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Abstract

The goal of this study was to assess the ability of quantitative T1 cardiovascular magnetic
resonance (CMR) imaging to calculate liver extracellular volume (ECV) in patients with varying
degrees of congestive hepatopathy (CH). T1 measurements and ECV calculations were performed
retrospectively in three cohorts of patients: normal cardiac function, tetralogy of Fallot (TOF)
repair and Fontan palliation. All CMR studies included modified look-locker inversion recovery
(MOLLI) T1 mapping scans performed pre and post injection of a gadolinium based contrast agent
(GBCA). Pixel intensity data was manually collected from images of the liver and cardiac blood
pool to determine contrast-induced changes in T1 for liver and blood. This data was then used to
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compute liver ECV. 172 subjects were included in the study. Of these, 140 subjects were normal
cardiac function patients, 16 were TOF repair patients and 16 patients were with Fontan palliation.
A statistically significant difference in both the liver native T1 and ECV measurements was found
between patients with normal cardiac function vs. Fontan palliation patients (p<0.01). Our data
indicates that measuring T1 maps both pre and post GBCA injection within CMR scan session can
be used to follow progression of liver fibrosis. This technique has the potential to improve
diagnosis and treatment of patients with chronic liver disease and liver fibrosis.

Keywords

Liver fibrosis; congestive hepatopathy; tetralogy of Fallot; Fontan; magnetic resonance imaging;
T1 maps

Background

Surgical repairs of congenital heart disease, such as the tetralogy of Fallot (TOF) repair and
Fontan palliation, allow many patients with congenital heart disease to survive into
adulthood. The Fontan operation is a single ventricle repair that reroutes blood from the
inferior vena cava and superior vena cava directly to the pulmonary arteries without passing
through the right ventricle. This procedure can result in passive hepatic venous congestion
(PHVC) in the liver. The TOF surgical repair provides relatively normal cardiac blood flow
through the heart, but overtime, the right ventricle may become volume or pressure
overloaded due to pulmonary artery regurgitation or stenosis and often requires additional
surgical repair of the right ventricular outflow in adulthood [1]. Both surgical procedures can
result in chronic PHVC.

Any congestive cardiac failure or right ventricular infarction can cause PHVC [2]. When
PHVC persists over an extended period of time, it can result in congestive hepatopathy (CH)
[2, 3]. The hepatic fibrosis that occurs in CH is related to the severity of PHVC and duration
of the cardiac anomaly causing said PHVC [3]. The degree of PHVC is much greater in
Fontan palliation patients than in TOF repair patients, due to the drastic change in venous
blood flow. Thus, patients with the TOF repair have minimal risk of developing CH, while
the risk for CH is much more significant in patients with the Fontan palliation.

Chronic liver injury and hepatic congestion ultimately lead to excess extracellular volume
(ECV) in the liver due to scaring and interstitial fibrosis [4]. In chronic liver disease, hepatic
fibrosis disrupts liver structure and function and can progress to cirrhosis [5]. Currently, liver
biopsy serves as the gold standard for detecting liver fibrosis; however, this method comes
with significant drawbacks, including risk of complication, need for sedation, sampling error
and high cost [4, 6, 7]. Determining the magnitude of liver fibrosis is critical to stage
disease, establish prognosis and monitor progression. Early intervention in patients with
mild liver fibrosis has been found to halt fibrosis progression [5, 8]. Therefore, it is essential
to develop an accurate, reproducible tool to detect early stages and progression of hepatic
fibrosis.
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Cardiovascular magnetic resonance (CMR) is routinely performed in Fontan and TOF
patients as surveillance of cardiac function and flow. T1 proton relaxation time is a useful
feature of CMR used to characterize myocardial and liver tissue [9, 10]. Values for T1 are
based on the chemical and physical environment of water protons within each tissue, so
every tissue has a unique identifiable value [11]. Edema and inflammatory changes due to
congestion can contribute to this unique proton environment within the liver [12].

Due to its proximity to the heart, a large portion of the liver is imaged during the T1
mapping sequence of CMR imaging. The purpose of this exploratory study was to
retrospectively evaluate hepatic ECV measurement through CMR using T1 maps with and
without a GBCA in a cohort of patients with cardiac function that varies from normal to
compromised.

