied to cover tumoral tissues (Figs. 1A,
2A, 3A).

After the precontrast turbo-FLASH sequence, patients
received 0.1 mmol/kg gadopentetate dimeglumine (Gd-
DTPA; Magnevist, Schering, Berlin, Germany) intrave-
nously through a peripheral line at 5 mL/s using a power
injector (Medrad Spectris, Maastricht, The Netherlands). In
the postcontrast sequence, eight turbo FLASH series, each
lasting 30 s, were performed sequentially in 4 min with

identical parameters as those used for precontrast sequence
(Figs. 1B, 2B, 3B). The onset for contrast injection and the
data acquisition were triggered synchronously. Precontrast
images were subtracted from the relevant postcontrast im-
ages to demonstrate differential tumoral enhancement.

Image analysis

Time-intensity curves (TICs)

TICs were produced automatically by using the scanner’s
software and baseline- (preenhancement) corrected signal
intensity (SI) values of freely drawn region of interests
(ROIs). For each tumor, one ROI for the most enhancing
region was used. The ROIs covered areas of change between
0.3 to 0.4 cm2. For each 30-s acquisition, the relevant SI data
were treated automatically as acquired at the time the center
of k-space was acquired. Therefore, SIs for 15 to 225 s with
30-s intervals were obtained.

In accord with Buadu et al. [10], TICs were classified into
four different types depending on the basis of the results of
a phase analysis of peak enhancement and washout of Gd-
DTPA. In two of these types (A and B), peak enhancement
was seen within the early or mid phase and was followed by
a decrease or a plateau formation in the late phase (e.g., Figs.
1C, 2C). In the remaining two (C and D), enhancement was
continuously increased throughout the study period or not
seen at all, making the determination of the time to peak
impossible (e.g., Fig. 3C).

Fig. 1. Annular sigmoid tumor. T1-weighted FLASH
images before (A) and after (B) contrast administration. C
ROI shown on the subtracted image produced a TIC type
A. This patient had a high MVD.
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Fig. 2. Annular rectal tumor. T1-weighted FLASH images
before (A) and after (B) contrast administration. C ROI
shown on the subtracted image produced a TIC type B.
This patient had a moderate MVD.

Fig. 3. Annular rectal tumor. T1-weighted FLASH images
before (A) and after (B) contrast administration. C ROI
shown on the subtracted image produced a TIC type C.
This patient had a low MVD.
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Enhancement parameters

The parameters were obtained with SI values of the above-
defined ROIs. Maximal relative enhancement within the first
minute (Emax/1) was expressed as the percentage of the
nonenhanced SI by using the formula: Emax/1 � ([SImax/1 �
SIpre/1] � 100)/ SIpre/1. In this formula, SImax/1 represents the
highest postcontrast SI reached within the first minute, and
SIpre/1 represents the relevant precontrast SI. Maximal rela-
tive enhancement of the entire study (Emax) was calculated
with a similar formula. The steepest slope of the contrast
enhancement curve was used as a measure of the tissue
perfusion rate and expressed by the following equation, as
defined by Buadu et al. [10]: steepest slope (%/s) � ([SIend

� SIprev] � 100)/ (SIpre � [Tend � Tprev]), where prev
indicates previous, and pre indicates precontrast. SIend and
SIprev are the values on the contrast medium uptake curve
that differed the most from image to image in the dynamic
series. Tend and Tprev represent the time points corresponding
to SIend and SIprev. Time to peak enhancement was defined as
the postinjection time necessary to reach maximum SI.

The cardiac effects postulated to be negligible as semi-
quantitative methods were used, and all subjects were within
the normal ranges with regard to blood pressure and pulse
rate. These parameters are less sensitive to changes in the
arterial input function, which will have day-to-day variation,
and may not be largely affected by changes in cardiac output
[13]. The effect of the cardiac output therefore was not taken
into consideration in the above-mentioned calculations.

Histopathologic analysis

After surgery each patient was assigned to one of the fol-
lowing stage groups according to the Duke classification
[14] of resected tumors: seven (33%) Duke stage B, 12
(57%) Duke stage C, and two (10%) Duke stage D.

All cases were evaluated pathologically for histologic
diagnosis and MVD determination. For each case a sample
block containing tumoral and peritumoral tissue was chosen.
Sections 4 �m thick were prepared from these blocks and
immunostained with factor VIII–Related antigen-specific
polyclonal antibody (DAKO, Glostrup, Denmark).

After identifying the most vascularized section and area
in a low-power field (40�), vessels were counted in a
high-power field (200�) with ocular grids. The section se-
lected was macroscopically certified as being identical to the
MR section in which SIs were measured. Any brown-stained
endothelial cell or endothelial cell cluster that was clearly
separate from adjacent microvessels, tumor cells, and other
connective tissue elements was considered a single, count-
able microvessel. Vessel lumens, although usually present,
were not necessary for a structure to be defined as a mi-
crovessel; red cells were not used to define a vessel lumen.
Mean vessel numbers were calculated by averaging the num-
ber of defined vessels in the six most vascularized tumoral
areas [3, 11, 12].

