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Abstract: Right heart catheterization remains necessary for the diagnosis of pulmonary hypertension
and, therefore, for the prognostic evaluation of patients with chronic heart failure. The non-invaSive
Assessment of Pulmonary vasculoPathy in Heart failure (SAPPHIRE) study was designed to assess
the feasibility and prognostic relevance of a non-invasive evaluation of the pulmonary artery vas-
culature in patients with heart failure and pulmonary hypertension. Patients will undergo a right
heart catheterization, cardiac resonance imaging, and a pulmonary function test in order to identify
structural and functional parameters allowing the identification of combined pre- and postcapillary
pulmonary hypertension, and correlate these findings with the hemodynamic data.

Keywords: heart failure; pulmonary hypertension; cardiovascular magnetic resonance;
right heart catheterization

1. Introduction

Pulmonary hypertension (PH) is a common complication of chronic heart failure (HF)
associated with worse outcomes and increased mortality [1]. Its presence is a marker of
poor prognosis in patients with HF [2,3]. It begins as a passive process due to congestion
as a result of both systolic and diastolic left ventricular dysfunction. Chronically elevated
pulmonary venous pressures induce structural changes in the pulmonary vasculature,
which may become irreversible, increasing pulmonary vascular resistance (PVR) and the
risk of right ventricular failure [4].

Currently, an invasive approach through right heart catheterization (RHC) remains
necessary for the diagnosis and classification of PH, as well as to determine its reversibility.
Therefore, the interest in alternative, non-invasive diagnostic tools in the assessment of
patients with PH is increasing.

Magnetic resonance imaging (MRI) has emerged as the gold standard for the evalua-
tion of tissue characterization and of ventricular systolic function, especially of the right
ventricle. The use of MRI is broadly extended in pulmonary arterial hypertension (PAH).
Several studies have demonstrated a good correlation between different MRI findings
and PAH severity, and they have thus been established as prognostic predictors [5–9].
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In this field, perfusion or four-dimensional (4D) flow sequences have been shown to be
promising techniques in the evaluation of flow patterns and vascular compliance among
PAH patients [10]. However, the value of these techniques in the assessment of patients
with postcapillary PH evaluation has not yet been established.

Structural changes in pulmonary vasculature have been shown to induce a reduction
in the diffusing capacity of the lungs for carbon monoxide (DLCO). In patients with severe
precapillary PH, reduced DLCO is as a marker for poor prognosis [11]. Furthermore, DLCO
< 45% has been shown to be associated with an increased mortality at 3 years in patients
with PH and HF with preserved ejection fraction (HFpEF) [12].

Our aim is to define the rationale and design of the SAPPHIRE study (non-invaSive
Assessment of Pulmonary vasculoPathy in Heart faIluRE). This study was designed to
perform a structural and functional evaluation of the pulmonary artery vasculature through
MRI in patients with HF and PH in order to determine if there is a relationship with the
degree and type of PH defined by hemodynamic criteria.

2. Methods
2.1. Study Endpoints

This study is based on the hypothesis that MRI and pulmonary functional test (PFT)
parameters may help to identify those HF patients who have developed pulmonary vas-
cular remodeling. This could be translated in fewer indications of invasive pulmonary
hemodynamics evaluation among these patients.

Our main objective is to identify MRI and PFT parameters allowing the identification
of patients with established pulmonary vasculopathy. Specifically, in patients with com-
bined PH, when compared with those with isolated postcapillary PH, we expect to find
the following:

• A reduction of pulmonary peak and mean systolic velocity, peak flow, stroke volume,
and wall shear stress, with an increase in pulmonary artery pulse-wave velocity.

• An increased stiffness of the pulmonary arteries, with a decreased pulsatility.
• A lower DLCO.

Additionally, we aim to (1) explore the correlation of non-invasive parameters with
the hemodynamic parameters obtained by RHC and (2) identify prognostic factors for
HF outcomes.

