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Abstract:  

 

Background: Pulmonary Hypertension (PH) is highly prevalent comorbidity in patients 

with heart failure and preserved ejection fraction (HFpEF). The presence of Combined 

post- and pre-capillary pulmonary hypertension (CpcPH) associated with HFpEF 

portends a poor prognosis when compared to other forms of heart failure and PH. 

However, there are no prognostic risk tools available for these patients. 

 

Methods: Baseline clinical and hemodynamic variables of 397 patients with CpcPH-

HFpEF from two academic PH referral centers were merged and studied to derive a 

complete and abbreviated risk model for all-cause mortality using Cox proportional 

hazards regression. A simplified prognostic scale represented by a nomogram was created 

based on the 1 to 5-year survival probability.  

 

Results: During a median follow up of 2.4 years (interquartile range 0.4 years – 4.4years), 

48% of patients died. The eight predictor variables in the final parsimonious model after 

variable selection procedure in multiple regression include: Age, chronic lung disease, 

brain natriuretic peptide (BNP), estimated glomerular filtration rate (GFR), visual right 

ventricular dysfunction, pulmonary artery oxygen saturation, right atrial pressure, and 

pulmonary vascular resistance. Eight of these clinical and demographic characteristics 

were selected for use as covariates in an abbreviated risk model: Age (hazard ratio 

[HR]:1.03; 95% confidence interval[CI]: 1.01 -1.04), chronic lung disease (HR:1.36; 

95% CI 0.99 – 1.82), Pulmonary artery oxygen saturation (HR: 0.98 ; 95% CI: 0.96 – 

0.99), right atrial pressure (HR: 1.01; 95% CI: 0.98 – 1.04), pulmonary vascular 
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resistance (HR:1.03; 95% CI: 0.98- 1.08), BNP (HR: 1.00; 95% CI: 1.00 – 1.00), GFR 

(HR: 0.99; 95% CI: 0.98- 0.99), right ventricular dysfunction (HR: 1.40; 95% CI: 1.00 – 

1.95). The C-statistic obtained for the final multivariable model is 0.69 (95% CI:0.65-

0.73). Based on these multivariable analyses, a prognostic equation was created and 

internally validated by bootstrapping technique. Finally, a nomogram is presented for the 

estimation of survival 1 to 5 years after the diagnosis of CpcPH-HFpEF based on patient-

specific values for the eight variables from the abbreviated model. 

 

Conclusion: We present a novel tool for estimating the probability of survival from 1 to 5 

years from the time of diagnosis of CpcPH-HFpef. Our simplified nomogram uses eight 

patient-specific variables that are routinely assessed after diagnosis with a right heart 

catheterization. The primary goal of our nomogram is to help improve clinical decision 

making by providing clinicians with a practical method for predicting high-risk patients 

with CpcPH-HFpEF who require aggressive heart failure management.   
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Chapter 1: Introduction    

  

The prevalence of heart failure is estimated to be 5.1 million in the USA[1]. Heart failure 

with preserved ejection fraction (HFpEF) represents 50% of all heart failure cases[2]. 

Patients with HFpEF have been characterized as older, more often female, hypertensive, 

diabetic, and obese in comparison with patients with heart failure with reduced ejection 

fraction[3]. As the population ages and the obesity and diabetes epidemics advance, 

HFpEF has known to become increasingly common[4]. The epidemiology of heart failure 

in the United States has changed over time[2] with an increase in the prevalence of 

HFpEF when compared to Heart Failure with reduced Ejection Fraction (HFrEF)[5].  

Pulmonary hypertension (PH) is highly prevalent and commonly associated with HFpEF 

and is defined as mean pulmonary arterial pressure >20mm Hg as assessed by right heart 

catheterization. Lam et al. [6] performed a community-based investigation of PH in 

HFpEF and found a PH prevalence of 83%, as evidenced by elevated pulmonary artery 

systolic pressure of >40mmHg on echocardiography. Gerges et al.[7] reported a 54.4% 

prevalence of PH among patients with HFpEF undergoing diagnostic right heart 

catheterization in a major tertiary referral center. The presence of  PH, along with 

HFpEF, has been shown to have worse outcomes in the EchoCardiography and Heart 

Outcome Study (ECHOS)[8], where elevated right ventricular systolic pressure on 

echocardiography was an independent predictor of long and short-term mortality. 

