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Early detection of cardiac impairment and prediction of right
ventricular hypertrophy in patients with connective tissue disease
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Abstract. Progressive right ventricle (RV) failure and death
in connective tissue disease (CTD) are related to RV hyper-
trophy (RVH) and dilation, irrespective of pulmonary arterial
hypertension (PAH). Therefore, detecting cardiac impairment
before RVH and determining RVH predictors is crucial for
timely intervention. The present prospective cohort study
aimed to identify cardiac markers that occur before RVH and
to investigate predictors of RVH. CTD was diagnosed based
on clinical features, laboratory findings and imaging data. The
cardiac functions of patients with CTD were evaluated using
echocardiography, cardiovascular magnetic resonance (CMR)
and multi-modality cardiac imaging studies, including RV
wall thickness, systolic functions, late gadolinium enhance-
ment, T1 maps and biventricular strain analysis. A total of
52 patients with CTD with non-right ventricular hypertrophy
(non-RVH), 34 patients with RVH and 50 healthy individuals
were prospectively included. The impaired cardiac indices in
patients with RVH included RV ejection fraction, ventricular
dimensions, global myocardial deformation, late gadolinium
enhancement and ventricular extracellular volume (ECV). The
cardiac death rate did not differ significantly between the RVH
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and non-RVH groups (P=0.14). Conventional parameters,
including serum cardiac markers and the left ventricular ejec-
tion fraction, showed no significant changes in the non-RVH
group compared with the control group. Regarding fibrosis
assessment using CMR, an elevated native T1 value (1,362+72
msec in the non-RVH group vs. 1,268+42 in the control
group; P<0.001) and ECV (31+4% in the non-RVH group
vs. 25+3% in the control group; P<0.001) were observed. By
contrast, T1 myocardium/msec 15 min post-contrast of the
left ventricle in the RVH group was significantly decreased
compared with that in the non-RVH group, indicating an
increase in the extracellular matrix at this stage. RVH was
predicted by pulmonary arterial pressure (PAP) in patients in
the non-RVH group (t-statistic, 2.84; P=0.01), whereas after
RVH presentation, RV end-systolic volume (RVESV) became
a progression predictor of RVH (t-statistic, 7.98; P<0.0001).
No other cardiac imaging or laboratory findings predicted
RVH. To the best of our knowledge, the present study was the
first to highlight the non-invasive detection of cardiac tissue
impairment using CMR and provide support for cardiac treat-
ment initiation before RVH detection. The predictors of RVH
vary with the heart disease stage. PAP in the non-RVH stage
and incompetence of RVESV in the RVH stage predicted the
progression of RVH. The present study was part of a clinical
trial (NCTO03271385), which was registered on July 1, 2017,
and started on September 1, 2017.

Introduction

Cardiac disease is a leading cause of connective tissue disease
(CTD) mortality and has attracted considerable attention (1).
Most patients with CTD present with nonspecific cardiac
symptoms, normal electrocardiogram (ECG) findings and a
preserved left ventricle (LV) ejection fraction (2,3). Therefore,
they do not receive an early cardiac diagnosis. Pulmonary
arterial hypertension (PAH), right ventricle (RV) dilatation
and hypertrophy are common complications of CTD with
critical consequences (4). The prevalence of CTD-associated
PAH based on right heart catheterization (RHC) is estimated
to be as high as 13% (5). The incidence of systemic lupus
erythematosus (SLE)-associated PAH ranges between 0.5 and
43%, and this leads to compromised RV functions (6). The
prevalence of PAH in patients with scleroderma is between
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5 and 12% (7). Among patients with mixed CTD, 20-30% have
cardiac manifestations (8). The most severe cardiopulmonary
complication of mixed CTD is PAH, which results in increased
RV pressure and has a fatal outcome in approximately half
of patients (9). These late-stage phenomena, including endo-
carditis, atherosclerosis and pericarditis, may eventually
lead to death or right heart failure in patients with CTD (10).
Therefore, the detection of early-stage markers rather than
late-stage markers in CTD development is a critical issue. RV
abnormalities are associated with a risk of heart failure and
cardiovascular death (11). RV dilatation and RV hypertrophy
(RVH) are frequently observed in patients with CTD (12,13).
Clinical evidence has shown that the RV structure can deterio-
rate despite a reduction in pulmonary vascular resistance after
PAH-targeted therapies (14). RVH progression persists even
when CTD-associated PAH is alleviated (15). This finding
suggests that PAH may not be the sole indicator of RVH.

