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FormUlation of bosenTan in pUlmonary arterial hypeRtEnsion (FUTURE) 3 was a 24-week open-label, prospective, and randomized phase 3 study that assessed the pharmacokinetics of bosentan 2 mg/kg b.i.d. or t.i.d. in children with pulmonary arterial hypertension (PAH). We report findings from a post-hoc analysis that explored the prognostic value of echocardiographic changes during FUTURE 3 in relation to clinical outcomes observed during the 24-week core study and 48-week extension. Patients aged ≥3 months to <12 years (n = 64) received oral doses of bosentan 2 mg/kg b.i.d. or t.i.d. (1:1) for 24 weeks, after which they were eligible to enter the extension with continued bosentan administration. Echocardiographic evaluations were performed at baseline, Week 12, and 24 of the core study via central reading, and analyzed post-hoc for correlation with clinical outcomes (time to PAH worsening, time to death, and vital status). Sixty-four patients were randomized in the core study [median (IQR) age 3.8 (1.7–7.8) years]; and 58 patients (90.6%) entered the 48-week extension. Most of the patients (68.8%) were receiving ≥1 PAH medication at baseline. Echocardiographic changes during the core study were small but with high variability. There were statistically significant associations at Week 24 between worsening of the parameters, systolic left ventricular eccentricity index (LVEIS) and E/A ratio mitral valve flow, and the outcomes of time to death and time to PAH worsening. Additional studies that utilize simple and reproducible echocardiographic assessments are needed to confirm these findings and subsequently identify potential treatment goals in pediatric PAH.
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INTRODUCTION

In children, pulmonary arterial hypertension (PAH) is a rare but progressive disease that ultimately leads to right ventricular failure and premature death (1–5). Echocardiography is integral to the screening and clinical management of patients with PAH, as it captures the anatomy and function of both the right and left sides of the heart during systole and diastole (3–6). However, there is no consensus on which variables to use in pediatric PAH. Anatomical and functional echocardiographic measures of both the right and left sides of the heart have been reported to correlate consistently with disease severity and clinical outcome measures including WHO functional class (FC), hemodynamic measures, and survival in pediatric PAH (7–11). Although treatment-induced changes in echocardiographic parameters [tricuspid annular plane systolic excursion (TAPSE)] have been shown to be associated with improved survival (12), the value of changes in echocardiographic parameters to predict clinical outcomes in pediatric patients has not been fully defined to date (4, 5, 9, 11).

Bosentan (Tracleer®), an oral dual endothelin receptor antagonist, is one of the first therapies to be approved in the United States and European Union for the treatment of pediatric PAH. The FormUlation of bosenTan in pUlmonary arterial hypeRtEnsion (FUTURE) 3 study investigated whether bosentan exposure might be increased to levels observed in adults when administered t.i.d. rather than b.i.d. (13). Echocardiographic assessments were conducted at screening and Weeks 12 and 24 of the core study, and several exploratory clinical outcomes were assessed over the course of the 24-week core study and subsequent 48-week extension (13). These data may allow identification of potential treatment goals in pediatric PAH, as opposed to assessment of prognostic value based on echocardiographic measurements at a single time point.

This post-hoc analysis explored possible correlations between echocardiographic changes during the 24-week FUTURE 3 core study and clinical outcomes observed across the core plus 48-week extension treatment period, totaling 72 weeks.



MATERIALS AND METHODS


Patients and Future 3 Study Design

This post-hoc analysis was based on data from patients in FUTURE 3, a multinational, open-label, and prospective phase 3 study conducted in 30 centers (NCT01223352). The full eligibility criteria and methodology of FUTURE 3 have been published (13). Briefly, pediatric patients aged ≥3 months to <12 years who had PAH confirmed by right-sided heart catheterization were randomized 1:1 to receive the oral pediatric formulation of bosentan at a dose of 2 mg/kg administered either b.i.d. (4 mg/kg total daily dose) or t.i.d. (6 mg/kg total daily dose) for 24 weeks. All the patients were included in the post-hoc analysis. The patients who completed a 24-week end-of-study visit while still on bosentan became eligible to participate in the 48-week follow-up extension (total treatment duration of up to 72 weeks). Those who did not enter the extension underwent continued safety monitoring during a 60-day post-treatment follow-up period after the 24-week study visit.

