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to evaluate temporal change in RV FAC according to base-
line post-contrast  T1 values. Longitudinal data analysis 
was performed to adjust for patient loss during follow-up. 
Subjects (62% men, 51 ± 15 years) had mild to moderately 
impaired global RV systolic function (RVEF = 39 ± 15%; 
RVEDV = 187 ± 69  ml; RVESV = 119 ± 68  ml) and mod-
erate left ventricular dysfunction at baseline (LVEF 
30 ± 17%). Good correlation was observed between mean 
LV and RV post-contrast  T1 values (r = 0.652, p < 0.001), 
with similar post-contrast  T1 values maintained in both the 
RV free wall and septum (r = 0.761, p < 0.001). CMR RVEF 
demonstrated a proportional correlation with echocardio-
graphic measures of RV longitudinal function and CMR RV 
strain (longitudinal r = −0.449, p = 0.001; radial r = −0.549, 
p < 0.001). RVEF was related to RV post-contrast  T1 val-
ues, particularly in those with RV dysfunction (free wall  T1 
r = 0.259 p = 0.027; septal  T1 r = 0.421 p < 0.001). RV strain 
was also related to RV post-contrast  T1 values (r = −0.417, 
p = 0.002). Linear regression analysis demonstrated strain 
and post-contrast T1 values to be independently associated 
with RVEF. Subjects with severe RV dysfunction (CMR 
RVEF <25%) demonstrated lower RV CMR strain (longi-
tudinal p = 0.018; radial p < 0.001), RV  T1 values (free wall 
p = 0.013; septum <0.001) and RV longitudinal echocar-
diography parameters despite no difference in afterload. 
During follow-up, those with RV free wall post-contrast 
 T1 values ≥ 350 ms demonstrated ongoing improvement in 
FAC (Δ6%), whilst values <350 ms were associated with 
deterioration in RV function (ΔFAC = −5%) (p = 0.026). 
CMR provides a comprehensive method by which to evalu-
ate right ventricular function. Post-contrast  T1 mapping and 
CMR strain imaging are technically feasible and provide 
incremental information regarding global RV function and 
structure. The proportional relationship between RV func-
tion and post-contrast  T1 values supports that myocardial 

Abstract Right ventricular (RV) fibrosis is increas-
ingly recognized as the underlying pathological substrate 
in a variety of clinical conditions. We sought to employ 
cardiac magnetic resonance (CMR) techniques of strain 
imaging and longitudinal relaxation time  (T1) mapping to 
better examine the relationship between RV function and 
structure. Our aim was to initially evaluate the feasibility 
of these techniques to evaluate the right ventricle. We then 
sought to explore the relationship between RV function 
and underlying fibrosis, along with examining the evolu-
tion of RV remodeling according to the amount of base-
line fibrosis. Echocardiography was performed in 102 sub-
jects with non-ischemic cardiomyopathy. Right ventricular 
parameters were assessed including: fractional area change 
(FAC) and longitudinal strain. The same cohort underwent 
CMR. Post-contrast  T1 mapping was performed as a marker 
of fibrosis with a Look-Locker technique using inversion 
recovery imaging. Mid-ventricular post-contrast  T1 values 
of the RV free wall, RV septum and lateral LV were cal-
culated using prototype analysis software. Biventricular 
volumetric data including ejection fraction was measured 
by CMR using a cine short axis stack. CMR strain analysis 
was also performed to assess 2D RV longitudinal and radial 
strain. Simultaneous biochemical and anthropometric data 
were recorded. Subjects were followed over a median time 
of 29 months (IQR 20–37 months) with echocardiography 
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fibrosis is a causative factor of RV dysfunction in NICM, 
irrespective of RV afterload. This same structural milieu 
also appears integral to the propensity for both positive and 
negative RV remodeling long-term, suggestive that this is 
also determined by the degree of underlying RV fibrosis.

Keywords Right ventricle · Myocardial fibrosis · Strain · 
Cardiac MRI · T1 mapping

Introduction

Left ventricular (LV) longitudinal relaxation time  (T1) 
mapping is increasingly employed for assessment of diffuse 
myocardial fibrosis in a variety of non-ischemic cardiomyo-
pathies including: hypertensive heart disease, hypertrophic 
cardiomyopathy (HCM), idiopathic dilated cardiomyopathy 
(DCM), infiltrative cardiomyopathy and metabolic pro-
cesses such as diabetes [1–3]. Post-contrast  T1 values have 
been previously validated against endomyocardial biopsy, 
therefore enabling non-invasive quantification of diffuse 
myocardial fibrosis, without the inherent limitations of 
delayed enhancement imaging, where normal myocardium 
is required for contrasting signal intensity [4]. Post-contrast 
 T1 values have also been inversely correlated with both LV 
systolic and diastolic function, with additional LV clinical 
applications further rapidly expanding for this useful tech-
nique [3, 5].

