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Colorectum

DYNAMIC CONTRAST-ENHANCED MAGNETIC RESONANCE IMAGING OF
RADIATION THERAPY-INDUCED MICROCIRCULATION CHANGES IN
RECTAL CANCER
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Purpose: Dynamic contrast-enhanced T1-weighted magnetic resonance imaging (DCE-MRI) allows noninvasive
evaluation of tumor microvasculature characteristics. This study evaluated radiation therapy related microvas-
cular changes in locally advanced rectal cancer by DCE-MRI and histology.

Methods and Materials: Dynamic contrast-enhanced-MRI was performed in 17 patients with primary rectal
cancer. Seven patients underwent 25 fractions of 1.8 Gy radiation therapy (RT) (long RT) before DCE-MRI and
10 did not. Of these 10, 3 patients underwent five fractions of 5 Gy RT (short RT) in the week before surgery.
The RT treated and nontreated groups were compared in terms of endothelial transfer coefficient (K*S, measured
by DCE-MRI), microvessel density (MVD) (scored by immunoreactivity to CD31 and CD34), and tumor cell and
endothelial cell proliferation (scored by immunoreactivity to Ki67).

Results: Tumor K*S was 77% (p = 0.03) lower in the RT-treated group. Histogram analyses showed that RT
reduced both magnitude and intratumor heterogeneity of K*S (p = 0.01). MVD was significantly lower (37%, p
= 0.03) in tumors treated with long RT than in nonirradiated tumors, but this was not the case with short RT.
Endothelial cell proliferation was reduced with short RT (81%, p = 0.02) just before surgery, but not with long
RT (p > 0.8). Tumor cell proliferation was reduced with both long (57%, p < 0.001) and short RT (52%,p =
0.002).

Conclusion: Dynamic contrast-enhanced-MRI-derived K" values showed significant radiation therapy related
reductions in microvessel blood flow in locally advanced rectal cancer. These findings may be useful in evaluating
effects of radiation combination therapies (e.g., chemoradiation or RT combined with antiangiogenesis therapy),

to account for effects of RT alone.

© 2005 Elsevier Inc.

Rectal cancer, Radiation therapy, Magnetic resonance imaging, Angiogenesis, Tumor perfusion.

INTRODUCTION

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) combined with pharmacokinetic modeling is a
promising noninvasive imaging technique for evaluating
tumor microvasculature (1, 2). Although conventional MRI
allows qualitative tumor characterization (e.g., size and
contrast agent uptake) (3-5), combining DCE-MRI with
general pharmacokinetic tracer-exchange analysis produces
physiologic parameters that allow functional characteriza-
tion of changes in the tumor microvasculature (e.g., tumor
angiogenesis) (6—8).

In rectal cancer patients, DCE-MRI-derived parameters
have been shown to change early during the course of
radiation therapy (RT) (9) and to be related to the tumor
response to chemoradiation combination therapy (10, 11).
Few studies have looked at tumor microvascular character-
istics after RT alone, and none have good correlation with
histology. In animal tumor models, a DCE-MRI-derived
parameter for tumor blood flow, the endothelial transfer
coefficient (KFS), was shown to be related to immunohisto-
chemical microvessel density scores (MVD) (12, 13) and to
be useful for detecting effects of antivascular treatments
(14-16). Although RT-related antivascular effects are a
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generally accepted phenomenon (17), the extent to which
RT affects the DCE-MRI-derived K*® in locally advanced
rectal cancer, for example, is unknown. Because RT is
increasingly being administered in combination with che-
motherapy or experimental therapies, including antivascular
agents (18), and DCE-MRI is becoming an accepted non-
invasive surrogate marker for evaluating antivascular ef-
fects of these combination therapies, possible RT-related
effects on DCE-MRI-derived parameters need to be as-
sessed.

The purpose of this study was to evaluate the effects of
neoadjuvant RT in patients with locally advanced rectal
cancer by DCE-MRI and to correlate changes in DCE-MRI
with immunohistochemical analysis of tumor vasculariza-
tion and proliferation of tumor cells and endothelial cells.

