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Abstract
Functional imaging holds promise in guiding, evaluating and predicting efficacy of
cancer treatment. Perfusion imaging provides high resolution functional information
generated by applying a model to a dynamic series of contrast enhanced anatomical
images.
The objectives of this thesis are: 1) to develop and validate a registration algorithm to
reduce breathing motion artifacts in hepatic perfusion CT, and 2) to evaluate the potential
of perfusion CT to improve radiotherapy of liver cancer.
An automated one-dimensional correlation-based registration algorithm was developed
and validated in phantom and pig studies and against manual registration of patient scans.
This algorithm was used to register dynamic contrast enhanced CT (DCE-CT) image
series, which consisted of 40 CT volumes acquired sequentially over 2 minutes. Perfusion
maps were generated from unregistered and registered DCE-CT scans and compared to
determine impact of motion correction on tumour-normal tissue contrast.
The motion corrected perfusion maps were used in a radiotherapy target volume
delineation study. Three observers delineated tumours on perfusion images and standard
contrast enhanced 4D-CT scans. Interobserver concordance was used as surrogate for
accuracy. Knowledge of contrast kinetics from DCE-CT scans was also applied to model
contrast enhancement in radiotherapy alignment cone-beam CT. Contrast enhanced conebeam CT scans were acquired of two rabbits to determine improvements in target
alignment.
Reproducibility of registration and spatial accuracy was less than the slice thickness in
phantom and patient experiments. Motion correction of pig scans showed increased
accuracy in 5 of 6 cases. In patient scans, arterial and total blood flow were significantly
elevated, and blood volume was significantly reduced in tumours compared to normal
tissue. In uncorrected maps, differences between tumour and normal tissue blood flow
were significantly reduced.
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Target delineation interobserver variability was significantly reduced with perfusion
maps compared to standard clinical 4D-CT. Tumour alignment was improved by
increased tumour-normal tissue contrast in contrast-enhanced cone-beam CT.
In conclusion, it is possible to obtain useful hepatic perfusion maps from DCE-CT scans
of free breathing patients provided motion correction is applied. DCE-CT also improves
targeting and patient alignment for radiotherapy and could be a valuable addition to
current clinical imaging.
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imaging, clinical target volume, image registration
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Chapter 1

1

Introduction

Contrast enhanced imaging is used worldwide for a wide variety of medical purposes. In
this thesis I will describe dynamic contrast enhanced computed tomography imaging and
the lessons learned from this technique that may help improve radiotherapy outcome for
patients with liver cancer.

1.1
1.1.1

Liver pathology
Normal liver function

Blood is supplied to the liver by two separate vessels, the hepatic artery and the portal
vein. The hepatic artery supplies oxygenated blood from the abdominal aorta, while the
portal vein supplies de-oxygenated but nutrient rich blood from the gastrointestinal tract
[1]. Normal liver tissue is mostly perfused by the portal vein which contributes 60-80%
of the total blood flow [2].
The liver plays a key role in metabolism and filtering and synthesis of metabolic wasteproducts for excretion. Protein metabolism is an important and nearly exclusive function
of the normal liver [3] including deamination, synthesis of essential amino-acids,
conversion of aminoacids into glucose and lipids and conversion of ammonia into urea.
Fat metabolism is not a unique trait to the liver, but many aspects of fat metabolism and
storage is carried out predominantly in the liver: oxidization of triglycerides, conversion
of carbohydrates and amino-acids into fatty acids for storage in the adipose tissues,
synthesis of cholesterol for metabolism or excretion and production of bile necessary for
emulsifying fat in the intestine so it can be absorbed into the bloodstream [4]. Glucose
balance in the blood is primarily maintained by the liver by forming and storing glycogen
when the blood glucose concentration is elevated and by depolymerizing glycogen when
glucose is needed to maintain the blood concentration [5].
Outside of the urea cycle, the liver is also responsible for other filtering mechanisms and
synthesizing metabolic waste-products into compounds the kidneys can absorb and
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excrete. The liver filters and excretes bilirubin which is produced by degradation of heme
in the spleen, a waste-product of the breakdown of red blood cells [6]. Filtering and
excretion of several drugs, minerals and hormones also primarily happens in the liver
including xenobiotics, steroids, calcium, iron and copper. All liver excretion is through
bile secretion, lipophilic compounds, heavy metals and lipids are dissolved in the bile and
diffuse into the small bowel for elimination [7].
One issue in diagnosing liver cancer and other liver diseases is that the liver has
significant redundant capacity and can function adequately with only a fraction of the
hepatocytes working. This allows for partial liver transplants from a healthy subject as
the remaining liver will be able to maintain normal function. Liver diseases can remain
asymptomatic for quite a long time due to this redundancy [8].

1.1.2

Liver diseases

Alcohol is primarily metabolized in the liver and kidneys making these organs especially
susceptible to damage from excessive alcohol intake. Alcoholic liver disease (ALD) is a
common ailment among people with high alcohol consumption and can lead to a number
of severe liver disorders. Fatty liver is the earliest lesion of ALD, caused by an
accumulation of triacylglycerol due to increase in supply of glycerol and free fatty acids
in the liver. Fatty liver often displays one large central fatty lesion. Following prolonged
alcohol abuse, non-viral hepatitis may set in, which may itself cause hepatic dysfunction
or even organ failure. Alcohol hepatitis can progress to cirrhosis, the formation of fibrous
nodules in the liver which can cause problems ranging from portal hypertension to
hepatocellular carcinoma [9].
Viral hepatitis is epidemic to several developing and some developed countries such as
Egypt, China and Pakistan. In total around 240 million people worldwide are estimated to
have chronic viral hepatitis B [10], which may be responsible for as many as 50% of the
total number of hepatocellular carcinoma (HCC) cases in the world [11, 12]. Another 150
million have chronic hepatitis C (HCV) [10], HCV is associated with an increased risk of
developing hepatic fibrosis and cirrhosis which increases probability of developing HCC
[13, 14].
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Fibrogenesis in the liver is a response to tissue injuries, causing accumulation of
extracellular matrix or scar tissue. This activity can lead to formation of nodules fibrous
tissue that can lead to changes in hepatic function by causing changes to biliary and blood
flow. Fibrogenesis is a response to a number of different injuries including alcohol or
drug induced, infectious and autoimmune diseases, metabolic ailments and ionizing
radiation [15]. Cirrhosis affects several hundred million people worldwide and although it
may remain asymptomatic for years, once complications set in such as ascites or
encephalopathy the 5 year survival rate drops to 50%. Cirrhosis is a risk factor for
development of hepatocellular carcinoma, and radiographically it may be difficult to
distinguish cirrhotic nodules from cancerous neoplasms. Severe cirrhosis is associated
with portal hyper-tension and an increase in fraction of total blood flow to the liver from
the hepatic artery, making it difficult to separate from hypervascular HCC [8].

1.1.3

Intrahepatic cancer

Primary intrahepatic tumours are hepatocellular carcinoma and cholangiocarcinoma.
HCC is unfortunately increasingly common in all parts of the world with increasing
incidence and mortality rates on all continents. It is the 5th most common form of cancer
behind skin, lung, breast and prostate cancer, but the 3rd most common cause death due to
cancer [16]. The biggest risk factors for HCC are viral hepatitis (B [17] and C [18]),
cirrhosis [19] and excess alcohol consumption [20]. Regionally in sub-Saharan Africa,
Southeast Asia and China aflatoxin produced by a fungus growing on unprepared seeds
and grains is also a common cause of liver damage leading to HCC [21]. HCC is
associated with a high degree of arterial angiogenesis which helps distinguish it from
other nodules in tri-phasic or other dynamic contrast enhanced imaging [22]. Elevated αfetoprotein (AFP) in the blood has been shown to be efficacious as an early indicator of
hepatocellular carcinoma; unfortunately sensitivity of this test is only slightly above 50%
[23]. Radiologic imaging is an important tool for proper diagnostic evaluation of liver
tumours. The specific vascular and density properties of different liver tumours help
differentiate nodules in medical images [24]. Liver imaging will be discussed in greater
detail below.
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Cholangiocarcinoma is caused by a malignancy in the epithelial cells that line the bile
ducts. About 1/3 of all cholangiocarcinomas are intrahepatic [25]. Cholangiocarcinoma is
a much rarer form of cancer than HCC, however incidence rates are on the rise [26].
Tumours in the intra-hepatic bile ducts tend to have few if any specific symptoms, often
presenting with abdominal pain and diarrhea. Diagnosis is often done by eliminating all
other possibilities, including HCC [27].
Cancer from a number of sites may metastasize to the liver due to the filtering function of
the liver, the high blood throughput and the readily available nutrients. Colorectal,
pancreatic and breast carcinomas all metastasize aggressively to the liver, but other sites
such as neuroendocrine and skin tumours may also metastasize to the liver [28].
The majority of patients analyzed as part of this thesis were diagnosed with HCC (n=17),
the rest were diagnosed with colorectal metastasis (n=5), intrahepatic
cholangiocarcinoma (n=2), breast metastasis (n=2) and 1 each of renal cell carcinoma,
melanoma, neuroendocrine, and lung metastasis.

1.1.4

Treatment

Several treatment modalities are used to treat patients diagnosed with liver cancer such as
surgical resection or transplantation, ablative therapies such as radio frequency ablation,
external beam radiotherapy, trans-arterial embolization combined with either
chemotherapy or internal radiation using seeds and systemic chemotherapy.
Surgery is the only nominally curative therapy for primary or metastatic intrahepatic
tumours [29]. Most patients are not eligible for resection due to comorbidity such as
cirrhosis and age or tumour size or metastatic involvement. Another surgical approach is
complete liver transplant which has shown excellent disease free survival rates compared
to all other therapies, but is limited by the availability of transplant livers and the Milan
criteria [30] (single tumour less than 5 cm diameter or no more than 3 tumours all less
than 3 cm diameter with absence of portal vein involvement and extrahepatic metastasis).
Less than 30% of HCC patients are eligible for surgery [31].
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The most common forms of non-surgical treatment for primary liver lesions are
radiofrequency ablation (RFA), trans-arterial chemo embolization (TACE),
chemotherapy and radiotherapy or a combination of multiple therapies.
RFA is performed by image guided insertion of one or more needles into the tumour that
connect to a large grounding pad placed on the patients skin, a large alternating current
field is induced in the needle and the high resistance of the tissue around the needle
causes localized heating leading to necrosis. RFA can not be applied if the tumour is
close to a major blood vessel due the cooling effect of the blood; some attempts have
been made to occlude blood vessels to the liver during treatment to increase the size of
the ablated region [32]. RFA has been proven to be effective in both HCC [33, 34] and
metastatic tumours in the liver [35, 36].
TACE is the image guided insertion of a catheter via the femoral artery and abdominal
aorta to the hepatic artery. By injecting iodinated contrast agent via the catheter an
angiogram can be acquired showing hyperdensity of arterial blood vessels. The catheter
can be maneuvered such that either a chemotherapeutic or radiotherapeutic agent can be
injected directly into the arterial branch feeding the tumour followed by an embolizing
agent, often polyvinyl alcohol spheres that occlude the blood vessels, cutting of the
tumours access to oxygenated blood. The most common therapeutic agents are
doxorubicin, cisplatin, mitomycin [37] and microspheres containing Yttrium-90 [38],
which is a β-emitter. TACE in the liver is only used to treat HCC as it only occludes the
arterial blood supply which is the lesser part of the blood supply to most other hepatic
tumours including ICC and metastasis.
Several systemic chemotherapeutic agents such as cisplatin, mitomycin C, doxorubicin
and 5-fluorouracil have been employed clinically for treatment of primary liver
malignancies. A new generation of drugs targeting biochemical pathways upregulated in
tumours have become available and several have been applied to liver cancer recently.
Specifically, drugs targeting the vascular endothelial growth factor (VEGF) or epidermal
growth factor receptor (EGFR) pathways, including bevacizumab, sorafenib and
cetuximab [24] have shown efficacy for treatment of HCC compared to traditional
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systemic therapeutics [39]. Several traditional chemotherapy agents have been tested in
liver, including thalidomide and tamoxifen among others, but have shown little efficacy
in controlling advanced HCC [24].
External beam radiotherapy (RT), especially with the prevalence of hypofractionated
treatment schemes, has recently become a viable treatment option of advanced HCC and
cholangiocarcinomas in patients who are not eligible for surgery or ablation [40]. Modern
treatment techniques allow for very conformal dose distributions and the widespread
adoption of image guided therapy has allowed for better sparing of healthy tissue and
dose escalation to the treatment target.
All patients in this study were scheduled for external beam radiotherapy, although some
may have had other forms of therapy previously, including chemotherapy, TACE,
surgery and prior radiotherapy at a distant site in the case of some metastatic patients.

1.2

Imaging of liver cancer

Accurate imaging is critically important to radiotherapy as it relies on both target
delineation for optimal treatment and normal tissue anatomy for dosimetry. The filtering
and metabolic roles of the liver means normal liver tissue has high uptake of many
compounds and metabolites which makes many forms of imaging less effective in liver
than in other sites. Several different imaging modalities have been used for treatment
planning of radiotherapy of liver cancer, including MRI (Magnetic Resonance Imaging),
4D-CT (4 Dimensional Computed Tomography), DCE-MRI (Dynamic Contrast
Enhanced – Magnetic Resonance Imaging) and PET (Positron Emission Tomopgrahy).
Tumours often have lower densities than normal tissue, especially large solid tumours
and poorly differentiated metastasis, making them visible on CT images. HCC is
associated with arterial angiogenesis and thus contrast enhanced multiphase imaging is
beneficial in detection of HCC. Bi- and tri-phasic CT with arterial phase contrast, portal
phase contrast and contrast washout imaging is the current clinical practice for detection
of liver tumours.
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1.2.1

Respiration tracked 4D-CT

4D-CT is the extension of traditional 3D computer tomography to include a dynamic time
component that visualizes respiratory motion by reconstructing several image volumes in
different phases of the respiratory cycle. The respiratory cycle is measured using either an
external surrogate, a spirometer or an internal imaging feature. Image projections are then
binned based on the part of the respiratory cycle they were acquired in and image
volumes are then reconstructed from these binned projections.
Two different imaging techniques have been proposed for acquiring 4D-CT of the liver:
helical acquisition and axial cine. During helical acquisition the imaging couch is
continuously moved through the bore at a slow pace to allow oversampling at all
locations [41]. Axial cine scans are acquired by keeping the couch stationary, performing
a cine scan that covers several respiration cycles and then progressing the couch by a
distance equal to the axial field of view and repeating until the desired volume has been
imaged [42]. Helical acquisition has a number of benefits including being faster, less
prone to severe distortions due to changes in the respiratory cycle during imaging and
less labor intensive compared to axial cine.
Contrast enhanced 4D-CT is used for radiotherapy treatment planning of many forms of
abdominal and thoracic cancer including primary and metastatic liver tumours and lung
[41]. Due to the dual blood supply of the liver, contrast kinetics can vary substantially
between different types of tumours as well as other disease states such as cirrhosis or
fibrosis. HCC is known to have a high fraction of arterial blood supply which means that
it enhances earlier than the surrounding normal liver tissue. Optimal liver tumour contrast
would be achieved by imaging during the arterial enhancement phase.
Cholangiocarcinoma and several hypovascular metastases have similar arterial blood
supply as the surrounding liver and thus have contrast enhancement during the later
veinous phase. For these tumours imaging during the contrast wash-out phase has been
shown to be optimal.
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All patients in this study underwent contrast enhanced helical 4D-CT as part of the
routine radiotherapy planning, the acquired 4D-CT image sets formed the basis for
clinical contouring for treatment planning and dosimetry.

1.2.2

Cone-beam CT

Cone-beam CT (CBCT) is commonly used for image guided radiotherapy (IGRT) [43].
Using a cone x-ray source and a large 2D flat-panel detector mounted onto the linac
gantry, the anatomy of the patient is imaged in a single rotation and aligned to the
planning CT scan using image registration. Acquisition times typically range from 30-60
seconds for a single rotation, which does make this imaging modality highly susceptible
to reconstruction artifacts from respiratory motion.

1.2.3

Tri-phasic CT

Tri-phasic CT images are acquired in multiple phases of contrast enhancement. It is the
current gold standard for diagnosis and treatment response assessment up of HCC. A precontrast image volume is acquired with a helical CT scan. Following injection of
iodinated contrast agent a second image volume is acquired during the arterial
enhancement phase. During this phase any regions with elevated arterial blood flow have
enhanced contrast, while normal liver with low arterial blood flow is not. During contrast
washout a third image volume is acquired.

1.2.4

MRI

Improvements in acquisition time have made MRI a very viable imaging modality for
diagnosis and treatment planning of liver cancer. T2 weighted MRI images and diffusion
weighted images have been shown to have very good tumour to normal tissue contrast in
HCC patients [44, 45]. MRI is currently not widely available for diagnosis and treatment
planning of HCC, and unlike CT imaging it does not provide tissue attenuation
coefficients, making it less suitable for dosimetry.
Dynamic contrast enhanced MRI has been applied to the liver [46], however it has been
shown to suffer the same difficulties as DCE-CT in the liver such as sensitivity to organ
motion and necessary trade offs between field of view and sampling rate.
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1.2.5

PET

Several different radio-labeled molecules have been tested as positron emission
tomographic markers of liver cancer. 18-Flouro-deoxyglucose (FDG), which has been
shown to be efficacious for tumour delineation in a number of sites, has been found to be
of little value in the liver due to a very high uptake in normal liver tissue, leading to poor
rate of true positive HCC patients [47]. Acetate has been shown to have some value as a
tumour marker of HCC in PET imaging [48]. Acetate is part of cytoplasmic lipid
synthesis which tends to be increased in some tumour cell lines [49]. It has been tested
labeled with Carbon-11 and recently Flouride-18. Carbon-11 labeled Acetate has been
shown to have high preferential tumour uptake in HCC, however when synthesized with
Flouride-18 preferential uptake is diminished significantly [50]. Unfortunately, Carbon11 is not a readily available isotope, which limits the applicability of 11-C Acetate PET
imaging for tumour delineation.

1.2.6

SPECT

A number of metabolites have been radio labeled and tested for detection of liver tumours
with single photon emission computed tomography (SPECT). Most tracers are labeled
with 99m-Tc including tetrofosmin, DTPA-galactosyl human serum albumin and
methoxyisobutylisonitrile. Tetrofosmin has been shown to efficacious in detecting breast
and lung tumours, however it has no value in detecting HCC [51]. Tc-galactosyl human
serum albumin has been shown to correlate well with T2 weighted MRI and may be
useful in determining if a suspected HCC is well differentiated, as increased uptake
occurs mainly in well differentiated tumours while poorly differentiated tumours have
decreased uptake [52]. Tc-methoxyisobutylisonitrile has shown correlation with tissue
type in HCC, but detection rate is poor as uptake may be increased or decreased
depending on tissue type [53].

