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Abstract

The aim of this study was to use magnetic
resonance imaging (MRI) to classify the mor-
phological changes and remodeling of the
right ventricle (RV) that occur in different cli-
nical situations and that have an impact on RV
function. Most literature has traditionally
focused on the left ventricle (LV) and as a
result, few studies analyze RV behavior and
remodeling. The study evaluated all cardiac
MRI performed at our center from 2008 to
2010. We retrospectively identified 159
patients who had some sign of right ventricu-
lar dysfunction (RVD) based on MRI findings.
We classified patients according to a combina-
tion of criteria for RVD and the presence of left
ventricle dysfunction (LVD). We considered
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RVD as any of the following abnormalities: i)
depressed RV function; ii) RV dilatation,; iii)
RV hypertrophy. LVD was considered when
there was atrial dilatation, LV hypertrophy, LV
dilatation and/or depressed LV function. We
obtained 6 pathophysiological patterns: RV
pressure overload (1.9%), RV volume overload
(15.7%), RV volume overload + LVD (32.7%),
depressed RV function + LVD (42.1%), mixed
RV overload + LVD (6.9%) and other (0.6%).
The most frequent etiology was congenital
heart disease (33.3%), followed by idiopathic
dilated cardiomyopathy (18.2%), left valvular
disease (17.6%), ischemic heart disease
(15%), pulmonary disease (9.8%), and other
(6.1%). This study helps to classify the diffe-
rent patterns that RV can adopt in different cli-
nical situations and can, therefore, help us to
understand the RV pathophysiology.

behavior and phenotypic patterns it is capable
of adopting under different stress situations,
different from those of the LV.

Part of our current lack of knowledge about
the RV has been due to the lack of suitable
techniques for its study. Ultrasound study of
the RV is limited by its location and shape, so
it was not until the introduction of cardiac
magnetic resonance imaging (MRI) that it
could be analyzed properly. Its better spatial
resolution has allowed the RV to be studied
properly and with its own parameters, leaving
behind the measurements based on the LV and
becoming the reference imaging technique for
its study.%*

The aim of this study was to use MRI to clas-
sify the morphological changes and remodeling
of the RV that occur in the different clinical sce-
narios that have impact on this ventricle.

Introduction

Most of the scientific evidence in cardiology
has traditionally focused on the left ventricle
(LV). This is due to the major systemic impact
when this ventricle fails and the difficulty in
assessing right ventricle (RV) function cor-
rectly with the classic techniques. As a result,
there are few studies focusing on the analysis
of RV behavior and remodeling. This has led
prestigious scientific societies to strongly rec-
ommend the development of research lines
focusing on the analysis of the changes occur-
ring in the RV in different clinical situations.!

Until a few years ago, knowledge of the LV
was extrapolated to the RV, assuming its
pathophysiology was similar. However, this
approach has been revealed to be incorrect
and lacking a scientific basis. The main differ-
ences with the LV are that the RV is not ellip-
soidal (half-moon shape), it functions in a
state of low pressure and high flow, and pumps
blood to a vascular bed with a high capaci-
tance.23 These characteristics make the struc-
ture and function of the RV, as well as the
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Materials and Methods

This was a descriptive study evaluating all
cardiac MRI exams performed at our center
from 315t January 2008 to December 2010.
This hospital serves a population of 250,000
inhabitants. In addition, it is the reference
hospital for heart surgery for 1,000,000 inhab-
itants, and the reference hospital for heart
transplant, heart-lung transplant and complex
adult congenital heart disease for approxi-
mately 4,600,000 inhabitants.

The study was approved by the clinical
research ethics committee of our hospital.

Of the 2824 cardiac MRI exams performed,
we retrospectively identified 159 patients who
had some sign of right ventricular dysfunction
(RVD).

We considered RVD as any of the following
abnormalities: i) depressed RV function (RV
ejection fraction <50%), considered severely
depressed if ejection fraction (EF) was <35%;
ii) RV dilatation (RV indexed end-diastolic vol-
ume >106 mL/m? in men and >92 mL/m? in
women);8 iii) RV hypertrophy: iv) wall diame-
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ter >6 mm in any right ventricular segment.

