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Abstract

:

In patients with right heart failure (RHF) and pulmonary hypertension (PH), classical teaching often advises cautious diuresis in the setting of ‘preload dependence’ to avoid renal injury and hemodynamic compromise. However, while this physiology may hold true in some clinical settings, such as acute ischemia with right ventricular infarction, it cannot necessarily be extended to PH-related RHF. Rather, in patients with precapillary PH and decompensated RHF, diuresis aimed to decongest the right heart and systemic venous system may be directly beneficial. This study aimed to evaluate the effects of diuresis on renal function and blood pressure in patients with severe precapillary PH. A retrospective chart review was conducted on 62 patients with severe precapillary PH admitted for decompensated RHF. The hemodynamic phenotype of these patients was characterized by invasive hemodynamics and echocardiographic data. Laboratory and hemodynamic data were collected at both admission and discharge. After large-volume diuresis in this patient population, there was an improvement in both glomerular filtration rate and creatinine. While there was a decline in blood pressure after diuresis, this was not clinically significant, given the blood pressure remained in a normal range with improvement in renal function. In conclusion, this study demonstrated that despite concern for preload dependence, significant diuresis in patients with acute decompensated RHF from precapillary PH is not only safe but beneficial.
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1. Introduction


Patients with right heart failure (RHF) and pulmonary hypertension (PH) have typically been considered to be ‘preload dependent’ [1]. This anecdote is problematic for many reasons, not the least of which is that PH is conceptualized as a single entity rather than hemodynamic subtypes combined with a patient’s specific clinical scenario. It is often advised that diuresis be avoided or undertaken with extreme caution in the setting of PH to avoid hemodynamic compromise and renal injury by way of decreased cardiac output (CO) [2] and systemic blood pressure. However, while the concept of preload dependence has been proven in the setting of right ventricular (RV) infarction [3,4], the same is not true for patients with RV dysfunction secondary to precapillary pulmonary hypertension.



On the contrary, in patients with significant precapillary PH who present with acute decompensated heart failure and volume overload, the etiology of RV dysfunction is increased RV afterload rather than impaired intrinsic RV contractility. In this setting, decongestion with diuresis may be immediately beneficial through the reduction in right heart filling pressures, RV dimension, and the degree of TR with ultimate hemodynamic improvement [5,6]. In reality, it is not uncommon for these patients to receive fluids for hypotension on presentation, ultimately having an opposite and detrimental effect on the increasing right-sided filling pressures and the degree of TR. Further, while recently published guidelines do generally recommend the use of diuretics in the setting of RHF and precapillary PH, there are no cited studies to support this recommendation, and there is no comment on the effects on hemodynamics and renal function [7]. Therefore, we aimed to examine the effects of significant intravenous diuresis on hemodynamics and renal function in patients with acute decompensated right heart failure secondary to severe precapillary PH.




2. Materials and Methods


2.1. Study Objectives


The study aimed to examine the safety and effects of significant diuresis on both renal function and hemodynamics in patients presenting with acute decompensated heart failure secondary to precapillary PH.




2.2. Study Design


We performed a retrospective study on an electronic chart review of 62 patients with severe PH-related decompensated RHF with signs and symptoms of volume overload. The patients were admitted to a specialized advanced heart failure and PH service and treated with intravenous diuresis tailored to the clinical needs of each patient. Prior to the start of our study, the Temple Institutional Review Board (IRB) evaluated and approved our protocol and methods. The Temple IRB determined that all the criteria for a waiver of Health Insurance Portability and Accountability (HIPAA) authorization were met.




2.3. Patient Selection


Consecutive patients on inpatient Advanced Heart Failure and Pulmonary Hypertension Service at Temple University Hospital were reviewed from 2013 to 2021. Weekly sign-out documents were reviewed by a single investigator and screened for search terms, including heart failure, volume overload, intravenous diuresis, and pulmonary hypertension. We included patients with severe precapillary PH. All patients meeting each of the following criteria were included in the analysis: (1) age 18 years or older, (2) PH categorized as World Health Organization (WHO) group 1 or 3 PH and defined as mean pulmonary arterial (PA) pressure ≥ 20 mm Hg on cardiac catheterization and pulmonary vascular resistance (PVR) greater than 4 Woods Units (WU), and (3) admission for acute decompensated heart failure and intravenous diuresis. Patients were excluded if they had PH that was predominantly related to left-sided heart disease as evidenced by (1) a left ventricular ejection fraction (EF) < 40%, (2) significant mitral or aortic valve disease, (3) a PVR less than 4 WU, or (4) if the pulmonary capillary wedge pressure (PCWP) was >15 mmHg on cardiac catheterization. Patients were also excluded if they were not diuresed during the inpatient admission or if their admission was non-heart-failure related (for example, trauma, infection, elective procedures, etc.).




