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Abstract

Chronic liver disease (CLD), cirrhosis and hepatocellular carcinoma (HCC)
remain major health problems in the US and other developed countries. Currently, CLD
is diagnosed using a variety of qualitative methods, ranging from physical exam to MR
and CT imaging. However, accurate staging of CLD requires liver biopsy, which is
expensive, invasive and imposes significant risk of complications such as infection and
bleeding. Meanwhile, treatment of HCC — a serious complication of CLD — is often
performed through arterial chemoembolization, in which an intravascular catheter is
advanced near the tumor and chemoembolic therapy is administered. Upon completion
of therapy, patients undergo several follow-up CTs to verify treatment localization and
efficacy. Although chemoembolization can be curative for small HCCs, patients are
exposed to considerable amounts of ionizing radiation during treatment and follow-up,
which increases risk for future tumor development — especially in the background of a
cirrhotic liver.

In this dissertation, the use of dynamic contrast-enhanced MRI combined with
quantitative perfusion modeling for detection of CLD and assessment of disease
severity is investigated. A robust means of hepatic motion compensation (sequential
breath holds) is utilized, and a method for fitting a quantitative perfusion model using
only motion-compensated data is developed. This method is applied to DCE-MR data
from a cohort of 12 volunteers and 10 patients with HCC; differences in perfusion

parameters between normal liver, diseased liver and tumor are investigated.
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The potential application of fat-water MRI for detection of chemoembolization
treatment region and quantification of treatment dose is also investigated. In a small
cohort of patients, the feasibility of using IDEAL MRI in place of CT for post-
embolization detection of ethiodol distribution is explored. The feasibility of using IDEAL
to image ethiodol immediately after intrahepatic injection is also studied in a porcine
model.

Finally, because hepatorenal syndrome is often associated with CLD — and may
necessitate both liver and kidney transplantation — the use of non-contrast MR
angiography to image the transplant renal vessels is studied. Two MRA methods based
on Cartesian and radial pulse sequences are compared in a pilot study of 21 renal

transplant patients; performance is assessed according to four image quality criteria.
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Summary of Work

MRI has become an essential component of the medical evaluation of chronic
liver disease (CLD) and cirrhosis. Dynamic contrast-enhanced MRI is used to clinically
to diagnose focal liver lesions; its high sensitivity and specificity for detection of these
lesions have caused it to supplant the use of DCE-CT in many centers. MRI also holds
the potential to improve liver-directed therapies for hepatocellular carcinoma, such as
chemoembolization, by allowing real-time visualization of catheter placement and
localization of treatment distribution without exposing patients to ionizing radiation.
Finally, MRI has significant utility in the clinical evaluation of patients with CLD-
associated hepatorenal syndrome, as it enables non-contrast angiographic imaging of

the native and transplant renal vessels.

Chapter 1 (Background) provides an introduction to the natural history and etiology of
chronic liver disease. CLD is becoming increasingly common in the US due to the
obesity epidemic, as fatty liver disease has been associated with non-alcoholic
steatohepatitis. Several other causes of CLD, such as alcoholism and viral hepatitis,
also result in considerable disease burden. This chapter also reviews the natural
history and etiology of hepatocellular carcinoma (HCC), a common complication of CLD

and cirrhosis. Several methods for treating focal HCC lesions are reviewed.

Chapter 2 (Detection of Ethiodized Oil after TACE Treatment with IDEAL Imaging)

discusses the application of chemical shift-based fat-water MRI for detection of
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treatment region and quantification of treatment amount after completion of TACE
therapy. Currently, patients who undergo TACE receive several follow-up CT scans
after the procedure to track treatment distribution as well as possible tumor re-growth.
In this chapter, the potential of replacing follow-up CTs with IDEAL MRI is investigated

both in a porcine model as well as a population of TACE-treated patients.

Chapter 3 (Visualization of renal transplant vessels using VIPR-SSFP and Cartesian
SSFP) compares the efficacy of Cartesian and radial-based non-contrast MR
angiographic methods in depicting the arterial and venous vessels of the transplanted
kidney. Hepatorenal syndrome is highly associated with CLD, and many patients who
suffer from this poorly-understood condition must undergo both liver and kidney
transplantation. Because use of gadolinium-based contrast agents is dangerous in
patients with impaired kidney function, development of effective non-contrast MR
methods to image the hepatic and renal vasculature is of immense clinical importance.
This chapter investigates the performance of two NCE-MR sequences — VIPR-SSFP
and IFIR — according to several image quality criteria. The ability of these sequences to

detect non-vascular pathology is also explored.

Chapter 4 (Dynamic Contrast-Enhanced MRI and Quantitative Perfusion Modeling in
the Liver) describes an approach to quantitative perfusion modeling in the liver using
DCE-MRI data that are discontinuous due to breath hold-based motion compensation.
Quantitative perfusion MRI holds the potential to enhance clinical diagnosis of CLD as

well as focal liver lesions; however, a means of accurately measuring hepatic perfusion
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parameters that is robust to liver motion must be developed. In this chapter, an
approach based on sequential breath holds combined with weighted nonlinear
regression of the raw data to a quantitative perfusion model is described. This model is
applied to a cohort of 12 healthy volunteers and 10 patients with HCC; differences in

perfusion parameters between normal liver, diseased liver and tumor are investigated.

Chapter 5 (Summary and Future Work) reviews the contributions of this dissertation and
suggests future directions for expanding upon work outlined in previous chapters. In
particular, several avenues of advancement for quantitative perfusion MRI are

discussed.



Chapter 1: Background

1.1 Natural History and Etiology of Chronic Liver Disease

Chronic liver disease (CLD), cirrhosis and hepatocellular carcinoma (HCC)
remain major health problems in the United States and other developed countries[1].
CLD is generally defined as a disease process that causes inflammation and cell death
within the liver, eventually leading to liver scarring (fibrosis) and cirrhosis (permanent
damage to the hepatic parenchyma). In 2002, CLD was the 12" leading cause of death
in the general US population[2], and the 7™ leading cause of death among persons 25-
64 years of age. Outside the US, over 700,000 people die each year from cirrhosis[3],
which by 2020 is projected to be the 12th leading cause of death worldwide[4]. Besides
cirrhosis, the other major sequel of CLD is hepatocellular carcinoma (HCC), of which
over 600,000 cases occur each year worldwide. HCC has a 5-year survival rate of just
8.9%[5], making it the second-most lethal primary cancer after pancreatic

adenocarcinoma.

In the United States, chronic alcoholism, hepatitis C virus (HCV) infection[6] and
non-alcoholic fatty liver disease (NAFLD)[7] are the primary causes of CLD and
cirrhosis. Unfortunately, many patients who present with CLD do so in the late stages
of disease, having experienced either an unknown infection with HCV or having suffered
from NAFLD for several years or longer. Because HCV infection and NAFLD tend to be

asymptomatic until liver fibrosis has become significant enough to cause hepatic



dysfunction, these forms of liver disease afford few opportunities for early diagnosis —
though this may be improved with the advent of non-invasive imaging of hepatic
fibrosis[8, 9]. Additionally, while new molecular targets for anti-fibrotic agents are being
investigated, most drug candidates investigated thus far remain in the pre-clinical trial
stage of development[10, 11]; and currently available anti-fibrotic agents are typically
too toxic for long-term use[12]. The number of medical interventions available to treat

CLD, even when detected early in its course, is thus limited.

Unfortunately, the biological and clinical manifestations of chronic liver disease
are numerous. As CLD progresses, many of the liver's biosynthetic and degradative
functions become impaired. This can result in several extrahepatic pathologies,
including ascites due to reduced plasma albumin concentration; increased prothrombin
time due to reduced synthesis of clotting factors; and splanchnic vasodilation /
hyperdynamic circulation due to impaired breakdown of circulating vasoactive
neurotransmitters[13, 14]. The alterations in splanchnic blood flow caused by CLD are
particularly significant due to the fact that they often occur in the setting of severe
hepatic fibrosis, which increases resistance to blood flow through the liver
considerably[15]. The net effect of these disturbances is that blood flow through the
portal vein will be reduced in late-stage CLD. To compensate for this loss of portal
venous flow, the hepatic artery — which usually supplies about 20% of the blood flow to
the liver — will dilate to such a degree that the perfusion required by the liver to continue
functioning is maintained[16]. Over time and with worsening liver disease, the

restriction of flow through the portal vein will become more severe, resulting in an



increase in portal venous pressure (portal venous hypertension). In some patients, the
portal venous pressure can become so high that it causes retrograde flow through
adjacent venous collaterals — portal venous hypertension thus manifests with specific
clinical symptoms, including splenomegaly, esophageal varices and caput medusae[15].
Esophageal varices are a particularly dangerous complication of CLD, as patients with
extant varices and a portal venous pressure over 12 mm Hg are at significant risk for

variceal rupture and catastrophic blood loss[14].

Additionally, because of ongoing inflammation in the liver, hepatocyte death and
turnover occurs at a much higher rate than in normal liver tissue, predisposing the liver's
parenchymal cells to accumulated genetic errors and carcinogenesis. Dysplastic
nodules and HCC lesions are the eventual result of this pathophysiological process.
The presence of HCC lesions within the liver significantly worsens the prognosis of
patients with CLD, especially if the number or size of lesions exceeds the limits set by

the Milan criteria[17] and excludes them from potentially curative liver transplant.



1.2 Chronic Liver Disease: Renal Effects

The splanchnic vasodilation that occurs in late-stage chronic liver disease causes
an effective decrease in circulating blood volume due to the increased caliber of vessels
in the gut. If this vasodilation becomes chronic, the renin-angiotensin-aldosterone
system will be activated to effect volume repletion; further, the renal arteries will
constrict to directly reduce the glomerular filtration rate. These changes, though normal
physiologic responses to volume depletion, are pathologic in the context of CLD.
Chronic activation of the renin-angiotensin-aldosterone system and excess constriction
of the renal arteries has been shown to result in deleterious effects on the kidneys[18].
Additionally, for as-yet-unknown reasons, in some cases CLD-related renal arterial
constriction can lead to a clinical condition known as the hepatorenal syndrome (HRS),
in which renal function rapidly declines despite normal histological appearance of the
kidney on biopsy. Although poorly understood, the pathophysiology of HRS is directly
related to the systemic vascular derangements caused by CLD; thus, the only definitive
treatment is liver transplantation[18]. Many patients who are treated for HRS with a liver
transplant will nevertheless experience acute renal failure, and in some cases will
require a kidney transplant as well[19]. It is unknown whether this post-transplant renal
disease is related to HRS or whether it is simply a complication of hepatic allograft

placement.



1.3 Natural History and Diagnosis of HCC

HCCs are highly vascularized tumors which draw most of their blood supply from
the hepatic artery[20]. HCC lesions occur quite commonly in the setting of CLD and
cirrhosis; in fact, the risk of a new HCC lesion in a cirrhotic patient is approximately
1.5% per year[21], and in certain patients the 5-year risk of developing HCC is as high
as 30%[20]. As mentioned previously, HCCs are thought to develop due to the chronic
inflammation and increased cell turnover that occur within the liver in patients with CLD.
Although HCCs may be diagnosed as solitary lesions, small HCCs (less than 5 cm) are
usually asymptomatic, making clinical detection unlikely. Large HCCs and multifocal
disease tend to deleteriously affect liver function, leading patients to seek clinical care
which results in diagnosis of the tumor. HCCs may occur in non-cirrhotic livers, but this
is relatively uncommon. Most HCCs occur in the setting of cirrhosis; unless these
HCCs are detected at an early stage (less than 2 cm), there is typically local spread of
tumor cells beyond the margin of the lesion. Once HCCs have grown beyond 5 cm, the
likelihood of local spread and vascular invasion increases significantly. The most
common sites of HCC metastasis are the lung, bone, and abdominal lymph nodes[22],
although only approximately ten percent of patients presenting with HCC have

extrahepatic disease.

Because HCCs often occur without any specific symptoms, identification of
patients who are at high risk for HCC is extremely important. The American Association

for the Study of Liver Diseases has released guidelines regarding which patients should



be monitored for development of HCC; the guidelines primarily focus on patients with
cirrhosis and patients with diseases that place them at significant risk for cirrhosis[23].
Although the serum alpha-fetoprotein level was previously used to screen these patients
for development of HCC, the low sensitivity and specificity of this test have caused it to
be replaced by serial ultrasound surveillance. Current guidelines require high-risk
patients to undergo a screening ultrasound exam every six months. If a liver nodule
less than 1 cm is noted, the exam is repeated in another six months; nodules greater
than 1 cm necessitate further imaging with either multiphase CT or contrast-enhanced
MRI. CT and MR imaging are both very sensitive and specific for HCC if certain
imaging criteria are used for lesion identification. MRI has been shown to provide
somewhat higher sensitivity for HCC diagnosis than CT (81% versus 68%) using
pathologic examination of explanted or resected liver as the reference standard[24], but
this increased sensitivity may be offset by the high cost of the MRI exam. Definitive
diagnosis of HCC is typically made using medical imaging results alone; only in unusual

or inconclusive cases is liver biopsy required[23].

1.4 Treatment of HCC

Hepatocellular carcinoma is a notoriously difficult tumor to treat due to its location
in the liver, one of the most highly vascularized organs in the body. This enhances the
lesions’ ability to metastasize either to secondary sites within the liver or to other
locations in the body. Additionally, as HCC almost always occurs in the background of

a cirrhotic liver, multiple independent lesions often exist simultaneously. Although one



or more lesions may be clinically apparent in a given patient, other lesions may escape
detection or fall below imaging criteria for definitive diagnosis. Due to these
complicating factors, the Milan criteria were devised in order to provide guidelines on
patient eligibility for liver transplantation in the context of existing HCC lesions. The
Milan criteria state that in order to be transplant-eligible, patients must have one lesion
less than 5 cm in size, or up to three lesions less than 3 cm in size; additionally, the
patient’s tumor(s) must show no signs of vascular invasion (which would increase the
risk of metastasis) and there must be no signs of extrahepatic disease (e.g.
hypervascular lesions in the lung)[22]. If a patient’s disease burden falls within the
Milan criteria, he or she is typically eligible for liver transplant, which in many cases is a
curative treatment. However, due to the low availability of hepatic allografts, patients
typically must have severely compromised liver function before they become candidates
for transplantation. In the United States, the Model for End-Stage Liver Disease
(MELD) score[25] is used as the key criterion for patient rank on the transplant list; this
model incorporates only serum bilirubin, serum creatinine and INR as measures of
overall hepatic function. As a result, patients with solitary HCC lesions and good
hepatic function are poor candidates for organ allocation. However, several other
potentially curative treatments for HCC are available for individuals with low disease

burden and intact liver function.

In the setting of small, solitary HCC lesions, several curative treatment options
besides liver transplant are available. Among the most common used in modern clinical

practice are radiofrequency ablation (RFA) and surgical resection of the HCC lesion.



RFA is rapidly becoming the de-facto standard for treatment of HCC lesions in patients
with cirrhosis or patients with impaired liver function (Child-Pugh Class A or B)[26].
RFA has been shown to be extremely effective in controlling lesions less than 2 cm in
size, with a reported 5-year survival rate of nearly 70% in patients from this group
treated with RFA alone[27]. RFA is also effective in controlling larger lesions, though its
efficacy diminishes rapidly with increasing lesion size. However, RFA’s ability to treat
lesions near the periphery of the liver is limited by the possibility of heat-induced
damage to other organs (e.g., kidneys); additionally, RFA is less effective when used to
treat lesions near major vessels due to the “heat sink” effect. It is likely that the high
survival rate associated with RFA stems in part from its ability to induce rapid necrosis
not only in the tumor itself, but also within an arbitrary margin of normal liver tissue

surrounding the lesion where tumor cells have likely migrated.

Direct resection of HCC lesions is sometimes performed, but only if the lesions
are small and confined to an individual Couinaud segment of the liver[26]. This usually
requires the lesion to be noted incidentally on imaging, as lesions of this size are
typically asymptomatic[20]. However, resection of solitary HCCs less than 2 cm in size
in non-cirrhotic livers is associated with a cure rate as high as 90%. Compared to RFA,
resection is almost never undertaken in the setting of cirrhosis due to the reduction in
liver function that occurs after this procedure. Resection is rapidly falling out of favor in
patients with cirrhosis due to the fact that RFA has been shown to be equivalently
effective in treating small HCCs while minimizing post-procedure damage to liver

function. RFA also results in considerably fewer complications and side effects versus



surgical removal of HCC via resection due to the relatively non-invasive nature of the

RFA procedure.

Unfortunately, by the time HCC is diagnosed, many patients have sufficient
disease burden to place them outside of the Milan criteria. Other patients may have
lesions that fall inside of the Milan criteria, but are sufficiently large (3-5 cm) that the
cure rate of RFA is significantly reduced; meanwhile, these individuals’ liver function is
not sufficiently poor to qualify them for liver transplant. In these cases, other treatment
options are available, though these treatments will either serve as a bridge to transplant
or are viewed as palliative in nature. One of the most commonly used treatments for
locally advanced disease is transcatheter arterial chemoembolization (TACE)[28]. In
TACE, an intra-arterial catheter is advanced into the vessels feeding an HCC lesion, or
into the vessels feeding the segment of liver in which multifocal disease exists. A
combination of chemotherapeutic drugs and embolic agent are then administered; this
causes rapid tumor necrosis as well as significant hepatic necrosis depending on the
particular vessels chosen for treatment. TACE has been shown to significantly increase
survival in patients with unresectable (non-ablatable) HCC[29]. However, TACE must
be performed with caution in patients who have diminished liver function, as the
procedure may induce liver failure if too large a portion of the hepatic parenchyma is

treated.