Cardiovascular magnetic resonance (CMR) can depict
myocardial structure and characteristics using cine and late
gadolinium enhancement (LGE) sequences, T1 mapping, and
T1-derived ventricular extracellular volume (ECV) estima-
tion (16). T1-mapping can be used to homogenously detect
diffuse cardiac impairment (17) and predict the prognostic
significance of CTD (18). Tissue tracking, a post processing
method for strain analysis based on cine images from CMR,
has been employed to assess the nature and function of
myocardial tissue deformation (19).

Few studies have focused on cardiac involvement in
patients with CTD (20) and fewer have focused on early detec-
tion of cardiac impairment (21). The present study explored
factors that may predict the presence of RVH to reduce major
adverse cardiovascular events in patients with CTD. Using
clinical assessments and multi-imaging tests, the present study
aimed to identify markers for the early detection of cardiac
involvement preceding RVH.

Materials and methods

Study participants. All participants provided written
informed consent and the study protocol was approved by the
Institutional Review Boards of the Renji Hospital [approval
no. (2017)083; Shanghai, China]. Consecutive participants,
including patients with CTD without RVH, patients with CTD
with RVH and control subjects, were prospectively enrolled in
the three cohorts at Renji Hospital (Shanghai, China) between
September 2017 and July 2018. The age range of patients in
the control, non-RVH and RVH groups was 24-54, 23-57 and
30-54 years, respectively. The diagnosis of CTD was based
on the clinical classification criteria, laboratory findings and
imaging data (22). The inclusion criteria for patients with
non-right ventricular hypertrophy (non-RVH) were as follows:
i) Consecutive patients who presented to the outpatient clinic
with SLE, polymyositis, systemic scleroderma, Sjogren's
syndrome or mixed CTD diagnosis; ii) participants with CTD
whose RV wall thickness was <4 mm were assigned to the
non-RVH group according to echocardiography; iii) SLE
duration was >6 months irrespective of cardiac symptoms.
SLE activity and disease severity did not affect enrolment
in the study; and iv) participants with RVH with an RV wall
thickness >4 mm diagnosed using echocardiography (23).

Age-matched candidates served as healthy controls and were
used to establish the baseline myocardial T1 and strain values.
Healthy volunteers with normal echocardiographic results and
CMR findings were used as controls. The exclusion criteria
were as follows: i) Age <18 or >80 years; ii) documented
coronary artery disease and prior angiography for coronary
artery disease (>50% stenosis); iii) patients with known
congenital heart disease or other systemic diseases-induced
RVH, including coronary artery disease, chronic obstructive
pulmonary disease, primary pulmonary hypertension and
valve disease; and iv) patients with standard metallic contrain-
dications to CMR or an estimated glomerular filtration rate of
<30 ml/min/1.73 m? and severe infection were excluded due to
the consideration of CMR safety.

Clinical symptom assessment of patients with CTD. Clinical
cardiac involvement of patients with CTD included clinical
symptoms such as chest tightness, pectoralgia, heart palpita-
tions, orthopnea, shortness of breath and edema. No specific
myocardial enzymes were measured, and patients with CTD
that may coexist with coronary artery disease, myocarditis,
pericarditis, valvular heart disease, heart failure and PAH
were not included in the present cohort study. The etiology of
CTD and drug use were recorded.

ECG and RHC assessment. CTD-induced PAH was defined
as an increase in mean pulmonary arterial pressure (PAP)
of =220 mmHg at rest, as assessed by RHC (24). Within 48 h,
pulmonary pressure was double-checked by echocardiography
(E9; GE Healthcare). A CMR scan was scheduled within 6 h
of echocardiography.

Follow-up. Telephone or outpatient consultations were used
for the follow-up of the patients who survived every 3 months.
When a patient died, cardiac death was identified from
the death certificate. The shortest follow-up duration was
>8 months.

CMR protocol. All CMR examinations were performed using
a Philips 3T Ingenia MR system (Philips Healthcare).

Biventricular function. RV and LV volumetric assessments
were obtained using cine imaging with whole-heart coverage
of short-axis slices (7 mm thick with a 3-mm gap). Additionally,
three long-axis views of the LV (4-, 2- and 3-chamber views)
and two long-axis views of the RV (2- and 3-chamber views)
were acquired. Detailed sequences and parameter settings are
shown in Data SI.

