
Introduction

The advent of multidetector computed tomogra-
phy (MDCT) scanners has provided an impetus for
various changes in applications of computed to-
mography (CT) principles and their implementa-
tion in the design of CT protocols. The advanced
MDCT scanners can produce isotropic voxel reso-
lution, which can improve detection of subtle le-
sions in the organ. It thus remains the major imag-
ing modality for detection of hepatic pathologies
[1-4].
The main area of improvisation by MDCT for liver
imaging appears to be in detection and character-
ization of small liver malignancies with better
characterization of benign pathologies and vascu-
lar flow details [5]. Studies have shown that thin-
ner images with MDCT provides some benefits,
such as reduced volume-averaging artifacts, there-
by improving diagnosis of focal hepatic lesions
and hepatic vascular pathologies [6, 7].Also, due to
shorter hepatic arterial acquisition time and thin
collimation with MDCT, multiplanar imaging and
CT angiography are much better [8].

Basic Concepts for Liver Imaging

The enhancement pattern of the arterial phase is
dependent on the contrast medium injection rate,
injection duration, and the time of the scan per-
formed relative to the contrast bolus. The arterial
opacification can primarily be controlled by the
iodine administration rate, which is further de-
pendent on the flow rate and the concentration of
medium administered. It is important that the in-
jection duration be longer than the scanning time
to ensure strong vascular enhancement by the re-
circulation of contrast.

On the other hand, the parenchymal enhance-
ment is independent of the injection flow rate and

depends on the total volume (dose) of contrast ad-
ministered. Thus, to obtain optimal liver parenchy-
mal enhancement, a sufficient volume of contrast
medium is required (approximately 120–150 cc of
370 mgI contrast agent). The iodine dose is direct-
ly proportional to the contrast volume adminis-
tered and/or the iodine concentration of the con-
trast medium. Thus, increasing either would lead
to an increase in dose. For example, for vascular
mapping of the liver [computed tomographic arte-
riography (CTA)], arterial phase imaging is of
paramount importance, and administration of a
smaller volume of high-concentration contrast
medium at a higher rate would suffice.

Contrast material later enters the extracellular
space by diffusion, and this reduces the conspicu-
ity of the liver lesion and its contrast with the sur-
rounding parenchyma, later causing obscuration
of the lesion. This is called the equilibrium phase,
and it is important that the scan be completed well
before this stage sets in.

Dual-Phase Imaging

Normally, the liver derives only 25% of its blood
supply from the hepatic arterial flow and the re-
maining 75% from the portal venous system [9].
After the administration of iodinated contrast
medium, opacification of hepatic arteries is en-
countered first, usually at 15–25 s (arterial phase).
Liver enhancement in the portal venous system
usually occurs between 45 and 55 s, followed by
hepatic venous opacification at 60–70 s after con-
trast injection (portal venous phase). Based on the
contrast circulation, the hepatic arterial phase
(HAP) can be further divided into an early (true)
arterial phase in which there is opacification of the
hepatic arterial system without much parenchy-
mal enhancement and a following late (dominant)
arterial phase, which not only permits optimal
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opacification of the hepatic arteries but also high-
er parenchymal enhancement. This information is
important in designing MDCT protocols, as hyper-
vascular lesions are best visualized in the late arte-
rial phase. In other words, better hepatic parenchy-
mal contrast in the HAP is produced as a conse-
quence of greater enhancement of hypervascular
lesions and relatively less enhancement of the
background liver parenchyma (Fig. 1). In the sub-
sequent portal venous phase, these lesions are less
consipicuous due to the higher enhancement of
background liver parenchyma. Studies have
demonstrated that HAP images reveal more nu-

merous benign and malignant hypervascular liver
lesions than portal venous phase (PVP) images
[10], where most hypovascular lesions are evident
(Table 1). Hence, dual-phase CT of the liver is per-
formed in the late HAP and the PVP. Although ini-
tial reports supported the use of triple-phase scan-
ning (early and late HAP and PVP) for evolution of
hypervascular lesions, subsequent studies revealed
no additional benefits of the early phase. Because
of this and because of additional concerns relating
to excess radiation dose, the early HAP is losing
importance (Fig. 2) [11].