Left ventricular dysfunction (LVD) was con-
sidered to be present when there was at least
one of the following criteria: i) atrial dilatation
(>40 mm); ii) LV hypertrophy (=13 mm in men
and >12 mm in women); iii) LV dilatation (LV
indexed end-diastolic volume >105 mL/m2); iv)
depressed LV function (EF<50%).

We classified patients according to a com-
bination of criteria for RVD and the presence
of LVD.

The etiology of heart disease was estab-
lished by individualized review of patient med-
ical records. The results of the MRI studies
were confirmed independently by 2 specialists
in cardiac MRI. When the differences between
the two evaluators implied a change in pattern,
evaluation by a third expert was requested to
reach a consensus.

Magnetic resonance imaging
technique

Cardiac MRI was performed on a Magnetom
Avanto® Syngo MR 2004V scanner (Siemens
AG, Germany). All scans included a baseline
module plus another module for calculation of
volumes. Optional modules were added as nec-
essary.

Baseline module

This was performed in the strict axial and
coronal planes. Anatomical sequences consisted
of axial HASTE and True-FISP images, coronal
HASTE and oblique sagittal True-FISP images.
Functional sequences consisted of cine True-
FISP images in 2, 3 and 4 chamber views and
short axis sequences, with a thickness of 7 mm,
spacing of 3 mm and from base to apex.

Calculation of volumes

Functional sequences were true fast imag-
ing steady state free precession sequences
(True-FISP): repetition time/echo time 2.8/1.2
ms, flip angle 58°, matrix 256x256, field of
view 320x270 mm, slice thickness 8 mm,
obtained in 2, 3 and 4 chamber long axis views
and short axis sequences, spacing of 3 mm and
from base to apex.

In all modules, electrocardiographic syn-
chronization was retrospective with a mini-
mum of 20 phases/cycle and a minimum tem-
poral resolution of 25 ms.

To calculate inter and intra-observer agree-
ment, 11 patients of the study sample were
randomly selected and reassessed and the fol-
lowing values were obtained: FEVI (CIC 0.92;
CI: 0.8-0.9), FEVD (CIC 0.7; CI: 0.3-0.9),
VTDVI (CIC 0.83. CI: 0.5-0.9), VTDVD (CIC
0.72 CI: 0.4-0.9), the presence of right ventri-
cle hypertrophy (Kappa 0.5, P=0.05) and
impaired right ventricle wall motion (Kappa
0.8, P<0.01).
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Results

Mean patient age was 48+21 years, and
65.4% were men.

After reviewing the 159 MRI images, we
obtained 6 phenotypic patterns (Table 1). Figures
1-5 show the different phenotypic patterns that
can be adopted by the RV on remodeling.

The most frequent etiology was congenital
heart disease (33.3%), followed by idiopathic
dilated cardiomyopathy (Figure 1) (18.2%),
left valvular disease (17.6%), ischemic heart
disease (15%), pulmonary disease (9.8%), and
other (6.1%) such as biventricular hyper-
trophic cardiomyopathy (Figure 2). Among

V’m
congenital heart diseases, and over the total
percentage, 18.2% were tetralogy of Fallot
(Figure 3) (TOF), 4.4% were pulmonary insuf-
ficiency not associated with tetralogy of Fallot,
and 10.7% were other causes, such as pul-
monary stenosis + pulmonary insufficiency
(Figure 4) or isolated pulmonary stenosis
(Figure 5). Frequencies and etiologies of the
patterns are shown in Table 2.

More than 70% of the cases of RVD were
found to be concentrated in two patterns.
These were patterns 3 and 4, corresponding
to RV volume overload + LVD and depressed
RV function + LVD. Quantitative results of
MRI scans can be seen in Table 3 and in
Figure 6.

Table 1. Differential characteristics of the different patterns.

RV pressure overload No No Yes No
RV volume overload No/Yes Yes No No
RVvolume overload + LVD No/Yes Yes No Yes
Depressed RV function + LVD No/Yes No No Yes
Mixed RV overload + LVD No/Yes Yes Yes Yes
Other No No Yes Yes

LVD, left ventricular dysfunction; RV, right ventricle; LV, left ventricle; RVH, right ventricular hypertrophy, M-S, moderate-severely depressed

RV function.

