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Prostate cancer has the second highest
incidence among malignant tumors in
men in Poland, and the first in the
USA. Currently, medical reports state that
incidentally non-diagnosed prostate
cancer is present in about 30-46% of
men over the age of fifty.

Tumor angiogenesis has significant
implications in the diagnosis and treat-
ment of various solid tumors. With fast,
multi-slice CT scanners and their abili-
ty of qualitative and quantitative analy-
sis of tumor angiogenesis, CT perfusion
has been the subject of extensive inves-
tigation in the past twenty years.
Tumor angiogenesis is characterized
morphologically by an increase in the
number of blood vessels including new
capillaries, capillary sprouts, non-
endothelialized capillaries and arterio-
venous shunts.

It is stated in the literature that patho-
logical vessel density within prostate can-
cer is one of the factors determining the
extent of the tumor — whether the
tumor is confined to the prostate gland
or extends beyond the prostate capsule.
It was proved that the density of patho-
logical vessels is higher in patients with
tumors beyond the prostate capsule.
Initial publications show validity of func-
tional imaging, such as perfusion CT in
prostate cancer staging before a surgi-
cal procedure. This examination can
also show excessive density of patho-
logical vessels within the prostate gland
according to increased blood volume (BV)
and blood flow (BF) and pathologically
increased permeability of the vessels
(PS). Vessel abnormalities in the exam-
ined area are also indicated by shorter
mean transit time (MTT).
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Introduction

Prostate cancer is the second most frequently occurring malignant tumor
in men in Poland, and the first in the USA. According to the literature data in
the year 2007 in the USA 218 890 new prostate cancer cases were diagnosed
and 27 050 men died due to that disease. Currently, medical reports state that
incidental non-diagnosed prostate cancer is present in about 30-46% of men
over the age of fifty.

Traditional diagnostic methods have limitations both in diagnostics and in
prostate cancer staging. These limitations are due to poor differentiation of can-
cer from adjacent normal tissues and from benign prostate hyperplasia (BPH).

Prostate cancer screening is controversial. Prostate-specific antigen (PSA)
serum level and digital rectal examination (DRE) are currently accepted stan-
dard examination methods in cancer screening. Because of low sensitivity and
low specificity in prostate cancer detection, transrectal ultrasound (TRUS) is
not considered as a screening method. Core needle biopsy under TRUS guid-
ance in patients with increased PSA serum level or abnormalities found in DRE
is an accepted method in prostate cancer diagnostics. Although core needle
biopsy improves diagnosis, it provides limited information about neoplastic
process extent, caused by the lack of correlation between number of focal lesions
and their localization, and actual cancer staging.

Hypoxia present inside the growing tumor is considered as an angiogenic
factor, increasing pathologic vessel density and allowing for growth of solid lesions.
Prostate cancer demonstrates a significant increase in pathologic vessels in rela-
tion to normal prostate tissue. Similar to other organs, pathologic vessel den-
sity within the prostate is a predictive factor for tumor malignancy [1].

Perfusion examinations in prostate cancer were primarily used in ultrasound
and MRI; a few recent literature data also describe perfusion application in CT.

Proper staging of the cancer is necessary before starting therapy. Prostate
cancer staging is evaluated on the basis of per rectum clinical exam, PSA lev-
elin blood serum, histopathological report after core needle biopsy of the prostate
gland (Gleason score), and on the basis of imaging method results (transrec-
tal ultrasound, magnetic resonance imaging and computed tomography). Prop-
er staging if the cancer is organ confined or extends through the prostate cap-
sule is important in qualification for the best therapy method. Prostate cancer
extending through the prostate capsule is a bad prognostic factor.

