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Cardiac MRI T2* in Liver Transplant Candidates:
Application and Performance of a Novel Imaging
Technique to Identify Patients at Risk for Poor

Posttransplant Cardiac Outcomes
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Background. In end-stage liver disease, alterations in iron metabolism can lead to iron overload and development of iron over-
load cardiomyopathy. In liver transplant candidates, evaluation for cardiac iron overload and dysfunction can help to identify can-
didates at increased risk for peritransplant morbidity and mortality, though recommendations for pretransplant evaluation of
cardiac iron overload are not standardized. Cardiac Magnetic Resonance Imaging T2* (CMRI-T2%) is a validated method to quan-
tify cardiac iron deposition, with normal T2* value of 20 ms or greater. In this study, we sought to identify the incidence and pre-
dictors of iron overload by CMRI-T2* and to evaluate the impact of cardiac and iron overload on morbidity and mortality after
liver transplantation. Methods. In this retrospective single-center cohort study, all liver transplant candidates who underwent
a pretransplant CMRI-T2* between January 1, 2008, and June 30, 2016, were included to analyze the association between clin-
ical characteristics and low T2* using logistic regression. Results. One hundred seventy-nine liver transplant candidates who re-
ceived CMRI-T2* were included. Median age was 57 years, 73.2% were male, and 47.6% were white. 49.7% had hepatitis C and
2.8% had hemochromatosis. Median Model for End-Stage Liver Disease score was 25. 65.2% were Child-Pugh C. In multivari-
able logistic regression, T2* less than 20 ms (n = 35) was associated with Model for End-Stage Liver Disease score of 25 or greater
(odds ratio [OR], 3.65; P = 0.007), Child-Pugh C (OR, 3.42; P = 0.03), and echocardiographic systolic ejection fraction less than
65% (OR, 2.24; P = 0.01). Posttransplant heart failure occurred exclusively in recipients with T2* less than 15 ms. Survival was
worse in T2* 10 to 14.9 versus T2* of 20 ms or greater (hazard ratio, 3.85; P = 0.003), but not for 15 to 19.9 versus T2* of
20 ms or greater. Conclusions. Severity of liver disease and systolic dysfunction is associated with T2* less than 20 ms, though
there was no difference in posttransplant outcomes between T2* 15 to 19.9 and T2* 20 ms or greater, suggesting that individuals
with T2* of 15 ms or greater may be suitable transplant candidates. CMRI-T2* is an additional diagnostic tool in evaluating trans-

plant candidates at high risk for posttransplant cardiac complications.

(Transplantation Direct 2018;4: e363; doi: 10.1097/TXD.0000000000000803. Published online 8 June, 2018.)

eart failure from iron overload cardiomyopathy has
been well described in both hereditary hemochromato-
sis and in secondary iron overload from repeated blood
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Cardiac iron overload in end-stage liver disease is rare,” but
its presence may increase morbidity and mortality before
and after liver transplant (LT).>'* Pretransplant evaluation
for cardiac dysfunction has improved posttransplant survival
for individuals with iron overload,"" but guidelines for eval-
uation have not been standardized.

Laboratory abnormalities, such as elevated serum ferritin
or transferrin saturation and echocardiographic features, in-
cluding diastolic dysfunction and dilated cardiomyopathy,
may be suggestive but ultimately fail to adequately predict
significant cardiac iron overload.'>'? Although tissue biopsy
is traditionally the gold standard for making the diagnosis of
iron overload, the yield of endomyocardial biopsy is limited
by the patchy distribution of cardiac iron and the invasive na-
ture of the test." Cardiac Magnetic Resonance Imaging T2*
(CMRI-T2*) is a validated method to quantify cardiac iron
deposition.'® Tron deposition causes a shortening of the
T2* relaxation parameter, which can be measured easily
and reproducibly. Studies in thalassemia populations have
demonstrated that a T2* value of 20 ms or greater is consid-
ered normal, whereas a value less than 10 ms has been asso-
ciated with significant myocardial iron deposition and
cardiac dysfunction, characterized by greatly increased rela-
tive risk of heart failure and symptomatic arrhythmias.'>*1¢

The advantage of T2* over traditional echocardiography
is its ability to identify cardiac iron overload before clinical
or echocardiographic evidence of heart failure develops.'”
Early identification of cardiac iron deposition may allow for
treatment of iron overload, leading to reversal of cardiac iron
overload and prevention of cardiac dysfunction.'® Despite the
advantages of CMRI-T2* in identifying cardiac iron overload
and feasibility in pretransplant cardiac evaluation,'” its use in
pretransplant cardiac evaluation is not standardized. There
are no published guidelines that recommend a T2* value be-
low which LT should be contraindicated.