Native and post-contrast Tl mapping. Native and
post-contrast myocardial T1 mapping was used for ECV deter-
mination. A MOLLI R5.1 sequence was used for T1 mapping,
and a ‘5-3-3’ scheme (in sec) was chosen (details are presented
in Data S1). The scheme was performed on three mid-diastolic
LV short-axis slices (basal, mid-ventricle and apex) before and
15 min after a bolus intravenous injection of 0.15 mmol/kg
gadobutrol (Bayer AG). Typical acquisition parameters are
presented in Data SI.

Evaluation of LGE. LGE imaging was performed with no
slice gap and whole heart coverage of short-axis slices 10 min
after gadobutrol administration. Segmented LGE images
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140 Subjects were initially screened

4 Patients were excluded

® 2 Patients had unexpected LV impairment
e 2 Patients had unexpected CAD

136 Subjects were finally included

l

52 Patients with CTD without RVH

34 Patients with CTD with RVH

50 Age and sex- matched
healthy controls

Figure 1. Flow chart of the present study. The diagram shows participants in the screening. CAD, coronary artery disease; CTD, connective tissue disease;

LV, left ventricle; RVH, right ventricular hypertrophy.

with at least three matching slices and native T1 images
were obtained. A visual assessment of LGE positivity was
performed. The acquisition parameters are shown in Data S1.

Cardiac image analysis: Bi-ventricular morphology, function
and myocardial deformation. LV and RV function parameters,
mass, volume, ejection fractions, and strain were assessed using
Circle (cvi42 version 5.5.6.1; Circle Cardiovascular Imaging,
Inc.). CMR data analysis was performed by two observers
who are experienced in CMR and were blinded to the clinical
information. For the LV and RV volumes and masses, the
endocardial borders were manually traced at end-diastole and
end-systole. The papillary muscles were included as part of
the myocardium. All volumetric indices were normalized to
body surface area (BSA). An RV/LV volume ratio >1.27 was
defined as RV enlargement (25). An RV wall thickness >4 mm
indicates RVH and RV pressure overload in the absence of
other explanatory pathologies (23).

The LV and RV global circumferential strain and global
radial strain were obtained in the short-axis view at the apical,
midventricular and basal levels, and the global longitudinal
strain was derived from the long-axis view (2-,3- and 4-chamber
images). Myocardial deformation was voxel-tracked, and
software-integrated contours automatically tracked distinctive
features within a user-defined region of interest throughout the
cardiac cycle. All contours were manually examined, adjusted
when necessary, and assessed.

Fibrosis assessment: LGE, ECV quantification and quality
assessment. LGE, T1 and ECV images were used to examine
the presence and extent of regional and diffuse fibrosis (cvi42
version 5.5.6.1). The methods for creating parametric maps
and quality assessments are provided in Data S1. The reported
T1 values were derived by an operator blinded to the LGE
images. Hematocrit was measured on the same day for all
participants. The ECV was calculated using the ECV formula:

ECV=1-hematocrit x (1/T1 myo post-1/T1 myo pre)/(1/T1
blood post/1/T1 blood pre). T1 and ECV quantification details
are provided in Data S1.

Statistical analysis. Quantitative data are presented as
the mean + SD or the median (interquartile range), and
categorical data are presented as numbers and percent-
ages. Quantitative data were checked for normality using
the Kolmogorov-Smirnov test, and the three groups were
compared using one-way analysis of variance and post hoc
Bonferroni correction. The Kruskal-Wallis test and post hoc
Bonferroni test were used for among-group comparisons.
For categorical data, comparisons among the three groups
were performed using Pearson's %* test or Fisher's exact test.
Furthermore, a second blinded operator calculated >50% of
the randomly selected cases. The same analysis technique
was used, and the inter-observer reproducibility of volume,
strain, T1 mapping and ECV measurements was assessed
using intra-class correlation coefficient analysis. Univariate
and multivariate regression analyses of RV myocardial infarc-
tion (RVMI) outcomes were performed to identify statistically
significant determinants. All analyses were performed using
IBM SPSS Statistics software (version 17.0; SPSS, Inc.).
P<0.05 (two-tailed) was considered to indicate a statistically
significant difference.

Results

Screening of enrolled patients. A total of 140 participants
were recruited based on the inclusion and exclusion criteria.
A total of 4 patients were excluded: 2 patients had unexpected
LV impairment and 2 patients had unexpected coronary
artery disease. Consequently, 136 patients were recruited,
including 52 patients without RVH, 34 patients with RVH and
50 age-matched healthy controls. The final patient selection
flowchart is shown in Fig. 1.
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Table I. Inter-observer agreement for strain, volume and T1 values.