In patients whose disease has spread throughout the liver or outside of the liver,

systemic chemotherapy is typically the only treatment option available. Until recently,
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no chemotherapeutic agents had been shown to provide a definitive survival benefit to
patients with advanced HCC. However, a randomized controlled trial in 2008
demonstrated that the multikinase inhibitor sorafenib extends life in these patients[30],
though it does not induce a radiological response (e.g. tumor shrinkage by RECIST
criteria) in most HCC lesions. Sorafenib acts to disrupt the signal transduction pathway
of the vascular endothelial growth factor (VEGF) receptor in addition to inhibiting many
other cell growth-related kinases; it would thus seem well suited to treat HCC, a
hypervascular tumor that requires significant perfusion. However, compared to placebo
sorafenib only increases life expectancy by about three months in patients with
advanced HCC (7.9 months in the placebo group versus 10.7 months in the treatment
group)[26]. Despite the modest nature of this survival benefit, it has been reported in
the literature that some patients survive significantly longer than 10 months after
undergoing sorafenib therapy[31]. This raises the question of whether there are certain
HCC subtypes with specific genetic or physiological characteristics that render them
more susceptible to the cytostatic/cytotoxic effects of sorafenib, as well as how it may
be possible to detect those individuals who would receive maximum benefit from

sorafenib therapy.

1.5 Role of MR Imaging in CLD

Undoubtedly, CLD and its long-term complications — cirrhosis, HCC and
hepatorenal syndrome — impose a considerable burden both on patients and on the

modern health care system. Improvement in diagnosis of and refinement in treatment
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methods for these conditions would provide significant benefit to the patients who suffer
from them. Modern imaging methods, such as magnetic resonance (MR) imaging, hold
great promise to enhance the detection of CLDI[8, 9], as well as to improve the targeting
of medical interventions for this disease. Although MRI is already highly utilized in the
clinical management of CLD patients[32, 33], its current implementations have several
shortcomings that can diminish its diagnostic and interventional efficacy. This thesis will
focus on investigating potential improvements to three implementations of MR imaging
in particular: the use of fat-water MRI to guide treatment placement in TACE[34]; the
use of non-contrast MR angiography to visualize the renal vessels in patients who have
undergone kidney transplant; and the use of dynamic contrast-enhanced (DCE)-MRI for
diagnosis of hepatocellular carcinoma and detection of treatment response to anti-
angiogenic agents such as sorafenib.

First, with the advent of real-time interventional imaging, MRI is poised to make a
significant impact on the treatment of HCCs. Because these tumors are often treated
using transcatheter arterial chemoembolization (TACE), the ability to track the arterial
catheter in real-time and to monitor the administration of contrast agent would greatly
improve the targeting and dosing of chemoembolic agent. This thesis will investigate
the potential of ethiodized oil — an emulsifying agent used to deliver chemotherapeutic
drugs and to provide contrast on x-ray DSA and CT imaging — to serve as a contrast
agent on fat-water MR imaging. The use of MRI instead of x-ray DSA and CT for
administration TACE therapy and verification of treatment distribution would significantly

reduce the radiation dose to which patients are exposed.
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Next, with the recent realization that nephrogenic systemic fibrosis (NSF[35]) is
linked to administration of gadolinium contrast agents, clinicians are unable to use these
agents to image persons with low kidney function. This often complicates the
management of CLD patients, many of who suffer from coexisting hepatic and renal
pathologies. The development of effective non-contrast enhanced MR angiographic
(NCE-MRA) methods for imaging the renal vasculature would restore clinicians’ ability
to visualize important renal pathologies associated with CLD, such as renal artery
stenosis and renal vein thrombosis, that can often not be detected using ultrasound[36].
In this thesis, a novel NCE-MR sequence — VIPR-SSFP[37] — is compared to a
Cartesian SSFP-based method (IFIR) that currently serves as a clinical gold standard
for non-contrast renal angiography. Because IFIR utilizes an inversion pulse before its
SSFP readout, it nulls signal from veins as well as static tissues in the imaging volume,
which prevents several important vascular pathologies from being visualized. The
diagnostic abilities of the sequences are compared in a group of renal transplant
patients, in whom rapid diagnosis of vascular pathologies is of considerable clinical

importance.

Finally, while DCE-MRI is often used to monitor for development of HCCs in
patients with long-standing liver disease, current DCE-MR sequences are limited by
several technical shortcomings. The most significant of these is the poor temporal
resolution of commercial CE-MRI implementations (roughly 12-20 seconds/frame[38]).
This can sometimes result in mis-timed acquisition of the important arterial phase of

contrast enhancement in the hepatic parenchyma, significantly impairing detection of
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HCC. In this thesis, the utility of a 3D radial sequence with low temporal footprint based
on the VIPR trajectory[39] to perform DCE-MR imaging of the liver is investigated. Data
acquired using this method is also used to perform quantitative and semiquantitative
modeling of hepatic perfusion parameters, and the utility of these parameters in

differentiating normal liver from diseased liver and tumor is explored.

MR imaging is uniquely suited to address the clinical challenges described
above, and thus to improve several aspects of CLD diagnosis and treatment. The
development of novel MR-based methods to address these challenges — HCC detection
with DCE-MRI, visualization of treatment localization during TACE with fat-water MR,
and vascular imaging in the presence of kidney disease with non-contrast MRI — has the
potential to simply the identification and treatment of these CLD-related complications,

and to therefore improve the clinical management of chronic liver disease as a whole.
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Chapter 2: Detection of Ethiodized Oil after TACE Treatment

with IDEAL Imaging

2.1 Background: Visualization of TACE Treatment Region using MRI

Transcatheter arterial chemoembolization (TACE) has significant utility in the
treatment of malignant neoplasms of the liver, particularly HCC, that are not amenable
to surgical resection or cure with transplantation[34]. Traditionally, TACE delivers a
bolus of chemotherapeutic agents suspended in ethiodized oil (ethiodol) through a
hepatic arterial catheter placed under fluoroscopic guidance. A follow-up CT scan is
then used to verify correspondence between the tumor and treatment sites. Fluoroscopy
typically provides limited visualization of the tumor; therefore, interventional radiologists
often treat large, extended volumes of the liver, which can deleteriously affect hepatic
function. Real-time MR guidance of TACE, which can visualize both tumor and its
supplying hepatic arterial vasculature, may thus be useful for targeting chemoembolic
treatment and sparing normal liver[40]. However, in order for real-time MR imaging to
become feasible, an MR-active contrast agent equivalent to the iodine-based agents
used in traditional fluoroscopy must be developed and validated. The purpose of this
work is to demonstrate that ethiodol, the substance used to emulsify the
chemotherapeutic drugs administered during TACE, can serve as contrast material not

only under fluoroscopy/CT but also under MRI.
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Because ethiodol is principally composed of iodinated ethyl esters of the fatty
acids of poppy seed oil, and has NMR behavior similar to that of common oils, it can be
visualized with chemical shift based water-fat separation methods such as iterative
decomposition of water and fat with echo asymmetry and least-squares estimation
(IDEAL[41]). IDEAL exploits the differences in resonance frequency between fat and
water protons to separate the MR signals generated by each of these species. By fitting
the MR signal using a least-squares algorithm, IDEAL can resolve the signal into
components arising from an arbitrary number of chemical species while simultaneously
providing an estimate of the local field map. Moreover, IDEAL is robust in that it
corrects for both T,*[42] and T4 bias[43] due to the short T4 of fat versus that of water,
which allows it to provide accurate estimates of hepatic fat fraction at both low (<10%)
and high (>50%) fat fractions as well as in the presence of iron. For the simple problem
of three unknowns: water signal, fat signal and local field strength W,: the IDEAL
algorithm is optimized when data are acquired from three echoes whose phase (i.e., the
phase difference between the water and fat signal) is equally spaced around the unit
circle. In situations where T,* correction is required, six or more echoes must be
acquired to allow for the MR data to be fit to the IDEAL model. Because of its correction
for T4 bias and T5,*, its SNR-optimized multi-echo acquisition and its ability to acquire
images of the entire abdomen in a single breath hold, IDEAL has proven itself
considerably superior to standard Dixon fat-water techniques, and should serve as an

excellent platform for visualizing fat-based contrast agents under MRI.
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When injected into the hepatic artery, ethiodol embolizes within tumors such as
HCC[44] and remains localized within the lesion for a significant duration of time (up to
one year). Ethiodol contains a high concentration of iodine (475 mg/mL) for visualization
during injection under fluoroscopic guidance, and for follow-up with CT. The oil
component of ethiodol, however, can also serve as a contrast agent when imaged with
IDEAL. In this work, the ability of IDEAL to visualize the ethiodol distribution in the liver
will be investigated in two different contexts: first, in a small cohort of patients who have
undergone a TACE procedure and have returned for follow-up approximately one month
after chemoembolization; and second, in a swine model with ethiodol injection into a
branch of the hepatic artery performed immediately before imaging. Because ethiodol
disperses into small droplets upon injection into the vasculature, it is embolic even when
not mixed with ancillary substances such as cyanoacrylate or microspheres[45].
However, while ethiodol is known to embolize within HCCs, its long-term behavior in
normal liver tissue remains to be investigated. Thus, for the swine experiments
described below, the ethiodol was mixed with microspheres before injection in order to

ensure that it did not simply flow through the hepatic vasculature.
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2.2 MR Imaging of Ethiodol Distribution at TACE Follow-Up

2.2.1 Methods

Patients who undergo TACE typically remain hospitalized for some time after
their procedure in order to ensure that the chemoembolic treatment has not
deleteriously affected their liver function[34]. During the 1-2 day post-procedure period,
patients receive a CT scan in order to verify that the location of treatment matches the
location of the tumor. In addition, patients are asked to return to the hospital after 4-6
weeks for a follow-up CT scan to determine what effects the TACE procedure has had
on the size of the treated lesions. Due to the fact that HCCs selectively retain
ethiodol[44], treated lesions almost always exhibit substantial contrast on CT imaging at
follow-up. Because patients who have undergone TACE are usually not ambulatory for
some time after the procedure, and because the concentration of ethiodol in HCCs
remains high at the time of TACE follow-up, the optimal time obtain MR images of the
post-TACE ethiodol distribution is when patients return to the hospital for follow-up CT
scanning. This allows for MR and CT images to be acquired on the same day, which
enables direct comparison of these two imaging modalities and should assist with

determination of their relative sensitivity for ethiodol-based contrast.
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Patient Recruitment

After obtaining IRB approval, 5 patients scheduled to undergo TACE were
recruited through the Department of Interventional Radiology at the UW Hospital and
Clinics (UWHC). Nurses in this Department identified patients scheduled for
procedures in the near future; these patients were subsequently asked if they would like
to participate in a research MR examination. Patients were told that the imaging session
would take about 30 minutes and that the entire study visit would last about 45 minutes.
Patients who agreed to be scanned signed an IRB-approved consent form for imaging

with the IDEAL sequence.

Imaging Procedure and Data Analysis

Patients were imaged using a multi-echo 3D spoiled gradient echo (SPGR)
implementation of IDEAL (3D-IDEAL-SPGR[46]) with correction for T,* decay[42]. After
obtaining informed consent, imaging was performed on a 1.5 T scanner (Signa HDx
TwinSpeed, GE Healthcare, Waukesha, WI) with an 8-channel phased array cardiac
coil. Imaging parameters included: 6 echoes per TR with flyback readout gradients, TR
=13.5ms, TEmin = 1.3, ATE = 2.0 ms, 256x160 matrix, 22 slices, 10 mm slice
thickness, BW = £142 kHz, 35x27cm FOV, 5° flip angle to minimize T4 related bias[43],
and parallel imaging acceleration with 2D-ARC[47] (R=2.2), for a total scan time of 21

seconds. All scans were performed within a single breath-hold. Separate water, fat and
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fat fraction images were calculated with an on-line reconstruction algorithm that uses a

region growing algorithm to prevent water-fat swapping[48].

The presence of fat in the liver was assessed both qualitatively and quantitatively
using the IDEAL fat-only and fat-fraction images. The intensity and distribution of
ethiodol signal on MR was qualitatively compared with its distribution as seen on CT,
which is the current clinical gold standard for ethiodol imaging. Any significant

discrepancies between the regions of treatment on the CT and MR exams were noted.

2.2.2 Results

Figure 2.1A shows an immediate post-TACE CT image of the liver obtained from
the first patient (Patient 1) who was scanned as a part of this study. The circular, high-
contrast region of the image (white arrow) represents an HCC that was treated with
TACE; the contrast in this case is generated from the iodine component of the ethiodol
administered during the procedure. Figures 2.1B, 2.1C and 2.1D show IDEAL water-
only, fat-only and fat-fraction images of the same patient obtained approximately one

month after TACE. Although the signal in the treated region is not significantly different
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Figure 2.1: Images from a 71-year-old male with cirrhosis and a known HCC in the right lobe o
treated with ethiodol-based TACE. An arrow shows the tumor location in each image. (A) CT
demonstrates a hyperdense region corresponding to the ethiodol distribution. Separated (B) water, (C)
fat, and (D) calculated fat fraction images are also shown.
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from background liver tissue in the water image, the treated region is immediately
apparent in the fat image. Additionally, the treated region is easily visualized in the fat-
fraction image, where the amount of fat in the treatment ROl is measured to be 17.5%.
Evidently, ethiodol is serving as an effective contrast material using fat-water MR
imaging based on this data.

Figure 2.2 shows CT and MR images from two additional patients (Patients 2 and
3) who were treated with TACE. In this case, both CT and MR images were obtained at
the time of follow-up, approximately one month after the TACE procedure. Compared
to the images in Figure 2.1, it is apparent that in these patients, the ethiodol is not
providing adequate contrast to make the treatment regions visualizable in the MR
images. Although it is possible that the amount of ethiodol present in these patients’

HCCs at one month is sufficient to provide contrast on CT but not on MR, this seems

unlikely, as the
attenuation in the
treatment ROI for Patient
2 on an immediate post-
TACE CT scan is not
substantially higher than
that in the one-month

follow-up scan (data not

shown). There are,

Figure 2.2: Post-TACE CT and IDEAL fat-only images for
patients 2 and 3. The CT images visualize the distribution of
ethiodol within the HCC lesions (white arrows), which is not seen
on the MR images.

however, several

alternative explanations
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for these results. First, it is possible that the initial patient who was scanned in Fig. 2.1
had fat within his HCC lesion, and that it was this fat which provided contrast on IDEAL.
However, only one-third of HCC lesions contain histologically-detectable amounts of
fat[49], with a smaller fraction containing an amount sufficient to be detected on MR
imaging. Additionally, the distribution of signal enhancement on the IDEAL fat-only
image (Figure 2.1C) is very similar to the distribution of attenuation within the lesion on
CT (Figure 2.1A), which corresponds to ethiodol — thus, it seems unlikely that the fat

signal seen on IDEAL imaging arises from intracellular fat within the HCC.

A second and more plausible hypothesis is that the physiologic and metabolic
fate of ethiodol within HCC plays some role in explaining the difference between the CT
and MR results seen in these patients. In normal liver, where ethiodol is eliminated with
a half-life of about 4 days[50], it has been shown that particles of ethiodol are taken up
by Kupffer cells and fat-containing stellate cells in the sinusoids and the space of Disse,
respectively[51]. Several previous studies have postulated that the longevity of ethiodol
within HCC is simply due to a lack of reticuloendothelial function and lymphatic flow
within the tumor[52], which would be consistent with the known mechanism of ethiodol
elimination from the liver. Thus, the temporal dynamics of the fat signal provided by
ethiodol on MR should follow a similar pattern as those of its X-ray attenuation on CT —
the fact that ethiodol’s fat signal seemingly disappears more quickly than its CT
attenuation implies that it is being chemically decomposed within the HCC. Breakdown

of the fatty components of ethiodol could reduce or eliminate the MR signal from fatty
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proton resonances despite the fact that the iodine component remains; this would

explain why contrast from the ethiodol is still seen on CT, but not on MR.

2.2.3 Conclusions

It is apparent from the above data that ethiodol is not a reliable contrast agent
under MRI at the time of TACE follow-up (approximately one month after the
procedure). Due to the mixed results seen in the first five patients enrolled in this study,
further enrollment has been postponed. However, a substantial ethiodol signal was
seen in one patient’'s HCC on the IDEAL fat-only image. Given this result, as well as
the possible metabolic fate of ethiodol within HCC, it seems plausible that imaging
ethiodol with IDEAL immediately after its injection should allow for substantially more

contrast to be generated by the fat component of this material.