In contrast, there is limited corresponding knowledge 
regarding the relationship between right ventricular (RV) 
structure, fibrosis and systolic function, despite RV fibrosis 
increasingly being recognized as an underlying pathologi-
cal substrate in a variety of clinical conditions including: 
arrhythmogenic right ventricular cardiomyopathy, pul-
monary hypertension and ultra-endurance athlete’s heart 
[6–8]. This underlying fibrosis is thought to predispose to 
clinical sequelae including: arrhythmias, heart failure and 
impaired functional capacity. RV function is also challeng-
ing to quantitate as the asymmetrical RV shape precludes 
many of the echocardiographic geometrical assumptions 
made for evaluation of the left ventricle. This is reflected 
by the multiple RV echocardiography parameters required 
in combination for assessment, with resultant determinants 
of global RV function made using limited parameters such 
as fractional area change (FAC) and markers of RV free 
wall longitudinal motion.

Cardiac magnetic resonance imaging (CMR) has enables 
more accurate quantification of RV volumes and global 
function than echocardiography. It is now the gold stand-
ard for calculation of these RV parameters [9]. In addition 
to the calculation of ejection fraction, the improved abil-
ity to reconstruct the RV in three dimensions should also 
lend itself to better assessment of RV free wall function in 

multiple tissue planes. In theory this should now enable 
calculation of global and regional RV strain in both longi-
tudinal and radial planes to allow for more comprehensive 
evaluation of overall RV function. As yet, CMR  T1 map-
ping has had limited adoption for assessment of RV struc-
ture and underlying fibrosis, although preliminary small 
number data appears promising [10]. Endomyocardial 
biopsy of the RV is commonly performed; however tissue 
is typically taken from the RV aspect of the interventricu-
lar septum, rather than the RV free wall to reduce the risk 
for perforation and cardiac tamponade [11]. Hence, evalu-
ation and quantification of fibrosis within the RV free wall 
remains limited.

We sought to incorporate the CMR techniques of post-
contrast  T1 mapping (as a marker of fibrosis) and strain 
imaging to better evaluate RV structure and function 
respectively. Our aim was to initially evaluate the feasibil-
ity of performance of these techniques on the right ventri-
cle. We then sought to explore the relationship between RV 
function, remodeling and fibrosis according to these CMR 
variables and other standard echocardiographic measures. 
Lastly, we aimed to explore the evolution of RV function 
using these same parameters. Our hypotheses were that 
RV post-contrast  T1 mapping and strain techniques would 
be technically feasible and that there would be correlation 
between non-invasive quantitative physiological markers of 
RV function and structure.

Methods

We retrospectively reviewed 102 consecutive subjects with 
non-ischemic cardiomyopathy (NICM), who were referred 
for and successfully completed both CMR and transtho-
racic echocardiography. Subjects with NICM were selected 
to provide a wide range of biventricular function for anal-
ysis. Subjects were excluded if image quality using either 
modality was suboptimal for image analysis, including 
adequate frame rate and tissue tracking for echocardiogra-
phy deformation imaging. NICM was defined as a history 
of impaired left ventricular systolic dysfunction with LVEF 
<50% and no other causes of cardiomyopathy including: 
ischemic, valvular, hypertensive or congenital heart dis-
ease. Approval for this study was granted by the Institu-
tional Review Board of the Cleveland Clinic Foundation, 
Main Campus, Cleveland, Ohio.

Demographic, anthropometric, and metabolic data

Clinical data were collected regarding subject age, gender, 
anthropometry, biochemistry (including creatinine) and 
hematocrit (Table 1).
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Echocardiography

A commercially available cardiac ultrasound machine 
(Vivid 7/e9; General Electric Medical Systems, Milwau-
kee, WI) was used to perform a comprehensive resting 
echocardiogram. Left ventricular systolic function was 
assessed using the modified Simpson biplane method for 
volumetric analysis and subsequent calculation of LVEF. 
Color and spectral Doppler imaging was performed to 
assess valvular morphology and exclude significant under-
lying valvular disease. Additionally, subjects underwent 
dedicated echocardiographic assessment of the RV includ-
ing: RV optimized 2D imaging, measurement of RV FAC, 
M-mode imaging to determine RV free wall tricuspid annu-
lar plane of systolic excursion (TAPSE), spectral Doppler 
imaging to estimate RV systolic pressure (RVSP) from the 
peak tricuspid regurgitant velocity and RV free wall longi-
tudinal systolic tissue velocity (RV s’) via color tissue Dop-
pler imaging. Apical long-axis images were captured with 
suitable frame rates (50–75/s) for performance of offline 
2D strain imaging. Strain analysis was performed with 
commercially available software (EchoPac; GE Vingmed, 
Horten, Norway). Semi-automated 2D longitudinal defor-
mation imaging was performed by tracing the RV myocar-
dium on an RV optimized apical 4 chamber view. Global 
mean peak RV strain was determined, which included both 
the RV free wall and interventricular septum. Peak RV free 
wall strain was also calculated by averaging the peak strain 
values from the three free wall segments. Subjects were 
then followed with serial echocardiograms to evaluate tem-
poral change in RV FAC.

