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Background: Pulmonary arterial hypertension (PAH) and severe aortic valve stenosis (AS) are diseases 
characterized by increased afterload of the right and left heart, respectively. Our study aims to investigate the 
differences of myocardial tissue characteristics in the pressure overloaded left and right hearts, especially in 
the shared interventricular septum, as detected by native T1 and T2 relaxation times.
Methods: Eighteen patients with PAH and 19 patients with severe AS in addition to 5 healthy volunteers 
underwent 1.5-T CMR examination with native T1 and T2 mapping. Mean T1 and T2 value were measured 
at the right ventricular (RV) free wall, superior RV insertion, inferior RV insertion, interventricular septum 
and left ventricular (LV) lateral wall.
Results: Compared with controls and AS group, T1 was significantly elevated in the RV insertion in PAH 
group (P=0.015), while no statistically significant differences were seen in other segments among the three 
groups. There was an increase of T2 in the RV insertion in AS and PAH groups (P=0.01). Significant T2 
elevation was also observed in the RV free wall of PAH group, and the LV lateral wall of AS group compared 
with the control group. RV insertion T2 was significantly correlated with RV end-diastolic volume index 
(r=0.608, P=0.016) and RV mass index (r=0.57, P=0.026) in the PAH group. LV lateral wall T2 and RV 
insertion T2 were significantly correlated with aortic valve mean gradients in the AS group (r=0.56, P=0.02; 
r=0.58, P=0.01, respectively).
Conclusions: In pressure overload diseases, both T1 and T2 values increase in the myocardium. The 
alterations seen in the RV insertion sites in the septum was more pronounced with RV pressure overload. 
T2 values also correlated with structural and functional remodeling in both diseases. Combining T1 and T2 
mapping may help to better characterize the alternation of myocardial composition in pressure overloaded 
heart diseases.
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Introduction

Native T1 and T2 myocardial mapping techniques offer 
quantitative assessments of the myocardium composition 
by measuring T1 and T2 relaxation times, which are 
fundamental tissue properties of the myocardium that 
change in the diseased states (1). Pulmonary arterial 
hypertension (PAH) is a pulmonary vasculopathy defined 
by elevated resting mean pulmonary artery pressure 
(mPAP) >25 mmHg in the setting of a normal pulmonary 
capillary wedge pressure (PCWP) <15 mmHg (2). PAH is 
characterized by excess proliferation, apoptosis resistance, 
inflammation, fibrosis and vasoconstriction in the 
pulmonary vasculature and with resulting pressure overload 
on the right side of the heart (3). Severe calcific aortic 
valve stenosis (AS) in the elderly may cause cardiomyocyte 
hypertrophy, apoptosis, and myofibroblast activation, which 
result in myocardial fibrosis, due to the excessive pressure 
overload on the left side of the heart (4). For patients 
with PAH, the right heart pressure overload is dominant. 
For patients with AS, the left heart pressure overload 
is dominant. A number of studies have examined native 
tissue properties in both diseases (5-9). How do these two 
pressure overload situations compare and differ in terms of 
the tissue characteristics of the left ventricle, right ventricle, 
and the septum which is shared by both ventricles had not 
been previously studied. Our study aimed to investigate the 
differences in the pressure overloaded left heart versus right 
heart as detected by native T1 and T2 relaxation times.

Methods

Patient selection

We prospectively recruited 22 patients with PAH and 21 
patients with severe AS in addition to 5 healthy volunteers 
who all underwent CMR examination with native T1 
and T2 mapping. The healthy controls were volunteers 
without any history of hypertension, hyperlipidemia, 
diabetes, or any other cardiovascular diseases and are on no 
medications. For the PAH patients, they were diagnosed 
by right heart catheterization, meeting diagnostic criteria 
for PAH, were on stable PAH specific medications for at 
least 3 months and had no medication dosage change for 
at least 28 days. Patients with severe aortic stenosis were 
under evaluation for transcatheter aortic valve replacement. 
Physical examination (for weight, height), left and right 
heart catheterization, and echocardiography (for aortic 

valve mean gradients and aortic area) was conducted at the 
time of CMR or at a clinic visit before CMR. The study was 
approved by our Institutional Review Board and all patients 
gave written informed consent.