There are a limited number of studies describing the inci-
dence of cardiac iron overload in patients being evaluated
for LT. Furthermore, the impact of cardiac iron overload in
patients with end-stage liver disease in the peritransplant pe-
riod has not been well described. At our institution, LT candi-
dates with predefined indicators of iron overload must
undergo CMRI-T2* to assess for myocardial iron overload
before being considered suitable candidates for liver trans-
plantation. In this study, we sought to identify the incidence
and predictors of iron overload (ie, T2* <20 ms) by CMRI-
T2* and also to evaluate the impact of various levels of myo-
cardial iron deposition on morbidity and mortality after liver
transplantation.

MATERIALS AND METHODS

Patients and Selection Criteria

All adult patients evaluated for LT at our institution, who
underwent CMRI-T2* for suspected iron overload between
January 1, 2008, and June 30, 2016, were included in this
retrospective cohort study. Suspected iron overload was de-
fined as presence of 1 or more of the following: ferritin
greater than 1000 pg/L on 2 separate occasions with transfer-
rin saturation greater than 50%; high-risk HFE genotypes
C282Y homozygote or C282Y/H63D compound heterozy-
gote with serum ferritin greater than 500 pg/L or transferrin
saturation greater than 40%, or liver biopsy with iron stain
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>3+ or greater. HFE genotypes heterozygous H63D, hetero-
zygous C282Y, or homozygous H63D were considered low-risk
mutations, and did not require CMRI-T2* screening indepen-
dent of other risk factors for iron overload. In addition to eval-
uation for risk factors for cardiac iron overload, all LT
candidates at our center, regardless of risk factors for iron over-
load, are evaluated for pulmonary hypertension, structural
heart disease, and ischemic heart disease with noninvasive im-
aging, stress testing, and cardiac catheterization as indicated.

All data were collected from the electronic health record.
Demographic data included age, sex, and race/ethnicity. Clin-
ical variables included underlying diagnosis of liver disease,
Model for End-Stage Liver Disease (MELD) score, Child-
Pugh class, and iron deposition on explant for those who ul-
timately received a LT. Evaluation of risk for iron overload
included HFE gene testing and iron studies. Assessment of
cardiac function included transthoracic echocardiographic
parameters (systolic ejection fraction, diastolic dysfunction,
left ventricular end diastolic and systolic volume, tricuspid
annular plane systolic excursion [TAPSE], and pulmonary ar-
tery systolic pressure).

All cardiac MRI examinations were performed at our in-
stitution using a 1.5-Tesla magnet (Achieva, Philips Medical
Systems) read by radiologists experienced in cardiac imaging
and CMRI-T2*. Cardiac MRI protocols included breath
hold short axis steady state precession cine images for evalu-
ation of left and right ventricular ejection fractions and left
and right ventricular end diastolic volume indices. T2* values
were obtained from the ventricular septum at the mid ventric-
ular level on short-axis, black blood, breath hold gradient
echo cardiac MRI images using a ROI placed by the technol-
ogist at the time of the examination in accordance with previ-
ously published methods.?*! Specific scan parameters at our
institution are as follows: field of view, 320 mm?; slice thick-
ness, 10 m; flip angle, 20°; repetition time, 32 ms; shortest
echo time, 2.2 ms with a delta of 1.2 ms. T2* value measure-
ments were systematically reviewed by 1 of the study investi-
gators to ensure that the ROI was appropriately placed in
the center of the ventricular septum and did not include the
chambers. At least 2 separate T2* measurements, often 3
measurements, are performed in all patients at our institu-
tion, and the average of these T2* values was used. In cases
where an ROI was deemed to be inappropriately placed, that
measurement was eliminated from the average.

Follow-up time was measured as the time between date of
CMRI-T2* and the last clinical encounter, date of death, or
date of waitlist dropout. Posttransplant heart failure was de-
fined as systolic ejection fraction less than 50% within 1 year
of transplantation.?*

Our institution has maintained a policy of deferring trans-
plantation to individuals with baseline significant systolic
dysfunction (ejection fraction equal or less than 50%). Addi-
tionally, our institution has maintained a policy of declining
transplantation to all individuals with T2* less than 10 ms,
with careful consideration of transplant candidacy in individ-
uals with T2* 10 to 19.9 ms. This policy was developed
based on center-specific experience and thalassemia litera-
ture suggesting an increased risk of heart failure and arrhyth-
mia at T2* values less than 10 ms and less than 20 ms,
respectively.'® If cardiac parameters improved with medical
management, individuals would then be reconsidered for
transplantation.
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Statistical Analysis