1.3

Dynamic contrast enhanced CT

In this thesis various image processing operations were performed on dynamic contrast
enhanced CT images, including de-noising, registration, interpolation and segmentation.
Several methods were tested for each operation and those algorithms that were discarded
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will be briefly discussed in the final chapter in this thesis. The algorithms that were
applied will be described in the relevant parts of the thesis.

1.3.1

Image acquisition

CT acquisition of dynamic contrast enhanced images of the liver presents several
challenges due to organ motion, organ size and required sample rate to accurately
measure the aorta and portal vein contrast input curves described below.
1. Static axial acquisition [54-58]. Images are acquired with no couch motion
allowing for high temporal sampling. This scan technique can be implemented on
all CT scanners making it widely usable. The axial field of view is limited to the
native field of view of the scanner, typically 24 or 40 mm, which is not enough to
cover entire tumours and potentially not enough to include tumour and portal vein
in the imaged volume.
2. Couch shuttling/table toggling axial acquisition [59]. Two contiguous couch
positions are imaged alternating, effectively doubling the axial field of view of the
static axial acquisition while sacrificing temporal resolution without
compromising calculation of functional parameters. Not all scanners are capable
of shuttling the couch quickly enough during scanning.
3. Two phase static acquisition [60-62]. The first phase is acquired as a cine scan
during arterial enhancement to increase temporal resolution, typically for up to 30
seconds with the patient holding their breath. After the initial phase, 6-10 bursts
of cine scanning with pauses of 10 seconds in between are acquired with the
patient breathing normally. This scan has a limited field of view and is not easily
amenable to include couch motion, and only scanners with sufficiently fast
rotation speed can acquire the burst cine 2nd phase with sufficient temporal
resolution to avoid streaking and other respiratory artifacts.
4. Helical acquisition [63]. Fast helical acquisition can be used to cover the entire
liver during scanning. This scanning technique is only possible on a select few CT
scanners as the helical acquisition is not fast enough on most machines.
Reconstruction artifacts specific to helical acquisition may be present during
arterial enhancement phase as density changes rapidly. Respiratory motion may
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cause copying or deletion artifacts depending on respiratory phase and direction
of couch movement.
All patient scans were acquired using technique 2. Animal scans were acquired with
technique 2 and validated against technique 3. Specific details of the scanning protocols
are listed in the appropriate chapters.
Dynamic contrast enhanced imaging tracks intravenous contrast agent over time. Two
models have been developed to calculate perfusion maps from dynamic contrast
enhanced images: the deconvolution model [64] and the slope model [65]. Both work by
tracking contrast dynamics on a voxel by voxel basis, fitting a curve to the measured
contrast enhanced curve, and generating perfusion values from the parameters of the
fitted curve.

1.3.2

Deconvolution model

The deconvolution (Johnson-Wilson) [64] model as implemented in CT perfusion (GE
Healthcare, Waukesha, WI) was used for all calculations of perfusion values in this
thesis. In organs with a single blood supply such as spleen and heart the time density
curve (TDC) is given by:
TDC (t , x) = I (t ) ⊗ IRF (t , x)

(Eq. 1)

where I(t) is the contrast enhancement curve of the blood vessel supplying blood to the
organ (coronary artery for the heart, abdominal aorta for the spleen), IRF(t,x) is the
modeled impulse response function at voxel x, TDC(t,x) is the time density curve at voxel
x and ⊗ is the convolution operator. Perfusion parameters are calculated from iterative
minimization of (Eq. 1b):

∆ = I (t ) ⊗ IRF (t , x) − TDC (t , x)

(Eq. 1b)

The impulse response function in linear systems theory describes how a linear system
responds to a bolus input, the output of the linear system to any input is the input
convolved with the impulse response function as shown in (Eq. 1). In this model the
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impulse response function is established from a two compartment adiabatic
approximation, meaning contrast agent does not flow from voxel to voxel and is limited
to either intra- or extra-vascular space, both of which are well-mixed and have
homogeneous contrast distribution (Figure 1a) [66]. The model IRF is shown in Figure
1b. Prior to contrast arriving in the voxel, density remains constant over time. At time T0
(arrival time) the contrast bolus arrives in the intra-vascular space causing a sudden rapid
increase in density that is proportional to blood flow (BF). This increase lasts for a time
MTT (mean transit time) during which the contrast bolus passes through the intravascular space. At time T0+MTT the contrast bolus leaves the intra-vascular space
causing a rapid decrease in density. Only the contrast that extravasated into the extravascular space remains in the voxel. The fraction of contrast that extravasated is the
extraction fraction (E). The extravasated contrast agent will diffuse back into the blood
stream and be washed out of the voxel causing the voxel density to decay at a rate PS
(permeability-surface product) to pre-contrast levels. From the central volume theorem
[67] blood volume (BV) can be calculated from (Eq. 2).
BV = BF ⋅ MTT

(Eq. 2)
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Figure 1: Johnson-Wilson impulse response function.
1A: A model two-compartment voxel with intravascular space (IV) and
extravascular space (EV). 1B: Impulse response function used in Wilson-Johnson
model, T0 is the arrival time of contrast, MTT is the mean transit time of a contrast
bolus through the voxel, BF is proportional to the blood flow through the voxel, BV
is proportional to the volume of blood in the voxel, E is the fraction of contrast that
extravasates into the EV during transit and PS is the exponential decay rate of
extravasated contrast agent.

1.3.3

Dual input modification of perfusion model

Both the hepatic artery and portal vein supply blood to the liver. The hepatic artery feeds
oxygenated blood from the abdominal aorta and the portal vein drains nutrient rich blood
from the gastrointestinal tract. The input function in the Johnson-Wilson model must be
adjusted to account for dual blood supplies in a way that allows for the input to be
adjusted for each voxel as it is known that some tissues receive greater or smaller fraction
of arterial blood supply than others. (Eq. 3) shows the modification to the input function
I(t) and introduces a new parameter α(x) which is the hepatic arterial fraction, the fraction
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of total blood flow in voxel x that derives from the hepatic artery as well as HAI(t) which
is the contrast enhancement curve of the hepatic artery and PVI(t) which is the contrast
enhancement curve of the portal vein.
I (t ) = α ( x) ⋅ HAI (t ) + (1 − α ( x)) ⋅ PVI (t )

(Eq. 3)

Replacing I(t) in (Eq. 1b) with (Eq. 3) generates the function to be minimized by iterating
over the parameters of IRF(t,x). It is the parameters of the fitted model IRF that are
plotted as perfusion maps. HAI(t) and PVI(t) are both determined from the CT images,
HAI(t) by placing a region of interest on the abdominal aorta as a surrogate of the hepatic
artery and PVI(t) by placing a region of interest on the portal vein.

1.3.4

Organ motion

Several studies have shown the liver may move 10-30 mm in the superior/inferior
direction during normal respiration and 0-10 mm in the anterior/posterior direction due to
contraction and relaxation of the diaphragm [68, 69]. The movement is most severe at the
dome of the liver near the diaphragm. The average adult relaxed respiration cycle has a
period of about 4 seconds. To minimize streaking artifacts caused by movement of high
contrast features in and out of the reconstruction volume image acquisition time should
be no more than 0.5 seconds per volume. When using a CT scanner with low rotation
speed, it is possible to utilize repeated breath holds to eliminate the possibility of
reconstruction artifacts. Registration would still be required after scanning to correct for
poor reproducibility of lung volume between different breath holds.
Body shifts during scanning may introduce systematic rigid organ shifts that can be
difficult to correct without using a rigid 3D registration method. To avoid this possibility
patients should be instructed to remain still and in some cases abdominal straps may be
required. When using couch shuttling the periodic motion of the couch may cause the
patient to shift, particularly affecting obese patients. This can be mitigated with an
abdominal strap.
Organ motion may degrade functional image quality through introduction of artifacts in
several distinct ways:
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1. Motion of portal vein: The dual input perfusion model is sensitively dependent on
accurate contrast input curves – if a region can not be placed that includes only
the portal vein in all image volumes the corresponding input curve will be
incorrect, potentially leading to highly inaccurate perfusion estimates.
2. Tissue replacement: At organ boundaries or near smaller anatomical features such
as blood vessels, calcifications, neoplasms or the gall bladder, a voxel may over
time be occupied by several different tissue types. This can lead to inaccurate
time-density curves, which can cause the optimization to generate perfusion
values different from the actual values.
3. Reduction of field of view: Only the voxels included in every image volume can
accurately be calculated. In the presence of motion voxels at the extreme superior
and inferior edges of the image volumes will move in and out of the field of view
during scanning.
Organ motion during DCE-CT acquisition must be minimized either by reducing motion
during scanning or retrospectively through registration or image selection to reduce the
probability and magnitude of artifactual perfusion values. In this thesis we describe and
validate a retrospective method of reducing respiratory motion through image
registration.

1.3.5

Registration

To correct for respiratory motion in DCE-CT images, volumes acquired at the same
couch position but at different times must be registered to account for patient respiration.
Registration of partial organ volumes presents a number of unique challenges, including
the loss of volume conservation, small overlap between volumes and lack of
corresponding anatomical features. Registration of DCE-CT volumes for liver perfusion
imaging is made challenging by the lack of rigidity and shear motion between the liver
and other soft tissues and especially the bony structures surrounding the liver. Intensity
registration of the entire abdomen weights the bony landmarks very strongly due to their
high intensity gradients, leading to poor registration of the liver and other organs. To
accurately register the liver it is necessary to eliminate as many non-liver image features
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as possible, including bones, kidneys, spleen, stomach, small bowel and heart – the
optimal method would perform full segmentation of the liver and then register the
segmented volumes using a step wise process, first registering the segmented binary liver
regions followed by registration including the intensity information in the liver to account
for intra-hepatic features. Automatic segmentation of liver is a problem that has not yet
been accurately solved for images with contrast enhancement. Due to changing contrast
throughout the image series it was determined that automatic segmentation is not a viable
option for motion correction of DCE-CT. The implemented registration algorithm uses
manual selection of high contrast liver features. This is the only step of the registration
that is not fully automated.
The user selected volumes are registered using cross-correlation maximization which was
chosen for the registration algorithm presented in this thesis due to the efficiency of
computation combined with the robustness to image noise and reconstruction artifacts
compared to mutual information based registration algorithms. In chapter 2 the method is
presented in more detail and tested for reproducibility, sensitivity to initial conditions and
accuracy.

1.3.6

Filtering

Spatial and temporal filters can be used to reduce random noise in images. Spatial
filtering employs different forms of averaging over local pixels to reduce local intensity
fluctuations. This may lead to loss of highly localized signals. The potential loss of signal
puts an emphasis on choosing the filter with optimal noise reduction and minimal risk of
signal degradation for any given application.
Edge preservation is paramount when filtering images that require registration as
registration is driven by tissue edges. Denoising filters that are typically used in that
situation are anisotropic variable-size filters or median filters. Anisotropic variable-size
filters use a traditional kernel such as a 2D Gaussian with variable and anisotropic
standard deviations to avoid situations where the kernel would straddle a feature
boundary causing reduction in contrast and sharpness. The benefits of variable-size and
anisotropy come at the cost of extended computation time. Variable-size filters sample
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fewer voxels around tissue boundaries as the kernel is reduced thus reducing the
denoising effect in such areas. Median filters replace voxel values by the median value of
voxels in a predefined shape centered on the voxel to be replaced. If the median filter
shape is chosen to be isotropic and no larger than the size of the smallest anatomical
feature, the filter will only ever include voxels of at most two different tissue types, and
the voxel will be replaced by the value of a voxel of the dominant tissue type. Although
median filters with constant filter size always sample the same number of voxels, the
denoising effect is reduced near tissue edges. Median filtering is computationally faster
than anisotropic variable-size filtering and was used in this thesis for that reason as up to
1000 images must be filtered per patient. Figure 2 shows an example of denoising and
edge-preservation with a median filter.
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Figure 2: Example of median filtering.
On the left is shown a slice of a patient liver acquired with the DCE-CT protocol,
unfiltered. The inserted image shows a zoom of the area inside the red rectangle and
the plot shows an intensity profile along the red line in the insert. The part of the
profile from voxel 0-20 should have near constant HU as it is a homogenous region
of tissue, this is not the case without filtering due to reconstruction artifacts. On the
right is shown the same image after sequential median filtering with 3x3 and 5x5
filters with the same insert and line profile.

1.3.7

Signal to noise

Patients who undergo DCE-CT are subjected to increased radiation exposure compared to
the standard tri-phasic scan due to repeated scanning. Dose from liver DCE-CT has been
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estimated at around 20 mSv [70] compared to approximately 12-15 mSv [71] for
abdominal tri-phasic contrast enhanced scans. Limiting this dose, and thereby the risk
associated with it, is imperative. Signal-to-noise ratio (SNR) is the mean of a
homogenous liver region of interest relative to the expectation value of water (ROI)
µ

divided by the standard deviation of that region ( SNR = σ ). SNR in non-contrast
enhanced images acquired with the clinical DCE-CT protocol ranged between 2 and 4
(Figure 3Error! Reference source not found.A). SNR in treatment planning 4D-CT was
approximately 7(Figure 3B). Improved reconstruction and denoising algorithms such as
iterative reconstruction and principal component analysis may increase SNR to improve
image quality and allow further dose reduction.

Figure 3: DCE-CT and 4D-CT slices of same patient.
Left image (A) shows the DCE-CT slice at a time point prior to contrast arrival
compared to the 4D-CT slice on the right (B), the 4D-CT image clearly has a less
grainy appearance and more defined edges than the DCE-CT image.

The low SNR prevents reliable use of many fully automated image processing
algorithms. Furthermore, the liver has proven to be an organ that is highly variable from
patient to patient making it very difficult to produce generic algorithms for segmentation,
and it is currently one of the few organs that can not be automatically segmented using
clinical versions of radiotherapy planning software suites such as Pinnacle (Philips
Healthcare, Best, the Netherlands). In this thesis a balancing between the need for
minimal quality control and the high complexity of registering images with poor SNR,
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high interpatient variability and time dependent contrast changes is reflected in the
choices of algorithms utilized.

1.4

Radiotherapy

External beam radiotherapy is an option for palliative treatment of liver tumours. In the
case of oligometastases [72] or solitary HCC [73], they would be treated with curative
intent, giving doses upwards to 60 Gy in 6 fractions, equivalent to 70 Gy in 2 Gy per
fraction. The radiation dose is limited by the risk of causing damage to the non-cancerous
liver tissue or other toxicity to the patient. Radiotherapy can be split into two phases, the
planning and the delivery, each with different challenges.

1.4.1

Planning

A radiotherapy plan is created on the basis of an image set featuring the organ to be
treated as well as the surrounding healthy tissue to allow accurate dosimetric calculation
and risk assessment. For liver cancer, contrast enhanced respiratory-tracked 4D-CT
imaging is the most commonly used imaging modality for treatment planning. The
radiation oncologist defines the clinical target volume (CTV) to be treated on the basis of
pathology reports, radiology reading reports and the available information in the planning
image set. The oncologist adds appropriate margins to create the planning target volume
(PTV) which accounts for organ motion and inaccuracies in placing the patient on the
treatment couch (typically between 3 and 7 mm). The oncologist prescribes a dose and
treatment scheme. Healthy structures will be delineated for dosimetric purposes and a
treatment plan will be created to comply with the prescribed dose and fractionation
scheme, while sparing the adjacent healthy tissue to meet several organ-specific targets
that have been derived such as maximum dose to the spinal cord and small bowel (limited
to 50 and 47 Gy respectively) [74].
Radiation beam aperture shapes and beam weights are optimized using a commercial
treatment planning system such as Pinnacle (Philips Healthcare, Best, The Netherlands)
or Eclipse (Varian Medical Systems, Palo Alto, CA) in order to maximize dose
homogeneity to the tumour and reduce dose to the healthy tissue to conform with preset
limits and objectives.
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1.4.2

Alignment and treatment

On-line CT imaging is often employed to help reduce setup uncertainties to improve
patient setup accuracy prior to treatment. A cone-beam CT source and detector is
attached to the treatment gantry and can acquire a CT of the relevant anatomical area that
can be registered to the planning image.
To avoid giving excess imaging dose to healthy organs, cone-beam CT images are often
acquired with relatively low x-ray tube voltage and current compared to diagnostic CT
images. This combined with the slow rotation, and hence acquisition time, reduces the
quality of images. Often the tumour is not well visualized in CBCT images and
registration is performed by aligning liver-lung boundary, bony structures or chest-wall
as these structures have higher contrast and are easily visualized. Tumours located in the
inferior part of the liver may be poorly aligned with the planned position by aligning only
the abdominal diaphragm.