PATIENTS AND METHODS

Patients and treatment

The ethical review board of our institute approved this study,
and all patients gave written informed consent. DCE-MRI was
performed in 17 patients (median age, 63 £ 6 years [SD]) with
curable primary locally advanced rectal cancer. Twelve patients
were male and 5 were female (3 in the long-RT group and 2 in the
group without RT). Radiation therapy regimens were allocated by
the attending clinicians, who were not involved in the DCE-MRI
or histologic data acquisition and analysis. Seven patients under-
went a long course of 25 fractions (25 X 1.8 Gy, total 45 Gy)
preoperative RT (indicated here as long RT) before DCE-MRI,
whereas 10 patients did not. Three of these 10 patients, however,
underwent a short course of five fractions (5 X 5 Gy, total 25 Gy)
preoperative RT (short RT) in the week before surgery. Because
there is a potential difference in effect between short RT and long
RT, the 3 patients with short RT were analyzed as a separate group
for the histologic analyses after surgery. Obviously, the time
between the start of RT and surgery was significantly (p < 0.001)
longer for long RT (SD, 46 = 16 days) than for short RT (8 = 2).
The average time between MRI and surgery was not significantly
different (p > 0.4) between the patients with long RT (SD, 18 =
13 days), those without RT (25 = 20), or those with short RT (24
* 20).

MRI

Dynamic contrast-enhanced magnetic resonance imaging was
performed with a conventional clinical MRI scanner at 1.5 Tesla
(Intera, Philips, Best, The Netherlands), with a five-element car-
diac phased array coil. DCE-MRI included six precontrast T1-
weighted measurements (3D fast-field echo, TR 8.0 ms, echo time
3.9 ms, 10 axial slices [slice thickness, 8 mm], field-of-view 290 X
290 mm, matrix 128 X 128) with different flip angles (FAs) (2°,
5°, 10°, 15°, 25°, and 35°) to determine the T1 relaxation time in
the blood and tissue before contrast agent arrival, on a pixel-by-
pixel basis (19). This was followed by the dynamic contrast-
enhanced series using the same sequence but with an FA of 35°
only (250 scans of 2.4 s), for a total duration of 10 min. Gado-
pentetate dimeglumine (Schering AG, Berlin, Germany; 0.15
mmol/kg body weight) was injected intravenously (3 mL/s) and
flushed with 15 mL saline (3 mL/s) at the start of the eighth
dynamic scan.
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Fig. 1. Representative (i.e., median endothelial transfer coefficient)
signal intensity time courses measured with dynamic contrast-
enhanced magnetic resonance imaging in a tumor without radia-
tion therapy (RT) (a) show that its increase in signal intensity
directly after contrast injection is smaller but similar to the steep
signal increase in the blood including the small recirculation peak.
Conversely, in a tumor with long RT (b), the signal intensity
increase is slower and prolonged, unlike the blood signal, and the
decline in tumor signal is substantially slower than in the tumor
without RT.

MRI data analysis

Magnetic resonance imaging data were analyzed using a general
kinetic two-compartment exchange model as described, for exam-
ple, by Daldrup et al. (6, 13). Briefly, local T1 relaxation rates of
the precontrast time-averaged images and contrast-enhanced im-
age signal intensity time courses (Fig. 1) were used to determine
the concentrations of contrast medium in the blood plasma (com-
mon femoral arteries), tumor, and gluteus maximus muscle. An
experienced gastrointestinal radiologist defined the tumor volume
region of interest on the T1-weighted images. Application of the
general kinetic model (6, 13) yielded the K*S, the reflux rate (k),
both expressed as mL/min/100 cm® of tissue, and the plasma
fraction (f°V) values as mL/100 cm? of tissue. Dividing K*S by k
yielded the volume fraction of the extravascular extracellular space
(EES). Values of K5, f*V, and EES in individual voxels were
collected for tumor histogram analysis (20, 21) and to determine
the median tumor values and median tumor/muscle ratios. Intra-
tumor heterogeneity was assessed by the 95th percentile tumor
values.

The tumor perfusion index (PI) (mL/min/100 cm? of tissue) was
also calculated according to the method described by de Vries et
al. (11). PI is the maximum of the temporal derivative of the
temporal changes in T1-relaxation rate divided by the correspond-
ing T1-relaxation rate change early after contrast injection.

Histology and immunohistochemistry

Serial sections (thickness 5 wm) from the most invasive tumor
area were used for immunohistochemical stainings to determine
MVD, and endothelial cell and tumor cell proliferation was as-
sessed by double staining with a mixture of Ki-67 antibody (rabbit
anti-human, Clone SP6, Laboratory Vision, Fremont, CA) and
mouse anti-human CD31 (Dako, Glostrup, Denmark) in combina-
tion with mouse QBEND-10 anti-CD34 (Monosan, Uden, Neth-
erlands). Ki-67 antibody was detected by biotin-labeled swine
anti-rabbit IgG (Dako), incubated with avidine-biotin complex
HRP (Dako) and developed with diaminobenzidine (DAB, Sigma).
CD31 and CD34 were detected by alkaline phosphatase labeled
goat anti-mouse IgG (Dako). The sections were mounted in imsol
(Imsol-Mount, Klinipath, Duiven, The Netherlands).