CMR imaging

All subjects underwent CMR imaging on a 1.5 T Achieva 
scanner (Philips Healthcare, Cleveland, OH) with vec-
torcardiogram (VCG) gating, a dedicated 8-channel car-
diac surface coil, and inspiratory breath holds. Turbo spin 
echocardiography and gradient echocardiography imaging 
for anatomic definition were performed. After the cardiac 
axes were determined with localizers, vertical (VLA) and 
horizontal long-axis (HLA) and short-axis cine MRI was 
performed with a balanced steady-state free-procession 
sequence for cardiac chamber quantification, wall motion 
assessment and valvular analysis. Short-axis slice thickness 
was 8 mm. Biventricular CMR volumetric data was meas-
ured off-line  (CVI42, Circle Cardiovascular Imaging Inc., 
Calgary, Canada) using the cine short axis stack to estab-
lish LV and RV end-diastolic volumes (EDV), end-systolic 
volumes (ESV) and biventricular ejection fractions (EF). 
Normal RV ejection fraction by CMR was defined as ≥50% 
[12, 13].

Gadolinium based contrast (Magnevist, Bayer, Health-
Care, Whippany, USA) was administered, and 15  min 
later, post-contrast imaging was performed with an inver-
sion recovery Look-Locker technique in a standard short-
axis slice at the mid-ventricular cavity level. Slice thick-
ness was maintained at 10 mm. Imaging parameters were: 
repetition time (TR)/echo time(TE): 4.0/1.8 ms, flip angle 
(FA): 45°, acquisition matrix (Acq matrix): 256 × 160 pix-
els, and field of view (FOV): 38 cm. Subsequently, stand-
ard late gadolinium enhancement (LGE) imaging was then 
performed in the LV short axis and long axis planes with 

Table 1  Subject characteristics 
at baseline

Subject characteristics at baseline Mean value (±SD), 
percentage (%) or median 
(IQR)

Age (years) 51 ± 15
Gender (male) 62%
Weight (kg) 87 ± 20
Height (m) 174 ± 11
BSA  (m2) 3.0 ± 0.4
BMI (kg/m2) 29 ± 6
Heart rate (bpm) 80 ± 21
Systolic blood pressure (mmHg) 108 ± 20
Glomerular filtration rate (ml/min) 87 (72–117)
Hematocrit (%) 39.6 ± 5.5
Angiotensin converting enzyme inhibitor use 63%
Angiotensin 2 receptor blocker use 16%
Beta-blocker use 84%
Aldosterone antagonist use 31%
Loop diuretic use 49%
Statin use 33%
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an inversion-recovery sequence with the inversion time set 
to null normal myocardium [slice thickness: 8  mm, Acq 
matrix 256 × 160 pixels, FOV: 40 m, number of excitations 
(NEX): 2]. Evaluation for focal LGE was performed, to 
assess for underlying scar in either ventricle.

The Look-Locker technique involved VCG gating and 
a single breath hold technique. Approximately 20 images, 
each with a consecutively longer inversion time, were 
acquired at the mid-ventricular level. Offline, regions of 
interest (ROI) were manually traced on each short axis 
image. These ROI were specifically placed within the mid 
RV free wall (orange), RV blood pool (aqua), mid RV sep-
tum (yellow) and mid LV lateral wall (blue) using proto-
type CVI42 software. When tracing the myocardial ROI, 
care was taken to avoid regions of LGE, non-myocardial 
structures, trabeculations and adjacent blood pool (Fig. 1).

Signal intensities were then measured within each of the 
4 ROI at the incrementally longer inversion times.

Exponential recovery curves of these values were then 
generated on a pixel-by-pixel basis for each designated 
ROI from which the regional myocardial post-contrast 
 T1 times could be extrapolated as a marker of myocardial 
fibrosis (Fig. 2). The  T1 constant that is obtained directly 
from the fit is referred to as T∗

1
. A three parameter model 

[A − B.exp(−TI∕T∗
1
)] was used for curve fitting and  T1 

was determined using T1 = (B∕A − 1).T∗
1
. An automated 

curve-fitting technique was also used to generate a post-
contrast  T1 map based upon the premise that a shorter 
post-contrast  T1 time corresponds to increased gadolin-
ium retention and greater extra-cellular volume such as 
fibrosis. Several physiological confounders can impact 
upon post-contrast  T1 values. As such, raw post-contrast 
 T1 values were adjusted for estimated glomerular filtra-
tion rate (eGFR), body size, gadolinium dose and post-
contrast delay time based on an analytical solution to a 
kinetic model [14]. Regional post-contrast T1 relaxation 
times for the RV and LV were then compared between 
subjects.

CMR strain analysis was performed to measure global 
2D biventricular longitudinal (GLS) and RV radial strain 
(GRS) using commercially available software (TomTec 
Imaging Systems Corp, Munich, Germany). This involved 
employing a semi-automated tissue tracking algorithm 
to track myocardial deformation throughout the cardiac 
cycle on standard cine SSFP images. Manual adjustments 
were made to ensure optimal and appropriate myocar-
dial tracking as required. Peak 2D longitudinal strain was 
measured from the three standard apical long axis planes 
and averaged to determine LV GLS. RV peak strain was 
determined from a horizontal long-axis cine image. Peak 
RV GLS strain was calculated as the mean peak strain 
including all segments of the RV free wall and inter-
ventricular septum (Fig.  3). Mean peak RV longitudinal 
free wall strain was defined as the mean peak strain of the 
three RV free wall segments. RV radial strain was meas-
ured in a similar fashion in 6 short axis segments from 
a mid-ventricular level cine short axis image. The mean 
peak value for each of the six segments was determined 
and averaged to calculate RV GRS (Fig. 4).