Variables ICC (95% CI) F statistic P-value
Strains
Global radial strain (%)
Left ventricle 0.924 (0.841-0.964) 14.207 <0.001
Right ventricle 0.856 (0.697-0.931) 0.528 <0.001
Global circumferential strain (%)
Left ventricle 0.955 (0.905-0.979) 66.683 <0.001
Right ventricle 0.899 (0.787-0.952) 4.637 <0.001
Global longitudinal strain (%)
Left ventricle 0.895 (0.780-0.950) 66.495 <0.001
Right ventricle 0.588 (0.135-0.804) 0.141 0.010
Biventricular morphology and function
Right ventricle
RVEF 0.984 (0.967-0.992) 2.163 <0.001
RVEDV/BSA 0.997 (0.994-0.999) 2.592 <0.001
RVESV/BSA 0.994 (0.987-0.997) 0319 <0.001
Left ventricle
LVEF 0.987 (0.973-0.994) 0.982 <0.001
LVEDV/BSA 0.972 (0.941-0.987) 3.526 <0.001
LVESV/BSA 0.991 (0.981-0.996) 0.036 <0.001
RVEDV/LVEDV 0.813 (0.608-0.911) 1.207 <0.001
T1 values and ECV
Left ventricle
Native T1 myo 0.981 (0.958-0.991) 39.083 <0.001
T1-post myo 0.993 (0.986-0.997) 9.057 <0.001
ECV 0.958 (0.909-0.981) 13.837 <0.001
Right ventricle
Native T1 myo 0.930 (0.781-0.977) 0.002 <0.001
T1-post myo 0.919 (0.749-0.974) 0.864 <0.001
ECV 0.758 (0.246-0.922) 3.163 0.008

ICC, intraclass correlation coefficient; BSA, body surface area; RVEF, right ventricular ejection fraction; RVEDYV, right ventricular end diastolic
volume; RVESYV, right ventricular end systolic volume; LVEF, left ventricular ejection fraction; LVEDYV, left ventricular end diastolic volume;

LVESY, left ventricular end systolic volume; ECV, ventricular extracellular volume; myo, myocardial tissue.

Inter-observer assessment of reproducibility. Table I summa-
rizes the inter-observer variability in biventricular volumes,
strain and T1 values. Intraclass correlation coefficient analysis
indicated a strong association, except for the global longitudinal
strain of the right ventricle, between the two operators.

Characteristics of patients. The baseline characteristics of the
patients are summarized in Table II. Sex and BSA were compa-
rable between the two diseased groups, consisting primarily of
female patients with significantly lower BSA levels than those
of the control group (P<0.05). The etiologies were comparable
between the non-RVH and RVH groups (P>0.05). More patients
with RVH tended to receive endothelial receptor antagonists
and prostacyclin medications than those in the non-RVH
group (P<0.05). Both diseased groups had accelerated heart-
beats compared with the control group (P<0.001). Except for
heart rate, the non-RVH and RVH groups also had high brain
natriuretic peptide (P<0.001), troponin I (P<0.001) and creatine

kinase-MB (P=0.004) levels, but low creatine phosphate kinase
levels (P<0.001) compared with the control group. In addition,
according to the ECG results, in the non-RVH and RVH
groups, the incidence (30/34; 88%) and values (76+23 mmHg)
of pulmonary hypertension in the RVH group were signifi-
cantly increased compared with those in the control group
(0/50; 0% incidence and 22+21 mmHg; P<0.001) (Table II).