2.4. Baseline Characteristics Data Collection


Data regarding baseline demographic characteristics, including age, gender, height, weight, and body mass index, were collected through chart review for each patient. Clinical data, including pertinent co-morbidities, functional class, past surgical history, PH-targeted medical therapy, other medication regimens, and social history, were collected. Echocardiograms closest in temporal proximity to admission were reviewed. The time between the echocardiograms and the admission dates ranged from 0 days to 4.3 months, with a median of 7.5 days. The following qualitative and quantitative data points were collected: date of the study, right atrial size, left atrial size, septal contour, RV outflow tract systolic notching, RV size, RV function, tricuspid annular planar systolic excursion (TAPSE), left ventricular EF, and all regurgitant or stenotic lesions of the tricuspid, pulmonic, mitral, and aortic valves. An echocardiographic assessment was performed by an independent and blinded observer who was a board-certified echocardiographer with extensive experience in echocardiographic quantitation of the right heart and pulmonary hypertension. The echocardiographer was provided with a visual scorecard with illustrations of mild, moderate, and severe septal flattening. The coding of the degree of septal flattening was made by comparing the reference illustration card to the reference echocardiographic image of the individual patient. Right heart catheterizations (RHC) closest in temporal proximity to admission were reviewed. The time between RHC and the admission date ranged from 0 days to 23.4 months, with a median of 20 days. The following data points were collected: date of the study, heart rate, systolic blood pressure, diastolic blood pressure, mean arterial pressure, and hemodynamic pressure measurements, including right atrial, RV systolic, RV diastolic, PA systolic, PA diastolic, mean PA, and PCWP. Additionally, CO, cardiac index (CI), PVR, and systemic vascular resistance (SVR) were examined for each RHC.




2.5. Outcomes and Measures of Clinical Response


Laboratory data were collected on the day of admission and the day of discharge, including sodium, glomerular filtration rate (GFR), and creatinine. The initial documented systolic, diastolic, and mean blood pressure values were collected from the admission day and from the discharge day. Jugular venous pressure (JVP) exam values (cm H2O) were collected from the initial history and physical note and from the clinical note on the day of discharge. While exams documented by attending physicians were prioritized, if these were not available, JVP exams documented by resident or fellow physicians were included, as they were obtained under the direct guidance of attending physicians within the Heart Failure and Pulmonary Hypertension departments. In order to quantify the amount of diuresis performed throughout the duration of the hospitalization, data were collected on net fluid balance, weight loss, and maximum daily diuretic dose. The diuretic dose was reported in milligrams of intravenous (IV) furosemide or furosemide equivalents for patients receiving either Bumetanide or Torsemide. Other data points collected included length of stay, 30 day readmission rates, and death during admission.




2.6. Statistical Analysis


Data were analyzed using IBM SPSS statistics V.22 software (SPSS Inc., Chicago, IL, USA). Descriptive data for continuous variables are presented as means ± SEM or as medians (25% and 75%) when appropriate. Categorical data was compared using Fisher’s exact test. Comparisons between groups for continuous variables were performed using unpaired two-sample t-tests or the Mann–Whitney test, as appropriate. Analysis of group effects with repeated exercise measures was performed by comparing mean slope coefficients from individual linear regressions. Pearson correlation coefficients were also used for categorical variables. A p-value of <0.05 was considered significant.





3. Results


3.1. Baseline Characteristics


Table 1 and Table 2 summarize the baseline characteristics of the study cohort and the baseline characteristics specific to PH etiology and management. Data from 62 patients meeting the inclusion criteria were reviewed. Patients’ ages ranged from 30 to 85 (mean 65 ± 14.4 years). The majority of patients were female (83.9%) and White (61.2%). The majority of patients had WHO Group 1 disease (90.3%), and six patients (9.7%) had WHO Group 3 disease (Table 2). PH medical regimens, specifically on the day of admission, were reported. Seventeen patients (27.4%) were on no PAH-specific medical therapy at the time of admission; 45 patients (72.5%) were on some form of PAH-specific medical therapy on admission, including phosphodiesterase type 5 (PDE5) inhibitors (n = 44, 71%), inhaled, oral, or parenteral Prostacyclins (n = 30, 48.4%), endothelin receptor antagonists (ERA) (n = 27, 43.5%), and soluble guanlylate cyclase (sGC) stimulators (n = 8, 12.8%). There were two patients (3.2%) who remained on no PH medical therapy at the time of discharge, and both of these patients were Group 3 PH. Other pertinent medications taken concurrently included either an angiotensin-converting enzyme (ACE) inhibitor or an angiotensin-receptor blocker (ARB) (12.9%), mineralocorticoid receptor antagonists (27.4%), calcium channel blockers (6.5%), beta-blockers (33.9%), statins (41.9%), and immunosuppressants (8.1%). Of note, 12 patients (19.4%) had coronary artery disease, and 12 patients had a history of atrial arrhythmias (19.4%).




3.2. Echocardiographic and Hemodynamic Data


Table 3 and Table 4 summarize the echocardiographic and hemodynamic data from RHC, respectively. Echocardiography demonstrated normal left ventricular function, with a mean left ventricular EF of 60.9% ± 8.0 with a lack of left-sided valvular heart disease. The majority of patients had severe RV dilatation (66.1%) and severe RV systolic dysfunction (53.2%). The mean PA systolic pressure was 79.2 ± 22.2 mmHg, and the mean TAPSE was 1.4 ± 0.4 cm. RV outflow tract pulse wave Doppler systolic notching, a Doppler sign of elevated pulmonary vascular resistance and low pulmonary artery compliance, was present in 67.7%, absent in 19.4%, and not evaluated in 12.9% of patients. The degree of ventricular septal flattening was noted to be severe in 46.8%, moderate in 37.1%, mild in 9.7%, and absent in 6.4% of the patient population. Tricuspid regurgitation was noted to be either moderate or severe in 79.1% of subjects. Pericardial effusion was noted to be present in 46.8% of patients and mild to moderate in 90% of patients. Thus, on average, subjects had moderate to severe RV dysfunction, ventricular septal flattening, and tricuspid regurgitation. A representative image of the typical apical four-chamber view from a patient in the study is depicted in Figure 1.