Fig. 1  Regional post-contrast  T1 values were determined offline by 
manually tracing regions of interest (ROI) on the short axis cardiac 
magnetic resonance images at the mid ventricular level. These ROIs 
were specifically placed within the mid RV free wall (orange), RV 
blood pool (aqua), mid RV septum (yellow) and mid LV lateral wall 
(blue) using prototype analysis software

Fig. 2  Signal intensity time curves were extrapolated for each of the 
4 regions of interest at incrementally longer inversion times. These 
exponential recovery curves were employed to determine regional 
myocardial post-contrast  T1 times [mid RV free wall (red), RV blood 
pool (green), mid RV septum (yellow) and mid LV lateral wall (blue)]
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Statistical analysis

Results are expressed as mean and standard deviation (SD), 
median and interquartile range (IQR) or subject number 
and percentage. The normality of continuous data was 
verified with a Kolmogorov–Smirnov test. Analysis of 
normally distributed variables was performed with Pear-
son bivariate correlations, whilst nonparametric variables 
were analyzed using Spearman correlations. Comparison 
of groups was performed using independent T-tests. Inde-
pendent associations were sought with linear and logistic 
regression models of independent variables. Candidate 
variables for the models were selected on clinical grounds, 
guided by univariable correlation with p value <0.10 and 

the absence of colinearity. Longitudinal data analysis was 
performed to adjust for patient loss during follow-up. Sta-
tistical analysis was performed with standard statistical 
computer software (SPSS 17; SPSS Inc, Chicago, Illinois). 
p < 0.05 was deemed to be statistically significant.

Results

Subjects (51 ± 15 years, 62% male) were overweight (BMI 
29 ± 6 kg/m2), but had normal renal function (median eGFR 
87  ml/min, IQR 72–117) and hematocrit (39.6 ± 5.5%). 
The proportion of subjects on recommended heart failure 
therapy was high, with 79% of subjects on an angiotensin 

Fig. 3  Right ventricular longitudinal strain cardiac magnetic reso-
nance strain analysis was performed offline using a semi-automated 
tissue tracking algorithm to track myocardial deformation throughout 
the cardiac cycle on a horizontal long axis cine image (a) and deter-

mine regional and global peak right ventricular 2D longitudinal strain 
(b, c). From this, mean peak RV free wall was defined as the mean 
peak longitudinal strain of the three right ventricular free wall seg-
ments

Fig. 4  Right ventricular radial strain cardiac magnetic resonance 
strain analysis was performed offline using a semi-automated tissue 
tracking algorithm to track myocardial deformation throughout the 

cardiac cycle on a mid-ventricular level cine short axis image (a). The 
mean peak value for each of the six segments was determined (b, c) 
and averaged to calculate right ventricular global radial strain
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converting enzyme inhibitor or angiotensin 2 receptor 
blocker and 84% on beta-blockers at baseline (Table  1). 
Baseline echocardiography and CMR were performed 
6 ± 139 days apart on average.

CMR—volumetric data

Volumetric analysis by CMR demonstrated that left ven-
tricular function was moderately reduced overall (LVEF 
30 ± 17%), with increased LV volumes (EDV 276 ± 102 ml; 
ESV 201 ± 102 ml) but normal LV mass (145 ± 48 g). These 
results were consistent with the pre-specified inclusion cri-
teria of non-ischemic cardiomyopathy. Right ventricular 
systolic function was concurrently noted to be mild to mod-
erately impaired (mean RVEF = 39 ± 15%), with associ-
ated right ventricular enlargement (RVEDV = 187 ± 69 ml; 
RVESV = 119 ± 68  ml). RVEF modestly correlated with 
LVEF. There were 74 (73%) study subjects with RV dys-
function (Table 2).

CMR—strain data

CMR GLS for the LV was moderately reduced globally, 
without significant regional variation. This was also con-
sistent with NICM and the documented moderately reduced 
LVEF. LV 2D GLS strain was −10.9 ± 5.0% and remained 
similar when analyzed regionally (HLA [4 chamber] 
view −10.9 ± 5.2%, VLA [2 chamber] view −10.8 ± 5.8% 
and long-axis [3 chamber] −11.1 ± 5.9%). RV free wall 
longitudinal strain was at least mildly reduced globally 
(−20.0 ± 6.9%), with an expected progressive reduction 
regionally moving from base to apex, likely related to 
greater apical tethering (basal segment −23.2 ± 12.0%, 
mid segment −20.0 ± 9.1%, apical segment −16.9 ± 9.3%). 

RV GLS incorporated mean strain from the RV free wall 
and interventricular septum and was moderately reduced 
(−12.5 ± 5.9%) in comparison to free wall strain. However, 
this disparity likely reflects the predominant contribution of 
LV function to deformation of the interventricular septum. 
RV GRS was reduced at −7.4 ± 3.6%. Although, normal 
values for this parameter are not yet defined.