Microvessel density scores (CD31/CD34+ vessels) and endo-
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Fig. 2. (a) Axial T2-weighted images were used to locate the tumor. Shown here are tumors with the median endothelial transfer
coefficient (KFS) without radiation therapy (RT) (left) and with long RT (right); the top inserts illustrate the signal enhancement in
the common femoral arteries directly after contrast injection on the corresponding T1-weighted acquisition; the bottom inserts are the
gray scale—coded tumor K¥S maps, which illustrate that K*S is lower in magnitude and heterogeneity after long RT. Averaged
histogram distribution plots for all tumors show that (b) K> and (c) plasma fraction (f*V) are lower and less heterogeneous (i.e.,
smaller intertumor variation) in tumors with long RT (black bars) than in tumors without RT (white bars); whereas (d) extravascular
extracellular space (EES) is just slightly increased in tumors with long RT. The error bars (SEM) illustrate the intertumor variation.
*Indicates that the highest values (K¥S >95.0, EES >63.3, and f*¥ >47.5) were pooled.

thelial cell proliferation (CD31/CD34 and Ki67+) were deter-
mined independently by two observers along a predefined line
from the luminal side of the tumor to the deepest invasion, as the
total number of vessels divided by the area (number of 0.22 mm?
optic fields). The endothelial cell proliferation ratio was calculated
by dividing the number of proliferating endothelial cells by the
MVD. The ratio of the number of Ki67+ tumor cells and the total
number of tumor cells in the predefined line was scored as 1
(<25%), 2 (25-75%), or 3 (>75%). The total number of Ki-67+
tumor cells/mm? was counted in three predefined Ki-67 hot spots
(optic field, 0.22 mm?).

Statistical methods
Differences in histologic and immunohistochemical scores and
median DCE-MRI parameters between the groups with and with-

out RT were compared using the two-sample (two-tailed) Student
t test. The Pearson correlation coefficient () was calculated to
reveal a possible relationship between tumor PI and K¥ values.
Statistical significance was inferred at the p < 0.05 level.

RESULTS

DCE-MRI findings

All patients underwent DCE-MRI without difficulties in
the imaging procedures.

A slower “leakage” of contrast medium into the tumor
was found (a difference of 77% [p = 0.03]) in patients who
had received RT, as assessed by the endothelial transfer
coefficient K™ (Fig. 1 and 2a, and Table 1). Histogram
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Table 1. DCE-MRI derived parameters

Tumor values

95th Tumor:muscle
Median percentile ratio
K™  NoRT 28.6 +26.8 67.8 x55.2 6.5*63
Long RT 65*+24 154=*41 1.5+1.0
v No RT 23£20 1.8 1.7 —
Long RT 14+ 1.1 1.2+09 —
EES NoRT 0.39 £ 0.15 031 =0.15 1.3+03
Long RT 043 *0.11 0.35*0.13 21+13

Abbreviations: DCE = MRI/dynamic contrast-enhanced; K™
= endothelial transfer coefficient; f*¥ = plasma fraction; EES =
extravascular extracellular space; RT = radiation therapy.

analysis of all tumor pixel K™ values yielded lower ranges
of KP® measured in tumors with RT than in tumors without
RT (Fig. 2b). These lower ranges of tumor K" values in
tumors with RT were reflected by the lower 95th percentile
tumor K™ values (p = 0.02), and by the tumor:muscle ratio
(p = 0.03) (Table 1). In contradistinction, K*® in muscle
tissue was slightly higher in tumors with RT than in tumors
without RT (NS, p > 0.3) (median = SD, 8.1 = 8.1 after
RT, and 4.6 = 2.8 without RT).

The significant correlation (r = 0.74, p < 0.001) that was
observed between the tumor K" and the perfusion index
(PD) for all tumors combined reflects the overall similarity
between these parameters. Unlike K", however, PI did not
show significant differences in relation to RT (p = 0.5)
(median PI = SD was 34 = 10 after RT, and 39 *= 21
without RT).

