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ABSTRACT

BACKGROUND: Cardiac allograft vasculopathy (CAV) is a complication beyond the first-year 
post-heart transplantation (HTx). We aimed to test the utility of cardiac magnetic resonance 
(CMR) to detect functional/structural changes in HTx recipients with CAV.
METHODS: Seventy-seven prospectively recruited HTx recipients beyond the first-year 
post-HTx and 18 healthy controls underwent CMR, including cine imaging of ventricular 
function and T1- and T2-mapping to assess myocardial tissue changes. Data analysis included 
quantification of global cardiac function and regional T2, T1 and extracellular volume based 
on the 16-segment model. International Society for Heart and Lung Transplantation criteria 
was used to adjudicate CAV grade (0–3) based on coronary angiography.
RESULTS: The majority of HTx recipients (73%) presented with CAV (1: n = 42, 2/3: n = 14, 0: 
n = 21). Global and segmental T2 (49.5 ± 3.4 ms vs 50.6 ± 3.4 ms, p < 0.001;16/16 segments) 
were significantly elevated in CAV-0 compared to controls. When comparing CAV-2/3 to CAV-
1, global and segmental T2 were significantly increased (53.6 ± 3.2 ms vs. 50.6 ± 2.9 ms, p < 
0.001; 16/16 segments) and left ventricular ejection fraction was significantly decreased (54 ± 
9% vs. 59 ± 9%, p < 0.05). No global, structural, or functional differences were seen between 
CAV-0 and CAV-1.
CONCLUSIONS: Transplanted hearts display functional and structural alteration compared 
to native hearts, even in those without evidence of macrovasculopathy (CAV-0). In addition, 
CMR tissue parameters were sensitive to changes in CAV-1 vs. 2/3 (mild vs. moderate/severe). 
Further studies are warranted to evaluate the diagnostic value of CMR for the detection and 
classification of CAV.
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INTRODUCTION

Heart transplantation (HTx) is the procedure of choice for select patients with advanced 
heart failure refractory to medical management. Beyond the first year post-HTx, cardiac 
allograft vasculopathy (CAV) is one of the major complications limiting allograft health and 
longevity.1-3) The pathophysiology of CAV has not been completely elucidated.4)5) However, it is 
proposed that immunological and vascular factors result in concentric fibromuscular intimal 
thickening that may affect the entire length of a vessel, in addition to atherosclerotic and 
vasculitic lesions.1)4) Furthermore, CAV can affect any vessel, from the epicardial vasculature 
to the intramuscular arteries, and microvascular bed, independently and unpredictably 
between patients.6)7) Routine screening is recommended as HTx recipients may be 
asymptomatic or have non-specific symptoms secondary to allograft denervation.8) Currently 
surveillance, diagnosis, and grading of CAV is performed with invasive coronary angiography 
(ICA), which has limited sensitivity in early disease9-12) and may be associated with significant 
complication.13)

As a non-invasive diagnostic alternative, cardiac magnetic resonance (CMR) imaging 
has emerged as a promising tool for the assessment of global and regional changes in 
biventricular structure, function14) and tissue characterization.15) CMR cine imaging allows 
for assessment of global and regional changes in left ventricular (LV) structure and function, 
which has been validated in many cardiac conditions.16) In addition, CMR tissue mapping 
techniques can be employed to detect changes in myocardial tissue, including myocardial 
fibrosis (evaluated with pre-and post-contrast T1-mapping to quantify extracellular volume 
[ECV] fraction)17) and inflammation or edema (assessed by T2-mapping).18)

Our aim was to test the hypothesis that these multiparametric CMR techniques can non-
invasively detect LV myocardial structural and functional changes for identification of CAV.