The patients had severe PH by right heart catheterization, with a mean pulmonary artery pressure of 49.9 ± 10.9 mmHg and a mean PVR of 11.7 ± 5.7 WU. The mean PCWP was 10 ± 4 mmHg. Additionally, the mean right atrial pressure (RA) was 12 ± 6 mmHg, and the RA:PCWP ratio was elevated at 1.3 ± 0.7 [8]. Thus, most patients had a hemodynamic phenotype consistent with PH related to severe pulmonary vascular disease in the relative absence of left heart congestion [9,10]. Further hemodynamic data collected included RV systolic pressure (78.9 ± 16.5 mmHg), RV diastolic pressure (15.2 ± 8.1 mmHg), PA systolic pressure (80.0 ± 16.9 mmHg), PA diastolic pressure (32.8 ± 8.4 mmHg), CO (3.8 ± 1.2 L/min), CI (2.1 ± 0.6 L/min/m2), and SVR (1736 ± 824 Dynes-5).





 





Table 4. Right heart catheterization hemodynamics.






Table 4. Right heart catheterization hemodynamics.










	
	Mean ± SD
	Normal Values





	Heart Rate (beats/min)
	80.2 ± 14.0
	60−100 beats/min



	SBP (mmHg)
	119.0 ± 24.2
	90−140 mmHg



	DBP (mmHg)
	69.2 ± 13.7
	60−90 mmHg



	MAP (mmHg)
	88.5 ± 17.3
	70−105 mmHg



	RA (mmHg)
	11.8 ± 5.5
	2−6 mmHg



	RVSP (mmHg)
	78.9 ± 16.5
	15−25 mmHg



	RVDP (mmHg)
	15.2 ± 8.1
	0−8 mmHg



	PASP (mmHg)
	70.0 ± 16.6
	15−25 mmHg



	PADP (mmHg)
	32.8 ± 8.4
	8−15 mmHg



	Mean PA (mmHg)
	49.9 ± 10.9
	9−18 mmHg



	PCWP (mmHg)
	10.1 ±3.9
	6−12 mmHg



	RA: PCWP
	1.3 ± 0.7
	≤0.5



	CO (L/min)
	3.8 ± 1.2
	4.0−8.0 L/min



	CI (L/min/m2)
	2.1 ± 0.6
	2.5−4 L/min/m2



	PVR (Woods Units)
	11.7 ± 5.7
	<2 WU



	SVR (dynes/s/cm−5)
	1736 ± 824
	800−1200 dynes/s/cm−5







Abbreviations: CI—Cardiac index, CO—Cardiac output, DBP—Diastolic blood pressure, MAP—Mean arterial pressure, PA—Pulmonary artery, PASP—Pulmonary artery systolic pressure, PCWP—Pulmonary capillary wedge pressure, PVR—Pulmonary vascular resistance, RA—Right atrial, RV—Right ventricular, RVDP—Right ventricular diastolic pressure, RVOT—Right ventricular outflow tract, RVSP—Right ventricular systolic pressure, SBP—Systolic blood pressure, SVR—Systemic vascular resistance, TAPSE—Tricuspid annular planar systolic excursion, WU—Woods units. Normal Value References [NO_PRINTED_FORM] [7,8,10,11,12].












3.3. Admission Characteristics


Table 5 outlines admission characteristics. The mean admission duration was 10.1 ± 6.4 days, and the 30-day readmission rate was 12.9% (n = 8). Patients received relatively high dose diuretics, with a mean maximum daily diuretic dose of 552 ± 752 mg in oral Furosemide equivalents. Diuretic choices included Furosemide (25 patients), Bumetanide (41 patients), and Torsemide (2 patients). Patients experienced a mean net diuresis of 13.3 ± 7.6 L, with a mean weight loss of 7.0 ± 6.7 kg. Five patients (8%) received an additional diuretic, either metolazone or intravenous chlorothiazide. Fourteen patients (22.5%) had a new diagnosis of PH on admission. These patients were either directly admitted from a clinic after an initial outpatient visit or transferred from another institution in the context of a new diagnosis of PH.




3.4. Renal Function and Hemodynamics


Despite significant net diuresis, there was no adverse effect on renal function when comparing admission values to discharge values. Rather, there was a statistically significant improvement in creatinine, from 1.4 ± 0.5 mg/dL (123.8 ± 44.2 µmol/L) on admission to 1.2 ± 0.4 mg/dL (106.8 ± 35.4 µmol/L) on discharge (p < 0.05). Similarly, there was a significant improvement in GFR from 47.3 ± 12.1 mL/min/1.73 m2 on admission to 50.3 ± 11.1 mL/min/1.73 m2 on discharge, post diuresis (p < 0.05). There was no significant change in serum sodium on admission (137.3 ± 5.2 mmol/L) when compared to discharge (137 ± 3.9 mmol/L). In terms of hemodynamics, a decline in the mean arterial pressure from 85.6 ± 14.5 mmHg on admission to 78.5 ± 10.9 mmHg on discharge following large-volume diuresis (p < 0.05) was statistically significant. Jugular venous pressure examination significantly decreased from admission to discharge (15.8 ± 3.8 on admission to 8.7 ± 1.8 cm H2O on discharge) (Figure 2).