1.5
Implementation and validation of DCE-CT
motion correction
Key points for the registration algorithm developed in this thesis (chapter 2) were that it
had to be able to register up to 80 independent image volumes in a timely manner, and
had to be as automated as possible. The run time of the developed algorithm was
compared to a similar approach relying strictly on manual registration, the automated
algorithm was found to be able to perform registration in approximately 10-15 minutes
compared to 1-3 hours for a comparable manual registration and validation.
The regional intensity-based registration algorithm presented in chapter 2 was validated
in phantom scans, pig scans and human scans by comparing manual and automated
registration or by comparing registration to known motion. The benefit of motion
correction was investigated by comparing perfusion parameters calculated with and
without applying motion correction to perfusion parameters acquired with a different
scanning technique including breath hold and retrospective gating in pigs.
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Motion correction in this thesis is performed by strictly shifting images in the axial
direction. The registration algorithm does not account for motion in the anterior/posterior
direction nor deformation of the liver in different phases of the respiratory cycle. The
majority of liver motion during normal respiration is along the axial direction and in the
interest of computational efficiency and impact, 1D registration was chosen over 3D
approaches. User feature selection for registration may decrease reproducibility and
introduce interobserver variation if features are not chosen following provided guidelines.
Registration can be simplified by segmenting the liver, thus excluding all other tissue.
Several automated segmentation algorithms were tested during implementation of the
CTP motion correction algorithm presented in chapter 2. None were employed further, as
performance testing favoured the regional intensity based method. These segmentation
algorithms include:
1. Confidence connected segmentation. Implemented from the Matlab wrapper of
ITK [75], segmentation is performed using a seed point and growing a region
around the seed point by including 6-connected voxels with intensities within a
predefined deviation from the intensity of seed. The segmentation is then updated
by iteratively calculating the standard deviation and mean of the current
segmentation and including all 6-connected voxels that fall within µ ± α ⋅ σ where

α is a predefined constant (around 2.5) this iteration is continued until no new
voxels are included.
2. Model based level-set segmentation. A patient specific liver-model was created
by generating the temporal average image of the unregistered CTP volumes and
segmenting the liver using confidence connected segmentation. A level-set
optimization was implemented in Matlab following the methodology of Chen and
Radke [76] without a volume conserving term as organ volume can not be
expected to be conserved when only part of the organ is contained in any given
image volume. The method was tested in several image volumes from different
patients and even with poor choices of prior the segmentation was able to reliably
segment the liver with appropriate choices of weighting for each term in the
optimization. The technique was found to be prohibitively slow and registration of
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the binary volume did not seem to improve results enough compared to 1D
segmentation.
3. Edge detection using Canny and Laplacian of Gaussian (LoG) approaches.
Segmentation using edge detection filters is known to be computationally
efficient. Canny and LoG filters identify the steepest gradients, the main
difference being Canny filters do not provide closed shapes while LoG does. Due
to the low signal-to-noise ratio in CTP image volumes edge detection was not
able to reliably segment the liver from surrounding soft tissue.
Registration of binary volumes from segmented liver organ was attempted by registering
the center of masses and then minimizing the sum of squared differences between
volumes using constrained minimization included in the Matlab optimization toolbox
(fmincon) with 3 shift directions and 3 rotational angles as optimization parameters, each
limited to anatomically relevant values (±3 cm for superior-inferior motion, ±1 cm for
anterior-posterior and lateral motion, ±10o for all three rotations). The registration
parameters were then applied to the registration volume and the same optimization was
repeated this time with the image intensities multiplied onto the binary volumes and the
constraints reduced to ±0.25 cm for superior-inferior motion, ±0.1 cm for anteriorposterior and lateral motion, ±2o for all three rotations. This multiphase approach was
found to be computationally too intense and too sensitive to changes in the segmentation
and generation of binary masks.
Deformable registration is often considered a better solution than rigid registration.
However, due to the poor reproducibility, long computation time and intensive quality
control effort required to verify deformable registration, rigid registration was
implemented in chapter 2. Deformable registration typically requires constraints such as
elastic regularization and volume conservation to reduce probability of misregistration.
Registration of image volumes that contain only partial organ (as in our liver case)
possessed additional challenges with missing information, as no deformation field exists
beyond the image domain. Furthermore, volume cannot be guaranteed to be conserved
between image volumes of a partial organ.
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Demons deformable 3D registration algorithm [77] implemented in ITK as well as
Analyze was investigated as a method to correct motion. It was rejected due to lack of
reproducibility and several cases of misregistration in cases with large superior-inferior
shifts between registration volumes.

1.6
1.6.1

Objectives and outline
Hypothesis

I hypothesize that respiratory motion correction perfusion imaging has the potential to
improve radiotherapy treatment of liver cancer, both primary and metastatic, by
providing superior contrast between tumour and normal tissue and by providing patient
specific tracer kinetics which can be applied to improve patient alignment for therapy and
that retrospective 1D image registration is a fast and efficient motion correction strategy
with the benefit of allowing improvement in field of view through couch shuttling and
reducing patient discomfort and setup time.

1.6.2

Research objectives

The primary objective of this thesis was to implement, validate and apply an automated
and fast registration algorithm to correct for respiratory motion in dynamic contrast
enhanced CT images of the liver and to elucidate the value of perfusion CT of the liver
for radiotherapy target delineation of primary and metastatic intrahepatic tumours.
1. The first objective of this thesis was to implement an automatic registration
algorithm to correct for respiratory motion of the liver in dynamic contrast
enhanced CT images and validate the registration method in phantom, virtual
phantom and animal studies and against manual registration in human studies.
2. The second objective was to apply the registration method to patient scans to
determine the value of registration as retrospective correction for motion
correction. Tumour and normal tissue perfusion values in 30 human subjects
were determined and compared to previously published values.
3. The third objective was to determine the value of perfusion CT maps and
anatomical dynamic contrast enhanced CT images for tumour delineation in
radiotherapy treatment planning. Perfusion maps and anatomical images

25

acquired within 2 weeks of the clinical planning CT were registered to the
planning CT and three observers (2 radiation oncologists and 1 radiotherapist)
were asked delineate clinical target volumes on all three image sets for 15
patients and compare interobserver variability.
4. The final objective was to investigate the possibility of using contrast
enhanced cone-beam CT for improved tumour alignment with planned
position during image guided radiotherapy and to optimize contrast injection
protocol through simulation by modeling contrast kinetics using the dual
compartment perfusion model previously described. Contrast enhanced CBCT
was performed in two New Zealand white rabbits and simulated contrast
enhanced CBCT images were generated.

1.6.3
1.6.3.1

Thesis outline
Chapter 2: Hepatic CT perfusion with semi-automatic
retrospective respiratory motion correction: implementation
and validation

This chapter contains a description of the registration algorithm including implementation
details and results of phantom studies with known motion patterns. Validation of the
motion correction algorithm was performed against a simulated breath-hold image
acquisition technique in animal studies and against manual registration of patient scans.
The chapter is based on the paper titled “Hepatic CT perfusion with semi-automatic
retrospective respiratory motion correction: implementation and validation”, submitted
for publication to the journal Medical Physics January 2013 by NKG Jensen, A Lausch,
M Lock, B Fisher, R Kozak, J Chen, TY Lee and E Wong.

1.6.3.2

Chapter 3: Prediction and reduction of motion artifacts in
free breathing dynamic contrast enhanced CT perfusion
imaging of primary and metastatic intrahepatic tumours

Respiratory motion induced artifacts in perfusion maps may negatively impact the
clinical application of perfusion CT to sites in the thorax and abdomen. This chapter
investigates methods of predicting the presence of motion artifacts both locally and
globally, as well as the influence of motion artifacts on perfusion values, by comparing
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functional values in patient scans calculated with and without motion correction. This
chapter is based on the paper titled “Prediction and Reduction of Motion Artifacts in Free
Breathing Dynamic Contrast Enhanced CT Perfusion Imaging of Primary and Metastatic
Intrahepatic Tumours” published in the journal Academic Radiology, volume 20 (4) in
April 2013 by NKG Jensen, M Lock, B Fisher, R Kozak, X Chen, J chen, E Wong, TY
Lee.

1.6.3.3

Chapter 4: Dynamic contrast enhanced CT aiding gross
tumour volume delineation of liver cancers: an
interobserver variability study

Functional imaging such as Fluorodeoxyglucose – positron emission tomography (FDGPET) has been shown to decrease interobserver variability in clinical target volume
delineation for radiotherapy in several types of cancer. Highly accurate functional nuclear
imaging of the liver is made difficult by the liver’s function as a filtering gland, meaning
normal liver tissue has very high uptake of most radiotracers, and the combination of
liver motion and long acquisition time. In this chapter the possible benefits of integrating
perfusion CT imaging into radiotherapy treatment planning was investigated by having 3
observers generate clinical target volumes based on perfusion information and comparing
these volumes to some defined on traditional contrast enhanced 4D-CT currently used
clinically. This chapter is based on the paper “Dynamic contrast enhanced CT aiding
gross tumour volume delineation of liver cancers: an interobserver variability study”
submitted for publication in the journal Radiotherapy and Oncology in October 2012 by
NKG Jensen, D Mulder, M Lock, B Fisher, R Kozak, J Chen, TY Lee, E Wong.

1.6.3.4

Chapter 5: Contrast enhanced cone-beam CT improves
tumour alignment in image guided radiotherapy of liver
tumours

Due to image artifacts and poor soft-tissue contrast, image guided radiotherapy of liver
cancer patients is often performed by aligning the liver-lung boundary and bony
structures rather than the tumour. Misalignment of treatment volume due to deformation
of the liver or other abdominal structures may cause reduction in target coverage and
reduce the therapeutic ratio. In this chapter, application of intravenous contrast injection
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during acquisition of cone-beam CT is investigated in a rabbit model as well as
simulation of cone-beam CT images by modeling contrast kinetics.

1.7
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Chapter 2

2

Hepatic CT perfusion with semi-automatic retrospective
respiratory motion correction: implementation and
validation
2.1

Introduction

Dynamic contrast enhanced CT (DCE-CT) [1] of the liver in cancer patients is an
emerging imaging modality. It has shown potential for improving early treatment
response outcome of radiotherapy [2, 3] and target delineation for localized therapies
such as external beam radiotherapy and RF-ablation by providing high tumour to normal
tissue contrast [4-7]. DCE-CT of the liver has been shown to be sensitive to organ motion
[8] and in some cases severe artifacts may be introduced by motion, which can reduce the
quality and usefulness of the acquired images or in the worst case lead to incorrect
clinical conclusions. The liver may move up to 30 mm in the superior/inferior direction
during normal respiration and 5-10 mm in the anterior/posterior direction and less than 35 mm in the lateral direction [9-11]. Consequently, a method to minimize liver motion
during scanning or measure and correct for motion after scanning is required to generate
artifact free functional images from DCE scans of free breathing patients. Several
methods have been developed and applied to patient studies to minimize or correct for
respiratory motion including, repeated breath holds [12], 3D registration [13] and
retrospective gating [8, 14]. To date, retrospective gating plus registration used by Ng et
al. [8] is the only registration method specifically designed for liver CT perfusion that has
been comprehensively validated in the human setting [15].
We developed a 1D registration method for respiratory motion correction of DCE-CT
images acquired without breath-hold using couch shuttling/table toggling. Since the
majority of motion of the liver during respiration is along the superior/inferior direction
[9-11] we apply a rigid registration algorithm to correct this motion, ignoring lateral,
anterior/posterior motion and deformation. This simplification was adopted to reduce
processing time of coregistering 80 image volumes in our imaging protocol. The
algorithm described in this paper can be applied to tri-phasic contrast enhanced images or
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to contrast enhanced scans of other organs in the abdomen that move mostly in the SI
direction and can be treated as rigid such as kidneys and spleen.
The objective of this study was to validate a semi-automated algorithm to correct
respiratory motion induced artifacts by 1D registration of DCE-CT images by applying it
to phantom, animal and human studies. The described algorithm has been applied
clinically to patient scans in a previously published study [16]. All perfusion parameters
were calculated using CT Perfusion 5 (GE Healthcare, Waukesha, WI), a deconvolution
based implementation of the dual-input Johnson-Wilson [17] model.

2.2

Materials and methods

Validation of the model was performed in multiple steps. The robustness of the algorithm
was tested using i) randomly selected reference images and ii) intraobserver variability
testing. The algorithm was validated by testing i) the ability to reproduce scans with
known motion patterns (phantom and animal studies) and ii) to assess the effect of
motion correction on perfusion values (animal studies). Final validation was performed
against manual registration in patient studies.

2.2.1

Image acquisition

DCE-CT image acquisition in this study was performed using a couch shuttle protocol
and in some cases a retrospectively gated protocol. The couch shuttling imaging protocol
was as follows: the patient was positioned feet first in the supine position on the patient
table of a 64 slice scanner (Discovery VCT or CT750HD, GE Healthcare, Waukesha,
WI). One of the ante-cubital veins was catheterised with a 20-23 gauge catheter and the
catheter was connected to an automatic injector. Prior to the DCE scan a fast helical scan
was performed to locate the lesion and an 8 cm long volume was selected to include the
tumour and portal vein. The perfusion scan was performed using the dynamic axial
shuttle technique to translate the couch between two adjacent positions to cover the
selected 8 cm volume. At each couch location a 4 cm long volume of the liver, divided
into eight 5 mm thick slices, was imaged with the following parameters: 120 kVp, 120
mA, and 0.4 s rotation time. The time-interval between two successive scans of the same
location (passes) was 2.8 s and each 4 cm volume was imaged 40 times (2 minute scan
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time). Contrast (Omnipague 300, GE Healthcare, Waukesha, WI) at the dose of. 0.7
ml/kg bodyweight to a maximum of 70 ml was injected at a rate of 4 ml/s starting after 2
scans of each 4 cm volume was acquired as baseline. Patient was instructed to breathe
normally during the entire scan sequence [16]. The couch shuttling scan was utilized for
all patient scans and in a slightly modified form for all phantom and some animal scans.
Stewart et al. [14] have previously described the retrospectively gated scan applied to
some animal scans. The modifications made to the protocol to accommodate phantom
and animal scans were placing the subject head-first where applicable instead of feet-first
and replacing the shuttle movement with a pre-scan pause of the same duration as the
extended field of view was not needed.

Figure 4: Flow diagram of registration algorithm.
After best matching slice has been determined, new slices are interpolated at 1.25
mm spacing between the best slice and adjacent slices and cross correlated with the
reference image. Image shift is the difference in slice location between reference
slice and best matching slice. After shifting images, some slices may be missing at
superior or inferior edge. These slices are regenerated by temporal interpolation
between slices at same location in previous and later time steps.
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2.2.2

Filtering and registration

An abstract schematic of the filtering and registration process is shown in Figure 4. All
images were preprocessed to reduce noise with a 3 by 3 voxel median filter [18] and
thresholds were applied to remove air, bone and other objects with densities much lower
or greater than liver. One reference image per couch position was selected by the user and
several high contrast features, such as organ edge, tumour boundary, major blood vessels
or calcifications, in the reference image were selected. A binary mask was created by the
user, which included only are areas inside the selected regions. The regions chosen by the
user served to eliminate anatomical features that may move relative to the liver from the
registration volume [16]. An example of selected regions of interest is shown in Figure 5.

Figure 5: Registration regions of interest covering high contrast features.
Image shows a sample of how regions should be selected for registration. A total of 8
regions of interest covering organ edge and liver hilum and deliberately excluding
non-liver soft and hard tissue were selected.
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Volumes acquired at different couch positions were registered independently in an
iterative manner. For each image volume the slice best matching the reference image was
determined by superimposing the user generated binary mask and maximizing
normalized cross correlation. Six image slices were generated at 1.25 mm spacing
surrounding the best matching slice, by weighted interpolation of the filtered images. The
binary mask was applied to these slices and normalized cross correlation was calculated
with the reference slice. The slice with maximum correlation coefficient was selected as
the best match.
The difference in slice location between the best matching slice and the reference image
was calculated and used as a rigid shift for all slices in the corresponding image volume.
If necessary, images would be interpolated to maintain a slice spacing of 5 mm. Details
of the registration algorithm are provided in the remainder of this section.
The motion correction algorithm used to register the DCE-CT images corrects respiratory
motion along the craniocaudal direction. 2D correlation was used to determine which
slice in a volume acquired at each time point best match a chosen reference image.
Amplitude of motion at each time step was the difference in slice position between the
reference image and the best matching slice. The simplification of only shifting images
along the axial direction was chosen as this is the major direction of motion of the liver
during respiration.
Variable window/level (Default: W: 100 HU, L: 76 HU) thresholding was applied to all
images to maximize soft tissue contrast. All images were filtered with a 3x3 median filter
followed by a 5x5 median filter to reduce noise without shifting or blurring tissue edges.
This sequence of filtering was found to reduce noise appropriately while retaining edge
sharpness. An offset of 1000 HU was added to each voxel of all images to make image
voxels strictly positive.
The algorithm required the user to select a number (At least 5) of high contrast features of
the liver, such as edges of the liver or tumour, hepatic hilum, major liver blood vessels, or
calcifications to use as landmarks. This was done by placing a 40x40 voxel box centered
on the desired feature. 40x40 voxel regions were found to minimize the probability of
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including non-liver soft tissue when placing the region centered on the feature of interest.
As many landmarks as desired could be selected and typically 6-10 were selected at
different high contrast features to achieve the best sensitivity to motion while reducing
sensitivity to image artifacts, deformation or motion in other dimensions. Voxels outside
the chosen regions were not included in the correlation.
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Equation 4: Calculation of 2D discrete cross correlation coefficient, r. Ref is the selected
reference image and Test is the image being tested for correlation.

For an image set acquired with couch shuttling, images acquired at one couch position
were registered independently of those at the other couch position.
Step 1: 2D cross correlation coefficient of the reference image with each slice in an
image volume was calculated using Eq. 4 which only includes voxels inside the selected
landmark regions. The matching slice in the registered volume was the one with the
highest correlation r.
Step 2: Spatial interpolation between the best matching slice and two of its adjacent slices
5 mm away was applied to generate two new images at 2.5 mm from the best matching
slice. Interpolation was performed by averaging nearest neighbor images (If the matching
slice from Step 1 was the extreme ends of the volume, in that case only one image was
interpolated). The interpolated images were then cross correlated with the reference
image. If the correlation coefficient r of one of the interpolated image was higher than
that the chosen r in Step 1 that interpolated image became the matching slice; otherwise
the matching slice remained the same as Step 1.
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Step 3: Images were then interpolated at 1.25 mm spacing around the matching slice from
step 2 and cross correlated with reference image. Interpolation was performed using
weighted averaging of nearest neighbor images, with weights defined by the ratio of
distances between original to derived slices. Their correlation coefficients were compared
to the chosen correlation coefficient from Step 2 and the matching slice again chosen
with highest correlations. We only interpolated images adjacent to the best matching
image to limit memory usage and computation time.
Step 4: The matching slice from step 3 in the volume to be registered was then shifted to
the same slice position as the reference slice and slices inferior and superior to the
matching slice were generated at 5 mm spacing either by shifting original slices if the
matching slice was not interpolated or by interpolation between original slices.

2.2.3

Interpolation and reconstitution of missing data

After an image shift matrix was created as outlined in section 2.2.2, the original images
os the scan would be loaded and moved. After an image volume has been shifted to align
the anatomy, image information would be missing at one of the image volume boundaries
depending on the direction of shift. In our case any image volume with a non-zero shift
would be truncated at either superior or inferior edge compared to the reference volume.
This truncation, if not corrected for, could cause a reduction of the field of view or cause
artifacts in the calculated perfusion values. When an image volume was shifted in the
superior direction, one or more slices would be missing inferiorly and vice versa. To
correct for this the algorithm attempted to replace these missing slices through a scheme
described below.
After all image shifts had been determined, the algorithm would shift the reference
volume to minimize the number of image slices to be generated by interpolation at the
extremes of each volume.
If a slice was missing in the first or last volume of the scan, temporal interpolation was
impossible, however there was no contrast change between the first and second volume
and very little change between the second to last and last volume, so slices would be

40

copied from the nearest existing preceding or subsequent image volume to replace
missing slices.
If a slice was missing, but slices at the same position existed in the previous and
subsequent volumes, temporal interpolation was used to replace the missing slice. If up to
three temporally consecutive slices were missing, linear weighted interpolation between
the nearest existing preceding and subsequent slices was used.
If the most extreme slice in a volume was missing and the spatially adjacent slice was
interpolated such that an original slice existed with spacing 3.75 mm from the adjacent
slice, the original slice would be used.