23

2.3 In vivo injection of ethiodol into liver of swine model

2.3.1 Background

Although it was not possible to consistently visualize ethiodol on IDEAL imaging
one month after its injection under TACE, the ethiodol’s ability to provide contrast may
have been curtailed by metabolic degradation of its fatty component. Therefore, to
investigate the hypothesis that ethiodol provides contrast under MR in the short term (1-
2 days), a swine model was be used to perform injection of ethiodol directly into the
hepatic parenchyma while the animal was in the MR scanner. In addition to providing
the ability to image ethiodol immediately after its administration, this “real-time” injection
of ethiodol serves to mimic the injections of chemoembolic agent that would take place

during an MR-guided TACE procedure.

As noted above, ethiodol disperses into small droplets upon injection into the
hepatic artery and should be embolic without any additives. However, in order to
ensure that the ethiodol does not pass though the liver, it was mixed separately with
glue and microspheres to enhance its embolic potential. Two injections (ethiodol /
microspheres and ethiodol / glue) were performed in different lobes of the swine liver,

as described below.



2.3.2 Methods

A female swine was placed under
general anesthesia with isoflurane (4%
induction, 1.5-3% maintenance) and
intubated, with breathing controlled by a
mechanical respirator. A 5-French
catheter was be inserted into the right
femoral artery and positioned under X-ray
DSA guidance into a branch of the right
hepatic artery. A 10mL mixture of
ethiodol and glue (N-butyl cyanoacrylate)
was subsequently injected into this artery.
After the injection, the catheter was be
repositioned to a branch of the left hepatic
artery. The animal was then relocated to
the MR scanner so that IDEAL imaging

could take place.

Once in the MR scanner, the

animal was first imaged using IDEAL in
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Figure 2.3: Representative pre-ethiodol injection
(A) and post-injection (B) IDEAL fat-only images
of the swine liver. Note the small region of signal
enhancement near the IVC in (B), which
corresponds to signal from ethiodol (arrow). (C)
demonstrates the attenuation resulting from
ethiodol injection seen in the same anatomic
region on CT (arrow).

order to detect ethiodol from the original injection (ethiodol / glue) that was performed

under X-ray DSA. Next, 10 mL of ethiodol mixed with 700-900 uM PVA microspheres
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was injected into the femoral catheter. Within 10 seconds of this injection, a second
IDEAL scan was acquired; once this scan had completed and images were
reconstructed, a third IDEAL scan was performed in order to determine whether the

short-term distribution of ethiodol after injection into the liver could be visualized.

The animal was imaged using imaged using a multi-echo 3D spoiled gradient
echo (SPGR) implementation of IDEAL (3D-IDEAL-SPGRI[46]) with correction for T,*
decay[42]. Imaging was performed on a 1.5 T scanner (Signa HDx TwinSpeed, GE
Healthcare, Waukesha, WI) with an 8-channel phased array cardiac coil. Image
parameters included: 6 echoes per TR with flyback readout gradients, TR = 26.7 ms,
TEmin=1.54 ms, ATE = 2.3 ms, 256x256 matrix, 31 slices, 6 mm slice thickness, BW =
+125kHz, 36x36cm FOV, 12° flip angle to enhance fat signal, and parallel imaging
acceleration with 2D-ARC[47] for a total scan time of approximately 40 seconds. All
scans were performed within a single breath-hold, which was generated by suspending
mechanical respiration for the duration of imaging.

After MR imaging was completed and the animal was euthanized, the animal was
moved to an adjacent CT scanner (Discovery CT 750, GE Healthcare, Waukesha, WI)
where the abdomen was scanned with 1.25 mm slice thickness in order to generate

control images of the ethiodol distribution within the liver.
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2.3.3 Results

Figures 2.3A and 2.3B show representative pre- and post-injection IDEAL fat-
only images of the swine liver. Although the pre-injection image volume should contain
substantial signal from the ethiodol / glue mixture that was administered before the
animal was moved to the MR scanner, this signal is not strong enough to rise above the
noise floor of the normal liver tissue. The post-injection image volume also fails to show
a significant amount of ethiodol signal with one exception: in a small region of liver near
the IVC, signal enhancement can be seen in the IDEAL fat-only images, which
measures about 6.5% fat fraction in the FF images. The anatomic location of this signal
correlates with a region of high attenuation seen on CT (Fig. 2.3C). The CT images
demonstrate a significant amount of ethiodol distributed throughout the liver; however,

for the most part this signal is not evident on the IDEAL fat-only or fat fraction images.

2.3.4 Conclusions

Although it was possible to visualize ethiodol immediately post-injection using
IDEAL imaging, the extent of ethiodol seen on the MR images did not match that of the
ethiodol visualized on CT imaging. There are several reasons why this might be the
case. First, itis likely that CT is inherently more sensitive to ethiodol than is IDEAL; this
hypothesis is supported by the data from Section 2.2.4, where the ethiodol distribution
in some HCCs could be visualized under CT but not MR. Additionally, the CT slices

were 1.25 mm in thickness, while the MR slices were 6 mm; the image slices under MR
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must necessarily be thicker in order to obtain full liver coverage within the time
constraint of a single breath-hold. Because of the greater MR slice thickness, the
ethiodol signal is averaged with signal from a significantly larger volume of normal liver
tissue than it is under CT, reducing the signal intensity of ethiodol on IDEAL imaging.
Finally, it is interesting that the only ethiodol signal visualized arose from the ethiodol /
microsphere injection rather than the ethiodol / glue injection. When the ethiodol / glue
mixture was administered, it was impossible to inject the entire 10 mL volume due to
vascular resistance; however, the entire ethiodol / microsphere mixture was
administered without issue. It is therefore possible that ethiodol signal from the latter
injection was detected on MR simply by virtue of the volume of ethiodol that was
injected, which increased the local fat fraction to a greater value. Because TACE
procedures typically involve injections of 15-20 mL of ethiodol (plus chemotherapeutic
agents), increasing the volume of ethiodol administered to this level in the experiments

may thus increase the fat signal from the substance seen on IDEAL imaging.

Interestingly, work by Larson et al.[53] has demonstrated the feasibility of
detecting lipiodol using chemical shift-based fat-water imaging in rodents. This work
was based on measurement of the "H NMR spectrum of lipiodol, followed by use of a
multipeak model of lipiodol's NMR spectrum for chemical shift-based imaging of lipiodol
concentration. It is therefore possible that the standard multipeak model used by the
IDEAL reconstruction is sub-optimal for detecting the fat proton resonances of ethiodol.

However, because manufacturing of ethiodol has been discontinued as of March 2010,
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measurement of its proton NMR spectrum would be difficult at this time due to supply

shortage.

2.4 Future Work

Future work on this subject should focus on improving the MR contrast provided
by ethiodol under IDEAL by enhancing similarity between the volume of the ethiodol
injection in the swine model and that of the injection that occurs during the TACE
procedure. By administering a larger volume of ethiodol (20 mL) into the liver, MR
detectability will improve simply due to the increase in local fat fraction at the site of
injection. Additionally, the ethiodol will be administered before the microsphere
injection, in order to ensure that it reaches hepatic parenchyma before the sinusoids are
embolized by microspheres. The microspheres will then serve to prevent the ethiodol
from being flushed away by incoming blood. This procedure (injection of ethiodol
followed by microspheres) is similar to that performed clinically on a significant fraction
of TACE patients at UWHC, and will likely serve to enhance detectability of ethiodol

within the liver using IDEAL.
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Chapter 3: Visualization of renal transplant vessels using

VIPR-SSFP and Cartesian SSFP (IFIR)

3.1 Background

Since its development in the late 1980s, contrast-enhanced magnetic resonance
angiography (CE-MRA)[54] has served as a clinical gold standard for post-operative
assessment of the renal transplant arterial and venous vessels[55]. CE-MRA has
enabled diagnosis of a variety of post-transplant complications from a single imaging
exam, including incomplete vessel anastomosis and pseudoaneurysm formation,
donor/recipient renal arterial stenosis (RAS), peritransplant fluid collections, and renal
vein thrombosis. Compared with Doppler ultrasound, CE-MRA provides significantly
improved sensitivity for detection of RAS by enabling direct visualization of the
vessel[56]. CE-MRA has also been shown to provide high sensitivity and specificity for

detection of renal vein thrombosis in native kidneys[36].

Unfortunately, the implication of gadolinium-based contrast agents in the
development of nephrogenic systemic fibrosis[57] has necessitated avoidance of CE-
MRA exams in renal transplant patients. As a result, the clinical demand for robust non-
contrast enhanced (NCE) MR angiographic (MRA) methods to image the transplant
renal vessels has increased significantly. Recent work, beginning with the development

of Time-SLIP[58], has produced several promising methods that are members of a
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broader class of inflow-weighted balanced steady state free precession (bSSFP)
sequences. These NCE-MRA sequences are designed to create bright signal only from
renal arteries, as suspicion of arterial stenosis is the most common indication for renal
MRA exams[59]. However, in transplant patients it is essential to visualize both venous
and arterial anatomy, due to the substantial likelihood of pathologies involving the renal
vein — such as anastomotic stricture or thrombus formation. Inflow-weighted bSSFP
imaging methods, which cannot visualize these potentially catastrophic complications,

are thus inadequate for comprehensive vascular evaluation of the renal allograft.

In this work, we utilize a bSSFP sequence based on a 3D radial trajectory — VIPR-
SSFP[60] — and investigate its ability to image the vessels of the transplanted kidney.
Like Cartesian SSFP methods (TrueFISP, FIETSA, bFFE), VIPR-SSFP generates
images with To/T1 contrast, enabling visualization of arteries and veins without
administration of contrast material. However, VIPR-SSFP’s radial acquisition gives it
three distinct advantages over Cartesian SSFP sequences. First, VIPR-SSFP is less
sensitive to motion than Cartesian methods, where motion manifests as coherent
ghosting artifacts in the phase-encode and depth-encoding directions. Second, VIPR-
SSFP’s out-and-back trajectory permits very short TRs, enabling robust fat suppression
using linear combination methods[61] and reducing banding artifacts known to impact
SSFP acquisitions in the presence of inhomogeneous magnetic fields. Finally, the
sequence’s radial trajectory provides 3D volumetric coverage with a large FOV and true
isotropic resolution, which allows data from a single scan to be reformatted along any

desired orientation without compromising image quality.
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The performance of VIPR-SSFP has previously been investigated in the context of
breast lesion detection[62] and articular cartilage assessment[60, 63] with encouraging
results. Here, we investigate the sequence’s ability to visualize the renal transplant
vessels, which are typically difficult to image using SSFP methods due to their location
in the abdomen. The purpose of this study was to evaluate the performance of VIPR-
SSFP in renal NCE-MRA when compared to Inflow IR (IFIR[64]), a commercially-
available method within the family of inflow-sensitive SSFP sequences. IFIR, which is
currently part of the routine clinical protocol for renal NCE-MRA at our institution, differs
from VIPR-SSFP in several significant ways: it is based on a Cartesian bSSFP
trajectory, it exploits an inversion slab to null venous signal and produce images with
bright arteries, and it uses a frequency selective chemical saturation pulse for fat
suppression. Our hypothesis is that VIPR-SSFP will provide arterial visualization quality
similar to IFIR, while affording improved fat saturation in regions of By inhomogeneity.
Most important, however, is the fact that VIPR-SSFP will allow for simultaneous
evaluation of renal vein pathology, an essential component of any comprehensive

angiographic exam for renal transplant patients.
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3.2 Materials and Methods

Patient Identification

After obtaining IRB approval for this retrospective study, we identified renal
transplant patients who were scanned with both the VIPR-SSFP and IFIR sequences
over a 30-month interval ending in November 2010. In total, twenty-one renal transplant
patients were identified who received NCE-MRA exams using both sequences during
the study period. Of these patients, 13 were male and 8 were female with ages ranging
from 20 to 72 years. In each patient, kidney transplantation was performed as a result
of chronic renal failure. Nineteen of the allografts were placed in the right iliac fossa,
which is standard surgical practice at our institution; two were placed in the left iliac
fossa. The duration of time from kidney transplantation to MR imaging ranged from 2
months to 11 years. The clinical indication for MR imaging in these patients was
typically to rule out transplant renal artery stenosis as the primary cause of a significant

increase in blood pressure or serum creatinine.

To investigate the image quality of the IFIR sequence with the inversion pulse
disabled, one healthy volunteer was scanned using the IFIR sequence as well as a
variant of the IFIR sequence with the inversion pulse disabled. This volunteer was
scanned under an institutional IRB protocol that covers non-contrast enhanced research

MR sequences.
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Data Acquisition

The VIPR-SSFP k-space trajectory acquires two radial half-echoes per TR,
which serve as the basis for its bSSFP readout[60]. Additionally, by selecting a center
frequency halfway between the fat and water resonances and acquiring data from two
complete passes of k-space — one without RF phase cycling and one with 11-0-17-0
cycling — a linear combination of k-space data can be generated in which the stopband
of the SSFP spectral response is centered over the fat resonance. This technique is
termed LC-SSFP[61], and allows for robust fat suppression in anatomic regions where

Bo inhomogeneity is a concern.

Both IFIR and VIPR-SSFP scans were prescribed after obtaining scout images in
the pelvis to locate the transplanted kidney. For VIPR-SSFP, a 3D spherical FOV was
centered over the abdomen. For IFIR, an imaging slab was placed over the
transplanted kidney and renal artery; the position of the inversion slab was determined
automatically based on the imaging slab’s location. Because IFIR utilizes parallel
imaging acceleration, a calibration scan[65] was obtained before imaging commenced.
The same localized shim volume was placed over the transplanted kidney for both

scans.

For both sequences, tracking of the respiratory waveform was provided via
respiratory bellows. During VIPR-SSFP scans, respiratory position was recorded for all

TRs (radial projections), and only data from those falling in a certain range of the
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respiratory waveform — the 50% nearest end-expiration — were used for image
reconstruction[66]. The IFIR sequence used a respiratory trigger to initiate an inversion
pulse during end-expiration of each breath, followed by a chemical saturation pulse[67]

and balanced SSFP readout.

All patients were imaged with the IFIR and VIPR-SSFP sequencesona 1.5 T
scanner (Signa HDxt; GE Healthcare; Waukesha, WI) using an 8-channel phased-array
cardiac coil (GE Healthcare). The volunteer was imaged using only the IFIR sequence.
Scan parameters corresponding to sequence differed slightly between patients due to
variations in each individual’'s size and local anatomy near the renal allograft. Typical
scan parameters for the VIPR-SSFP sequence included: 30° flip angle, TR = 2.6 ms,
TE1=0.3ms and TE,= 1.8 ms, FOV = 36 cm spherical, and BW = £125 kHz with a
256° matrix and 1.4 mm isotropic resolution (total scan time was approximately 5-6
minutes depending on respiratory rate). Typical scan parameters for the IFIR sequence
included: 70° flip angle, TR=4 ms, TE=2 ms, T1=1200 ms, FOV=36 x 36 x 24 cm, and
BW=+75 kHz with a 256x256 matrix for a true spatial resolution of 1.4 x 1.4 x 2 mm?
resolution interpolated through zero-filling to 0.7 x 0.7 x 1.0mm? (total scan time was
approximately 4 minutes depending on respiratory rate). The inversion time for the IFIR
scans was always set to 1200 ms per manufacturer recommendation, which effectively

nulls signal from venous blood.
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Data Analysis

Two experienced cardiovascular radiologists with 11 years and 28 years of
experience, respectively, scored the IFIR and VIPR-SSFP images for each patient. Due
to the obvious differences in appearance between Cartesian and radial acquisitions, it

was not possible to blind the readers to the sequence associated with each image set.

The readers were instructed to assess four image quality criteria for each
sequence on a 1-4 Likert scale (4 = excellent, 3 = good, 2 = poor, 1 = non-diagnostic).
The criteria included overall image quality, quality of arterial visualization and quality of
venous visualization (focusing on the ability to identify the vessel anastomoses as well
as relevant pathologies, if present), and quality of fat suppression. Readers were
instructed to score arterial and venous visualization quality at 2 or below if the vessel
anastomosis or suspected vascular pathologies could not be visualized with confidence.
Readers were also instructed to score fat suppression quality at 2 or below if
unsuppressed fat signal was noted to obscure anatomy of interest due to respiratory

ghosting.

Statistical Analysis

Results for each of the above criteria were analyzed using the Wilcoxon signed-

rank test[68], a non-parametric statistical hypothesis test used to compare the relative

quality of two different imaging methods. First, scores for the
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Figure 3.1: Representative VIPR-SSFP (A) and IFIR (B) images demonstrating the quality of renal
vein visualization (arrow) and fat suppression provided by the VIPR-SSFP sequence. Note that
respiratory ghosts of unsuppressed fat signal overlie but do not obscure the renal allograft in the IFIR
image.

VIPR-SSFP and IFIR sequences corresponding to the four criteria were first averaged
between the two readers and across all patients. Next, Wilcoxon signed-rank tests
were performed independently for each image quality metric, and p-values for each
comparison were calculated. One of the two imaging methods was determined to be
superior only if the difference in scores achieved statistical significance according to the

Wilcoxon test.

3.3 Results

Sample images demonstrating the difference in venous contrast between VIPR-
SSFP and IFIR can be seen in Figure 3.1. VIPR-SSFP was determined to be
significantly superior to IFIR with regard to quality of venous visualization (Table 3.1).
Neither reviewer scored any of the IFIR images as providing quality sufficient to

evaluate the renal vein anastomosis, or to evaluate venous pathology if present.