A retrospective analysis of CMR images from patients with normal cardiac function, TOF
repair and Fontan palliation was performed. The picture archiving computer system (PACS)
(Merge; Chicago, IL, USA) was searched for all patients who had a dedicated CMR
examination. Only CMR examinations which included modified look-locker inversion
recovery (MOLLI) sequences of T1 maps performed with and without contrast were
selected. As part of a standard clinical CMR protocol, a cardiac gated MOLLI based T1
mapping was performed in these patients pre and approximately 10 minutes post contrast to
quantitatively assess cardiomyopathy. FDA approved vendor provided MOLLI sequence
parameters were used [10]. 3 slices along short-axis view were acquired. Left lobe of the
liver was mostly included in the field of view of acquisition. The gadolinium based contrast
agent (GBCA) used in the study was gadoterate meglumine (DOTAREM, Guerbet LLC,
Bloomington, IN, USA). Normal cardiac function patients that met the imaging criteria were
selected from August 1st, 2016 to May 31, 2017. Normal cardiac function was defined by
reports that were read as ‘normal’ based on values that fell in the ‘normal’ range by CMR
analysis [13]. Liver function tests (LFT) were available in a minority of patients with
cardiomyopathy leading to the assumption that there was no significant liver disease present
in this group. TOF repair and Fontan palliation patients that met the imaging criteria were
selected from January 15t, 2014 to May 315t, 2017, due to the small sample size. LFT’s were
not available for patients with TOF repair. For 14 patients with Fontan palliation, Gamma-
glutamyltransferase (GGT) were elevated above normal levels and biliruben was below
normal level. Alanine transaminase (ALT) and Aspartate transaminase (AST) were within
normal range. LFT’s were not available for 2 patients with Fontan palliation. Hematocrit
(HCT) values were used in equations to estimate liver ECV. Due to small sample size, TOF
and Fontan patients were included in the study if they were missing HCT values. Seven
patients were missing HCT values: 6 with TOF, 1 with Fontan palliation. For this subset, the
HCT value was estimated to be 45% (Normal range: 40 — 50%) [14]. Exclusion criteria for
TOF and Fontan subjects included missing the T1 mapping sequence. Exclusion criteria for
normal cardiac function subjects included missing a HCT value, having elevated cardiac
enzymes, Fabry disease and duration between the HCT value and CMR scan exceeding two
days.
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All CMR images were acquired on a 1.5T Phillips Ingenia scanner (Philips Healthcare, Best,
The Netherlands) equipped with a gradient system with a maximum amplitude of 45 mT/m
and a 200 mT/m/msec slew rate. Imaging was performed with an anterior-posterior Torso
coil combination. 3 ROIs on 3 individual slices were traced in the liver and 1 ROl was drawn
in the cardiac blood pool (Figure 1). Liver ROI’s were carefully drawn to exclude any blood
vessels and included as much of the liver parenchyma as possible while staying ~2 mm
inside the boundary and avoiding any major signal heterogeneity. The blood pool ROl was
carefully drawn to exclude any myocardium. Care was taken to copy the ROI’s as closely as
possible on both the pre and post contrast scans. The values from the 3 ROIs drawn on the
liver were averaged for both the pre and post contrast data. Liver ECV values were
calculated based on the following equations using the means for both pre and post contrast
values [11]:

A 1/ 1/

Rl. =1/Tl,. - T,
liver liver—post liver—per

AR1 =1/T1 1/T1

blood blood—post T blood—per

ECVliver = (ARI /ARlblood) * (100 — HCT)

liver

where ECV and HCT values are given as percentages.

For all included patients complete sets of data (ARLjiver, AR1pi00d» ECViiver) Were recorded.
All normal cardiac function patients (140 subjects) were screened and did not have any
cardiac dysfunction that would cause hepatic abnormality. Statistical analyses of mean T1
native liver and liver ECV values for the normal cardiac function patients, TOF patients and
Fontan palliation patients were performed. Continuous variables were summarized with
mean and standard deviation (SD) and were compared between categories (Normal cardiac
function, TOF, Fontan) using one way ANOVA. The categories for normal cardiac function
and TOF repair were grouped together and compared to the Fontan group. Receiver
operating characteristic (ROC) curves were generated to illustrate the diagnostic ability
using mean T1 native liver value and liver ECV. The area under the curve (AUC), sensitivity
and specificity at the optimal threshold were reported. Logistic regression models were
conducted to evaluate the correlation between categories and native liver T1 and ECV
adjusting for T1 post liver, delta R1 liver and as the covariates. Model selection was based
on a stepwise-criterion. All analyses were performed using SAS version 9.3.