CMR protocol 

All patients underwent a CMR examination using a 1.5-T 
MRI scanner (Avanto, Siemens, Germany) equipped with 
16-channel anterior and posterior receiver arrays. Cine 
imaging was performed using steady-state free precession 
(SSFP) to assess left ventricular (LV) and right ventricular 
(RV) dimensions, function, and mass. Retrospectively ECG-
gated cine MRI was performed with the following sequence 
parameters: TE/TR =1.07/2.2 ms; slice thickness =8 mm; slice 
gap =2 mm; bandwidth =930 Hz/pixel; flip angle =70°; field-
of-view =380×310 mm2; spatial resolution =1.97×1.97 mm2;  
parallel imaging factor =2. 

Native T1 maps were acquired at mid-ventricle 
using a modified Look-Locker inversion recovery 
(MOLLI) sequence (10) in diastole using the following 
sequence parameters: TE/TR =1.17/2.4 ms; minimum  
TI =100 ms; TI increment =80 ms; flip angle =35°, field-
of-view =240×330 mm2; spatial resolution =1.71×1.67 mm2 
(interpolated to 1.28×1.28 mm2); slice thickness =8 mm; 
bandwidth =1,085 Hz/pixel; parallel imaging factor =2. 

T2 maps were acquired at mid-ventricle using a T2-
prepared SSFP sequence with the following sequence 
parameters at end-systole: T2-preparation durations =0, 24, 
and 55 ms; TE/TR =1.37/2.64 ms; flip angle =35°; field-of-
view =270×360 mm2; bandwidth =1,185 Hz/pixel, matrix = 
192×120 pixels,  spatial resolution =1.88×2.25 mm 
(interpolated to 0.93×0.93 mm2), slice thickness =8 mm; 
parallel imaging factor =2.

Image analysis

LV and RV mass, volume and ejection fraction were 
obtained by manually tracing the endocardial (excluding 
papillary muscles) and epicardial borders according to 
SCMR recommendations (11) using Qmass software (Medis, 
Netherlands). For T1 and T2 analyses, regions-of-interest 
were manually drawn at the RV free wall, superior RV 
insertion, inferior RV insertion, interventricular septum and 
LV lateral wall (Aquarius iNtuition, TeraRecon, Foster City, 
USA). RV insertion values were reported as an average of 
superior and inferior RV insertions. 
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Intra- and inter-observer reproducibility

Ten studies were randomly selected for reproducibility 
analysis. For inter-observer reproducibility, two observers 
independently analyzed the T1 and T2 data at all locations 
for the ten studies. For inter-observer reproducibility, one 
observer repeated the measurements on the same studies 
1 week later. Intraclass correlation coefficient was used to 
assess reproducibility. 

Statistical analysis 

All continuous variables including cardiac volumes and 
functional parameters, pressure gradients, and T1 and T2 
measurements are presented as mean ± SD. Categorical 
variables are expressed as percentages. Baseline characteristics 
and T1 and T2 measurements among three groups were 
compared with Kruskal-Wallis tests. The difference between 
multiple groups were assessed by Mann-Whitney U test. 
Categorical variables among groups were compared with 
Chi-square test. A P value of <0.05 was considered significant. 
Correlations were assessed by Spearman’s correlation 
coefficient. All statistical analysis was carried out using SPSS 
17.0 (SPSS Inc., Chicago, USA). Linear regression was used 
to explore the effect of age on mapping parameters. 