4. Discussion


This study demonstrated that in patients with severe precapillary PH presenting with acute decompensated RHF, significant intravenous diuresis had no significant adverse effect on renal function but rather led to the improvement of both creatinine and GFR. Additionally, there was no clinically significant adverse effect on hemodynamics when examining blood pressure before and after diuresis. These results mirror what has been anecdotally known by clinicians treating PH-related right heart failure, but this is the first objective evidence to support diuresis in the correct clinical context of precapillary PH patients.



Patients with RV dysfunction are often considered ‘preload dependent’, thus raising concern for hemodynamic and renal function compromise following extracellular volume removal [2,14,15]. This broadly applied concept likely stems from observations specific to the physiology of acute RV ischemia and infarction, where ischemia-induced RV dysfunction and loss of chamber compliance can lead to an altered RV pressure-volume relationship [16,17]. In these cases, with normal PVR, increased preload by way of modest volume loading is often necessary to maintain stroke volume and cardiac output until acute RV ischemia is alleviated. Similarly, acute preload reduction by way of diuresis or venodilation is not well tolerated hemodynamically in subjects with acute RV ischemia [16]. However, in cases of precapillary PH, the root cause of RV dysfunction is increased PVR and low PA compliance and, thus, increased RV afterload. Under these circumstances, volume loading is not effective in stroke volume recruitment but will lead to worsening right heart congestion, often leading to increased RV dilation, worsening TR, further leftward displacement of the interventricular septum, and overall hemodynamic deterioration [5,18,19,20].



In addition, unlike acute RV ischemia and infarction, the patients in our cohort presented with chronic PH-related right heart dysfunction and decompensated heart failure with clinical evidence of significant extracellular volume expansion. As such, in our cohort, intravenous diuresis was undertaken in the context of volume overload with the goal of restoring euvolemia and avoiding hypovolemia through careful serial assessment of right-sided filling pressures via JVP evaluation. Effective and appropriately administered diuresis in this context often has the opposite and, therefore, the beneficial effect of reduction in right heart filling pressure, RV dimension, and TR with ultimate hemodynamic improvement.



As management of RHF varies depending on its mechanism, we aimed to examine a group of patients with a robust precapillary PH phenotype, as evidenced by both echocardiographic data and hemodynamics from RHC. Precapillary PH has been defined as a mean PA pressure of >20 mmHg, along with a PVR of ≥3 WU, and a PCWP of ≤15 mmHg [9,10]. Our patient population fits this phenotype of precapillary PH not only by invasive hemodynamics on RHC but also with supportive findings on echocardiography. Further, we included patients with a PVR > 4 WU, which is higher than the normally defined cutoff. This was done to enrich the hemodynamic phenotype of the patient population with precapillary disease. While the cohort was mostly composed of Group I PAH patients (90.3%), there were six patients that had Group 3 PAH (9.7%). Despite a different WHO group categorization, Group 3 patients can have severe precapillary PH and right heart failure that is clinically indistinguishable from that of Group 1 patients in terms of hemodynamics and heart-failure-related presentations [21]. Of note, the average PVR of the Group 3 patients in this study was 11.8 WU, which was similar to the entire cohort. With a similar hemodynamic phenotype, Group 3 patients will require intravenous diuresis in the correct clinical setting, similarly to Group 1 patients. As such, the inclusion of Group 3 patients carries a similar relevance from a physiologic and clinical standpoint. Although chronic thromboembolic pulmonary hypertension (CTEPH), or Group 4 PH, also represents a cohort of precapillary PH patients, many of these patients were admitted for surgical management with pulmonary thromboendarterectomy. Further, there is a high use of intravenous contrast for the workup and management of CTEPH. As both points have the potential of significantly confounding the data, this group was excluded.



The severity of the precapillary PH phenotype is supported by the invasive hemodynamic data of the cohort, with a mean pulmonary artery pressure of 50 mmHg, PVR of nearly 12 WU, and a PCWP of only 10 mmHg [7]. There was a conspicuous absence of left heart disease in the cohort by echocardiography as well, given normal left ventricular systolic function, normal left atrial size, and an absence of left-sided valvular heart disease. In contrast, the majority of patients demonstrated severe RV dilation and RV systolic function. The presence of RVOT Doppler notching in a majority of subjects supports a high PVR and low PA compliance as the cause of PH in our cohort [22].