2.2. Design

This a pilot study, single-center, prospective and observational, including patients with
PH secondary to left heart disease. It is designed to perform a non-invasive assessment of
structural and functional changes in the pulmonary artery vasculature in order to identify
the presence of established pulmonary vasculopathy, defined as a combined PH.

The study protocol and written informed consent form were reviewed and approved
by the Institutional Ethics Committee of the University Hospital 12 de Octubre and of the
Spanish National Cardiovascular for Cardiovascular Research (CNIC).

2.3. Patient Selection and Follow-Up

Inclusion and exclusion criteria are listed in Table 1. Patients will be enrolled in cases
of symptomatic chronic HF and PH confirmed by RHC. This includes either patients with
advanced HF or patients with chronic HF with reduced, mid-range, or preserved ejection
fraction, following guidelines’ definitions [13], at least six months from the beginning of
symptoms. PH different from World Health Organization (WHO) group 2 will be excluded.
All patients are under follow-up in the Heart Failure Unit of the University Hospital 12 de
Octubre and may be considered for inclusion either after visit to the HF clinic or after a
hospitalization due to HF decompensation.
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Table 1. Inclusion and exclusion criteria.

Inclusion Criteria

- Patients with symptomatic heart failure:

◦ NYHA functional class II–IV.
◦ Symptoms due to congestion or low output.
◦ Echocardiogramm 6 months prior to enrollment with at least one of the following:

� LVEF < 40% (HFrEF).
� LVEF 40–49% (HFmrEF) or ≥50% (HFpEF) and one of the following:

• Left ventricular hypertrophy (mass index ≥ 115 g/m2) and/or left
atrial enlargement (volume index > 34 mL/m2).

• Diastolic dysfunction (E/e’ ≥ 13, e’ septal and lateral wall < 9 cm/seg).

◦ Elevated natriuretic peptides (BNP > 35 pg/mL and/or NT-proBNP > 125 pg/mL).
◦ Optimal medical and device therapy.

- PH confirmed by RHC

- Inpatients as well as outpatients

- Age ≥ 18 years

Exclusion Criteria

- Pulmonary hypertension WHO group 1 or 3–5

- Congenital heart disease

- Claustrophobia

- Permanent pacemaker or an implantable cardioverter defibrillator

- Other metallic devices or prosthetic material non compatible with MRI

- Unstable clinical or hemodynamic situation not allowing to perform MRI and PFT.

- Glomerular filtration rate < 30 mL/min/1.73 m2

BNP: brain natriuretic peptide; HRmrEF: heart failure with mid-range ejection fraction; HFpEF: heart failure with
preserved ejection fraction; HRrEF: heart failure with reduced ejection fraction; LVEF: left ventricular ejection
fraction; MRI: magnetic resonance imaging; NYHA: New York Heart Association; PFT: pulmonary function test;
PH: pulmonary hypertension; RHC: right heart catheterization; WHO: World Health Organization.

During screening, eligibility requirements will be assessed and confirmed. Written
informed consent will be obtained from all participants of the study. Patients eligible for the
study will undergo an RHC to confirm PH, when suspected. The RHC will be performed
in a stable clinical condition. Patients screened during a HF decompensation will require
treatment optimization prior to enrollment. Depending on the hemodynamic parameters,
patients will be grouped as isolated postcapillary PH or combined pre- and postcapillary
PH, according to the current hemodynamic definition [14] (Table 2).

Table 2. Definition of pulmonary hypertension.

Pulmonary Hypertension Definition

PH MPAP ≥ 25 mmHg

PH due to left heart disease

- Isolated postcapillary PH
- Combined pre- and postcapillary PH

◦ Reversible
◦ Irreversible

MPAP ≥ 25 mmHg and PWCP > 15 mmHg

- DPG < 7 mmHg and PVR ≤ 3 WU
- DPG ≥ 7 mmHg and PVR > 3 WU

◦ PVR ≤ 3 WU with vasodilators
◦ PVR > 3 WU after vasodilators

DPG: diastolic pulmonary gradient; MPAP: mean pulmonary artery pressure; PCWP: pulmonary capillary wedge
pressure; PH: pulmonary hypertension; PVR: pulmonary vascular resistance; WU: Wood unit.
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Enrollment started in March 2018 and will last 24 months. Follow-up will last one
year after enrollment. Major outcomes include readmission for HF and death.