METHODS

Study cohort
Eighty-three prospectively recruited HTx recipients beyond the first year post-HTx were 
initially identified as potential candidates for this study. Six patients were excluded from 
further analysis. Exclusion criteria included any patient who had not had undergone ICA (n 
= 2), a history of gadolinium (Gd) allergy, glomerular filtration rate < 30 mL/min, implanted 
foreign metal bodies, age < 18, or an inability to obtain written consent (n = 4). Subsequently, 
77 prospectively recruited HTx recipients beyond the first year post-HTx (51 ± 16 years, 44% 
female) and 18 matched controls (49 ± 15 years, 33% female) underwent CMR between 
November 2014 and October 2018. Eligible patients included any adult HTx recipient beyond 
the first year post-HTx who had also undergone routine clinical ICA for CAV surveillance. 
On average ICA was performed 0.6 ± 0.6 years from the time of CMR. If a patient received 
multiple CMR exams, the CMR scan most distant from the time of transplant was used as 
CAV is a progressive disease. Healthy controls underwent a non-contrast multi-parametric 
research CMR exam. The study was approved by the local institutional review board (IRB) 
(Northwestern University [NU] IRB STU00087510 Comprehensive Analysis in Heart 
Transplantation) and written informed consent was obtained from all participants.
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CMR acquisition
All CMR studies were performed on a 1.5 Tesla MR-system (MAGNETOM Aera or 
Avanto; Siemens, Erlangen, Germany). Multiparametric CMR included retrospectively 
electrocardiographically gated 2-dimensional (2D) cine-steady state free precession (SSFP) 
imaging, T2-mapping, as well as pre-and post-Gd-contrast T1-mapping.

Cine-SSFP images of the entire heart were obtained in the short-axis (8–12 slices per stack) 
and the long-axis (2-chamber, 3-chamber and 4-chamber) orientations. Short-axis 2D cine-
SSFP images covering the ventricles from base to apex were reconstructed to 25 cardiac time 
frames and acquired with the following imaging parameters: repetition time (TR) = 2.6–3.0 
ms, echo time (TE) = 1.1–1.3 ms, flip angle = 50–87°, bandwidth/pixel = 930 Hz, Generalized 
Auto-calibrating Partially Parallel Acquisitions acceleration with R = 2, in-plane resolution = 
(1.5–2.3 mm)2, slice thickness = 6–8 mm.

T2 and T1-mapping were acquired during breath-holding at 3 identical short-axis locations 
at the base, mid-ventricle, and apex. T1-mapping consisted of single-shot modified Look 
Locker inversion recovery (MOLLI) images before and 15 minutes following Gd contrast 
administration (Magnevist or Gadavist, 0.1 mmol/kg; Bayer, Leverkusen, Germany).19) Pre- and 
post-Gd MOLLI sequences occurred in a 5(3)3 pattern over 11 heartbeats. Imaging parameters 
were as follows: TE/TR = 1.0–1.3 ms/2.5–4.2 ms, spatial resolution = 1.0–2.1 mm × 1.5–2.5 mm, 
slice thickness = 8 mm, flip angle = 35°. Imaging reconstruction included motion correction 
of the MOLLI images with different inversion times and the calculation of parametric LV 
T1-maps. T2-mapping was based on the successive acquisition of 3 T2-prepared SSFP images 
with varying T2 prep times (0, 24, 55 ms).18) Further imaging parameters were as follows: TE = 
1.1–1.4 ms, TR = 2.2–2.6 ms, spatial resolution = 1.5–2.1 mm × 2.0–2.5 mm, slice thickness = 8 
mm, diastolic acquisition window = 270 ms, flip angle = 70°.

CMR post processing: global LV and RV function
Measures of global biventricular function were calculated from short-and long-axis cine 
SSFP images using commercial software (cvi42; Circle, Calgary, Canada). All volumetric 
measurements were indexed to body surface area (BSA). Measures of LV and right ventricle 
(RV) global function included LV/RV end-diastolic and end-systolic volumes (LVEDVI, 
LVESVI, RVEDVI, RVESVI), stroke volumes (LVSVI, RVSVI), ejection fractions (LVEF, RVEF), 
and LV end-diastolic myocardial-mass (LV-mass). Two physicians with 2 and 5 years of 
experience performed the post-processing segmentation and analysis.