Figure 1. True fast imaging with steady-state precession sequence in two chamber (top
left), short axis (top right), and right ventricle outflow tract (bottom) in a patient with a

biventricular dilated cardiomyopathy.
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Discussion

For some time now, it has been known that
the RV markedly influences the course and
prognosis of numerous heart diseases.”
However, there is still much uncertainty about
the behavior of the RV under different stress
situations. In the present study, we character-
ized for the first time the different phenotypic
patterns that are adopted by the RV in different
clinical situations.

In the etiological analysis of RVD, congeni-
tal heart disease (33.3%), idiopathic dilated
cardiomyopathy (18.2%) and left valvular dis-
ease (17.6%) accounted for the majority of the
cases. This first finding clearly differentiated
the RV from the LV, where the predominant
causes of LVD are the ischemic and hyperten-
sive etiologies. This may have been influenced
by the type of population served by the hospital
and in which MRI is performed.

Pattern 1 or pressure overload is uncom-
mon (1.9%). It is characterized by normal or
slightly depressed RV function with RV hyper-
trophy (RVH). In our series, we observed only
3 cases: one patient with an operated transpo-
sition of the great arteries with conduit
stenosis, one with pulmonary stenosis (PS),
and another with primary pulmonary artery
hypertension. In all 3 cases, isolated pressure
overload (without pulmonary insufficiency)
was the cause of RVH, which in itself is
regarded as a sign of systolic dysfunction of
the RV.9 RVH is an adaptive mechanism to
increased afterload, but the RV is unable to
maintain this situation for very long,!? so the
RV eventually succumbs, depresses its sys-
tolic function and begins to dilate, which
makes pattern 1 uncommon.

The second pattern has been named volume
overload, and is characterized by a dilated RV.
Its etiology was congenital in more than 90% of
the cases, mainly pulmonary insufficiency
(PI), either primary or secondary to previous
congenital heart disease surgery, especially
TOF. We observed 2 cases of pulmonary hyper-
tension (PH) due to a pulmonary cause and 2
cases of double pulmonary aortic lesion. We
considered that these cases were caused by a
pattern 1 in which the RV had succumbed,
dilated and reduced RV free wall thickness.!!
Other etiologies such as interatrial shunts or
severe PIs without a PS phase may present
directly with this pattern.

A differential feature of this pattern versus
pattern 3 is the absence of LVD. LV function
may remain intact in patients with TOF for
years, but eventually becomes depressed. In
advanced phases, LVD is due to evident
changes in LV geometry as a result of RV dilata-
tion,!2 but in early phases, this dysfunction
seems to be more related with the muscular
band shared by both ventricles, especially at the
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Figure 2. True fast imaging with steady-state precession sequence (from right to left) in
short axis orientation at medium level during diastole and systole in a patient with a

hypertrophic cardiomyopathy.

Figure 3. True fast imaging with steady-state precession sequence (A-D) of short axis in a
patient with tetralogy of Fallot. The patient has a mild left ventricle dysfunction due to
the alteration of the septal contractility as a consequence of the right ventricle volume
overload.
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level of the apex.!® Other factors that promote
LVD are the number of reoperations and late
surgical repair.!* Finally, we consider that the
degree of depression of LV function depends on
time since onset of the heart condition.

Pattern 3 or volume overload plus LVD is
the second most frequent pattern (32.7%). Its
chief characteristic is dilatation of the RV and
LVD of any type. Etiologies are divided almost
equally between left and right origin. In both
ventricles, the predominant etiologies in this
pattern are valvular (mitral insufficiency and
PI) and dilated cardiomyopathies with biven-
tricular dysfunction. As occurs in the previous
pattern, LV function can be more or less
depressed depending on disease duration. In
the case of left valvular disease, LVD would be
the consequence of PH caused by increased
pulmonary capillary pressure and the mecha-
nisms involved in ventricular interdepend-
ence. LV dysfunction from right valvular dis-
ease would thus be the consequence of ven-
tricular interdependence, to which surgery
should be added in some cases.!516 In idio-
pathic dilated cardiomyopathy, in addition to
the described mechanisms, intrinsic dysfunc-
tion of the RV due to underlying disease
would be added.