2.2.4

Validation with a priori known motion in phantom and animal
studies

Phantom scans were used to test the algorithm’s ability to reproduce a known motion
pattern in scans with no contrast enhancement, the simplest possible case. A Modus
Quasar (Modus Medical, London, ON) programmable respiration phantom with a cedar
wood and polystyrene insert that was asymmetric in the superior/inferior direction was
scanned with a mock protocol similar to the one used in patient scans. The phantom was
scanned every 3.58 s for 68 seconds while moving in a sinusoidal pattern with amplitude
and period of 10 mm and 4 s respectively to resemble typical respiration motion
magnitude and rate in humans. The expected motion was calculated by sampling the
programmed sinusoid using the time between scans as sampling rate and compared to the
registration shifts. The expected and actual beat frequencies were found by applying
sampling theory and compared to the measured result.
Animal studies were acquired using the retrospective gating protocol described by
Stewart et al. [14]. Hepatic DCE-CT scans were acquired of three healthy female Duroc
cross pigs. The gated scans were shifted rigidly by choosing a random start time and then
sampling a patient breathing trace previously recorded with the Real-time Position
Management (RPM) device (Varian Medical Systems, Palo Alto, CA) with maximum
amplitude scaled to 10 mm, 10 mm amplitude was chosen to emulate typical
superior/inferior motion. The shifted images were then registered and shifts reported by
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the algorithm were compared to the known shifts from the RPM trace to calculate
distance to agreement.

2.2.5

Contrast enhanced and retrospectively gated animal scans

Three pigs were scanned with both the shuttle technique while ventilated and with the
retrospective gating technique, all pigs were scanned at least once with both protocols.
To validate the use of linear interpolation to increase spatial resolution, the porcine scans
acquired with the shuttle protocol were reconstructed with both 5 mm and 1.25 mm slicethickness. The motion correction algorithm was applied to both image sets, using
interpolation on the 5 mm thick slices to simulate 1.25 mm slice spacing. Image shifts
were compared between the two registrations to determine if interpolation of 5 mm slices
down to 1.25 mm introduces error compared to reconstructing slices at that spacing by
calculating distance to agreement distributions.
The effect of motion correction on perfusion values was determined by comparing
perfusion maps generated from image sets corrected with different methods of
registration to perfusion maps generated from retrospectively gated scans. Four sets of
functional maps were calculated:
1. Ventilated shuttle protocol without motion correction
2. Ventilated shuttle protocol with 1D registration
3. Ventilated shuttle protocol with 1D followed by 3D non-rigid registration
4. Retrospective gating (gold standard)
3D non-rigid registration was performed on the 1D registered volumes using a multiresolution elastic registration algorithm implemented in the Flexible Algorithms for
Image Registration toolkit (FAIR) [19]. The sum of squared differences (SSD) of the
voxel intensities was used as the similarity metric due to the limited intensity differences
in the dynamic scans. The elastic registration method was selected as it is a well-known
algorithm that has been applied to a number of registration problems in different
anatomical sites [20], multi-resolution registration was chosen as it is designed to avoid
local minima. 1D registration was applied prior to 3D registration to reduce the amount
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of unshared image content which may reduce the quality of deformable registration of
partial organ image volumes. To avoid the 1D registration informing the 3D deformable
registration and causing it to get trapped in a local minimum a rigid 3D registration was
performed prior to the deformable registration.
To exclude non-liver voxels from analysis a region of interest (ROI) was defined by
automatically segmenting the liver in the average anatomical image generated from the
respiration gated scan using a confidence connected region-growing algorithm. The ROI
was converted to a binary mask and applied to the functional maps. Perfusion parameters
were generated and compared voxel by voxel using Bland-Altman analysis between the
retrospectively gated scan and the uncorrected and corrected shuttle scans respectively.
Blood volume (BV) and arterial blood flow (ABF) were analyzed. These parameters were
selected as BV is suspected to be less sensitive than other perfusion parameters as it only
depends on the integral of contrast enhancement over time while ABF is expected to be
quite sensitive to motion artifacts. ABF depends on hepatic arterial fraction, which has
been found to be sensitive to imaging noise and motion induced intensity changes in the
tissue and input contrast wash-in slopes. To account for possible misalignment between
scans caused by changes to animal positioning between scans, changes to respiration rate
or volume, stomach content or other physiological differences, perfusion maps were
smoothed with a 2D Gaussian filter with standard deviation of 7 mm and all maps were
downsampled to 2.8x2.8 mm voxels.
One of the animals (pig B) was imaged 3 times sequentially using the retrospectively
gated cine protocol to demonstrate the limit to perfect agreement in Bland-Altman
analysis between repeated measurements due to imaging noise and reconstruction
artifacts. For all pig subjects, the retrospectively gated scan was first acquired, followed
by repositioning of the animal and other non-gated scans. For pig B, two additional DCECT gated scans were acquired consecutively at the end without resetting of the animal.

2.2.6

Algorithm robustness

To test algorithm robustness with respect to different reference images, 15 randomly
selected patient scans were registered with different reference slice locations and
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different reference volumes. 24 different reference images were tested for each patient,
with slice locations 10, 15, 20 and 25 mm from the extreme inferior slice location and
volumes acquired 28, 34, 40, 46, 52 and 58 seconds into the scan. For each of the 15
patients, all 24 registrations were normalized such that the volume acquired 28 seconds
into the scan had a shift of 0. Distance to agreement was determined for all other volumes
as the difference between the mode of the registration shifts at each time point and the
measured shifts for each registration.
A robustness test of intraobserver variability was performed on a set of 15 randomly
selected patients. Each patient was registered twice between 18 and 24 months apart with
the observer blinded to the initial registration. Distance to agreement was calculated for
each image volume and histogram analysis was performed to determine bias and standard
deviation of repeated registrations by a trained user.

2.2.7

Manual registration of patient scans

15 patient scans were manually registered with interpolated images at 1.25 mm spacing.
The same reference slice and volume was chosen for manual motion correction and the
automatic algorithm. The liver was segmented manually in the reference image and the
contour was superimposed onto all other images in the scan. The slice best matching the
liver contour for each volume was recorded and image shifts were calculated by finding
the difference in slice-location between the best matching image and the reference for
each volume. Manual motion correction was carried out with the observer blinded to the
results of the automatic algorithm. Distance to agreement was calculated by finding the
difference in image shift for each volume in all 15 patients.

2.3
2.3.1

Results
A priori known motion in phantom and animal studies

Phantom: Mean distance to agreement between actual position and measured position
was 0.8 ±1.3 mm with all points agreeing within 3.5 mm.
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By the Nyquist-Shannon sampling theorem [21] the sinusoidal motion phantom was
> 1T
. From the beat frequency, the period of the
under sampled, as T
couch 2 breath

expected sinusoidal pattern was found to

(

−1
−1
be: Tapparent = Tcouch
− Tbreath

) = ((3.58s )
−1

−1

− (4s )

)

−1 −1

= 34s , using least squares fitting the

period of the measured positions was found to be 34.0 s (Figure 6).

Figure 6: Phantom displacement vs. time.
Actual motion (dashed line), expected apparent motion based on theoretical
undersampling (solid line) and measured motion (dots) for respiratory phantom
imaged 20 times over 70 seconds.

Animal: The displacements of the sampled points were rounded to nearest 1.25 mm to
match the spacing of the registration algorithm. The RPM trace used for shifting the
scans is shown in Figure 7 along with the sampled points and the registration image
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shifts. Mean distance to agreement was 0.1 ±0.9 mm, 0.4 ±0.8 mm, and 0.2 ±0.7 mm
respectively which is less than the effective slice spacing of 1.25 mm.

Figure 7: Simulated motion tracks.
Left column: Simulated motion added to retrospectively respiratory gated porcine
perfusion scan. Grey lines show recorded patient RPM trace, blue circles show
actual shift and red pluses show registration image shift from algorithm. Right
column: histograms of distance to agreement between actual motion and
registration image shift with Gaussians fitted (blue lines).
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2.3.2

Resolution improvement by interpolation

Figure 8 shows registration results for image sets reconstructed at 1.25 mm slice
thickness and the same image sets reconstructed at 5 mm slice thickness and subsequent
interpolation to achieve slice spacing of 1.25 mm. Mean distance to agreement between
images reconstructed at 1.25 mm slice spacing and images reconstructed at 5 mm spacing
and interpolated to 1.25 mm equivalent spacing was 0.2 ±1.0 mm, 0.2 ±0.6 mm and 0.2
±0.9 mm respectively in the four scans. All registrations had distance to agreement less
than or equal to 3.75 mm in all scans (Figure 8).

Figure 8: Interpolation and image reconstruction comparison.
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Left column: Comparison of simulated motion patterns between scans with slices
spaced at 1.25 mm by interpolation (blue line) and scans with slices reconstructed at
1.25 mm (red line). Right column: Histograms of distance to agreement between
reconstructed and interpolated scans with fitted Gaussians.

2.3.3

Motion induced artifacts in perfusion values from animal
studies

Perfusion maps were generated from the uncorrected shuttle scan, the 1D corrected
shuttle scan, 1D+3D non-rigid corrected shuttle scan and the retrospectively gated scan
for each of the three pigs as shown in Figure 9. Bland-Altman plots of BV and ABF are
shown in Figure 10 and Figure 11 respectively for all three pig image sets comparing
uncorrected and corrected shuttle scans to the retrospectively gated scan. Changes in
difference of means and 95% confidence intervals are listed in Table 1. Average
difference of means was unchanged for both BV and ABF in all motion correction
techniques. 95% confidence intervals of BV were reduced by 50% and 48% when
comparing 1D registration alone and 1D+3D registration to unregistered respectively, for
ABF the reductions were 17% and 15% respectively.
Repeated measurements using the retrospective gating technique had an average
difference of means of 0.3 ml/100g and 11.5 ml/100g/min for BV and ABF respectively
with 95% confidence intervals of 8.8 ml/100g and 41.5 ml/100g/min. These values may
not be representative of actual test-retest accuracy of the perfusion calculation, but they
do demonstrate the limit of agreement.
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Figure 9: Sample perfusion maps with different motion correction algorithms.
Sample blood volume and arterial blood flow maps from uncorrected and motion
corrected shuttle DCE-CT scans and the retrospectively gated scan from Pig B.
Significant organ boundary artifacts are noticeable in the maps from uncorrected
scans as a blue rim in both functional maps.
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Figure 11: Bland-Altman plots of arterial blood flow.
Bland-Altman plots of arterial blood flow derived from uncorrected shuttle scans
compared to the retrospectively gated scan. Right column: plots comparing 1D
motion corrected shuttle scan to retrospectively gated scan. The dashed lines are the
95% confidence intervals and the solid line is the mean.
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Pig
Mean
∆BV
U
1D
3D
(ml/100g)
A
-2.0 (7.5) -2.9 (10.9) -2.9 (10.9)
B
-0.5 (1.9) 5.5 (20.6) 4.9 (18.4)
C
3.1 (11.6) -1.5 (5.6) -1.8 (6.8)
∆ABF
U
1D
3D
(ml/min/100g)
A
-5.5 (0.5) -7.1 (0.6) -7.1 (0.6)
B
-26.8 (2.3) -21.3 (1.9) -22.8 (2.0)
C
-3.7 (0.3) -6.9 (0.6) -8.4 (0.7)

95% CI
U

1D

3D

9.0 (1.0) 12.2 (1.4) 12.2 (1.4)
36.0 (4.1) 18.3 (2.1) 19.1 (2.2)
40.3 (4.6) 12.8 (1.5) 13.4 (1.5)
U

1D

3D

40.8 (1.0) 37.5 (0.9) 37.4 (0.9)
74.8 (1.8) 65.4 (1.6) 69.1 (1.7)
62.3 (1.5) 46.7 (1.1) 47.6 (1.2)

Table 1: Difference of means and 95% confidence intervals of ABF and BV.
Mean difference and 95% confidence intervals for blood volume and arterial blood
flow comparing shuttle and retrospectively gated scans. The increase in mean
difference associated with some of the scans is attributed to the random nature of
motion artifacts, especially at organ boundaries, this is seen in both animals B and
C. The increase in mean bias in animal A is a result of the lack of respiratory
induced motion of the liver due the stomach absorbing all diaphragm motion. For
reference the repeated measurements values were: 0.3 ml/100g and 12 ml/100g/min
for difference of means of BV and ABF respectively with 95% confidence intervals
of 9 ml/100g and 42 ml/100g/min.

2.3.4

Robustness with respect to user input in patient studies

Figure 12a shows a histogram of distance to agreement for varying reference slice
location and volume in all 15 patients with mean of 0.3 mm and standard deviation of 1.8
mm. 98.9% of all registered volumes have a distance to agreement less than 5 mm (the
slice thickness of the registered images). Figure 12b shows a histogram of distance to
agreement for intraobserver variability, mean distance to agreement was 0.0 mm and 3.2
mm standard deviation with 89.5% of all volumes having less than 5 mm distance to
agreement.
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A

B

C

Figure 12: Distance to agreement distributions.
Histograms of distance to agreement between registrations with different reference
images (A), different registration regions of interest (B), and comparing manual and
automatic registration (C) in 15 patient studies. The blue line is a Gaussian fitted to
the data with µ=0.3 mm and σ=1.8 mm for A, µ=0.0 mm and σ=3.2 mm for B, and

µ=0.3 mm and σ=2.0 mm for C.
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Patient

Uncorrected

Motion Corrected (algorithm)

Blood volume

Arterial blood flow

Figure 13: Sample patient perfusion maps with and without motion correction.
Sample blood volume and arterial blood flow perfusion maps generated from
automatically motion corrected and uncorrected shuttle scans. A large HCC tumour
is visible in the posterior part of the liver with significant arterial hyperperfusion in
a ring structure. In the maps generated from an uncorrected scan organ edge
artifacts are difficult to separate from the tumour boundary and the central part of
the tumour core appears to be hyperperfused – in the perfusion maps from the
motion corrected scan the core of the tumour is not hyperperfused and no
significant organ edge artifacts are present.

2.3.5

Manual registration of patient studies

Mean distance to agreement between manual and automatic registration of scans acquired
from 15 different patients was 0.3 ±2.0 mm. The two methods agreed within ±1.25 mm
for 79% of all registered volumes and ±5 mm for 95% of registered volumes while
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maximum distance to agreement was 10 mm (Figure 12c). Sample functional maps
generated from scans with and without motion correction are shown in Figure 13.
In phantom studies the algorithm was able to reproduce known motion patterns to within
2.5 mm in 90% of cases and in virtually shifted contrast enhanced pig scans to within
1.25 mm in 95% of tested volumes and 2.5 mm in 100% of volumes.

2.4

Discussion

In phantom studies, the algorithm was able to reproduce known motion patterns to within
2.5 mm in 90% of cases. In virtually shifted contrast enhanced pig scans to within 1.25
mm in 95% of tested volumes and 2.5 mm in 100% of volumes. On average submillimeter accuracy was attained in all rigid 1D motion cases. 1D motion is not sufficient
to validate the model, but as has been shown in literature [9-11] it is the dominant
component of liver motion. Any residual misalignment in 1D registered liver images can
reasonably be attributed to anterior-posterior motion rather than failure of the registration
algorithm to accurately resolve S/I motion.
Simple weighted average interpolation between slices was able to reduce effective slice
spacing to ¼ of the original without any registration bias. Interpolated registrations match
to within ¾ of the original slice spacing in all cases and within ¼ of the original slice
spacing in 97.5% of tested volumes when compared to image sets reconstructed at 1.25
mm slice spacing. Interpolating to less than 1.25 mm slice spacing is not expected to add
any benefit as 45% of volumes had distance to agreement >0 mm compared to
reconstructed images at 1.25 mm slice spacing. This fraction would be expected to
increase at lower slice spacing.
Bland-Altman analysis showed substantial decreases in BV and ABF confidence intervals
after applying 1D motion correction compared to respiration gated scans. 3D registration
did not improve the concordance between functional values derived from the shuttle scan
technique and functional values derived from the respiration gated scans, which may
indicate that superior/inferior motion is the dominant source of motion induced artifacts.
It is possible that a different 3D registration algorithm would have provided a different
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result and would have changed the difference of means and confidence intervals. The
tested 3D registration algorithm was found to improve appearance of certain anatomical
features such as blood vessels and liver-stomach boundary, but caused no measurable
changes to perfusion values away from organ boundaries compared to 1D registration
alone.
Repeated measurements testing was performed in only one subject. The test-retest
measurement was performed to show that there is a lower limit of accuracy when
performing voxel based analysis and to provide an estimate of the order of magnitude of
test-retest accuracy. By eliminating respiration, variability in cardiac rate and ejection,
the remaining sources of perfusion parameter estimation uncertainty are image noise,
reconstruction artifacts and interscan misalignment. All of which are also present when
comparing perfusion parameters from different scan protocols. Preferably a rigorous testrest measurement would have been performed, but limitations on the amount of contrast
and anesthesia that can be used and the cost of experimenting with pigs prohibited this.
The difference of means found in arterial blood flow in pig B is larger than expected. It is
hypothesized that this was caused by a systematic overestimation of blood flow caused
by imperfect sampling of the portal vein contrast input curve due to poor temporal
resolution in the retrospectively gated scan.
The algorithm presented has been shown to be robust with respect to reference image
selection and selection of registration regions of interest. The default choice (slice in the
middle of the volume imaged after 28 seconds) for reference image should only be
changed in situations when there are reconstruction artifacts in the chosen reference
image or if the reference volume is shifted more than 10 mm compared to the majority of
volumes due to organ motion. Reference image should always be chosen such that there
is some contrast in the tissue and never at extreme edges of the volume to reduce
probability of misregistration.
In patient studies the algorithm matches manual contour based registration to within 0.3
±2.0 mm on average, indicating the algorithm does not have a systematic error. The
distance to agreement was less than or equal to 1.25 mm in 79% of cases and within 5
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mm in 95% of cases. The 5% of volumes with distance to agreement more than 5 mm
between manual and algorithm registration can be attributed to motion causing high
contrast liver features to shift relative to the organ edge, such as organ rotation, in-plane
motion and deformation.
Lack of motion correction may reduce perfusion parameter estimation accuracy which
can be critical in longitudinal studies when comparing perfusion scans acquired at
different time points. A number of studies have looked at different methodologies of
using longitudinal regional perfusion data for clinical assessment [2, 5, 22]. We
recommend that any future longitudinal studies using regional hepatic perfusion
parameters should be mindful of applying reproducible and properly validated motion
correction to all image sets to reduce the risk of imaging artifacts influencing their
results.
In the performed animal studies, motion corrected functional values failed to reach the
expected test-retest confidence intervals when compared to the gold standard. This may
not be due to limitations of the registration, but rather the existence of reconstruction
artifacts, particularly streaking artifacts, in the shuttle scans caused by acquiring images
during mid-inhalation or mid-expiration when organ velocity is high, whereas the
retrospective gating technique only acquired images during end-expiration when organs
were almost stationary. Motion induced artifacts in CT perfusion maps have previously
been shown to not preferentially be positive or negative [16], this explains why we
observed no systematic reduction in average difference of means after registration.
The method presented in this paper is limited to one dimensional registration to reduce
computation time and increase robustness and reproducibility through simplicity.
Computation time and ease of use were primary objectives in the development of the
registration algorithm to avoid increasing processing time related to creating perfusion
maps and allow many users to apply the algorithm without need for extensive training,
specifically a computation time that was no longer than the scanning acquisition was
desired. A full 3D deformable registration method would be preferable in a small fraction
of patient scans as anterior/posterior motion and organ deformation persist after 1D
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registration, especially those scans where the tumour is close to the diaphragm. However,
none of the 3D algorithms we have attempted to apply to these scans have been able to
meet the requirements for short computation time and reproducibility, total processing
time for 3D deformable registration and registration quality control has not been achieved
in less than 3 hours for an 80 image volume data set.
Motion below a certain magnitude may in many cases be ignored as the perfusion
calculation algorithm includes several smoothing functions that can help correct for
motion. The 1D approach in this paper attempts to remove the largest component of
motion, but will inevitably leave residual motion, especially in the anterior-posterior
direction, however if this residual motion is on the order of millimeters, only voxels at
organ edges will be negatively affected and these may easily be discriminated by using
the predictive metric presented in a previous study [16].
Some experience is required in placing the registration regions on the reference image,
and inexperienced users may produce less than optimal registration results – fully
automatic feature selection would increase reproducibility of registrations and remove
user dependence, but would require an extra inspection step prior to registration to ensure
proper selection of registration regions. Experience has shown that a novice user can
learn to use the software and produce valid registrations after a few hours of instruction
and demonstration.
The total run time of approximately 15 minutes on a desktop computer can be improved
substantially with reimplementation in C++ and compares well with the 120-150 minutes
it typically takes to perform similar registration manually. For comparison 3D registration
of the pig scans in this study took upwards of 12 hours per animal.