Cardiac systolic function and dimensions. Notably, more
RV parameters were affected than LV parameters (Table II).
RVH was associated and significantly increased with RV
dilatation in terms of RV end-diastolic volume (RVEDYV),
RV end-systolic volume (RVESV), RVEDV/BSA and
RVESV/BSA indices (P=0.016) compared with those of the
control group. The chamber dilatation led to a reduction in
RV ejection fraction (RVEF) (40+11% in the RVH group vs.
55+10% in the non-RVH group and 62+9% in the control group
for RVEF, P<0.001; 63+12% in the RVH group vs. 63+12% in
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Table II. Baseline characteristics.
Characteristics Controls (n=50) Non-RVH (n=52) RVH (n=34) P-value®
Clinical
Age, years 39+15 3512 42+12° 0.450
Female, n (%) 30 (60) 46 (88)° 32 (94) <0.001
BSA, m? 1.76+£0.21 1.56+0.17¢ 1.58+0.18° <0.001
Vital signs
Heart rate, bpm 72+13 78+14° 83x13° 0.001
Systolic BP, mmHg 123x18 119+16 118+19 0.360
Diastolic BP, mmHg 78+12 75+12 78+13 0.554
Serum markers of cardiac injury
BNP, pg/ml 52 (26, 167) 89 (39, 291)° 358 (62, 784)° <0.001
TNI, ng/ml 0.00 (0.00,0.01) 0.01 (0.01,0.05)° 0.01 (0.01,0.03)° <0.001
CPK, U/l 99 (72, 134) 50 (27, 148)° 50 (34, 107)° <0.001
CK-MB, ng/ml 1.50 (1.20,2.20) 8.00 (0.70, 19.50)¢ 5.25(2.80, 11.70)¢ 0.004
ACC/AHA stages C-D, n (%) 0 (0) 24 5 (15) 0.160
ECG abnormal, n (%) 0 (0) 26 (50) 25 (74)° 0.030
Pulmonary hypertension, n (%) 0 (0) 24 (46) 30 (88)° <0.001
PAH, mmHg 22421 3121 76+23°¢ <0.001
Etiology
Systemic lupus erythematosus, n (%) 0(0) 40 (76) 19 (56) 0.070
Polymyositis, n (%) 0(0) 6 (12) 1(3) 0.300
Systemic scleroderma, n (%) 0 () 24) 2 (6) 0.930
Sjogren syndrome, n (%) 0 () 1(2) 309 0.330
Mixed connective tissue disease, n (%) 0 (0) 3(6) 9 (27) 0.080
Medical therapy
None, n (%) 50 (100) 41 (79)° 13 (38)°¢ <0.001
Calcium antagonists, n (%) 0 () 4 (8) 309 0.850
Endothelial receptor antagonists, n (%) 0 (0) 1(2) 13 (38)° <0.001
Phosphodiesterase indicator, n (%) 0(0) 1Q2) 5 (15) 0.060
Prostacyclin, n (%) 0 () 7(13) 15 (44)° 0.001
CMR
LV morphology and function
LVEDV, ml 122+34 118+32 85+34°¢ <0.001
LVEDV/BSA, ml/m? 69+15 7622 54+18°¢ <0.001
LVESV, ml 4115 45+26 344240 0.004
LVESV/BSA, ml/m? 23+8 29+19 21+13° 0.016
LV mass, g 11132 110+30 113+74 0.050
LV mass/BSA, g/m? 62+13 7121 71+46 <0.001
LVEF, % 67+7 63+12 63+12 0.171
RV morphology and function
RVEDV, ml 107£32 112431 145+45°¢ 0.003
RVEDV/BSA, ml/m? 60+14 73+20° 92+26°¢ <0.001
RVESV, ml 4115 51+19¢ 894370 <0.001
RVESV/BSA, ml/m? 23+8 33+12° 56+22°¢ <0.001
RV mass, g 32+12 34+8 57+21°¢ <0.001
RV mass/BSA, g/m? 18+6 22+6° 36+12°¢ <0.001
RVEF, % 62+9 55+10¢ 40£11°¢ <0.001
RVESV/LVESV 0.87+0.10 0.98+0.26¢ 2.09£1.145¢ <0.001
Myocardial fibrosis
LGE size, % 0 (0) 0(0,0) 4.53(2.32,9.79)° <0.001
LGE (+),n (%) 0(0) 8 (15) 28 (82)° <0.001
Death
All-cause mortality, n (%) 0(0) 3(6) 2 (6) 0.200
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Table II. Continued.

Characteristics Controls (n=50) Non-RVH (n=52) RVH (n=34) P-value®

Cardiac death, n (%) 0(0) 2(4) 1(3) 0.140

aP-value across the three groups. °P<0.05 (RVH group vs. non-RVH group). “P<0.05 (individual group vs. controls). Values are presented as
the mean + SD, number (%) or median (25-75th percentile). ACC/AHA stages, American College of Cardiology/American Heart Association
classification of heart failure stages; BP, blood pressure; BSA, body surface area; BNP, brain natriuretic peptide; TNI, troponin I; CK-MB,
creatine kinase-MB; CPK, creatine phosphate kinase; ECG, electrocardiogram; PAH, pulmonary arterial hypertension; CMR, cardiovascular
magnetic resonance; LV, left ventricle; LVEDYV, left ventricular end diastolic volume; LVESYV, left ventricular end systolic volume; LVEF, left
ventricular ejection fraction; RV, right ventricle; RVEDYV, right ventricular end diastolic volume; RVESYV, right ventricular end systolic volume;
RVEF, right ventricular ejection fraction; RVH, right ventricular hypertrophy; LGE, late gadolinium enhancement.