Characteristics of the cohort were summarized using the
median and interquartile range (IQR) or as proportions. Cohort
characteristics were compared using x> or Kruskal-Wallis
testing, as appropriate. Both linear (for continuous T2* var-
iable) and logistic (for categorical T2* variable) regressions
were performed to evaluate variables associated with low
T2* on CMRI-T2*. Backward elimination was used to select
multivariable models, including candidate variables with
P values of 0.1 or less. The outcome of interest was T2* cat-
egory dichotomized as less than 20 ms versus 20 ms or
greater and also divided into 4 groups (T2* > 20 ms, T2*
15-19.9 ms, T2* 10-14.9 ms, and T2* <10 ms) with 20 ms
or greater as the reference. Cox regression analysis was used
to assess for survival differences among the 4 T2* groups,
using T2* of 20 ms or greater, as a reference group. Time-
to event curves were analyzed according to the method of
Kaplan-Meier, and group comparisons were made by apply-
ing the log-rank test. A P value less than 0.05 was considered
statistically significant for all analyses. Data were analyzed
using STATA v13.0 (College Station, TX). Study procedures
were compliant with the Health Insurance Portability and
Accountability Act. The study protocol was approved by
the institutional review board.

RESULTS

Cohort Characteristics

One hundred seventy-nine individuals underwent CMRI-
T2* for pretransplant evaluation of cardiac iron overload
during the study period. Baseline characteristics are shown
in Table 1. The median age was 57 years (IQR, 50-62),
73.2% were male, and 46.6% were white. Primary disease
etiology included 89 (49.7%) with hepatitis C, 18 (10.1%)
with hepatitis B, 34 (19.0%) with alcoholic liver disease,
and 13 (7.3%) with nonalcoholic steatohepatitis, whereas 5
(2.8%) had liver disease secondary to hemochromatosis.
The median MELD at time of CMRI-T2* was 25 (IQR,
16-33). Twenty-seven (15.2%) were classified as Child-Pugh
Class A, 35 (19.6%) were Child-Pugh Class B, and 116
(65.2%) were Child-Pugh Class C. High-risk HFE mutations
were present in 5 (2.8 %) subjects; low-risk HFE mutations
were present in 24 (13.4%). Sixty-seven (37.4%) tested neg-
ative for HFE mutation, and 83 (46.4%) were not tested or
results were unavailable for review. Median T2* was 28.4 ms
(IQR, 22.5-34.0). One hundred forty-four (80.4%) individuals
had a T2*of 20 ms or greater, 16 (8.9%) with T2* 15 to
19.9 ms, 14 (7.8%) with T2* 10 to 14.9 ms, and 5 (2.8%) with
T2* less than 10 ms.

Clinical Characteristics

Age, sex, ethnicity, and listing diagnosis were similar
among T2* categories (Table 1). The median MELD score
in the T2* > 20 ms group was 24 compared with median
MELD score 32 in both T2*10 to 14.9 ms and T2* 15 to
19.9 ms groups (P = 0.04). In the T2* >20 ms group, 86
(60.1%) were Child Pugh Class C compared with 14 (87.5%)
in the T2* 15 to 19.9 ms and 12 (85.7%) in the T2* 10 to
14.9 ms groups (P = 0.12). There was no statistically
significant difference in presence of high-risk HFE mutations
among T2* groups.
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Median serum ferritin in the T2* > 20 ms group was
1416 pg/L (IQR, 1124-2124), 1369 pg/L (IQR 933-1980)
in the T2* 15 to 19.9 ms group, 2520 pg/L (IQR,
1574-3875) in the T2* 10-14.9 ms group, and 1549 pg/L
(IQR, 1198-2783) in the T2* <10 ms group (P = 0.06). There
was no statistically significant difference in serum iron be-
tween T2* groups. Median serum transferrin saturation
was highest in the T2* <10 ms group (89%) and T2*
10-14.9 ms group (91%) compared to the T2* > 20 ms
group (85%), which was statistically significant among
groups (P = 0.02).

The median systolic ejection fraction on echocardiography
was 68% (IQR, 64-73) in the T2* > 20 ms group, 67%
(IQR, 62-73) in the T2* 15 to 19.9 ms group, 65% (IQR,
60-68) in the T2* 10-14.9 ms group, and 57% (IQR,
49-65) in the T2* < 10 ms group (P = 0.007). Diastolic dys-
function on echocardiography was present in 43.9% of the
T2* > 20 ms group, 30.8% of the T2* 15 to 19.9 ms and
T2* 10 to 14.9 ms groups, and 60.0% of the T2* <10 ms
group (P = 0.54). Left Ventricular End Diastolic Volume
Index (LVEDVI) and Left Ventricular End Systolic Volume
Index (LVESVI) on echocardiography were significantly
different among T2* groups (P = 0.03 and P < 0.001, re-
spectively), with higher values in the lower T2* groups.