CMR—post-contrast  T1 mapping

Focal LGE within the left ventricle was identified in 45 
patients (44%), however no subjects had focal enhance-
ment of the RV free wall. Mean RV free-wall and septal 
post-contrast  T1 values were similar to LV values overall, 
with good correlation demonstrated between RV free wall 
post-contrast T1 values and those measured in the RV 
septum and LV lateral wall, consistent with an underlying 
global process (Fig.  5a, b). Bland Altman analysis exam-
ining the difference between post-contrast T1 values in 
the RV free wall compared with the septum and LV lateral 
wall demonstrated a relatively even spread of data around 
the mean for both comparisons (Fig.  5c, d). Post-contrast 
(raw, uncorrected)  T1 results were 350 ± 66 ms for the RV 
free wall, 359 ± 74 ms for the RV septum and 384 ± 78 ms 
for the LV lateral wall. Corrected post-contrast  T1 values 
were still relatively similar at 377 ± 73 ms for the RV free 
wall, 390 ± 74 ms for the RV septum and 414 ± 87 ms for 
the LV lateral wall. These results compare to a previously 
published post-contrast  T1 value for the left ventricle in 
NICM of 439 ms (397–483 ms) [15]. However, inter-study 
comparison of post-contrast  T1 values can be influenced by 
scanner, mapping technique and type and dose of contrast 
media even despite our intra-study corrections of raw data 
for individual patient confounding factors. Normal values 

Table 2  Bivariate correlations between CMR right ventricular ejection fraction and other parameters of right ventricular structure and biven-
tricular function for the whole study population and for those with right ventricular dysfunction (RVEF <50%)

Whole study population (n = 102) Subjects with RV dysfunction 
(n = 74)

Mean ± SD r p Mean ± SD r p

Left ventricular CMR ejection fraction (%) 30 ± 17 0.353 <0.001 29 ± 18 0.392 0.001
Right ventricular free wall post-contrast  T1 (ms) 378 ± 73 0.018 0.859 384 ± 79 0.259 0.027
Right ventricular septal post-contrast  T1 (ms) 359 ± 74 0.199 0.045 392 ± 75 0.421 <0.001
Left ventricular lateral wall post-contrast  T1 (ms) 414 ± 87 0.265 0.007 409 ± 94 0.344 0.003
Right ventricular systolic pressure (mmHg) 37 ± 14 −0.245 0.040 41 ± 16 −0.573 0.066
Tricuspid annular plane of systolic excursion [TAPSE] (cm) 2.0 ± 0.7 0.358 0.001 1.9 ± 0.6 0.490 <0.001
Right ventricular systolic tissue velocity [s’] (cm/s) 10.9 ± 3.4 0.412 0.001 10.3 ± 3.2 0.230 0.134
Right ventricular CMR global longitudinal strain (%) −12.5 ± 5.9 −0.449 0.001 −11.8 ± 5.3 −0.517 0.001
Right ventricular CMR free wall longitudinal strain (%) −20.0 ± 6.9 −0.402 0.003 −18.9 ± 6.1 −0.286 0.077
Right ventricular CMR global radial strain (%) −7.4 ± 3.6 −0.549 <0.001 −6.8 ± 3.6 −0.563 <0.001
Left ventricular CMR global longitudinal strain (%) −10.9 ± 5.0 −0.492 <0.001 −10.4 ± 4.9 −0.600 <0.001
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for right ventricular post-contrast  T1 values have not been 
defined, but are presumably similar to LV values in a nor-
mal heart.

Echocardiography—RV parameters

RV FAC by echocardiography demonstrated normal 
mean RV function when averaged for the whole study 
population, with a mean FAC of 42 ± 9% (normal >35%) 
[16]. Other echocardiographic parameters of RV func-
tion were also preserved, although predominantly reflect 
basal free wall longitudinal function. These include RV s’ 
(10.9 ± 3.4 cm/s) and TAPSE (2.0 ± 0.7 cm). Overall, right 
heart pressures were not significantly elevated when esti-
mated by echocardiography, as reflected by a peak tricus-
pid regurgitant velocity of 2.5 ± 0.5  m/s and correspond-
ing RVSP of 37 mmHg. 2D longitudinal strain imaging by 
echocardiography reflected similar RV strain findings to the 
CMR results, despite different analysis software. Free wall 
RV longitudinal strain was −18.9 ± 6.8%, with the same 
gradient noted between basal and apical segments (basal 
segment −20.9 ± 7.7%, mid segment −20.0 ± 7.5%, apical 
segment −15.8 ± 8.8%).