Tumor angiogenesis has significant implications in the diagnosis and treat-
ment of various solid tumors. With the advent of fast, multi-slice CT scanners
and their ability of qualitative and quantitative analysis of tumor angiogen-
esis, CT perfusion has been a subject of extensive investigation in the past
twenty years. The fundamental bases for CT imaging of angiogenesis are both
the transport by blood flow of intravenously administered iodinated contrast
material to tissue and the exchange by diffusion of these contrast molecules
between the intravascular space and the extravascular interstitial space. With
current, fast CT scanners both tissue and vascular enhancement can be mea-
sured and traced over time at small time intervals to allow detailed model-
ing of the distribution of contrast agent in tissue. Both compartmental and
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distributed parameter models for contrast transport and
exchange have been developed to quantify from the CT data
the following angiogenesis related parameters: tissue blood
flow, blood volume, mean transit time, and capillary per-
meability surface area product.

Neoangiogenesis

Tumor angiogenesis is the process by which new blood
vessels are formed from the existing vessels to promote tumor
growth. Angiogenesis is essential for tumor growth and tumor
metastasis, but tumor genesis or malignant transformation
of the tumor is not dependent on angiogenesis. Angiogen-
esis is a complex process that is mediated by several
angiogenic and antiangiogenic factors produced by the tumor
cells, the blood and the stroma of the host tissue. The bal-
ance in the production of these factors predicts when
angiogenesis will develop; angiogenesis develops when the
pro-angiogenic factors overcome anti-angiogenic factors. This
process includes endothelial proliferation, breakdown of base-
ment membranes of the capillaries, endothelial cell migra-
tion into the extravascular space in the stroma, formation
of capillary tubes, communication with the postcapillary
venules and blood flow through the new blood vessels.

Tumor angiogenesis is characterized morphologically by
an increase in the number of blood vessels including new cap-
illaries, capillary sprouts, non-endothelialized capillaries
and arteriovenous shunts. Some of these vessels are mal-
functioned. They tend to be leaky, allowing large molecules
such as plasma protein to enter the stroma to form the matrix
for the new vessels. They lack smooth muscle and innerva-
tion, and can be easily compressed. What is more, the blood
components within the tumor may also alter the blood flow
as they become adhering and aggregating to the vessel wall.
These changes in the tumor vessels make physiologic and
hemodynamic changes of blood flow more complex and het-
erogeneous among various regions and various types of
tumors. In the regions where tumor growth is active, such
as at the periphery of the tumors, and where new blood ves-

Fig. 1. Computed tomography of the prostate. Pilot scan before
contrast injection. Large prostate without pathological lesions
visible on classic CT scan. Calcifications in the central zone

sels develop good communications with veins or with arte-
rio-venous shunts, there is evidence that blood flow would
increase [2].

In the regions where endothelial cells have high vascu-
lar permeability, interstitial pressure would increase and can
compress capillary sprouts and small capillaries. In those
regions blood flow could decrease and could result in tissue
hypoxia and necrosis.

Density of the pathological vessels within the prostate
gland is strictly correlated with tumor presence, metastases,
stage of extension and survival possibilities. Qualitative analy-
sis of pathological vessels (angiogenesis) and their density
can provide a number of data for significant therapeutic deci-
sions [3, 4].

Computed tomography in prostate cancer staging

The prostate gland in CT is visible as a smoothly demarcated
structure located at the bottom of the pelvis posteriorly to the
pubic symphysis and anteriorly to the rectum, below the uri-
nary bladder. After contrast administration, the prostate
transitional zone is brightly enhanced in comparison to the rest
of glandular parenchyma. This enhancement is characteris-
tic for benign prostate hyperplasia (BPH) (Fig. 1).

Prostate cancer is not visible in CT examination. Prostate
cancer can be visible in CT only in case of prostate capsule
pouching or deformation of the external borderline of the
gland after contrast administration.

At the beginning of the 1990s helical CT improved the posi-
tion of tomography in diagnostics of the human body and
consolidated CT as a modality for abdominal and pelvic cav-
ity imaging. In the middle of the 1990s double-detector tomog-
raphy was introduced, and soon after there was the advent
of multi-detector CT (MDCT). In MDCT application examination
time is shorter, which allows thin slices to be obtained. That
results in collecting data from a large volume and later trans-
formation of the picture in the required anatomical plane.
Multi-detector CT covering a large area of the body makes
multi-phase imaging during administration of contrast
medium possible, enabling organ evaluation considering its
vascularity and perfusion.