Increased mortality in HFpEF has shown to be strongly correlated with increased systolic 

right ventricular pressure and reduced right ventricular function[6]. High rates of 

hospitalization have also been noted in patients with PH-HFpEF[9]. 
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It is essential to phenotype PH patients into pre-capillary and post-capillary PH (Figure 1) 

based on hemodynamic characteristics, to guide treatment decisions. The mechanism of 

development of PH in HFpEF is secondary to chronically elevated pulmonary venous 

filling pressures leading to pathologic pulmonary arterial and venous remodeling (Figure 

1.1), which eventually leads to right ventricular dysfunction and death[10]. With a 

chronic elevation of left-sided filling pressures due to diastolic dysfunction, HFpEF-PH 

patients go on to develop both pre-capillary and post-capillary PH. The mixed group is 

termed combined pre- and post-capillary PH (CpcPH).  

 

Figure 1. 1: Combined pre- and post-capillary pulmonary hypertension  

 

 

Abbreviations: RV: Right ventricle; PA: pulmonary artery; PV: Pulmonary vein; LA: Left atrium;  

IPAH: Idiopathic pulmonary arterial hypertension; APAH: Conditions associated with pulmonary 

hypertension such as chronic lung disease, connective tissue disease, HIV, thromboembolic disease;  

CPC-PH: Combined pre- and post-capillary pulmonary hypertension;  

 

World Symposium on pulmonary hypertension (WSPH) classification informs clinicians 

to classify pulmonary hypertension into five groups depending on clinical and 
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hemodynamic data to simplify treatment decisions[11]. The CpcPH terminology was 

proposed and defined at the 5th WSPH in 2013 to highlight the significance of intrinsic 

pulmonary vascular remodeling and its impact on the right ventricle[12].  It is vital to 

differentiate CpcPH patients from other entities within group 2 PH because their survival 

outcomes are known to be worse with a diagnosis of CpcPH[13]. 

 

Table 1. 1: 2019 WSPH classification of PH 

 

Definition Hemodynamic characteristics Clinical group(s) 

PH mPAP>20mmHg All 

Pre-capillary PH mPAP>20mmHG, PAWP 

≤15mmHg 

Group 1 – Pulmonary 

arterial hypertension 

Group 3 – PH due to 

lung diseases 

Group 4 – Chronic 

thromboembolic 

pulmonary hypertension 

Group 5 – PH with 

unclear and 

multifactorial 

mechanisms 

Post capillary PH: 

 

 

Isolated post-capillary 

PH (Ipc-PH) 

 

 

 

mPAP>20mmHg, 

PAWP>15mmHg, PVR≤3WU 

 

 

Group 2 – PH due to 

left heart disease 

(HFpEF and HFrEF) 

Combined pre- and 

post-capillary PH 

(Cpc-PH) 

mPAP>20mmHg, 

PAWP>15mmHg, 

PVR≥3WU 

 
 

Abbreviations: WSPH: World Symposium on pulmonary hypertension; mPAP: mean pulmonary artery 

pressure; PAWP: pulmonary artery wedge pressure; PVR: pulmonary vascular resistance; HFpEF: Heart 

failure with preserved ejection fraction; HFrEF: Heart failure with reduced ejection fraction. 
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A right heart catheterization study is a requirement to diagnose patients with CpcPH. 

Unfortunately, there is a lack of diagnostic invasive right heart catheterization cohort 

studies in the literature to report the true incidence and prevalence of CpcPH in the 

community. Gerges et al.[7] performed one of the few invasive diagnostic observational 

study in a tertiary referral hospital in Vienna and estimated CpcPH to be present in 12% 

of patients with HFpEF-PH. Vanderpool et al.[14] evaluated all diagnostic right heart 

catheterization done at the University of Pittsburgh and found a CpcPH prevalence of 

34% within the PH-HFpEF group. In both the studies, CpcPH patients have been shown 

to have reduced survival when compared to patients with isolated post-capillary PH and 

heart failure with no PH[15]. The differing methodology of epidemiological studies 

undermines the true prevalence of patients with CpcPH. Despite the complexities 

surrounding accurate diagnosis and lack of evidence-based effective treatment for CpcPH 

patients, it has been recognized that there is a critical need to perform a risk assessment 

tool to guide critical clinical decisions in patients with HFpEF-PH[2].   