Correlation between CMR and echocardiography

There was no difference in LVEF when measured by echo-
cardiography compared with CMR (32 ± 11 vs. 30 ± 17%, 
p = 0.2), although as expected CMR volumes were propor-
tionally increased (CMR LVEDV 277 ± 103  ml, LVESV 
202 ± 103  ml; Echocardiography LVEDV 181 ± 78  ml, 
LVESV 124 ± 71 ml). LV 2D GLS results were also similar 
by echocardiography (−8.5 ± 2.8%), compared with CMR 
(−10.1 ± 4.1%) and correlated well (r = 0.795, p < 0.001). 
Likewise, echocardiography and CMR strain demon-
strated moderate concordance for RV strain (free wall 
strain −18.9 ± −6.8 vs. −20.0 ± 6.9%, r = −0.42, p = 0.074). 
RVEF by CMR demonstrated a proportional correlation 
with echocardiography measures of RV longitudinal func-
tion, including TAPSE and RV s’. When selected for abnor-
mal RVEF, those with RV dysfunction had predictably 
lower TAPSE and RV s’ values, along with a higher RVSP 
(Table  2). RV strain by both CMR and echocardiography 
demonstrated an inverse relationship with RVEF. Specifi-
cally, a lower RVEF was associated with smaller (less neg-
ative) strain values, especially amongst those with abnor-
mal RV function (Table 2).

Fig. 5  Comparison of right ventricular (RV) free wall post-contrast 
 T1 values with RV free wall and left ventricular (LV) lateral wall 
post-contrast  T1 values: a correlation between mean RV free-wall and 
RV septal post-contrast  T1 values, b correlation between mean RV 
free-wall and LV lateral wall post-contrast  T1 values, c Bland Altman 

analysis comparing the difference between RV free-wall and RV sep-
tal post-contrast  T1 values, d Bland Altman analysis comparing the 
difference between RV free-wall and LV lateral wall post-contrast  T1 
values
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Relationship between RV function and structure

RVEF was proportionally related to multiple markers of 
RV function and also to myocardial structure as represented 
by RV post-contrast  T1 values (Table  2). On multivariate 
linear regression analysis of these significant univariate 
correlates within the whole study population, RV CMR 
GLS (ß = −0.674, p = 0.018) and RV septal post-contrast  T1 
values (ß = 0.482, p = 0.070) were most independently asso-
ciated with RVEF. When analysis was limited to subjects 
with RV dysfunction, an even stronger relationship between 
RVEF and both post-contrast T1 values and other param-
eters of RV dysfunction was noted. Multivariate linear 
regression analysis of univariate correlates within this sub-
population also demonstrated RVEF to be independently 
associated with RV free wall post-contrast  T1 (ß = 0.447, 
p = 0.040) and RV CMR GLS (ß = −0.559, p = 0.030). 
Thereby supportive that myocardial fibrosis plays a causa-
tive role in the RV dysfunction manifested in NICM.

When subjects were further stratified according to 
severity of RV dysfunction, subjects with severe RV dys-
function (CMR RVEF <25%) demonstrated lower strain, 
post-contrast  T1 values and TAPSE despite no difference 
in afterload (as measured by RVSP) (Table  3). Although 
RVSP did not correlate with post-contrast  T1 values, there 
was a relationship noted between RVSP and RV free wall 
strain (r = −0.363, p = 0.041). RV free wall strain was also 
related to RV free wall post-contrast  T1 values (r = −0.417, 
p = 0.002), further supportive of the link between RV func-
tion and structure.

Lastly, subjects were dichotomized based upon RV free 
wall post-contrast  T1 values of above or below 350 ms as 
this approximated the median RV free wall post-contrast  T1 
value for the population (363 ms) and this cut-point was felt 
to be a good identifier of those with clearly abnormal post-
contrast  T1 values (based upon previously defined normal 
post-contrast  T1 values for the LV) [17]. Those with lower 

baseline post-contrast  T1 values (<350 ms) had reduced RV 
free wall CMR strain (−18 ± 6 vs. −23 ± 7%; p = 0.007), 
but otherwise similar baseline parameters including: age, 
renal function, weight, RVEF, LVEF and echocardiography 
parameters (FAC, RVSP and TAPSE). When subjects were 
followed over a median time of 29 months (IQR 20–37) 
with echocardiography, those with RV free wall post-con-
trast  T1 time ≥350  ms demonstrated a significant ΔFAC 
of 6% compared to those with post-contrast  T1 values 
<350 ms who demonstrated a progressive deterioration in 
RV function over time (ΔFAC = −5%) (p = 0.026) (Fig. 6).

Discussion

The asymmetrical geometry of the right ventricle has made 
it traditionally difficult to quantitate using 2D echocardi-
ography and standard acoustic windows. As such, in most 
clinical imaging laboratories, assessment of RV function 

Table 3  T-test comparing 
parameters of right ventricular 
function and structure, in study 
subjects stratified according to 
severe or non-severe baseline 
right ventricular impairment

RVEF < 25% 
(n = 19; 
16 ± 6%)
Mean ± SD

RVEF ≥ 25% 
(n = 83; 
45 ± 11%)
Mean ± SD

p

Right ventricular free wall post-contrast  T1 (ms) 339 ± 52 385 ± 75 0.013
Right ventricular septal post-contrast  T1 (ms) 336 ± 50 403 ± 74 <0.001
Left ventricular lateral post-contrast  T1 (ms) 349 ± 46 428 ± 87 <0.001
Right ventricular global longitudinal strain (%) −8.9 ± 4.4 −13.5 ± 5.9 0.018
Right ventricular global radial strain (%) −3.9 ± 1.9 −8.3 ± 3.3 <0.001
Left ventricular global longitudinal strain (%) −6.4 ± 4.0 −12.1 ± 4.6 <0.001
Left ventricular ejection fraction (%) 17 ± 7 33 ± 17 <0.001
Tricuspid annular plane of systolic excursion [TAPSE] (cm) 1.5 ± 0.4 2.1 ± 0.7 0.004
Right ventricular systolic tissue velocity [s’] (cm/s) 10 ± 3 11 ± 3 0.298
Right ventricular systolic pressure (mmHg) 39 ± 12 36 ± 14 0.440