The protocols of the FUTURE 3 study (plus the extension) were reviewed and approved by the ethics committees or institutional review boards shown in Supplementary Table 1. The study was conducted in accordance with the Declaration of Helsinki and the clinical trial regulations of each country. Written informed consent was obtained from all the parents or legal representatives.



Parameters and Outcomes

During the core study, echocardiography/Doppler measurements were performed in all the patients at screening, week 12 and 24, or end-of-core-study visit premature discontinuation. Anatomical and functional echocardiographic parameters for the right side of the heart included right ventricular fractional area change (RVFAC) based on right ventricular end-diastolic and end-systolic areas; right ventricular systolic pressure (RVSP); TAPSE normalized for body surface area (BSA); and inferior vena cava size collapse (IVCC) based on the change in size between inspiration and expiration. Parameters for the left side of the heart were also analyzed: systolic and diastolic left ventricular eccentricity indices (LVEIS and LVEID, respectively), and E/A ratio mitral valve flow. Evaluations of all echocardiographic parameters were standardized via central reading and independent adjudication by echocardiography experts that resulted in either “silent approval” or discussion between the central reader and adjudicators in case of disagreement.

Three main clinical outcomes were evaluated during both the 24-week core study and the 48-week extension as follows: on-treatment, vital status (alive or dead) was assessed up to the completion of the 48-week extension (EOS). Time to death was evaluated using an intention-to-treat approach, with patients last known to be alive censored based on the date of last contact up to EOS; time to PAH worsening (defined as lung transplant, hospitalization for PAH progression, initiation of a new PAH therapy, new/worsening right-sided heart failure or death) was analyzed up to the end of treatment plus 7 days (EOT + 7 days) or death; and the patients without a PAH worsening event were censored at EOT + 7 days.



Statistical Analyses

All statistical evaluations in the post-hoc analysis were exploratory. For each echocardiographic parameter, “worsening” was defined as the percentage increase or decrease from baseline as follows: increase at Week x = [(Week x/baseline) – 1]*100 for RVSP, LVEID, and LVEIS; decrease at Week x = [1 – (Week x/baseline)]* 100 for TAPSE, IVCC, RVFAC, and E/A ratio mitral valve flow. The geometric mean of “worsening” was derived as [geometric mean of (Week x/baseline) – 1]* 100 for RVSP, LVEID, and LVEIS, and as [1 – geometric mean of (Week x/baseline)]* 100 for TAPSE, IVCC, RVFAC, and E/A ratio mitral valve flow. All analyses were based on the all-randomized and echo/Doppler sets, including the all-randomized patients except those with PAH-CHD featuring systemic-to-pulmonary shunts, or Eisenmenger syndrome, whether or not they received study medication.

Associations between worsening of echocardiographic parameters from baseline at Week 12 or 24 and vital status at EOS were investigated using logistic regression and odds ratios (OR) with 90% two-sided confidence limits. Associations between worsening from baseline at Week 12 or 24, and both time to death and time to first PAH worsening were investigated using a Cox model and summarized using the corresponding hazard ratio (HR) and 90% two-sided confidence limits. Both for logistic regressions and Cox models, “worsening” was expressed on a base 2 logarithmic scale as Log2 (Week x/baseline) for RVSP, LVEID, and LVEIS, and as –Log2 (Week x/baseline) for TAPSE, IVCC, RVFAC, and E/A ratio mitral valve flow. This way, the OR and the HR represent, respectively, the odds increase and the risk increase associated with doubling in the echocardiography parameter for RVSP, LVEID, and LVEIS, and to halving in the echocardiography parameter for TAPSE, IVCC, RVFAC, and E/A ratio mitral valve flow. Due to the low number of events, both OR and HR estimations were performed by penalized maximum likelihood estimation for all logistic regressions and Cox models based on published methods (14, 15). For these exploratory analyses, the significance level was set to 10% (p < 0.1).