2.4. Pulmonary Hypertension Definition and Hemodynamic Evaluation

According to the guidelines in force at the start of the recruitment phase [14], PH
due to HF was defined as a mean pulmonary artery pressure (MPAP) ≥ 25 mmHg with
a pulmonary capillary wedge pressure (PCWP) > 15 mmHg, measured at end-expiration
and at the beginning of the electric QRS [15] (Table 2). Thus, a MPAP < 25 mmHg and/or a
PCWP ≤ 15 mmHg excludes PH as a result of left heart disease (WHO group 2). Isolated
postcapillary PH is defined by a diastolic pulmonary gradient (DPG) < 7 mmHg and
PVR ≤ 3 Woods unit (WU). On the contrary, a DPG ≥ 7 mmHg with PVR > 3 WU indicates
the presence of a combined pre- and postcapillary PH.

Hemodynamic evaluation will be performed after treatment optimization with di-
uretics, inotropes, and/or pulmonary vasodilators, following clinical parameters, and
always before MRI (Figure 1). In patients considered for heart transplantation or LVAD
who have combined PH, pulmonary vasodilator testing will be performed in order to
assess the reversibility of the precapillary component (reduction of PVR ≤ 3). In the case of
non-response to vasodilators, the precapillary component of PH is fixed and irreversible,
and a formal contraindication for heart transplantation.

In December 2018, an update of the hemodynamic definition and clinical classification
of PH was published [16]. In this document, the 6th World Symposium on PH Task
Force proposed a MPAP cut-off value of >20 mmHg in order to define PH, maintaining a
PVR ≥ 3 WU as the definition of all forms of pre-capillary PH. In our study, this change
in the definition of PH will be taken into account for patients’ selection and data analysis.
Thus, patients with a MPAP of 21–24 mmHg will be included as part of the control group.

2.5. Magnetic Resonance Imaging

In the first 48 h after hemodynamic confirmation of PH diagnosis, all patients will
undergo cardiac MRI at CNIC facilities. The studies will be performed on a 3T wide bore
magnet Elition Xwhole-body scanner (Philips Healthcare, Best, The Netherlands) equipped
with a 28-element phased-array cardiac coil. The acquisition protocol will be develop
as follows:

• Standard segmented cine steady-state free-precession sequence (repetition time/echo
time/flip angle (TR/TE/α) = 2.7 ms/1.35 ms/40◦) to provide high-quality anatomical
references to evaluate ventricular mass, volume, thickness, and ejection fraction. Field
of view (FOV) of 320 × 320 mm, slice thickness of 8 mm with no gaps, and in plane
resolution of 1.8 × 1.8 mm2 and 30 acquired cardiac phases.

• T1 (modified look-locker inversion recovery (MOLLI)) pre- and post-contrast (15 min
after gadolinium injection) sequences based on a 5(3)3 scheme using a single shot
steady-state free precession readout sequence (TR/TE/Flip angle = 2.1 ms/1.05 ms/35◦)
with an in-plane acquisition resolution of 1.5 × 1.8 mm2 and an 8 mm slice thick-
ness. These sequences will allow a quantitative evaluation of myocardial fibrosis and
extracellular volume.

• Lung perfusion will be acquired using dynamic multi-slice acquisition using saturation
recovery spoiled turbo field echo sequence during the first pass of contrast injection.
Image resolution of the sequence will be 4 × 4 in plane resolution and 25 slices with a
slice thickness of 10 mm and no gap between slices covering both lungs. Image volume
will be acquired in coronal orientation to allow a higher parallel acceleration factor
in the left–right direction (SENSE factor of 2.2), allowing to acquire a new imaging
volume every 2.2 s. Saturation delay time was adjusted to improve the signal intensity
to contrast concentration (100 ms). The injection rate will be 3 mL/s to avoid strong
T2* effects during contrast administration.