Fig. 6  Right ventricular remodeling [measured by fractional area 
change (FAC)] according to the degree of baseline right ventricular 
fibrosis (post-contrast  T1 </≥ 350 ms)
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has remained largely qualitative and in many cases there 
is rudimentary or minimal evaluation at all. CMR heralds 
a new era of 3D/4D cardiac imaging, which is not limited 
by tissue planes and hence is ideally placed to revolutionize 
the way in which we visualize and evaluate the right ventri-
cle. It has the potential to provide incremental quantitative 
data about RV function and structure, thereby reinventing 
our understanding of this critical structure. The clinical 
impact of this better understanding of the RV could be pro-
found and has the potential to directly influence patient care 
via more accurate diagnosis, thereby facilitating institution 
of targeted appropriate therapy and potentially improved 
patient outcomes.

However, like every new application, RV CMR imag-
ing must prove its technical feasibility to provide mean-
ingful clinical data. This is particularly important for the 
RV, as not all LV validated measures can be automatically 
and appropriately extrapolated and applied to the RV. This 
relates predominantly to the inherent differences in struc-
ture between the RV and LV. In particular, the asymmetri-
cal RV shape, its relatively thin free wall and the promi-
nence of RV myocardial trabeculation can all result in 
technical limitations. Reassuringly, the performance of RV 
CMR parameters within this study all proved technically 
feasible. All patients had suitable image quality for data 
analysis and provided that ROI contours were drawn appro-
priately within the relatively thin RV free wall, meaning-
ful post-contrast  T1 mapping offline analysis was able to be 
performed in all subjects. Specifically, particular care was 
taken to avoid contaminating the myocardial segmentations 
with blood pool, thereby resulting in a partial volume effect 
which would have artificially reduced post-contrast  T1 val-
ues. Care was also taken to place the septal ROI within the 
RV aspect of the interventricular septum, to try to maxi-
mize the likelihood that obtained post-contrast  T1 values 
reflected RV myocardial signal intensity, rather than simply 
that of the LV.

The inherent caution required to ensure that each ROI 
was appropriately placed overlying RV myocardium 
(and not blood pool or LV septum) on each image frame 
did require manual optimization in many patients. This 
detracted from the automaticity of the offline analysis tech-
nique and increased study processing time, although likely 
ensured better accuracy of results. Ideally as automated tis-
sue tracking computer algorithms continue to improve, this 
will be less of an issue and this type of labor intensive man-
ual processing will be reduced. Good agreement between 
regional RV and LV post-contrast  T1 values supports the 
consistency and internal validity of the biventricular post-
contrast  T1 mapping technique in subjects with a global 
process such as NICM. Although high subject numbers are 
not necessarily required for a feasibility study, our inclusion 
of >100 subjects is substantially more than the previously 

published small study manuscript and abstracts in this area, 
which have each been limited to ≤24 participants [10, 18, 
19]. We feel that our larger study numbers are important to 
provide a broad enough study population in which to test a 
potentially challenging technique such as RV post-contrast 
T1 mapping.

Within our cohort of subjects, there was good cor-
relation demonstrated between CMR and echocardio-
graphic quantitative markers of RV function and structure. 
Although not the focus of the study, LV evaluation was also 
reassuringly similar between modalities, further validating 
the usefulness of this multi-modality approach. Increased 
LV volumes were noted on CMR compared with echocar-
diography, in line with previous observations [20]. How-
ever, as this, proportionally occurred for both LVEDV and 
LVESV, it did not impact upon overall LVEF, which were 
similar between modalities. RV functional data demon-
strated a proportional relationship between impaired RVEF 
and reductions in other parameters of RV longitudinal func-
tion including RV s’ and TAPSE. Our data also demon-
strated that CMR strain analysis provides complementary 
RV functional assessment to RVEF and echocardiography 
derived measures of RV performance. RV strain by echo-
cardiography and CMR were similar for GLS, with incre-
mental functional information facilitated by CMR using 
GRS. When stratified by degree of RV impairment accord-
ing to RVEF, there was a consistent relationship between 
RVEF and all different types of strain. Specifically, those 
with reduced RVEF also had consistently reduced (less 
negative) longitudinal and radial strain. Hence, multipla-
nar strain via CMR provides incremental information over 
and above echocardiographic functional measures, which 
primarily are limited to assessment of free wall longitudi-
nal function. These parameters include: echocardiography 
derived 2D strain, TAPSE and RV s’. Often these meas-
ures of longitudinal function can remain preserved, despite 
reduced radial contractility, thereby masking the true 
degree of RV dysfunction. This is illustrated in Table  2, 
where those with RV dysfunction (n = 74, RVEF <50%) 
have low-normal TAPSE and s’ results, which are only 
slightly worse than the whole study population. In contrast, 
a larger reduction in RV GRS within this sub-population 
is noted. This regional disparity is particularly impor-
tant to recognize as it is the radial motion of the RV free 
wall, which is the main determinant of RV output. A small 
reduction in RV radial function can therefore have a sig-
nificant impact on RV function and cardiac output, in the 
same way that a fireplace bellows exploits a small amount 
of radial movement to achieve a large amount of air move-
ment through the device.