Table I11. Native and post-contrast T1 relaxation times for the LV.

LV
Variables Controls (n=50) Non-RVH(n=52) RVH (n=34) P-value®
Native T1 myocardium, msec 1,268+42 1,362+72° 1,372+89° <0.0001
Post (15 min) T1 myocardium, msec 613+39 661+66° 585+63°¢ <0.001
ECV, % 25+3 31+4° 32450 <0.001

*P-value across the three groups. °P<0.05 (individual group vs. controls). °P<0.05 (non-RVH group vs. RVH group). Values are presented as the
mean + SD. LV, left ventricle; ECV, ventricular extracellular volume; RVH, right ventricular hypertrophy.

the non-RVH group and 67+7% in the control group for the
LVEF, P=0.171). In the non-RVH group, RV dimensions were
normal [RV end systolic volume (RVESV)/LV end systolic
volume, 0.98+0.26 in the non-RVH group vs. 0.87+0.1 in the
control group; P=0.5], the RVEF was within the normal range
(51-71%), and no LV morphological or functional impairment
was observed.

Prevalence and extent of LV myocardial fibrosis in the non-RVH
and RVH groups. LGE is a biomarker for regional myocardial
fibrosis (26). In the non-RVH group, positive fibrosis [LGE (+)]
was observed in 15.4% (8/52) of patients and the median LV
extent (LGE size) was 0.0 (0,0 for 25-75% quartile). By contrast,
the LGE(+) incidence in the RVH group was 82.4% (28/34) and
the median LGE size was 4.53 (2.32-9.79 for 25-75% quartile)
(Table IT). The LGE(+) incidence and LGE size in the non-RVH
group were significantly decreased compared with those in the
RVH group. Table III summarizes the T1 and ECV values of
the LV. Notably, the native LV myocardial T1 and ECV were
increased in the non-RVH group (all P<0.001; compared
with controls). The values were not significantly different
between the non-RVH and RVH groups (native myocardial T1:
1,362+72 msec in the non-RVH group vs. 1,372+89 msec in
the RVH group; P=0.61; ECV: 31+4% in the non-RVH group
vs. 32+5% in the RVH group; P=0.24). Fig. 2 shows examples
of regional and diffuse myocardial fibrosis in patients. Native
myocardial T1 and ECV detected increased fibrosis through
values and color maps, even when LGE was negative (second
column; a patient with non-RVH).

Furthermore, the T1 values of the hypertrophied RV were
investigated in the RVH group (Table IV). The hypertrophied

RV free wall exhibited significantly increased native T1
(1,463+130 msec) and ECV (37+6%) levels compared with the
septum with LGE(+) (1,392+96) and ECV (34+5) (P<0.001
for myocardial native T1; P=0.108 for ECV). By contrast,
T1 myocardium 15 min post-contrast T1 relaxation did not
significantly differ between the hypertrophied RV free wall
(576+70) and the septum with LGE(+) (560+69) (P=0.222
for post T1).

Biventricular myocardial deformation. The global myocardial
deformation is shown in Fig. 3. Global longitudinal and
circumferential strains of the RVH group were significantly
increased compared with those in the control group (P<0.01).
Global circumferential strain in the RVH groups was not
significantly increased compared with that in the non-RVH
group (P=0.19). However, global radial strain in the RVH
group was markedly lower than that in the control (P<0.01)
and non-RVH groups (P=0.01) (Fig. 3A). In the LV, LV global
longitudinal strain was the only index with strain reduction
in the non-RVH and RVH groups (-14.82+2.6 msec in the
control group; -13.23+3.22 msec in the non-RVH group;
-12.82+3.93 msec in the RVH group; P=0.03 for the non-RVH
group and P=0.01 for the RVH group compared with the
control group). The global radial and circumferential strains
of the LV were not markedly reduced in the non-RVH or RVH
groups compared with those in the control group (Fig. 3B).
Examples of the RV and LV mean global longitudinal strain
in the three groups of patients are shown in Fig. 4 to demon-
strate the same results individually. The curves in Fig. 4 were
representative and randomly selected, showing data from
1 patient in each group.
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Figure 2. Example of regional and diffuse fibrosis distribution in patients in the non-RVH and RVH groups. Native myocardial T1 values and ECV are
presented as values and a color map to show the increased fibrotic features in patients with non-RVH and RVH. Unlike the positive foci seen in patients with
RVH (yellow arrow), there was no visual regional fibrosis present (blue arrows) in the patients with non-RVH. ECV, ventricular extracellular volume; LGE,

late gadolinium enhancement; RVH, right ventricular hypertrophy.