2.5

Conclusion

Automation of the registration algorithm reduced processing time significantly compared
to similar manual registration. Perfusion artifacts from respiratory motion were found to
be noticeably reduced after registration. The algorithm was found to be robust with
respect to reference image and selection of registration regions of interest. One
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dimensional registration corrects for superior-inferior motion, which is the dominant
direction of motion of the liver. The presented method is easily implemented from scratch
in Matlab or similar computational programming language compared to other registration
algorithms and does not have dependencies on external image processing libraries.
Our one-dimensional motion correction algorithm for dynamic contrast enhanced CT of
the liver was validated by phantom and animal studies. The method has been shown to
reduce motion artifacts in perfusion images which is critical for clinical assessment.
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Chapter 3

3

Prediction and reduction of motion artifacts in free
breathing dynamic contrast enhanced CT perfusion
imaging of primary and metastatic intrahepatic tumours
3.1

Introduction

Intrahepatic tumours, both primary and metastatic, have poor prognoses [1] and
increasing incidence rates in both developing and developed countries. For many patients
resection is not an option. For these patients, treatment options include external beam
radiotherapy, selective internal radiotherapy, arterial chemo-embolisation or
chemotherapy, all of which rely on medical imaging for monitoring treatment response
and possible recurrence. Standard anatomical imaging alone may not provide optimal
radiographic information for optimal localization, treatment, and outcome assessment.
Innovative imaging tools such as tumour perfusion have been shown to add value for
prognostication in cerebral tumours [2], and patient selection and radiation treatment
planning [3].
Two separate blood vessels, the hepatic artery and the portal vein, supply blood to the
liver - the hepatic artery delivers oxygenated blood from the left ventricle while the portal
vein delivers partially de-oxygenated blood from the gastrointestinal tract and the spleen
[4]. Normal liver tissue receives about two-thirds of its total blood supply from the portal
vein and only one-third from the hepatic artery [5]. It has been suggested that liver
tumours receive a majority of their blood supply from the hepatic artery rather than the
portal vein due to significant angiogenesis associated with tumour growth, which
selectively recruits arterial vessels [6].
Dynamic contrast enhanced computed tomography (DCE-CT) [7] measurement of tissue
perfusion has been validated against microspheres in both normal tissue and tumours in
the brain [8, 9], and in the liver [10, 11] in rabbit experiments. Respiratory motion during
a DCE-CT scan can lead to fluctuations in the time-density curves of abdominal organs
resulting in inaccurate estimates of perfusion parameters. This is especially true of the
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liver which has been shown to move as much as 2 cm in the craniocaudal direction due to
normal respiratory motion [12, 13]. To minimize artifacts caused by respiratory motion,
trials have investigated the use of various techniques:
1. Single breath hold [14, 15]. This technique reduces the total scan time to
approximately 30 seconds, which is not long enough to determine the shape of the
portal vein input curve or the contrast washout rate needed to calculate
permeability surface product accurately [16].
2. Single breath hold followed by repeated burst cine [10, 11, 16]. Cine scanning
over 4 seconds allows acquisition over an entire respiratory cycle and
retrospective gating to eliminate breathing motion. Besides concerns of radiation
dose, the technique limits the axial field of view of the scan to the axial field of
view of the scanner since temporal sampling would be too low if this technique
was combined with axial shuttling or low-pitch helical acquisition.
3. Multiple breath holds [17, 18]. Using multiple breath holds allows for a longer
scan, but difficulty reproducing lung volume during repeated breath holds can
cause image misalignment and lead to artifacts if image registration is not applied.
4. Abdominal compression band and oxygen mask [19]. This approach aims to
reduce breathing motion at the cost of increased patient discomfort and increased
setup time.
5. 3D non-rigid registration [20]. This implementation of deformable registration
uses conservation of organ volume because differential tissue contrast
enhancements at each time point have the tendency to lead algorithm to
misregister areas with the same contrast but different anatomical location.
Volume conservation can only be used in whole organ imaging which is not
feasible with axial imaging on current 64-slice scanners and relies on accurate
segmentation of the liver.
We propose an axial shuttling protocol that allows the patient to breathe freely with
minimal coaching; followed by a posteriori automatic image registration to minimize
motion induced oscillations in the liver time-density curves prior to calculating functional
maps. The benefit of free breathing is less discomfort for the patient during scanning and
shorter preparation time; the caveat is that it is necessary to register the images before
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calculating perfusion parameters. By shuttling the couch between two adjacent positions,
the field of view in the axial direction is doubled from 4 cm to 8 cm for a 64-slice CT
scanner, allowing better tumour coverage.
The purpose of this manuscript is to determine where and to what extend, organ motion
may introduce artifacts in the functional maps and to report tumour and liver perfusion
values determined from the free breathing shuttle DCE-CT imaging protocol and the
associated image registration algorithm for respiratory motion correction (RMC). In
particular, we quantify the effects of respiratory motion on liver perfusion values
measured with free breathing DCE-CT scans by comparing functional information from
scans without and with RMC.

3.2

Materials and methods

We prospectively recruited 30 (23 male, 7 female) patients who have either metastatic or
primary intrahepatic cancer (11 metastatic, 17 hepatocellular carcinoma and 2
cholangiocarcinoma) who were scheduled for external beam radiation therapy for the
imaging study. The median age of patients in the study was 74 years (Range: 43-89). The
study protocol was approved by institutional research ethics board and informed consent
was obtained in each case. Exclusion criteria were poor liver and renal function
determined by enzyme and serum creatinine levels respectively. Patients who received
prior treatment with other treatment modalities were not excluded.
The image acquisition protocol was identical to the one described in chapter 2.2.1 for
patient acquisition.
A simple correction algorithm was developed to reduce user interaction and computation
time. Image registration for RMC was performed as outlined in Figure 4 and detailed in
chapter 2.2.2 using an in-house algorithm developed in Matlab (MathWorks, Natick,
MA). The reference image was chosen during the arterial contrast phase (typically the
10th pass of scanning) to provide maximum tumour enhancement. Images of the two
couch positions were registered independently of each other to account for time-lag
between acquisitions of adjacent sections. Registration regions of interest (ROIs) were
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chosen to include high contrast features including liver edge, blood vessels, tumour edge
and hepatic hilum and exclude other organs or bone to achieve maximum sensitivity to
liver registration. Images were shifted only in the superior/inferior direction as the
majority of respiratory motion is along that axis.
To compare and validate the quality of the registration algorithm, a similar approach was
performed manually. The same reference image as used by the registration algorithm was
selected and the liver in the reference image was contoured. Similar to the semiautomatic registration algorithm, image spacing was reduced to 1.25 mm via weighted
interpolation. The reference liver contour was superimposed on all images (both original
and interpolated) in the scan and a best match was selected manually for each volume.
Images were then shifted to align the best matching slices.
Functional maps of blood flow (BF), blood volume (BV), permeability surface product
(PS), hepatic arterial blood flow (HABF), portal vein blood flow (PVBF) and hepatic
arterial fraction (HAF) were generated by fitting the TDCs from the uncorrected and
motion corrected images with the dual-input Johnson-Wilson model as outlined in a
previous publication [21] which is implemented in CT Perfusion (GE Healthcare,
Waukesha, WI). In addition, root mean squared deviation (RMSD) maps of the model
fitted curves to the measured liver time density curves (TDCs) (Figure 14) were
generated to quantify and localize the effect of liver motion from breathing. The arterial
and portal venous input functions were generated by placing ROIs on the abdominal aorta
and either the main trunk or the left or right branch of the portal vein respectively.
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Figure 14: Sample time-density curve (TDC) with model fit and residuals.

Data was imported into Analyze 10 (Mayo clinic, Rochester, MI) for analysis. Tumour
ROIs were segmented by applying a threshold based region growing algorithm to the
motion corrected time-averaged CT images (averaged CT), generated by averaging the
entire sequence of the motion corrected dynamic images. For each segmented tumour
ROI, another ROI of normal liver parenchyma was drawn manually in the averaged CT at
least 5 mm from the tumour and liver edge. Both tumour and normal tissue ROIs were
then superimposed on the uncorrected and motion corrected BF, BV, PS, HABF, PVBF
and HAF functional maps and functional values of the tumour and normal liver were
determined as the average inside the appropriate ROI. Mean RMSD was determined
using the same tumour and normal tissue ROIs to verify that motion correction reduced
the residuals of the fitting algorithm.
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Some scans may not have motion induced artifacts, the scans from these patients would
not benefit from motion correction. To reduce workload different metrics were evaluated
for stratifying scans that benefit the most from motion correction. Different effects can
cause artifacts in functional maps, the main causes of perfusion artifacts include
reconstruction artifacts, motion of the portal vein and organ motion. To identify which
patients benefited the most from motion correction, t-statistic maps were calculated from
the absolute difference between pre and post correction BF, BV, PS, HABF and PVBF
maps for each patient. The standard deviation used to calculate t-statistic was found by
adding the normal liver variance across all patients and taking the square root of the mean
for each functional map. Whole liver ROIs were delineated automatically with threshold
based region growing on the average CT maps and superimposed on the t-stat maps. The
fraction of voxels inside the liver ROI with a significant t-stat at the 0.05 level (twotailed) was calculated for each patient and each map and ranked from high to low.
Patients with fractions of significantly changed voxels ranked in the top 33rd percentile in
at least half of all tested functional images were assigned to the high motion artifact
(high) group; the remaining patients to the low motion artifact (low) group.
Three motion metrics were tested for motion stratification: whole liver mean precorrection RMSD, maximum apparent motion amplitude, and total apparent organ
displacement during scan. Sensitivity and specificity were determined for the three
motion metrics and their ability to correctly stratify the high and low patient groups.
Apparent motion amplitude was assessed by the difference between the most superior and
inferior image positions reported by the registration algorithm. This metric will be
sensitive to patients with one or more large shifts of the liver during scan. Total apparent
motion was measured by adding the absolute value of all image shifts reported by the
registration algorithm. This metric is sensitive to patients with persistent shallow apparent
motion due to differences in frequency of respiratory cycle and imaging cycle.
Thresholds for each metric were determined by requiring sensitivity to be at least 90%
and maximizing specificity. This ensures very few false negatives while minimizing false
positives..
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Paired two-tailed t-test was used in all statistical comparisons, in all cases P<0.05 was
taken to indicate significance. All statistical tests were performed with the open-source
statistics software R version 2.13.1 x64 [22].

3.3

Results

Tumour blood flow, arterial blood flow and permeability surface product were all
significantly elevated and tumour blood volume was significantly reduced compared to
normal tissue (Table 2 & Figure 15). No difference was found in portal vein blood flow
between tumour and normal tissue. These results were independent of motion correction.

Functional parameter

Normal tissue

Tumour

p-value†

BF ( minml⋅100 g )

140 ±45

182 ±71

0.006

ml
BV ( 100g
)

37 ±7

28 ±9

<0.001

HAF (%)

33 ±9

46 ±11

<0.001

PS ( minml⋅100 g )

13 ±5

19 ±9

0.002

HABF ( minml⋅100g )

47 ±25

85 ±44

<0.001

PVBF ( minml⋅100 g )

93 ±31

97 ±40

0.6

Table 2: Perfusion parameters in normal and tumour tissue.
Mean perfusion values for entire patient group after motion correction. Values are
mean ±standard deviation. BF: hepatic blood flow; BV hepatic blood volume; HAF:
hepatic arterial fraction (fraction of total blood flow that is arterial); PS:
permeability surface product; HABF: hepatic arterial blood flow; PVBF: portal
venous blood flow. Pair-wise tests were used to eliminate the influence of systemic
increase or decrease in perfusion values. Using Bonferroni multiple test correction
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[23], a significance level of 0.008 was found.
†

Normal tissue vs. tumour

Figure 15: Pre- and post-correction perfusion values.
Comparison of mean normal tissue and tumour blood volume (A), blood flow (B),
arterial blood flow (C) and portal vein blood flow (D) of all patients compared with
and without motion correction. (**) indicates significant difference at p<0.01.

In a subgroup of 10 patients with high amplitude motion, tumour blood flow was not
significantly higher than normal tissue blood flow in pre-correction maps, but in post-
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correction maps tumour blood flow was significantly elevated for these same patients. PS
was also found to not be significantly elevated in high amplitude motion patients in precorrection scans, while the difference between tumour and normal tissue PS did trend
higher after correction, it was not enough to reach significance (Table 3).
Functional
parameter

Motion

Normal tissue

Tumour

p-value†

Uncorrected

150 ±82

191 ±73

0.10*

Corrected

160 ±56

222 ±70

0.03*

Uncorrected

113 ±26

166 ±72

0.002

Corrected

130 ±36

163 ±64

0.03

Uncorrected

37 ±6

29 ±9

0.006

Corrected

39 ±5

31 ±8

0.003

Uncorrected

35 ±6

27 ±10

<0.001

Corrected

37 ±8

27 ±10

<0.001

Uncorrected

35 ±11

50 ±20

0.007

Corrected

29 ±12

46 ±12

<0.001

Uncorrected

34 ±10

44 ±9

<0.001

Corrected

35 ±7

47 ±11

<0.001

Uncorrected

19 ±10

22 ±14

0.21

Corrected

16 ±6

22 ±12

0.08

Uncorrected

12 ±6

16 ±8

0.01

Corrected

12 ± 3

18 ±8

0.002

High
BF ( minml⋅100 g )
Low

High
ml
BV ( 100g
)

Low

High
HAF (%)
Low

High
PS ( minml⋅100 g )
Low
Table 3: Perfusion values in high and low patients.
Values are mean ±standard deviation. Paired t-test was used to determine
significance. BF: hepatic blood flow; BV hepatic blood volume; HAF: hepatic
arterial fraction (fraction of total blood flow that is arterial); PS: permeability
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surface product. * indicates uncorrected maps failed to reach significance criterion
and corrected maps did show significant difference.
†

Normal tissue vs. tumour

The registration algorithm and manual correction had good agreement with a mean
distance to agreement of 0.3 ±2.0 mm. Manual registration took between 1 and 3 hours
depending on the amount of motion present and availability of features with high
variability in the superior-inferior direction, compared to 10-15 minutes for the
registration algorithm, including reading and writing the image dicom files.
12 out of 30 patients had a relative change in mean whole liver blood flow before and
after motion correction greater than 24%, while 9 of 30 patients had mean relative change
in mean whole liver blood volume after motion correction of greater than 13% (Figure
16). Artifacts from respiratory motion do not preferentially elevate or reduce blood flow,
blood volume or any other tested parameter, which explains why mean functional
parameters over the entire patient cohort did not change significantly before and after
correction for respiratory motion.
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Figure 16: Relative changes in perfusion values due to motion.
Histogram of relative change comparing pre- and post-correction mean whole liver
blood flow (A) and blood volume (B) in each patient. The black line is the fitted
normal distribution with mean of 9% and 3% and standard deviation of 24% and
13% for blood flow and blood volume respectively. For blood flow, 12 patients have
relative change greater than one standard deviation, for blood volume 9 patients
have relative change greater than one standard deviation.

Pre-correction RMSD correlated positively with the absolute change in BF, BV, HABF,
and PVBF after correction (Figure 17) across all patients. RMSD can be used to
determine the proneness of perfusion data to suffer from motion artifacts, locally elevated
RMSD indicates unreliable perfusion values whereas low local RMSD indicate reliable
perfusion data even in patients with elevated mean RMSD. An example of elevated local
RMSD indicating unreliable and reliable can be seen in Figure 18b-d.
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Figure 17: Motion induced artifacts in perfusion values vs. RMSD.
Absolute difference in blood volume (A), blood flow (B), hepatic arterial blood flow
(C), portal vein blood flow (D), hepatic arterial fraction (E) and permeability
surface product (PS) before and after motion correction versus pre-correction
RMSD averaged over 30 patients for the whole liver including tumour. The area of
each circle is proportional to the number of voxels sampled. Differences due to
motion increase with RMSD for all four functional values demonstrating the ability
of RMSD to predict local motion induced artifacts.
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Figure 18: Perfusion images of high and low patients.
Comparison between maps calculated from one patient with severe breathing
motion (1st and 2nd column) and one with shallow breathing motion (3rd column).
Uncorrected (A) averaged CT, (B) RMSD, (C) BF and (D) HAF maps are from
patient 24, (E)-(H) are the corresponding RMC functional maps. Note the more
uniform BF and HAF values throughout the liver in the RMC maps versus those in
the motion uncorrected maps and the reduction in RMSD values at organ edge. (I)(L) are the motion uncorrected functional maps of patient 12. The similarity of the
RMSD maps (F) and (J) suggests that CT perfusion scan of patient 12 had less
respiratory liver motion than patient 24 and that the developed image registration
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algorithm was able to reduce the respiratory motion in patient 24 to the same level
as that in patient 12. The high BF and HAF in the anterior part of the liver of
patient 12 is the tumour which appears as being marginally hypodense in the
averaged CT image (I).