This study was approved by the Institutional Review Board and all study procedures were
performed in a HIPPA compliant manner.

337 patients met the exam date inclusion criteria. Of these, 30 were missing the T1 mapping
sequence, 1 had elevated cardiac enzymes, 5 had Fabry disease, 60 were missing HCT
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values and 69 had more than a two day difference between their CMR scan date and HCT
date and were subsequently excluded. After exclusion, 172 patients were included in the
study. Of these, 140 patients were considered normal cardiac function patients, 16 were TOF
repair and 16 were Fontan palliation. Demographics and clinical data are shown in Table 1.
Summary of age, mean T1 native and mean liver ECV data are shown in Table 2 with
standard deviations. Breakdown of specific disorders found within the included cohort can
be found in Table 3 and it should be noted that the hypertrophic cardiomyopathy were
genetic carriers but had not manifested the phenotype at the time of imaging.

For the generation of the ROC curves, the data was grouped according to assessed cardiac
condition or surgical procedure performed. The Fontan group was analyzed against the
combined normal cardiac function and TOF groups. ROC curves were developed for each
covariate, including mean T1 native liver, mean T1 post liver and liver ECV. After analysis
of each ROC curve, the mean T1 native liver and liver ECV curves had the highest
sensitivity, specificity and AUC compared to the other covariate ROC curve. The other
covariate curve, mean T 1 post liver, produced an AUC of 0.653, a sensitivity of 0.56 and a
specificity of 0.68. The mean T1 native liver ROC curve produced an AUC of 0.786, a
sensitivity of 0.75 and a specificity of 0.88 (Figure 2). The cutoff value for the mean T1
native liver ROC = 996. The liver ECV ROC curve produced an AUC of 0.869, a sensitivity
of 0.81 and a specificity of 0.83 (Figure 2). The liver ECV ROC produced a cutoff value of
55.

Statistically significant results were identified within the mean T1 native data, between the
normal cardiac function vs. the Fontan groups (p<0.01) (Figure 3). Statistically significant
results were also found within the liver ECV data, between the normal cardiac function vs.
Fontan and the TOF vs. Fontan groups (Figure 4).

Discussion

Prior studies have examined the measurement of liver fibrosis through MR techniques [15].
Chow et al., found that quantitative MR could detect longitudinal changes in mouse liver
fibrosis models [12]. Studies have found success in staging cirrhosis using MR techniques,
but the optimal process to stage early fibrosis is still being developed [15-17]. Cardiac gated
native T1 mapping using MOLLI is shown to be the superior diagnostic tool for detecting
early stage liver cirrhosis and has been shown to be more accurate than T2 mapping and
diffusion weighted MR imaging of the liver [15, 18, 19]. Our study adds to this knowledge
by looking at readily available pre and post-contrast data that were acquired as part of
routine CMR study. In our study, using native T1 values, we found statistically significant
differences in T1 value between patients with normal cardiac physiology and patients with
Fontan palliation (p<0.01); and using ECV, which includes data from pre and post contrast
images, statistically significant values were observed between the normal cardiac function
vs. Fontan and the TOF vs. Fontan groups showing that using pre and post contrast data adds
more value as compared to single native T1 measurement. T1 measurements correlate with
the presence of elevated extra-cellular water and increase in T1 value reflects elevated extra-
cellular water. Although cardiac gating is unessential for T1 mapping of the liver, in its
current version, the FDA approved vendor provided implementation of MOLLI is designed
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for cardiac applications. Our ‘normal’ liver T1 values agree with previously published T1
values using the same technique [15, 19].

The small increase in the native T1 and ECV of TOF patients did not show a significant
difference when compared to the normal cardiac function group. The TOF group was
included to see if we could identify an intermediate group that may have mild CH and to
help inform sample size calculations needed for future studies. Based on our data, to detect a
difference in ECV between TOF and normal controls when the mean ECV was 29 for
normal controls and 31 for TOF, with a SD of 7, we would need 194 subjects per CH group.
However, if we assume the mean ECVs are 27 for normal controls and 32 for TOF, with a
SD of 7, only 32 subjects per group would be needed. Future prospective studies would
improve our understanding of the role of MR technology in assessing liver fibrosis related to
CH.

