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With the introduction of molecularly targeted chemo-
therapeutics, there is an increasing need for defining new 
response criteria for therapeutic success because use of 
morphologic imaging alone may not fully assess tumor 
response. Computed tomographic (CT) perfusion imag-
ing of the liver provides functional information about the 
microcirculation of normal parenchyma and focal liver le-
sions and is a promising technique for assessing the effi-
cacy of various anticancer treatments. CT perfusion also 
shows promising results for diagnosing primary or meta-
static tumors, for predicting early response to anticancer 
treatments, and for monitoring tumor recurrence after 
therapy. Many of the limitations of early CT perfusion 
studies performed in the liver, such as limited coverage, 
motion artifacts, and high radiation dose of CT, are being 
addressed by recent technical advances. These include a 
wide area detector with or without volumetric spiral or 
shuttle modes, motion correction algorithms, and new CT 
reconstruction technologies such as iterative algorithms. 
Although several issues related to perfusion imaging—
such as paucity of large multicenter trials, limited acces-
sibility of perfusion software, and lack of standardization 
in methods—remain unsolved, CT perfusion has now 
reached technical maturity, allowing for its use in assess-
ing tumor vascularity in larger-scale prospective clinical 
trials. In this review, basic principles, current acquisition 
protocols, and pharmacokinetic models used for CT perfu-
sion imaging of the liver are described. Various oncologic 
applications of CT perfusion of the liver are discussed and 
current challenges, as well as possible solutions, for CT 
perfusion are presented.
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yield a representative picture of tumor 
response. For example, samples ob-
tained from necrotic portions of tumors 
would not depict accurate tumor viabil-
ity. Imaging biomarkers, on the other 
hand, can allow assessment of tumor 
properties noninvasively that can readily 
be repeated at several time points and 
can be used to evaluate tumor response 
across an entire three-dimensional vol-
ume of tissue. As a matter of course, 
there might be potential advantages of 
combining the information from imaging 
and tissue or genetic biomarkers in can-
cer treatment.

Emerging functional and molecular 
imaging techniques using MR imaging, 
CT, US, positron emission tomography 
(PET), and optical-based technologies 
are being developed and have shown 
promising results for monitoring can-
cer more accurately than traditional 
morphologic imaging (11–17). Among 
these, CT is currently the most com-
monly used first-line imaging modality 
for staging and monitoring of diseases 
in oncology because of its wide avail-
ability and the availability of standard-
ized CT protocols which yield repro-
ducible imaging results. CT perfusion, 
the measurement of blood flow char-
acteristics through dynamic CT acqui-
sitions following intravenous adminis-
tration of contrast agents, can easily 
be integrated into routine CT imaging 

Treatment effects of conventional che-
motherapeutic agents are assessed af-
ter three to four cycles of chemother-
apy (after about 1 to 2 months into the 
therapy) and changes in lesion sizes, as 
classified according to Response Evalu-
ation Criteria in Solid Tumor (RECIST) 
or modified RECIST (mRECIST) for 
HCC, are used to render further treat-
ment decisions (4,5). However, when 
treated with molecularly targeted ther-
apeutic agents in oncology, lesions that 
may be responding to treatment may not 
change in size. Therefore, new imaging 
criteria are needed to better charac-
terize treatment response in oncology. 
Moreover, molecularly targeted agents 
are often expensive and have potential 
serious side effects. Criteria that allow 
early assessment of treatment response 
to allow for treatment decisions, includ-
ing potential termination of ineffective 
chemotherapy during early phases of 
treatment, could provide better ther-
apy and help reduce health care costs 
(6,7). Imaging biomarkers can be used 
as a surrogate marker in determining 
treatment response for late-phase trials 
or clinical practice, where the goal is to 
assess the clinical outcome, as well as 
for phase II trials, where the aim is to 
demonstrate that drugs have an effect 
on tumor biology.

A more personalized approach of 
cancer treatment can be achieved either 
by assessment of tissue biomarkers ob-
tained directly from tumor specimens 
following needle biopsies or noninvasive-
ly with imaging biomarkers. Although 
advances in whole genome sequencing 
have identified tumor development genes 
and susceptibility genetic biomarkers to 
allow tailored chemotherapeutic treat-
ments (8,9), this approach has several 
drawbacks. First, tissue biopsy requires 
local anesthesia or patient sedation, and 
the invasive nature of needle biopsies 
carries inherent risks such as infec-
tion or bleeding. In addition, biopsies 
can potentially stimulate neoangiogen-
esis by damaging tumor tissue and in-
crease metastatic risk by increasing the 
number of circulating tumor cells (10). 
Furthermore, sampling errors caused 
by obtaining tissue specimens from only 
small portions of the tumor may not 
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Essentials

 n The liver is one of the most chal-
lenging organs for perfusion im-
aging, due to its unique dual vas-
cular supply and considerable 
nonuniform motion during 
respiration.

 n Current CT perfusion protocols 
enable measurements of blood 
flow characteristics through dy-
namic CT acquisitions following 
intravenous administration of 
contrast agents; these protocols 
can be easily integrated into rou-
tine CT imaging protocols within 
the same imaging session.

 n CT perfusion of the liver is a 
promising technique for assess-
ing the efficacy of various anti-
cancer therapies, for diagnosing 
primary or metastatic tumors, 
for predicting early response to 
anticancer treatments, and for 
monitoring tumor recurrence 
after therapy.

 n Several issues related to hepatic 
CT perfusion such as radiation 
dose, reproducibility, protocol 
standardization, and motion cor-
rection need to be solved.

In the field of oncology, accurate liver 
imaging is critically important for 
appropriate management of cancer 

patients. The liver is the second most 
common site of metastatic disease after 
lymph node metastases and the most 
common metastatic site in patients 
with colorectal cancer (1,2). Primary 
liver tumors are common, with hepa-
tocellular carcinoma (HCC) represent-
ing the most common primary hepatic 
malignancy and the third most common 
cause of cancer-related death world-
wide. Accurate imaging techniques for 
early detection, staging, and monitor-
ing of liver disease are of utmost im-
portance (3).

Currently, diagnosis and moni-
toring of liver diseases are primarily 
performed with morphologic imaging 
techniques such as computed tomog-
raphy (CT), magnetic resonance (MR) 
imaging, and ultrasonography (US). 
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in the volume of interest reflects the 
summed amount of contrast agent 
within the blood vessels and the con-
trast agent that has moved to the inter-
stitial space by passive diffusion.

Another requirement for perfusion 
CT analysis is the selection of a vessel 
(usually an artery) supplying the tissue 
of interest to obtain a time-intensity 
curve (the arterial input function) by 
placing a region of interest (ROI) into 
the lumen of the vessel. Unlike in other 
organs, for which ROI is usually placed 
only onto the artery, ROIs for hepatic 
CT perfusion should be placed on both 
artery and portal vein because the liver 
has a dual blood supply from the hepatic 
artery and the portal vein. This unique 
dual input makes perfusion imaging of 
the liver challenging. This issue will be 
discussed in detail below. The time-in-
tensity curve is then compared with the 
time-intensity curve obtained from the 
tissue being analyzed. This allows the 
estimation of intravascular properties, 
such as blood flow, as well as character-
istics of extravascular and extracellular 
space, such as permeability.

A third requirement of CT perfu-
sion analysis is the application of kinetic 
models to calculate various perfusion pa-
rameters in the tissues being analyzed. 
For liver CT perfusion, one of the three 
methods—including model-free maxi-
mum slope method, compartment mod-
el-based method, and distributed pa-
rameter model-based method—or their 
combination can be used. Figures 1 and 2  

tissue perfusion is possible. This quan-
titative information cannot be obtained 
with conventional contrast material–en-
hanced CT where the degree of tumor 
enhancement at certain time-points (ie, 
arterial or portal venous phase) is just 
a mixed result of entering and exiting 
of contrast agent and thus is usually as-
sessed qualitatively.