Fig. 1a, b. Hepatocellular carcinoma detection: coronal reformatted computed tomographic (CT) images of the liver in the arterial phase
(a) showing intensely enhancing hepatocellular carcinoma (HCC) (arrow). Note better lesion-to-parenchymal contrast in the arterial-dom-
inant phase in comparison with the portal venous phase image (b) where the lesion is not appreciated 

Table 1. List of common hypervascular and hypovascular lesions encountered in the liver

Hypervascular lesions (arterial phase) Hypovascular (PVP) lesions
Malignant Metastases
• Primary malignancy • Lung carcinoma
• Hepatocellular carcinoma • Colon carcinoma

• Breast carcinoma

Metastases Benign
• Carcinoid • Cysts
• Islet cell tumors • Biliary hamartoma
• Renal cell carcinoma
• Melanoma

Benign
• Hemangioma
• Focal nodular hyperplasia
• Hepatocellular adenoma
PVP portal venous phase

a b
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Rationale for High-Concentration
Contrast Medium

When a CT scan was performed with old scanners
(conventional, helical, and dynamic), the liver was
predominantly scanned during the preequilibrium
phase due to slower scan speed and lengthened
bolus time.With the evolution of MDCT, due to the
reduction in scanning time, the scans can be per-
formed during optimal phases with near perfec-
tion. One way of achieving this is by increasing the
injection speed. The other way is to increase the
concentration of the iodinated contrast mediun.

There should be an optimal balance between
iodine concentration in the contrast and the vol-
ume of material injected for the desired hepatic
parenchymal enhancement. The use of high iodine
concentration contrast medium has gained impor-
tance in patients with decreased cardiac output,
obesity, in conditions such as cirrhosis of the liver
or portal vein thrombosis, and other conditions
where there is decreased liver perfusion. It has
been observed that the maximum hepatic en-
hancement in obese patients is significantly lower
than in those who are lighter in weight. This could
be attributed to the decreased level of perfusion of
the liver in obese patients [12].Also, in cases of liv-
er cirrhosis, due to decreased portal perfusion, the
peak contrast enhancement in liver is late, and
usually, the plateau of contrast enhancement oc-
curs in the late portal phase. This is again second-
ary to decreased portal perfusion seen in these pa-
tients [13]. The injection of contrast medium with
standard iodine concentration could increase the
possibility of missing hypovascular metastases
during the late phase in heavy patients or in pa-
tients with cirrhosis or chronic hepatitis.

The use of high concentration contrast medi-
um enables better visualization of the heteroge-
neous enhancement pattern in cirrhotic patients.
The use of high concentration contrast medium
for MDCT enables greater enhancement of the
aorta in the early and the late arterial phases [14,
15]. It also results in higher mean attenuation of
the liver in the portal phase than would be
achieved by use of contrast medium of lesser io-
dine concentration. Therefore, the lesion-to-liver
contrast can be improved when high iodine con-
centration contrast medium is used (Fig. 3).

Other Technical Considerations for
Liver Imaging

Appropriate selection of the delay for scan initia-
tion is essential, along with modification of the
contrast administration protocol. Various techni-
cal and physiological factors affect MDCT contrast
enhancement of the liver [16, 17].

Scan Delay and Contrast Delivery

With increasing detector rows in CT scanners, scan
delays and contrast delivery in liver protocols need
to be altered accordingly. As discussed, if the vol-
ume of contrast to be administered is kept con-
stant and the rate is increased, the delay for peak
aortic enhancement decreases [16]. Also, in pa-
tients with decreased cardiac output or more body
weight, a longer time is required for the contrast to
demonstrate peak aortic enhancement and there-
by liver parenchymal enhancement. Thus, optimal
enhancement in larger patients can be achieved by

Fig. 2a-c. Improved detection of hepatocellular carcinoma (HCC) in the late arterial phase: serial images obtained at 18 s (a), 25 s (b), and
35 s (c) following initiation of contrast injection. Although arterially enhancing lesions are seen on images a and b, better enhancement and
more lesions (arrows) are evident on the late arterial phase image (c)
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increasing the injection rate, and the time required
for each of the phase acquisitions varies from pa-
tient to patient.

