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Summary: We present two patients with metastatic brain
tumors who underwent dynamic contrast-enhanced CT
that yielded estimates of blood volume, blood flow, and
microvascular permeability. For one patient, these CT-
based quantifications were compared with contrast-en-
hanced MR-based assessments of fractional blood volume
and permeability. Regional blood volume heterogeneity
patterns were consistent between both CT- and MR imag-
ing-based mapping. Permeability variations across the tu-
mor, however, were less consistent, perhaps because of
differences between ionic and non-ionic contrast agents.
The advantages of dynamic contrast-enhanced CT in com-
parison with dynamic, contrast-enhanced MR imaging for
microvascular quantifications are its availability and lower
costs, applicability in the presence of MR imaging contra-
indications, and potentially more accurate analyses. The
disadvantages are its limited anatomic coverage, radiation
exposure, and the need for injection of a contrast agent.

Malignant tumors, whether primary tumors or me-
tastases, are commonly characterized by neovascular-
ity and increased angiogenic activity (1, 2). As a re-
sult, tumors may have a higher proportion of
immature, and consequently hyperpermeable, vessels
(3–5). Both for the assessment of tumor malignancy
at initial presentation and for tumor monitoring dur-
ing treatment and follow-up, there is a need for non-
invasive methods to assess tumor biology in vivo.
Especially with the ongoing development of anti-an-
giogenic therapeutic pharmaceuticals, a noninvasive,
quantitative, and physiologically sensitive tool to
characterize tissue microvasculature is desired. Dy-
namic, contrast-enhanced MR imaging has been im-
plemented for the quantification of cerebral blood
volume (CBV) and microvascular permeability (PS)
(permeability surface area product) both in animal
models (6–9) and, more recently, in human brain
tumors (10, 11). In human gliomas, estimates of PS
have been shown to be predictive of the pathologic

grade (10, 11) and to correlate with the mitotic activ-
ity of a tumor (11). The application of MR imaging is
often limited, however, by its availability, expense, and
the appearance of postsurgical artifacts. Recently, dy-
namic contrast-enhanced CT has been implemented in
animal models of brain tumors to quantify and compute
maps of CBV, cerebral blood flow (CBF), and PS (12).
We present the results of this technique in two malig-
nant human brain tumors and in one case compare the
results with those of dynamic contrast-enhanced MR
imaging microvascular mapping.

Methods

Patients
Patient 1 was a 71-year-old patient who had undergone

gamma knife therapy for three melanoma metastatic foci to the
brain and who presented with a seizure. CT of the brain
revealed a focus compatible with a metastasis located in the left
posterior superior parietal lobe (Fig 1). High attenuation on an
unenhanced CT scan indicated hemorrhage in the tumor.

Patient 2 was a 50-year-old woman with a history of adeno-
carcinoma of the proximal rectum and both pulmonary and
hepatic metastases. She presented with a 10-day history of
increasing left arm and left leg weakness. CT of the brain
revealed multiple, bilateral metastatic lesions; one of the le-
sions measured 4.5 cm in diameter (Fig 2). Subsequently, MR
imaging was performed. The MR imaging sequence for micro-
vascular quantifications was performed and kinetically ana-
lyzed as previously published (10).

CT Protocol
For each patient, a representative lesion underwent a dy-

namic contrast-enhanced scanning series on a multidetector
CT scanner (Lightspeed; GE Medical Systems, Milwaukee,
WI) using the following parameters: 80 kV, 190 mA, 512 � 512
matrix, and a standard algorithm. Scans were acquired after a
bolus injection of 100 cc (4 cc/s) of non-ionic contrast agent
(Omnipaque300, Nycomed), every 2 s for the first 80 s and then
every 20 s, for a total data acquisition duration of 5.5 min. Two
1-cm-thick sections were reconstructed. Regions of interest were
drawn, and density changes in blood and tissue were kinetically
analyzed using CT Perfusion 2 software (GEMS), which yields
parameter maps of fractional tissue blood volume (CBV [mL/
1000 g], CBF [mL/100 g/min]) and PS (mL/100 g/min), based on
deconvolution between arterial and regional tissue enhancement
curves with a distributed parameter model (13, 14). CBV and
CBF mapping has proven efficacious in cases of acute cerebral
ischemia (15, 16), in animal models, in patients with benign and
malignant disturbance of cerebral perfusion (17), and in benign
brain tumors without blood-brain barrier disruption (18). CT
Perfusion 2 software extends the application of dynamic CT to
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include estimates of PS as a putative, quantitative indicator of
blood-brain barrier disruption.