The characteristics of this pattern lead one
to think that it is not a direct pattern in many
cases, but rather it may be the result of pro-
gression from others. Thus, we consider that
most TOFs with PI from pattern 3 originate
from progression of pattern 2, with signifi-
cant alteration of RV geometry causing alter-
ation of the LV.

The most frequent phenotypic pattern
(42.1%) was pattern 4 or depressed biventric-
ular function. Depressed LV function occurs
in a context of a normal sized RV with LVD.
Unlike the LV, when depression of RV func-
tion occurs because of a disease intrinsic to
the ventricle itself, it is usually preceded by
prior dilatation. In contrast, this pattern,
present in many etiologies, predominates in
depressed function of left origin: ischemic
heart disease, left valvular disease, idiopathic
dilated cardiomyopathies and pulmonary dis-
ease. The mechanisms of ventricular interde-
pendence are key to this pattern!® and are
related to the muscle fibers shared by both
ventricles,!3 involvement of the interventricu-
lar septum, distortion of ventricular geometry
and alterations in pericardial distensibility.!6
In the absence of RV dilatation, only contrac-
tion of the septum can maintain the hemody-
namic stability of the RV;1” therefore, septal
involvement by a left cause negatively
impacts the RV. In cases of ischemic etiology,
it should be added that the RVD may be direct-
ly affected by the ischemia itself, despite it
being less vulnerable to ischemia due to its
lower oxygen consumption.!8
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Figure 4. True fast imaging with steady-state precession sequence in short axis orientation
at medium level during diastole (right) and sistole (left) in a patient with pressure and vol-
ume right ventricle overload. Top right: biventricular function analysis and pulmonary
insufficiency quantification in the same patient with the software Qmass and Qflow of
Medis™. Bottom: phase contrast sequences at the pulmonary valve level in the same
patient. Here we observe the severe pulmonary insufficiency.

97mil/m2 :IVTDVD
FEVD :28%
FEVI : 46%

Figure 5. Top: flash 3D angiographic sequences with MPR reconstructions at right ven-
tricular outflow tract level. We observe the severe infundibular stenosis. Bottom: true fast
imaging with steady-state precession sequence at the same level. Here we observe the
infundibular hypertrophy in the right ventricle as a consequence of the pressure overload.
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Unlike pattern 3, patients with pattern 4
with left valvular disease do not present RV
dilatation. We think this is due in these cases
to the fact that RV may not be able to adapt to
this overload and responds directly by depress-
ing its function without prior dilatation. The
pathophysiology of patients with pulmonary
etiology in this group is different. In these
cases, LVD would be mainly due to PH, with
LVD appearing as a consequence of chronic
hypoxia.!?

It is unlikely that pattern 4 is due to progres-
sion from other patterns. This is because this
is no dilatation of the RV, but only depression
of its function. This excludes the majority of
congenital heart diseases with right ventricu-
lar dysfunction, as these are usually associated
with valvular disease and thus with pressure or
volume overload, which finally leads to RV
dilatation.

Pattern 5 has been called mixed overload, as
there is co-existing biventricular dysfunction
(in different degrees depending on disease
duration), dilatation and RVH. It is an uncom-
mon pattern (6.9%), which in all cases except
one was due to congenital heart diseases,
specifically TOFs operated on for severe PS and
with residual pulmonary vein insufficiency
(PVD). In these cases, RVH had not returned
totally, a condition that occurs particularly when
corrective surgery is performed at advanced
age.20 Dilatation, as in pattern 2, would be the
result of postoperative PVI, so common in
patients operated on for TOF. LVD would have as
its cause the surgical intervention, postopera-
tive alteration of the septum and distortion of LV
geometry as a result of RV dilatation.

From the perspective of pattern progression,
pattern 5 would be formed mainly by pattern 1
patients with progression in whom RVH had
not returned. This pattern is the one with the
most increased end-diastolic and end-systolic
volumes.