Cardiac MRI Characteristics

Left ventricular ejection fracture as measured by CMRI-
T2* was significantly different when compared across T2*
groups, which was primarily driven by a relatively lower left
ventricular ejection fraction (LVEF) in patients with T2* less
than 10, (LVEF of 69% in those with T2* > 20, 71% in those
with T2* 15-20, 62.5% in those with T2* 10-15,and 45.5%
in those with T2* <10, P = 0.01). Left Ventricular End Dia-
stolic Volume Index measured by CMRI-T2* was also signif-
icantly different among the groups, with the largest LV
volumes seen in patients with T2* less than 10 (P = 0.02).

Predictors of Low T2* < 20

In univariable logistic analysis (Table 2), factors associated
with low T2* less than 20 ms included more severe liver
disease defined as MELD score of 25 or greater versus
MELD score less than 25 (odds ratio [OR], 3.20; 95%
confidence interval [CI], 1.44-7.10; P = 0.004) and Child-
Pugh Class C versus Child-Pugh Class A/B (OR, 2.79; 95%
Cl, 1.15-6.79; P = 0.02). Elevated serum ferritin of
5000 pg/LL or greater (OR, 2.24; 95% CI 1.17-11.89,
P = 0.03) was also associated with T2* less than 20 ms, but
this association was not found when lower cutoff levels of
ferritin were tested (eg, ferritin > 2000 pg/L). Low
T2* < 20 ms was associated with lower serum iron (OR,
0.32; 95% CI, 0.12-0.81, P = 0.02 for iron>167 pg/dL,
(upper limit of normal) and higher transferrin saturation
(OR 1.03 95% CI 1.00-1.05, P = 0.03). There was an
association between low T2* less than 20 ms and systolic
ejection fraction less than 65% on echocardiography (OR,
2.24; 95% CI, 1.06-4.76; P = 0.02). There was no
association between low T2* less than 20 ms for CMRI-
T2* systolic ejection fraction less than 65% or CMRI-T2*
left ventricular end-diastolic volume index in univariable
analysis. Individuals with 3 risk factors for T2* less than
20 ms (MELD > 25, Child-Pugh Class C, and systolic
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Cohort characteristics, by T2? values

All, N=179 T27>20,n=144 T271519.9,n=16 T2710-14.9,n=14 T27<10,n=5 P

Age, median (IQR) 57 (50-62) 58 (51-62) 52 (47-60) 56 (51-62) 57 (48-58) 0.55
Male, (%) 131 (73.2) 104 (72.2) 13 (81.3) 12 (85.7) 2 (40.0) 0.21
Race

White 82 (46.6) 63 (44.4) 8 (53.3) 9 (64.3) 2 (40.0) 0.54

African-American 1(6.3) 8 (5.6) 3(20.0) 2 (14.3) 0

Hispanic 34 (19.3 28 (19.7) 2(13.3) 0 2 (40.0)

Asian 39 (22.2) 36 (25.4) 0 2 (14.3) 1(20.0)

Other 0(.7) 7 (4.9 2(13.3) 1(7.1) 0
Listing diagnosis (%)

Hepatitis C 89 (49.7) 73 (50.7) 8 (50.0) 7 (50.0) 1(20.0) 0.10

Hepatitis B 8(10.1) 14 9.7) 2 (12.5) 0 2 (40.0)

Alcohol 34 (19.0) 23 (16.0) 3(18.8) 6 (42.9) (40.0)

NASH 3(7.3 9 (6.3 3(18.8) 1(7.1) 0

Hemochromatosis 5 (2.8 5(3.9 0 0 0

Other 20 (11.2 20 (13.9 0 0 0
MELD, median (IQR) 25 (16-33) 24 (15-33) 32 (22-38) 32 (25-35) 23 (22-23) 0.04
Child-Pugh score (%)

A 27 (15.2) 27 (18.9) 0 0 0 0.12

B 35(19.7) 30 (21.0) 2 (12.5) 2 (14.3) 1(20.0)

C 116 (65.2) 86 (60.1) 14 (87.5) 12 (85.7) 4(80.0)
HFE mutation (%)

HFE high risk 5(2.8) 4(2.8) 0 0 1(20.0) 0.24

HFE low risk 24 (13.4) 18 (12.9) 4(25.0 2 (14.3) 0

Negative 67 (37.4) 50 (34.7) 7 (43.8) 8 (57.1) 2 (40.0)