CT perfusion analysis is based on 
several fundamental requirements. One 
is sequential CT scanning of the same 
volume over time, performed before, 
during, and after intravenous adminis-
tration of contrast agents to trace the 
temporal changes in CT attenuation in 
the tissue volume of interest. The tissue 
enhancement measured after contrast 
material injection can be divided into 
two phases based on the distribution 
of contrast agent in the intravascular 
or the extravascular-extracellular (in-
terstitial) compartment (23,24). In the 
first phase, the enhancement is mainly 
due to the contrast material within the 
intravascular space (23,24). Later, in 
the second phase, tissue enhancement 
results as contrast material passes from 
the intravascular to the extravascular-
extracellular space across the capillary 
basement membrane (23,24). There-
fore, in the first phase, the enhance-
ment is determined to a great extent 
by the blood flow, while in the second 
phase, the enhancement depends on 
the blood volume and the permeabil-
ity of capillaries to the contrast agent 
(23,24). The contrast agent present 

protocols within the same imaging ses-
sion. Several studies have shown that 
CT perfusion parameters correlate well 
with the presence and extent of tumor 
vessels (18–20), which could be lever-
aged for earlier detection of liver malig-
nancies and more individualized mon-
itoring of patients during treatment. 
In addition, CT perfusion can be inte-
grated with PET examinations, allowing 
assessment of both the hemodynamic 
and metabolic tumor status.

Herein, we review the basic prin-
ciples, current acquisition protocols, 
and pharmacokinetic models used for 
CT perfusion imaging of the liver. Po-
tential clinical applications of CT per-
fusion imaging for earlier detection and 
treatment monitoring of hepatic malig-
nancies and current challenges and po-
tential solutions for this technique are 
discussed.

Basic Principles of CT Perfusion 
Imaging

Perfusion is the transport of blood to a 
unit volume of tissue per unit of time 
and usually refers to the blood trans-
port at the capillary level. CT perfusion 
is based on the increase and subsequent 
decrease of contrast agent concentra-
tions in tissues as a function of time. 
Because tissue attenuation measured 
with CT and expressed in Hounsfield 
units is directly proportional to the lo-
cal concentration of contrast agent in 
the tissue (21,22), CT assessment of 

Figure 1

Figure 1: Images from CT perfusion examination of HCC in a 58-year-old man. An unenhanced image and a series of dynamic images following intravenous 
administration of contrast agent are shown. Numbers in left upper corner represent time from injection of contrast agent in seconds.
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and a video clip (Movie E1 [online]) 
show the workflow of a routine clinical 
CT perfusion examination of the liver.

CT Acquisition Protocol

The typical CT perfusion protocol con-
sists of a precontrast image acquisi-
tion followed by dynamic image acqui-
sitions performed sequentially after 
intravenous injection of an iodinated 
CT contrast agent (24,25). The base-
line precontrast CT scan can serve as 
a localizer to select the anatomic scan 
range for subsequent dynamic scan-
ning. In the case of liver imaging, the 
scan range should ideally include the 
main portal vein to allow calculation 
of time-intensity curves of both the 
abdominal aorta and the portal vein. 
Modern CT scanners (.16–detector 
row scanners with or without volu-
metric spiral or shuttle scan modes) 
allow scanning of large volumes of 
liver tumors or even the entire liver 
with a dynamic scan range of up to 
27 cm, allowing for inclusion of the 
portal vein in most patients (26,27).

The dynamic image acquisition 
includes first an intravascular phase 
study, second a delayed phase study, 
or both because the tissue enhance-
ment seen following contrast agent 
administration can be divided into 
two phases based on its distribution 
in the intravascular or the extravas-
cular compartment. The first phase 
study is composed of images acquired 
during the initial phase of contrast 
agent administration within 40 to 60 
seconds. In this phase, the tissue en-
hancement is mainly due to the con-
trast agent within the intravascular 
space and is determined to a great 
extent by the blood flow. Later in 
the second phase, as contrast mate-
rial passes from the intravascular to 
the extravascular component across 
the basement membrane of capillary, 
enhancement results from contrast 
agent distribution in both intravas-
cular and extravascular components. 
Thus, tissue enhancement in this 
phase largely depends on the blood 
volume and capillary permeability. 
The second delayed phase study can 

be added 2–10 minutes after the first 
phase study (24,25,28). To accurately 
obtain time-intensity curves of tissue 
from the first pass of contrast agent, 
CT scans are acquired at high tempo-
ral resolution (eg, one image per sec-
ond); for the second delayed phase, 
a lower temporal resolution may also 
be sufficient (eg, one image every 10 
seconds) (24). Since the radiation 
dose can be substantially lowered at 
increased iodine conspicuity by using 
lower tube voltage (80 or 100 kVp) 
compared with 120 kVp with con-
ventional CT, a tube voltage of 80 or 
100 kVp along with a tube current of 
50–120 mAs can be performed for CT 
perfusion imaging of the liver.

Contrast agents should be admin-
istered in small quantities at high flow 
rates to obtain a short and well-de-
fined bolus. The iodine concentration 
of contrast materials should not be 
less than 300 mg iodine per millili-
ter and the total iodine dose injected 
should be approximately within the 
range of 12–18 g. A contrast bolus 
of 30–60 mL iodinated contrast agent 
followed by a 50-mL saline flush at an 
injection rate of 4 mL/sec or greater 
through an 18–20-gauge antecubital 
intravenous cannula is recommend-
ed. The amount of contrast material 
should be adjusted according to the 
concentration of the contrast agent 
(29). To obtain higher contrast-to-
noise ratios, contrast agents with 
high iodine concentrations ( 350 mg 
iodine per milliliter) are usually rec-
ommended. Table E1 (online) sum-
marizes published protocols of data 
acquisition and contrast agent admin-
istration for liver CT perfusion imag-
ing. By virtue of recent advances in 
CT such as detector technology, con-
trast agent injection technique, and 
noise reduction algorithm, there is a 
trend in acquiring CT perfusion data 
by means of multidetector CT scan-
ners (16-detector configuration), 
sharp-bolus injection technique using 
high-concentration of iodine (350 
mg iodine per milliliter) at high injec-
tion rate (5 mL/sec), and lower tube 
voltage (80–100 kVp). These trends 
in image acquisition and contrast 

agent injection make liver CT perfu-
sion more reliable and robust for the 
following reasons: The use of a mul-
tidetector CT scanner can be benefi-
cial to assess heterogeneity of tumor 
angiogenesis by imaging tumor and/
or tissue volume with a craniocaudal 
distance of at least 4 cm; all analysis 
methods, especially for blood flow 
measurement calculated by the max-
imum slope method, can benefit from 
a rapid injection of contrast agent; 
and the application of a noise reduc-
tion algorithm for low-tube-voltage 
CT images decreases radiation dose 
without significant increase in image 
noise as well as increased attenuation 
of iodine.

Calculation of CT Perfusion Parameters

After CT data acquisition, various 
CT perfusion parameters can be cal-
culated by using either a model-free 
or a model-based approach, with the 
former being easier to implement. 
Regardless of the algorithm used, sev-
eral imaging processing steps should 
be performed for the calculation of 
CT perfusion parameters. The imag-
ing processing includes motion cor-
rection or image alignment, selection 
of arterial (and/or portal) input func-
tions, ROI definition, and voxelwise 
computation of perfusion parameters. 
The perfusion analysis of the liver 
is calculated differently from other 
organs because the liver has a dual 
blood supply—the hepatic artery and 
the portal vein. The effective time-
intensity curve obtained from liver 
tissue is therefore a result of an over-
lay of both the arterial and the por-
tal venous components. The normal 
liver is predominantly supplied by the 
low-pressure portal vein (75%) and 
supplemented by high-pressure he-
patic artery (25%). However, several 
diseases such as liver cirrhosis and 
primary and metastatic liver tumors 
lead to global or regional perfusion 
changes toward increased hepatic ar-
terial blood flow and decreased portal 
venous flow, although the underlying 
mechanism is different among the dis-
eases. In liver cirrhosis, deposition 
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Figure 2
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Figure 2 (continued)

Figure 2: (a) After motion correction, ROI within proximal abdominal aorta is drawn 
to obtain arterial input function (red circle, top left image). For liver perfusion imaging, 
a second ROI is drawn within the portal vein to determine portal venous input function 
addressing unique character of dual blood supply in liver (blue circle, top right image). 
A third ROI is drawn over spleen, which allows separation of arterial and portal venous 
blood flow in the liver (green, top right image). Time-intensity curves are generated 
from abdominal aorta (red), portal vein (blue), and spleen (green). Yellow curve 
represents time-intensity curve obtained from ROI drawn over normal liver tissue. (b) 
Perfusion software used in this example automatically generates color-coded perfusion 
maps of entire liver representing blood flow (BF), blood volume (BV), permeability, 
hepatic arterial perfusion (HAP), portal venous perfusion (PVP), and hepatic perfusion 
index (HPI). Note increased blood flow, blood volume, HAP, and HPI (solid arrows) and 

decreased permeability and PVP (open arrows) in hepatic nodule can be appreciated by visual inspection. (c) After drawing additional ROIs over 
metastasis (arrow) and normal liver tissue (arrowhead), quantitative perfusion parameters are displayed. In this example, HPI of nodule (ROI 
1) significantly increased to 86.48% compared with adjacent normal liver parenchyma (14.49%; ROI 2) (yellow box in lower right image). (d) 
Wedge resection confirmed 1.5-cm well-differentiated HCC (arrows). (Image courtesy of J. M. Lee.)

are required for liver perfusion image 
analysis as well as for the diagnosis of 
various liver diseases.