However, the quality of arterial
visualization provided by IFIR
was statistically superior to that
of VIPR-SSFP (p=0.005).
Because IFIR is designed to
enhance signal only from
arterial blood, it provides
improved arterial visualization
versus VIPR-SSFP;
nonetheless, the mean score
for VIPR-SSFP arterial quality
(2.97) remained significantly
above the threshold of
diagnostic adequacy (2.0). A
comparison of the arterial
visualization quality of these

two sequences can be seen in
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Figure 3.2: Thin-slab MIP images generated using VIPR-
SSFP (A) and IFIR (B) image volumes from a patient with
three transplant renal arteries. Although the background and
venous suppression in (B) improves arterial conspicuity, the
presence of venous signal does not interfere with
identification of the renal arteries in (A). Also note the
improved resolution in the VIPR-SSFP image (A, 1.4 mm3)
versus the IFIR image (B, 1.4 x 1.4 x 2 mm) along the Sl
direction.

Figure 3.2, which shows IFIR and VIPR-SSFP thin-slab MIPs from a patient with three

transplant renal arteries. Although enhancement of arterial signal is superior in the IFIR

MIP (Fig. 3.2A), the presence of venous signal in the VIPR-SSFP image does not

significantly impair visualization of the renal arteries (Fig. 3.2B). Although the IFIR

sequence attained a slightly higher score in overall image quality, the difference

between the two sequences was not statistically significant.
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VIPR-SSFP Mean Score by Criterion IFIR VIPR  p-value
| ided Overall Image Quality 3.52 3.43 0.431
also proviae Quality of Fat Suppression 340 3.69  0.028*

Quality of Arterial Visualization 3.7 297 0.005*

improved fat Quality of Venous Visualizaton ~ 1.00  3.13  0.00007*

suppression when Table 3.1: Scores for the four image quality criteria averaged across all

patient images and between the two reviewers. VIPR-SSFP
compared with IFIR, demonstrates statistically superior fat suppression and venous
visualization, while IFIR provides superior arterial visualization. Note that
no IFIR images were scored as being in the diagnostic range (=3) with

and this difference ) AR
regard to quality of venous visualization.

was statistically significant (p = 0.028). While excellent (score = 4) fat suppression was
not present in all VIPR-SSFP images — likely due to fat spins near areas of abdominal
Bo inhomogeneity falling outside the stopband of the spectral response — residual fat
signal in these images typically had a less deleterious effect on diagnostic quality than
that present in IFIR images. This can be seen in Figure 3.1, where residual fat signal
due to By inhomogeneity has a much more benign, distributed appearance in the VIPR-
SSFP image (Figure 3.1B) relative to the coherent ghosting of fat in the phase-encoding

direction with IFIR (Figure 3.1A).

The two study readers noted that the VIPR-SSFP images depicted several
clinically relevant extrarenal findings that were not well visualized in the corresponding
IFIR images. This is due to IFIR’s use of an inversion pulse before its bSSFP readout,
which nulls most signal from background tissue and any fluid collections present in the
imaging volume. An example of such findings can be seen in Figure 3.3, where a
biopsy-related perinephric fluid collection as well as a left iliac artery pseudoaneurysm

are clearly visible in the VIPR-SSFP image (Fig. 3.3A) but are poorly visualized in the
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Figure 3.3: VIPR-SSFP image (A) depicting a biopsy-related perinephric fluid collection (arrow) and
left iliac artery pseudoaneurysm (arrowhead). The pseudoaneurysm is not visualized on the
corresponding IFIR image (B), while the fluid collection is poorly visualized.

- X

IFIR image (Fig. 3.3B). The pseudoaneurysm is not visible in the IFIR image because
signal from slow flowing blood within this region was not sufficiently washed out with
fresh spins during the 1.2-second TI. A second example can be seen in Figure 3.4A,
which shows a thrombus in the right external iliac vein that can be seen using VIPR-
SSFP image but is not depicted in IFIR image (Fig. 3.4B). Importantly, the inferior
border of VIPR-SSFP’s FOV (36 cm) extended significantly past that of IFIR’s FOV (24
cm) in this patient, enabling visualization of the full extent of the thrombus. In addition
to these extrarenal findings, VIPR-SSFP images frequently depicted transplant and

native renal cysts that were not visualized in the corresponding IFIR images.

Figure 3.5 demonstrates the effect of disabling the IFIR inversion pulse on the
arterial and venous visualization quality of this sequence. Figure 3.5A shows an IFIR
thin-slab MIP depicting the renal arteries of a healthy volunteer; several segmental

branches of the artery are clearly visible. In Figure 3.5B, with the inversion pulse



disabled, the segmental branches become difficult to distinguish from the renal veins.
However, the IVC as well as the renal veins (arrows) are now visible. A renal cyst
(arrowhead) can also be seen in Fig. 3.5B; the cyst appears as an area of low signal

when the inversion pulse is enabled (Fig. 3.5A, arrowhead).

3.4 Discussion and Conclusions

We have demonstrated VIPR-SSFP to be an excellent NCE-MRA method for

visualization of the transplant renal vein and renal artery. The VIPR-SSFP acquisition
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provided diagnostic-quality images of the renal vein over 80% of the time, while IFIR did

not allow for assessment of this structure in any cases. However, IFIR provides

improved visualization of the renal artery, likely due to its suppression of venous signal.

Importantly, the average arterial quality score for VIPR-SSFP images was above the

threshold for diagnostic adequacy — in fact, nearly 70% of the VIPR-SSFP exams were

scored as providing high- or good-quality visualization of the renal artery. Diagnosis of

Figure 3.4: VIPR-SSFP image (A) depicting an incidentally detected thrombus in the right external
iliac vein (arrowhead). Neither the vein nor the thrombus is visualized in the corresponding IFIR image

(B).
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both RAS and venous stenosis was therefore possible in a majority of patients using

VIPR-SSFP images alone.

VIPR-SSFP’s linear combination method of fat suppression provided improved
reduction of fat signal compared to the chemical saturation pulse used by IFIR. This is
likely due to the sharp transition between the fat stopband and adjacent passband of
VIPR-SSFP’s spectral response. Due to the limited temporal duration of its chemical
saturation pulse, IFIR’s spectral response undergoes a relatively smooth transition
between these regions compared to that of VIPR-SSFP; this results in preservation of a
relatively larger amount of signal from off-resonance fat spins. Although VIPR-SSFP’s
linear combination fat saturation method could potentially be used with IFIR, Cartesian
SSFP trajectories typically do not satisfy the short-TR constraint necessary to produce

the spectral response required for fat suppression, and would therefore be incompatible.

Figure 3.5: Thin-slab IFIR MIPs acquired with (A) and without (B) an inversion pulse depicting the
renal vessels of a healthy volunteer. The renal arteries are clearly visible in (A), along with several
segmental vessels of the right renal artery. In (B), the IVC as well as the renal veins (arrows) are
visible, but the renal arteries have become more difficult to distinguish from surrounding renal veins
and parenchyma. A renal cyst can also be seen in (B), which appears as an area of signal void in (A).
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The two readers noted that the effect of residual subcutaneous fat signal on
VIPR-SSFP image quality tended to be benign, while on IFIR images the presence of
unsuppressed fat signal would frequently impair vessel visualization quality. This is
because residual fat signal combined with uncompensated respiratory motion will
generate ghost artifacts in the phase-encoding dimensions of Cartesian acquisitions
such as IFIR. Radial acquisitions such as VIPR-SSFP, which lack a phase-encode
dimension, are significantly less susceptible to motion-induced fat ghosting[69]. VIPR-
SSFP’s fat saturation method may thus be superior to the chemical saturation pulse

used by IFIR when imaging individuals with significant subcutaneous adiposity.

VIPR-SSFP is clearly superior to IFIR in its ability to detect non-arterial and
extrarenal vascular pathology due to the fact that it does not utilize an inversion pulse.
Because VIPR-SSFP generates contrast in stationary tissue and fluid, it is useful for
detection of transplant- and biopsy-related complications such as perinephric fluid
collections, abscesses and pseudoaneurysms (Figure 3.3). When IFIR’s inversion
pulse is disabled, it also becomes capable of visualizing venous vessels and static fluid
collections (Figure 3.5B, renal cyst). However, this comes at the expense of its arterial
visualization quality — as seen in Fig. 3.5B, the segmental branches of the renal artery
clearly visible in Fig. 3.5A are difficult to distinguish from the renal veins and
surrounding renal parenchyma. It seems that while IFIR is capable of visualizing
venous vessels and fluid collections when the inversion pulse is disabled, its arterial
visualization quality — the sole metric where it was superior to VIPR-SSFP — must be

sacrificed for it to do so.
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A major limitation of this study is that none of the patients’ VIPR-SSFP images
depicted significant renal vein pathology. Although the readers were able to score the
images based on their ability to visualize the transplant renal vein, in no case was a
thrombus or stenosis noted. However, an incidental finding of external iliac vein
thrombosis was made in one patient’s VIPR-SSFP images (Figure 3.4), demonstrating
the ability of this sequence to detect venous pathology. A second study limitation is that
no patients were imaged within seven days following the transplant operation. It was
therefore not possible to detect pathologies such as anastomotic pseudoaneurysm that

tend to occur shortly after graft placement.

From a clinical standpoint, VIPR-SSFP appears to play a complementary role to
existing NCE-MRA methods, due to its ability to generate contrast in both arterial and
venous vessels as well as surrounding tissue. Inflow-based sequences such as Time-
SLIP and IFIR will remain useful because in many cases, identification of RAS is the
only indication for renal MRA, particularly in native kidneys. Although radiologists may
prefer to use methods such as IFIR to generate high-quality MIP images of the renal
artery, the diagnosis of RAS is always made from thin multiplanar reformatted (MPR)
images where arterial-venous separation is less important. Grading of vascular
stenosis should never be made from MIP images alone, as these are known to

exaggerate the degree of stenosis significantly[70].
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In conclusion, this study has demonstrated the VIPR-SSFP sequence to be
efficacious in visualizing the renal transplant arterial and venous vessels. Given the
benefits in venous visualization and fat suppression VIPR-SSFP provides over inflow-
weighted Cartesian SSFP sequences, we expect it to be of considerable utility in our
future NCE-MRA evaluations of renal transplant patients. However, at present it would
seem to be prudent for transplant patients to be scanned with both inflow-weighted and
non-inflow weighted NCE-MR sequences to achieve maximum arterial visualization
quality with the former and to enable venous visualization with the latter. Future product
NCE-MRA sequences would likely benefit from dual acquisitions (with and without an
inversion pulse) to facilitate detection of the wide range of vascular pathologies that can

occur in renal transplant patients.
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Chapter 4: Dynamic Contrast-Enhanced MRI and Quantitative

Perfusion Modeling in the Liver

4.1 Background I: Imaging-based measurement of tissue perfusion

4 1.1 Measurement of blood flow to the liver

Direct measurement of blood flow to the liver holds the potential to enhance
understanding of normal hepatic physiology while also serving to elucidate the
pathophysiology underlying many diseases that afflict this organ. The liver's vascular
supply is distinct from most other organs in the body in that it receives about 20% of its
blood from the hepatic artery and 80% of its blood from the portal vein. The absolute
blood flow to the liver is highly variable, depending primarily upon whether an individual
is in a fasting or post-prandial state — because the portal vein drains the majority of
blood from the gut, blood flow to the liver increases substantially after consumption of a
meal. In addition to physiological changes to flow, many disease states can alter both
absolute flow and portal venous fractional flow (the fraction of blood received by a
specific volume of liver tissue which derives from the portal vein versus the hepatic
artery)[71]. These include chronic liver disease and cirrhosis, as well as many focal
liver lesions such as hepatocellular carcinoma and colorectal cancer metastases|[32,

72]. Understanding the normal range of hepatic perfusion, in addition to the ways in
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which disease states may modify blood flow to this organ, is therefore of immense

clinical importance.

4.1.2 Hepatic flow measurement using Doppler ultrasound

Historically, measurement of hepatic flow and perfusion using non-invasive
medical imaging approaches has been quite difficult. Initial efforts have focused on
measurement of flow through the hepatic artery and portal vein using Doppler
ultrasound (US); results of such measurements have been reported numerous times in
the literature[73]. However, volumetric flow rates measured with Doppler US are
notoriously inaccurate — US makes measurements of blood velocity, not total blood
flow, and its use in measuring flow suffers from significant operator dependence when
determining the vessel cross-sectional area and vessel angle relative to the
transducer[74, 75]. Moreover, Doppler US has limited tissue penetration depth, making
it difficult to image the portal vein in patients with significant abdominal fat or ascites
fluid. Finally, US is hampered by its inability to evaluate complex anatomic variations of
the portal venous and hepatic arterial systems, which may occur both naturally and in
disease (e.g. venous collaterals). As a result of these difficulties, the clinical use of US
for evaluation of hepatic flow disturbances in disease is relatively limited. US is still
used quite often for detection of focal hepatic masses, though interestingly its sensitivity

for detection of cirrhosis is quite low (55%)[76].
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4.1.3 Hepatic perfusion measurement using contrast-enhanced CT

Dynamic contrast-enhanced (DCE) CT imaging of the liver is often used clinically
for detection and characterization of focal liver lesions. Upon injection of a contrast
bolus into the antecubital vein, attenuation-enhancing contrast material will flow into the
heart, and subsequently through the aorta to the hepatic artery and eventually the portal
vein. This contrast-enhancement pattern — early enhancement of the hepatic artery
followed by delayed enhancement of the portal vein — is used as the basis for diagnosis
of focal liver lesions given the lesions’ qualitative behavior compared to that of normal
liver tissue during the first pass of contrast agent passage. Further, due to the direct
(linear) relationship between CT signal and contrast concentration after subtraction of
background signal, dynamic contrast-enhanced CT combined with pharmacokinetic
modeling can also be used to quantitatively determine the amount of blood flow to the

liver on a per-voxel basis.

Measurement of hepatic perfusion using quantitative DCE-CT imaging has been
investigated thoroughly[77-79]. However, accurate and repeatable measurement of
blood flow to the liver using DCE-CT has proven challenging for several reasons.
Although multi-detector CT is capable of providing the volume coverage as well as high
temporal and spatial resolution necessary to characterize the enhancement dynamics of
focal liver lesions[79], the repeated scanning required to capture the first pass of
contrast uptake exposes patients to a large amount of ionizing radiation. Additionally,

liver motion during free breathing necessitates either manual registration of ROIs
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between timeframes[80] or motion compensation, typically through serial breath
holds[81]. As a result of these issues, quantitative hepatic DCE-CT imaging is
infrequently performed clinically; in fact, even qualitative DCE-CT for diagnosis of liver
lesions is rapidly being supplanted by radiation-free DCE-MR imaging. Nevertheless,
because of the simple linear relationship between x-ray attenuation and contrast
concentration in CT, a considerable amount of theoretical development has been
pursued regarding the perfusion-related information that can be gleaned from time-
attenuation curves during the first pass of contrast agent through the liver. Resultantly,
hepatic perfusion measurement using DCE-CT imaging remains an active area of

research.

4.1.4 Quantitative versus semiquantitative perfusion parameters

To date, two methods have been utilized to assess hepatic perfusion using
dynamic contrast-enhanced CT imaging — the so-called semiquantitative method and
the method of quantitative pharmacokinetic modeling. Briefly, semiquantitative methods
rely on direct measurement of CT signal intensity both before and after contrast
injection, and use the differences between these measurements to calculate several
parameters representative of hepatic perfusion characteristics on a per-voxel basis[82,
83]. These parameters are referred to as semiquantitative because they provide only
relative measures of blood flow and tissue perfusion, whereas pharmacokinetic
modeling (indicator-dilution theory) purports to provide exact measures of these values;
errors due to physiologic and stochastic noise notwithstanding. Characteristic examples

of semiquantitative parameters are the contrast arrival time (i.e., the time at which the
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contrast enhancement curve reaches its maximum slope) and the area under the
contrast enhancement curve, which is a surrogate for the total blood flow to a voxel.
Pharmacokinetic perfusion modeling uses the same time-attenuation data as
semiquantitative methods, but employs a mathematical model that incorporates both the
inputs to and output from the liver, as well as a transfer function describing the contrast
agent’s expected fate within the liver. From this model, mathematical parameters

describing perfusion within the liver can be derived.