Improvement of CT scanners means that we can make mor-
phological and functional pictures of the body. Morphologi-
cal pictures show anatomy and pathology of the organ. Func-
tional techniques allow us to see the organ function and
pathological processes in tumors, for example angiogenesis.

During intravenous administration of the contrast medi-
um, structures within the scanning area show contrast
enhancement, which is correlated with iodinated medium
density in the tissue. In the first phase, immediately after intra-
venous injection of contrast material (the first 45-60 s), the
contrast material is visible as predominantly intravascular.
Delivering the contrast material to the tissue in this phase
depends on cardiac output and circulating blood volume. As
time progresses, increasing amounts of contrast material pass
into the extravascular space until equilibrium is reached,
whereby the rate at which contrast material passes from the
vascular to the extravascular space is balanced by the rate
at which it returns to the vascular system from the extravas-
cular space. In tumors, significant return of contrast mate-
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rial into the intravascular space can be observed within 2 min.
Thus, measurement of vascular permeability requires
images to be acquired for up to 2 to 10 min after adminis-
tration of contrast medium.

The basis of neoangiogenesis evaluation in CT is not only
assessment of blood flow in vessels after administration of
contrast material but also contrast molecules’ diffusion from
the intravascular to the extravascular space.

There is an increasing number of publications reporting
a correlation between contrast enhancement parameters and
histological measurements of angiogenesis, such as microves-
sel density (MVD), validating the use of perfusion CT as a mar-
ker of angiogenesis.

Li et al. reported a correlation between angiogenesis and
CT perfusion in patients with peripheral lung cancer. Assig-
nies et al. found a similar correlation in patients with
endocrine tumors of the pancreas. Feng et al. reported a cor-
relation between density of pathological vessels and CT per-
fusion in patients with rectal carcinomas [5-7].

With current, fast CT scanners both tissue and vascular
enhancement can be measured and traced over time at small
time intervals to allow detailed modeling of the distribution
of contrast agent in tissue. Both compartmental and dis-
tributed parameter models for contrast transport and
exchange have been developed to quantify from the CT data
the following angiogenesis related parameters: tissue blood
flow, blood volume, mean transit time, and capillary per-
meability surface area product.

Definition of terms and their relationship

Blood flow — this is the volume flow rate of blood
through the vasculature in the tissue region. It is usually
expressed in units of ml/min per 100 g of tissue. Blood flow
measured with CT using the methodology discussed earli-
er includes flow in large vessels, arterioles, capillaries,
venules and veins. Flow in arterio-venous shunts should also
be included.

Blood volume - this is the volume of blood within the vas-
culature in a tissue region that is actually flowing. As in the
case of blood flow, blood volume includes blood in large ves-
sels, arterioles, capillaries, venules and veins. Any stagnant
pool of blood is not included in the blood volume. It is mea-
sured in units of ml per 100 g of tissue.

Mean transit time (MTT) — this is the average time tak-
en by blood elements to traverse the vasculature from the
arterial end to the venous end. If the perfusion pressure is
high, blood elements are travelling at a higher velocity, result-
ing in a shorter mean transit time than when the perfusion
pressure is low. In this sense, mean transit time is a surro-
gate measure of perfusion pressure. Mean transit time is usu-
ally measured in seconds.

Capillary permeability surface area product (PS) - the prod-
uct of permeability and blood concentration of the solute gives
the unidirectional diffusional flux from blood to interstitial
space per unit surface area of capillary endothelium. Per-
meability surface area product is the product of permeability
and the total surface area of capillary endothelium in
a unit mass of tissue (usually 100 g of tissue) and hence is
the total diffusional flux across all capillaries. It is measured

Fig. 2. Computed tomography of the prostate — perfusion option.
Parametric map of blood flow. Focal lesion of pathologically high
blood flow in the right peripheral zone. Lesion extends outside
prostate through the capsule, goes into the central zone at the
right site

in units of ml/min per 100 g of tissue. Expressed in the stat-
ed units, PS can be interpreted as that the unidirectional flux
of solutes from blood plasma to the interstitial space is equiv-
alent to the complete transfer of all the solutes in PS ml of
blood per minute to the interstitial space. Permeability sur-
face area product is implicitly tied to the experimental set-
up in which a semi-permeable membrane is separating two
solvents containing a solute at different concentrations. It
is equal to the diffusional flux of solute across the whole semi-
permeable membrane (capillary endothelium) when the sol-
vent — blood —is stationary with respect to the membrane.
For the more physiological case of blood flowing through cap-
illaries, the unidirectional flux of blood-borne solutes
through all capillaries is dependent on blood flow and PS [8].