In the model-free maximum slope 
method, time to peak splenic en-
hancement (the end of arterial phase 
and beginning of the portal venous 
phase of liver perfusion) is used for 
separating HAP and PVP. The maxi-
mal slope of the liver time-intensity 

of unpaired arteries that are not as-
sociated with portal vein branches. In 
the case of hepatic metastasis, prolif-
eration of sinusoidal endothelial cells 
which is assisted by vascular endothe-
lial growth factor expression primar-
ily results in increased hepatic arte-
rial flow (31). Therefore, dedicated 
methods that allow a separation of the 
arterial and portal venous components 

of collagen in the space of Disse and 
subsequent increased resistance to 
incoming sinusoidal blood flow are 
known to be responsible for the de-
creased portal flow, which is counter-
acted by an increase in hepatic arte-
rial flow through the hepatic arterial 
buffer response (30). In HCC, how-
ever, increased hepatic arterial flow is 
mainly derived from the appearance 
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space and the interstitial space). 
Single-compartment models are com-
putationally simpler and could be ap-
plied as an approximation for normal 
liver. This assumption can be made 
because the space of Disse (equiv-
alent to extravascular-extracellular 
space in other organs) communicates 
freely with the sinusoids through rela-
tively large fenestrae (Fig 4b) (45,46). 
However, the approximation may not 
be true in the diseased liver owing to 
increased resistance to incoming si-
nusoidal blood flow caused by deposi-
tion of collagen or tumor cells in the 
space of Disse and altered sinusoidal 
architecture through the loss of fenes-
trae between sinusoidal endothelial 
cells (30). Therefore, most CT per-
fusion studies of the liver have used 
a dual-compartment model to better 
reflect the microcirculation of the dis-
eased liver resulting from tumor or 
cirrhosis, although dual-compartment 
models are computationally more de-
manding (43).

hepatic arterial and portal venous 
blood supply in normal liver tissue 
and liver lesions is important for char-
acterization and treatment response 
evaluation of liver nodules (44–46). 
For instance, when hepatocellular 
dysplastic nodules evolve to HCC, the 
intranodular portal supply decreases 
while the intranodular arterial supply 
increases in parallel with formation of 
unpaired arteries. Therefore, separat-
ing tumor perfusion into arterial and 
portal components can potentially 
help detect early cancerous changes 
in hepatocellular nodules.

Single-Compartment versus  
Dual-Compartment Model

Single-compartment models assume 
that the intravenously administered 
contrast agent is confined to only 
one compartment (ie, the vascular 
space), whereas dual-compartment 
models assume that there is dynamic 
distribution of contrast agent between 
two compartments (ie, the vascular 

curve in both the arterial and portal 
venous phase is divided by the peak 
aortic and portal enhancement to cal-
culate arterial and portal liver perfu-
sion (in mL/min/100 mL), respectively 
(32–36) (Fig 3). Furthermore, the 
HPI, which is the ratio of the arterial 
perfusion to the total hepatic perfu-
sion [HPI = arterial perfusion/(arte-
rial + portal perfusion)], can be calcu-
lated (32,37). However, this approach 
does not allow calculating other per-
fusion parameters, such as blood vol-
ume, mean transit time (MTT), or 
capillary permeability surface product 
because it takes into account only the 
first-pass part of the liver enhance-
ment curve before venous outflow. A 
major limitation of this method is that 
to satisfy the assumption of no venous 
outflow, a relatively high injection rate 
(15–20 mL/sec) must be used, which 
is not technically feasible in routine 
clinical practice (38).

To obtain additional perfusion pa-
rameters, several kinetic model-based 
approaches have been developed 
(39,40). Table E1 (online) summa-
rizes different kinetic models used for 
liver CT perfusion imaging in previous 
studies. Kinetic models applied to the 
liver vary according to the physiologic 
and hemodynamic assumptions made, 
including the following (41):

Single-Input versus Dual-Input Model
Unlike other organs, the unique dual 
vascular input to the liver from both 
the hepatic artery and portal vein 
makes data analysis of CT perfusion 
liver imaging challenging. To cir-
cumvent this problem, a single-input 
model for perfusion imaging of he-
patic metastases has been proposed 
with the assumption that the vascular 
supply of liver metastases is predomi-
nantly arterial (Fig 4a). However, this 
assumption may not hold true for all 
histologic types of metastases as some 
liver metastases may have a mixed 
vascular supply (42,43). Ng et al (44) 
recently reported that a dual vascu-
lar input model (arterial and portal 
venous) for analysis of CT perfusion 
data sets improves test-retest repro-
ducibility. Indeed, the separation of 

Figure 3

Figure 3: Plot of time-intensity curve of spleen and liver from CT perfusion study using max-
imum slope method. Diagram shows how maximum slope for arterial perfusion (S

A
) and portal 

perfusion (S
P
) are derived. Time to peak splenic enhancement (arrow) indicates end of arterial 

phase and beginning of portal venous phase of liver perfusion, which is used for separating 
arterial and portal venous phases. Maximal slope (S

A
 or S

P
) of liver time-intensity curve in each 

phase is divided by peak aortic and portal enhancement to calculate both hepatic arterial and 
portal perfusion, respectively. (Reprinted, with permission, from reference 32.)
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Comparison of Different Analytic Methods Regarding the Parameters Derived

Method Blood Flow Blood Volume MTT

Permeability-related Parameters

Permeability Surface  
Area Product

Flow Extraction  
Product

Maximum slope method Calculated
Compartment model based 

on Patlak analysis
Calculated Calculated

Distributed parameter 
model based on 
Johnson-Wilson model

Calculated Calculated Calculated Calculated

 

model was first proposed by Johnson 
and Wilson (49), Axel (50) has in-
troduced the distributed parameter 
model for brain perfusion CT imaging. 
With the use of an analytic solution 
in the time domain, the distributed 
parameter model enables the simul-
taneous determination of four perfu-
sion parameters: blood flow, blood vol-
ume, MTT, and permeability (Table). 

example of a compartment model is the 
Patlak model (48), in which only blood 
volume and blood flow extraction prod-
uct, which is a product of blood flow 
and contrast agent extraction fraction, 
can be calculated. In contrast, distrib-
uted parameter models take into ac-
count a concentration gradient within 
the vascular space in the time domain. 
While a simple distributed parameter 

Dual-Compartment Model versus 
Distributed Parameter Model
In dual-compartment models, the 
assumption is made that there is in-
stantaneous mixing or equilibrium of 
the contrast medium along the en-
tire course of a vessel in which solute 
concentration is spatially uniform. In 
other words, there is no concentration 
difference within the vasculature of 
tumors. This assumption can be made 
based on the hypothesis that all ves-
sels have matched vessels with flow of 
solute in the opposite direction. How-
ever, this is not true in tumor because 
it does not take into account immature 
tumor vascularity, and this may result 
in underestimating perfusion values 
in organs with rapid vascular transit. 
Furthermore, the separate determina-
tion of blood flow and extraction frac-
tion is not possible especially when the 
exchange of contrast agent is neither 
diffusion- nor flow-limited (47). One 

Figure 4

Figure 4: (a) Schematic diagrams show key features of single-input, dual-input, single-compartment, and dual-compartment 
models. Single-input model (top) assumes vascular supply to hepatic lesions is mainly from hepatic artery, although normal 
liver is supplied from both hepatic artery and portal vein. Dual-input model (middle) adopts physiologic status of liver which is 
supplied by low-pressure portal vein (75%) and supplemented by high-pressure hepatic artery (25%). Using single-compart-
ment model (top and middle), only vascular compartment is considered. Dual-compartment model (bottom) assumes dynamic 
distribution of contrast agent between two compartments. Using a dual-compartment model, kinetic properties such as perme-
ability surface area product (PS) can be quantified. (b) Behavior of normal liver can be approximated by a single-compartment 
model because the space of Disse (equivalent to interstitial space of other organs) communicates freely with sinusoids through 
fenestrae. However, in disease states such as liver cirrhosis, deposition of collagen impedes free exchange of contrast material 
between the two spaces, requiring use of dual-compartment model.
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monitoring therapeutic effects of 
various treatment regimens includ-
ing antiangiogenic drugs, and early 
identification of tumor recurrence 
after treatment (Tables E2 and E3 
[online]).