Results

Patient characteristics

A total of 42 subjects were included in the analysis based 
on adequate image quality. This included 18 subjects with 
PAH, 19 with severe AS, and 5 healthy controls. Baseline 
characteristics and cardiac function were listed on Table 1.  
The average age of the three groups was 61±12, 85±5, 
and 37±13 years, respectively (P<0.001). However, linear 
regression showed that age had no effect on T1 and T2 
measurements (P=0.16 and 0.79, respectively) in this 
cohort of patients. Compared with controls, PAH group 
had lower RVEF and increased RV mass index (P<0.001, 
respectively). The AS group had a lower LVEF and 
increased LV mass and RV mass indices (P=0.015, 0.001 and 
0.005, respectively). The mean pulmonary systolic pressure 
of the AS group was slightly elevated from normal level  
(27.3±9.8 mmHg), but was lower compared with the PAH 
group (43.5±12.7 mmHg, P<0.001).

Comparison of T1 and T2 measurements among groups

Native T1 and T2 values are listed in Table 2 and an example 
of each group is shown in Figure 1. T1 was significantly 

Table 1 Baseline demographics and cardiac function 

Characteristics PAH (n=18) AS (n=19) Control (n=5) P

Age (year) 61±12 85±5 37±13 <0.001

Sex (male) 8 (44.4%) 11 (57.9%) 3 (60%) 0.60

BSA (m2) 2.0±0.3 1.9±0.2 1.8±0.3 0.48

Cardiac function

LVEDVi (mL/m2) 79.1±16.9 103.2±37.8 85.1±9.9 0.11

LVEF (%) 55.8±6.3 43.9±15.3 60±2.5 0.01

LV Mass Index (g/m2) 43.7±13.4 79.7±20.7 42.5±5.2 <0.001

RVEDVi (mL/m2) 121.4±64.5 75.9±25 90.4±12.5 0.002

RVEF (%) 37.8±10.6 54.1±13.9 55.1±3.2 0.001

RV mass index (g/m2) 24.6±11.4 18.2±5.7 11.2±2.6 0.001

Mean aortic gradient (mmHg) – 49.1±12.7 – –

Aortic area (m2) – 0.6±0.1 – –

Mean PAP (mmHg) 43.53±12.72 27.31±9.75 – <0.001

AS, aortic stenosis; BSA, body surface area; EF, ejection fraction; LV, left ventricular; LVEDVi, left ventricular end-diastolic volume index;  
PAH, pulmonary arterial hypertension; PAP, pulmonary arterial pressure; RV, right ventricular; RVEDVi, right ventricular end-diastolic  
volume index.
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elevated in the RV insertion in PAH group as compared with 
controls and the AS group (P=0.015 and 0.024, respectively). 
No statistically significant differences in T1 were seen in 
other segments among three groups. For T2 mapping, there 
was an increase of T2 in the RV insertion in the AS and PAH 
groups, with the PAH group having the highest T2 values. 
Compared with controls, significant T2 elevation was also 
observed in the RV free wall of the PAH group, and the LV 
lateral wall of the AS group (Figure 2). 

Correlations between tissue characteristics and cardiac 
functional parameters

RV insertion T2 was significantly correlated with RVEDVi 

(r=0.608, P=0.016) and RV mass index (r=0.57, P=0.026) 
in the PAH group (Figure 3A,B). LV lateral wall and 
RV insertion T2 was significantly correlated with aortic 
valve mean gradients in the AS group (r=0.56, P=0.02; 
r=0.58, P=0.01, respectively) (Figure3C,D). There were 
no significant correlations between T1 values and cardiac 
functional parameters.

Reproducibility

The intra- and inter-observer reproducibility results using 
intraclass correlation coefficients are shown in Table 3. 