Results
For patient 1, the tumor showed intense enhance-

ment on both early and late contrast-enhanced scans
(Fig 1A). Region of interest measurements in the
tumor revealed an initial contrast peak (Fig 1B). The
high PS of the tumor resulted in a transendothelial
diffusion of the contrast agent into the tissue intersti-
tium, which can be recognized by the very slight de-
cline of the signal intensity after the first pass (com-
pared with the substantial decline to near baseline
seen with an intact blood-brain barrier), and a con-
sequent increase of tissue density during the equilib-
rium phase (Fig 1B). The pixel-by-pixel analysis of the
contrast agent kinetics reveal that compared with

normal gray matter, the tumor CBV is subtly in-
creased (from 5% to 8%) (Fig 1C and D) and CBF
normal (Fig 1C and E), whereas the surrounding
edematous tissue shows decreased CBV and CBF. PS
(Fig 1C, bottom, arrow) was characteristically elevated
in the tumor (�10 mL/100 g/min) compared with
normal brain tissue, which had approximately zero
permeability (Fig 1E).

For patient 2, as evident from the CT scans (Fig
2A) and the region of interest display (Fig 2B), the
tumor showed a contrast agent enhancement pattern
similar to that of the tumor in patient 1: an early peak
and then an almost complete lack of density decrease
after the first pass, attributable to microvascular hy-
perpermeability. The perfusion/permeability parame-
ter maps depict the tissue heterogeneity within the
large tumor, with both CBV and CBF being higher in

FIG. 1. CT scans and data analysis obtained from patient 1.
A, Representative images from the dynamic contrast-enhanced CT study. Top row, Before the administration of contrast material, a

subtle tumoral hyperattenuation indicates hemorrhage (arrow). Middle row, After the injection of contrast agent , the tumor is
immediately and strongly enhancing. Bottom row, The tumor remains hyperattenuating even after the contrast agent washes out.

B, Time-attenuation curve of the tumor from the ROI in the bottom right image in A. Strong enhancement of approximately 15 HU is
present during the first pass. A slight decrease in tumoral attenuation is followed by steady enhancement during the equilibrium phase.
Contrast-agent washout is not observed during the studied period of approximately 5 minutes.

C–E, Pixel-by-pixel parameter maps of CBV (C), CBF (D) and PS area (E) in the section in A. CBV is slightly increased in the tumor
and decreased in the surrounding edematous tissue. No increase in blood flow is seen. Tumoral conspicuity is highest on the PS map
(arrow), against the near-zero permeability of the normal brain tissue.
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the more anterior parts of the tumor (Fig 2C and D).
In highly vascularized areas, CBF reaches values com-
parable with those of vascular structures. As in pa-
tient 1, tumor conspicuity is most obvious on the
permeability maps (�40 mL/100 g/min) compared
with the approximately zero permeability of the sur-
rounding tissue (Fig 2E).

The dynamic contrast-enhanced MR imaging study
confirms the strong enhancement of the tumor (Fig
3A). The blood volume map (Fig 3B) shows the same
distribution of elevated blood volume within the tu-

mor as was shown by the CT study: blood volume is
higher in the more anterior parts of the tumor. Per-
meability, however, was highest in the tumor center
on the CT study (Fig 2E) but highest in the tumor
periphery on the MR imaging study (Fig 3C).