General Introduction: Alteration of CT 
Perfusion Parameters in Liver Tumors
Initial reports focused on how CT 
perfusion parameters change in liver 
tumors. Early work by Miles et al 
(36,37,53) and Blomley et al (33) on 
CT perfusion imaging of liver metas-
tases showed increased arterial per-
fusion in liver metastases, which was 
confirmed by other investigators, re-
gardless of the modality (CT and MR 
imaging), pharmacokinetic model, or 
whether the subjects studied were hu-
man or animals. Leggett et al (35) and 
Reiner et al (54) also reported signif-
icantly increased HAP and decreased 
PVP in patients with metastatic dis-
eases mainly from colorectal cancer 
when compared with adjacent normal 
parenchyma (35,54). Guyennon et 
al (55) demonstrated that metastatic 
neuroendocrine tumor showed signif-
icantly higher HPI, blood flow, blood 
volume, and permeability surface area 
product, and significantly shorter 
MTT, than adjacent parenchyma in 
16 patients. Lefort et al (56) reported 
similar results in 16 patients with biop-
sy-proven liver metastases from neuro-
endocrine tumor. They also showed 
that blood flow and MTT values ob-
tained by means of CT perfusion were 
correlated with those obtained by 
means of contrast-enhanced US (cor-
relation coefficient = 0.58 and 0.52, 
respectively) (56). They stated that 
the use of destruction-replenishment 
sequence in contrast-enhanced US, 
which is different from conventional 
first-pass study and the use of different 
assumptions regarding contrast agent 
distribution (instant mixing without a 
concentration gradient for contrast-
enhanced US and varying intravascular 
concentration gradients from the arte-
rial inlet to the venous outlet for CT) 
may have contributed to the significant 
but weak correlation between the two 
modalities that they reported (56).

describe the interstitial space, that is, 
permeability surface area product and 
flow extraction product. Permeability 
surface area product is the product 
of permeability and the total surface 
area of capillary endothelium in a unit 
mass of tissue or tumor (measured 
as mL/min/100 mL). Flow extraction 
product is the product of blood flow 
and the extraction fraction, which is 
the fraction of contrast agent arriving 
at the tissue that leaks into the ex-
travascular space in a single passage 
through the vasculature (measured as 
mL/min/100 mL). These parameters 
cannot be derived by using a single-
compartment model. The Table pre-
sents the comparative results of dif-
ferent analytic methods regarding the 
parameters derived.

The relationship between CT 
perfusion parameters and the patho-
logic features of tumor angiogenesis 
is complex (29). Blood volume and 
blood flow are known to correlate 
with microvessel density within the 
tumor. Between them, blood volume 
tends to more closely reflect the den-
sity of tumor microvessels than blood 
flow, as blood flow in the absence of 
an autoregulatory mechanism (which 
is underdeveloped in tumor vessels) 
can be easily affected by cardiac out-
put, while blood volume is not. Per-
meability-related values such as per-
meability surface area product and 
flow extraction product are surrogates 
for vascular leakiness directly related 
to poorly formed vascular basement 
membrane. Decreased MTT usually 
reflects the presence of arteriovenous 
shunts, which are frequently demon-
strated in the tumor.

Applications in Clinical Oncologic 
Imaging of the Liver

Since Miles et al (32) first described 
the potential usefulness of liver CT 
perfusion in 1993, there has been a 
gradual increase in clinical usage of 
CT perfusion imaging in liver tumors. 
Published clinical applications of liver 
CT perfusion include early detection 
of tumors, assessing disease prog-
nosis based on tumor vascularity, 

A more detailed overview on differ-
ent perfusion models can be found 
in previous publications (24,41,51). 
Although studies regarding the inter-
changeability of CT perfusion parame-
ters between the two models are lack-
ing, it has been reported that there 
is a disagreement of parameter values 
such as blood volume and permeability 
between the methods, indicating that 
the measurement techniques cannot 
be directly interchanged (52). Accord-
ing to the report by Goh et al (52), the 
mean difference of permeability and 
blood volume in 44 colorectal cancers 
was 23.6 mL/100 mL/min and 23.9 
mL/100 mL, respectively. In addition, 
the coefficient of variation was 37.4% 
for permeability and 46.5% for blood 
volume. The authors suggested that 
the difference in perfusion values be-
tween the two analytic methods may 
be mainly due to the use of different 
modeling techniques based on differ-
ent assumptions regarding contrast 
material distribution. The distributed 
parameter model takes into account 
the varying intravascular concentra-
tion gradients from the arterial inlet 
to the venous outlet within the capil-
laries, while the compartment model 
assumes that the compartments are 
well mixed without any concentration 
gradient and that there is no backward 
flux from the extravascular extracellu-
lar compartment to the intravascular 
compartment. These conceptual and 
mathematic differences may have con-
tributed to the disagreement (52).

CT Perfusion Parameters

Single-compartment models allow for 
estimates of blood flow, blood volume, 
and MTT. Blood flow refers to the vol-
ume flow rate of blood through the 
vasculature (expressed as mL/min/100 
mL). Blood volume is the volume of 
blood within the vasculature that is 
actually flowing (expressed in units of 
mL/100 mL). MTT is average time it 
takes for blood to traverse between 
the arterial inflow and the venous 
outflow, measured in seconds. Gen-
erally, dual-compartment models are 
necessary to extract parameters that 
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significantly decreased PVP in HCCs 
compared with adjacent normal pa-
renchyma by using a maximum slope 
model (58–60) (Figs 2, 5). These ob-
servations were confirmed by other in-
vestigators using MR perfusion with a 
dual-input, single-compartment model 
(61). HCCs show higher perfusion 
values compared with the adjacent 
normal liver tissue, reflecting their hy-
pervascular nature (58,62,63). More 
specifically, Sahani et al (62) and Zhu 

Although there is a wide range 
of overlap in blood supply patterns 
among various types of hepatocellular 
nodules such as dysplastic nodules, 
early HCC, and overt HCC, it is well 
known that when hepatocellular nod-
ules evolve into HCC, the intranodu-
lar portal supply decreases while the 
arterial supply increases in parallel 
with formation of unpaired arteries 
(57). Ippolito et al demonstrated sig-
nificantly increased HAP and HPI with 

Figure 5

Figure 5: Representative example of HCC shows typical findings at perfusion CT. 
(a) Arterial phase image (top left) shows 3.2-cm hyperenhancing mass (open arrow) 
in segment VIII of liver. Color-coded CT perfusion maps show increased blood flow (BF) 
(top middle), blood volume (BV) (top right), HAP (bottom left), and HPI (bottom right) of 
tumor (solid arrows) compared with adjacent normal hepatic parenchyma. Note marked 
decrease in PVP of tumor (arrowhead, bottom middle). (b) Photograph of gross speci-
men after liver transplantation confirms encapsulated, well-differentiated HCC (arrows). 
(Image courtesy of J. M. Lee.)

et al (63) reported that HCC demon-
strated higher blood flow, blood vol-
ume, and permeability surface area 
product and shorter MTT than the 
background liver parenchyma on CT 
perfusion images (Figs 2, 5). In addi-
tion to these parameters, HCCs also 
demonstrated a higher HAP and HPI 
as they specifically reflect the growth 
of new unpaired arterial blood vessels 
and a blood supply most exclusively 
derived from arterial circulation in 
HCC nodules (58–60) (Figs 2, 5). Al-
though HAP and HPI can increase in 
both metastasis and HCC compared 
with adjacent normal parenchyma, 
total blood flow and HAP are much 
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radiation dose associated with re-
petitive CT perfusion scans and the 
relatively high costs compared with 
currently recommended US screening 
of increased-risk patients (30). An in-
teresting alternative to perfusion CT 
imaging for earlier HCC detection was 
proposed by Kim et al (70), introduc-
ing the concept of whole-liver quan-
titative color mapping CT displays 
based on data sets from routine tri-
ple-phase liver CT examinations and 
discussed in the subsection address-
ing the issue of radiation dose. In 
their study the arterial enhancement 
fraction (AEF), a value that is similar 
to HPI, was calculated and the per-
lesion sensitivity for detecting HCC 
significantly increased when adding 
color maps of AEF (88.8%) compared 
with standard image analysis (71.7%) 
without increasing radiation exposure 
(70) (Fig 6).