• Late gadolinium enhancement sequence: performed 10 to 15 min after intravenous
administration of 0.20 mmol of gadopentetate dimeglumine contrast agent per kg of
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body weight (30) using a 2D inversion-recovery spoiled turbo field echo (IR-T1TFE)
sequence with the following parameters: FOV of 320 × 320 mm, with in plane resolu-
tion of 1.6 × 1.6 mm2, end-diastolic acquisition, thickness of 8 mm with no gap, TR
5.6 ms, TE 2.8 ms, inversion delay time will be optimized to null normal myocardium,
and 2 number of excitations. The same sequence will be acquired in a short axis with
as many slices as required to cover the entire cardiac muscle without a gap between
slices and one slice in 2, 3, and 4 chambers views.

• Four-dimensional flow will be acquired using a 3D spoiled turbo field echo sequence
(TR/TE/α = 3.6 ms/2.2 ms/7◦) with isotropic resolution of 2.5 × 2.5 × 2.5 mm3 and
20 acquired cardiac phases covering an imaging volume of 320 × 300 × 300 mm3

(cranial–caudal, left–right (LR), and anterior–posterior (AP) direction, respectively).
Images were acquired in three velocity encoding directions and the maximum velocity
was adjusted according to the maximum velocity. A parallel acceleration factor of
5.7 (1.9 in AP and 3 in LR direction, respectively) will be applied to reduce the total
acquisition time.
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Figure 1. Hemodynamic assessment of pulmonary hypertension. Hemodynamic evaluation of PH, assessed by RHC.
Postcapillary PH is defined as a DPG < 7 mmHg and PVR ≤ 3 WU. A DPG ≥ 7 mmHg with PVR > 3 WU indicates the
presence of a combined pre- and postcapillary PH, which may be reversible in the case of a reduction of PVR ≤ 3 WU after
acute vasodilator testing. In cases of non-response to vasodilators or the presence of high right ventricular filling pressures,
treatment optimization is required with diuretics, inotropes, and/or pulmonary vasodilators, before a hemodynamic
reevaluation is performed after 4–7 days. The absence of response to treatment confirms the presence of a fixed combined
PH. DPG: diastolic pulmonary gradient; MPAP: mean pulmonary artery pressure; N.O.: nitric oxide; PCWP: pulmonary
capillary wedge pressure; PH: pulmonary hypertension; PVR: pulmonary vascular resistance; RAP: right atrial pressure;
RHC: right heart catheterization; sBP: systolic blood pressure.

2.6. Study Organization

After confirmation of PH, patients will be submitted to cardiac MRI and PFT with
DLCO determination, within the first 48 h after RHC. Clinical and hemodynamic assess-
ment, study enrollment, and PFT will be performed at University Hospital 12 de Octubre.
MRI studies will be performed at the CNIC facilities. Patients’ selection and study organi-
zation are summarized in Figure 2.
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Figure 2. Patients’ selection and study organization. Patients with symptomatic HF will be considered
for the study if they have been diagnosed with left heart disease with an echocardiographic suspicion
of PH, not explained by other causes. Those patients meeting all inclusion criteria and no exclusion
criteria (see Table 1) who have PH confirmed by RHC will be submitted to magnetic resonance imag-
ing and a pulmonary function test. ICV: inferior cava vein; LV: left ventricle; MPAP: mean pulmonary
artery pressure; PA: pulmonary artery; PCWP: pulmonary capillary wedge pressure; PH: pulmonary
hypertension; RAA: right atrial area; RV: right ventricle; RVOT: right ventricle outflow tract; TLC:
total lung capacity; FEV1: forced expiratory volume in first second; TR: tricuspid regurgitation.

2.7. Sample Size and Statistical Analysis

According to previous studies performed by our group, passive congestive PH is
present in almost 75% of patients with chronic HF, whereas 25% are diagnosed with
combined pre- and postcapillary PH [17].