Discussion
CT permeability studies combine the continuous

dynamic data acquisition of a single section with IV
administration of an iodinated contrast agent bolus

FIG. 2. CT scans and data analysis obtained from patient 2.
A, Representative images from the dynamic contrast-enhanced CT study. Top row, Before contrast administration, hyperattenuation

within the tumor indicates hemorrhage (arrow). Middle row, After the injection of contrast agent, the tumor is immediately and strongly
enhancing. Bottom row, The tumor remains hyperattenuated even after the contrast agent has washed out.

B, Time-density curve of the tumor, from the ROI in the bottom right image in A. Strong enhancement of approximately 20 HU is
present during first pass. A slight decrease in tumoral attenuation is followed by a steady enhancement during the equilibrium phase.
Contrast-agent washout is not observed during the studied period.

C–E, Pixel-by-pixel parameter maps of CBV (C), CBF (D) and PS area (E) from the section in A. Both CBV and CBF are markedly
increased in the tumor; this is most pronounced in the more anterior tumoral areas (arrows). In vascularized tumor tissue, CBF is as high
as in the CBF in the contralateral insular vessels. Tumor conspicuity is highest on the PS map, with near-zero permeability of the normal
brain tissue. (The contralateral area of high PS indicates the plexus, which does not have a blood-brain barrier and is inherently
permeable to the contrast agent).
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and appropriate kinetic modeling of the contrast
agent transit through the tissue. This technique allows
noninvasive determination of the tumor blood vol-
ume, the blood flow, and a measure of the permeabil-
ity of tumor vessels. We present the use of a dynamic,
contrast-enhanced CT method in two human brain
tumors for the quantification of CBF, CBV, and PS.
This is based on a bolus contrast agent injection and
image acquisition beyond the first pass circulation of
contrast agent. One of those cases is compared with a
similar, MR imaging-based technique.

The noninvasive investigation of the tissue micro-
vasculature has previously been the focus of atten-
tion. It is generally acknowledged that such a method
can be used to estimate the angiogenic activity of a
tumor, and thus its biologic aggressiveness, and to
follow tumor response to treatment. In particular, it
may serve as a surrogate outcome measure for anti-
angiogenic treatment. Moreover, permeability mea-
surements can direct the biopsy of the most malignant
representative in a tumor for histologic evaluation
(10). For the two patients whose cases are presented
herein, permeability maps were more conspicuous for
showing malignant tumors compared with CBV and
CBF, which were slightly increased relative to the
surrounding tissue. The presence of hyperpermeabil-
ity seemed to be a specific effect: a positive PS was
evident only in the malignant tumor, not in the sur-
rounding tissue with intact blood-brain barrier.

Although MR imaging studies of permeability are
relatively accessible and do not require sophisticated
hardware, there are some inherent disadvantages as-
sociated with the kinetic analysis of the acquired data.
Mainly, the correlation between the signal intensity
and the contrast agent concentration is not linear,
impairing a correct analysis of the microvascular char-
acteristics. The most appropriate measure to correct
for this effect (ie, calculating the changes in relaxation
rate �[1/T1] as an indicator of tracer concentration,

rather than relying on signal intensity changes, �[SI]),
is associated with an increase in scan time and is thus
not practical. Furthermore, even �(1/T1) is nonethe-
less an approximation, typically assuming homogene-
ity of tissue type, or at least “fast water exchange,”
within each image voxel. Such fast exchange assump-
tions are contentious, especially in the brain (19).

Considering the linear relationship between the
density changes and contrast agent concentration and
the lack of confounding sensitivity to flow, CT-based
quantifications potentially offer a more accurate rep-
resentation of the tissue microvasculature compared
with MR imaging. The CT-based methodology used
for the two patients whose cases are presented herein
has previously been validated in animal models (12).
The authors found this technique to be both accurate
and precise in its quantitation of flow parameters,
using a microsphere technique as the reference stan-
dard. Combined with a higher spatial resolution than
that of MR imaging and no susceptibility artifacts, CT
may be more suitable for the noninvasive assessment
of tumor malignancy and as a surrogate outcome
marker for monitoring treatment effects, particularly
anti-angiogenesis treatment. Other possible applica-
tions for microvascular assessment using dynamic
contrast-enhanced CT may be differentiation of the
most malignant region of tumor before conducting
stereotactic biopsy and differentiation of radiation
necrosis and postsurgical scar tissue from recurring
tumor.