Although HCC usually occurs in the 
background of liver cirrhosis in which 
perfusion changes are similar to those 

of HAP and PVP), mainly due to a 
decrease in portal perfusion and an 
increase in MTT using the distrib-
uted parameter model in rats with 
both occult and overt liver metastases 
from colorectal carcinoma. However, 
changes in perfusion parameters were 
smaller in rats with occult metastases 
than in those with overt metastases. 
Tsushima et al (68) and Shi et al (69) 
also demonstrated increased HAP and 
HPI with decrease of PVP in appar-
ently normal liver tissue with occult 
metastases on CT perfusion images, 
when compared with liver in patients 
without metastases and in control 
rats, respectively. These results sug-
gest that CT perfusion may be used to 
predict the presence of micrometas-
tases in an otherwise morphologically 
normal-appearing liver, potentially 
altering management of patients. In 
contrast, CT perfusion imaging has 
not been evaluated for earlier detec-
tion of HCC in a surveillance pro-
gram. This is likely due to the high 

higher in HCC than in hypovascular 
metastases (64).

Early Detection of Liver Tumors
Early cancer detection is the key for 
successful treatment and a favorable 
prognosis in patients with liver tumors. 
For example, the 4-year survival rate in 
patients with cirrhosis and HCC who 
met liver transplantation criteria was 
85% among patients who underwent 
liver transplantation (65), whereas 
the prognosis of patients not eligible 
for transplantation owing to advanced, 
symptomatic HCC was dismal, with a 
5-year survival rate of less than 5% 
(66). This discrepancy suggests that 
earlier detection of HCC is critical 
for better patient outcome. Similarly, 
exclusion of hepatic micrometastatic 
disease could obviate unnecessary, 
potentially toxic chemotherapy in pa-
tients without metastases. Current 
routine CT and MR imaging, however, 
are not sensitive enough in the detec-
tion of micrometastases due to the 
lack of apparent morphologic changes.

Several studies have shown that 
earlier detection of liver metasta-
ses could be accomplished by means 
of CT perfusion imaging, since mor-
phologically occult metastases may 
cause detectable quantitative perfu-
sion changes of the liver parenchyma. 
This hypothesis was proven on both 
a global basis with Doppler US and 
a regional basis with perfusion CT. 
Leen et al (67) showed that the 5-year 
survival of patients after curative sur-
gery for colorectal cancer was 91% 
in patients with normal hepatic Dop-
pler perfusion index (defined as the 
ratio of the hepatic arterial to the 
sum of hepatic arterial blood flow 
and portal venous blood flow) and 
29% in patients with abnormal he-
patic Doppler perfusion index ( 
0.3). Hepatic arterial and portal ve-
nous blood flows were calculated from 
the product of velocity averaged over 
time and cross-sectional area of the 
vessel, which were measured at com-
mon hepatic artery and intrahepatic 
portal vein, respectively. By using CT 
perfusion, Cuenod et al (45) found a 
decrease in total liver perfusion (sum 

Figure 6

Figure 6: Whole-liver quantitative color mapping CT improves detection of a small, 1.3-cm HCC (arrow) in 
segment VIII, missed at triple-phase CT on unenhanced (top left), arterial (top right), and portal venous phase 
(bottom left) images. Note several hypervascular foci without clear associated washout on portal venous 
phase image. In contrast, on color map image of AEF (similar to HPI on CT perfusion images) (bottom right) 
obtained from triple-phase CT, HCC is well depicted with increased AEF. HCC was pathologically proven after 
liver transplantation (not shown). (Images courtesy of K. W. Kim and J. M. Lee.)
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patients with liver metastasis from co-
lon cancer by demonstrating a signifi-
cantly greater reduction rate of blood 
flow and flow extraction fraction in 
responders versus nonresponders af-
ter only one cycle of cytotoxic chemo-
therapy (Figs 7, 8). They also showed 
a positive and significant correlation 
between CT perfusion parameters and 
volume-based PET parameters (Fig 
7). Anzidei et al (79) also reported 
that lesions responding positively to 
chemotherapy showed significantly 
higher permeability surface area 
product at baseline CT perfusion than 
nonresponding lesions in 18 patients 
with colorectal liver metastases.

For HCC, tumors with poor prog-
nosis tended to show higher base-
line blood flow and blood volume 
and shorter baseline MTT, suggest-
ing higher vascularity along with ex-
tensive intratumoral arteriovenous 
shunts. For example, according to a 
recent report by Jiang et al (80), pa-
tients with progression-free survival 
longer than 6 months had significantly 
longer baseline MTT (mean 6 stan-
dard deviation, 8.27 seconds 6 2.24) 
than those with progression-free sur-
vival of 6 months or less (5.64 sec-
onds 6 2.43), in 23 HCC patients who 
received bevacizumab in combination 
with gemcitabine and oxaliplatin, 
while baseline tumor size and atten-
uation did not correlate with clinical 
outcome. Petralia et al (81) reported 
that baseline blood flow and blood 
volume were significantly higher in 
12 HCC patients with progressive 
disease than in six patients with stable 
disease after thalidomide treatment. 
Zhu et al (63) also demonstrated that 
patients with progressive HCCs after 
treatment had shorter baseline MTT 
values than those with stable disease 
or partial response. However, there 
are conflicting results in the literature 
correlating histologic grade of HCCs 
with CT perfusion parameters. In a re-
port by Sahani et al (62), well-differ-
entiated HCC showed a higher blood 
flow, blood volume, and permeability 
and a shorter MTT than moderately 
and poorly differentiated HCC at CT 
perfusion. In contrast, Ippolito et al 

identifiable change in the management 
of the patient. However, investigation 
regarding this issue is lacking until now.

There are several reports to sug-
gest that CT perfusion parameters 
of the liver are related to progno-
sis in patients with liver metastases 
(12,35,36,78). For example, in a 
study by Miles et al (78), the relation-
ship between HPI and survival was 
evaluated in a series of 80 patients 
with colorectal cancer. Patients were 
stratified into three groups on the ba-
sis of HPI on perfusion CT images and 
the presence of visible metastasis on 
conventional CT images (group I: no 
visible metastases at CT and HPI , 
0.35; group II: no visible metastases 
at CT and HPI  0.35; and group III: 
patients with overt liver metastases 
at CT). The hazard ratios were 13.5 
(95% confidence interval: 1.6, 111) 
between groups I and II and 3.5 (95% 
confidence interval: 1.5, 8.5) between 
groups II and III. Stratification of 
survival risk by means of perfusion 
CT appeared to be superior to the 
Dukes classification, which is a stag-
ing system for colorectal cancer based 
on the depth of tumor invasion and 
lymph node involvement. Miles et al 
concluded that if the HPI of normal-
looking liver parenchyma was greater 
than 0.35, patients may eventually 
develop overt metastases, leading to 
poor survival (78). Leggett et al (35) 
suggested that decreased PVP of less 
than 0.25 mL/min/mL may indicate 
the progression of liver metastasis in 
a study of 27 patients with colorectal 
cancer. However, there are conflicting 
results in the literature. In a series of 
13 patients with hepatic metastases 
from a range of primary tumors, Miles 
et al (36) found that there were sig-
nificant positive correlations between 
the survival of the patient and HAP 
obtained at both the lesion core (cor-
relation coefficient = 0.69) and the 
rim (correlation coefficient = 0.78) 
of metastasis. However, there was no 
significant correlation between sur-
vival and PVP of metastases. Recently, 
Kim et al (12) showed the potential 
of CT perfusion for early prediction 
of prognosis after chemotherapy in 17 

in HCC, the impact of cirrhosis in de-
tecting HCCs on perfusion CT images 
has not yet been investigated.