4.2 Background Il: Pharmacokinetic modeling of hepatic contrast

enhancement using indicator-dilution theory

4.2.1 The dual-input single-compartment model

Indicator-dilution theory[84], which describes the fate of small particles injected
into the circulation, can be used to describe the behavior of CT and MR contrast agents

as they enter and leave the liver. Although many different models for the liver have
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Figure 4.1: Schematic diagram depicting the dual input, single-compartment model used for hepatic
perfusion modeling. The hepatic artery and the portal vein supply blood to the liver with rate constants
k1a and kiqp (s'1), while the hepatic vein drains blood with rate constant k,. C,, C, and C_ represent
tracer concentrations in the respective vessels. Instantaneous mixing of blood within the liver
compartment is assumed.
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been employed[85, 86], the most commonly used and thoroughly validated model[87] is
the dual-input, single compartment model. This model assumes that there are two
inputs to the liver — the hepatic artery and portal vein — as well as rapid, complete
exchange (equilibration) of contrast agent between the hepatic sinusoids (vascular
space) and the space of Disse (extravascular extracellular space, EES). The
assumption of rapid exchange between vascular and extracellular compartments is
essential to this model, as it allows the behavior of the hepatic tissue to be modeled
using an impulse response function[88]. A visual depiction of this model can be seen in
Figure 4.1 — the arterial and portal venous inputs to the liver are described by the rate
constants k14 and k1, respectively; while the venous outflow from the liver is described
by the rate constant k,. The concentration of gadolinium contrast in these inputs is
represented by the functions Cy(t), Cy(t) and C(t). With knowledge of these rate
constants as well as contrast concentrations, the total blood flow to the liver (or a region

of interest within the liver) can be modeled with the differential equation:

dc, (1)

:klaCa(t_ Ta)—l_klpcp(t_ Tp)_kch(t) [4-1]

assuming transit times t, and 1, of contrast agent between the hepatic artery / portal
vein and the small branches of these vessels supplying hepatic parenchyma. This
equation can be discretized solved exactly; its solution can be represented as a

difference relation:
1 _ —
Cpiq = s (1— e ™) [kygAn_q + kipPu_pg| + e *2C, [4.2]

where A is the arterial concentration, P is the portal venous concentration, and A is the
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sampling interval. Unfortunately, discretization of the solution is likely to represent the
complex hemodynamics of the liver in an overly simplistic manner. The discrete
solution implicitly assumes that the time constant of contrast exchange between the
intravascular space and the EES is less than the sampling interval A. This interval is
representative of the temporal footprint of the imaging modality used to acquire the liver
perfusion data and is typically several seconds or more[38, 79]. However, it is quite
possible that the exchange of contrast between intravascular and EES spaces takes
place over several seconds or more; particularly in cirrhotic liver where collagen
deposits may impair contrast molecule diffusion, and in tumors such as HCCs where
contrast molecules may become trapped in disordered blood or lymphatic vessels. In
order to more accurately represent the fate of contrast molecules during their passage

through the liver, a more complex mathematical model is required.

If the solution to Equation 4.1 is recast as an integral equation:
C,(t)=[k,C,(t - ra)+k1pCp(t' -7,)] [R(t"dt [4.3]
0

a significant difference between this solution and the discrete solution becomes
immediately apparent. The solution is now represented as a convolution between the
arterial / portal venous inputs and a second function, R(t). This function is known as the
residue function, and describes the temporal behavior of contrast concentration within
the liver as it passes through hepatic parenchyma. Importantly, the residue function can

have arbitrary width in the temporal dimension, allowing for complex contrast uptake
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behaviors to be modeled.

The concept of a residue function is based on the presumption that a contrast
agent can be modeled as a series of particles traveling through a complex labyrinth of
vessels within an organ. If the concentration of particles in an organ’s vascular input is
Cin(t), then the concentration Cou(t) at the vascular output of this organ can be

mathematically represented as:
Cout () = Cin(t) ® h(t) [4.4], or
Cout®) = [, Cin() - h(t —T)dr  [4.5].

In these equations, h(t) is a function describing the distribution of transit times of the
particles through the tissue. Thus h(t) is best thought of as a probability distribution
function which defines the portion of an impulsive input (contrast) that will leave the
organ between time tand t + dt. If Coyt and Cj, could be measured directly, then h(t)
would be relatively simple to determine through either deconvolution or a data-fitting
procedure. Unfortunately, it is very difficult to measure the venous outflow of the liver
due to instantaneous mixing of blood traveling through the inferior vena cava with
hepatic venous output. Further, if perfusion analysis is performed on a voxelwise level,
it becomes challenging to measure the venous output of tissue regions that are not
obviously associated with major vessels. Thus, in order to determine the distribution of
transit times h(t) on either a voxelwise or whole-organ level, it is necessary to consider a

different approach to this problem.



If the PDF h(t)
is integrated, its
cumulative
distribution function
H(t) is obtained. H(t)
is known as the
cumulative frequency
function, and
describes the fraction
of an impulsive input
that has left a region
of tissue by time t.
H(t) is also a quantity
that cannot be
observed through
non-invasive imaging

approaches.
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Figure 4.2: Schematic diagram depicting the assumptions underlying
indicator-dilution theory. If an instantaneous bolus of particles enters
an organ through an artery supplying it, the temporal behavior of these
particles’ departure in the venous output imparts information about the
organ’s internal vascular structure. When the distribution of particle
transit times h(t) is obtained by measuring their appearance in the
venous vessel draining the organ, H(t) and R(t) can be determined. In
perfusion CT and MRI, this problem is approached from the opposite
direction: information from DCE-CT or MR data is used to determine
the residue function, which can then be used to calculate h(t).

However, the amount of contrast remaining within an organ or a region of tissue at time

t is a quantity that can be measured by DCE-CT or DCE-MR approaches. This quantity

— 1-H(t) — is defined as the residue function R(t) of the tissue. Determination of this

function is one of the main goals of quantitative pharmacokinetic modeling of tissue

perfusion. The relationship between h(t), H(t) and R(t) is depicted in Figure 4.2.
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Although to this point quantitative perfusion modeling has been discussed from
the perspective of determining whole-organ blood flow, one of the benefits of imaging-
based perfusion methods is that the distribution of flow throughout the liver can be
determined. Knowledge of regional blood flow within an organ is of considerably more
clinical interest than simple measurement of total organ blood flow, as regions of
increased perfusion (tumors) and regions of decreased perfusion (diseased/cirrhotic
liver) can potentially be identified and associated with disease states. Thus, the above
equations must be modified to reflect our interest in determining Fr, the blood flow
through a unit volume of tissue (or tissular blood flow). The Stewar-Hamilton relation
defines Fy as the ratio of the fractional dilution volume (the unit volume multiplied by the
ratio VD1=Vp/Vt, where Vp is the liver's volume of distribution available to the tracer and
V7 is the organ’s physical volume) to the mean transit time[89] of the unit tissue volume,

or:

_ VDr

Fr = }
T~ mrT

[4.6]

The mean transit time (MTT) is defined as the first moment of h(t), and represents the
average amount of time required by a contrast particle to transit the tissue. If Vp were
known and were uniform over the entire organ, determination of the mean transit time at
each voxel would be sufficient to calculate Fy. However, Vp is a quantity that can be
variable throughout the liver’s parenchyma, and may be significantly altered in disease

states[90, 91].
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If all relevant physiological variables are taken into account, the perfusion

relationship in Eq. 4.1 can be rewritten as:

LC:‘([) =Ep(1—Hetg)[ k,C,(t— Ta)"‘kmcp(t_ Tp)_kz %(I) 1, [4.7]

D1
where the subscript T denotes that we are now considering a unit volume of liver tissue
instead of the whole organ. E is defined as the extraction fraction of contrast from blood
(usually assumed to be 100%[87]), p is the density of liver tissue (roughly 1 g/cm?), and
Hctsy is the small vessel hematocrit (roughly 0.25 in liver[92]). Using the concept of a
residue function, and simplifying the arterial and portal venous inputs into the single

input function Cis(t), the solution to this equation can be written as:
Cvpr(8) = Cin(t) @ Ry (t), [4.8]

where Cy,, .(t) is the contrast concentration within the volume of distribution of the unit
tissue volume and R+(t) is the tissue residue function (TRF). If this quantity is rewritten
with respect to C+(t), which is related to Cy,,.(t) as C1(t) = Cy,.(t) * Vo 1, the

concentration of contrast within the tissue volume can be expressed as:
Cr(t) = Cip(t) ® Ry (t), where Ry (t) = R(t) - VDr. [4.9]

Once R+(t), the tissue residue function, has been determined, the distribution volume
Vp 1 of the tracer can be calculated as the initial maximum value of Rr(t), and the PDF of

contrast particle transit times h(t) can then be calculated as:

dR(t)

b ==

[4.10]
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Using the assumption of the dual-input model that blood flow to a unit volume of liver
tissue is derived from both the portal vein and the hepatic artery, the input function Ci,(t)

(Eq. 4.9) is written as:
Cin(t) = alyy + (1 — a)Cy (1), [4.11]

where a is defined as the hepatic arterial fraction of the input; Ca(t) and Cy(t) represent
the hepatic arterial and portal venous inputs, respectively. The measured

concentration-time curve for a unit tissue volume can now be simplified as:
Cr(t) = [aCary + (1 — a)C,(1)] ® R (D). [4.12]

Knowledge of Rr(t) and a allows various perfusion parameters to be calculated for each
unit tissue volume (i.e. each voxel), including the total hepatic blood flow, the hepatic
perfusion index (portal venous fraction, 1-a), and the mean transit time of contrast agent

through the tissue.

4 2.2 Determination of the tissue residue function

Although the mathematics underlying indicator-dilution theory is well defined,
real-world implementation of this theory to determine perfusion parameters in the liver
and other organs remains challenging. Because the measured parameter in DCE-CT
imaging is Cr(t), it is necessary to perform deconvolution in order to measure R(t).
Given the physiological noise (respiratory motion, cardiac motion, deformation of the

liver) as well as the stochastic noise inherent to CT imaging, accurate determination of
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the underlying tissular transfer function is nontrivial[93]. Additionally, as different
regions of the liver may receive different fractions of hepatic arterial and portal venous
input — especially in the case of focal liver lesions — an iterative approach to the

deconvolution becomes necessary.

Many methods of deconvolution exist, but for the problem of perfusion imaging in
the liver, it is important to consider constraints that can be placed upon the problem.
Because the shape of R(t) can be reasonably assumed to resemble a monotonically
decreasing function, a family of functions with variable shape and time constants — the
so-called Gamma variate functions — have often been used to approximate the tissue
residue function[94]. Furthermore, it has been previously demonstrated that in the case
of instantaneous mixing of contrast in a single compartment, the residue function takes

the form of an exponential:
f@®) =a-e ™. 13

More recent work has utilized the family of Weibull functions to approximate R(t)[88].

These functions take the form:

tic
ft)=a- e~ @ . [4.14]
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where a is a nhormalization constant, b is a scale parameter and c is a shape parameter.
By adjusting the values of b and ¢, the Weibull function will take the form of a step

function of varying width and smoothness (Figure 4.3).

By utilizing the exponential
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4.3 Background lll: Hepatic perfusion measurement using contrast-

enhanced MR imaging

4.3.1 Quantitative perfusion modeling using DCE-MRI: Challenges

Although indicator-dilution theory and pharmacokinetic modeling have been
primarily applied to CT data for the purpose of determining hepatic perfusion
parameters, these methods can also be employed using dynamic contrast-enhanced
(DCE) MRI data to the same ends. MRI holds several advantages over CT, such as a
lack of ionizing radiation and an ability to image over arbitrary volumes in arbitrary
orientations. Initial experiences using gadolinium-based contrast agents in hepatic
imaging demonstrated that their behavior was similar to that of CT contrast agents
during their first pass through the liver[95, 96]. Further, these agents’ behavior in focal
liver lesions was also very similar to that of CT contrast agents given their restriction to
the vascular and extravascular extracellular spaces. Thus, as MR technology has
evolved and MR scanners have become available at greater numbers of hospitals, the
use of T1-weighted DCE-MRI for liver imaging has become increasingly common.
However, liver DCE-MRI suffers from a number of issues which derive from

fundamental limitations of MR technology itself.

First, the temporal resolution of MR imaging is fundamentally lower than that of

CT imaging — whereas a CT scanner can in theory perfectly reconstruct an image
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having acquired data from only a half-rotation of its gantry, an MR scanner must
completely sample Fourier space to reconstruct an image with the desired matrix size.
For detection of focal liver lesions, a matrix size of 1 cm or less is required; this often
leads to scan times of 20s or more per frame even using modern imaging
techniques[38]. As a result of this restriction on temporal resolution, many DCE-MRI
acquisition protocols will restrict the field of view to a particular slab of the liver and
acquire a small number of relatively thick slices[97]. Though this approach can provide
the 3-4 sec temporal resolution necessary to visualize the temporal behavior of contrast
passage through liver lesions, it negates one of MRI’s major advantages over CT: the
ability to acquire data volumes with isotropic resolution to enable whole-organ disease
assessment and arbitrary image reformatting. Additionally, repeated imaging of thin
slices will make the MR signal intensity susceptible to inflow effects[98], diminishing the
utility of the data for perfusion quantification. Recent DCE-MRI protocols have begun to
utilize 3D acquisitions with large excitation slabs for whole-liver perfusion
assessment[91]; however, these acquisitions are still susceptible to inflow effects

depending on the size and orientation of the excitation volume.

Although accelerated acquisitions with high spatial resolution and relatively small
temporal footprints have been described in the literature[99,100], these acquisitions
typically make use of parallel imaging methods to decrease data acquisition time, which
compromises image SNR in accordance with the acceleration factor and the spatial
arrangement of receiver coils (geometry factor[101]). Previous work by Materne, et al
has demonstrated that quantitative perfusion parameters generated with the dual-input

single-compartment model are very sensitive to noise, with signal measurement errors
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on the order of 5% or greater resulting in poor estimation of these parameters in
simulations[87]. Balancing the choice of acceleration factors to reduce temporal
footprint with adequate spatial resolution to detect small lesions while retaining sufficient
SNR to reliably estimate perfusion parameters is a challenging problem for hepatic

DCE-MRI, as well as applications of pharmacokinetic modeling to other organ systems.

Second, the quantitative relationship between MR signal and gadolinium-based

contrast agent contrast concentrations is complex. This relationship is typically reported

- L Ti + R,[C], where R1 denotes the relaxivity of the contrast agent used and C
Leff 10

as

its blood concentration. In reality the relationship is typically dependent on parameters
particular to each patient, scanner and pulse sequence; and may be nonlinear at high
contrast concentrations (e.g. during the first pass of a contrast bolus through the aorta)
due to To* and susceptibility effects[102]. For SPGR-based (T-weighted) sequences,
the signal of each excitation is not entirely independent from the signal of the previous
excitation unless a flip angle of 90° is used or radiofrequency spoiling is perfect[103]. In
DCE-MRI, where the local T4 changes quite rapidly with the passage of contrast agent,
changes in the MR signal may therefore be delayed relative to changes in contrast
concentration unless the TR of the imaging sequence is very short. Fortunately, most
modern DCE-MR sequences use relatively short TRs, so this effect is typically not

significant.

However, several more significant factors may confound the linear relationship of
[Cland T4. First, in areas of B1 inhomogeneity such as the abdomen[104], different flip

angles are experienced by different regions of tissue due to gradients in the dielectric
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constant at air-tissue interfaces. This creates the potential to generate different signal
values corresponding to identical contrast concentrations in different anatomic regions
(e.g., near the dome of the liver vs. in the middle of the organ). Furthermore, because
perfusion sequences typically utilize low flip angles to sensitivity to low contrast
concentrations and to increase SNR, these sequences are relatively insensitive to high
contrast concentrations[87]. As a result, accurate measurement of the contrast
concentration during the bolus’ first pass through the aorta and portal vein is difficult.
Lastly, because it is difficult to perform true measurements of T4 during the rapid first-
pass of contrast agents, several methods have been developed to calibrate changes in
MR signal to changes in T1[105, 106]. Unfortunately, these methods often make
considerable assumptions regarding the behavior of contrast agents, and may be
unreliable in the context of lesions that wash-in and wash-out very rapidly (such as
HCCs). For the reasons cited above, it is very difficult to determine absolute contrast
concentration in hepatic DCE-MRI using data based on either un-calibrated or
calibrated MR signal. However, it is simple to determine relative contrast concentration
in different regions of the liver using data from the same scan — hence why DCE-MR
data have historically been used for qualitative radiological diagnosis of liver lesions

[107] rather than quantitative perfusion modeling.

Finally, because MR image acquisition is inherently slower than CT, image
quality degradation due to both respiratory and cardiac motion is a major problem. In a
study of healthy volunteers, the liver demonstrated an Sl translation range of 1.2 to 2.6

cm in accordance with diaphragmatic motion[108]. This work also noted that the liver
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deforms non-rigidly during the respiratory cycle, with certain regions being displaced by
up to 3 cm. Correction for respiratory motion using navigators[109] and attempts to
minimize respiratory motion’s effect on image quality using novel pulse sequences
combined with view-ordered reconstructions [110]have been investigated previously.
Unfortunately, hepatic motion correction using navigator-based approaches is limited by
the single-point measurement of the liver-diaphragm interface that is acquired. Different
points along this interface likely move different distances during the respiratory cycle
due to non-rigid hepatic deformation. Moreover, the liver also moves in the A-P and L-R
dimensions during free breathing, which are not corrected for using navigators. Motion
correction through respiratory gating combined with view re-ordering initially seems
promising; however, the temporal range in which views can be re-ordered is limited by
the rapid contrast uptake of hepatic parenchyma and arterially-perfused lesions.
Additionally, correction for residual motion that occurs during individual views remains
difficult if not impossible. Several novel information-based registration methods[111]
that can be used to register DCE-MR images have been described in the literature;
however, these methods are relatively difficult to implement. Information-based non-
rigid registration methods nevertheless remain an active topic of research. At present,
the most successful motion compensation method has been the use of sequential
breath holds during image acquisition[91]; however, this method requires manual
identification of portal venous ROIs and some means of dealing with missing data
during free-breathing if the DCE-MR data is to be used for quantitative perfusion

modeling.
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4.3.2 Semiquantitative perfusion modeling using DCE-MRI

Because of the challenges inherent to quantitative DCE-MRI, several
investigators have attempted to utilize MR data to generate semiquantitative perfusion

parameters similar to those described in Section 4.1.3. These include:

Contrast arrival time: Defined as the time at which the slope of the contrast uptake
curve (i.e., the plot of MR signal versus time) is greatest.