Techniques for Contrast Delivery 
Optimization

Timing of the hepatic arterial phase following con-
trast administration is of vital importance, and
with the availability of computer-automated scan-
ning technology (CAST), fixed time delays can be
planned. However, fixed time delays do not take in-
to account the patient-to-patient variability in car-
diac output or the contrast circulation time.

Almost all recent scanners are now equipped
with automated scanning trigger software wherein
a threshold enhancement [Hounsfield units (HU)]
in a vessel or an organ is preselected to initiate a
scan after injection of contrast.A few initial images
are obtained at a static table position, and after the
contrast bolus arrives and the threshold of en-
hancement in the region of interest is reached,
scans can be initiated either manually or automati-
cally.Alternatively, a test bolus can be used wherein
a small amount of contrast (10–15 ml at 3-4 cc/s) is
injected and serial images are obtained through the
upper aorta to judge its maximal opacification and
determine the appropriate delay time for the pa-
tient. A test bolus is accurate but does entail addi-
tional contrast and time . With both the test bolus
and automatic triggering techniques, the scan
should be performed at the point of maximal
opacification of the hepatic arterial system. This
should enable creation of excellent images of the
vascular anatomy of the liver.

However, for venous phase imaging, delays of
65–70 s, 60 s or less from the start of injection, are

usually planned in 4-slice, 16-slice, and 64-slice
scanners, respectively. This ensures optimal opaci-
fication of the portal vein and the hepatic veins.

Contrast Volume

Reduced volumes of contrast injection are not fa-
vored for liver imaging due to concerns about im-
age quality. Unlike thoracic and vascular CT imag-
ing, the authorities still recommend 120–150 ml of
contrast medium of concentrations up to
300–370 mg of iodine [18]. However, in larger pa-
tients, an increased volume of up to 180 ml has
been administered. In particular, patients with cir-
rhosis require a higher volume of contrast to
achieve optimal parenchymal enhancement due to
decreased liver perfusion.

Also, the volume of contrast to be injected
varies depending on the iodine concentration in
the contrast medium. Usually in cases of MDCT
liver imaging, 120–150 cc of 300 mgI/ml of non-
ionic contrast is injected at a rate of 4 cc/s. On the
other hand, if 370 mgI/ml is used, only 80–100 cc
would be required, but this needs to be balanced
with a slightly higher injection rate of 4–5 cc/s.
Thus, with use of higher or lower iodine concen-
tration contrast media, appropriate adjustments in
injection rate and contrast volume are needed.

Pitch and Scan Collimation

The use of thinner collimations with increases in
detector configuration of CT scanners has revolu-
tionized the role of CT scans in imaging of liver
pathologies. It has been shown that the use of
2.5 mm collimation markedly improves the detec-

a b

Fig. 3a, b. Comparison of low- and high-concentration contrast for characterization of a hemangioma: Arterial phase axial computed to-
mographic (CT) images of the liver performed with 300 mgI/ml (a) and 370 mgI/ml (b) concentration contrast media in a patient with a liv-
er lesion. There is improved enhancement of the aorta and the liver hemangioma on the image obtained with the higher-concentration
contrast medium
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tion of liver lesions compared with imaging on
scanners with higher collimation such as 10 mm,
7.5 mm, and 5 mm [6]. For hepatic parenchymal
imaging, 2.5 mm collimation is typically selected
with a 4-row MDCT, but with increasing detector
rows, such as 16- and 64-slice CT, collimations as
thin as 1.25 mm and 0.625 mm can be obtained.