Histogram analysis suggested lower fV values in tumors
with RT than in tumors without RT (Fig. 2c). However,
these differences were not significant, either for median
tumor ¥ values (p = 0.3) or for 95th percentile values (p
= 0.3) (Table 1). Because f*" values were very low (some-
times approaching zero), the tumor:muscle f*" ratio did not
result in realistic values and was therefore not calculated.

No significant (p > 0.4) changes were observed in tumor
EES values. Tumor:muscle ratios were, however, about
twice as high (NS, p > 0.1) in tumors with RT than in
tumors without RT (Table 1, Fig. 2d).

Histologic findings

Tumor cell proliferation was significantly lower (p =
0.00006) in the tumors that were treated with long RT than in
those not treated with RT; lower tumor cell proliferation
was also observed in the three tumors treated with short RT
(»p = 0.02) (Fig. 3a).

The long RT regimen resulted in significantly (p = 0.03)
lower MVD scores compared with the nonirradiated tumors
(Fig. 3b), but the short RT regimen did not. Endothelial cell
proliferation ratios were significantly (p < 0.05) lower after
the short RT regimen, which had been administered during
the week before surgery, as compared with nonirradiated
tumors, but not after the long RT (p > 0.8), which had been
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administered in the course of several weeks before surgery
(Fig. 3c).

DISCUSSION

The results of this study demonstrate significant RT-
related microcirculation changes in locally advanced rectal
cancer, as assessed by DCE-MRI and histology.

The DCE-MRI derived K", measured using a low mo-
lecular-weight contrast agent, largely reflects tumor blood
flow, as well as the leakiness (i.e., microvessel permeability
surface area product) of the tumor microvessels (21, 22).
Therefore, K* was effective in showing effects of long RT
that occur approximately 2—4 weeks after the initiation of
RT (17).

Radiation Therapy damages all blood vessels, but specific
effects depend on vessel size, location, and dose—time—
volume factors (17). Although acute effects of RT are
marked by increased microvascular permeability, related to
endothelial cell damage and local inflammation, longer term
effects are marked by decreased permeability, resulting
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Fig. 3. (a) The average number of Ki-67+ tumor cells was signif-
icantly (*) higher in tumors without radiation therapy (RT—) than
in tumors irradiated with long RT and short RT; (b) microvessel
density (MVD) was significantly (*) lower only after long RT
(with respect to RT—); (c) Ki-67 endothelial cell proliferation ratio
was lower only after short RT; (d) tumor cell proliferation is
marked by the brown, nuclear staining of tumor cells (to Ki67)
(large diagonal arrows); the arrowheads depict tumor blood vessels
(blue, staining of endothelial cells to CD31 and CD34); note the
brown staining of the typical elongated nucleus in an endothelial
cell (blue), suggesting angiogenic endothelial cell proliferation in
the tumor without RT (small horizontal arrow). Significant differ-
ences are indicated by *(p < 0.02) and *(p < 0.05). The magni-
fication in (d) is 400X.
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from basement membrane thickening and extracapillary fi-
brosis (17). Additional chronic effects of RT are the inhi-
bition of capillary sprouting and vascular remodeling (23),
reduced MVD, endothelial cell destruction, and reduced
microvessel functionality as a result of mural thrombi and
obliteration of the vessel lumen (17).

K" is expected to be a more successful marker than other
DCE-MRI derived markers, such as PI and area under the
signal-intensity-time curve, because K™ represents a single
microcirculatory parameter, whereas PI is a perfusion pa-
rameter that depends not only on K"®, but is also con-
founded by (nonsignificant) changes in f*¥ and EES (22).
For example, our study showed a significant (77%) reduc-
tion in K", whereas PI was reduced by only 15% (which
was nonsignificant), despite the strong positive relationship
between PI and K™, De Vries et al. (9) reported increases
in PI during the first weeks of RT in rectal cancer, which
corresponds very well with reported acute effects of RT
(17). The reported increases in PI were 25% at most, and the
observed possible decline in PI after the final (fourth) week
of RT was not significant (9).

Presenting the true tumor K may be preferable over the
tumor:muscle KPS ratio, because effects of RT in muscle are
uncertain. The gluteus maximus muscle, for example, is
several centimeters posterior to the rectal tumor, but is still
at least partially within anteroposterior field of radiation.
Although muscle is generally assumed to produce minimal
response to clinical irradiation, transient alterations and
varying degrees of atrophy and necrosis have been reported
for skeletal muscle after single doses of RT (24). High-dose
radical RT can cause persistent muscle edema, often visible
on MRI, probably reflecting long-term damage to muscle
microcirculation. The increase in muscle K™ observed in
the current study did not affect the observed statistical
differences in tumor K in relation to therapy when ex-
pressed as a tumor:muscle ratio.