Additionally, a categorical analysis of the associations between percent worsening from baseline in echocardiographic parameters and clinical outcomes was conducted, where two different threshold changes (10 and 20%) in echocardiographic values were considered. For each threshold, worsening at Week x was used as an explanatory variable and was defined in binary form (i.e., worsening < threshold and worsening ≥ threshold).

Association analyses were performed with regard to observed cases only, with no imputation applied. As there were no differences observed in the age groups or exposure of the b.i.d. and t.i.d. treatment groups during the FUTURE 3 study (13), this post-hoc analysis did not distinguish between treatment arms or patient age categories. The patients were sub-grouped according to the presence or absence of CHD associated with open systemic-to-pulmonary shunts, and into treatment-naïve or non-treatment-naïve patients.




RESULTS


Patients and Treatment

Sixty-four patients were randomized (all randomized set) to bosentan b.i.d. or t.i.d. in the 24-week core study (Supplementary Figure 1); eight patients had CHD associated with systemic-to-pulmonary shunts, therefore the echo/Doppler set included 56 patients (87.5%). Fifty-eight patients (90.6%) entered the 48-week extension and 45 patients (70.3%) completed the extension phase of the study. In this study, 13 patients (20.3%) discontinued the bosentan treatment prematurely during the extension, with 11 discontinuing because of adverse events.

Demographic and clinical baseline characteristics of the all-randomized set are summarized in Table 1. The median (interquartile range (IQR)) age was 3.8 (1.7–7.8) years, and the patients were predominantly male and Caucasian. The most frequent PAH etiologies were idiopathic PAH (IPAH) (46%) or associated PAH (APAH) (38.1%). Eighteen (28.1%) had previously received bosentan with or without other drugs. The median (IQR) bosentan exposure was 72.4 (61.6–75.2) weeks.


Table 1. Patient characteristics at baseline in the FUTURE 3 trial (all randomized patients; N = 64).
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In total, 42.2% of the patients were in WHO FC II at baseline, while approximately equal proportions (close to 30% each) were in WHO FCs I and III. At Week 72 in the all-randomized set, WHO FC was stable for 50 patients (78.1%), had improved for six patients (9.4%), and worsened for eight patients (12.5%), and in the echo/Doppler set was stable for 46 patients (86.8%), had improved for seven patients (13.2%), and worsened for two patients (3.6%). Fifteen patients (23.4%) in the all-randomized set experienced worsening of PAH by EOT + 7; and this included 11 patients (17.2%) with new/worsening right-sided heart failure, 10 patients (15.6%) who died, 7 patients (10.9%) who were hospitalized because of PAH progression, and 4 patients (6.3%) who initiated new therapy for PAH. In the echo/Doppler set, 12 patients (21.4%) experienced PAH worsening. Twelve patients (18.8%) in the all-randomized set and 11 patients (19.6%) in the echo/Doppler set had died by the EOS.



Absolute Changes From Baseline in Echocardiographic Parameters

Absolute changes from baseline in echocardiographic parameters in the all-randomized set (N = 64) and the subgroup excluding patients with open shunts (echo/Doppler set; N = 56) are listed in Table 2. Although variable, there were small but consistent improvements at Week 24 (3.7–24.8%) in the IVCC, E/A ratio mitral valve flow, LVEID, and LVEIS of both groups.


Table 2. Changes in echocardiographic parameters from baseline in the all-randomized set and excluding patients with open systemic-to-pulmonary shunts.
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Associations Between Worsening From Baseline in Echocardiographic Parameters and Clinical Outcomes

Associations between worsening from baseline in echocardiographic parameters and clinical outcomes in the all-randomized set are presented as forest plots in Figure 1. Echocardiographic parameters that were statistically significantly (OR/HR > 1 and p < 0.1) associated with clinical outcomes were worsening of RVFAC at Week 12, worsening of LVEIS at Week 24, and worsening of E/A ratio mitral valve flow at Week 24, all of which were associated with outcomes time to death and time to PAH worsening (Figure 1). A significant association was also observed between worsening of IVCC at Week 12 and all the three clinical outcomes (OR/HR < 1 and p < 0.1). There were also trends toward associations between worsening of LVEID at Week 24 and vital status, time to death, and time to PAH worsening in the all-randomized set, but the ORs had extremely wide 90% CIs (Figure 1).