To the best of our knowledge, no previous study has analyzed the differences between
combined PH and isolated postcapillary PH by means of MRI. Therefore, our estimations
are based on studies comparing precapillary PH, basically PAH WHO group 1, and healthy
controls without PH. Considering the high number of different variables to analyze, as
well as their diversity, we have accepted the largest calculated sample size with a 99%
confidence interval. Assuming an α-level of 0.01 and a bilateral β-level of 0.02, our sample
will require 13 patients with combined PH and 40 with postcapillary PH in order to detect
significant differences [1,18,19].

The normality of data distribution will be assessed by the Shapiro–Wilk test. Contin-
uous variables will be expressed as mean ± standard deviation if normally distributed;
otherwise, they will be described as medians and interquartile ranges. Categorical variables
will be expressed as percentages and compared using the Chi-squared test or Fisher’s exact
test. Continuous variables will be compared with Student’s t-test or the Kruskal–Wallis
rank test. Determinants of combined PH will be assessed with univariate logistic regression
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analysis. Independent predictors of combined PH development will be analysed with mul-
tivariate analysis using a backward stepwise selection. All variables with a p-value < 0.20
will be included at first. At each step, the least significant variable will be removed from
the model, until all variables reache a p-value < 0.20. All tests will be two-sided and a
p-value < 0.05 will be considered statistically significant. All statistical analyses will be
performed with STATA version 15.1 (Stata Corp LLC, TX, USA). Graphs will be designed
using RStudio ggplot 2 (RStudio Team (2015), Integrated development for RStudio, Inc.,
Boston, MA, USA).

2.8. Funding

Funding for this study is supplied by the European Regional Development Fund and
the Carlos III Research Institute through a grant of the Health Strategy Action (PI17/01569).

3. Discussion

Pulmonary hypertension due to HF is a marker of poor prognosis owing to a higher
risk of morbidity and mortality [1,3,4]. Initially, PH due to HF is a passive consequence of
high preloading conditions of the left ventricle and high PCWP. If maintained over time,
chronically elevated pressures induce endothelial damage in the pulmonary vasculature,
which starts a remodeling process characterized by intimal fibrosis, medial hypertrophy,
and thickening of the adventitia [4,20]. This reactive response adds to the passive compo-
nent of congestion, resulting in a combined pre- and postcapillary PH, which occurs in up
to 25% of the patients with advanced HF [17]. These structural changes trigger an increase
in vascular stiffness and PVR, first functional with dynamic behavior as a result of vasocon-
striction, which is reversible with vasodilators, but finally fixed and irreversible as a result
of pulmonary vasculopathy. Thus, the pulmonary vascular bed becomes a high-pressure
high-resistance system, increasing the risk of right ventricular failure. Therefore, fixed
combined pre- and postcapillary PH is a marker of poorer prognosis and even a formal
contraindication for heart transplantation [21].

Severity assessment of PH and PVR requires an invasive hemodynamic evaluation in
order to identify the passive and the reactive component, as well as to determine whether
the latter is reversible or fixed. It allows to determine cardiac output and PVR, as well as to
analyze response to treatment. Thus, RHC remains necessary for the prognostic evaluation
in patients with chronic HF. However, it has certain limitations, as it is an invasive proce-
dure that often requires exposure to radiation. In this sense, CardioMEMS has proven to be
a wireless device that allows ambulatory pulmonary artery pressure determination, pro-
viding information about volume status in HF patients and reducing HF hospitalizations.
Nevertheless, it requires an RHC in order to implant a small microchip transvenously in the
distal pulmonary artery, and is thus not exempt from complications [22]. For these reasons,
the development of non-invasive tools allowing anatomical and functional evaluation of
the right ventricle and pulmonary vasculature is desirable.

Echocardiography is the first method of choice in cases of suspected PH, being an
appropriate screening method. However, it is based on an estimation of pulmonary
pressures, allowing neither an exact determination nor evaluation of capillary wedge
pressures. Furthermore, it is limited by the complex anatomy of the right ventricle, thus
relying on geometric assumptions in order to evaluate ventricular volumes and function.