Future progress in expanding this subject area is critical to developing T1 mapping to stage
liver fibrosis and CH. While MR elastography derived liver stiffness value has been widely
used as a non-invasive biomarker of liver fibrosis, it needs additional hardware and software
that may or may not be available during CMR studies [20-22]. In our study, MOLLI based
T1 mapping was acquired for the myocardium as part of standard clinical care. It may be
possible to evaluate and follow native T1 of the liver without contrast to evaluate fibrosis in
the liver over the course of the disease, but we suspect that measuring ECV will be a more
powerful method. Furthermore, future studies should widen the scope of methods used to
detect liver fibrosis in patients. Alternate methods, that may enhance the value of T1
mapping and measurement of ECV when used in multi-parametric combinations, include T2
mapping, diffusion weighted imaging, MR perfusion, MR elastography and serologic
markers of fibrosis [18, 21, 22].

Conclusions

T1 native liver values and ECV values calculated after GBCA administration show promise
in identifying fibrotic changes in the liver during routine CMR imaging of patients with
congenital heart disease. This process has the potential to be an accurate, safe and cost
effective alternative to liver biopsy. This same imaging technique could be utilized in
patients with other liver diseases to monitor fibrosis.

Limitations

While the data shows encouraging results from this study, there were limitations. Liver
biopsy staging of fibrosis was not available in this cohort. At this time, liver biopsy is
needed to stage liver fibrosis. This study had a disproportionate ratio of males to females;
155:17. However, we expect to see similar results in both males and females. Additionally,
we tacitly assume reproducibility of T1 measurements within a patient. Furthermore, the
estimation of 38% of the TOF population’s HCT value, estimated to be 45%, probably had
an effect on the accuracy of the ECV. However, a 5% error in actual HCT would only result
in a 2.5% difference in ECV and since the standard deviation of ECV in this group was
10.8% it would require an error of 20% in the HCT to result in substantial bias. Additionally,
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the HCT in most TOF subjects is in the normal range. Using patients with cardiomyopathy
as the normal cardiac function control group does not assure normal liver conditions since

all subjects have an underlying medical or genetic diagnosis. However, upon review of

individual medical records, it is likely these normal cardiac function patients have normal
livers. Our study was done at a single tertiary care children’s hospital, and hence the age

range of our patient population is skewed towards a younger age group. Despite these
limitations, we believe this cohort and contrast provided reliable data for the study.
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Figure 1.
Three ROI’s were drawn on the patient’s liver then averaged and one ROl was drawn on the

cardiac blood pool. Performed for all CMR images both pre and post contrast. The figure
above shows an anatomical image, proton density weighted dark blood double inversion
recovery turbo spin echo (A), a pre contrast T1 map (B) and a post contrast T1 map (C).
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Figure 2.
ROC curves generated for mean T1 native liver (A) and liver ECV (B). Graphs created by

grouping the Fontan category against the normal cardiac function and TOF category.
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Figure 3.
Three T1 native liver measurements were averaged and recorded for all 172 subjects. Data

was found to be significantly different (p = 0.0024) between the normal cardiac function and
Fontan categories. A significant statistical difference could not be found between the TOF
and Fontan groups (p = 0.0622), possibly due to the small sample size.
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Figure 4.

One liver ECV calculation was performed for each of the 172 total subjects. Data was found
to be significantly different (p = 0.0002) between the normal cardiac function and Fontan
groups. Additionally, data was found to be significantly different (p = 0.0098) between the

TOF and Fontan categories.
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Table 1
Summary of Demographic and Clinical Data

Number of Subjects Male 155
Female 17

Cardiac Function Evaluation or Prior Surgical Repair | Normal Cardiac Function | 140
TOF 16
Fontan 16

Age (y) Age Range Number of Patients | Mean Age
0.0t09.9 10 8.7
10.0t0 19.9 114 14.2
20.0t0 29.9 34 23.6
>30.0 14 39.7
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Summary of Age, Mean Native T1 and Mean ECV Values of Included Cohort

Table 2

Condition N Mean Age (y) | Mean Native T1 (SD) | Mean ECV (SD)
Normal Cardiac Function | 140 15.5 587 (64) 29.3(5.5)
TOF 16 32.2 610 (151) 30.7 (10.8)
Fontan 16 23.9 706 (130) 40.5 (9.3)
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Summary of Subject Diagnoses

Disorder Number
of
Subjects
Normal Cardiac Function 140
Duchenne Muscular Dystrophy 111
Hypertrophic Cardiomyopathy * 8
DMD Carrier 9
Becker’s Muscular Dystrophy 7
Other 5
Tetralogy of Fallot 16
Fontan Palliation 16

Table 3

*
Phenotype negative, genotype positive hypertrophic cardiomyopathy.
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