Contrast peak time: The time at which the MR signal in an ROI reaches its
maximum value.

Area under the curve: The integrated area under the contrast uptake curve for an

ROIL.

Although these parameters are relatively simple to calculate, they are also dependent
on a number of variables including the delivery rate of the contrast bolus, the amount of
contrast administered, patient heart rate, cardiac output, etc. The area under the curve
parameter in particular is also dependent on the many variables that may affect MR
signal. Nevertheless, these parameters are significantly simpler to calculate than the
quantitative perfusion parameters, and are likely to be less dependent on SNR.
Furthermore, these parameters are free from the assumptions inherent to quantitative
perfusion modeling, including the shape of the tissue residue function. Whether these
parameters are useful in differentiating between normal liver, diseased liver and focal

liver lesions remains to be investigated.
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4.3.3 Modern MR methods for measuring hepatic perfusion

The MR Labs at UW-Madison have recently developed a sequence called RT-
VIPR that can be used for CE-MRI exams of the liver[39]. This sequence is based on
VIPR-SPGR[112], but instead of acquiring one full echo per TR it acquires four half-
echoes in order to maximize data collection efficiency. The utility of this sequence in
providing contrast-enhanced, isotropic-resolution 3D radial acquisitions of the liver at 3T
using a 32-channel phased-array coil has previously been demonstrated[113] — VIPR-
ME was shown to significantly improve SNR performance versus Cartesian acquisitions
while allowing for high spatial (1.6 mm?) and temporal resolution (4 seconds, without
view sharing between frames). However, 3D radial trajectories suffer from a number of
issues that do not affect standard Cartesian sequences; for example, undersampling
artifacts can significantly blur the anatomy of interest, while phase inconsistencies
(which occur due to off-resonance effects) between the four echoes acquired during
each TR can degrade image quality[37]. Fortunately, by controlling the degree of
undersampling and by using gradient calibration methods[114] to ensure that signal
from each radial line adds coherently, undersampling artifacts can be minimized.
Additionally, phase inconsistencies between echoes can be reduced by weighting the
data from the echoes, applying a point-by-point phase correction to the echoes, or by

utilizing an iterative reconstruction[115].

In the next section, the utility of this high-resolution sequence in performing

quantitative and semiquantitative perfusion MR is investigated.
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4.4 Quantitative and semiquantitative perfusion MRI in healthy volunteers

and HCC patients

4.4.1 Background

Significant alterations in hepatic perfusion accompany the pathological changes
of cirrhosis in addition to focal malignancies such as hepatocellular carcinoma (HCC)
[32, 116]. In cirrhosis, repeated cycles of hepatocellular injury and scarring lead to
progressive fibrosis of normal liver parenchyma. This increases resistance to hepatic
perfusion, and results in a decreased ratio of portal venous to hepatic arterial flow[116].
Meanwhile, HCC are highly vascularized tumors that draw the majority of their blood
supply from branches of the hepatic artery[5]. The neoangiogenic process
characteristic to these lesions significantly reduces the fraction of blood flow received

from the portal vein relative to normal liver.

Unfortunately, perfusion alterations in cirrhosis and HCC are difficult to assess
using qualitative methods such as MR/CT imaging or liver biopsy. More accurate
quantitative methods are needed to develop further insight into the relationship between
hepatic perfusion changes and the spectrum of chronic liver disease from fibrosis to
cirrhosis. Quantitative perfusion assessment has the potential to enable improved
characterization of pre-malignant liver lesions such as hepatocellular dysplasia, and

could also be used as a non-invasive biomarker to evaluate HCC treatment efficacy.
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For example, multifocal and metastatic HCC are increasingly treated with
sorafenib, an anti-angiogenic agent that has been shown to prolong overall survival in
patients with advanced HCC[30]. Sorafenib is thought to act by disrupting
neoangiogeneis of the arterial blood supply to these lesions. Unfortunately,
quantification of sorafenib treatment response is challenging, since anti-angiogenic
therapy may not cause tumor regression according to RECIST criteria[117]. Non-
invasive quantification of blood flow to HCC holds promise as a means to evaluate
sorafenib treatment response, and may enable targeting of therapy to those patients

most likely to benefit.

Qualitative MRI methods — primarily multiphase dynamic contrast-enhanced MRI
(DCE-MRI) — remain the most accurate means for detection and characterization of
focal liver lesions including HCC[118]. Unfortunately, current implementations of
multiphase DCE-MRI suffer from limited temporal resolution (12-20s / frame [119]) and
an inability to consistently match acquisitions to the desired phases of enhancement.
Recent advances in acquisition methods have resulted in several DCE-MRI sequences
capable of acquiring whole liver volumes with high temporal and spatial fidelity[39, 99,
120]. These sequences provide sub-centimeter spatial resolution to aid the identification
of nascent hypervascular masses, while reducing the per-frame temporal footprint to
improve visualization of enhancement dynamics[121]. In addition to simplifying
radiological diagnosis of HCC, the improved spatiotemporal resolution afforded by these

sequences has direct application to hepatic perfusion modeling.
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Perfusion modeling of hepatic DCE-MRI data has proven challenging due to high
spatial and temporal resolution requirements as well as the need for high SNR[87].
Significant progress towards these requirements has been made in accordance with the
acquisition methods described above, as well as novel approaches to image
reconstruction[122]. However, artifacts from respiratory motion remain a major barrier
to accurate determination of hepatic perfusion parameters. Correction for respiratory
motion using navigators has been attempted[109]. Unfortunately, the liver undergoes
non-rigid deformation during free-breathing[108]. For this reason, local measurement of
diaphragm position is unreliable for whole-liver motion correction. Retrospective motion
correction through view-ordering has also been previously investigated[110]. However,
rapid wash-in and wash-out of contrast restricts the temporal range over which re-
ordering is reliable. This limits the applicability of view-ordering methods in patients with

hypervascular lesions such as HCC.

In this work, we formulate a novel approach to hepatic perfusion modeling
designed to exclude motion-corrupted data acquired between sequential breath-holds.
We subsequently utilize this method to determine whether an additional degree of
freedom in the tissue residue function (TRF) improves fitting of the perfusion model to
the raw data. Lastly, we perform a pilot study to evaluate the performance of resultant
quantitative perfusion parameters — as well as two semi-quantitative measures of
perfusion requiring less computational effort — for differentiating between normal liver,

diseased (cirrhotic) liver and HCC.
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4 .4 .2 Materials and Methods

Theory

For hepatic perfusion analysis, a dual-input single-compartment model of the
liver was utilized[80]. This model accounts for the two vascular inputs to the liver
(hepatic artery and portal vein). It assumes that contrast agent in the intravascular
space (hepatic sinusoids) rapidly equilibrates with the extravascular extracellular space
(EES, ie: Space of Disse). This model has previously been validated in animal studies
acquired using radiolabeled microspheres[87]. Mathematically, the model is described

by the equation:

dcr(t
S = ko[Calt — )] + kp[Co(t = )] — kaCu(t)  [4.15]
where Cy(t), Ca(t) and Cpy(t) represent contrast concentrations in a unit volume of liver
parenchyma, hepatic artery and portal vein, respectively. ks and k, are the arterial and
portal venous inflow rate constants (s™), while k; is the outflow rate constant from the
liver compartment. t, and 1, represent the transit times of contrast between the hepatic

artery/portal vein and liver parenchyma.

Previous work has demonstrated that the values of 1, of 1, are small — typically 1-
2s[86] — when ROls are placed in the aorta and the portal vein near the liver hilum. This

agrees with our observations that intrahepatic arterial and portal venous branches
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enhance rapidly after contrast arrival. Fixed values for 1, and 1, were therefore utilized

during modeling, which allows Eq. 4.15 to be simplified as:

dcp(t)
dt

= kaCaz, (8) + kpCpr, (1) — k2 C(2) [4.16].
Eq. 4.16 is typically rewritten as a convolution to account for the fact that the
impulse response of the unit tissue volume (residue function) is not instantaneous, and

cannot be modeled as delta function, ie:

CL(O) = [kaCame, (8 + Ky Cpr,, ()] ® RL(E) [4.17]

where R (t) is the residue function of the unit volume, or tissue residue function (TRF).
Previous theoretical work has demonstrated that R, (t) is well modeled as an exponential
distribution (e ~*2¢), provided that mixing between the vascular bed and EES
compartment is rapid and complete [93]. This may be a reasonable approximation in a
healthy liver that possesses wide endothelial fenestrae, allowing for rapid exchange of
gadolinium contrast between the intravascular and EES compartments. However, the
exponential model imposes significant constraint on the shape of the residue function.

In diseased hepatic parenchyma, dysplastic lesions and HCC, the shape of the residue
function likely deviates from an exponential distribution. By adding a single additional
degree of freedom to the residue function and constraining it to the form of a Weibull

distribution:
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R(t) = e~ @" [4.18],

where a and b are scale and shape parameters, a variety of behaviors ranging from
exponential decay to step-like decay can be modeled[88]. Permitting this range of
shapes can be highly advantageous, as residue functions corresponding to diseased
liver parenchyma and focal hepatic lesions are likely to differ significantly from normal

liver.

Image Acquisition

All imaging was performed on a clinical 3.0T scanner (Discovery MR750, GE
Healthcare; Waukesha, WI) using a 32-channel torso coil (Neocoil; Pewaukee, WI). A
multi-echo 3D radial spoiled gradient-echo (SPGR) sequence was used to acquire data
continuously for 3 minutes[39, 123]. A real-time display returned low-resolution images
every second to permit breath-hold coordination with contrast arrival. Subjects were
instructed to conduct a 10s pre-contrast breath-hold at mid-expiration, followed by
intravenous injection of gadobenate dimeglumine (0.1mmol/kg at 2.0mL/s) followed by
30mL of saline chaser at the same injection rate. Subjects were subsequently instructed
to perform three 20-25s breath-holds during the arterial, portal-venous and delayed

phases of hepatic enhancement.

Specific scan parameters included: TR=2.7ms, TE=0.4/1.0/1.7ms, flip angle=12°
to balance SNR performance with signal linearity[106], bandwidth=+250kHz, and a

spherical 48cm FOV with 256° matrix for 2.0mm? isotropic true spatial resolution.
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Images were reconstructed using an iterative SENSE algorithm[115] that reconstructed
180 timeframes every 1s with a 4s true temporal footprint. For scans performed after
September 2011, two 3D-SPGR Cartesian acquisitions, one using the 32-channel and
the other using the body coil were also performed to generate a coil sensitivity map.
Scan parameters for the 3D-SPGR acquisitions included: TR/TE = 1.2/0.6 ms, flip
angle=12°, BW = £125 kHz, FOV =48 x 48 x 40cm, and matrix = 256x256 with 1cm

slice thickness. Scan time was 16s for each acquisition. Resultant coil sensitivity maps

(bc(:fly ) were interpolated onto coordinates of the radial acquisition.

For this IRB-approved HIPAA-compliant prospective study, 12 healthy volunteers
and 9 subjects with hepatic cirrhosis and clinically confirmed history of HCC were
imaged after obtaining informed consent between July 2009 and August 2012. One
patient was scanned at three times points: one day before, and three days/two months
after initiating sorafenib therapy. All subjects were instructed to fast for at least four
hours before imaging per routine abdominal MRI protocol at our institution. This was
also important to standardize and minimize the effects of meal related perfusion

changes to the liver.

Post-processing

Breath-hold periods were retrospectively identified using data obtained from a
respiratory bellows, or from the time-signal curve of the k-space origin[124] if bellows
data were unavailable. It was assumed that hepatic motion was negligible during

breath-hold periods[125]. To minimize the effect of shifts in liver position between
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breath-holds, four time-averaged image volumes incorporating frames from pre-
contrast, arterial, portal venous and delayed-phase breath-holds were generated and
registered using the Insight Toolkit[126], implemented with rigid (affine) transformation
and gradient descent using mutual information. The mutual information metric was
chosen because of temporal changes in signal intensity resulting from the
administration of contrast agent. Using the three transformation matrices obtained from
these registrations, each frame from the arterial, portal venous and delayed phase
breath-holds was subsequently registered to the initial (pre-contrast) breath-hold (Figure
4.4). Timeframes acquired during free-breathing were excluded from further analysis

due to intra-frame motion corruption that could not be corrected through registration.

After registration, image volumes were weighted using the coil sensitivity map
(available in 10 of 21 scans) to correct for non-uniform receiver sensitivity. To further
reduce the effect of spatial signal inhomogeneity, signal values at each voxel were

divided by their pre-contrast averages (Sp) to convert the data to enhancement ratios,

S-S,
So

ie: AS= — 1. For subsequent pharmacokinetic modeling, it was assumed that the

relationship between enhancement ratio and contrast concentration was linear. This

has been shown to be a reasonable approximation for the range of concentrations

typically encountered in the liver[91].

Input Function Determination
To generate hepatic arterial and portal venous input functions, an aortic ROI

roughly at the level of the celiac artery and a portal venous ROI at the liver hilum (each
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1cm thick) were manually segmented using thresholding and morphologic erosion
(Matlab; Mathworks, Natick, MA). The aortic ROl was positioned near the center of the
excitation volume in order to minimize inflow effects. Time-signal curves for voxels in
the aortic and PV ROlIs were averaged to generate the arterial input function (AIF) and
portal venous input function (PVIF). Because continuous input functions are required
for pharmacokinetic modeling, the PVIF during free breathing periods was approximated
using piecewise cubic interpolation. The aorta is retroperitoneal and does not move
significantly during free breathing; motion corruption of the AlIF was therefore negligible

and interpolation was not required.

Perfusion Model Fitting

Using the series of registered image volumes, time-signal curves were generated
for each voxel within the hepatic parenchyma after segmenting a large rectangular ROI
containing the whole liver. Motion-corrupted data from free-breathing periods were
excluded from further analysis, and only data acquired during breath-hold periods were

used for perfusion model fitting.

Pharmacokinetic analysis using both exponential and Weibull tissue residue
functions (TRFs) was performed for time-signal curves corresponding to voxels within
the liver. Data were fitted to the perfusion model (Eq. 4.17) using a weighted iterative
nonlinear least-squares minimization based on a trust-region reflective algorithm

(Isqcurvefit; Matlab; Mathworks, Natick, MA). Weights were set so that only data
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corresponding to breath-hold periods were utilized during fitting. No interpolation of

time-signal curves in the tissue parenchyma was performed.

For each time-signal curve, the parameters k, and k,, as well as the shape/scale
parameters a and b (Weibull TRF, Eq. 4.18) and the time constant k» (exponential TRF)
were fit. To initiate the iterative calculation, values of k, and k, were first set to reflect
the perfusion characteristics of normal liver (75% of perfusion from portal vein; 25% of
perfusion from hepatic artery). The initial value of ¢ was set to one so that the initial

shape of both TRFs was identical.

Resultant best-fit values of ka, k,, a, b and k> were used to calculate four

quantitative perfusion parameters:

total hepatic perfusion (min-loog’ assuming a small vessel hematocrit of 0.25 [91, 92])

the arterial fraction = k5 / (katkp)
the contrast mean transit time (MTT)
the volume of distribution (Vp)

hWON =

Voxel-wise parametric maps were generated for each exam to visualize the spatial
distribution of these four parameters throughout the liver. Note that the portal venous
fraction (= kp / (katkp) = 1 — arterial fraction) can also be calculated, but for the sake of

brevity will not be shown or discussed further.

Residue Function Comparison
To ascertain whether the Weibull TRF affords an improved fit to time-signal data

compared to the exponential TRF, average time-signal curves from two 1cm? liver ROls
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(right and left lobes) and an HCC ROI (in tumor patients) were measured in all subjects.
To assess the goodness-of-fit for each TRF, the total sum of squared residuals
(SOSkges) and the bias-corrected Akiake information criterion[127] (AIC) were calculated

for both models. Lower values of SOSges and AIC indicate more accurate fitting.

Perfusion parameters corresponding to these ROls were subsequently calculated
for both models using the fitting procedure outlined above, and results from the right
and left liver ROls were averaged. Differences between the fitted parameters of each
model corresponding to normal liver, cirrhotic liver and HCC were compared using
Student’s two-tailed t-test. Measurement errors for the ROIl-averaged parameters were

based on the variance of the distribution of voxel-wise parameters within the ROls.

Semiquantitative Perfusion Parameters

Two semiquantitative perfusion parameters — contrast time-to-arrival (TTA) and
arterial phase area under curve (AUCap) — Were also calculated for voxels within the
whole-liver ROI. These parameters are model-free relative indicators of tissue
perfusion that may be less sensitive to noise than model-based quantitative perfusion

parameters[128].