In this context, significant intravenous diuresis with an attendant volume and weight loss of 13 L and 7 kg, respectively, had no adverse effects on blood pressure or renal function. In contrast, there was a significant decrease in creatinine, a significant increase in GFR, and no significant change in serum sodium levels. Therefore, right heart decongestion with intravenous diuresis in this setting was not only safe but was directly beneficial to renal function. Improved renal function in this context is likely related to the direct relationship between right atrial pressure and renal venous pressure. Right heart decongestion and improved RA pressure translate to decreased renal venous pressure, subsequently leading to an improved renal arterial venous perfusion gradient. Diuresis was guided by daily assessment of right-sided filling pressures through JVP evaluation by experienced physicians within both the Heart Failure and PH departments and accomplished with relatively high doses of IV diuretics (Furosemide equivalents ranging from 40 mg/day to 3840 mg/day, Table 5). Despite the high doses of diuretics used to achieve euvolemia, there was still improvement in renal function. This was confirmed by examining a subset of patients who received particularly high doses of loop diuretics. There were 8 patients (12.9%) who received daily Furosemide equivalents of >1000 mg per day and accordingly diuresed 13.5 L on average, with an associated decline in JVP of >50%. This subset of patients had a decline in creatinine (1.8 to 1.4 mg/dL, 159.1 to 123.8 µmol/L) and an increase in GFR (37.8 to 46.1 mL/min), which was similar to the results of the entire cohort. As such, doses of diuretics did not have a detrimental effect on renal function as long as decongestion was achieved.



While the benefits of decongestion in left heart failure and cardiorenal syndrome have been studied extensively [23,24,25,26], the same is not true for right heart failure. Treatment guidelines for PH endorse the general use of diuretics in the setting of fluid retention; however, they do not provide specific recommendations nor cite evidence of their efficacy and safety in this specific cohort of patients with severe precapillary PH [7]. Further, there are no comments in the guidelines regarding the safety of diuresis in this cohort or the effects on renal function. Despite these general recommendations, it is not uncommon in clinical practice for these patients to present with hypotension and receive intravenous fluids in response. Contrary to this common clinical practice, the data from the current study supports the recommendations for the use of diuretics in a cohort of patients with severe PH and clinical right heart failure and, importantly, provides direct evidence of efficacy and safety in this clinical context.



Although we observed a modest drop in mean arterial pressure post-diuresis that proved statistically significant, this change was not clinically significant given the post-diuresis MAP remained well within a normal physiologic range, with no untoward clinical events and improved renal function. It is important to note that although MAP declined by 8% following diuresis, JVP (clinically estimated right atrial pressure) decreased by 46%. Recognizing that right atrial pressure is a close approximate to renal venous pressure, these findings lend toward a net increase in renal perfusion pressure, which likely in part explains the improved creatinine and GFR as in our cohort [26].



It is important to emphasize that this was a cohort of acutely decompensated patients, many of whom were presenting to our practice for the first time at the outset of initiation of their PH medical therapy. While a significant minority of patients were either on no PH medical therapy (22%) or PH monotherapy (19.3%) upon admission, this does not reflect their long-term PH therapy regimens. Changes were made to PH therapy regimens both during hospitalization and during short-term follow-up in the outpatient setting under the guidance of experienced PH experts. Notably, only two patients remained off all PH medical therapy at discharge, both limited by severe hypoxia in the context of Group 3 PH. While changes in the PH regimen were not the focus of our study, our observations of a lack of acquired azotemia and systemic hypotension in the context of often newly initiated PH medical therapy may strengthen our observations further. Specifically, it is notable that even in the context of severe precapillary PH presenting to us without a high incidence of dual or triple therapy, a relatively large volume IV diuresis was still not associated with clinically significant hypotension or azotemia.




5. Limitations


A potential limitation of the current study was the retrospective nature of the review, although the straightforward nature of our observations would not likely yield a different result if studied prospectively. Additionally, echocardiographic and hemodynamic data were not systemically repeated at the time of admission. However, echocardiographic and hemodynamic data were typically obtained in relatively close temporal proximity to admission. This, combined with the chronic nature of the condition, leads to the reported echocardiographic and hemodynamic data being representative of the patients’ physiologies at the time of admission. It is also important to note that the majority of patients with severe PH in this cohort either presented on PH medical therapy or were started on PH medical therapy during hospitalization. Although clinically appropriate and commensurate with the severe nature of their PH, our observations may have differed if the diuresis had been undertaken in the absence of PH therapy OR in the presence of an intensified PH regimen. Lastly, our observations should be interpreted with the understanding that the patients in our cohort were medically managed and diuresed at a major PH center under the care of experienced PH specialists.




6. Conclusions


In spite of anecdotal concern for preload dependence and hesitancy to diurese patients with PH and right heart dysfunction, this study demonstrated that significant intravenous diuresis in patients with severe precapillary PH and right heart dysfunction and clinical HF is not only safe but beneficial.







Author Contributions


Conceptualization, P.F., Y.R. and L.L.; methodology, P.F. and Y.R.; writing—original draft preparation, L.L. and C.R.; writing—review and editing, P.F., D.B., A.S. and Y.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Temple University Hospital (protocol code 27520 and date of approval 15 October 2020).




Informed Consent Statement


Patient consent was waived due to retrospective review.