Follow-up of patients

All patients were followed in the postoperative period at our
institution. At the end of 2 years postoperatively, all patients
were alive. Ten had metastatic involvement, and the remain-
ing patients were disease free.

Statistical analysis

The difference between multiple TICs and Duke stage
groups with respect to MVDs were investigated with analy-
sis of variance (ANOVA). Pearson moment correlation tests
were performed to determine the strength of the relations
between DCE-MRI parameters, MVD, and histologic grade.
Differences between groups of patients with and without
metastasis with respect to MVD, histologic grade, and DCE-
MRI parameters were tested by using independent sample t
test.

To build a predictive model of group membership based
on observed characteristics of each case, a discriminant
analysis was performed. Sets of discriminant functions based
on linear combinations of the significant predictor variables
providing the best discriminations between groups were gen-
erated with univariate ANOVA.

For all tests p � 0.05 was considered statistically signif-
icant. Larger values are indicated when relevant.

Results
MVDs were between 18 and 51 (mean � 28.2, SD � 8.1) in
the 200X high-power field. ANOVA produced no statisti-
cally significant difference between Duke stages with respect
to MVD. Histologically, eight patients had high-, six had
medium-, and seven had low-grade tumors. There was a
significant correlation between MVD and histologic grade (r
� 0.475, p � 0.05).

TICs of the tumoral tissues were classified as type A in
nine (43%), type B in seven (33%), and type C in five (24%)
cases (Fig. 4). ANOVA produced a statistically significant
difference between TIC types with regard to MVD (for types
A and B: p � 0.05, for types A and C: p � 0.001, for types
B and C: p � 0.005). The comparison of MVDs for different
TIC types are presented in Figure 5.

Peak enhancement was reached between 45 and 225 s
(mean � 117.86, SD � 58.15). The steepest slope of the
enhancement curve was between 1.00 and 5.83 (mean �
2.97, SD � 1.77). The Emax/1 was 48 to 180 (mean � 97.14,
SD � 37.39). Time to peak enhancement, steepest slope of
TIC, and Emax/1 were very strongly correlated with MVD (r
� �0.765, p � 0.01; r � 0.681, p � 0.01; r � 0.634, p �
0.01; respectively. Figs. 678). The Emax was between 61 and
180 (mean � 108.9, SD � 33.1). No significant correlation
was found between this parameter and MVD. Steepest slope
of the enhancement curve, Emax/1, and Emax were strongly
correlated with histologic grade (r � 0.683, p � 0.01; r �
0.687, p � 0.01; r � 0.791, p � 0.01; respectively).
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There was a statistically significant difference between
patients with and without metastasis with regard to histo-
logic grade (p � 0.05) and two of the DCE-MRI parameters
(p � 0.005 for Emax/1 and p � 0.05 for time to peak
enhancement). In contrast, MVD, steepest slope of the en-
hancement curve, and Emax did not produce a significant
difference for presence of metastasis.

Discriminant analysis correctly predicted the presence of
metastasis at 2 years in 90.5% of cases when using Emax/1 (p
� 0.001). Histologic grade and time to peak enhancement
resulted in lower rates of discrimination (66.7%, p � 0.05,
and 76.2%, p � 0.05, respectively).

Discussion
The importance of angiogenesis in tumor growth is well
established [9]. The assessment of angiogenesis in clinical
practice has relied mainly on immunostaining of postopera-
tive specimens to count MVDs. Despite an international
consensus on methodology for assessing MVD [15], there
are variations in antibody usage and counting techniques.
This has produced conflicting results, and it is unclear with

Fig. 4. Time-intensity curves for the patients presented in
Figures 1–3.

Fig. 5. The comparison of descriptive characteristics of
MVDs for different TIC types.

Fig. 6. Scatter plot of the MVD versus time to peak en-
hancement (r � �0.765, p � 0.01).

Fig. 7. Scatter plot of MVD versus the steepest slope of the
enhancement curve (r � 0.681, p � 0.01).
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respect to CRC whether high MVD is of reliable prognostic
significance [16] or not [17–19]. This conflict is added to the
main shortcoming of the technique, namely MVD calcula-
tion is dependent on the availability of a pathologic speci-
men [9].

DCE-MRI has proved to be accurate in the differentiation
of benign scar from recurrence of soft tissue neoplasms and
breast tumors [20, 21]. In CRC, the validity of this method
was first demonstrated by Muller et al. [22] with a dynamic
spin-echo sequence. This study was followed by another
correlating DCE-MRI with tumoral perfusion index and se-
rum level of vascular endothelial growth factors [9]. To date,
no study was performed on CRC to correlate DCE-MRI with
MVD. Such a correlation was studied only for breast cancer,
resulting in mixed reports [10, 23–25]. Weidner and Folk-
man [8] recently reviewed the published reports that support
or contradict the value of assessing tumor vascularity as a
prognostic test in breast cancer patients. They suggested
several explanations for observed associations between in-
tratumoral MVD and various measures of tumor aggressive-
ness, including the suggestion that MVD within a tumor is
probably a direct measurement of the size of the vascular
window through which tumor cells pass to spread to distant
sites [8]. This vascular window concept also could be used to
support the hypothesis that MVD and DCE-MRI parameters
may be associated.