[image: Figure 1]
FIGURE 1. Association between worsening from baseline in echocardiographic parameters and (A,B) vital status at EOS, (C,D) time to death, and (E,F) time to PAH worsening at Weeks 12 and 24, respectively (all randomized set; N = 64). Analysis based on logistic regression for ORs and on Cox models for HRs. The x-axis shows the estimate of the OR or HR (center tick mark) with its 90% confidence limits (left and right tick marks). The estimate quantifies the increase in odds (for OR) or in risk (for HR) of experiencing the clinical end point in case of a worsening of the echocardiography parameter corresponding to a doubling of the measure (for LVEID, LVEIS and RVSP (Log2[Wk x/Bsl])) or to a halving of the measure (for RVFAC, IVCC, MVR and TAPSE (-Log2[Wk x/Bsl])). An OR or HR with a p < 0.1 indicates a statistically significant correlation between the echocardiographic parameter and the considered end point (vital status at EOS, time to death up to EOS, and time to first PAH worsening up to EOT +7 days). BSA, body surface area; EOS, end of study; EOT, end of treatment; RVFAC, right ventricular fractional area change; HR, hazard ratio; IVCC, inferior vena cava size collapse; LVEID, diastolic left ventricular eccentricity index; LVEIS, systolic left ventricular eccentricity index; MVR, E/A ratio mitral valve flow; OR, odds ratio; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion.


ORs and HRs for worsening in echocardiographic parameters in relation to each of the three clinical outcomes in the echo/Doppler set were similar to those in the all-randomized set (Figure 2).
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FIGURE 2. Association between worsening from baseline in echocardiographic parameters and (A,B) vital status at EOS, (C,D) time to death, and (E,F) time to PAH worsening at Week 12 and 24, respectively (excluding patients with shunts, i.e., the echo/Doppler set; N = 56). Analysis based on logistic regression for ORs and on Cox models for HRs. The x-axis shows the estimate of the OR or HR (center tick mark) with its 90% confidence limits (left and right tick marks). The estimate quantifies the increase in odds (for OR) or in risk (for HR) of experiencing the clinical end point in case of worsening of the echocardiography parameter corresponding to doubling of the measure [for LVEID, LVEIS, and RVSP (Log2[Wk x/Bsl]) or to halving of the measure [for RVFAC, IVCC, MVR, and TAPSE(–Log2[Wk x/Bsl]). An OR or HR with a p < 0.1 indicates a statistically significant correlation between the echocardiographic parameter and the considered end point (vital status at EOS, time to death up to EOS, and time to first PAH worsening up to EOT + 7 days). BSA, body surface area; EOS, end of study; EOT, end of treatment; RVFAC, right ventricular fractional area change; HR, hazard ratio; IVCC, inferior vena cava size collapse; LVEID, diastolic left ventricular eccentricity index; LVEIS, systolic left ventricular eccentricity index; MVR, E/A ratio mitral valve flow; OR, odds ratio; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion.


The categorical statistical analysis (using thresholds of 10 and 20% for worsening from baseline) identified significant associations between worsening of LVEID (20% threshold) at Week 24 and vital status and time to death (Supplementary Figures 2–4). A significant association between LVEIS at Week 24 (at both 10 and 20% thresholds) and vital status was also observed, along with a trend toward an association between LVEIS at Week 24 (at both 10 and 20% thresholds) and time to death (Supplementary Figures 2–4). Worsening of E/A ratio mitral valve flow (20% threshold) at Week 24 was significantly associated with time to PAH worsening (Supplementary Figures 2–4).



Absolute Changes From Baseline in Echocardiographic Parameters in Treatment-Naïve vs. Non-naïve Patients

In total, 42 patients (65.6%) had received previous treatment with bosentan, prostanoids, phosphodiesterase-5 (PDE-5) inhibitors, or combinations thereof, before entering the FUTURE 3 core study, and 22 patients (34.4%) were naïve to PAH treatment. In the non-naïve subgroup [median (IQR) age 4.9 (1.7–8.3) years], 19 patients (46.3%) had IPAH, 17 (41.5%) had APAH, and three (7.3%) had PAH-CHD with open shunts, and the proportions of patients in WHO FC categories I, II, and III were 19, 54.8, and 26.2%, respectively. In the treatment-naïve subgroup [median (IQR) age 3.4 (1.8–4.8) years], 10 patients (45.5%) had IPAH, 7 (31.8%) had APAH, and 5 (22.7%) had PAH-CHD with open shunts, and the proportions of patients in WHO FC categories I, II, and III were 50, 18.2, and 31.8%, respectively.