Data Availability Statement


The data presented in this study is available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Konstam, M.A.; Kiernan, M.S.; Bernstein, D.; Bozkurt, B.; Jacob, M.; Kapur, N.K.; Kociol, R.D.; Lewis, E.F.; Mehra, M.R.; Pagani, F.D.; et al. Evaluation and Management of Right-Sided Heart Failure. A Scientific Statement from the American Heart Association. Circulation 2018, 137, 578–622. [Google Scholar] [CrossRef]

	



Alam, S.; Palevsky, H.I. Standard Therapies for Pulmonary Arterial Hypertension. Clin. Chest Med. 2007, 28, 91–115. [Google Scholar] [CrossRef] [PubMed]

	



Kakouros, N.; Cokkinos, D.V. Right ventricular myocardial infarction: Pathophysiology, diagnosis, and management. Postgrad. Med. J. 2010, 86, 719–728. [Google Scholar] [CrossRef] [PubMed]

	



Namana, V.; Satish Gupta, S.; Abbasi, A.A.; Raheja, H.; Shani, J.; Hollander, G. Right ventricular infarction. Cardiovasc. Revasc. Med. 2018, 19, 43–50. [Google Scholar] [CrossRef]

	



Vaidy, A.; O’corragain, O.; Vaidya, A. Diagnosis and Management of Pulmonary Hypertension and Right Ventricular Failure in the Cardiovascular Intensive Care Unit. Crit. Care Clin. 2023. [Google Scholar] [CrossRef]

	



Inampudi, C.; Tedford, R.J.; Hemnes, A.R.; Hansmann, G.; Bogaard, H.-J.; Koestenberger, M.; Lang, I.M.; Brittain, E.L. Treatment of right ventricular dysfunction and heart failure in pulmonary arterial hypertension. Cardiovasc. Diagn. Ther. 2020, 10, 1659. [Google Scholar] [CrossRef] [PubMed]

	



Humbert, M.; Kovacs, G.; Hoeper, M.M.; Badagliacca, R.; Berger, R.M.F.; Brida, M.; Carlsen, J.; Coats, A.J.S.; Escribano-Subias, P.; Ferrari, P.; et al. 2022 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur. Heart J. 2022, 43, 3618–3731. [Google Scholar] [CrossRef] [PubMed]

	



Menachem, J.N.; Felker, G.M.; Patel, C.B. Right Atrial to Pulmonary Capillary Wedge Pressure Ratio Is Not Associated with Failure of Optimal Medical Management in the INTERMACS 4-5 Population. J. Heart Lung Transplant. 2013, 32, S22. [Google Scholar] [CrossRef]

	



Maron, B.A.; Kovacs, G.; Vaidya, A.; Bhatt, D.L.; Nishimura, R.A.; Mak, S.; Guazzi, M.; Tedford, R.J. Cardiopulmonary Hemodynamics in Pulmonary Hypertension and Heart Failure: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 2020, 76, 2671–2681. [Google Scholar] [CrossRef]

	



Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [Google Scholar] [CrossRef]

	



Soliman, O.I.; Akin, S.; Muslem, R.; Boersma, E.; Manintveld, O.C.; Krabatsch, T.; Gummert, J.F.; de By, T.M.M.H.; Bogers, A.J.J.C.; Zijlstra, F.; et al. Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices. Circulation 2017, 137, 891–906. [Google Scholar] [CrossRef] [PubMed]

	



Kubiak, G.M.; Ciarka, A.; Biniecka, M.; Ceranowicz, P. Right Heart Catheterization-Background, Physiological Basics, and Clinical Implications. J. Clin. Med. 2019, 8, 1331. [Google Scholar] [CrossRef] [PubMed]

	



Testani, J.M.; Brisco, M.A.; Turner, J.M.; Spatz, E.S.; Bellumkonda, L.; Parikh, C.R.; Tang, W.W. Loop diuretic efficiency a metric of diuretic responsiveness with prognostic importance in acute decompensated heart failure. Circ. Heart Fail. 2014, 7, 261–270. [Google Scholar] [CrossRef] [PubMed]

	



Badesch, D.B.; Abman, S.H.; Ahearn, G.S.; Barst, R.J.; McCrory, D.C.; Simonneau, G.; McLaughlin, V.V. Medical therapy for pulmonary arterial hypertension *: ACCP evidence-based clinical practice guidelines. Chest 2004, 126, 35S–62S. [Google Scholar] [CrossRef]

	



Fuso, L.; Baldi, F.; di Perna, A. Therapeutic Strategies in Pulmonary Hypertension. Front. Pharmacol. 2011, 2, 21. [Google Scholar] [CrossRef]

	



Goldstein, J.A. Right Heart Ischemia: Pathophysiology, Natural History, and Clinical Management. Prog. Cardiovasc. Dis. 1998, 40, 325. [Google Scholar] [CrossRef]

	



Inohara, T.; Kohsaka, S.; Fukuda, K.; Menon, V. The challenges in the management of right ventricular infarction. Eur. Heart J. Acute Cardiovasc. Care 2013, 2, 226–234. [Google Scholar] [CrossRef]

	



Zamanian, R.T.; Haddad, F.; Doyle, R.L.; Weinacker, A.B. Management strategies for patients with pulmonary hypertension in the intensive care unit. Crit. Care Med. 2007, 35, 2037–2050. [Google Scholar] [CrossRef]

	



Ventetuolo, C.E.; Klinger, J.R. Management of Acute Right Ventricular Failure in the Intensive Care Unit. Ann. Am. Thorac. Soc. 2014, 11, 811. [Google Scholar] [CrossRef]

	