One of the most important factors that deter-
mines the pitch is the table speed (Table 2). New-
generation MDCT scanners provide better coverage
using the maximum table speed, which is due to the
presence of their respective detector configurations
and more data elements (Table 2). However, it is
possible that this may result in unacceptable noise
in the images.

Reconstruction Interval

It was shown by Kawata et al. [19] that there is no
significant difference in the images obtained by
using intervals of 2.5 mm, 5 mm, and 7.5 mm for
detection of hypervascular hepatocellular carcino-
mas. It is essential that overlap of reconstructions
be at least 50% to obtain optimal image quality
particulary for hepatic CT angiography. Although
thinner slices are desirable, reconstruction inter-
vals of less than 2 mm can add to the noise in the
image and thus affect the rate of detection of liver
lesions. However, retrospective reconstruction
from thinner collimated images of isotropic voxel
resolution promotes reduction of partial-volume
artifacts.

Role of MDCT in Imaging of Liver
Tumors

The advent of MDCT scanners has ensured the
availability of fast data acquisition, thinner colli-
mations, and near-isotropic voxel resolution, but

along with this has come alterations in scan delay
and rate of contrast administration as well as em-
phasis on the importance of contrast concentra-
tion.

The two most important factors that influence
the detection of lesions is lesion size and its intrin-
sic vascularity. Lesions as small as 1 mm have been
detected by MDCT. It is generally believed that a
minimum of 10 HU difference between lesion and
normal liver parenchyma is required for the lesion
to be detected. Different tumors may enhance at
different phases of the scans depending on tumor
vascularity. It must be noted that most tumors de-
rive their blood supply from the hepatic artery and
its branches. However, some may be more vascular
than others and thus show increased enhancement
on the hepatic arterial phase of the scan. Such tu-
mors are classified as hypervascular tumors. Ex-
amples are hepatocellular carcinomas, metastases
from melanoma, breast cancer, carcinoid, thyroid
medullary carcinoma, islet cell tumors, and renal
cell carcinoma.

Certain benign lesions also show increased vas-
cularity in the hepatic arterial phase of the scan,
such as focal nodular hyperplasia and heman-
giomas less than 1 cm. This advantage of tiny le-
sion detection by MDCT scanners revealed that
benign tumors in conditions such as cysts, focal
nodular hyperplasia, hemangiomas, and adeno-
mas occur in up to one third of the population
without known malignancy [20]. In addition,
MDCT detects tiny lesions, such as metastases in
the liver, at an early stage, thereby ensuring early
surgery, ablation therapy, or chemotherapy.

As we have moved to the era of 16- and 64-slice
CT scanners, a study of the subtle enhancement
pattern of tiny hypodense liver lesions in the he-
patic arterial phase can be performed [21]. MDCT
can detect the peripheral rim enhancement in hy-
povascular lesions and can very well depict in-
volvement of the adjacent vasculature by the tu-

Table 2. Multidetector computed tomography (MDCT) liver protocols on different computed tomography (CT) scanners

Parameters 4 channel 1 6 channel 6 4 channel
DC (mm) 4×1.25 16×0.625 64×0.6
TS (mm/s) 15 18.75 38
Pitch 1.0–2.0 0.938 0.984
Slice thickness (mm)

Arterial phase (CTA) 1.25 1.0 1.0
Arterial phase (liver) 2.5–5.0 2.5 2.5
Venous phase (CTA) 2.5 2.0 2.0
Venous phase (liver) 5.0 5.0 5.0

Arterial Delay (s) Bolus tracking/automated trigger
Empirical delay:25–30 s

Venous Delay (s) 65–70 s 60 s 50–60 s
DC detector collimation, TS table speed, CTA computed tomographic arteriography
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mor mass. It is also an important imaging modali-
ty for tumor staging (Figs. 4 and 5).

An important feature of the hepatic arterial
phase for such lesions is the search for arterioportal
shunting. Certain malignant lesions reveal the pres-
ence of arterioportal shunts (Fig. 6). This is due to
the compression of portal or hepatic veins, which
causes development of hepatic artery to portal ve-
nous collateral vessels. However, such shunts can
also be visualized in the arterial phase in cases of
abscess, small hemangiomas, and cirrhosis [22].