 

The 2015 European  Society of Cardiology(ESC)/European Respiratory Society (ERS) 

PH guidelines strongly recommend regular risk assessment of patients with PH to aid 

clinicians in making treatment decisions and transplant referrals by identifying patients at 

increased risk for clinical worsening or mortality[16]. Guidelines recommend evaluating 

the severity of PH with a panel of data derived from clinical assessment, exercise test, 

biochemical markers, echocardiographic and hemodynamic evaluations. Currently, there 

are various risk assessment tools available to assess prognostic risk among patients with 

pre-capillary PH. These include the use of risk variables according to the 2015 ESC/ERS 
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PH guidelines[16] or the use of a risk score such as the REVEAL (Registry to Evaluate 

Early And Long-term PAH Disease Management) registry risk score[17, 18]. Moreover, 

Seattle Heart Failure Model[19] and Meta-Analysis Global Group in Chronic 

(MAGGIC)[20, 21] Heart Failure risk model has been validated for risk-stratification to 

predict mortality for patients with Heart failure with reduced ejection fraction and 

HFpEF, respectively. Agarwal et al.[22] performed risk stratification in HFpEF-PH 

patients by developing a risk score to identify high-risk patients but did not evaluate 

CpcPH patients independently, which was not defined at the time of their publication in 

2012. Also, many of the patients in their cohort did not have hemodynamic data to 

confirm a diagnosis of PH. 

 

Given the high prevalence of HFpEF-PH, there is a vital need to perform a risk 

assessment to assess survival risk in patients with CpcPH associated with HFpEF. At 

present, there is no risk assessment tool to predict risk in patients with CpcPH. Risk 

estimation in a CpcPH patient is essential to identify patients who are at high risk for 

death to support clinical decision making. Clinicians could better identify patients who 

would benefit from aggressive management of comorbid diseases contributing to HFpEF 

and guide fluid management strategies to prevent right heart failure and death. 

 

We hypothesized that a prognostic risk calculator that utilizes the routine clinical and 

hemodynamic markers collected in clinical practice would be able to risk-stratify patients 

with CpcPH associated with HFpEF at the time of the diagnosis. Therefore, the primary 

objective of our study is to develop a simple to use nomogram for prediction of survival 
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among newly diagnosed CpcPH-HFpEF by combining PH databases from two academic 

referral center with invasive right heart catheterization data.  
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Chapter 2: Predicting Survival in Combined Post- and Pre-capillary Pulmonary 

Hypertension associated with Heart Failure and Preserved Ejection Fraction 
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2.1 Introduction 

 

Pulmonary hypertension is highly prevalent comorbidity present along with Heart Failure 

and Preserved Fraction[6]. An increasing number of patients with Heart failure and 

preserved ejection fraction (HFpEF) with associated pulmonary hypertension have 

hemodynamic features suggestive of Combined post and pre-capillary PH (CpcPH).   

Patients with CpcPH associated with HFpEF (CpcPH-HFpEF) develop a pulmonary 

vascular disease similar to patients with pulmonary arterial hypertension and have been 

identified as a highly morbid subphenotype of HFpEF-PH[13]. CpcPH-HFpEF results in 

remodeling of alveolar-capillary and pre-capillary small pulmonary arteries in addition to 

the passive increase in pulmonary artery pressure, which eventually leads to right 

ventricular dysfunction and death[12].  

 

The prevalence of PH in HFpEF is estimated to be 83% in a large community-based 

study based on echocardiography pulmonary artery systolic pressure >40mmHg[6]. 

However, the estimation of the true prevalence of  CpcPH-HFpEF has been challenging 

due to the use of varying hemodynamic definitions for CpcPH in the past. Gerges et al.[7] 

and Vanderpool et al.[14] conducted two of the largest invasive hemodynamic cohort 

studies and have estimated a range of CpcPH prevalence to be between 12-34% within 

the PH-HFpEF group. CpcPH patients have been shown to have reduced survival when 

compared to patients with isolated post-capillary PH and heart failure with no PH[7, 14, 

15].  
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The 2015 European  Society of Cardiology(ESC)/European Respiratory Society (ERS) 

PH guidelines strongly recommend regular risk assessment of patients with PH to aid 

clinicians in making treatment decisions and transplant referrals by identifying patients at 

increased risk for clinical worsening or mortality[16]. Guidelines recommend evaluating 

the severity of PH with a panel of data derived from clinical assessment, exercise test, 

biochemical markers, echocardiographic and hemodynamic evaluations. Currently, there 

are various risk assessment tools available to assess prognostic risk among patients with 

pre-capillary PH. These include the use of risk variables according to the 2015 ESC/ERS 

PH guidelines[16] or the use of a risk score such as the REVEAL (Registry to Evaluate 

Early And Long-term PAH Disease Management) registry risk score[17, 18]. Moreover, 

Seattle Heart Failure Model[19] and Meta-Analysis Global Group in Chronic 

(MAGGIC)[20, 21] Heart Failure risk model has been validated for risk-stratification to 

predict mortality for patients with Heart failure with reduced ejection fraction and 

HFpEF, respectively. Agarwal et al.[22] performed risk stratification in HFpEF-PH 

patients by developing a risk score to identify high-risk patients but did not evaluate 

CpcPH patients independently. Given the high prevalence of CpcPH-HFpEF, there is a 

vital need to perform a risk assessment to assess survival risk in patients with CpcPH 

associated with HFpEF. At present, there is no risk assessment tool to predict risk in 

patients with CpcPH. Risk estimation in a CpcPH patient is essential to identify patients 

who are at high risk for death to support clinical decision making. Clinicians could better 

identify patients who would benefit from aggressive management of comorbid diseases 

contributing to HFpEF and guide fluid management strategies to prevent right heart 

failure and death. CpcPH has been shown to have worse survival outcomes when 
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compared to patients with all other forms of PH[7, 13, 15]. Therefore, it has been 

recognized that there is a critical need to perform a risk assessment to guide critical 

clinical decisions in patients with CpcPH-HFpEF[2]. 