Three metrics were tested to determine the most accurate predictive method of stratifying
high and low patients:
1. Mean whole liver pre-correction RMSD above 38 HU has 90% sensitivity and
65% specificity.
2. Maximum axial liver displacement during scan greater than or equal to 1.5 cm
(Range: 0.5 – 3.38 cm) has 90% sensitivity and 55% specificity.
3. Total liver displacement during scan greater than or equal to 20 cm (Range: 5 –
56.75 cm) has 90% sensitivity and 60% specificity.
Mean whole liver RMSD was reduced by an average of 15% (From 35.2 HU to 29.7 HU)
following motion correction (P<0.001), 29 of 30 patients had reduction in whole liver
RMSD.

3.4

Discussion

After motion correction perfusion results agree with previously published studies [14, 24]
and indicate that arterial angiogenesis is an important factor in tumour growth. We
hypothesize that arterial blood flow maps may be helpful in delineating cancerous tissue
as the increase in arterial blood flow in tumours from angiogenesis is very clearly
visualized and aim to test this hypothesis in a future study. In patients with severe
cirrhosis or fibrosis of the liver PS maps may help differentiate cancer from noncancerous disease as PS would be decreased in non-cancerous cirrhotic tissue [25] but
elevated in tumour tissue. Locally elevated RMSD is a predictor of motion induced
artifacts and may aid in clinical decision making based on perfusion maps by indicating
which perfusion values are reliable and which may be artifactual local perfusion features
and not true local perfusion features such as neoplasms, and local hypo- or hyperperfused regions.
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Traditional CT perfusion protocols are typically limited to the axial field of view of the
CT scanner, but with axial (couch) shuttling/table toggling [26] the axial field of view
can be effectively doubled. Increased pitch allows the use of helical imaging techniques
[20] which can increase the field of view to cover the entire liver and is an alternative to
couch shuttling. Automated 3D registration algorithms often fail when registering image
volumes that have significant unshared image space, which is the case for most published
liver DCE-CT protocols including the one presented here. The axial shuttle or helical
techniques would not be required for DCE-CT imaging of liver in a 320 slice cardiac CT
scanner. However respiratory motion correction would still be needed for all these
alternative image acquisition techniques and our image registration algorithm can be
applied without modification to all protocols except for helical acquisitions.
Active breathing control, abdominal compression or breath hold coaching may reduce
patient and/or staff compliance and throughput preventing their widespread use in clinical
practice. A free breathing method requiring no patient coaching or breathing control
apparatus and no staff intervention would increase patient comfort, throughput and staff
compliance. We proposed a simple semi-automatic image registration algorithm to
correct respiratory motion of the liver during DCE-CT scans, increasing the accuracy of
the perfusion model fit. Performing a similar correction manually can take as much as 2
hours, the current version of the algorithm completes in less than 15 minutes and requires
user interaction for between 20-60 seconds.
Though not all patients imaged in this study benefited noticeably from motion correction,
it is our recommendation that all scans of patients allowed to free breathe during DCECT imaging should be corrected. Patients with high amplitude motion were found to
benefit more from motion correction than patients with low amplitude motion as would
be expected. The predictive ability of three different motion metrics to stratify low and
high artifact patients was analyzed using specificity and sensitivity analysis, none of the
three methods was able to separate patients accurately enough.
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The image registration algorithm presented here shifts images rigidly in the axial
direction only and does not correct for organ rotation or translation in the axial plane or
organ deformation; this can lead to residual apparent organ motion especially at the dome
of the liver where the motion of the diaphragm can cause organ deformation. RMSD
calculation may be sensitive to the amount of contrast injected and pre-contrast tissue
density in voxels at tissue boundaries, which may compromise the ability to compare
RMSD between patients. Using locally elevated RMSD to localize artifacts in a single
patient would be unaffected by this as these effects are expected to be uniform in any
single patient.
Our free breathing shuttling protocol for liver perfusion measurements delivers 30%
higher effective dose [21] (20 mSv estimated from dose-length product) to the patient
than a triphasic liver scan [27] (15 mSv). CT imaging dose may be reduced with more
advanced reconstruction techniques [28] without sacrificing SNR, which would allow
significant reduction of dose delivered during DCE-CT acquisition. CT perfusion data is
absolute, allowing measurements in different patients as well as repeated measurements
in the same patient to be compared. CT perfusion allows non-invasive measurement of
perfusion parameters in liver cancer which may aid in radiotherapy treatment planning by
improving target delineation accuracy and monitoring of treatment response.
In conclusion, it is possible to perform one-dimensional superior-inferior motion
correction for DCE-CT hepatic scans of free breathing patients to reduce motion artifacts
in the subsequently generated perfusion maps. RMSD maps provide a regional
assessment of motion induced artifacts in the liver perfusion maps.
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Chapter 4

4

Dynamic contrast enhanced CT aiding gross tumour
volume delineation of liver cancers: an interobserver
variability study
4.1

Introduction

External beam radiotherapy is one of several treatment modalities available for patients
with unresectable hepatocellular carcinoma (HCC) or liver metastases. Many recent
advances in imaging, treatment planning and radiation delivery [1, 2] have enabled
delivery of higher doses to the target volume which has shown to improve local control
rates. However, dose escalation is limited by the amount of normal tissue included in the
radiation field.
Traditionally, the gross tumour volume (GTV) would be delineated on a 3D CT image set
acquired with a helical scan and a margin would be added to account for microscopic
spread to create the clinical target volume (CTV). Additional margin would be added to
create planning target volume (PTV) to account for organ motion and interfraction
variability such as patient positioning and anatomical changes according to ICRU-62
guidelines. This approach did not utilize information on respiratory motion and
interpatient variability, thereby necessitating an increase in the size of the radiation field.
Contrast-enhanced respiratory-tracked 4D-CT has been adopted in many centers to
increase tumour to normal tissue contrast and visualize respiratory motion to allow for
gated radiotherapy that allows for reduced PTV margins. It has been shown that contrast
enhanced 4D-CT may improve target delineation of liver tumours as it decreases blurring
caused by respiratory motion as well as providing superior tumour to normal tissue
contrast ratio [3]. While the specific scanning protocol proposed by Beddar et al. (2008)
may suffer from poor reproducibility due to the high sensitivity to changes in the
respiratory cycle during scanning, contrast enhanced 4D-CT as a whole is preferred in
many places for radiotherapy planning of liver cancer. Image guidance and respiratory
gating using spirometry or a respiration surrogate marker such as the Real-time Position
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Management (RPM) device (Varian Medical Systems, Palo Alto, CA) combined with
4D-CT allows reduction of PTV margins, which increases healthy tissue sparing [4].
Successful radiotherapy is critically dependent on accurate target delineation. Any viable
tumour cells not included in CTV may receive a sublethal dose and continue
proliferating. The dose delivered to the tumour is limited by the dose to the normal liver
and other healthy adjacent organs. At our centre, 70% and 50% of the healthy liver
volume are constrained to maximum 27 and 24 Gy respectively (in 2 Gy per fraction
equivalent dose), and maximum dose to small bowel, stomach and spinal cord are limited
to less than 50 Gy based on the Radiation Therapy Oncology Group (RTOG) 0438
clinical trial. In various tumour sites a number of functional imaging markers have shown
efficacy in aiding tumour delineation such as FDG-PET [5-7] and C-11 methionine [8, 9].
Unfortunately, healthy liver tissue has very high uptake of many tumour biomarkers due
to its filtering function which reduces contrast between tumour and normal tissue [10], C11 acetate has been shown to have some efficacy in liver tumour delineation [11], but C11 is not readily available in many centers.
This study aims to determine if dynamic contrast enhanced CT (DCE-CT) with perfusion
CT reduces interobserver variability in tumour delineation compared to contrast enhanced
4D-CT.

4.2

Materials and methods

15 radiotherapy patients diagnosed with HCC (n=9) or metastatic liver tumours (n=6)
were prospectively recruited to undergo pre- and post-treatment DCE-CT scans. Patient
demographics are outlined in Table 4. For two patients with multifocal disease, only the
two largest intrahepatic foci were included in this study. The study was approved by the
institutional ethics review board and all patients provided informed consent. Patients with
poor liver or renal function based on enzyme and serum creatinine levels were excluded
due to risks of negative reactions to contrast agent. Five patients received other treatment
prior to radiotherapy: one patient underwent trans-arterial chemo embolization (TACE)
four months prior to radiotherapy, and four patients were treated with chemotherapy prior
to radiotherapy.
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Sex
Median age
Diagnosis
Days between 4D-CT and
perfusion-CT
Mean tumour volume
-HCC
-Mets
Prior treatment

11 male, 4 female
72 years
9 HCC, 6 Metastatic
Mean: 2.3

144 cc
21 cc
4 chemo, 1 TACE

Range: 43-89
Range: 16 days prior to 13
days post
Range: 13-410 cc
Range: 1-90 cc

Table 4: Patient demographics.

4D-CT acquisition was performed with a Brilliance Big Bore scanner (Philips Healthcare,
Best, Holland) and RPM system (Varian Medical Systems, Palo Alto, CA). Patient was
placed head first in the supine position on a flat imaging couch, aligned with lasers and a
respiratory surrogate was placed on the patient’s chest. The 4D-CT liver scanning
protocol covered the entire abdomen and part of the thorax. Imaging parameters were:
120 kV, 600 mAs/slice (mA was varied between patients to achieve CT dose index
(CTDI) of 47.4 mGy), 0.5 sec rotation time and a small 0.06-0.15 pitch depending on the
patient’s respiration rate. Projections were phase-binned into 10 sets corresponding to
different phases of the respiration cycle and images were reconstructed into 3 mm thick
slices. Total scan time was about 1 minute. 90 ml of contrast agent (Isovue 300, Bracco
Diagnostics, Princeton, NJ) was injected at a rate of 2.5 ml/s during scanning, injection
timing was not customized to different tumour types and was initiated simultaneously
with image acquisition. Images were reconstructed with voxel volume of 1.17x1.17x3
mm3. One of the 10 image sets was selected by the radiation oncologist for treatment
planning. The selected image set had to be in the center of the gating window at end
expiration to minimize liver motion during the beam-on window.
DCE-CT was performed with the patient positioned feet first in the supine position on the
table of a 64 slice scanner (Discovery VCT or CT750HD, GE Healthcare, Waukesha,
WI). The scan was performed using the axial shuttle technique to translate the couch
between two adjacent positions to cover a selected 8 cm volume that included the portal
vein and tumour. At each couch location, a 4 cm long volume of the liver, divided into
eight 5 mm thick slices, was imaged with the following parameters: 120 kVp, 120 mA,
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and 0.4 s rotation time. The time-interval between two successive scans of the same
location was 2.8 s and each 4 cm volume was imaged 40 times, total scan time was 2
minutes. Contrast (Omnipague 300, GE Healthcare, Waukesha, WI) at the dose of 0.7
ml/kg bodyweight to a maximum of 70 ml was injected at a rate of 4 ml/s starting after 2
scans of each 4 cm volume was acquired as baseline. The patient was instructed to
breathe normally during the entire scan sequence. Following image acquisition images
were exported and corrected for respiratory motion using a retrospective algorithm
developed in house [12]. The corrected images were imported into CT perfusion 5 (GE
Healthcare, Waukesha, WI) and time-averaged DCE-CT and perfusion CT (blood flow,
blood volume, permeability surface product, hepatic arterial blood flow, portal venous
blood flow, mean transit time and hepatic arterial fraction) were generated. The perfusion
maps and DCE-scans were generated with voxel dimensions of 1.4x1.4x5 mm3.
Perfusion CT, time-averaged DCE-CT, and 4D-CT scans were imported into Pinnacle 9.0
(Philips Healthcare, Best, Holland). For each patient, the time-averaged DCE-CT was
registered to the 4D-CT scan manually by a trained user. The registration was validated
by measuring distance between corresponding anatomical points such as vessel
bifurcations. The validated registration transformation was subsequently applied to all
perfusion maps. GTVs delineated on 4D-CT image sets were cropped to remove all slices
extending beyond the imaged volume of the DCE-CT image sets.
Two radiation oncologists (A and B) and one radiation therapist (C) created three sets of
GTV contours based on images in the following sequence:
1. 4D-CT image set (4D-CT)
2. Time-averaged DCE-CT set (DCE-CT)
3. Perfusion maps (Perfusion CT)
Each observer was blinded to the contours of the others, as well as their own previous
contours. Observers were asked to delineate all intrahepatic tumours with diameter of at
least 1 cm that appeared in all 3 image sets. Observers B and C contoured on the different
image sets on the same or consecutive days. Observer A contoured on 4D-CT at least 6
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months prior to contouring on the other image volumes, but contoured on average CT and
perfusion maps on the same day. All observers were free to window and level and zoom
the images independently as well as changing display colors.
GTV volumes were normalized by the mean GTV volume of all three image sets as
defined by observer A and compared for variability between imaging techniques. Dice’s
coefficients [13] were calculated as a similarity measure for contour comparisons
between observers for all three image sets. Dice’s coefficient (C) for comparing two
regions A and B is:
C=

2A ∩ B
A+ B

We performed statistical analyses on patient subgroups, divided by diagnosis (HCC or
metastatic) and tumour volumes (more or less than 100 cc). To determine the effect of
imperfect registration between 4D-CT, DCE-CT and perfusion CT on Dice’s coefficient
as a function of tumour volume, two perfectly spherical targets were created with
centroids offset by 3 mm (typical registration error detected between matching
anatomical points in this study) were simulated and Dice’s coefficient calculated for
target volumes ranging from 1 to 500 cc.
Paired Mann-Whitney statistical test was used in all two sampled tests and one-way
ANOVA was used to compare all samples simultaneously and p<0.05 was chosen to
indicate significance. All statistical tests were carried out with the open-source statistics
software R 2.13.1 [14].

4.3

Results

17 tumours were contoured by 3 observers, 13 patients with a single delineated target and
2 patients with two delineated targets. Figure 19 shows examples of scans with low
interobserver variability in the 1st, 2nd and 4th rows as well as examples of high variability
in the 3rd and 5th rows. The perfusion maps shown in the 3rd column is the one
predominantly used for perfusion based contouring for each patient (blood volume in
rows 1 and 3-5, hepatic arterial blood flow in row 2).
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In HCC patients (n=9), interobserver variability was significantly reduced in timeaveraged DCE-CT based GTVs compared to both 4D-CT and perfusion CT based GTVs
(Mann-Whitney p=0.015 and 0.025 respectively). In patients with metastatic disease
(n=8), perfusion CT based GTVs had significantly lower interobserver variability than
4D-CT and time-averaged DCE-CT based GTVs (Mann-Whitney p=0.05 and 0.01
respectively) (Figure 20 a and b). Dice’s coefficients for all observers and all imaging
sets were significantly higher in patients with HCC (0.76 ±0.10) compared to patients
with metastatic liver patients (0.67 ±0.08) (Mann-Whitney p=0.03). There were no
statistically significant differences in Dice’s coefficients between the imaging datasets for
patients with tumour volumes <100 cc. However, for tumours with volume >100 cc, 4DCT based GTVs had significantly lower Dice’s coefficient than time-averaged DCE-CT
(Mann-Whitney p=0.05) (Figure 20 c and d).
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Figure 19: 4D-CT, DCE-CT and perfusion CT slices.
The perfusion map shown in column 3 is the one reported as the most valuable for
contouring by the contourers (blood volume in rows 1, 3, 4 and 5 and arterial blood
flow in row 2). In the fourth column 4D-CT with all 9 sets of contours is shown, the
top two patients have good interobserver agreement. The patients in the 3rd and 5th
rows have poor interobserver agreement.
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Figure 20: Boxplots of Dice’s coefficients.
Boxplots of mean Dice’s coefficients between all three pairs of contourers by
imaging technique. DCE-CT based GTVs had significantly less interobserver
variability than 4D-CT and perfusion CT based GTVs in patients with
hepatocellular carcinoma. Perfusion CT based GTVs had significantly lower
interobserver variability than 4D-CT and average DCE-CT based GTVs in patients
with metastatic tumours. All three imaging modalities performed similarly for
tumours smaller than 100 cc, however for tumours greater than 100 cc average
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DCE-CT based contouring was significantly less variable than 4d-ct. *p<0.05
(paired Mann-Whitney)

Significant variability of Dice’s coefficient was observed between GTVs defined on
different imaging sets by observers A (p=0.04) and C (p=0.02), however not for B
(p=0.16) (One-way ANOVA). Only observer C (p=0.005) had significant differences in
relative GTV volumes between imaging techniques, while A (p=0.11) and B (p=0.29) did
not (One-way ANOVA).
Mean interobserver Dice’s coefficient correlated weakly with tumour size (r=0.47 and
p=0.05) as shown in Figure 21. Dice’s coefficient is insensitive to registration errors of 3
mm for tumours greater than 10 cc in volume. Four tumours in this study have volume
less than 10 cc, interobserver variability for these tumours was not significantly less than
for tumours with volume greater than 10 cc (mean Dice’s coefficient 0.69 and 0.73
respectively, p=0.27 Mann-Whitney).
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Figure 21: Dice’s coefficient vs. tumour volume.
The solid black line is a linear regression and the dashed lines are the 90%
confidence intervals, Pearson correlation was weakly positive r=0.43 and p=0.05.
The curved solid line is Dice’s coefficient for two spheres with centroids offset by 3
mm.