Importance of Early Tumor Detection by
MDCT

Early detection of small hypervascular metastases
and primary tumors by MDCT is important for

early treatment planning. Due to the inherent ca-
pability of MDCT scanners to outline smaller and
more subtle lesions much earlier in the disease
process, routine screening for hepatitis B patients
is performed to detect early development of neo-
plasia in the liver. In such patients, the ability of
MDCT to pick up tiny lesions in different phases of
the scan proves to be a crucial imaging modality.
Patients with small tumors of less than 5-cm di-
ameter may be candidates for liver transplanta-
tion. Studies have shown the importance of late ar-
terial phase scans for detection of tiny liver tumors
[23, 24]. But due to constraints posed by inaccu-
rate bolus tracking methods, which may read to
significant hepatic venous enhancement in the late
arterial phase, the use of both phases is justified
[25].

Hepatic artery catheter MDCT is an invasive
procedure that involves injection of lipiodol into
the hepatic artery. It can detect subtle intra-arteri-
al enhancement, which may not be revealed on in-
travenous contrast injection. This procedure could
thus have a significant impact on tumor treatment
options.

Detection of Small Benign Lesions

The differentiation between tiny benign and ma-
lignant lesions poses a challenge for MDCT. The
only factor that is of vital importance to consider is
the pattern of enhancement following administra-
tion of contrast. Thinner collimation with MDCT
helps in accurate detection of attenuation in tiny
lesions such as simple cysts. MDCT also aids in
better differentiation of hemangiomas from hy-
pervascular metastasis. Attenuation of small he-
mangiomas is more or less like that of the aorta in
the arterial phases and similar to the hepatic veins

a b

Fig. 4a, b. Preoperative planning of cholangiocarcinoma: contrast-enhanced axial image (a) shows an infiltrative mass in the dome of the
liver with suspicion of inferior vena cava (IVC) invasion (arrow) seen as a filling defect. However, the corresponding coronal subvolume
maximum intensity projection (MIP) image (b) confirmed only extrinsic compression and not invasion of the IVC (asterisk) by the tumor (ar-
row), and thereby surgery was feasible

Fig. 5. Coronal reformat subvolume maximum intensity projec-
tion (MIP) image demonstrates an infiltrative cholangiocarcinoma
(arrows) encasing the hepatic venous confluence and inferior vena
cava (IVC) (asterisk) that makes the tumor unresectable
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in the venous phase. As MDCT can better define
arterial and venous phases, detection of tiny he-
mangiomas is simplified to some extent.

Due to the capability of MDCT to highlight liv-
er contrast in different phases of the scan, the de-
tection of focal nodular hyperplasia (FNH) is also
simplified. The hallmark of FNH on dual-phase
MDCT is its intense enhancement pattern, with or
without a low attenuation central area, on arterial
phase images and rapid wash out on venous phase
images, in which it becomes more or less isoatten-
uating with the liver [26, 27] (Fig. 7).

MDCT in Liver Cirrhosis

With the availability of smart prep technology in
the recent 16- and 64-slice scanners, the arterial
and venous phases can be optimally timed, which
is of paramount importance in cirrhotic patients
who have decreased liver perfusion. In addition,
the use of high-concentration contrast medium
enables better visualization of the heterogeneous
enhancement pattern in cirrhotics, which is main-
ly due to regenerative nodules, periportal fibrosis,
and microcirculatory shunts between the portal
venous and hepatic venous systems. Due to the
thin slice collimation and accurate definition of
the arterial and venous phase with MDCT scan-
ners, better image quality and CTA reconstruc-
tions from data sets are possible. The collateral cir-
culation in cases of portal hypertension is also
seen more clearly and with prominent paraumbil-
ical collaterals, esophageal varices, and periportal
circulation.