The DCE-MRI derived volume fraction of the EES
showed some increased intratumor variation after RT. Cell
destruction caused by radiation may have increased the
relative extracellular volume to which the contrast agent can
leak, hence increasing EES. In other parts of the tumor,
infiltration of inflammatory cells and tissue fibrosis (25)
may have decreased EES.

Immunohistochemistry results reflected the antitumor and
antiangiogenesis effects of RT. Direct measures of antian-
giogenesis effects are reduced MVD and reduced Ki67
immunoreactivity of endothelial cells. Our data show incon-
gruous effects between long and short RT, although it
should be noted that the number of patients who underwent
short RT was limited. Explanations why short RT yielded
low endothelial cell proliferation without differences in
MVD, whereas long RT yielded low MVD without differ-
ences in endothelial cell proliferation, as compared with
nonirradiated tumors, might be related to the higher fraction
dosage with short RT or the shorter time interval between
RT and surgery with short RT, compared with long RT.
Despite lower fraction dosages, long RT may have had

short-term effects on endothelial cell proliferation, but en-
dothelial cell proliferation may have recovered during the
time interval between RT and surgery, especially because
the fraction dosages were lower (26). Because the time
between the completion of RT and surgery was less than a
week for short RT and several weeks for long RT, it is also
possible that in the short RT patients, we were observing the
acute effects, such as endothelial cell damage with reduced
proliferation, whereas in the long RT patients, we were
observing the long-term effects, including endothelial cell
destruction and MVD reduction (17).

A larger number of patients would have allowed an
evaluation of possible relationships between, for example,
K" and MVD, as demonstrated in animal studies (12, 13).
Patient inclusion was stopped because of changes in treat-
ment protocols at our hospital (27, 28). The large intertumor
and intratumor variability of K values, particularly in the
nonirradiated patient group, in combination with the limited
number of included patients, hampered strong statistical
significance. Future studies should therefore use larger sam-
ple sizes to compare patient groups with different treatment
regimes (e.g., short RT vs. long RT).

Similarly, colocalizing MRI and histologic parameters
might be considered more desirable than our use of one
“representative” (e.g., median) value for each parameter.
For example, colocalization between K™ and MVD has
been demonstrated in animal tumor models, in which the
in-plane resolution of MRI (0.5 X 0.5 mm) matched the
optic field of view of the histologic sections; therefore,
histologic sections could be closely matched with the MRI
sections, and maximum tumor diameters were typically less
than 1 cm (14). However, one can imagine the sampling
errors that may occur when attempting to colocalize MRI
and histology in these large rectal tumors in patients, and the
spatial resolution on MRI was substantially lower than that
obtained in mice.

Microvessel density is commonly used as a surrogate
marker for the tumor microvasculature to validate DCE-
MRI derived parameters. However, one important aspect to
note is that MVD may not fully equate to the DCE-MRI
parameters, because MVD depends on the staining of en-
dothelial cells in blood vessels and is thus a morphologic
marker, whereas DCE-MRI derived parameters depend on
microcirculatory perfusion and are therefore functional
markers.

The antitumor effect of RT was most evident in the
reduction of proliferating tumor cells as detected by Ki67
immunoreactivity in tumor cells. This was observed after
both long and short RT regimens, and is consistent with
earlier reports (29). Although tumor cell immunoreactiv-
ity for Ki67 is not a direct measure of angiogenesis in
rectal cancer, it might be postulated that RT-related re-
ductions in tumor cell proliferation reduce the production
of proangiogenic factors, and thus lead to an angiostatic
state.
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Clinical implications

Although conventional gadolinium-enhanced MR se-
quences have limited additional value for morphologic diag-
nostic assessment of rectal cancer (5), new gadolinium-en-
hanced MR protocols, such as DCE-MRI, will complement
conventional imaging of tissue morphology by noninvasive
evaluation of (tumor) tissue physiology. DCE-MRI was used
here to show that radiation therapy alone significantly inhibits
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angiogenesis in rectal cancer. Developments in antiangiogen-
esis therapy are improving the prospects for anticancer treat-
ment (30, 31), including disseminated colorectal disease (32,
33), when combined with neoadjuvant radiation therapy (18,
34) or chemotherapy (35, 36). The current study provides a
reference for future evaluations of additive effects of antian-
giogenesis treatments that are supplemented to neoadjuvant
radiation therapy in rectal cancer.
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