4.4

Discussion

For both HCC and metastatic subgroups 4D-CT based GTV interobserver variability was
significantly worse than it was in DCE-CT derived images (Time-averaged DCE-CT for
HCC and perfusion CT for metastatic tumours).
The perfusion CT and time-averaged DCE-CT image sets were co-registered since they
were derived from the same projection sets and had the same registration transformation
applied. Registration was manually adjusted to ensure optimal tumour alignment, and in
all cases a matched pair of anatomical features of the tumour was required to be no more
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than 4 mm, and on average no more than 3 mm apart between 4D-CT and time-averaged
DCE-CT. Residual misalignment following rigid registration may occur due to
deformation which causes a decrease in Dice’s coefficient between different imaging
techniques, however, interobserver comparisons within the same imaging technique will
not be affected.
Two out of three observers had significant variation in Dice’s coefficient comparing
different image acquisition techniques, specifically Dice’s coefficient between timeaveraged DCE-CT and perfusion CT generated GTVs was higher than those between 4DCT and either time-averaged DCE-CT or perfusion CT based GTVs, which may have
been a result of residual registration misalignment – especially as only one observer had
significant variation in relative tumour volume between imaging techniques.
Due to the slow pitch necessary to ensure all respiratory phases have full coverage, a
larger injection of CT contrast agent is necessary during 4D-CT than during DCE-CT
which may increase risk of adverse reactions to contrast agent [15]. As the target is only
delineated on one phase of the acquired 4D-CT image set, approximately 90% of
acquired projections are not used for target delineation yielding low signal-to-noise ratio
(SNR) relative to the amount of dose delivered to the patient (Volume CT dose index
[CTDIvol] of 500 and 6000 mGy, dose length product [DLP] of 1800 and 1300 mGy.cm
respectively for 4D-CT and DCE-CT). DCE-CT acquisition of the liver is not suitable to
replace 4D-CT for planning purposes as it currently has a limited field of view with most
acquisition techniques [16-18]. Improved scanner capabilities [19, 20] can increase the
field of view to cover the entire liver, however, some effort is still required to correct for
respiratory motion and the lack of correlation with respiration surrogate prevents use of
respiratory gating during treatment.
Using the 4D-CT artifact classification scheme from Yamamoto et al. [21], two scans had
three instances of overlapping artifacts, one had severe duplication and incompletion
artifacts, one had overlapping at the dome of the liver and one had a minor incompletion
artifact and streaking as well as a SNR reduction artifact in part of the image volume.
Upon visual inspection, 40% (6 of 15) of 4D-CT image sets in this study were completely
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artifact free, 27% (4 of 15) had moderate or severe artifacts not specific to 4D
reconstruction (3 had ring artifacts in the center of the volume and 1 had streaking
artifacts from air in the stomach), 33% (5 of 15) had one or more severe artifacts specific
to 4D-CT reconstruction. Of the 9 scans with visually detectable artifacts, 78% (7 of 9)
had artifacts in the area of the contoured tumour. Time-averaged DCE-CT images had no
visually detectable artifacts, however perfusion CT images did show residual motion
induced artifacts at organ boundaries adjacent to the tumour site(s) in 4 of 15 patients
(27%). Phase-binned 4D-CT has been shown to be highly prone to artifacts due to
variability of respiration volume from breathing cycle to breathing cycle [22], amplitudebinning may overcome these problems and improve reproducibility [23].
4D-CT based GTVs consistently had higher interobserver variability than time-averaged
DCE-CT and perfusion CT based GTVs, indicating that the SNR may be too low and that
contrast between cancerous and normal tissue is still too low even with intravenous
injection of contrast agent. At our center, helical 4D-CT acquisition is used over the
sequential approach by Beddar et al. as 4D-CT is used as the planning CT and not just for
delineation, which requires a larger field of view that would take too long to acquire
using the sequential method. Perfusion CT improved delineation of metastatic tumours
compared to both 4D-CT and time-averaged DCE-CT, while time-averaged DCE-CT
improved delineation of HCC compared to perfusion CT and 4D-CT. We hypothesize
that this is due to the differences in vascularity and contrast enhancement in metastatic
tumours compared to HCC [3]. HCC is known to be associated with arterial angiogenesis
which changes the dynamic of contrast enhancement, including earlier arrival time and
faster contrast washout, which explains why HCCs appear hypodense in contrast
enhanced images. Metastatic tumours in comparison tend to have limited arterial
angiogenesis therefore contrast enhancement dynamics are more similar to normal liver
tissue; however they are associated with a decrease in blood volume due to displacement
of liver sinusoids and associated loss of filtering function.
It has been shown that there can be dosimetric impacts in treatment planning of tumours
with high interobserver variability of target delineation when the GTVs are not concentric
[24]. Dosimetric analysis of all 51 contour sets is beyond the scope of this study. It
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should be noted that in some patients in this study GTV volumes vary by as much as 50%
between observers which is expected to have some dosimetric impact. It is not possible to
evaluate any possible effects on treatment outcome directly as the true tumour volume is
not known. Reducing interobserver variability does not necessarily improve accuracy of
treatment planning as margin expansion may eliminate some of the variability in GTV
delineation when generating CTVs.
In conclusion, time-averaged DCE-CT with perfusion CT reduced interobserver
variability in GTV delineation for both primary and metastatic liver cancers. This work
suggests that SNR and tumour to normal tissue contrast in contrast-enhanced 4D-CT may
not be sufficient and the addition of functional imaging may improve accuracy in target
delineation.
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Chapter 5

5

Contrast enhanced cone-beam CT improves tumour
alignment in image guided radiotherapy of liver
tumours
5.1

Introduction

Image guided radiotherapy (IGRT) has become increasingly common as a method of
increasing delivery accuracy and decreasing tumour margins allowing for potentially
increased target dose. Cone-beam CT (CBCT) is the most common form of 3D image
acquisition used for treatment guidance as a kV x-ray source and flat panel detector can
be mounted onto the LINAC gantry [1].
A radiotherapy target is defined by initial delineation of the visible tumour by a radiation
oncologist on a 3D image set as the Gross Tumour Volume (GTV) on a planning CT
assisted by fusion with other modality such as MRI. Margins are added to account for
non-visible tumour spread (CTV) and ultimately expanded to account for setup
uncertainties and organ motion (PTV). For treatment of hepatocellular carcinoma (HCC)
or liver metastases using external beam radiotherapy, the initial planning image will
typically be acquired using contrast enhanced 4D-CT to a) resolve the respiratory motion
of the patient and b) enhance tumour to normal tissue contrast.
The combination of image guidance and respiration gated treatment has allowed for
reducing treatment margins from around 15-20 mm in the superior-inferior direction
down to around 3-5 mm, reducing irradiation of surrounding normal tissues. The more
restrictive the PTV margins are, the higher the accuracy and reproducibility in aligning
the patient on the treatment couch for each fraction must be to avoid a geographic miss,
which could cause normal tissue dose to exceed tolerances, increasing the probability of
complications and reducing target dose thus reducing the probability of achieving local
control.
When CBCT is used for aligning a patient for treatment of liver cancer [2], the tumour is
often poorly visualized if at all and alignment is performed by aligning bony structures
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such as vertebra and/or with the abdominal diaphragm. The same problems in perfusion
imaging by dynamic contrast enhanced CT are found in cone-beam CT imaging:
breathing motion and lack of contrast in abdominal tumours.
Using an external surrogate, respiratory-gated image acquisition has been tested and has
been shown to reduce motion artifacts in cone-beam CT images [3,4]. In organs with high
natural contrast between tumour and normal tissue such as the lungs gated cone-beam CT
can lead to potential improvement in alignment accuracy. Retrospective correction of
motion artifacts without gating may be a viable alternative. This strategy has the
advantage of not extending the image acquisition time [5].
Contrast enhanced CBCT has been suggested previously and applied in both a canine
head and neck tumour [6] as well as in a case study of a patient with multiple brain
metastasis [7]. Contrast-enhancement in CT images has been shown to increase soft
tissue contrast which may allow for visualization of the tumour in liver cancer patients
and is currently used in diagnosing and monitoring patients. Lipiodol has been suggested
as a contrast agent for use in cone-beam CT of the liver following TACE, however this
has not been tested in patients who have not undergone pre-RT TACE [8].
Due to changes in stomach and bowel content, liver motion and deformation due to
respiration may render the diaphragm and vertebral bodies inadequate surrogates for
tumour alignment, especially if the tumour is located inferiorly. We hypothesize that
contrast enhancement in CBCT images could reduce misalignment due to organ
deformation compared to using bony structures or the diaphragm for registration by
allowing direct tumour registration.
In this chapter we investigated the possibility of using intra-venous contrast injection
during CBCT acquisition to improve image quality and tumour registration in a rabbit
model.

5.2

Material and methods

One healthy male New Zealand white rabbit and one male New Zealand white rabbit with
an implanted VX2 carcinoma tumour in the liver first underwent RT planning and DCE-
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CT scans scans performed using the protocol previously published by Stewart et al. [9]
on a diagnostic CT scanner (Discovery VCT, GE Healthcare, Waukesha, WI). The
animals were initially anesthetized with a mixture of isoflurane (5%) and oxygen. They
were intubated with an endotracheal tube and ventilated during all imaging procedures
while anesthesia was maintained with isoflurane (1.5 – 2%) mixed with oxygen and
normal respiration was suppressed with pancuronium when a prolonged breath hold was
necessary. RT planning scans were performed after injection of a bolus of iodinated
contrast agent followed by helical CT acquisition of the abdomen and thorax with breath
hold. Two scans were acquired sequentially with a 2 second delay to capture arterial and
portal vein enhancement separately. DCE-CT was acquired in two phases, initially 30
seconds of continuous scanning with breath hold, followed by 12 acquisitions of 4
seconds of burst cine scans with 6 seconds delay before each scan. Contrast was injected
just after the scan was initiated.
For CBCT imaging, animals were anesthetized as they were during planning and DCECT scanning. Imaging was performed on a Varian Clinac 21EX with on-board kV imager
(Varian Medical Systems, Palo Alto, CA). Imaging parameters were full-fan acquisition,
half rotation, 35 acquisition time, 100 kV, 20 mA, 8 ms pulses with a full bowtie filter.
Images were reconstructed in 384x384 voxels at 3 mm slice spacing and 512x512 voxels
at 1.5 mm slice spacing for the healthy and tumour animals respectively. 8 ml of
iodinated contrast agent (300 mg/ml) was injected at a rate of 0.32 ml/s over 25 seconds
beginning 5 seconds prior to CBCT acquisition. Comparison of imaging parameters for
DCE-CT and CBCT is shown in Table 5.
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Parameters

DCE-CT

CBCT

kV

120

100

mA

200

20

mAs

15600

700

Rotation time (s)

0.4

60

Acquisition time (s)

120

35

Contrast volume (ml)

5.0

8.0

Contrast injection rate

1.00

0.32

(ml/s)
Table 5: Imaging parameters for DCE-CT and CBCT.

In gated radiotherapy, radiation is typically delivered only when the patient is within the
end-expiration phase. To mimic patient gating, radiation was only delivered when the
animal was in the end-expiration respiration phase held by the ventilator, which
eliminates tumour motion as a source of error.
For each animal three sets of CBCT images were acquired in sequence: a ventilated
(breath hold negative) non-contrast enhanced scan (BH-C-), a breath hold non-contrast
enhanced scan (BH+C-) and a breath hold contrast enhanced scan (BH+C+).
To determine accuracy of tumour alignment between CBCT and planning scan all three
CBCT scans were transferred to Pinnacle 9.2 (Philips Healthcare, Best, the Netherlands)
and each CBCT volume was registered independently to the contrast enhanced helical CT
scan used for planning as best possible. A point of interest (POI) was placed in the center
of the delineated tumour volume on the helical scan. The tumour was delineated on the
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contrast enhanced CBCT images and a POI was placed in the center of this volume and
copied to the other two CBCT image sets to determine tumour position in those images.
As the rabbit had not been shifted between CBCT acquisitions, all three image sets were
spatially coregistered by design. Distance between helical tumour centroid and CBCT
tumour centroid was used as a metric of misalignment.
To be able to prospectively optimize contrast injection protocol for contrast enhanced
CBCT acquisition a simulation software package was developed using the dual
compartment Johnson-Wilson [10] model to predict contrast kinetics during scanning to
simulate contrast enhanced CBCT acquisition. Additionally, a non-parametric model was
developed for deriving arterial and portal vein contrast enhancement curves for slow
contrast injections from corresponding contrast enhancement curves acquired during
DCE-CT. This model was tested by measuring contrast enhancement curves with a
contrast injection protocol used during CBCT in a clinical CT scanner with a cine-mode
CT scan performed over 35 seconds with forced breath hold.
Prior to simulating contrast enhancements on CBCT based on tissue perfusion
information obtained from DCE-CT, a model was needed to predict arterial and portal
venous input based on given injection amounts and timing in order to simulate tissue
contrast enhancements on CBCT. In this model, we enforced that area under the arterial
enhancement curve is proportional to the total amount of injected contrast regardless of
injection rate and amount and the full width half maximum of the arterial enhancement
curve is equal to the duration of contrast injection. Change in intensity between preinjection and at steady state when the arterial and portal vein curves have equal intensity
is directly proportional to amount of contrast injected. No portal vein enhancement peak
exists at low injection rate. Delay between onset of arterial curve enhancement and portal
vein curve enhancement in DCE-CT is the same as delay between onset of arterial curve
enhancement and onset of portal vein enhancement in CBCT.
The following 5 conservation conditions were found to be sufficient to derive arterial and
portal vein contrast enhancement curves for any slow injection of contrast from
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parameters measurable from DCE-CT contrast enhancement curves or from contrast
injection protocol:
•

ADCE ACBCT
=
V DCE VCBCT

•

FWHM DCE

•

∆I DCE ∆I CBCT
=
VDCE
VCBCT

(Eq. 9c)

•

onset
onset
∆TDCE
= ∆TCBCT

(Eq. 9d)

•

0
0
TDCE
= TCBCT

(Eq. 9e)

i
TDCE

=

(Eq. 9a)

FWHM CBCT
i
TCBCT

(Eq. 9b)

A is the area under the peak of the enhancement curve, V is the total volume of contrast
injected, FWHM is the full width half maximum of the enhancement peak, Ti is the
injection duration, ∆I is change in intensity before contrast and during steady state, ∆Tonset
is the time difference between onset of enhancement of artery and portal vein and T0 is
the arrival time of contrast in the artery relative to beginning of injection.
For any contrast injection with sufficiently low rate of injection the portal vein
enhancement curve can be modeled by (Eq. 10):

 PVI (0)
0 ≤ t ≤ T 0 + ∆T onset

∆I

(t − T i − ∆T onset ) T 0 + ∆T onset ≤ t ≤ T i + T 0 + ∆T onset
PVI (t ) =  PVI (0) +
i
T

t ≥ T i + T 0 + ∆T onset
 PVI (0) + ∆I
(Eq. 10)
which is a piecewise linear function, and the arterial enhancement curve can be modeled
by (Eq. 11):
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PVI(t)


A t −T0
PVI(t) +
FWHM 2s


A

AI(t) = PVI(t) +
FWHM


A
A t − T 0 − FWHM−1s

PVI
t
(
)
+
−

FWHM FWHM
2s

PVI(t)


0 ≤ t ≤ T0
T 0 ≤ t ≤ T 0 + 2s
T 0 + 2s ≤ t ≤ T 0 + FWHM−1s
T 0 + FWHM−1s ≤ t ≤ T 0 + FWHM+1s
t ≥ T 0 + FWHM+1s

(Eq. 11)
All parameters can be derived from (Eq 9) as long as a dynamic contrast enhanced scan
has been acquired and contrast injection protocols for both the DCE and simulated scans
are known.
Using (Eq. 9), (Eq. 10) and (Eq. 11), the CBCT contrast enhancement curves have been
simulated and compared to actual curves acquired using a cine scan (Figure 22).
Agreement between model and simulation has Pearson r2 of 0.95 and 0.96 for arterial and
portal vein curves respectively. Figure 23 shows enhancement curves from both DCE-CT
and CBCT injection protocols. The contrast enhancement curves with slow rate of
injection will be used to simulate contrast enhanced CBCT.
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Figure 22: Simulated and measured contrast enhancement curves.
Contrast enhancement curves simulated using equations: 9, 10 and 11 with
parameters from DCE-CT and injection protocol use during CBCT acquisition.
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Figure 23: Contrast enhancement curves for CBCT and DCE-CT.
The black lines near the top of the figure indicate timing and rate of contrast
injection, length is timing and width is injection rate. The colored lines indicate the
four different contrast input curves used for creating correspondence between
different contrast injection protocols.

5.3

Results

In images acquired without breath-hold, soft tissue contrast is poor and severe streaking
artifacts are present in all slices (Figure 24a). In images acquired with breath-hold but
without contrast reconstruction artifacts are eliminated, however soft tissue contrast is
still minimal and accordingly features such as stomach lining, gall bladder, major blood
vessels and tumour are not visualized (Figure 24b). Images acquired with contrast
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enhancement and breath hold show improved soft tissue contrast including clear
visualization of gall bladder, stomach lining, tumour and major blood vessels (Figure
24c). The VX2 tumour had an average diameter of 6 mm in the planning image set and 7
mm in the CBCT image set. Centroid distance was 11 mm, 3 mm and 1 mm between the
helical planning image set and the unenhanced ventilated CBCT, the unenhanced breathhold CBCT and the contrast enhanced breath-hold CBCT respectively. Table 6 shows
errors in alignment by direction.

Figure 24: Sample CBCT slices with and without breath hold and contrast.
A) CBCT acquired without breath hold or contrast, severe streaking artifacts are
visible caused by motion of the diaphragm. B) CBCT slice acquired with breath
hold but without contrast, stomach is barely visible in the area of decreased density
in the center of the liver. C) Contrast enhanced breath hold CBCT with stomach
lining clearly visible and tumour appearing hypodense indicated by the white
arrow.
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∆SI/mm

∆AP/mm

∆LR/mm

Distance/mm

C- BH-

10.8

2.0

1.4

11.1

C- BH+

2.8

0.9

0.7

3.1

C+ BH+

0.0

1.2

0.5

1.3

Table 6: Tumour alignment accuracy with different imaging strategies.
Distances between tumour centroids in the CBCT and planning images. ∆SI is the
distance between points in the superior-inferior direction, ∆AP in the anteriorposterior direction and ∆LR in the lateral direction. C- BH- is the contrast and
breath hold negative scan, C- BH+ is the contrast negative and breath hold positive
scan and C+ BH+ is the contrast and breath hold positive scan.

The tumour was approximated by a spherical target of diameter 6 mm and the fraction of
the CTV that was covered by the planned PTV volume was calculated for different PTV
margins to determine CTV coverage. If no PTV margins were added, only 2% of the
CTV would be covered if the contrast and breath hold negative CBCT had been used for
alignment. Using the alignment from the breath hold positive scans would have yielded a
63% or 87% CTV coverage for the contrast negative or positive scans respectively.
Figure 25 shows that 3 or 1 mm margin expansion would be sufficient to cover 100% of
the CTV if using the breath hold positive CBCT scans without contrast or with contrast
respectively. The breath hold negative scan alignment would not achieve 100% CTV
coverage with addition of 10 mm margins.
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Figure 25: CTV coverage vs. PTV margin expansion.
CTV and PTV dose are approximated as spheres with diameter of 6 mm and 6 mm
+ PTV margin respectively. The black line is for the alignment derived from the
respirated CBCT scan with a centroid offset of 11 mm, the blue line is calculated
with an offset of 3 mm and the red line with 1 mm.

The contrast enhanced CBCT was simulated and compared to the actual CBCT to
validate the perfusion model as a method of simulating contrast enhanced CT scans.
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Figure 26 shows the contrast enhanced CBCT and the simulated contrast enhanced
CBCT.

Figure 26: Simulated and acquired CBCT slices.
The tumour (white arrows) appears hypodense with an enhanced rim in both
images as it should. Differences in stomach filling between scans account for the
large differences in stomach position. Scaling has been applied to blood flow values
associated with blood vessels to correct the reduced vessel contrast enhancement in
perfusion maps, noise has been added to correct for smoothing effects from
perfusion map generation.