Time-to-arrival was defined as the time after aortic enhancement at which a voxel
reaches 80% of its maximum signal. The aortic enhancement time was obtained by
averaging TTAs within the aortic ROI. After calculating hepatic TTAs using this arrival

criterion, voxels whose TTAs fell at the beginning or end of a breath-hold period were
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identified. The time-signal data for each of these voxels were subsequently interpolated
using cubic Hermite polynomials, and TTAs were re-calculated using the interpolated

data.

Arterial-phase area-under-curve (AUC) was defined as the area under the time-
signal curve during the arterial-phase breath-hold (AUCaph). AUCApn Was determined by
summing the signal at each voxel during the arterial phase breath-hold using the
trapezoidal rule. By utilizing only timeframes from the arterial phase breath-hold when
calculating AUCs, differences between normal liver and arterially perfused lesions are
emphasized. Because of inter-patient variations in breath-hold length and cardiac
output, AUCap values for each exam were normalized to the AUC of the aortic ROI

averaged over the breath-hold period (AUCaph = AUCvoxel / AUCaorta)-

Quantitative and Semiquantitative Perfusion Parameter Comparisons

Differences in quantitative and semi-quantitative perfusion parameters were
investigated across the spectrum of hepatic disease represented in this study. Values
of the quantitative perfusion parameters in ROls corresponding to normal liver, cirrhotic
liver and HCC were determined using both the exponential and Weibull TRF models. In
the only patient with multifocal HCC lesions, perfusion parameters from three tumors of
similar qualitative appearance were averaged to avoid biasing the study towards this
patient. Resultant group-wise perfusion parameter estimates were then generated by
averaging across all patients in the two study groups (healthy volunteers and cirrhotic

patients) as well as all HCC lesions. Welch’s test[129] was used to assess differences
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in mean values of the perfusion parameters between the normal and cirrhotic groups; as

well as between diseased liver and tumor within the cirrhotic group.

4 .4 3 Results

Perfusion Modeling using Sequential Breath-Holds

The S-I translations required to register sequential 1s timeframes from the three
post-injection breath-holds to the pre-contrast average (BH1ay, Figure 4.4) in a normal
volunteer are plotted in Figure 4.5. Within each breath-hold, variation in the magnitude
of S-I translation required for registration is minor (sub-voxel). However, shifts of 2-3
voxels between breath-holds were typically required. These shifts are significant and
were corrected with rigid registration. Significant translations (>1 voxel) in the A-P
direction were also required for registration in some subjects. Corrections for translation
in the L-R direction and rigid rotation were typically negligible, but could easily be
corrected using this approach. Details of registration requirements within and between

breath-holds have been described elsewhere[125].

In a small number of cases, rigid registration did not accurately align the portal
venous ROI across the four sequential breath-holds. When this occurred, the
transformation matrix was manually adjusted to ensure that the position of the portal

vein was consistent with the location of the ROI.

Segmented aortic and portal venous ROIs from a healthy volunteer can be seen

in Figures 4.6a and 4.6b, while Figure 4.6c shows the aortic and portal venous input
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functions corresponding to these ROls. This volunteer was instructed to conduct a
single 60s breath-hold during the arterial and portal venous phases of enhancement,
allowing a motion-free PVIF to be obtained over the entire interval. As can be seen in
Fig. 4.6¢, the AIF is a rapidly-changing function during the breath-hold interval which
possesses an initial peak and a second peak corresponding to systemic re-circulation of
contrast agent. However, as expected the PVIF changes more slowly and smoothly,
reflecting contrast dilution and widening of the contrast bolus during transit through the
capillary beds of the gut before arrival in the portal vein. An interpolated PVIF assuming
15s of missing data — roughly the duration of free breathing allowed between the arterial
and portal venous phase breath-holds — can also be seen in Figure 4.6¢c. Because of
the aforementioned characteristics of the PVIF, interpolation is shown to approximate

the actual input function quite well over this interval.

Plots of the average time-signal curves of liver and HCC ROls in a cirrhotic
patient — as well as the result of fitting these data to the perfusion model in Eq. 4.17 —
can be seen in Figure 4.7. Although there are gaps in the raw data due to free
breathing, the fitted time-signal curves closely approximate these data during the
breath-hold intervals. As expected, significant differences in liver and HCC ROI
enhancement patterns exist during the arterial phase. Although the HCC ROI reaches
peak signal (due to high arterial fraction) and starts to decline, the liver ROI only begins
enhancing in the late arterial phase. The liver ROI presumably reaches peak signal
between arterial and PV phase breath-holds, and starts to decline during the PV phase

breath-hold.
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Dual vs. Single Degree-of-Freedom Residue Functions

Figure 4.8 shows plots of the average time-signal curve corresponding to an
HCC ROl in a second cirrhotic patient, with fitted time-signal curves generated using the
exponential TRF (a) and Weibull TRF (b) overlaid. As can be seen in the plots,
perfusion modeling using the Weibull TRF affords improved concordance between the
fitted time-signal curve and the raw data. Quantitative quality-of-fit indicators including
the bias-corrected Akaike information criterion (AlIC) and sum-of-squares residuals
(SOSRes) are correspondingly improved. Figure 4.8c shows plots of the exponential and
Weibull TRFs corresponding to the estimated time-signal curves in Figs. 4.8a/b. The
shape of the residue functions is quite different: the Weibull TRF has adopted more
step-like behavior compared to the exponential TRF. The extra degree of freedom
available to the Weibull TRF has evidently resulted in a significantly different estimate of

the underlying perfusion characteristics of the HCC ROl in this patient.

A comparison of quality-of-fit indicators and estimated perfusion parameters
determined using exponential and Weibull TRFs in normal volunteers (healthy liver),
patients (cirrhotic liver) and HCC can be seen in Table 4.1. The bias-corrected AIC, as
well as the sum-of-squares residuals are considerably lower for the Weibull distribution
compared to the exponential distribution in all groups. This indicates that perfusion

modeling using the Weibull TRF affords improved correspondence to the raw data
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despite the potential instability introduced by increasing the number of degrees-of-

freedom.

With respect to perfusion parameter estimates, there is a statistically significant
difference in the average mean transit time between the TRFs for healthy liver. This
difference is marginally significant in cirrhotic liver and in HCC. There are also
differences in total perfusion across the three groups, although significance is achieved
only in healthy liver. Given these differences in addition to improved quality-of-fit
indicators, it is possible that the Weibull TRF more accurately estimates quantitative

perfusion parameters compared to the exponential TRF.

Quantitative and Semiquantitative Perfusion Modeling

Rapid changes during the time course of lesion enhancement in a patient with
multifocal HCC are visualized in Figure 4.9. As can be seen in Fig. 4.9b, the HCC
lesions quickly take up contrast, but become isointense with surrounding hepatic
parenchyma at 15s (Fig. 4.9d) with subsequent washout during the portal venous phase

(Fig. 4.9e).

Parametric maps of this patient’s liver corresponding to perfusion, MTT, arterial
fraction and Vp, as well as the two semiquantitative parametric maps of TTA and
AUCaph are shown in Figure 4.10. Both the quantitative perfusion and semiquantitative
AUCapn maps in Figs. 4.10a and 4.10b depict increased perfusion to regions coinciding

with the tumors in Figs. 4.9b and 4.9c. The MTT and TTA maps in Figs. 4.10c and
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4.10d also distinguish the tumors from surrounding normal parenchyma; the tumors are
seen to have shorter MTTs and more rapid contrast times of arrival, respectively. The
arterial fraction map in Fig. 4.10e demonstrates decreased portal flow to the HCC
lesions, while the volume of distribution map in Fig. 4.10f does not depict significant

differences in the Vp of lesions and normal liver.

Figures 4.11a-c show coronal reformats depicting the enhancement pattern of an
HCC lesion in a second cirrhotic patient. At 35s after contrast injection, the lesion is
visible as an enhancing region (arrowhead, Fig. 4.11a), which becomes isointense with
surrounding liver parenchyma at 45s (Fig. 4.11b). However, during the portal venous
phase the lesion exhibits washout and capsular enhancement (Fig. 4.11c), features
known to be specific for HCC. Figures 4.11d-f show MTT, arterial fraction and TTA
maps corresponding to the coronal reformats in Figs. 4.11a-c. The HCC lesion does
not demonstrate significantly decreased MTT versus background liver, though the
capsular rim shows increased MTT (Fig. 4.11d, black arrowhead). The arterial fraction
of the HCC is significantly increased (Fig. 4.11e), and the TTA of this region is

correspondingly reduced (Fig. 4.11f).

A comparison of quantitative and semiquantitative perfusion parameters between
normal volunteers (healthy liver) and patients (cirrhotic liver) can be seen in Table 4.2a.
Relative to volunteers, patients demonstrate decreased total perfusion, increased mean
transit time, increased arterial fraction, and insignificant changes in volume of

distribution. The increase in arterial fraction is marginally significant under both the
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Weibull and exponential TRF models, while changes in perfusion and MTT are not
significant. Nevertheless, there is considerable difference in the mean values of these
parameters between the two groups, and these differences would likely achieve
significance with a larger sample size. Of the semiquantitative parameters, TTA is
significantly increased in the patients versus the healthy volunteers, while AUCapy, is not

significantly different between the two groups.

Table 4.2b shows a comparison of estimated quantitative and semiquantitative
perfusion parameters between cirrhotic liver and tumor (HCC) within the patient group.
Average results from HCC in seven patients are reported due to difficulty in segmenting
small satellite lesions in two patients whose primary lesions were treated with
radiofrequency ablation. Statistically significant differences in MTT and arterial fraction
are detected between cirrhotic liver and tumor using both the Weibull and exponential
TRFs. These differences are consistent with tumors receiving primarily hepatic arterial
perfusion. Large differences in total perfusion are also detected using both TRFs.
These differences are marginally significant, due to considerable variance of the mean
perfusion in the tumor group (possibly resulting from lesion heterogeneity). Both
semiquantitative perfusion parameters demonstrate significant differences between
cirrhotic liver and tumor, with more rapid arrival times and increased AUCaph in the ROls

corresponding to tumors.

For the patient with metastatic HCC treated with sorafenib, plots depicting the

effect of sorafenib on both semiquantitative and quantitative (Weibull TRF) perfusion
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parameters corresponding to HCC are shown in Figure 4.12. In this patient, perfusion
parameters of three HCC lesions were calculated and averaged for each scan (pre-
drug; 3 days and 2 months post-drug). Figures 4.12a and 4.12b show the effect of
therapy on total perfusion and AUCapn. Sorafenib decreased perfusion in the lesions
according to both the quantitative and semiquantitative indicators of blood flow. Figures
4.12c and 4.12d show the effect of sorafenib therapy on MTT and TTA; both the
contrast arrival time and transit time of contrast through the HCC are increased. Figure
4.12e plots the arterial fraction, which decreased slightly after initiation of therapy; while

Fig. 4.12f shows a plot of Vp, which is significantly decreased by sorafenib therapy.

4 .4 4 Discussion and Conclusions

The purpose of this study was to formulate a method for hepatic perfusion
modeling using interrupted data from sequential breath-holds, and to test its feasibility.
Our results demonstrate that accurate modeling can be performed when data acquired
during free-breathing is excluded from model fitting. By excluding this motion-corrupted
data, quantitative perfusion parameters can be reliably estimated for sub-centimeter

focal liver lesions such as HCC in addition to background liver parenchyma.

A second purpose of this work was to investigate whether the quantitative
perfusion of normal and diseased liver can be more accurately modeled using a Weibull
versus an exponential residue function. Our results show that in healthy liver, cirrhotic
liver and tumor ROlIs, the Weibull TRF provides a better fit of time-signal curves to the

perfusion model. Our results also show that perfusion modeling using these TRFs
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results in differing estimates of quantitative perfusion parameters, particularly the mean
transit time. Importantly, these changes in perfusion parameter estimates are
consistent with the Stewart-Hamilton relationship (flow=Vp /MTT). Given the improved
fit to raw data afforded by the Weibull TRF, perfusion modeling using this residue
function may generate estimates of hepatic perfusion parameters that are more

accurate than those generated by the exponential TRF.

The final purpose of our work was to determine whether differences in
quantitative perfusion parameters between healthy liver, diseased liver and HCC can be
detected using this approach to perfusion modeling. Results from the comparison
between volunteers and patients demonstrate that large differences in arterial fraction
exist between normal and cirrhotic liver that approached statistical significance. This is
consistent with the expected hepatic pathophysiology, as increased resistance to portal
venous flow in cirrhotic liver is thought to increase the arterial fraction[130]. Results
from the comparison between cirrhotic liver and HCC (Table 4.2b) show significant
differences in MTT and arterial fraction, as well as a large mean difference in total
perfusion that also approached significance. The decreased MTT and increased arterial
fraction of these lesions are consistent with the known pathophysiology of HCC, whose
blood supply is thought to consist primarily of parasitized hepatic arterial branches
resulting from neoangiogenesis[131]. The difference in total perfusion did not achieve
significance due to considerable tumor perfusion variation in different patients, possibly

resulting from between-lesion heterogeneity.
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Importantly, the semiquantitative perfusion parameters (TTA and AUCapr) also
demonstrated significant differences between diseased liver and HCC. The arrival time
of contrast within HCC was more rapid compared to liver, as expected given their
arterial blood supply. Moreover, AUCap, was greater in HCC, indicating that the tumors
received more perfusion than surrounding hepatic parenchyma during the arterial phase
breath-hold. Although differences in AUCaph between liver and HCC may be useful for
identifying hypervascular lesions, it is likely this parameter is only useful as an indicator
of relative perfusion within individual patients. Because AUCap, can vary greatly
depending on cardiac output, the transit time of contrast through the gut, and the length
of the arterial phase breath-hold, it is not specific to intra-hepatic perfusion changes.
This makes between-subject comparisons of AUCap, challenging. TTA may be more
useful for between-subjects comparisons as it has been normalized to the contrast
arrival time in the aorta. However, because the TTA of liver is likely to vary with PV flow

rate, this parameter may also be highly dependent on individual physiology.

Both quantitative and semiquantitative perfusion parameters demonstrated
considerable changes in the patient undergoing treatment with sorafenib. Although the
quantitative perfusion parameters exhibited alterations consistent with anti-angiogenic
therapy (decreased perfusion, increased MTT) after three days, Vp was the only
parameter to change considerably between the three-day and two-month time points.
This is likely due to induction of necrosis within HCC lesions[117]. Interestingly, the
semiquantitative perfusion parameters TTA and AUCap, demonstrated large changes at

both the three-day and two-month time points post-treatment. These parameters may



87

therefore be useful for detecting relative changes in HCC blood flow within patients

shortly after initiation of anti-angiogenic therapy.

The use of a real-time acquisition was extremely helpful to ensure that arterial
and portal venous input functions could be generated for the full duration of scanning.
In addition, we discovered during post-processing that the effect of respiratory motion
on the aorta’s input function was negligible. This is due to a relative lack of motion in
this vessel resulting from its location in the retroperitoneum. Further, the aorta also did
not suffer from phase-ghosting caused by respiratory motion, likely due to our use of a
3D radial acquisition[69]. Thus, the AIF can be determined directly from DCE-MRI data

without the need for interpolation.

However, the PVIF must be approximated during motion-corrupted gaps in the
data. We found that it was possible to interpolate gaps in the PVIF because the PV
uptake curve is very smooth and well-behaved. However, the accuracy of the PVIF
estimate relies on capturing the peak of PV enhancement during the arterial phase
breath-hold. If the peak is not acquired, interpolation will incorrectly approximate the
PVIF during the intervening free-breathing period, resulting in significant error in
estimated perfusion parameters. In this study, breath-hold coaching was initiated with
the arrival of contrast in the right heart as visualized on a real-time low-resolution
display. This allowed for the enhancement peaks of both the aorta and portal vein to be

captured within breath-holds as short as 20s in all subjects.
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The comparison performed in this study to assess the feasibility of detecting
differences in perfusion parameters of normal liver, cirrhotic liver and HCC was limited
by sample size. Nevertheless, statistically significant differences were detected
between cirrhotic liver and HCC with respect to MTT and arterial fraction. Importantly,
values of the quantitative perfusion parameters reported in this study generally agree

with those previously reported in the literature[90, 91].

Further, the accuracy of the perfusion parameters may be limited by several
factors. The most significant of these is the use of signal enhancement ratios for
perfusion modeling versus direct measurement of T4 values. This is necessary due to
the difficulty of performing rapid, high-resolution T4 mapping in the abdomen. Although
it is possible to acquire high-resolution full-liver T4+ maps during a single breath-hold
using advanced relaxometry methods[132], pre-contrast T1 mapping alone is insufficient
to calibrate the MR signal to the dynamic T values which occur during contrast
passage[133]. While bookend methods[105] may be a feasible means of improving T4
calibration, the contrast uptake behavior of HCC lesions — which reach peak signal
shortly after contrast injection — greatly limits their applicability, as arterial-phase signal

in HCC would fall outside the bookend calibration range.