MDCT for Preoperative Planning

Preoperative knowledge of the variations in vas-
cular anatomy could help avoid complications
such as inadvertent ligation or injury of various
hepatic arteries, hepatic ischemia, and hemor-
rhage and biliary leak. Variations in the celiac axis
anatomy are common, and preoperative knowl-
edge is useful for surgery, especially in obese pa-
tients who have large amounts of lymphatic and
fatty tissue in the duodenal hepatic ligament and
the porta hepatis [28]. CT angiography images can
provide excellent outlining of the vascular struc-

a b

Fig. 6a, b. Tumor invasion in the
portal vein from hepatocellular car-
cinoma (HCC). Two arterial phase ax-
ial images of the liver are shown. a
Tumor thrombus is seen in the right
portal vein (arrow). Also note the
enhancement/contrast in the portal
vein in the arterial phase. b Intense-
ly enhancing arterioportal shunts
from the tumor (arrow) around the
left portal vein. Also seen is evidence
of liver cirrhosis and ascites

Fig. 7. Focal nodular hyperplasia: a dynamic late arterial phase
axial image showing a well-defined, heterogeneously enhancing
liver lesion with central scar (arrow), which appears as a hypoat-
tenuating area
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tures and demonstrate the exact extent of involve-
ment by lesions. CTA images are especially useful
for understanding vascular variations prior to he-
patic resection and the extent of vascular involve-
ment by tumors before liver surgery (Fig. 8).

The newer MDCT scanners enable routine ac-
quisition of submillimeter sections (up to 0.5 mm)
with isotropic resolution [29, 30]. The quality of
the three-dimensional (3-D) images is largely de-
pendent on the source images for reconstruction.
As with other forms of visualization, such as mul-
tiplanar reformation (MPR), volume rendering
(VR), and maximum intensity projections (MIP),
the source images should be of thin collimation,

have a greater longitudinal coverage with about 50
% overlap, and sufficient signal-to-noise ratio.
These prerequisites are well provided by recent
MDCT scanners [31].

The usual techniques for CT angiography of
the liver are VR and MIP [32]. The MIP images
provide no clue as to the depth of the structure but
project the brightest structure, which in the hepat-
ic arterial phase is the vascular detail (Fig. 9).
Hence, optimal delay time, contrast medium con-
centration, and opacification are important. Due to
the inherent capability of MDCT to provide desir-
able volumetric data and the required overlap, the
reconstructed MIP images are of better quality
than those obtained from older CT scanners. Some
MDCT vendors allow users to save simplified
scanning protocols on the user interface in the
scanner so that exquisite MIP images can be ob-
tained directly at the console.

Conclusion

MDCT offers several advantages, such as increased
scanning speed and better definition of lesion con-
spicuity and characterization. However, to realize
the maximum benefit, optimization of the acquisi-
tion parameters in different scanner types is im-
portant. Dual-phase imaging of the liver on MDCT
is usually performed in the late arterial and portal
venous phases, which not only enables better de-
tection of small hypervascular lesions (in the arte-
rial phase) at an early stage, but also plays an im-
portant role for early treatment planning. The
availability of high-iodine concentration contrast
medium (�370 mgI/ml) is an added benefit in

a b

Fig. 8a, b. Preoperative planning for living-related liver transplantation: Color-coded volume-rendered computed tomographic arteri-
ography (CTA) (a) demonstrates an anomalous origin of the left hepatic artery from the left gastric artery (thick arrow). A venous phase,
subvolume maximum intensity projection (MIP) image in coronal oblique plane in venous phase (b) demonstrates normal portal and he-
patic venous anatomy (thin arrows)

Fig. 9. Preoperative mapping of the arterial anatomy for intra-ar-
terial chemotherapy pump placement. A coronal maximum inten-
sity projection (MIP) computed tomographic arteriograph (CTA)
displaying a replaced right hepatic artery (arrow) arising from the
superior mesenteric artery (SMA)
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such settings. These contrast media not only pro-
vides better opacification of vascular structures
but also add to the quality of reconstruction im-
ages, especially for preoperative planning and
placement of intra-arterial pumps [33-35]. To en-
sure better-quality images, technical details per-
taining to planning scan delays and the right time
of arterial contrast delivery are important.