Assessment of Prognosis Based on Tumor 
Perfusion
One of the key elements of tumor 
physiology that influences the aggres-
siveness of cancer and its response to 
treatment is tumor neoangiogenesis; 
the presence of high vascularity usu-
ally suggests aggressive behavior and 
is associated with a worse outcome 
(71). Tumor angiogenesis is defined as 
the process of developing new capillary 
blood vessels, resulting in tumor vas-
cularization (72). This process, which 
is integral to the growth and spread 
of tumors, consists of several dynamic 
processes, mediated by a host of 
growth factors, such as vascular endo-
thelial growth factor, fibroblast growth 
factor, and platelet-derived endothelial 
cell growth factor (72,73). CT perfu-
sion may reflect tumor aggressiveness 
and therefore may allow for the pre-
diction of prognosis based on tumor 
vascularity because it can provide indi-
rect information regarding tumor neo-
angiogenesis. Indeed, reports relating 
pathologic assessments of tumor an-
giogenesis to CT perfusion parameters 
have supported the hypothesis that 
peak tumor enhancement and blood 
volume correlate most closely with 
the expression of vascular endothelial 
growth factor and microvessel density 
in various tumors (18,74–77).

The meaning of response prediction 
is predicting the likelihood of treatment 
achieving the desired outcome. There-
fore, predicting treatment response 
will depend on the treatment intent. 
Most commonly, the intent is a pro-
longation of survival and yet there is 
currently little evidence that perfusion 
measurements correlate with survival. 
Change in perfusion before a change in 
size is only useful where a change in 
tumor size is the treatment intent (eg, 
neoadjuvant therapy). Reduction in tu-
mor size has not been shown to be a 
surrogate for survival. In a clinical con-
text, therefore, identifying a change in 
perfusion early in the treatment period 
would only be useful if there is a clearly 
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therapeutic antiangiogenic treatment 
results based on imaging can be un-
derestimated due to cytostatic effect 
which suppresses growth and multi-
plication of cancer cells, rather than 
cytotoxic effect that destroys cancer 
cells. Indeed, early clinical trials have 
indicated that standard response cri-
teria that use tumor size or other 
structural criteria may not be suitable 
for monitoring the effects of these 
drugs (80). Existing imaging tech-
niques such as fluorodeoxyglucose 
(FDG) PET, that are not directed at 
the vascular system, also may be in-
appropriate because antiangiogenic 
drugs may induce uncoupling of tumor 
perfusion and other aspects of tumor 
physiology such as glucose metabo-
lism (82,83) and because FDG PET 

there is little clinical implementation 
of these “prediction tools” to actually 
guide patient management. Therefore, 
this issue should be addressed and 
proved with prospective clinical trials in 
the future.

Monitoring Therapeutic Effects
With the emergence of novel molec-
ular targeted agents such as antian-
giogenic drugs, imaging techniques 
that directly assess tumor vascular 
supply have shown promising results 
in terms of monitoring of therapeu-
tic response. Antiangiogenic therapy 
inhibits vascular formation, thus in-
hibiting tumor progression indirectly. 
Therefore, despite effective treatment 
of antiangiogenic drugs, changes in 
tumor size can be minimal and the 

(60) found no significant correlation 
between CT perfusion parameters and 
HCC grade. Although the researchers 
in the former study speculated that a 
larger tumor diameter (mean, 9 cm) 
and the presence of tumor necrosis in 
the high-grade tumor group may ac-
count for lower blood flow and blood 
volume, further studies with larger 
study populations are warranted to in-
vestigate the relationship between CT 
perfusion parameters and histologic 
grade of HCC.

However, because most previous 
studies investigating the prognostic or 
predictive role of CT perfusion param-
eters have used statistical associations 
based on retrospectively acquired data 
and there has been little prospective 
validation for imaging biomarkers, 

Figure 7

Figure 7: Images show perfusion CT improving detection of liver metastases from rectal cancer and identifying early treatment response after 
chemotherapy. (a) On arterial phase CT image (top left), two ill-defined, enhancing lesions (arrows) are in the left hepatic lobe. On color-coded 
CT perfusion maps, both metastases (arrows) show increased blood flow (BF) (top middle), blood volume (BV) (top right), permeability (bottom 
right), and HPI (bottom right) compared with adjacent normal hepatic parenchyma. Note, additional tiny metastatic focus (arrowhead) is clearly 
visualized on perfusion maps with increased blood volume and HPI but not well visualized on arterial phase CT image (top left) (Fig 7 continues). 
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treatment response (85). CT perfu-
sion can be a promising technique 
to monitor treatment response for 
molecular targeted agents and for 
local-regional therapies since it allows 
quantification of hemodynamic chang-
es within the tumor.

Several studies have shown that CT 
perfusion imaging allows posttreatment 
assessment of differences in tumor per-
fusion before overt changes in tumor 

shows low (55%–61%) sensitivity in 
the diagnosis of HCC (84). Treatment 
monitoring after local-regional ther-
apy such as transarterial chemoembo-
lization (TACE) for HCC is sometimes 
challenging because tumor necrosis 
may not always be paralleled by a re-
duction in tumor size. The increased 
use of local-regional therapies in the 
treatment of HCC has raised the is-
sue of the best modality to measure 

Figure 7 (continued)

Figure 7 (continued): (b) CT perfusion images obtained after 
one cycle of chemotherapy show marked decrease in blood flow, 
blood volume, and HPI of the tumor (arrow). (c) PET/CT image 
before chemotherapy shows strong FDG uptake in both dominant 
metastases (arrows). Posttreatment PET/CT image (one cycle) also 
showed marked decrease of FDG uptake, indicating good treatment 
response.

size (Table E3 [online]). Although there 
were some discrepancies among stud-
ies, there was a trend toward showing 
a decrease in blood flow, blood volume, 
HPI, and permeability, as well as an in-
crease of MTT after treatment regard-
less of the imaging modality used (CT 
vs MR imaging), the therapeutic agent 
administered (standard chemothera-
peutics vs antiangiogenic agents), type 
of liver tumors imaged (primary vs 
metastatic liver lesions), and the sub-
ject studied (human vs different animal 
models) (Figs 7, 8). For instance, Ren et 
al (86) recently showed the usefulness 
of CT perfusion for early response as-
sessment following anticancer treatment 
in 100 mice with human colon cancer 
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also observed 1 week after TACE in an-
other study with 14 rabbit VX2 liver tu-
mors (90). In patients with HCC, Yang 
et al (91) demonstrated a significant 
decrease in HAP and HPI in HCCs at 4 
weeks after TACE.

Although these pilot studies are 
promising and show a potential role of 
perfusion CT for more accurate mon-
itoring treatment response compared 
with traditional morphologic imaging, 
additional studies are warranted to as-
sess the value of CT perfusion as a true 
surrogate marker for predicting long-
term treatment response in patients.

Diagnosing Tumor Recurrence
CT perfusion imaging has been used for 
early identification of tumor recurrence 
after various imaging-guided therapies 
of liver tumors including both primary 

carcinoid tumor, respectively. Kim et al 
(12) also showed a significant reduction 
of blood flow and flow extraction prod-
uct in nine patients who received only 
one cycle of cytotoxic chemotherapy for 
hepatic metastasis from colorectal can-
cer (Figs 7, 8). Following local-regional 
therapy, Kan et al (89) demonstrated 
a significant decrease in blood flow, 
blood volume, and permeability, while 
showing a significant increase in MTT 
immediately and 2 days after TACE in 
14 rats with liver metastasis (from mu-
rine mammary cancer cells). Changes 
in CT perfusion parameters tended to 
be higher in rats treated with a higher 
dose of embolic material (1 mg vs 3 
mg of 50-mm polyvinyl alcohol particle) 
(89). A significant decrease in blood 
flow, blood volume, and permeability, 
and a significant increase in MTT were 

xenografts. Blood flow, blood volume, 
and flow extraction product of the tu-
mors were significantly reduced as early 
as 1 day after treatment with either an 
antiangiogenic agent (bevacizumab) or a 
single radiation treatment. Those chang-
es in perfusion parameters occurred 
significantly faster than changes in the 
tumor volume. These data suggest that 
CT perfusion parameters can be used as 
predictive biomarkers for earlier post-
treatment response assessment before 
overt changes in tumor size occur.