Discussion

We investigated the effect of increased LV and RV afterload 
on tissue properties assessed by CMR using native T1 and 
T2 mapping and we have found increased native T2 value 
in LV lateral wall in the AS group and in RV free wall in 
the PAH group. For the interventricular septum, there is 
no difference in T1 T2 measurements in the mid-septum 
among the three groups. However, the elevation of both 
T1 and T2 at RV insertion (average of superior and inferior 
insertions) was more prominent in the RV pressure overload 
compared with LV pressure overload.

Elevated native T1 has been associated with pathologies 
that increase the extracellular compartment volume, such 
as diffuse fibrosis (6,12) and amyloidosis (13). Our finding 
of elevated T1 values in the RV insertion in PAH patients is 
consistent with previous T1 and late gadolinium enhancement 
(LGE) findings in PAH (14,15). On the other hand, T2 

Table 2 Native T1 and T2 values at different ventricular locations

Groups Septum LV lateral Insertion RV free wall

T1 (ms)

PAH 1056.2±58.6 997.3±65.7 1129.7±61.7*# 1035.93±78.59

AS 1052.3±62.1 1018.8±55.5 1062.35±132.8 983.92±78.31

Control 1011.6±21.0 984.0±43.5 1036.1±63.8 947.94±59.91

T2 (ms)

PAH 46.4±4.4 47.1±4.4 53±4.6*# 47.6±3.5*#

AS 46.0±2.9 47.3±3.6Δ 48.4±1.9Δ 44.1±4.6

Control 44.6±2.8 42.8±2.4 42.5±3.3 41.0±2.9

*, P<0.05 PAH versus Control group; #, P<0.05 PAH versus AS group; Δ, P<0.05 AS versus Control group. AS, aortic stenosis; LV, left  
ventricular; PAH, pulmonary arterial hypertension; RV, right ventricular.

Figure 1 T1 and T2 mapping images in control, aortic stenosis 
and pulmonary arterial hypertension patients. PAH, pulmonary 
arterial hypertension; AS, aortic valve stenosis.

Control AS

T1

T2

PAH
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Table 3 Reproducibility using intraclass correlation coefficients of 
native T1 and T2

Locations Intra-observer Inter-observer

T1 septum 0.963 0.953

T1 LV lateral 0.906 0.888

T1 superior insertion 0.991 0.958

T1 inferior insertion 0.981 0.864

T1 RV free wall 0.988 0.802

T2 septum 0.931 0.959

T2 LV Lateral 0.944 0.967

T2 superior insertion 0.980 0.975

T2 inferior insertion 0.889 0.901

T2 RV free wall 0.963 0.851

LV, left ventricular; RV, right ventricular.

Figure 2 Comparisons of T1 and T2 among control, aortic 
stenosis, and pulmonary arterial hypertension groups in 
different parts of the ventricular walls. PAH, pulmonary arterial 
hypertension; AS, aortic valve stenosis; RV, right ventricular; LV, 
left ventricular.

Figure 3 Correlations between T2 and RV volume (A), and mass (B) in PAH patients and correlations between aortic mean gradient and LV 
lateral wall T2 (C) and RV insertion T2 (D) in aortic stenosis patients. PAH, pulmonary arterial hypertension; AS, aortic valve stenosis; RV, 
right ventricular; LV, left ventricular.
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relaxation time represents the time constant governing 
the exponential decay of transverse magnetization. The 
fractional increase in T2 is substantially larger than the 
fractional increase in T1 when water content is increased, 
making it a good technique for detecting myocardial 
edema (16). Its clinical significance has been validated in 
acute or inflammation-related diseases such as myocardial 
infarction, myocarditis, Takotsubo cardiomyopathy, and 
heart transplant rejection (16). However, the mechanisms 
determining the changes of T1 and T2 are complex and 
cross correlations are present in many situations. For 
example, T1 also increase in acute edema and inflammation 
(17-19), and the elevation of T2 could also be observed in 
fibrosis (20). In-vivo study also reported the elevation of T2 
in fat (21). Our study was the first to combine T1 and T2 
mapping techniques in comparing AS and PAH patients.