Radiation exposure and iodinated contrast agents
present considerable tradeoffs when comparing CT
with MR imaging-based permeability techniques. The
effective dose equivalent (20) of a dynamic CT study,
as reported herein, has been estimated to be 4.03
mSv, and the skin dose has been reported to be 64.6
rad (unpublished data). This effective dose equivalent
is approximately twice as high as the radiation dose
from routine CT of the brain (1.5 mSv) (21). The risk

FIG. 3. A, Representative images from the dynamic contrast-enhanced MR study in the patient in Figure 2. As seen on the CT scans
(Fig 2), contrast enhancement is strong and immediate, and wash-out is slow. After the injection of contrast agent , the tumor is
immediately and strongly enhancing (top row, middle and right images), and it remains hyperintense relative to the vascular signal
intensity (bottom row).

B and C, Pixel-by-pixel parameter maps of CBV (B) and PS (C) from the section in A. As seen on the CT maps, blood volume is
increased mostly in the more anterior tumor areas (B, arrow). Permeability is highest in the more anterior and peripheral tumor areas (C,
arrow) as well.
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of reaction to the contrast agent is low when using
nonionic agents but is higher than the risk associated
with MR imaging contrast agents. A considerable
disadvantage of CT permeability measurements com-
pared with MR imaging-based approaches is the lim-
ited anatomic coverage of CT. Even the use of multide-
tector scanners currently restricts the scanned volume to
a maximum of 2 cm; however, the temporal resolution
of MR imaging permeability studies (approximately
30 s) (10) is far exceeded by that of CT. An improved
imaging approach might be to repeatedly scan a larger
tumor area, several tumors, or even the whole brain by
using a helical scanning mode. More studies are war-
ranted to determine whether the potentially more accu-
rate CT-based approach outweighs these drawbacks.

Comparing CT and MR imaging permeability maps,
some inherent differences may be recognized. Whereas
fractional blood volume is a parameter inherent to the
tissue and should not change with the probe used to
measure CBV (and seems to be comparable on the
CT and MR imaging CBV maps) (Fig 2C and E), PS
is always specific to a particular tracer. For noninva-
sive imaging, this means that the permeability of the
microvasculature to the CT contrast agent is not nec-
essarily identical to the permeability of an MR imag-
ing contrast agent. The permeability depends on sev-
eral factors but mainly the size, shape, and charge of
the contrast agent. The CT and MR imaging contrast
agents used do not differ considerably in their molec-
ular weight; however, the different charge of the non-
ionic CT contrast agent compared with the ionic MR
imaging contrast agent (Omniscan, Nycomed) may be
responsible for some of the differences in PS in the
tumor of patient 2. Moreover, the temporal resolu-
tion, section thickness, and angulation of the acquisi-
tion differed somewhat between the CT and MR
imaging studies of patient 2. This suggests that fol-
low-up studies to monitor treatment should be con-
ducted using the same technique throughout, with
considerable attention to study-to-study image regis-
tration, and that CT and MR imaging are not neces-
sarily interchangeable modalities.

In summary, CT-based microvascular quantifica-
tions present an appealing alternative to MR imaging-
based techniques. They are applicable in the presence
of susceptibility artifacts or general contraindications
for MR imaging and potentially offer more accurate
results. However, mainly because of the limited ana-
tomic coverage and the inherent risk of radiation
exposure and injection of contrast agent, CT is un-
likely to generally replace MR imaging for the non-
invasive assessment of human brain tumor biology.
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