In patients, Xiong et al (87) and Ng 
et al (88) showed a significant decrease 
in blood flow and/or blood volume af-
ter one cycle of the antiangiogenic drug 
SU6668 in six patients with liver metas-
tases and as early as 2 days following 
antiangiogenic treatment with bevaci-
zumab in 24 patients with metastatic 

Figure 8

Figure 8: Images show perfusion CT enabling prediction of early treatment response after chemotherapy for liver metastases from sigmoid 
colon cancer. (a) Baseline CT perfusion image of liver before chemotherapy shows large, 6.2-cm low-attenuating mass (arrow) at dome of liver. 
Liver metastases show decreased blood flow (BF) (top middle), blood volume (BV) (top right), and permeability (bottom left) and increased HPI 
(bottom middle) compared with adjacent normal parenchyma (Fig 8 continues).
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develop metastases during follow-up in 
53 patients treated with RF ablation 
for liver metastases. Furthermore, they 
concluded that a locally increased AEF 
indicated an elevated risk for future tu-
mor relapse in those areas (92). In addi-
tion, it was shown that marginal lesions 
with high HAP (.50 mL/min/100 g) 
and low hepatic portal perfusion (,10 
mL/min/100 g) represented recurrent 
tumor tissue after RF ablation for liver 
metastases in 11 patients with an in-
creased risk for local RF ablation–site 

and metastatic tumors (Table E3 [on-
line]). Mahnken et al (92) reported the 
usefulness of quantitative volumetric 
AEF color mapping created from con-
ventional triple-phase CT scanning for 
the early detection of recurrent tumor 
after radiofrequency (RF) ablation for 
liver metastasis. The authors observed 
that AEF values were significantly high-
er for parenchyma (62% 6 23) that 
developed additional metastases after 
RF ablation when compared with liver 
parenchyma (39% 6 20) that did not 

Figure 8 (continued)

Figure 8 (continued): (b) On perfusion CT scan after one cycle cytotoxic che-
motherapy with capecitabine and oxaloplatin, tumor does not show change in size 
or attenuation (top left), indicating no response to chemotherapy based on RECIST. 
However, substantial decrease in perfusion parameters suggests tumor response. (c) 
Three cycles of chemotherapy later, CT findings confirmed partial response based 
on RECIST with a marked decrease (6.2 to 2.9 cm) in tumor size. MIP = maximum 
intensity projection.

tumor recurrence (93). Furthermore, 
areas of recurrent tumors on CT per-
fusion images were well matched with 
hot spots on PET/CT images. Ippolito et 
al (94) also reported that residual HCC 
within TACE-treated areas showed sig-
nificantly higher blood flow, HAP, and 
HPI than compactly lipiodolized area or 
adjacent cirrhotic parenchyma (Fig 9).  
However, the role of perfusion CT in 
predicting recurrence after local-region-
al treatment is uncertain until now. In-
deed, Choi et al (90) reported that for 
the areas where the recurrence eventu-
ally occurred at 4 weeks after TACE, CT 
perfusion parameters obtained 1 week 
after TACE did not help predict future re-
currence in their study using 14 rabbits 
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the AEF, a value that is similar to HPI. 
AEF was defined as the ratio of the 
absolute increase of attenuation dur-
ing the arterial phase to the absolute 
increment of attenuation during the 
portal venous phase: AEF = [(HUA-

2HUU)/(HUP2HUU)] x 100, where HU 
is the attenuation, A is arterial phase, 
P is portal phase, and U is unenhanced 
scan. The authors hypothesized that, 
in the arterial phase, the attenuation 
increase of the liver is mainly from 
the hepatic artery while the portal 
flow is limited, which reflects the HAP. 
In the portal venous phase, as con-
trast material remains in the hepatic 
artery as well as in the hepatic vein, 
the increase of the liver attenuation is 
maximal, thereby reflecting an approx-
imation of the total hepatic perfusion 
(101). Therefore, AEF is considered 
to indirectly reflect the ratio of arte-
rial liver perfusion to that of total liver 
perfusion, which is known as the HPI 
(102) (Fig 6). Indeed, there was strong 
correlation (correlation coefficient 
= 0.91) between HPI obtained from 

iterative reconstruction techniques 
have been introduced to address the 
trade-off between radiation dose and 
image quality. Iterative reconstruction 
algorithms help reduce the quantum 
noise and pixel variance associated with 
standard filtered back projection recon-
struction algorithms by partially cor-
recting for the fluctuations in projection 
measurement due to limited photon 
statistics, with essentially no trade-off 
in spatial resolution (99). By using an 
iterative reconstruction algorithm for 
liver CT perfusion imaging, Negi et al 
(100) showed that radiation exposure 
could be reduced by 45% without af-
fecting hepatic perfusion values in 60 
patients.

Another alternative to decrease 
radiation dose for HCC detection has 
been proposed by Kim et al (70), in-
troducing the concept of whole-liver 
quantitative color mapping CT displays 
based on data sets from routine triple-
phase liver CT examinations (Fig 6). 
Instead of acquiring a whole-liver per-
fusion imaging data set, they calculated 

with VX2 tumor model. Early identifi-
cation of tumor recurrence around RF 
defect or lipiodolized nodule is some-
times challenging with conventional CT 
because tumor recurrence around RF 
defect can be confused with reactive 
hyperemia around RF-ablated area and 
because HCC recurrence around lipiod-
olized nodule can be obscured by beam-
hardening artifacts that occurred due to 
high attenuation of accumulated lipiodol 
(Fig 9). Perfusion CT may play an impor-
tant role in these aspects, being note-
worthy in patient management. How-
ever, further studies with larger study 
populations are again needed to assess 
the role of CT perfusion in diagnosing 
tumor recurrence early.

Current Challenges and Future 
Directions

Radiation Dose
Among several challenges of CT per-
fusion, the high radiation exposure is 
one of the most serious issues with this 
technique, in particular considering 
that cancer patients may need to un-
dergo repetitive imaging examinations 
to monitor treatment response. Also, 
exposure to high radiation is not ac-
ceptable for early detection surveillance 
programs. Depending on the technique 
used, radiation doses ranging between 
7.3 and 30.6 mSv have been reported 
for CT perfusion imaging of the liver 
(Table E1 [online]). Therefore, to make 
whole-liver volume perfusion CT feasi-
ble, in particular for early tumor detec-
tion, technical improvements in terms 
of radiation dose reduction have to be 
accomplished (95). To lower radiation 
dose, tube voltage and/or milliampere-
seconds have been decreased in ab-
dominal CT by some authors (96–98). 
The low-tube-voltage technique (for 
example, 80 kVp) can substantially 
increase the contrast enhancement of 
vascular and parenchymal structures 
by approximating the k edge of iodine 
(33.2 KeV). This, however, results in 
increased noise levels and beam hard-
ening artifacts owing to reduced pho-
ton flux, compromising the quantitative 
accuracy of the technique. Recently, 

Figure 9

Figure 9: Images show perfusion CT facilitating diagnosis of local recurrence after TACE for HCC. (a) On pre-
contrast (top left), arterial (top right), portal venous (bottom left), and delayed (bottom right) phase perfusion 
CT images 30 days after treatment, a densely lipiodol-laden nodule (arrow) is in right lobe of liver. No definite 
enhancing viable tumor focus is seen on conventional CT scans (Fig 9 continues).
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studies, it could be used as an alterna-
tive CT perfusion parameter that may 
substantially increase the detection 
performance of HCC without adding 
additional radiation exposure.