5.4

Discussion

Contrast enhanced CBCT increases tumour alignment accuracy by accurately visualizing
the tumour allowing for direct registration instead of relying on anatomical surrogates
that may not be rigidly connected to the tumour. Soft tissue contrast in general is greatly
increased with injection of contrast agent during CBCT allowing for visualization of
organ boundaries such as surrounding the gall bladder and stomach lining which may
provide additional aid for alignment in cases where a critical organ is adjacent to the
tumour and must be spared.
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Simple piecewise linear modeling provides a good approximation of CBCT contrast
enhancement curves with parameters that can be derived from a DCE-CT scan and
known CBCT contrast injection protocol.
Blood flow in vessels was underestimated by the perfusion model from DCE-CT due to
constraints imposed on the model to reduce computation time. This can cause blood
vessels to appear less enhanced in simulated CBCT images than they should be but can
be ameliorated by applying a scaling to increase high blood flow voxels associated with
blood vessels. Tumour and normal tissue contrast is accurately modeled when compared
with actual data. Noise has to be added to the simulated CBCT to account for the higher
kV and mA used in the DCE-CT scan compared to CBCT to approximate CBCT noise
levels, during calculation of perfusion variables smoothing is applied to the images as
well which may reduce apparent noise in simulated images. The simulation algorithm can
be applied to simulating contrast enhanced 4D-CT images as well as CBCT which may
provide additional insight into optimal injection timing and rate for helical 4D-CT
acquisition.
Contrast enhanced CBCT of liver cancer patients with a similar contrast injection
protocol to the one used in the rabbit should only be used in hypervacular tumours such
as HCC and certain metastatic diseases where the continued arterial disequilibrium forced
by the extended contrast injection will preferentially enhance the tumour. In tumours with
vascularity more similar to normal liver tissue the suggested contrast injection protocol
would not be optimal.
The current contrast enhanced CBCT protocol has only been applied twice, and will need
to be tested for reproducibility in other subjects to ensure the suggested contrast injection
protocol is optimal.
Inaccuracy in positioning of a patient for radiotherapy may lead to excess dose being
delivered to healthy tissue and insufficient dose delivered to the planned target volume
which can compromise the quality of treatment. Contrast enhanced CBCT is a simple
extension of current CBCT protocols which provides superior soft tissue and tumour
contrast which may reduce the probability of a geographic miss.
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Chapter 6

6

Discussion

Functional imaging has been at the forefront of medical imaging development for many
years. Many applications have been suggested to aid diagnosis, prognostication,
treatment selection and treatment outcome evaluation for numerous anatomical sites and
diseases such as cirrhosis, cancer, stroke and cardiovascular diseases.
Measuring local perfusion parameters through dynamic contrast enhanced imaging was
suggested in 1979 by Leon Axel [1]. Several models have since then been described in
literature and implemented commercially [2, 3]. The two-compartment deconvolution
model implemented in CT Perfusion (GE Healthcare, Waukesha, WI) has been validated
in a number of different sites versus microsphere perfusion imaging [4-6].
The liver has been found to be comparatively difficult to image with many functional
imaging modalities due to the high uptake of many biomarkers used in nuclear medicine
imaging [7]. The unique perfusion supply of the liver combined with the aggressive
arterial angiogenesis associated with HCC [8, 9] should provide high tumour to normal
tissue contrast in perfusion imaging where normal tumour markers such as FDG-PET
have not been successful.
The liver is adjacent to the diaphragm and the respiratory motion of the diaphragm causes
severe organ motion during normal respiration. Organ motion has been a problem in
acquiring any functional images, including dynamic contrast enhanced CT. DCE-CT of
the liver acquired with patient freely breathing may introduce artifacts in functional maps
and limit reproducibility. Several methods have been proposed to minimize artifacts in
perfusion maps from respiratory motion including using abdominal compression and
oxygen mask [8], breathing instruction including extended breath holds during
acquisition and retrospective application of registration [10] or respiratory gating [11].
Perfusion CT of the liver has been applied in several studies of liver cancer and has been
shown to differentiate tumour from normal tissue by measuring the increase in blood
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flow, especially arterial blood flow in HCC patients due to angiogenesis in a number of
studies [8, 12-14]. Functional imaging has shown promise as an early treatment response
indicator and perfusion CT has recently been compared to anatomical imaging as a
method to assess early treatment outcome for patients treated with TACE [12], RFA[15]
or systemic chemotherapy [16]. The role of perfusion CT in external beam radiotherapy
has not been fully elucidated in existing literature although it has been shown that portal
vein perfusion in normal liver tissue following radiotherapy increases in low dose regions
and decreases in high dose regions [17].
In this thesis I have sought to investigate possible benefits of hepatic perfusion CT to
external beam radiotherapy treatment of cancer. All DCE-CT scans in this thesis were
acquired using the axial couch shuttling technique and patients were allowed to breathe
freely during acquisition. To determine the application of perfusion CT of liver cancer I
developed, validated and applied a method of removing respiratory motion from DCE-CT
images of the liver that was later applied to patient scans and ultimately the perfusion
images were imported into a radiotherapy treatment planning system (Pinnacle, Philips
Healthcare, Best, the Netherlands) to determine if they could aid in target delineation.
It is hypothesized that allowing a patient to breathe freely during the scan eases the
burden on the patient as coaching prior to scanning would likely lead patient to be more
anxious during the scan and may breath more heavily than without coaching. Free
breathing also reduces patient discomfort associated with multiple breathholds or active
breathing control during contrast enhanced CT scans. This in turn is expected to increase
patient throughput and staff adherence. Increased staff adherence is expected to improve
reproducibility and reduce the probability of errors during scanning. This is vital as
dynamic imaging delivers excess radiation dose to the patient compared to more
traditional imaging modalities, and we work hard to avoid having to repeat scanning due
to errors.
The majority of clinically available CT scanners has a limited axial field of view ranging
from typically 2.4 to 4 cm and with few exceptions can not acquire a helical scan
covering approximately 10 cm and rewind the couch quickly enough to provide the

110

temporal resolution required for perfusion imaging. Couch shuttling increases the field of
view by up to 100% leading to improved tumour coverage.

6.1
Motion correction in perfusion CT of liver
in cancer patients
In chapter 3, DCE-CT scans of 30 radiotherapy patients patient with HCC,
cholangiocarcinoma or metastatic liver tumours were acquired and perfusion maps were
calculated with and without applying the previously describe motion correction algorithm
to determine to what extend motion induced artifacts degrade the quality of perfusion
maps. The residual between the fitted perfusion model and the measured contrast
enhancement was introduced as a surrogate of artifact magnitude.
Tumours were found to have significantly different perfusion parameters compared to
normal tissue both with and without motion correction. However, the difference between
tumour and normal tissue was found to be lessened if motion correction was not applied.
The reduction in contrast between tumour and normal tissue due to motion artifacts
highlights the importance of correcting for motion.
Motion induced artifacts in functional parameters were not found to be biased towards
increasing or decreasing functional values but seemed randomly distributed. The random
nature of motion artifacts mean that they can not be removed strictly by post processing
or scaling, but must be addressed either during image acquisition or retrospectively but
prior to generation of functional maps.
Elevated root mean square deviation (RMSD) was found to correlate well with motion
induced perfusion artifacts. Motion correction was found to reduce mean RMSD
significantly. Several parameters and thresholds were tested for selection of scans that
benefited the most from motion correction but no good predictor was identified leading to
a recommendation that all scans should undergo motion correction.
The patient group that underwent CT perfusion was very heterogeneous in terms of
diagnosis, including HCC, ICC and metastases from several different main sites. The
scans were acquired at different times in relation to treatment, some patients were imaged
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prior to radiotherapy, some were imaged during the course of radiotherapy and some
were imaged following radiotherapy. No analysis was performed on patients grouped by
diagnosis or existence of other hepatic disease.

6.2

Perfusion CT for radiotherapy planning

Accurate target delineation is vital to maximizing the therapeutic ratio of radiotherapy. If
too much normal tissue is inadvertently included into the target volume limits for normal
tissue dose may limit the target dose to less than that required for local control. On the
other hand if the delineated treatment target does not include the entire tumour then parts
of the tumour outside the treatment target may receive a sub-lethal dose and not be
controlled. In chapter 4 we investigated if using DCE-CT and perfusion CT improved
concordance of tumour delineation between different observers.
We found for patients with HCC that the average image derived from the DCE-CT scan
improved contouring concordance significantly compared to contrast enhanced 4D-CT
which is current clinical practice. For patients with metastatic liver tumours perfusion CT
images improved delineation concordance significantly compared to clinical contrast
enhanced 4D-CT images.
Weak correlation was found between tumour size and observer concordance. Which is to
be expected when using Dice’s coefficient as similarity metric. In small tumours no
differences were observed in concordance between different imaging techniques
indicating that although the metastatic tumours in the study were smaller than the HCC’s
on average the difference in observer concordance was not due only to tumour size.
The current clinically used protocol for contrast enhanced 4D-CT imaging of liver
tumours does not alter contrast injection timing or rate to account for differences in
vascularity between HCC and metastatic tumours, which may reduce tumour to normal
tissue contrast as it fails to take advantage of the known hemodynamic differences
between HCC and normal tissue. Another approach to contrast enhanced 4D-CT has been
suggested to take allow for imaging of the arterial phase of contrast enhancement [18],
however this approach lacks reproducibility and is very sensitive to irregular respiration.
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6.3
Application of perfusion CT to
radiotherapy
Based on the results presented in this thesis I believe that perfusion CT is a viable
imaging modality in the liver. Even for patients allowed to breathe freely during
acquisition as long as respiration motion correction is performed. Furthermore, perfusion
CT can be a valuable addition to current clinical practice for delineation of treatment
volume in patients with liver tumours scheduled for external beam radiotherapy,
regardless of delivery technique.
Contrast enhancement in current 4D-CT techniques is not sensitive enough in all cases
and it may result in overly cautious target delineation when the target can not be visually
determined, which could negatively impact tumour control probability.
The techniques applied in the study by Ippolito et al. (2010) [12] concerning early
treatment outcome monitoring following TACE, are easily transferable to treatment
response monitoring of external beam radiotherapy patients, although it has not been
tested as of yet and results may not be as clear. Two studies performed by Cao et al. [17,
19] have shown preliminary data suggesting that perfusion CT can be used to monitor
normal liver damage and as a surrogate for liver function following radiotherapy, by
measuring regional drops in portal vein perfusion.

6.4

Contrast enhanced cone-beam CT

Contrast enhanced cone-beam CT image scans provide superior soft tissue and tumour
contrast compared to unenhanced scans and is a simple extension to current image guided
radiotherapy workflow. In HCC patients undergoing external beam radiotherapy with
image guidance, the tumour may not be optimally aligned if it is poorly visualized due to
lack of soft-tissue contrast. Often bony structures or the abdominal diaphragm are used as
anatomical surrogates for patient positioning, but especially for tumours in the inferior
part of the liver this may provide inaccurate tumour alignment.
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Using a rabbit model implanted with a VX2 carcinoma we have shown that contrast
enhanced cone-beam CT provides the potential for superior spatial alignment of the
tumour reducing the probability of a geographic miss even with minimal tumour margins.
The dual compartment perfusion model can be applied to predict enhancement patterns
from any given contrast injection protocol in patients who have undergone perfusion CT.
This simulation can be applied to both 4D-CT and cone-beam CT images to predict
optimal contrast injection protocols.

6.5

Limitations

In the current literature a wide range of perfusion values are presented for liver cancer
patients both in normal and cancerous tissue (Appendix 1), depending on imaging
technique, image processing and perfusion model. This lack of reproducibility will have
to be addressed at some point in a conclusive set of validation experiments to allow for
comparisons to be drawn between different methodologies.
It is known that HCC and metastatic lesions have different perfusion profiles. As a result
of this the heterogeneous patient group in our studies is not ideal as it may reduce the
contrast between tumour and normal tissue mean perfusion values. Tumour selection was
performed using a region growing algorithm, selecting only the enhancing or hypo-dense
regions depending on pathology. This approach may fail to select the entire tumour and
in some cases needed manual adjustment when a hypodense lesion was near the organ
boundary to avoid the ROI including non-liver tissue.
Perfusion CT of the liver may be sensitive to a number of factors such as blood pressure,
stomach filling and time since last meal. Systemic hypertension would be expected to
increase blood flow values compared to patients with normal or low blood pressure.
Perfusion is known to change after eating as blood is diverted from extremities to the GI
tract which may increase liver perfusion temporarily. Portal hypertension may also cause
reduced local perfusion. All the previously mentioned factors may severely reduce
reproducibility and compromise the ability to compare perfusion scans longitudinally as
well as between patients. It is especially important to evaluate these possible effects and
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attempt to ensure homogenous patient circumstances when imaging in studies attempting
to apply perfusion CT for treatment assessment or for establishing thresholds for autosegmentation of tumours.

6.6

Future work

A 3D deformable registration algorithm could be developed and validated for registration
of DCE-CT images acquired using couch shuttling. A validation image set could be
created by acquiring a perfusion scan using the breathhold and retrospective gating
method [11, 20] and then applying known deformations derived from free breathing cinescans of the same subject without contrast enhancement, A deformable registration
algorithm should be able to accurately reproduce known deformation in the presence of
changing image intensities due to changes in concentration of contrast agent.
The normal tissue dose-response study performed by Cao et al. [17] could be repeated to
validate their findings with improved imaging techniques. Changes to perfusion
parameters other than portal blood flow should be determined as a function of dose and
pre-treatment perfusion levels.
A study could be undertaken to perform voxel-based analysis using parametric response
maps or a similar technique [21] to determine regions of possible response and
recurrence. Several functional imaging modalities could be compared to determine
sensitivity and specificity of predictions.
Gated and contrast enhanced cone-beam CT acquisition could be simulated based on
DCE-CT images and ungated cone-beam CT images. The simulated images could be
compared and validated against a small set of patient images acquired using any of the
techniques described in chapter 5.1.

6.7

Conclusion

As shown in this thesis, contrast enhanced CT imaging of the liver is a challenging image
modality. A few potential applications have been shown in this thesis and others have
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been suggested. To realize the potential of contrast enhancement in CT acquisition of the
liver it is important to account for organ motion.
This thesis described a simple method for eliminating the majority of organ motion in
perfusion CT imaging of the liver. Applying the lessons learned during developing of this
motion correction algorithm and dynamic contrast enhanced image acquisition may help
improve target delineation accuracy for radiotherapy as well as alignment accuracy
during treatment.
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Appendices
Appendix 1: Published liver perfusion CT values.
Tumor
Study
Guyennon
2010
Kanda
2010
Sahani
2007

Perfusion
method

PS
(ml/min/
100g)

n

BV
(ml/100g)

Decon

18

170.5

20.8

20.9

Decon

109
92.8

4.9

34.5

157.4

30.6

Decon

30

Li 2011

Decon

30

Li 2011
Hashimod
o 2006
Hashimod
o 2006
Hashimod
o 2006
Hashimod
o 2006

Decon

27

Decon

10

Decon

21

Decon

10

Decon

7

Koh 2008
Jensen
2012
Goetti
2010
Goetti
2011
Ippolito
2008
Ippolito
2010
Kanda
2010

Decon

3

33.3

Decon

30
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Max slope

21

Max slope

ABF
(ml/min/100g)

PVBF
(ml/min/
100g)

BF (ml/min
/100g)

HAF (%)
66.0

45.1

112.2

45.3

30.0

13.3

20.0

5.1

46.2

85.0

97.0

19.0

46.0

40.2

19.3

20.9

50.3

30

36.7

19.4

17.1

52.9

Max slope

47

47.0

24.0

45.9

9.0

78.4

Max slope

35

47.0

22.5

42.5

28.0

75.3

Max slope

109

Yang 2010
Bader
1998
Bader
1998

Max slope

21

Max slope

20

Max slope

30

Mean

Decon

26.8

127.2

21.1

47.8

76.4

Mean
p (2 tail
t-test)

Max slope

39.1

46.0

23.3

32.6

17.8

63.4

0.021

0.814

0.404

0.060

0.119

59.0

36.0

24.0

60.0

25.0

47.1
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Normal tissue
BF
(ml/min/
100g)

BV
(ml/100g)

ABF
(ml/min/
100g)

PVBF
(ml/min/
100g)

PS
(ml/min/
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HAF
(%)
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n
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Decon

109

Decon
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Li 2011
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Li 2011
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95.1
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18.6
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86.7
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7
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11.0

Koh 2008
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Max slope
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Study
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2010
Kanda
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22.1
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35.0
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18.4

40.2
29.7

23.6

4.9

55.8

47.0
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13.0

33.0

43.9

11.6

32.3

30.5

30

60.2

18.2

41.7

30.2

Max slope

47

10.4

11.7

10.4
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16.4

Max slope

35

10.3

11.7

10.4

Max slope

109

31.4

104.2

23.9

Max slope

21

98.0

10.0

88.0

11.0

Max slope

20

138.0

16.0

122.0

12.0

Max slope

30

150.0

25.0

126.0

16.0

37.0

17.5

18.5

28.8
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Appendix 2: Ethics approval for human subjects.
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Appendix 3: Ethics approval for porcine scans.
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Appendix 4: Ethics approval for rabbit scans.
From: eSiriusWebServer
Sent: Monday, March 14, 2011 2:55 PM
To:
Cc:
Subject: eSirius Notification - New Animal Use Protocol is
APPROVED2010-274::1

*** THIS IS AN EMAIL NOTIFICATION ONLY. PLEASE DO NOT REPLY ***
AUP Number: 2010-274.
AUP Title: Non-invasive Detection Of Radiation Induced Liver Disease
With Dynamic Contrast Enhanced Ct Perfusion
Official Notice of Animal Use Subcommittee (AUS) Approval: Your new
Animal Use Protocol (AUP) entitled "Non-invasive Detection Of Radiation
Induced Liver Disease With Dynamic Contrast Enhanced Ct Perfusion" has
been APPROVED by the Animal Use Subcommittee of the University Council
on Animal Care.
This approval, although valid for four years, and is subject to annual
Protocol Renewal.2010-274::1
1. This AUP number must be indicated when ordering animals for this
project.
2. Animals for other projects may not be ordered under this AUP number.
3. Purchases of animals other than through this system must be cleared
through the ACVS office.

Health certificates will be required.
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The holder of this Animal Use Protocol is responsible to ensure that
all associated safety components (biosafety, radiation safety, general
laboratory safety) comply with institutional safety standards and have
received all necessary approvals.

Please consult directly with your

institutional safety officers.
Submitted by:
on behalf of the Animal Use Subcommittee University Council on Animal
Care
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Appendix 5: Copyright release for chapter 3.
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