Not tested/unavailable 83 (46.4) 72 (50.0) 5(31.3) 4 (28.6) 2 (40.0)
Iron studies
Ferritin: median (IQR), pg/L 1440 (1118-2304) 1416 (1124-2124) 1369 (933-1980) 2520 (1574-3875) 1549 (1198-2783) 0.06
Iron: median (IQR), pg/dL 129 (100-186) 131 (100-196) 125 (96-156) 129 (92-152) 128 (126-159) 0.70
Transferrin saturation: median (IQR), % 86 (67-92) 85 (61-92) 85 (56-88) 91 (87-86) 89 (88-90) 0.02
Echocardiographic features
Systolic ejection fraction, median (IQR) 8 (63-73) 68 (64-73) 67 (62-73) 65 (60-68) 57 (49-65) 0.007
Diastolic dysfunction (%) 1(42.1) 50 (43.9) 4(30.8) 4(30.8) 3(60.0) 0.54
LVEDVI, median (IQR) 56 (43-67) 54 (43-65) 56 (41-67) 59 (49-66) 79 (70-81) 0.03
LVESVI, median (IQR) 8 (14-22) 7 (13-20) 20 (14-23) 21 (16-26) 34 (25-42) <0.001
PASP, median (IQR) 1(25-39) 31 (25-39) 33 (24-45) 36 (30-37) 32 (27-36) 0.58
TAPSE, median (IQR) 7(2.2-31) 7(2.2-31) 2.4 (2.2-3.5) 2.7 (2.3-3) a 0.98
CMRI-T2% characteristics
T27 LVEF (%) 8 (63-74) 9 (64-74) 71 (67-78) 63 (54-72) 46 (36-50) <0.01
T2% RVEF (%) 60 (53-66) 60 (53-66) 61 5 (56-68) 57 (49-63) 42 (35-57) 0.10
T24 LVEDVI, mL/m?) 81 (66-94) 81 (67-94) 69 (66-84) 88 (58-97) 118 (106-124) 0.02
T2 RVEDVI, mL/m? 8 (64-94) 7 (64-92) 86 (72-102) 76 (54-102) 91 (65-94) 0.79

4 TAPSE unable to calculated for these subjects.

NASH, nonalcoholic steatohepatitis; PASP, pulmonary artery systolic pressure; RVEF, right ventricular ejection fraction; RVEDVI, right ventricular end diastolic volume index.

ejection fraction<65%) were also associated with low T2*
(OR, 5.04; 95% CI, 1.97-12.84; P = 0.001).

In multivariable logistic regression analysis, the associa-
tion between T2* less than 20 ms and severity of liver disease
persisted for both MELD score 25 or greater (OR, 3.65; 95%
CI, 1.42-9.38; P = 0.007) and Child-Pugh Class C (OR, 3.42;
95% CI, 1.15-10.13; P = 0.03). The associations between
T2* less than 20 ms and serum ferritin, % transferrin satura-
tion, and serum iron demonstrated in univariable analysis did
not persist on multivariable analysis. The association be-
tween T2* less than 20 ms and systolic ejection fraction less
than 65% on echocardiography was also present on multi-
variable analysis (OR, 3.15; 95% CI, 1.31-7.56; P = 0.01).

Ejection fraction less than 65% on CMRI-T2* was also asso-
ciated with T2* less than 20 ms in multivariable analysis
(OR, 2.56; 95% CI, 1.06-6.16; P = 0.04). Individuals with
3 risk factors for T2* less than 20 ms (MELD > 25, Child-
Pugh Class C, and systolic ejection fraction < 65%) had in-
creased risk of T2* on multivariable analysis (multivariable
OR, 4.56; 95% CI, 1.64-12.66, P = 0.004).

In both univariable and multivariable logistic regression
analyses, age, sex, ethnicity, echocardiographic diastolic dys-
function, and CMRI-T2* LVEDVI were not associated with
low T2* less than 20 ms. For individuals who received a LT,
there was a trend toward 3+ or greater iron deposition on ex-
plant histology in multivariable analysis, but it did not reach
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Predictors of T2 < 20 ms versus T2? > 20 ms, in univariable
and multivariable logistic regression