CMR post processing: left ventricular T1, T2, and ECV
Global native T1 and T2 values were calculated from scanner-generated T2- and T1- (pre-and 
post- contrast) maps using commercial software (cvi42, v5.3.6; Circle). ECV was calculated 
during post-processing using pre-and post-Gd-contrast T1-maps and the patient’s hematocrit 
level obtained the day of CMR using the equation: ECV = (ΔR1 Myocardium/ΔR1 Blood) × (1 − 
Hematocrit), where R1 = 1/T1 and ΔR1 is the change in relaxation rate between pre- and post-
contrast images.20) For all regional analyses, the left ventricle was divided in 16 standardized 
segments based on the American Heart Association 16-segmental model.21) Global (average of 16 
segments) and peak (maximum segmental value out of 16 segments) T1, T2, and ECV values were 
derived from the 16-segment maps similar to previously reported strategies.22)23) Two physicians 
with 2 and 5 years of experience performed the post-processing segmentation and analysis.
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Invasive coronary angiography: CAV grading
HTx recipients underwent ICA using standard clinical protocols, with at least 2 projections 
obtained per coronary artery. The presence/absence, and degree of stenosis in the major 
epicardial coronary arteries were graded in a semi-quantitative fashion by visual analysis 
of 2 experienced cardiologists on an ordinal scale and applied to the International Society 
for Heart and Lung Transplantation (ISHLT) CAV classification.24) The ISHLT classification 
was used to categorize patients into different CAV grades (0-3). ISHLT CAV severity was 
determined by integrating degree of coronary stenosis and LVEF.24) The ICA performed 
closest to CMR was used for the final adjudication. Due to small cohort size, patients with 
CAV grade 2/3 were combined into one group.

Statistical analysis
All continuous data are presented as mean ± standard deviation. Demographics, global 
function, global and segmental structural parameters (T1, T2, ECV) were compared between 
HTx recipients and to controls and amongst different CAV grades. Shapiro-Wilk tests were 
completed to assess for normality of the CMR parameters and Levene’s tests were completed 
to assess the equality of variances between groups. Two-tailed independent t-tests or Mann-
Whitney U tests were performed as appropriate for comparisons between 2 groups. One-way 
analysis of variance with Tukey tests for post hoc analysis or Kruskal-Wallis tests with Dunn’s 
tests for post hoc analysis were used as appropriate to evaluate group differences across 
controls and CAV subgroups.