This study has the limitations intrinsic to
retrospective descriptive studies and the bias
resulting from the cases being from a refer-
ence hospital in congenital heart disease sur-
gery. In our hospital, cardiac MRI is a highly
accessible technique and of routine use in
hemodynamically stable patients. The request
for the MRI was at the discretion of the treat-
ing physician. Another bias to be noted is that
cases with left valvular disease are underrep-
resented in our sample, since there is the clin-
ical attitude that MIR is of little help in its
diagnosis and so is rarely used in clinical deci-
sion-making.

This study helps us to understand how the
RV remodels and adopts different phenotypic
patterns in the different heart diseases that
can affect its function. Therefore, we think it is
highly useful from the diagnostic and clinical
perspective.
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Conclusions

This is the first study to classify the different
patterns that the RV can adopt in different clin-
ical scenarios. Thus, we have identified up to 6
different patterns depending on the type of RV
dysfunction and the co-existence of LV disease.

None of the patterns is composed of a single
etiology, but by several pathological entities

RV Volumes
Pattern 1

o
i
0
i ¥
L
Pattern 5 ; Pattern 2
Pattern 4 ~Pattern 3
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that equally affect the RV. On the other hand,
the patterns identified are not static, since pro-
gression of the underlying diseases causes a
flow between patterns, which thus exhibit a
dynamic pathophysiology and behavior.

This classification by phenotypic patterns
helps us to better understand the response and
remodeling of the RV in different heart dis-
eases, and provides new knowledge of the mode
of response and behavior of this ventricle.

LV Volumes

Pattern 1

F ]

Pattern 5 Pattern 2

Pattern 4 Pattern 3

Figure 6. Ejection fraction and indexed volumes of both ventricles in the patterns studied.
Blue: indexed end-diastolic volume. Red: indexed end-systolic volume.

Table 2. Prevalence of patterns and causal etiologies.

RV pressure overload
RV volume overload

3 (1.9%)
25 (15.7%)

PS (1); TGV (1); PHT (1)
Operated TOF + PI (16): Non-TOF
PI (2); PS-PI (2); Interatrial shunt (3); PHT (2)

RV volume overload + LVD 52 (32.7%)

Left valvular disease (18); IDCM (10);
TOF + PI (8); Non-TOF PI (4);
Ischemic (5); Other (7)

Depressed RV function + LVD 67 (42.1%) Ischemic (19); IDCM (18); Valvular disease.
Left (10); Right congenital (4);
Pulmonary (4); Other (12)
Mixed RV overload + LVD 11 (6.9%) PS (5); Operated PS + severe PI (3);
Other congenital (2); Pulmonary (1)
Other 1 (0.6%) Biventricular HCM (1)

RV, right ventricle; LVD, left ventricular dysfunction; RVH, right ventricular hypertrophy; PS, pulmonary stenosis; TGV, transposition of the great
vessels; PHT, pulmonary hypertension; TOF, tetralogy of Fallot; PI, pulmonary insufficiency; IDCM, idiopathic dilated cardiomyopathy; HCM,

hypertrophic cardiomyopathy.

Table 3. Ejection fraction and ventricular volumes in the patterns studied.

1 59.5+14.2 85.2+19.9 36.0£17.4 69.8+2.9 65.5+8.2 19.8+3.9
2 47.0+10.9 138.4+31.4 71.9+16.9 63.1+3.7 69.0+13.4 25.6+6.2
3 36.2+14.2 140.3+29.5 89.0+24.4 454173 111.6+50.1  66.9+49.1
4 38.9+9.1 69.6+19.5 42.8+14.6 38.8+15.9 11254484  73.5£45.7
5 472+14.1 165.8+59.2 89.4+48.0 59.6+8.4 96.7+29.2 35.8+12.2

Mean + standard deviation for each parameter is shown. RVEF, right ventricular ejection fraction; RVIEDV, right ventricular indexed end-dias-
tolic volume; RVIESV, right ventricular indexed end-systolic volume; LVEF, left ventricular ejection fraction; LVIEDV, left ventricular indexed
end-diastolic volume; LVIESV, left ventricular indexed end-systolic volume.

[Heart International 2013; 8:e3]
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