OR 95% Cl lower 95% Clupper P

Univariable analysis

Male 142 0.60 3.37 0.43
Age 0.98 0.94 1.02 0.32
MELD > 25 3.20 1.44 7.10 0.004
Child C 2.79 1.15 6.79 0.02
Ferritin >2000 143 0.66 3.09 0.36
Feritin > 5000 373 117 11.89 0.03
Transferrin % saturation 1.02 1.00 1.05 0.03
Elevated iron (>167) 0.32 0.12 0.81 0.02
TTE systolic ejection fraction < 65% 2.24 1.06 4.76 0.04
TTE diastolic dysfunction 0.84 0.37 1.89 0.67
TTE LVESVI 1.03 0.98 1.07 0.23
TTE LVEDVI 1.00 0.99 1.03 0.48
CMRI-T2? LVEF <65% 1.87 0.88 3.97 0.11
CMRI-T2? LVEDVI 1.01 0.99 1.03 0.54
Multivariable analysis®

Male 112 0.42 3.05 0.81
Age 097 0.91 1.02 0.22
MELD > 25 3.65 1.42 9.38 0.007
Child C 3.42 1.15 10.13 0.03
Ferritin >5000 247 0.50 12.29 0.27
Transferrin % saturation 1.03 0.99 1.05 0.09
Elevated iron (>167) 0.46 0.15 1.42 0.18
TTE systolic ejection fraction (<65%) 3.15 1.31 7.56 0.01
CMRI-T2? LVEF < 65% 3.44 1.1 10.71 0.03
CMRI-T2? LVEDVI 0.99 0.97 1.03 0.86

2 Controlling for sex, age, ethnicity, etiology of liver disease, MELD score, systolic ejection fraction on
echocardiogram.

statistical significance (OR, 3.27; 95% CI, 0.92-11.60;
P =0.07).

When T2* was considered as a continuous variable rather
than using cutoff points (eg, T2* > 20 ms, T2* 15-19.9 ms,
etc.), both univariable and multivariable linear regression
models similarly found an association between severity of
liver disease and systolic dysfunction on echocardiography. In
multivariable linear regression, MELD score of 25 or greater
was inversely correlated with T2* (coefficient, -3.84; 95% CI,
-6.49 to -1.19, P = 0.005) and Child-Pugh Class C was also
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inversely correlated with T2* (coefficient, -6.47; 95% CI,
-10.09 to -2.85; P = 0.001). Systolic ejection fraction on echo-
cardiography was associated with T2*(coefficient, 0.43;
95% CI, 0.25-0.62, P < 0.001).

Clinical Outcomes

The median time follow-up was 12.3 months (IQR, 3.3-
27.1). Of the 179 individuals in the cohort, 86 (48.0%) ulti-
mately received a LT (Table 3). Thirteen (7.3%) were
declined for transplantation due to concern for cardiac iron
overload. At our institution, all individuals with T2* < 10 ms
(n = 5) were declined for transplantation, and those with T2*
10 to 20 (n = 30) were considered on a case-by-case basis. Of
the 14 individuals with T2* 10 to 14.9 ms, 4 (28.6%) were
transplanted, 5 (35.7%) were declined for transplant given
concern for cardiac iron overload in combination with
other comorbidities, and 4 (28.6%) were removed from the
waiting list for other reasons (eg, progressive hepatocellular
carcinoma, decompensated liver disease leading to death
prior to transplant, relapsed substance abuse). Forty-three
(24.0%) of the cohort had died by the end of the study,
including 7 (8.1%) of LT recipients. In individuals with the
T2% 15-19.9 ms, 11 (68.7%) were transplanted, 2 (12.5%)
were declined for transplant given concern for cardiac iron
overload, 1 (6.3%) was removed from the waiting list for
other reasons.

In the LT recipients (n = 86), the median time from CMRI-
T2* to transplant was 26 days (IQR 7-126). Three (3.5%)
developed post-LT systolic heart failure. These 3 patients all
had T2* 10-14.9 ms; only 1 transplanted patient out of
4 patients with T2* 10 to 14.9 ms did not develop post-LT
systolic heart failure. One patient required extra corporeal
membrane oxygenation secondary to posttransplant heart
failure and subsequently died, 1 patient is still alive with
compensated heart failure with systolic ejection fraction of
35% to 40%, and the third patient developed immediate
posttransplant heart failure with systolic ejection fraction
less than 20% that improved to 55% 2 weeks after trans-
plant with medical management alone.