Chin, K.M.; Rubin, L.J. Pulmonary Arterial Hypertension. J. Am. Coll. Cardiol. 2008, 51, 1527–1538. [Google Scholar] [CrossRef]

	



Forfia, P.R.; Vaidya, A.; Wiegers, S.E. Pulmonary heart disease: The heart-lung interaction and its impact on patient phenotypes. Pulm. Circ. 2013, 3, 5–19. [Google Scholar] [CrossRef] [PubMed]

	



Arkles, J.S.; Opotowsky, A.R.; Ojeda, J.; Rogers, F.; Liu, T.; Prassana, V.; Marzec, L.; Palevsky, H.I.; Ferrari, V.A.; Forfia, P.R. Shape of the Right Ventricular Doppler Envelope Predicts Hemodynamics and Right Heart Function in Pulmonary Hypertension. Am. J. Respir. Crit. Care Med. 2011, 183, 268–276. [Google Scholar] [CrossRef]

	



Mentz, R.J.; Kjeldsen, K.; Rossi, G.P.; Voors, A.A.; Cleland, J.G.; Anker, S.D.; Gheorghiade, M.; Fiuzat, M.; Rossignol, P.; Zannad, F.; et al. Decongestion in acute heart failure. Eur. J. Heart Fail. 2014, 16, 471–482. [Google Scholar] [CrossRef] [PubMed]

	



Damman, K.; van Deursen, V.M.; Navis, G.; Voors, A.A.; van Veldhuisen, D.J.; Hillege, H.L. Increased central venous pressure is associated with impaired renal function and mortality in a broad spectrum of patients with cardiovascular disease. J. Am. Coll. Cardiol. 2009, 53, 582–588. [Google Scholar] [CrossRef] [PubMed]

	



Rangaswami, J.; Bhalla, V.; Blair, J.E.; Chang, T.I.; Costa, S.; Lentine, K.L.; Lerma, E.V.; Mezue, K.; Molitch, M.; Mullens, W.; et al. Cardiorenal Syndrome: Classification, Pathophysiology, Diagnosis, and Treatment Strategies: A Scientific Statement from the American Heart Association. Circulation 2019, 139, e840–e878. [Google Scholar] [CrossRef]

	



Testani, J.M.; Coca, S.G.; McCauley, B.D.; Shannon, R.P.; Kimmel, S.E. Impact of changes in blood pressure during the treatment of acute decompensated heart failure on renal and clinical outcomes. Eur. J. Heart Fail. 2011, 13, 877–884. [Google Scholar] [CrossRef]








[image: Jcm 12 07149 g001] 





Figure 1. Echocardiogram. A representative image of an apical four-chamber view from a patient in the study demonstrating moderate right ventricular (RV) dilation, right atrial (RA) dilation, and normal left ventricular (LV) and left atrial (LA) size. 
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Figure 2. Pre- and Post-Diuresis Data. Admission and discharge values for weight (A), Jugular Venous Pressure (B), Mean Arterial Pressure (C), Glomerular Filtration Rate (D), and Creatinine (E). 
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Table 1. Demographics.






Table 1. Demographics.





	
Demographics

	
Mean ± SD or N (%)






	
Age, y

	
64.7 ± 14.5




	
Sex

	




	
Men

	
10 (16.1)




	
Women

	
52 (83.9)




	
Race

	




	
White

	
38 (61.2)




	
Black

	
16 (25.8)




	
Hispanic

	
8 (12.9)




	
Other

	
10 (16.1)




	
Body Mass Index (kg/m2)

	
28.5 ± 8.1




	
NYHA Functional Class (noted

closest to admission)




	
   I

	
2 (3.2)




	
   II

	
5 (8.1)




	
   III

	
33 (53.2)




	
   IV

	
11 (17.7)




	
Other Medications

	




	
   ACE/ARB

	
8 (12.9)




	
   MRA

	
17 (27.4)




	
   CCB

	
4 (6.5)




	
   Beta-blocker

	
21 (33.9)




	
   Statin

	
26 (41.9)




	
   Immunosuppressant

	
5 (8.1)




	
Co-morbidities

	




	
Hypertension

	
31 (50)




	
Hyperlipidemia

	
9 (14.5)




	
Diabetes Mellitus

	
15 (24.2)




	
Chronic Kidney Disease

	
10 (16.1)




	
Chronic Obstructive Pulmonary

Disease

	
16 (25.8)




	
Coronary Artery Disease

	
12 (19.4)




	
Atrial arrhythmias

	
12 (19.4)




	
Autoimmune Disease

	
23 (37.1)








Data are reported as either mean ± SD or number (percentage). Abbreviations: ACE—Angiotensin-converting enzyme, ARB—Angiotensin receptor blocker, CCB—Calcium channel blocker, IV—intravenous, MRA—mineralocorticoid receptor antagonist, NYHA—New York Heart Association.













 





Table 2. Pulmonary-hypertension-specific baseline characteristics.






Table 2. Pulmonary-hypertension-specific baseline characteristics.