RESULTS

Study cohort
Seventy-seven HTx recipients beyond the first year post-HTx (51 ± 16 years, 44% female) and 18 
matched healthy controls (49 ± 15 years, 33% female) were included in this study (Table 1). The 
average time of CMR was 9 ± 6 years post-HTx with an average age at the CMR exam of 48 ± 5.5 
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Table 1. Demographics and global biventricular functional parameters of controls and HTx recipients
Variables Controls All HTx recipients CAV grade 0 CAV grade 1 CAV grade 2/3 p-value
Number of patients 18 77 21 42 14 N/A
Time from transplant (years) N/A 9 ± 6 8 ± 5 9 ± 6 11 ± 7 0.280
Sex (Female) 6 (33) 34 (44)* 11 (52)§ 20 (48)* 3 (25)*† 0.030
Age at scan (years) 49 ± 15 51 ± 16 48 ± 16 54 ± 17 46 ± 14 0.460
BMI (kg/m2) 29.1 ± 4.5 28.0 ± 5.5 25.4 ± 4.3*‡ 29.8 ± 6.0†§ 26 ± 2.9*‡ 0.440
BSA (m2) 1.9 ± 0.2 2.0 ± 0.3 1.8 ± 0.2‡§ 2.0 ± 0.3† 2.0 ± 0.2† 0.350
Systolic blood pressure (mmHg) 125 ± 25 124 ± 19 124 ± 16 127 ± 21 116 ± 15 0.650
Diastolic blood pressure (mmHg) 72 ± 18 77 ± 11 76 ± 10 79 ± 11 74 ± 11 0.110
Heart rate (bpm) 63 ± 10 93 ± 15 98 ± 13* 89 ± 15* 95 ± 18* < 0.001
LVEDVI (mL/m2) 57 ± 17 73 ± 14* 57 ± 8* 55 ± 13* 64 ± 29* < 0.001
LVESVI (mL/m2) 28 ± 7 24 ± 11 24 ± 7* 22 ± 7 31 ± 21 0.200
LVSVI (mL/m2) 45 ± 9 35 ± 10* 33 ± 9* 33 ± 6* 35 ± 12* < 0.001
LVEF (%) 62 ± 5 58 ± 9 58 ± 9 59 ± 9§ 54 ± 9*‡ 0.050
LV mass ED (g/m2) 56 ± 22 43 ± 11* 42 ± 11* 43 ± 9* 45 ± 17 < 0.001
RVEDVI (mL/m2) 68 ± 14 65 ± 16 62 ± 11 63 ± 14 73 ± 26 0.390
RVESVI (mL/m2) 30 ± 7 33 ± 11 30 ± 8 31 ± 9 40 ± 17 0.410
RVSVI (mL/m2) 38 ± 8 32 ± 9* 32 ± 7* 32 ± 9 33 ± 10 0.010
RVEF (%) 56 ± 4 50 ± 9* 52 ± 10§ 51 ± 9* 46 ± 7*† 0.008
BMI: body mass index, BSA: body surface area, CAV: cardiac allograft vasculopathy, ED: end diastole, EF: ejection fraction, EDVI: end-diastolic volume indexed to 
body surface area, ESVI: end-systolic volume indexed to body surface area, HTx: heart transplantation, LV: left ventricular, RV: right ventricle, SVI: stroke volume 
indexed to body surface area.
*Significance compared to controls; †Significance compared to CAV 0; ‡Significance compared to CAV 1; §Significance compared to CAV 2/3.
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years. CAV grading by ICA revealed Twenty-one HTx recipients with CAV grade 0, 42 with CAV 
grade 1, and 14 with CAV grade 2/3. On average ICA was performed 0.6 ± 0.6 years from the time 
of CMR. There were more females in the HTx group compared to the control group (44% vs. 
33%, p = 0.03), and fewer females in the CAV grade 2/3 group compared to CAV grade 0 cohort 
(25% vs. 52%, p = 0.05). HTx recipients with CAV grade 1 had significantly higher BMI than CAV 
grade 0 and CAV grade 2/3 (29.8 ± 6.0 kg/m2 vs. 25.4 ± 4.3 kg/m2, p = 0.007 and 26.0 ± 2.9 kg/
m2, p = 0.02). HTx recipients with CAV grade 1 and CAV grade 2/3 had significantly higher BSA 
than CAV grade 0 (2.0 ± 0.3 vs 1.8 ± 0.2 m2, p = 0.006 and 2.0 ± 0.2 vs. 1.8 ± 0.2 m2, p = 0.05).

Global LV and RV function
To account for differences in BMI all volumetric measurements were indexed to BSA. 
Compared to controls, HTx recipients had significantly reduced LVSVI, LVEF and RVEF (p < 
0.001, p = 0.05, and p = 0.008, respectively). Between CAV subgroups, LVEF was significantly 
decreased among patients with CAV grade 2/3 compared to controls (54 ± 9% vs. 62 ± 5%, 
p = 0.004) and between CAV grade 2/3 compared to CAV grade 1 (54 ± 9% vs. 59 ± 9%, 
p = 0.02). RVEF was also significantly lower in patients with CAV grade 2/3 compared to 
controls (46 ± 7% vs. 56 ± 4%, p < 0.001), and CAV grade 2/3 compared to CAV grade 0 (46 
± 7% vs. 52 ± 10%, p = 0.03). To account for differences in BMI between the control group 
and HTx recipients an additional analysis was performed using values indexed to BSA for 
all volumetric measurements LVSV indexed and RVSV indexed was significantly decreased 
between all CAV groups (grade 0–3) and controls Table 1 (p < 0.001 and p = 0.01).