Due to the recent development of MDCT and the possi-
bility of obtaining color-coded perfusion maps, which cor-
respond to classic CT images, we are able to assess prostate
cancer using this method. Prostate cancer in perfusion exam-
ination is characterized by increased BF, BV and PS and
decreased MTT [9] (Figs. 2-5). Increased BF in the tumor in
comparison to normal tissue is caused by opening arterio-
venous shunts in the tumor. Pathological connections
between arteries and veins cause lower resistance for
blood flow and induct higher flow between pathological
microvessels. Increasing BV causes decreasing MTT in
those vessels.

Higher BV inside the tumor in comparison to normal tis-
sue can be explained as an increased number of microves-
sels caused by neoangiogenesis. Increased PS in the tumor
in comparison to normal tissue is correlated with higher per-
meability of endothelium in new vessels; they have differ-
ent structure than in normal tissue. Perfusion CT examina-
tions show that perfusion is higher in very aggressive
tumors in comparison to lesions of lower malignancy [10, 11].

In conclusion, prostate cancer does not belong to the group
of tumors of well-developed vascularity. It was proved, how-
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Fig. 3. Computed tomography of the prostate — perfusion option.
Parametric map of blood volume. Focal lesion of pathologically
high blood volume in the right peripheral zone

Fig. 5. Computed tomography of the prostate — perfusion option.
Parametric map of mean transit time. Focal lesion of pathological
angiogenesis in the right peripheral zone

ever, that increase in pathological vessel density within the
prostate cancer compared with normal prostate tissue is sig-
nificant [11]. The conclusion of the highest density of vessels
in poorly differentiated prostate cancer results from the obser-
vation [12]. It is stated in the literature that pathological ves-
sel density within prostate cancer is one of the factors deter-
mining the extent of the tumor — whether the tumor is
confined to the prostate gland or extends beyond the
prostate capsule. It was proved that the density of pathological
vessels is higher in patients with tumors beyond the prostate
capsule [13]. Initial publications show significance of functional
imaging, such as perfusion CT in prostate cancer staging before
a surgical procedure. This examination can also show exces-
sive density of pathological vessels within the prostate
gland according to increased BV and BF and pathologically
increased permeability of the vessels (PS). Vessel abnormalities
in the examined area are also indicated by shorter MTT.

Fig. 4. Computed tomography of the prostate — perfusion option.
Parametric map of permeability surface. Focal lesion of patholo-
gical angiogenesis in the right peripheral zone

Bostwick states the importance of vessel density within
the tumor in prostate cancer evaluation (in case of cancer con-
fined to the gland). For example, probability of tumor exten-
sion beyond the capsule is 93% for a patient with a PSA lev-
el of 8 ng/ml, Gleason score of 8 after core biopsy, and high
vascular density found in histopathological examination [14].

Literature data indicate that the number and size of foci
found in prostate perfusion examination is higher in
patients with a high Gleason score (8 and more) and with
a larger tumor volume in patients with prostate adenocar-
cinoma. According to other publications (Thomas Jefferson
University) perfusion CT is important in patients with high
volume and high progression of prostate cancer; however,
it is not useful for staging most prostate cancer patients. This
is related to the fact that prostate cancer, unlike other sol-
id tumors, commonly grows multifocally, often spreads
beyond the capsule, and can also grow into an irregular shape
along the anatomical prostate capsule. Such histologic
cancer growth restricts the ability for tumor visualization not
only in perfusion CT, but also in other methods, such as ultra-
sound or MRI [15, 16].
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