There has been a recent concerted effort to standard-
ize left ventricular strain values between vendors so that 
consistent normal values can be published and accepted 
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within both research studies and clinical applications [21]. 
Whilst, this technique standardization should also impact 
upon the reproducibility of RV strain between vendors, this 
is yet to be formally validated and a consensus for multi-
vendor normal values for RV strain remains unpublished. 
Similarly, it is likely that there is some disparity between 
MRI strain between different vendors and software analysis 
packages. Normal values for MRI biventricular strain also 
remain undefined. Although the good correlation between 
echocardiography and MRI strain in this paper is reassur-
ing, MRI normal strain results must formally be established 
and then their relationship with echocardiography strain 
determined, before multimodality strain can be extrapo-
lated into clinical use and direct comparison between both 
techniques can be instituted with confidence. There are 
also two methods by which RV longitudinal strain can be 
measured. This involves either RV free wall strain (3 free 
wall segments) or global strain (3 free wall and 3 septal 
segments). Typically RV free wall strain results are higher 
than global strain results, due to the piston-like action of 
the unrestricted RV free wall. In contrast, global RV strain 
measures can be impacted by tethering of the RV to the LV 
and underlying LV dysfunction, which may result in com-
paratively lower strain results. This obviously impacts upon 
the resultant strain and was why we chose to report both 
free wall and global RV strain values in this paper. A con-
sensus regarding the most appropriate convention is still 
to be determined. Most echocardiography and CMR strain 
analysis software packages also do not have dedicated 
measurement tools for evaluation of RV strain. Hence, most 
RV strain is actually measured using repurposed LV strain 
analysis tools and ‘tricking’ the software into tracking the 
RV instead of the LV. Dedicated RV analysis software is in 
evolution and will hopefully ameliorate this situation and 
provide more dedicated and consistent evaluation of RV 
function.

Limitations

Although the apparent deterioration of RV function with 
time (as measured by FAC) in subjects with post-contrast 
 T1 values <350 ms is suggestive of baseline fibrosis play-
ing a progressively detrimental role in RV mechanics, 
cause cannot be attributed based upon these non-invasive 
findings especially in a population with relatively pre-
served FAC results at baseline. However, similar findings 
within this same cohort linking baseline LV post-contrast 
 T1 values to adverse remodeling of the LV over time is 
reassuring [22]. Although FAC is currently recommended 
as a method of choice for evaluation of RV function by 
echocardiography, there may be inherent issues with its 
intra- and inter-observer variability compared with RVEF 
by MRI [23]. However, cardiac serial MRIs could not be 

justified for clinical and financial reasons based upon cur-
rent heart failure management strategies, especially when 
echocardiography could adequately and readily evalu-
ate temporal changes in RV function. The patient cohort 
were overweight with a mean BMI of 29  kg/m2. Left 
ventricular myocardial fibrosis is known to be increased 
within obese individuals, meaning that this could be a 
confounding factor within our NICM population, how-
ever the impact of obesity and metabolic derangement on 
the RV myocardium remains unknown [24]. Individual 
patients likely had adjustments and alterations in their 
medications during the follow-up phase of the study. 
Unfortunately, the nature and timing of changes in medi-
cations relative to the follow-up echocardiograms cannot 
be accurately determined retrospectively.

Conclusion

Quantitative assessment of right ventricular structure and 
function can be technically challenging and is therefore 
often suboptimal. Cardiac MRI provides a complimen-
tary modality to echocardiography for further right ven-
tricular stratification. This technique is practically fea-
sible, despite the thin right ventricular free wall. CMR 
functional parameters of RVEF and multi-planar strain 
imaging provide incremental information regarding 
global RV dysfunction. This has been previously limited 
with echocardiography, which is predominantly restricted 
to assessment of RV 2D longitudinal function and can-
not provide accurate assessment of RVEF. The results of 
this study demonstrate for the first time a proportional 
relationship between RV function and post-contrast  T1 
values, whereby those with worse RVEF had consistently 
lower post-contrast  T1 values in both the LV and RV. The 
same relationship did not hold for RVSP as a measure of 
pulmonary pressures, although associations between both 
strain and RVSP along with strain and post-contrast  T1 
values were demonstrated. These associations between 
RV function and post-contrast  T1 values support that 
myocardial fibrosis is a causative factor of RV dysfunc-
tion in NICM, irrespective of RV afterload. This same 
structural milieu also appears integral to the propensity 
for both positive and negative RV remodeling long-term, 
suggestive that this is also determined by the degree of 
underlying RV fibrosis. Additional studies are required 
to determine if these observations are replicated within 
other manifestations of RV dysfunction.
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