T2, T1 and ECV-mapping
Figure 1 shows representative LV short axis ECV and T2 maps in a healthy control and HTx 
recipients of different CAV subgroups. For both tissue parameters, the maps show increased 
T2 and ECV in HTx recipients compared to controls for all CAV grades 0–3. In addition, 
increasing CAV grade resulted in increasing T2 and ECV. These findings are corroborated by 
the results across all HTx groups.

As shown in Table 2, peak T1 was significantly elevated in all HTx recipients compared to 
controls (1,107 ± 74 ms vs. 1,072 ± 50 ms, p = 0.05), and when comparing CAV grade 0 to CAV 
grade 2/3 (1,081 ± 32 ms vs. 1,130 ± 79 ms, p = 0.03). On a segmental level, T1 was significantly 
elevated in 7/16 segments between HTx recipients and healthy controls (Figure 2). When 
comparing subgroups, T1 was significantly elevated in 2/16 segments between CAV grade 0 and 
controls, and 1 segment between CAV grade 2/3 and CAV grade 1 (Figure 3).

Global ECV (27.6 ± 3.7% vs. 25.1 ± 3.4%, p = 0.004) and peak ECV (32.1 ± 4.3% vs. 28.6 ± 
3.8%, p < 0.001) were significantly elevated in the entire cohort of HTx recipients compared 
to controls (Table 2). Segmentally, ECV was significantly elevated in 7/16 segments for HTx 
recipients vs. healthy controls (Figure 2), and in 2/16 segments between CAV grade 1 and CAV 
grade 2/3 (Figure 3).

Global T2 (50.6 ± 3.4 ms vs. 45.5 ± 2.1 ms, p < 0.001) and peak T2 (56.6 ± 8.2 ms vs. 50.0 ± 
2.4 ms, p < 0.001) were significantly elevated in the entire HTx cohort compared to controls 
(Table 2). Additionally, global T2 was significantly increased in CAV 2/3 compared to CAV 0 
and CAV 1 (53.6 ± 3.2 vs. 49.5 ± 3.4, p = 0.001 and 50.6 ± 2.9, p = 0.02; Table 2). Segmental 
T2 was significantly elevated across all 16 LV segments in HTx recipients when compared 
to healthy controls (Figure 2). On subgroup analysis, 16/16 segments were elevated when 
comparing CAV grade 0 to healthy controls (Figure 3). Additionally, 6/16 segments had 
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significantly elevated T2 values when comparing CAV grade 2/3 to CAV grade 1 (Figure 3). 
Only one segment was significantly elevated in CAV grade 1 vs. CAV grade 0 (Figure 3).

DISCUSSION

In this study, CMR was applied as a noninvasive method of interrogating global and 
segmental cardiac structure and function in a cohort of patients monitored for CAV beyond 
the first year post-HTx. Our main findings include (1) Global T2 and ECV, and segmental T1, 
T2, and ECV values were significantly elevated between HTx recipients and controls; (2) HTx 
recipients with no evidence of CAV (CAV grade 0) had significantly elevated peak T2 and ECV 
when compared to healthy controls; (3) Global and segmental T2 and LVEF were significantly 
different between CAV grade 2/3 and CAV grade 1.

https://doi.org/10.4250/jcvi.2022.0003
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Table 2. Global structural and peak structural parameters for controls and CAV subgroups
Variables Controls All HTx recipients CAV 0 CAV 1 CAV 2/3 p-value
T1 (ms)

Global 1,000 ± 33 1,027 ± 57 1,020 ± 62 1,028 ± 58 1,031 ± 51 0.070
Peak 1,072 ± 50 1,107 ± 74* 1,081 ± 32§ 1,113 ± 76* 1,130 ± 79*† 0.050

ECV (%)
Global 25.1 ± 3.4 27.6 ± 3.7* 26.8 ± 4.6 27.2 ± 2.7* 29.0 ± 4.9* 0.004
Peak 28.6 ± 3.8 32.1 ± 4.3* 32.0 ± 5.0* 32.0 ± 3.7* 32.8 ± 5.2* < 0.001