The association between DCE-MRI and angiogenesis has
a complex nature. Angiogenesis may be defined as the divi-
sion rate of vascular cells or the spatial density of capillaries.
In contrast, DCE-MRI measures represent complex interac-
tions between specific blood flow, heterogeneity of flow,
diffusion constants in the assessed tissues, spatial variability
of these constants, and volumes of distribution of the en-
hancing agent [26]. In this study, spatial vessel density
measured as MVD correlated strongly with the DCE-MRI

measures (time to peak enhancement, steepest slope of the
enhancement curve, and Emax/1). There has been no previous
study demonstrating such an association in CRC, but our
findings are similar to those obtained in previous studies of
MVD and DCE-MRI measures in breast carcinoma, thus
supporting the vascular window concept of Weidner and
Folkman [8].

The main impetus of the present study was to find prog-
nostic information regarding the outcome of patients with
CRC. The outcome is determined by tumor size, extent,
stage, and biologic behavior [27]. Tumor behavior in turn is
largely determined by its histologic grade. In our patients,
histologic grades correlated strongly with DCE-MRI param-
eters and correctly predicted the metastasis at 2 years’ fol-
low-up in 66.7% of cases. Emax/1 resulted a much higher rate
of prediction (90.5%), whereas MVD did not produced a
significant classification with regard to outcome.

This study was based on the analysis of semiquantitative
indices. Tofts et al. [28] recently developed a consensus of
opinion about the standard quantities and symbols that
should be adopted when using this technique to obtain fully
quantitative parameters relating to tissue perfusion, mi-
crovessel permeability, and surface area. However, many
groups still use semiquantitative indices. Relative changes in
such semiquantitative parameters are indirectly related to
changes in the physiologic endpoint of interest such as
perfusion [29, 30]. The particular advantage of the semi-
quantitative analysis is that it is performed directly with the
T1-weighted images, whereas quantitative analysis requires
conversion of the MR signal intensities to Gd-DTPA con-
centrations [31]. Another advantage of the semiquantitative
parameters lies within their good reproducibility [13]. Where
measurement of relative changes in an individual or group of
patients is required, simpler semiquantitative techniques are
as reproducible as quantitative parameters [13]. Most of the
semiquantitative parameters such as enhancement and initial
area under the signal intensity–time curve for the first 90 s
have good reproducibility within individuals, whereas many
of the parameters such as K-trans (“transfer constant” for the
transfer of contrast medium from the vessel into the extra-
cellular extravascular space, EES) and K-ep (the “rate con-
stant” for the transfer of contrast medium back from the EES
into the vessel) are more variable [13]. Nevertheless, the
parameters from the pharmacokinetic model are more easily
related to the physiologic events in tissues and allow com-
parisons between reports from different institutions [13].

Due to the technical limitations of the study setting, the
sampling interval was 30 s. Some investigators apply ultra-
fast studies to measure the first pass, whereas others prefer
slower sequences with higher spatial resolution. The main
disadvantage of an ultrafast study is that, when the dynamic
study does not cover the entire lesion, there is a sampling
error that can lead to misleading results [32]. If sensitivity to
regions with rapid contrast kinetics is needed, contrast agent
concentration in blood should be measured with 1 s of

Fig. 8. Scatter plot of MVD versus maximal relative en-
hancement in the first minute (Emax/1; r � 0.634, p � 0.01).
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temporal resolution; but techniques should be developed and
validated to combine this with spatial resolution [33].

One of the limitations of this study was the use of SI
values of freely drawn ROIs for the most enhancing region
to determine the semiquantitative parameters. This method
of evaluation of contrast enhancement is used in our and
many other institutions where DCE-MRI is routinely per-
formed [29]. Analyzing these parameters for each pixel
rather than over the entire ROI does not dramatically affect
the reproducibility [13]. However, tumors are characteristi-
cally heterogeneous and averaging MRI kinetic parameters
over the entire tumor removes valuable information about
this heterogeneity. Whether or not individual pixel analysis
provides additional information for indirect estimation of
MVD, histologic grade, and prognosis may be further eval-
uated in future studies.

In conclusion, various DCE-MRI parameters may help to
predict MVD and histologic grades in CRC and may be used
as the prognostic indicators of metastasis. By providing
functional, in vivo data, DCE-MRI parameters may over-
come some of the disadvantages of in vitro MVD studies that
use anatomic data only and depend on the availability of
pathologic specimens.
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