	
Diagnosis-PH WHO Group






	
   PAH (Group 1)

	
56 (90.3)




	
   PAH (Group 3)

	
6 (9.7)




	
PH Medical Regimens on Admission




	
   PDE5 inhibitor

	
44 (71)




	
   Prostacyclin

	
30 (48.4)




	
   Endothelin receptor

   antagonist

	
27 (43.5)




	
   sGC Stimulator

	
8 (12.8)




	
   Single

	
12 (19.3)




	
   Dual

	
11 (17.7)




	
   Triple

	
22 (35.4)




	
   No PH Medical Therapy

   On Admission

	
17 (27.4)




	
     Group 1

	
14 (22.5)




	
     Group 3

	
3 (4.8)




	
   No PH Medical Therapy

   On Discharge

	
2 (3.2)




	
     Group 1

	
0




	
     Group 3

	
2 (3.2)








Abbreviations: PAH—Pulmonary Arterial Hypertension, PDE5—Phosphodiesterase, sGC—Soluble guanylate cyclase.













 





Table 3. Echocardiographic parameters.
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Echocardiographic Parameters






	
Ejection Fraction (%)

	
60.9 ± 8.0




	
PASP (mmHg)

	
79.2 ± 22.2




	
TAPSE (cm)

	
1.4 ± 0.4




	
Right Atrial Size

	
Normal 2 (3)

	
Dilated 60 (97)




	
Left Atrial Size

	
Normal 50 (80.6)

	
Dilated 12 (19.4)




	
Ventricular Septal

flattening

	
None 4 (6.4)

	
Mild 6 (9.7)

	
Moderate 23 (37.1)

	
Severe 29 (46.8)




	
RVOT Systolic Notching

	
Present 42 (67.7)

	
Absent 12 (19.4)

	
Not evaluated 8 (12.9)




	
RV Size (Dilation)

	
Normal 1 (1.6)

	
Mild 3 (4.8)

	
Moderate 17 (27.4)

	
Severe 41 (66.1)




	
RV Function

(Degree of Dysfunction)

	
Normal 2 (3.2)

	
Mild 3 (4.8)

	
Moderate 24 (38.7)

	
Severe 33 (53.2)




	
Tricuspid Regurgitation

(Degree)

	
None 3 (4.8)

	
Mild 10 (16.1)

	
Moderate 29 (46.8)

	
Severe 20 (32.3)




	
Pericardial Effusion (size)

	
None 33 (53.2)

	
Mild 19 (30.6)

	
Moderate 7 (11.3)

	
Severe 3 (4.8)








Abbreviations: PASP—Pulmonary artery systolic pressure, RV—Right Ventricle, RVOT—Right Ventricular Outflow Tract, TAPSE—Tricuspid annular plane systolic excursion.













 





Table 5. Admission characteristics.
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Admission Characteristics






	
  Duration (days)

	
10.1 ± 6.4




	
  New PH Diagnosis on Admission

	
14 (22.5)




	
  30 day readmission rate

	
8 (12.9)




	
  Total Liters Diuresed (L)

	
13.3 ± 7.7




	
  Weight Change (kg)

	
−7.0 ± 6.7




	
  Mean highest daily diuretic dose

  (mg, Furosemide equivalents)

	
Median 240

(Min 20, Max 3840)




	
Diuretics Used

	
Number of Patients




	
  Furosemide

	
25 (40)




	
  Bumetanide

	
41 (66)




	
  Torsemide

	
2 (3)




	
  Metolazone/Chlorothiazide

	
5 (8)




	
Pre and Post Diuresis (Entire Cohort)

	
Admission

	
Discharge

	
p Value




	
Systolic Blood Pressure (mmHg)

	
114 ± 20.6

	
106 ± 15.7

	
p < 0.05




	
Diastolic Blood Pressure (mmHg)

	
71.1 ± 13.5

	
64.9 ± 9.8

	
p < 0.05




	
Mean Arterial Blood Pressure (mmHg)

	
85.6 ± 14.5

	
78.5 ± 10.9

	
p < 0.05




	
Heart Rate (beats/min)

	
86.8 ± 16.1

	
79.7 ± 13.0

	
p < 0.05




	
Creatinine (mg/dL)

	
1.4 ± 0.5

	
1.2 ± 0.4

	
p < 0.05




	
GFR (mL/min/1.73 m2)

	
47.3 ± 12.1

	
50.3 ± 11.1

	
p < 0.05




	
Serum Sodium (mmol/L)

	
137.3 ± 5.2

	
137 ± 3.9

	
p < 0.3




	
Jugular Venous Pressure (cm H2O)

	
15.8 ± 3.8

	
8.7 ± 1.8

	
p < 0.05




	
   In Patients Receiving > 1000 mg

   Furosemide equivalents daily

	
Admission

	
Discharge

	
p Value




	
    Mean Arterial Blood Pressure

    (mmHg)

	
87.3 ± 13.5

	
81.3 ± 12.4

	
p < 0.1




	
    Creatinine (mg/dL)

	
1.8 ± 0.4

	
1.4 ± 0.5

	
p < 0.05




	
    Glomerular Filtration Rate

    (mL/min/1.73 m2)

	
37.8 ±9.9

	
46.1 ± 14.1

	
p < 0.05








Data are reported as either mean ± SD or number (percentage). Furosemide equivalents: Oral: 1 mg Bumetanide = 20 mg Torsemide = 80 mg Furosemide. Intravenous: 1 mg Bumetanide = 20 mg Torsemide = 40 mg Fu