T2 (ms)
Global 45.5 ± 2.1 50.6 ± 3.4* 49.5 ± 3.4*§ 50.6 ± 2.9*§ 53.6 ± 3.2*†‡ < 0.001
Peak 50.0 ± 2.4 56.6 ± 8.2* 55.6 ± 3.4*§ 57.0 ± 5.1* 56.5 ± 16.9*† < 0.001

CAV: cardiac allograft vasculopathy, HTx: heart transplantation, ECV: extracellular volume.
*Significance compared to controls; †Significance compared to CAV 0; ‡Significance compared to CAV 1; §Significance compared to CAV 2/3.

ECV

T2

Global T2 = 45.9 msec

Global ECV = 20.8%

Control CAV 0 CAV 1 CAV 3

Global ECV = 22.4% Global ECV = 25.0% Global ECV = 28.7%

Global T2 = 47.8 msec Global T2 = 51.5 msec Global T2 = 61.0 msec

Figure 1. T2 and ECV maps in a healthy control and heart transplantation recipient representative of the different CAV subgroups. 
CAV: cardiac allograft vasculopathy, ECV: extracellular volume.
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Prior studies in HTx recipients have shown similar differences in T1, T2, and ECV when 
compared to controls. Our group has previously reported increased T1 and T2 values in 
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transplantation recipients. The bull-eye plots show T2, T1 and ECV across the 16 American Heart Association LV 
segments. 
ECV: extracellular volume, LV: left ventricular. 
Significant differences are denoted by *p < 0.05 and †p < 0.001.
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HTx patients compared to healthy controls, which may persist beyond the first year post-
HTx.22)23)25) In our study the lack of differences in global T1 values between controls and all 
CAV subgroups may suggest that fibrosis is not the main driver of the functional changes. 
Yuan et al.26) showed elevated ECV and T2 in HTx recipients when compared to controls, 
hypothesizing that myocardial edema may be a contributor to ECV expansion following heart 
transplant. ECV expansion could explain why even HTx recipients without vasculopathy (CAV 
grade 0) had elevated ECV and T2 when compared to controls.
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The lack of difference in T2 between CAV grade 0 and CAV grade 1 could be related to the 
CAV grading criteria. CAV grade 0 is assigned when there is no coronary disease present, 
while CAV grade 1 is assigned when there is < 50% stenosis of the left main coronary artery, 
or < 70% stenosis of the other primary or branch vessels. These CAV grade 1 lesions may 
thus not be physiologically significant (for example a 10% left main stenosis) or too early in 
the disease process to have caused detectable myocardial changes above and beyond what is 
caused by microvascular disease. Differences between CAV grade 1 and CAV grade 2/3, on the 
other hand, demonstrate the progressive nature of the disease process with greater degrees 
of stenosis causing significant myocardial disease detectable by T2 mapping. This is further 
demonstrated by the reduction of LVEF seen in CAV grade 2/3 when compared to CAV grade 1.

Transplanted hearts display functional and structural alteration compared to native hearts, 
even in those without evidence of macrovasculopathy (CAV grade 0). This may indicate 
a subclinical disease process such as rejection, infection or microvasculopathy. CMR-
based myocardial perfusion assessment suggests that CAV grading by angiography may be 
underestimating the degree of vasculopathy and may this be unreliable to detect microvascular 
disease.27-29) There have been estimates that up to 20% of patients with no angiographically 
detectable vasculopathy have abnormal CMR-perfusion imaging.30)31) Braggion-Santos et al.32) 
studied late gadolinium enhancement (LGE) in HTx recipients and found that 19% of patients 
with CAV grade 0 had infarct pattern-LGE lesions. The authors hypothesize that the cause 
is likely 2-fold. First, there are primarily intramural inflammatory/atherosclerotic lesions 
which may not cause angiographically significant stenosis until later in the disease process, 
and second, there may be microvascular disease which is not evaluated in conventional 
angiography.33) A further study conducted by Chih et al.28) demonstrated that a CMR-
myocardial perfusion reserve of ≤ 1.68 had a negative predictive value of 100%, suggesting its 
potential as a test to rule out CAV. In recent pooled analysis of 8 studies (implementing some 
form of CMR derived myocardial perfusion reserve strain or index), CMR had a sensitivity 
range from 41–100% and specificity range from 61–100% in detecting CAV.34)