There was no statistically significant difference in all-
cause mortality in the T2* < 20 ms group compared to
T2* > 20 ms (hazard ratio [HR], 1.72 95% CI 0.81-3.63,
P = 0.16). However, all-cause mortality was greater among
patients with T2* 10 to 14.9 ms compared to T2* > 20 ms

Transplant and nontransplant clinical outcomes

All, N=179 T27>20,n=144 T2715-19.9,n =16 T2710-14.9, n =14 P

Transplant outcomes

Received LT (%) 86 (48.0) 71 (50.0) 11 (68.8) 4 (28.6) 0.02

Post-LT length of stay, median (IQR) 10 (7-14) 10 (7-12) 8 (6-28) 15 (9.5-180) 0.30

Iron on explant >3+ (%) 35 (40.7) 25(35.2) 7 (63.6) 3(75.0) 0.18

Post-LT heart failure, (%) 3(3.5) 00 0(0) 3(75.0) <0.001
Nontransplant outcomes

Delisted: iron overload (%) 13 (7.3 1(0.7) 16.3 5(35.7) <0.001

Delisted: CV disease (%) 10 (5.6) 6 (4.2) 2(12.5) 2(14.3) 0.24

Delisted: other (%) 42 (23.4) 38 (26.7) 1(6.3) 2(14.3 0.13

Still waiting (%) 28 (15.9) 26 (18.3) 16.3 1(7.1) 0.33

“ Percentage of LT recipients.
Note: All individuals with T2* < 10 ms were declined for transplant.
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Kaplan-Meier Survival in All Subjects
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FIGURE 1. Kaplan-Meier survival estimates for all-cause mortality
by T2*.

(unadjusted HR 3.85 95% CI 1.58-9.43, P = 0.003), with
similar risk of death between T2* 15 to 19.9 ms and
T2* > 20 ms groups (unadjusted HR, 0.93; 95% CI,
0.28-3.05; P = 0.90) (Figure 1). Among individuals who
ultimately underwent LT, there was no statistically significant
difference in survival for T2* 10 to 14.9 ms compared to
T2* >20 ms (unadjusted HR, 2.45; 95% CI, 0.28-21.53) or
for T2* 15 to 19.9 ms compared with T2* > 20 ms
(unadjusted HR, 1.39; 95% CI, 0.16-11.93; P = 0.65)
(Figure 2). All individuals with T2* less than 10 ms did not
receive a LT, and so were excluded from this survival analysis.
Systolic ejection fraction measured by echocardiography or
CMRI-T2* failed to predict survival in all subjects and
those who underwent transplant.

DISCUSSION

Systemic iron overload is common in end-stage liver dis-
ease and may result in secondary iron overload cardiomyop-
athy. A number of methods to evaluate cardiac iron overload
are available, though they are not without limitation. Serum
iron studies are easily obtained but are nonspecific. Echocar-
diography provides detailed information about cardiac func-
tion, but is unable to quantify cardiac iron accumulation.’
Quantification of myocardial iron load with cardiac biopsy
is invasive with risk of complications. CMRI-T2* provides
a safe, noninvasive, and quantitative way to measure cardiac
iron overload and function, but its role in evaluation of car-
diaciron overload in LT candidates has not been well studied.

This is the first study to evaluate clinical predictors of low
T2* <20 ms in LT candidates. This study found that more se-
vere liver disease, including MELD score of 25 or greater and
Child Pugh Class C, was associated with increased risk of
low T2* less than 20 ms. Additionally, systolic ejection frac-
tion <65% was associated with T2* less than 20 ms. Patients
with end-stage liver disease often have normal or slightly ele-
vated systolic ejection fraction in the setting of hyperdynamic
circulation.?>** Thus, systolic ejection fraction in the low
range of normal may be an early predictor of cardiac iron
overload. Although iron indices, such as elevated ferritin
and transferrin saturation, were associated with T2* less
than 20 ms on unadjusted analysis, these did not reach statis-
tical significance in multivariable modeling. Individuals with
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all 3 risk factors for T2* less than 20 ms (MELD > 25, Child-
Pugh Class C, and systolic ejection fraction < 65%) had a
fivefold increased risk of low T2*. Individual risk factors or
a composite of all 3 risk factors may help to identify LT can-
didates at greatest risk for cardiac iron overload.

This study confirms previous studies in patients with thal-
assemia, sickle cell disease, myelodysplastic syndromes, and
idiopathic cardiomyopathy, that systolic dysfunction, in par-
ticular, decreased systolic ejection fraction on echocardio-
gram, is associated with low T2*.2°7 It is notable that in
systolic ejection fraction, less than 65%, which includes
values often considered “normal,” was associated CMRI-
T2*. This suggests that CMRI-T2* may be able to detect
subtler differences in cardiac dysfunction than traditional
echocardiography and can be useful to identify LT recipients
at risk for posttransplant complications despite relatively
normal echocardiographic findings. Elevated ferritin did
not predict low T2*, as seen in previous studies in individuals
with beta-thalassemia and sickle cell disease.”**? Our study
found that liver disease severity by MELD score and Child-
Pugh Class is associated with low T2*, which is supported
by evidence that more severe liver disease is associated with
increased hepatic siderosis,>® though a small (n = 14) cohort
study did not find a significant difference in MELD score be-
tween individuals with and without cardiac iron deposition
on cardiac biopsy.”