References

1. Tsurusaki M, Sugimoto K, Fujii M, Sugimura K
(2004) Multi-detector row helical CT of the liver:
quantitative assessment of iodine concentration of
intravenous contrast material on multiphasic CT–A
prospective randomized study. Radiat Med 22(4):
239–245

2. Kanematsu M, Oliver JH 3rd, Carr B, Baron RL
(1997) Hepatocellular carcinoma: the role of helical
biphasic contrast-enhanced CT versus CT during
arterial portography. Radiology 205(1):75–80

3. Hollett MD, Jeffrey RB Jr, Nino-Murcia M et al
(1995) Dual-phase helical CT of the liver: value of
arterial phase scans in the detection of small (< or =
1.5 cm) malignant hepatic neoplasms. AJR Am J
Roentgenol 164(4):879–884

4. Abdelmoumene A, Chevallier P, Chalaron M et al
(2005) Detection of liver metastases under 2 cm:
comparison of different acquisition protocols in
four row multidetector-CT (MDCT). Eur Radiol
15(9):1881–1887

5. Fishman EK, Jeffrey RB Jr (2004) Multidetector CT:
Principles, techniques and clinical applications. Lip-
pincott Williams & Wilkins, Philadelphia, p 85

6. Weg N, Scheer MR, Gabor MP (1998) Liver lesions:
improved detection with dual-detector-array CT
and routine 2.5-mm thin collimation. Radiology
209(2):417–426

7. Wang G, Vannier MW (1999) The effect of pitch in
multislice spiral/helical CT. Med Phys 26(12):
2648–2653

8. Spielmann AL (2003) Liver imaging with MDCT and
high concentration contrast media. Eur J Radiol 45
[Suppl 1]:50–52

9. Bader TR, Prokesch RW, Grabenwoger F (2000)
Timing of the hepatic arterial phase during con-
trast-enhanced computed tomography of the liver:
assessment of normal values in 25 volunteers. Invest
Radiol 35(8):486–492

10. Hollett MD, Jeffrey RB Jr, Nino-Murcia M et al
(1995) Dual-phase helical CT of the liver: value of
arterial phase scans in the detection of small (< or =
1.5 cm) malignant hepatic neoplasms. AJR Am J
Roentgenol 164(4):879–884

11. Ichikawa T, Kitamura T, Nakajima H et al (2002)
Hyper vascular hepatocellular carcinoma: can dou-
ble arterial phase imaging with multidetector CT
improve tumor depiction in the cirrhotic liver? AJR
Am J Roentgenol 179(3):751-758

12. Furuta A, Ito K, Fujita T et al (2004) Hepatic en-
hancement in multiphasic contrast-enhanced MD-
CT: Comparison of high- and low-iodine-concentra-
tion contrast medium in same patients with chronic
liver disease. AJR Am J Roentgenol 183(1):157–162

13. Vignaux O, Legmann P, Coste J et al (1999) Cirrhot-
ic liver enhancement on dual-phase helical CT:
Comparison with non-cirrhotic livers in 146 pa-
tients. AJR Am J Roentgenol 173(5):1193–1197

14. Murakami T, Kim T, Takamura M et al (2001) Hy-
per vascular hepatocellular carcinoma: detection
with double arterial phase multi-detector row heli-
cal CT. Radiology 218(3):763–767

15. Awai K, Takada K, Onishi H, Hori S (2002) Aortic
and hepatic enhancement and tumor-to-liver con-
trast: Analysis of the effect of different concentra-
tions of contrast material at multi-detector row hel-
ical CT. Radiology 224(3):757–763

16. Saini S (2004) Multi-detector row CT: principles and
practice for abdominal applications. Radiology
233(2):323–327

17. Kalra MK, Maher MM, Toth TL et al (2004) Tech-
niques and applications of automatic tube current
modulation for CT. Radiology 233(3):649–657