The pathological change of AS is characterized by diffuse 
fibrosis due to increased LV afterload, which progresses 
to irreversible focal replacement fibrosis, leading to LV 
decompensation (7). Elevation of native T1 in LV, along 
with increased extracellular volume (ECV) has been 
reported (6,8,22). Our study did not detect statistical 
difference of T1 values in the LV lateral wall between AS 
group and controls may result from our relatively small 
sample size, and the high overlapping T1 values, which 
was also noted in previous studies (23). However, T2 value 
increased in the LV lateral wall and RV insertion of AS 
group. Although the underlying mechanism is not clear, 
the correlation between T2 measurements and mean aortic 
gradients suggests that T2 mapping might be an interesting 
marker that is not limited to edema. 

Compared with controls, T2 in the RV free wall of PAH 
group was elevated, while T1 was not. The process of RV 
remodeling with pressure overload might be different from 
the LV. The fibrosis might be much less extensive, which 
helps to explain why the majority of patients recover their 
RV function after lung transplantation, even with severely 
reduced RVEF (24). This also helps to explain why T1 
change was not significant in RV free wall in PAH patients. 
On the other hand, the elevation of T2 in RV free wall in 
PAH may imply the underlying pathological changes other 
than fibrosis with increased fluid (blood) content in the RV, 
or increased fat content in myocardium due to metabolic 
change, or edema caused by inflammation process that 
usually involved in the setting of RV failure (25).

Compared with LV and RV free walls, the interventricular 
septum, consisted of the mid-septum and RV insertions, 
is shared by two ventricular chambers. Previous studies 

suggested that in patients with chronic thromboembolic 
pulmonary hypertension, the change of septum followed 
a RV pressure overloading pattern while the LV free 
wall mass index decreased (26). Similarly, we found 
no difference in mid-septal T1 and T2 parameters 
between PAH and AS groups .  However,  the  RV 
insertions were more affected in right heart pressure 
overload compared with left heart pressure overload. 
The points of RV insertion are considered to bear the 
most significant mechanical stress when RV pressure 
is elevated (14), with pathological evidence of regional 
fibrosis proliferation and increased fat content (27).  
Our study showed significant elevation of both T1 and 
T2 value in RV insertions and correlation between RV 
insertion T2 with RV remodeling parameters in the PAH 
group, which was similar with previous T1 studies (5,14,15). 
Compared with triangularly shaped RV, the LV geometry is 
more symmetrical and the increased pressure is exerted on 
all ventricular segments, the impact might be more diffuse 
and less severe in contrast with the focal insertion points 
in RV pressure overloaded hearts. That may explain the 
less prominent elevation of insertion T1 and T2 values in 
the AS group compared with the PAH group. However, 
the increase of RV insertion T2 may reveal the impact of 
the mildly elevated RV pressure in the AS group since the 
elevation of T2 is correlated with the increase of mPAP and 
RV mass index in AS patients before significant increase 
of RVEDVi and decrease of RVEF become apparent. This 
suggests that native T2 may have potential to detect early 
myocardial impairments in RV remodeling in the setting of 
predominant LV disease.

The major limitation of the study is the small sample 
size from a single center. The results are preliminary but 
suggest the potential of combining T1 and T2 mapping in 
early detection, evaluation, and management of both left 
and right heart pressure-overload diseases. Future larger 
and multi-centered studies are necessary to confirm the 
findings, explore the pathological mechanisms underlying 
the changes of these CMR parameters, and to understand 
the prognostic significance of our findings. 

Conclusions

In pressure overload diseases, both native T1 and T2 values 
increase in the myocardium. The effects on T1 and T2 are 
more dramatic in RV pressure overload as compared to 
LV pressure overload in the RV insertions of the septum. 
Combining T1 and T2 mapping may help us better 
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characterize the alternation of myocardial composition in 
pressure overloaded heart diseases.
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