Data from echocardiographic assessments in the non-naïve subgroup vs. the naïve subgroup are summarized in Supplementary Table 2. Changes in absolute mean echocardiographic parameters in these subgroups were generally similar to those in the all-randomized set. Only IVCC showed a marked difference between these subgroups by Week 24 of treatment: 33% improvement in non-naïve patients vs. 3.1% improvement in treatment-naïve patients.




DISCUSSION

In the post-hoc analysis of pediatric patients with PAH from the FUTURE 3 study, echocardiographic changes in over 24 weeks of treatment with bosentan b.i.d. or t.i.d. were small and featured a high degree of variability. However, we identified some statistically significant associations between worsening from baseline in echocardiographic parameters measured over 24 weeks and the selected clinical outcomes measured after 72 weeks in total.

Based on findings from the analysis of worsening from baseline in echocardiographic parameters, an increase in LVEIS and E/A ratio mitral valve flow, and to a lesser extent, LVEID, may be associated with an increased risk of death or PAH worsening in pediatric patients with PAH. To a degree, these findings corroborate previously published data regarding diastolic and systolic LV indices as valid echocardiographic measures for assessing RV volume and/or pressure overload in both adults and children (9, 16, 17). The right ventricular/left ventricular ratio may also be relevant (8, 9, 18).

Given the lack of consensus on which echocardiographic variables to use in pediatric PAH, it is important to highlight that the findings on eccentricity index are consistent with the findings of others, such as those from a recent prospective study of LV shape measures in 78 pediatric patients with PH (70.5% PAH) by concurrent echocardiography and cardiac catheterization (19). In that study, Burkett et al. demonstrated that eccentricity index and right-to-left ventricular ratio correlated with invasive simultaneous hemodynamic measurements, PH-related hospitalizations, BNP/NT-proBNP levels, and WHO FC (19). LV dysfunction is of increasing interest in pediatric PAH, since its prognostic relevance has become more apparent (20), and it may reflect LV compression as a result of RV enlargement (21). Burkett et al. demonstrated the strongest correlations for maximal eccentricity index, a new and highly reproducible measure (19). Data also show that the use of LVEID and LVEIS may reduce inter-observer variability in PAH (7). Additional echocardiographic parameters have been proposed since FUTURE 3 was conducted, speckle-tracking strain analysis, for example (22). However, none have been identified to have overcome the inter-observer/center variability observed in this study. The findings add to the evidence that the eccentricity index may have a prognostic value in pediatric PAH, and further evaluation is warranted, particularly given the reproducibility of this parameter.

Several other (pediatric and adult) studies have indicated that echocardiographic parameters for the left side of the heart offer prognostic information on PAH (9, 23, 24), although most of the previous studies have focused on anatomic and functional variables for the right side of the heart (8, 10, 17, 25–28). In a systematic review and meta-analysis of prognostic factors in pediatric PAH, Ploegstra et al. identified nine echocardiographic parameters where a single measurement was associated with length of survival in children, all of which were related to the function of the right side of the heart (26). In addition, treatment-induced changes in TAPSE have been shown to be associated with improved survival in treatment-naïve pediatric patients with PAH who started taking PAH-targeted drugs (12). While the relevance of the parameters for the right side of the heart in PAH screening, diagnosis, and monitoring is well established, there are relatively few data on the parameters for the right side of the heart that have been studied in the same way in more than one study, which prevents an adequate comparison. Ideally, a longitudinal study should be conducted, wherein new analyses could be performed on the same group of patients.