Several additional factors are likely to have influenced quantitative perfusion
parameter accuracy. First, the MR signal saturates at high contrast concentrations —
such as those occurring in the aorta during the first pass of a contrast bolus — when

using fast, low flip angle T1-weighted sequences[87]. However, due to T,* and
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susceptibility effects resulting from these high concentrations, it is unlikely that the
signal-to-T+ relationship of first-pass aortic blood would be linear even if a higher flip
angle were used[102, 134]. Additionally, the reported measures of total hepatic
perfusion are heavily dependent on the value of the small vessel hematocrit employed.
This value determines the effective plasma fraction within the vascular compartments of
the liver. Although the liver's small vessel hematocrit has been estimated
previously[92], there may be variation between individuals. Moreover, because it has
been shown that spins within RBCs can exchange with spins in plasma[135], the
effective volume of the plasma compartment may be underestimated by the small

vessel hematocrit, even if it is known exactly.

Lastly, our study is limited by the use of mutual information-based rigid
registration. Although most of the shifts (translations) between breath-holds were
corrected with registration, in 4/21 subjects the transformation matrices had to be
manually adjusted to ensure that the PV ROI was appropriately situated over the vessel.
Additionally, we did not account for non-rigid deformation of the liver during the
respiratory cycle[108]. Small lesions in different regions of the liver may undergo
motion during free-breathing that cannot be corrected through rigid registration
methods. Fortunately, cirrhotic livers are very stiff, reducing hepatic deformation in
comparison to normal liver. It is possible that non-rigid approaches to registration[111]
may result in more accurate alignment of heterogeneously distributed HCC, but such

approaches were not explored in this work.



90

Future work will focus on adding fat saturation to the acquisition by exploiting the
different TEs of the four half-echoes to perform multipoint fat-water separation[136].
Additionally, the relationship between SNR and perfusion parameter accuracy will be
investigated to determine the minimum uncertainty of parameter estimates that can be
achieved at a given spatial and temporal resolution. This will allow for optimization of
scan parameters for hepatic perfusion MRI, balancing spatiotemporal resolution

requirements with SNR.

In conclusion, this study has demonstrated the feasibility of perfusion modeling
using interrupted data from sequential breath-holds. We have also shown that modeling
the tissue residue function using a Weibull distribution improves fitting of raw data and
permits more accurate estimation of hepatic perfusion parameters. Finally, we have
shown that our perfusion quantification method is sensitive to differences in blood flow
between normal liver, cirrhotic liver and HCC. Our results are encouraging, and
demonstrate that perfusion modeling may have clinical utility for measuring anti-
angiogenic treatment response in HCC. This approach to perfusion modeling should be
applicable to other MR or computed tomography (CT) acquisitions that utilize
interrupted data in multiple sequential breath-holds. This approach may also be useful
for characterizing other focal hepatic lesions including metastatic disease. Whether
decreased perfusion after anti-angiogenic therapy correlates with improved survival in
patients with HCC or other malignant lesions remains an important but unanswered

question that warrants further investigation.



Table 4.1: Comparison of quality-of-fit indicators and quantitative perfusion parameters corresponding to Weibull and
exponential residue functions.

Volunteers (n = 12) Patients (n = 9) HCC (n=7)
Exponential Weibull p Exponential Weibull p Exponential Weibull p
AIC -303.38 -319.63 -267.17 -271.58 -203.39 -222.66
SOSRges 0.573 0.388 0.766 0.674 2.103 1.461

Perfusion’ 213+ 20 175+ 53 0.02 165 + 28 140 + 51 0.32 473 +44 383 £ 62 0.13
MTT 123+09s 155+4.2s 0.01 148+£20s 206+41s 0.07 78+16s 98+35s 0.09
Art. Frac. 14 + 8% 15+ 14% 0.56 37 £ 16% 39+ 23% 0.33 77+217% 73+12% 0.16
Vp 30 £4% 31+13% 0.63 29+ 6% 31+8% 0.46 27 £ 13% 28+13% 0.28

"mL/min/100g

16



Table 4.2: (a) Comparison of quantitative perfusion parameters corresponding to hepatic parenchyma between healthy
volunteers and cirrhotic patients. Results using both exponential and Weibull TRFs are shown. (b) Comparison of
quantitative perfusion parameters between background (cirrhotic) hepatic parenchyma and HCC.

d Exponential TRF Weibull TRF
Volunteers Patients p Volunteers Patients p
Perfusion’ 213+ 20 165 + 28 0.23 175 £ 53 140 + 51 0.35
MTT 12.3+09s 148+20s 0.22 155+42s 206+41s 0.16
Art. Frac. 14 + 8% 37 £16% 0.08 15+ 14% 39 +23% 0.07
Vb 30 +4% 29 £ 6% 0.79 31+13% 31+8% 0.98
TTA 256+42s 37.7+11.2s 0.01
AUC 013+£0.04 0.12+£0.05 0.90

"mL/min/100g

b Exponential TRF Weibull TRF
Liver HCC p Liver HCC p
Perfusion’ 165 + 28 47344  0.08 140 = 51 383+62 0.09
MTT 148+20s 7.8+16s 0.01 206+41s 9.8%35s 0.01
Art. Frac. 37 £ 16% 77£17%  0.03 39+£23% 73+12% 0.04
Vo 29 + 6% 27+13%  0.80 31+8%  28+13% 0.71
TTA 37.7+11.2s 155+6.1s <0.01
AUC 0.12+0.05 0.29+0.11 0.02

"mL/min/100g

Z6
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Figure 4.4: Schematic representation of the acquisition and post-processing of DCE-
MRI data for perfusion modeling. After contrast injection, a real-time display on the
scanner console is used to coordinate breath-hold coaching with contrast arrival in the
right heart. After scan completion, breath-holds are retrospectively identified, and
average image volumes corresponding to arterial, PV and delayed phase breath-holds
are generated. These breath-hold-averaged images are registered to the pre-contrast
mask (BH14,), and the three resultant transformation matrices are used to register
timeframes within each breath-hold to BH1 .
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Figure 4.5: Rigid registration-derived correction in S-I translation during a breath-hold is
insignificant (sub-voxel), while translations between breath-holds are significant and
must be corrected. After registering each 1s frame from the three post-contrast breath-
holds to the pre-contrast average, S-I translation magnitudes were determined and
plotted for each frame. As seen in the plot, variations in S-I translation correction within
a breath-hold are negligible, but between breath-holds are 2-3 voxels in magnitude.
Shifts of 5 voxels (1cm) between breath-holds occurred in some patients.
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Figure 4.6: Interpolation of the PVIF during free-breathing accurately reproduces the
input function during motion-corrupted gaps in DCE-MRI data. (a and b) Arterial-phase
axial and sagittal images of a healthy volunteer show aortic and portal venous ROls
(dotted lines) appropriately situated in the respective vessels (arrowheads). (c, left)
Time-signal curves corresponding to the aortic and portal venous ROls in a volunteer
who conducted a 55s breath-hold during the arterial and PV phases of hepatic
enhancement. The PVIF is interpolated between the end of this breath-hold and the
beginning of the subsequent breath-hold at 105s. (c, right) Time-signal curves of the
actual PVIF and the interpolated PVIF calculated over a simulated free-breathing period
(generated by excluding 15s of data between presumed arterial and PV phase breath-
holds) are shown.
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Figure 4.7: Excellent fitting of the quantitative perfusion model to raw data can be

achieved even with gaps in the data during periods of free-breathing. An averaged
time-signal curve in a liver ROI (points) is shown with fitted time-signal curve using the

Weibull TRF overlaid. An average time-signal curve for an HCC ROI (triangles; fitted
curve also overlaid) is shown for comparison. Note the early arrival of contrast in an
HCC compared to adjacent liver parenchyma, as well as the relationship of these

curves to the AIF (dashed line) and PVIF (dotted line). Also note that the PVIF reaches

its peak before the end of the arterial phase breath-hold.
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Figure 4.8: The Weibull TRF affords improved fit of the perfusion model to the raw data
versus the exponential TRF. Fitted time-signal curves generated using (a) exponential
and (b) Weibull TRFs overlaid on raw data demonstrate significant differences, with the
Weibull model more closely approximating data on visual inspection. Quality-of-fit
indicators AIC and SOSges are improved for the Weibull versus the exponential residue
function. (c) Plots of the fitted Weibull and exponential residue functions. The Weibull
TRF takes on a significantly different shape, and is more step-like in appearance.
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Figure 4.9: Temporal behavior of HCC lesions relative to normal liver during a DCE-MRI scan. Innumerable HCC lesions
are not evident on the pre-contrast mask (a), but begin to enhance during the early arterial phase (b, white arrow). The
lesions demonstrate obvious enhancement a few seconds later (c), but become difficult to distinguish from normal liver at
the end of the arterial phase breath-hold (d). The lesions show washout during the portal venous phase breath-hold (e).
Note that the arrow points to a single lesion on both axial and coronal reformats, demonstrating the isotropic spatial
resolution of the radial acquisition.

86
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Figure 4.10: Whole-liver maps of quantitative and semiquantitative perfusion
parameters depict significant differences between HCC and hepatic parenchyma. (a
and b) Perfusion and AUCapn maps show increased blood flow to HCC relative to
normal liver. (c and d) MTT and TTA maps show decreased transit times and more
rapid arrival times of contrast to HCC lesions, respectively. (e) An arterial fraction map
shows significantly increased arterial perfusion within HCC. (f) The volume of
distribution of HCC is not significantly different from that of surrounding liver tissue.
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Figure 4.11: (a-c) Coronal reformats depicting progressive enhancement of an HCC
lesion (arrowhead). The hepatic artery (a) and portal vein (b) can be seen (arrows). In
(c), washout and capsular enhancement are noted, features very specific for HCC. (d-f)
Coronal reformats with overlaid MTT, arterial fraction and TTA parametric maps. The
HCC does not show decreased MTT in this patient, but the tumor capsule shows slightly
increased MTT relative to background liver (d, arrowhead). The HCC does
demonstrate increased arterial fraction (e) and decreased TTA (f).
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Figure 4.12: Quantitative and semiquantitative perfusion parameters corresponding to
HCC lesions change in response to sorafenib therapy. (a and b) Plots of total perfusion
and AUCaph averaged over three HCC lesions in a patient before, three days after and
two months after sorafenib treatment. Both the quantitative and semiquantitative
parameters show decreased total perfusion. Normal liver is shown for comparison. (¢
and d) Plots of mean transit time and time-to-arrival show increased MTT and TTA in
HCC lesions after sorafenib therapy. (e) HCC show somewhat increased arterial
fraction and (f) significantly decreased Vp in response to sorafenib therapy. Error bars
for the liver ROI are suppressed in (f).
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Chapter 5: Summary and Future Work

5.1 Summary

The contribution of this dissertation may be summarized as follows:

Detection of Ethiodized Oil after TACE Treatment with IDEAL Imaging

Four patients were imaged after TACE-based treatment of focal hepatic lesions.
These patients were imaged with IDEAL after completion of TACE therapy. Because
the chemotherapeutic agents used during TACE are emulsified in ethiodized oll, it was
plausible that the ethiodol distribution within the liver could be visualized using IDEAL
imaging. Unfortunately, we have shown that this is not the case in all patients. Further
experimentation focused on IDEAL imaging in a porcine model immediately after
injection of an ethiodol bolus followed by embolizing microspheres. The purpose of this
work was to determine whether ethiodol can be visualized in the short-term (15 minutes)
after injection when its concentration is highest. Although a small amount of ethiodol
could be seen on the IDEAL fat-only image, a significant amount of the substance was
seen on CT. Evidently, IDEAL is not as sensitive as CT to the low concentrations of
ethiodol which occur in the liver after injection of 10-20 mL of the substance during
TACE. Despite the conflicting results of this work, it has been published as an ISMRM

abstract[137].
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Visualization of renal transplant vessels using VIPR-SSFP and Cartesian SSFP (IFIR)

Imaging of 21 renal transplant patients using the VIPR-SSFP sequence with
comparison to a clinical gold standard method of NCE-MRA (IFIR) demonstrated that
VIPR-SSFP affords significantly improved visualization of venous vessels as well as
improved fat saturation. However, IFIR still provides better visualization of arterial
vessels due to its use of an inversion pulse to null signal from static tissue. When IFIR’s
inversion pulse is disabled, it gains contrast in venous vessels and fluid collections
similar to VIPR-SSFP, but the latter’'s improved fat-sat and robustness to motion make it
an improved alternative to this variant of the IFIR sequence. This work has
demonstrated that it is likely necessary to image renal transplant patients with both
inflow-weighted (IFIR) and non-weighted (VIPR-SSFP) methods so that several
important vascular pathologies can be visualized. A manuscript of this work has been
prepared and is process of being re-submitted. This work has also been published as

an ISMRM abstract[138].

Dynamic Contrast-Enhanced MRI and Quantitative Perfusion Modeling in the Liver

Dynamic contrast-enhanced MR imaging scans were performed in 12 healthy
volunteers and 10 HCC patients using RT-VIPR. A method was developed to perform
quantitative perfusion modeling using only DCE-MRI data acquired during sequential
breath holds. Subsequent application of this method demonstrated that differences in

quantitative and semiquantitative perfusion parameters exist between normal and
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diseased liver; as well as between diseased liver and tumor. A manuscript of this work
is currently in preparation. It has also been partially published as an ISMRM

abstract[125].

5.2 Future Work

Detection of Ethiodized Oil after TACE Treatment with IDEAL Imaging

Although it was difficult to detect residual ethiodol after TACE treatment in
several patients approximately 24h after the procedure was completed, small amounts
of ethiodol were detected on IDEAL imaging in a porcine model immediately after
ethiodol injection. It is possible that the IDEAL sequence is insensitive to the fat proton
resonances of ethiodol because the IDEAL model is calibrated to detect subcutaneous
fat. This hypothesis is corroborated by the work of Yin, et al. [63] who show that lipiodol
can be detected in the liver of a rodent model using chemical shift-based fat-water
imaging after calibrating this method to the "H NMR spectrum of the lipiodol. Future
work in this area should focus on making similar modifications to IDEAL after
measurement of the "H NMR spectrum of ethiodol. Unfortunately, because ethiodol has
been discontinued by its manufacturer, further experiments utilizing this substance will

be difficult to perform until its manufacturing is resumed.
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Visualization of renal transplant vessels using VIPR-SSFP and Cartesian SSFP (IFIR)

Although VIPR-SSFP was demonstrated to be superior to IFIR with respect to
venous visualization quality and quality of fat suppression, IFIR still afforded higher
arterial visualization quality. The work presented in this thesis therefore indicates that
comprehensive NCE-MRA exams of kidney transplant patients should involve use of
both sequences so that a range of arterial and venous vascular pathology can be
detected. Future work should focus on pursuing the clinical application of both of these
methods for routine renal NCE-MRA,; as well as the possible inclusion of a non-inflow-

weighted variant of IFIR in the clinical protocol.

Dynamic Contrast-Enhanced MRI and Quantitative Perfusion Modeling in the Liver

The work presented in this dissertation has demonstrated the feasibility of
quantitative perfusion modeling using data from hepatic DCE-MRI with gaps due to free-
breathing. However, there are several potential avenues of advancement remaining in

this field.

First, the rigid-body mutual-information-based registration method failed in
several cases when registering image volumes from sequential breath holds. This
required manual alignment of the image volumes to ensure that the portal venous ROI
was consistent in all timeframes. It is possible that the MI-based registration failed

because non-suppressed fat signal was heavily weighted in the registration process.
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Additionally, because the liver deforms non-rigidly, application of a rigid registration
process to hepatic DCE-MRI data is suboptimal. Future work should investigate the
utility of non-rigid, information-based registration methods for registration of breath hold

image volumes.

Next, the potential application of T4 calibration methods and AlF correction
methods to the RT-VIPR sequence should be investigated. If the spatial resolution of
the acquisition is decreased, it may become possible to perform volumetric T4
acquisitions before and after completion of the RT-VIPR scan; this would allow for
application of the bookend method to effect T4 calibration. Although signal within
hypervascular lesions such as HCCs might fall outside of the bookend calibration range,
this method will likely serve to generate a more linear relationship between MR signal

and contrast concentration than that which exists for enhancement ratio-based data.

Finally, it may be valuable to perform rigorous investigation of the SNR properties
of the RT-VIPR acquisition and the relationship of these properties to the confidence
intervals of quantitative perfusion parameters. Additionally, determination of the
Cramer-Rao bound for estimates of these parameters would serve to provide some
indication of whether the parameters have the potential to become clinically valuable
quantitative biomarkers given the magnitude of differences expected to exist between

healthy and diseased liver.
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Although relationships between the quantitative and semiquantitative parameters
may exist — particularly AUCapn and perfusion — these relationships are likely complex
and may be dependent on each patient’s physiology as well as the timing of breath-
holds during a particular exam. For example, if the arterial phase BH is delayed in one
exam relative to another while all other parameters remain identical, the AUCap, would
increase due to measurement of later timeframes where contrast has entered the liver
though the portal vein. Nevertheless, it is possible that simple relationships may exist if
certain measures of standardization are taken (e.g., BH timing made is consistent
between exams). An example depicting a possible linear relationship between AUC apn

and perfusion can be seen in Figure 5.1.
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Figure 5.1: Scatter plot of AUCxp, and normalized perfusion values in healthy
volunteers determined using an exponential TRF. Ellipses indicate standard
errors in these parameters. A red line depicting a possible linear trend can be
seen overlying the points; this line represents the result of a linear least-
squares regression with each point weighted inversely to its uncertainty.
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