MRI has become the reference diagnostic imaging tool for the assessment of the right
ventricle and pulmonary circulation. MRI techniques allow accurate measures of right
ventricular size, stroke volume, myocardial mass and ejection fraction, 4D-flow assessment
of the pulmonary artery, tissue characterization of the right ventricle, and quantification of
lung perfusion.

Four-dimensional flow MRI (time-resolved 3D phase contrast (PC)-MRI with 3D
velocity encoding) is capable of non-invasively measuring complex 3D hemodynamic
changes with full volumetric coverage of the right ventricle and pulmonary artery. Flow
parameters can be subsequently evaluated in every region of interest. PC-MRI can be
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employed to assess cardiovascular hemodynamics and quantify blood flow velocities in
the main pulmonary artery, right ventricle, and right ventricular outflow tract, and allows
to obtain other advanced hemodynamic parameters: pulse-wave velocity (correlated with
vessel wall elasticity), turbulent kinetic energy (TKE) (determines blood flow efficiency;
the higher the TKE, the harder the heart has to work) [23], and wall shear stress (related to
endothelial cell function and vascular remodeling). A recent 4D-flow MRI study reported
that peak systolic velocity, peak flow, stroke volume, and wall shear stress at all locations
were significantly lower in patients with PAH than in healthy subjects [10].

Delayed-enhancement imaging allows to identify focal myocardial abnormalities of
myocardial fibrosis at the right ventricle insertion points, which directly correlates with the
severity of PH, and is a marker of poor prognosis [5].

T1 mapping sequences allow to identify diffuse myocardial abnormalities without
the need for contrast. Increased T1 times in anterior and posterior septal insertion have
been described in PAH patients, and T1 relaxation times have demonstrated a correlation
with different markers of severity of the disease [8,9]. In addition, in HFpEF, T1 relaxation
times have been shown to have a good correlation with pulmonary artery hemodynamics
and prognosis [10].

All previously described parameters are associated with the severity of PAH [7–12].
However, no study has evaluated the prognostic relevance of MRI in patients with PH due
to HF. The aim of our study is to assess structural and functional changes in pulmonary
vasculature with this non-invasive imaging technique in order to identify combined pre-
and postcapillary pulmonary hypertension, as well as to correlate these findings with the
hemodynamic data.

Structural changes in the pulmonary vascular wall have been associated with a reduc-
tion in alveolar-capillary membrane diffusion, mainly in PH related to systemic sclerosis
and idiopathic pulmonary fibrosis [24,25]. In patients with PAH, DLCO impairment has
been associated with a worse functional class, and a DLCO < 43% has been shown to be an
independent risk factor for death [11]. However, no relationship has been found between
DLCO levels and hemodynamic parameters. Recently, Hoeper et al. [12] described an in-
crease in 3-year mortality in patients with PH and HFpEF fraction who had a DLCO < 45%,
with otherwise normal pulmonary function. These findings were not associated with signs
of pulmonary congestion, suggesting the presence of small-vessel vasculopathy affecting
post-capillary venules instead of interstitial edema as the cause of low DLCO. Thus, our
study will include a pulmonary functional assessment through DLCO determination in
order to analyze its prognostic value in PH due to chronic HF.

4. Limitations

This work has the inherent disadvantage of being a single-center, nonrandomized study.
However, we believe our results will be generalizable to other centers with a similar HF
patient population. The principal limitations of MRI assessment are its elevated cost and
long acquisition times, the interaction of metallic devices, and the risk of nephrogenic
systemic fibrosis patients with impaired renal function after the use of gadolinium.

5. Conclusions

Despite technological advances, RHC continues to be necessary for prognostic evalu-
ation in patients with chronic HF. This study will assess the feasibility of a non-invasive
structural and functional evaluation of the pulmonary arterial vasculature in order to
determine if there is a relationship with the degree and type of pulmonary hypertension
diagnosed by hemodynamic criteria.
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