The unmet need for a suitable non-invasive primary end point for pediatric PAH trials has been the driving force for much of the research on the prognostic value of echocardiographic parameters for this rare disease, but conducting such studies is difficult (1). Changes in echocardiographic parameters have never been used as a primary end point in adult PH trials, and a 2019 report from a multi-stakeholder meeting on pediatric PAH involving FDA and EMA regulators highlighted the inter-observer variability with echocardiographic assessment and confirmed this was not considered a feasible primary end point (29). However, longitudinal echocardiographic data are a key to guiding the long-term management of PAH. Therefore, it is very important to identify and combine reproducible parameters to establish a key set of prognostic indicators for use in clinical practice and clinical studies as non-primary end points. The evidence base is growing, but current recommendations are largely based on few single-center non-randomized studies with different designs (22). While the strongest level of recommendation is given for TAPSE, a well-established indicator of systolic longitudinal RV function in pediatric PAH, overreliance on a single measure undermines the validity of the assessment (22). TAPSE also does not measure apical RV function (22). Similarly, a 2016 update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging recommends using several parameters to evaluate LV diastolic function (30). Worsening of E/A ratio mitral valve flow (described herein) could suggest a change in diastolic LV function, but further evaluation would be required to confirm this. Future studies should take a multi-parametric approach that includes reproducible echocardiographic measures to define the optimal combination to measure.

Challenges related to echocardiographic assessments were addressed in this study using several strategies. This analysis assessed the entire study population using seven widely used echocardiographic parameters that have been shown to be of clinical value in PAH screening and diagnosis, and/or for prognosis in pediatric PAH, although it should be noted that much more data on prognostic echocardiographic parameters have been published since FUTURE 3 was designed (22, 31), and that there is no consensus on which parameters to use. Inter-observer variability was minimized by rigorous training across study sites, central assessment of echocardiographic findings with independent adjudication, and conducting a subgroup analysis that excluded patients with systemic-to-pulmonary shunts. Ideally, future studies should be longitudinal in design, and they should implement these protocols for the echocardiographic assessment of pediatric PAH, wherever possible, particularly the central reading of echocardiograms. Given that body size is a powerful determinant of cardiovascular dimensions (32), measurements relative to BSA were used where appropriate (e.g., for tricuspid valve movement during systole) (33, 34). Nevertheless, the difficulty of performing echocardiograms according to standardized protocols resulted in variable data.

The small magnitude of the changes in clinical outcomes and echocardiographic parameters observed in the FUTURE 3 participants means a large number of patients are required to observe a difference, but the rarity of pediatric PAH precludes study populations from being much larger than that described here. These small effect sizes likely hampered the ability to identify associations. This is important to take into account when considering that the study did not identify significant associations between change in TAPSE and outcome measures. The FUTURE 3 study population was also heterogeneous in terms of varied medical histories, prior treatment regimens, disease etiology, and WHO FC. Furthermore, this analysis was not pre-specified; it was post-hoc in nature. The FUTURE 3 study was not designed or powered to demonstrate changes in echocardiographic variables or associations with clinical outcome. While challenging, echocardiographic sub-studies/investigations are feasible and very valuable, although echocardiographic parameters are not viable as a primary end point for pediatric PAH trials (29).

This exploratory analysis has several limitations, such as lack of a placebo arm, which prevented full insight into statistical associations. The exact dosing of bosentan varied slightly around the target dose of 2 mg/kg−1, since the smallest dose unit was 8 mg (a quarter of a tablet), possibly contributing to variability. No data imputation was applied for missing values, which helped to avoid bias, but it also reduced a small data pool and may have increased the possible influence of variability.



CONCLUSION

This post-hoc analysis identified a statistically significant association between worsening in systolic left ventricular eccentricity index and E/A ratio mitral valve flow at Week 24 and increased risk of death or disease worsening in pediatric patients with PAH. We recognize that the FUTURE 3 study was not powered to demonstrate changes in echocardiographic parameters. Despite echocardiographic evaluations being standardized via central reading and independent adjudication, and the size and length of this pediatric PAH trial being relatively large for the field, the analysis was hampered by high variability in echocardiographic data as well as small changes from baseline in echocardiographic measurements and clinical outcomes (reflecting the fact that most of the patients remained clinically stable during the study). Further studies are required to elucidate potential treatment goals in pediatric PAH.
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