Predictors of increases in the RV mass index. Regarding the
predictors of an increase in the RV mass index, all baseline
clinical and CMR parameters in Tables I and II were included
in the univariate regression analysis with RVMI outcomes
(Table V). Parameters selected via the univariate analysis
(P<0.05) were included in a multivariate regression analysis,
which demonstrated that PAP predicted RVH when the RV
wall thickness was within the normal range (P=0.01). In the
group with RVH, RV end-systolic volume was a predictor
of RVH (P<0.0001). No other cardiac imaging or laboratory
findings were predictors of RVH.

Prognosis of the non-RVH and RVH groups. The mean
duration of follow-up was 12.1+4.5 and 10.8+3.5 months for
the non-RVH and RVH groups, respectively. Notably, 2 of
52 patients (4%) in the non-RVH group and 1 of 34 patients
in the RVH group (3%) died due to cardiac death during
follow-up. The death rates were similar (P=0.14; Table II).

Discussion

The major findings of the present study were as follows:
i) Patients with RVH had impaired RVEF, RV dimensions

and global longitudinal strain compared with the non-RVH
and control groups; ii) fibrosis assessment by CMR revealed
that native T1 values and the ECV in patients in the RVH and
non-RVH groups were significantly higher than those in the
control group; and iii) PAP in the non-RVH stage and RVESV
in the RVH stage predicted RVH progression.

A previous study has suggested that PAH may not be the
sole predictor of progressive RV failure and death in patients
with CTD (27). To further understand other predictors of
RV failure, we hypothesized that the predictors would vary
with the disease stage of the target organs. In the non-RVH
stage, RVH is primarily driven by PAH (pressure overload),
which induces an increase in the RV pressure that, without
timely intervention, may progress into compensatory RVH.
Late-stage phenomena, such as prominent RV dilatation, were
not observed in the non-RVH stage (2,28), possibly suggesting
that treatment intervention at this time might contribute to
preventing or reversing further damage to the myocardium.

Once a patient enters the RVH stage, progressive right-sided
heart failure or sudden and unexpected death can occur, and
simple cardiac protection may not be beneficial because of
the damage to the cardiac tissue substrate and its structure
and function (29,30). Extensively increased biventricular
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Table I'V. Right ventricular native and post-contrast T1 relaxation times in the right ventricular hypertrophy group (n=34).

Septum with

Septum without Right ventricular

Variables LGE (+) LGE (+) free wall P-value®
NativeT1 myocardium, msec 1,392+96 1,357+93 1,463+130°° <0.001
Post (15 min) T1 myocardium, msec 560+69 568+66 576+70 0.222
ECV, % 3445 3344 3716 0.108

“P-value across the three groups. °P<0.05 [RV myocardium vs. septum with LGE (+)]. °P<0.05 [RV myocardium vs. septum without LGE (+)].
Values are presented as the mean + SD. ECV, ventricular extracellular volume; LGE, late gadolinium enhancement; RV, right ventricle.
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Figure 3. Global strains in patients with non-RVH and RVH. (A) Global strain in the RV. (B) Global strain in the LV. Global longitudinal, circumferential and
radial strains are shown from left to right. LV, left ventricle; RV, right ventricle; RVH, right ventricular hypertrophy.

extracellular matrix and regional LGE accounted for the
reduced RV strain and the lack of RV contraction, which led
to an increase in RVESV. Therefore, the RVESV became a
predictor of RVH progression.

The present study primarily focused on the early detection
of myocardial damage. Pulmonary pressure measurements
from routine echocardiographic examinations are both
practical and important because routine echocardiographic
examination can be used for guidance of patient treatments.
For example, once PAH was detected, 88% of patients in the
RVH group had PAH, which increased to 76+23 (mean + SD).
In addition, the right heart structural and functional abnor-
mality appeared. Although PAH can guide treatment, it is
often delayed (31). Therefore, early indicators that identify the
presence of myocardial damage, which are the focus of the
present study, are urgently needed.