18. Choi BI, Han JK, Cho JM et al (1995) Characteriza-
tion of focal hepatic tumors. Value of two-phase
scanning with spiral computed tomography. Cancer
76(12):2434–2442

19. Kawata S, Murakami T, Kim T et al (2002) Multide-
tector CT: diagnostic impact of slice thickness on
detection of hypervascular hepatocellular carcino-
ma, AJR Am J Roentgenol 179(1):61–66

20. Jones EC, Chezmar JL, Nelson RC, Bernardino ME
(1992) The frequency and significance of small (less
than or equal to 15 mm) hepatic lesions detected by
CT. AJR Am J Roentgenol 158(3):535–539

21. Schwartz LH, Gandras EJ, Colangelo SM et al (1999)
Prevalence and importance of small hepatic lesions
found at CT in patients with cancer. Radiology
210(1):71–74

22. Kim KW, Kim TK, Han JK et al (2001) Hepatic he-
mangiomas with arterioportal shunt: findings at
two-phase CT. Radiology 219(3):707–711

23. Li L, Liu LZ, Xie ZM et al (2004) Multi-phasic CT ar-
terial portography and CT hepatic arteriography
improving the accuracy of liver cancer detection.
World J Gastroenterol 10(21):3118–3121

24. Laghi A, Iannaccone R, Rossi P et al (2003) Hepato-
cellular carcinoma: detection with triple-phase mul-
ti-detector row helical CT in patients with chronic
hepatitis. Radiology 226(2):543–549

25. Kim T, Murakami T, Hori M et al (2002) Small hyper
vascular hepatocellular carcinoma revealed by dou-
ble arterial phase CT performed with single breath-
hold scanning and automatic bolus tracking. AJR
Am J Roentgenol 178(4):899–904

26. Mortele KJ, Praet M, Van Vlierberghe H et al (2000)
CT and MR imaging findings in focal nodular hy-
perplasia of the liver: Radiologic-pathologic correla-
tion. AJR Am J Roentgenol 175(3):687–692

27. Carlson SK, Johnson CD, Bender CE, Welch TJ (200)
CT of focal nodular hyperplasia of the liver. AJR Am
J Roentgenol 174(3):705–712

28. Stemmler BJ, Paulson EK, Thornton FJ et al (2004)
Dual-phase 3D MDCT angiography for evaluation
of the liver before hepatic resection. AJR Am J
Roentgenol 183(6):1551–1557

29. Hu H, He HD, Foley WD, Fox SH (2000) Four multi-
detector-row helical CT: image quality and volume
coverage speed. Radiology 215(1):55–62

30. Flohr T, Prokop M, Becker C, Schoepf UJ et al (2002)



48 MDCT: A Practical Approach

A retrospectively ECG-gated multislice spiral CT
scan and reconstruction technique with suppression
of heart pulsation artifacts for cardio-thoracic imag-
ing with extended volume coverage. Eur Radiol
12(6):1497–1503

31. Kalender WA (1995) Thin-section three-dimension-
al spiral CT: is isotropic imaging possible? Radiolo-
gy 197(3):578–580

32. Johnson PT, Halpern EJ, Kuszyk BS et al (1999) Re-
nal artery stenosis: CT angiography comparison of
real-time volume rendering and maximum intensity
projection algorithms. Radiology 211(2):337–343

33. Takahashi S, Murakami T, Takamura M et al (2002)

Multi-detector row helical CT angiography of hepat-
ic vessels: depiction with dual-arterial phase acquisi-
tion during single breath hold. Radiology 222(1):81

34. Sahani D, Saini S, Pena C et al (2002) Using multide-
tector CT for preoperative vascular evaluation of
liver neoplasms: Technique and results. AJR Am J
Roentgenol 179(1):53–59

35. Sahani DV, Krishnamurthy SK, Kalva S et al (2004)
Multidetector-row computed tomography angiogra-
phy for planning intra-arterial chemotherapy pump
placement in patients with colorectal metastases to
the liver. J Comput Assist Tomogr 28(4):478–484