The use of CMRI-T2* in the pretransplant evaluation
seeks to identify those individuals with cardiac iron overload
that may have poor posttransplant outcomes. In our cohort,
nearly 20% of patients had T2* less than 20 ms indicating
significant iron overload. Individuals with T2* less than
10 ms at our institution were excluded from LT given the
concern for posttransplant heart failure and mortality. The
risk of posttransplant heart failure in individuals with low
T2* has not previously been elucidated. The present study
shows that the risk of posttransplant heart failure increases
with decreasing T2* levels within the 10 to 20 ms range.
Whereas none of the 11 transplant recipients with a T2* 15
to 20 developed posttransplant heart failure, 75% (3 of 4) of
transplant recipients with a T2*10 to 14.9 ms did develop
posttransplant heart failure. Careful consideration should
be given to determine the transplant candidacy of individuals
with T2* 10 to 14.9 ms. If patients with T2* less than 15 ms

Kaplan-Meier Survival in Transplanted Subjects
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FIGURE 2. Kaplan-Meier survival estimates for posttransplant sur-
vival by T2*,
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are ultimately listed for transplant, cardiology consultation is
advisable to optimize these patients both before and after
transplant. It is possible that use of phlebotomy or chelation
therapy in patients with lower values, even in the 15 to 19.9 ms
range may help to improve posttransplant outcomes. Stud-
ies evaluating treatment effects on patients with low T2*
are needed.

Although T2* less than 20 ms is often used as the defini-
tion for significant cardiac iron overload,*! our study demon-
strated that there was no significant difference in mortality or
posttransplant outcomes between patients with T2* 15 to
19.9 ms and > 20 ms. There was no posttransplant heart fail-
ure identified in either group nor difference in clinical predic-
tors for individuals with T2* 15 to 19.9 ms compared with
20 ms or greater. This suggests that individuals with “border-
line” T2* 15 to 19.9 ms could safely undergo LT without sig-
nificant additional risk compared with T2* > 20 ms. Further
analysis of posttransplant survival and heart failure in a
larger cohort could help address this question further.

This study included the largest cohort to date describing
the use of CMRI-T2* in LT candidate evaluation, all of
whom received CMRI-T2* at a high-volume LT center and
read by radiologists experienced in cardiac MRI. However,
there were several notable limitations of the current study.
This was a single-center cohort with a small proportion of in-
dividuals with T2* less than 20 ms, which limited the ability
to analyze smaller, but potentially clinically meaningful, dif-
ferences among T2* groups. In particular, the small number
of events, such as post-LT heart failure and death, increases
the likelihood that the difference between groups occurred
by chance and may be explained by some other clinical char-
acteristic between the groups rather than cardiac iron over-
load as measured by CMRI-T2*. Additionally, study was
restricted to patients listed for LT and may have missed indi-
viduals with low T2* and cardiac iron overload who did not
complete a full transplant evaluation. The majority of pa-
tients in the cohort had high MELD scores and was Child-
Pugh Class C, which may not be generalizable to other cen-
ters. It is also possible that our institution’s selection criteria
for performing CMRI-T2* may not have captured all LT
candidates with cardiac iron overload, because patients
with significant systolic dysfunction on echocardiogram
were typically excluded as LT candidates and may not have
received further testing with CMRI-T2*, thus being ex-
cluded from our study. CMRI-T2* is a validated method
for determining cardiac iron overload. Due to the invasive
nature of endomyocardial biopsy, the correlation between
CMRI-T2* and cardiac iron has not been specifically vali-
dated at our center. Finally, individuals with T2* less than
10 ms were declined by institutional policy, and some individ-
uals with “borderline” T2* 10 to 14.9 ms were also declined
based on concern for significant cardiac iron overload; the
true post-LT heart failure rate in these individuals remains
unknown.

In summary, this study describes several clinical risk fac-
tors including more severe liver disease and transthoracic
echocardiogram EF less than 65% associated with low
T2* among LT candidates, which may help identify individ-
uals at risk for iron overload. Use of cardiac MRI T2* prior
to transplant may further identify individuals with signifi-
cant cardiac iron deposition that may have unfavorable
posttransplant outcomes. Importantly, patients with a T2*
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>15 ms had excellent posttransplant outcomes, whereas pa-
tients with T2* 10 to 14.9 ms may have worse outcomes,
suggesting that T2* > 15 ms may be an appropriate cutoff
for transplant consideration.
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