Concerning all clinical and imaging parameters, only
native T1 values, T1-deduced ECV and longitudinal strain
can be used to screen for myocardial abnormalities in the
non-RVH stage (26). The first two parameters represent
the extracellular matrix, which indirectly reflects diffuse
fibrotic changes (32,33), whereas the last parameter indicates
myocardial deformation, which may be due to LV chamber
compression caused by RV dilatation (34). Furthermore,
native T1, ECV and longitudinal strain are warning signs of
heart involvement in patients with a normal cardiac systolic
ejection fraction (35). Theoretically, a histological increase in
myocardial fibrosis may occur first, followed by a decrease
in myocardial deformation; ventricular structural and func-
tional abnormalities may occur later (36). Notably, whether
CTD treatment is effective in reversing cardiac damage
remains unclear.
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Table V. Predictors of an increase in the right ventricular mass index.
Univariate analysis Multivariate analysis
Groups Predictors Coefficient ~SE  t-statistic P-value Coefficient SE  t-statistic ~ P-value
Non-RVH RVESV 0.12 0.05 2.20 0.03 -0.21 0.17 -1.25 0.22
RVESV/BSA 0.21 0.08 2.82 0.01 0.04 0.08 0.44 0.66
RVEDV/BSA 0.13 0.05 2.83 0.01 0.37 0.28 1.32 0.19
LVEDV/BSA 11.52 4.12 2.80 0.01 0.03 0.05 1.32 0.19
PAP 7.32 043 16.87 0.01 0.16 0.06 2.84 0.01
RVH RVESV 0.23 0.03 7.98 <0.0001 0.23 0.03 7.98 <0.0001
RVESV/BSA 0.37 0.05 7.90 <0.0001 -04 1.29 -0.31 0.49
RVEDV 0.15 0.03 592 <0.0001 -0.29 0.53 -0.55 0.59
RVEDV/BSA 0.26 0.04 5.79 <0.0001 0.31 0.78 0.39 0.69
RVEDV/RVESV 7.33 1.38 5.31 <0.0001 0.11 3.09 0.03 0.97
RVEF -0.57 0.15 -3.79 0.01 0.14 0.36 0.38 0.71
LV cardiac output/BSA -6.68 2.73 -2.45 0.02 -1.31 3.09 -0.42 0.67
LV stroke volume/BSA -0.61 0.21 -291 0.01 -0.03 0.33 -0.08 0.93

BSA, body surface area; PAP, pulmonary arterial pressure; LV, left ventricle; LVEDV, left ventricular end diastolic volume; RVEDYV, right
ventricular end diastolic volume; RVESV, right ventricular end systolic volume; RVEF, right ventricular ejection fraction; RVH, right ventricular

hypertrophy; SE, standard error.
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Figure 4. Examples of global strain in patients with non-RVH and RVH. (A) Three examples from representative patients showing RV strain in longitudinal,
circumferential and radial directions. The strain in each direction was decreased in patients with RVH (green line). Patients with non-RVH had no reduced
strain in either direction. (B) In the left ventricle, global longitudinal strain in patients with non-RVH (red line) and RVH (green line) was reduced compared
with that in control subjects (left panel). No strain reduction was observed among patients in terms of the circumferential and radial strains. LV, left ventricle;

RV, right ventricle; RVH, right ventricular hypertrophy.

Non-invasive detection of cardiac tissue characterization
may become a recommendation in the future, as it favors
the early detection of cardiac impairment. Furthermore,
PAH was not the sole predictor of progressive RV failure or
death in patients with CTD. The predictors varied according
to the presence of RVH. Finally, native myocardial T1, ECV
and LV longitudinal strains can be used as warning signs of
myocardial damage in patients with CTD.

The present study had some limitations. First, mixed etiolo-
gies of CTD, which may complicate cardiac pathophysiological
mechanisms, were included in the present study. However, the
varied etiologies were equally distributed between the groups,
which eliminated the difference. Second, caution should
be exercised regarding mortality rates. The relatively short
follow-up period and low mortality rate make the results prone
to bias. Third, the sample size of the present study was small,
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which may have resulted in sample bias. Forth, all patients were
from one medical center, which may give rise to selection bias.
Finally, the present cross-sectional study proposed markers
of myocardial impairment; however, whether they can serve
as follow-up indicators and their mechanisms require further
evaluation. To overcome these limitations, the sample size
will be expanded and data from multiple medical centers will
be combined in the future. Future studies will also focus on
detecting RV contractility in PAH, compensated heart failure
and decompensated heart failure periods of RVH. These
results will reveal more detailed mechanisms of myocardial
damage in patients with CTD.

In conclusion, non-invasive examination of cardiac tissue
characterization using CMR enabled the early detection
of cardiac impairment before RVH development. Native
myocardial T1, ECV and LV longitudinal strain may serve as
warning signs of myocardial damage in patients with CTD.
The predictors of RVH varied with heart disease stages. PAP
in the non-RVH stage and RVESYV in the RVH stage predicted
further RVH progression.
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