Protocol Standardization
The lack of standards on CT perfusion 
data acquisition and reporting has been 
another challenge for a more wide-
spread use of CT perfusion imaging 

perfusion CT and AEF calculated from 
triple-phase liver CT in 10 rats with 
VX2 liver tumor (103). With this ap-
proach, a three-dimensional color-cod-
ed AEF display overlaid onto the ana-
tomic liver CT images can be obtained, 
allowing radiologists to better detect 
nodules with increased HAP. Although 
other perfusion parameters cannot be 
obtained by using this method, if AEF 
could be further validated in additional 

Figure 9 (continued)

Figure 9 (continued): (b) Color maps of perfusion CT, however, 
show area (arrows) of increased blood flow (BF) (top left), blood 
volume (BV) (top middle), permeability (top right), HAP (bottom left), 
and HPI (bottom right) and decreased PVP (bottom middle), indicat-
ing recurred/residual HCC at leading edge of tumor (arrowheads). 
(c) Arterial phase image (left) obtained 1 month after perfusion CT 
shows increased size of enhancing viable tumor (arrow) around 
faint lipiodol residuals (arrowhead), with washout on portal venous 
phase image (right), confirming recurrent/residual disease.

in the clinic. This limitation has been 
recently addressed by developing stan-
dardized protocols for CT and MR 
perfusion imaging within the radiology 
community, such as the Quantitative 
Imaging Biomarkers Alliance (http://
qibawiki.rsna.org/) (104) or the ECMC 
consensus document (29).

Reproducibility
Reproducible data acquisition is one 
of the prerequisites of a new imaging 
technique to gain more widespread 
acceptance in the clinic. Several stud-
ies have addressed reproducibility 
of CT perfusion imaging of the liver 
in both human and animal models 
(33,54,62,79,86,89,105,106). Stewart 
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results, it is recommended that CT 
systems should be able to image a 
tissue volume with a cranial-caudal 
distance of at least 4 cm and that tu-
mor volumes of interest should encom-
pass the whole tumor to minimize the 
effect of heterogeneity of parameter 
values within the tumor (29). When 
there is evidence of tumor necrosis, an 
application of additional volumes of in-
terest avoiding necrotic areas is usually 
recommended.

Conclusion

CT perfusion imaging of the liver pro-
vides functional information about 
the microcirculation of normal paren-
chyma and focal neoplastic lesions of 
the liver. It is a promising technique 
for diagnosing primary or metastatic 
tumors, for assessing the efficacy of 
systemic or local tumor therapy, for 
predicting early response to antican-
cer treatments, and for monitoring 
tumor recurrence after therapy. Many 
of the limitations of early CT perfu-
sion studies, such as limited coverage, 
motion artifacts, and high radiation 
dose of CT, are being addressed by 
recent technical developments. They 
include wide area detectors with or 
without volumetric spiral or shuttle 
modes, motion correction algorithms, 
and new reconstruction technologies 
such as iterative algorithms. However, 
several issues related to CT perfusion 
imaging remain unsolved. First, most 
perfusion studies in the liver were per-
formed in small, predominantly sin-
gle-center studies. Confirmation with 
larger or multicenter trials is therefore 
needed. Second, there is variability in 
image acquisition protocol and kinetic 
models implemented on vendor soft-
ware by equipment manufacturers and 
only a few commercial software pack-
ages are currently available (and U.S. 
Food and Drug Administration ap-
proved or CE labeled [Conformité Eu-
ropéenne]) to perform such analyses. 
As a consequence, many research 
groups have created in-house software 
for data evaluation. Not surprisingly, 
this has led to disparate efforts in 
developing analysis tools, which are 

breathing or intermittent breath hold-
ing performed by the patient is recom-
mended (29). In addition to breathing 
control, it is also recommended that 
motion due to breathing should be 
compensated for by image registration 
software using motion correction tools 
(29). Although several nonrigid regis-
tration approaches, including free-form 
deformation method, viscous fluid de-
formation model, and volume-preserv-
ing fluid registration method, have been 
proposed (108–110), there have been 
few studies that assessed the effects of 
motion compensation on quantitative 
liver CT perfusion imaging results. In 
general, most investigators agree that 
higher accuracy, reproducibility, and 
inter- or intraobserver agreement re-
garding quantification of liver perfusion 
parameters cannot be achieved without 
motion correction (103,111,112). For 
example, Ng et al (112) recently re-
ported that absolute values and repro-
ducibility of CT perfusion parameters 
were markedly influenced by motion 
and the best overall reproducibility was 
obtained with motion correction using 
an automated registration method. In 
another study, the majority (approxi-
mately 60%) of liver perfusion data sets 
could not be reliably quantified without 
motion correction while automated mo-
tion correction allowed analysis of all 
data sets (106).

Other Issues
Tumors are spatially and temporally 
heterogeneous. Therefore, functional 
assessment derived from a single tu-
mor level (or time) may not reflect per-
fusion in the tumor as a whole. How-
ever, results regarding the usefulness 
of wider z-axis coverage or volumes of 
interest to account for this heterogene-
ity are contradicting (113,114). Some 
researchers suggested that increasing 
z-axis coverage does not improve re-
producibility of quantitative perfusion 
measurements for colorectal cancer 
(113) while others reported that mul-
tisection CT perfusion techniques may 
provide more reproducible results 
for perfusion parameters than single-
section CT perfusion in animal tumor 
model (114). Despite these conflicting 

et al (105) calculated a coefficient of 
variation of 5.7% for HAP of normal 
liver tissue and of 1.4% for VX2 liver 
tumors in five rabbits. In six rats with 
liver tumors, there was no significant 
difference in blood flow, blood volume, 
MTT, and permeability surface area 
product values measured at two CT ex-
aminations of the same tumor on the 
same day (P = .2–.5) and interobserver 
agreements among two independent 
readers was high (89). In another study 
in eight human colon cancer xenografts, 
high interclass correlation coefficients 
for blood flow (0.93), blood volume 
(0.88), and flow extraction product 
(0.88) obtained from two consecutive 
CT perfusion acquisitions obtained at 
the same time also suggested good re-
producibility (86). In four patients with 
HCC, Sahani et al (62) also reported 
a high correlation (correlation coeffi-
cient, 0.9) and a low variability (mean, 
4%; range, 1%–13%) of perfusion pa-
rameters between two successive liver 
perfusion CT scans. Despite the above 
optimistic publications, there is still a 
recognized need for more reproduc-
ibility studies for CT perfusion mea-
surements in various liver applications 
because most previous studies were 
performed on a single-center basis and 
enrolled a limited number of subjects. 
Additionally, future studies should be 
performed to assess other factors that 
determine the quality of CT perfusion 
images such as cardiac output and CT 
acquisition parameters which affect io-
dine sensitivity and image noise (29). 
Although there are few studies directly 
comparing different analysis methods 
of CT perfusion data sets (52,107), it 
is still unclear whether various perfu-
sion values calculated using different 
analysis methods from different man-
ufacturers result in reproducible data 
(29).

Motion Correction
Unlike the head, neck, and pelvis, which 
are less prone to respiratory motion, 
the liver is one of the most challenging 
organs for perfusion imaging, owing to 
considerable nonuniform and large mo-
tion during respiration. To compensate 
for respiratory motion, either shallow 
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often academia-specific and nonstan-
dardized. The lack of standardization 
in image acquisition and the methods 
applied for data analysis is an acknowl-
edged issue by researchers in the field 
of perfusion imaging, and there is for-
tunately increasing efforts toward the 
standardization and harmonization 
of both data acquisition and analysis. 
Such developments are of paramount 
importance for the wider clinical ac-
ceptance of the technique and indus-
try-academia collaborations are being 
developed to address such challenges 
(115). Third, although reproducibility 
of CT perfusion measurements has 
been documented in several studies, 
there is a need to confirm these en-
couraging results with larger, multi-in-
stitutional studies. Fourth, although 
there are several perfusion CT stud-
ies predicting prognosis or monitor-
ing treatment response, data relating 
perfusion measurements to long-term 
clinical endpoints are lacking. To ad-
dress this issue, further studies using 
overall survival or progression-free 
survival as more robust endpoints 
are needed. Finally, because most 
studies of CT perfusion to date have 
been small retrospective studies, fur-
ther larger-scale prospective validation 
studies are strongly required. Despite 
these unsolved issues, CT perfusion 
has reached technical maturity allow-
ing for its use in assessment of tumor 
vascularity in clinical trials.
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