While our study focused on using CMR based techniques to assess for changes related to 
CAV, it is important to note that several other non-invasive techniques have been studied to 
assess, detect and quantify CAV in HTx recipients.34)35) Stress echocardiography (STE), for 
example, is an option for patients that cannot undergo invasive angiography (due to renal 
function, unacceptably high risk of heart catheterization).36) However, a recent meta-analysis 
cited a sensitivity of only 60% in the detection of CAV, with a specificity of 86%.37) Multiple 
other studies have demonstrated that STE is not able to detected mild or moderate CAV in 
the first 5 years after HTx,38-40) however, does have a sensitivity of up to 80% to detect severe 
CAV.39) The sensitivity of STE is enhanced when combined with strain imaging assessing 
myocardial deformation and coronary flow velocity reversal.41)42) Coronary CT angiography 
(CCTA) has emerged as a powerful tool which is able to delineate coronary wall change 
associated with CAV, as well as degree of stenosis. Usually, the utility of CCTA is limited by 
elevated resting heart rates of a denervated allograft, and the use of nephrotoxic iodinated 
contrast.43) However, advancements in techniques (i.e., dual source, multi-segment 
reconstruction and motion correct algorithms) render CCTA appealing, particularly with 
the ability to detect an intimal maximal thickness > 0.5 mm with the same sensitivity as 
intravascular ultrasonography. These advances make CCTA more sensitive than ICA in some 
ways, particularly with the specific pathophysiology of CAV in mind.44) A recent pooled 
analysis of 24 studies reported that the sensitivity of CCTA ranged from 70–100% associated 
with a specificity ranging from 75–100%.34)
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CCTA with measurement of the fractional flow is able to show coronary wall change of CAV 
as well as degree of stenosis noninvasively with a recent meta-analysis of 13 studies (n = 615) 
showed that CTA and angiography were able to detect CAV and significant CAV (stenosis ≥ 
50%) with mean sensitivities of 97% and 94%, specificities of 81% and 92%.45) Stress perfusion 
CT may allow for the detection of perfusion change in LV myocardium of patients with CAV.46) 
Finally, the coronary artery calcium (CAC) score seems to be of particular interest as recent 
prospective study including 113 transplant recipients cited an overall sensitivity of 88% and 
negative predictive value of 97% for CAC in detecting CAV 2–3 (moderate-severe CAV).47)

Limitations of our study include (1) We did not assess microvascular disease (or a surrogate) 
which may have helped confirm our hypothesis that the lack of differences of structural 
and functional differences between CAV grade 0 and grade 1 may indicate underlying 
microvasculopathy. (2) We assessed structural parameters (T2, T1, and ECV) and functional 
parameters (biventricular ejection fraction), and acknowledge that the inclusion of further 
myocardial strain based functional assessment using magnetic resonance (MR) tagging 
techniques,48) or using DENSE49) may allow for a quantitative comparison between global and 
regional MR functional measures in this cohort. (3) Only LV structural parameters were studied.

In conclusion, differences in structural and functional parameters in HTx recipients 
with CAV grade 1 versus CAV grade 2/3 illustrate the potential of CMR to non-invasively 
detect progressive myocardial tissue and function changes associated with CAV 
severity. Additionally, detection of structural differences in HTx grafts that do not have 
angiographically detectable disease support the usefulness of CMR in non-invasive 
monitoring of patients following HTx as an adjunct to ICA. Future work should include 
assessment of the microvascular component of CAV to further assess value and feasibility of 
multiparametric CMR as a non-invasive screening tool for patients monitored for CAV.
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