 

We hypothesized that a prognostic risk calculator that utilizes the routine clinical and 

hemodynamic markers collected in clinical practice would be able to risk-stratify CpcPH-

HFpEF at the time of the diagnosis. Therefore, the primary objective of our study is to 

develop a simple to use nomogram for prediction of survival among newly diagnosed 

CpcPH-HFpEF patients. We will use a cohort of patients with invasive hemodynamic 

data recruited from two academic centers and will perform internal validation by 

bootstrapping technique. We also describe clinical and demographic characteristics and 

survival experience of patients with CpcPH-HFpEF. 

 

2.2 Methods 

 

2.2.1 Study population and data collection 

 

We conducted a retrospective cohort analysis to identify CpcPH-HFpEF patients from the 

Vanderbilt pulmonary vascular center[13] and the PH database registry at Tufts Medical 

Center[23].  Both registries were created to longitudinally collect specific variables on 

patients who have undergone invasive hemodynamics. Patients were enrolled into their 

respective registries at the time of the right heart catheterization. The Vanderbilt CpcPH-

HfpEF cohort patients underwent RHC from 1998 to 2014 and were included in 

Vanderbilt’s Synthetic Derivative database. This database is a de-identified version of the 

Vanderbilt electronic medical record that contains detailed demographic, medication, 
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laboratory, and billing data, along with clinical documentation and procedural reports. 

The Tufts CpcPH-HfpEF cohort consists of patients in the PH database registry at the 

Tufts Medical Center with longitudinal data collected between November 2005 and 

January 2020. The date of the first right heart catheterization confirming PH was used to 

define the CpcPH-HfpEF diagnosis. The respective institutional review boards approved 

the study database.  

 

2.2.2 Inclusion criteria 

 

Patients with CpcPH-HfpEF who met hemodynamic criteria at rest based on current 

WSPH guidelines: mPAP>20mmHg, PAWP >15mmHg, and PVR ≥3 wood units[11]. 

All patients underwent right heart catheterization (RHC) in their respective institutions. 

Ejection fraction ≥50% was used to identify patients with HfpEF based on European 

society of cardiology and American Heart association guidelines[1, 24].  

 

2.2.3 Exclusion criteria 

 

Patients with hemodynamic features suggestive of isolated pre-capillary PH, isolated 

post-capillary PH, and no PH were excluded from the primary analysis. Patients with 

Heart failure with reduced ejection fraction (EF<50%)  were also excluded. 

 

2.2.4 Demographics and clinical variables 

 

We identified a set of thirteen candidate risk predictor variables based on a literature 

review of the currently available risk prediction tools in pulmonary arterial hypertension 

and heart failure models. A consensus agreement on the final list of candidate predictor 
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variables was decided amongst the authors (N.S.H; H.W.F; I.R.P; A.A) based on the 

following priorities for candidates: 1) variables which are routinely and easily collected, 

2) integration of invasive hemodynamic data and 3) variables which are commonly 

associated with prognostication in heart failure and pulmonary hypertension. Clinical 

data from one year before and after the diagnostic right heart catheterization or the clinic 

visit soon after the diagnostic catheterization was recorded. Variables with more than 

50% missing data (i.e., World Health Organization functional class, lung diffusion 

capacity, and six-minute walk distance) were removed from consideration. The thirteen 

candidate risk predictor variables include: age, sex, body mass index, presence of 

coexisting parenchymal lung disease (i.e., chronic obstructive pulmonary disease, 

interstitial lung disease) or obstructive sleep apnea were grouped as chronic lung 

diseases; laboratory tests including brain natriuretic peptide (BNP) and estimated 

glomerular filtration rate (GFR); the presence of visual right ventricular dysfunction on 

echocardiography within one year of right heart catheterization; hospitalization within the 

previous six months from the time of diagnosis with right heart catheterization; systemic 

blood pressure at the time of catheterization; mean right atrial pressure; pulmonary 

vascular resistance; pulmonary artery oxygen saturation and cardiac index (CI). Right 

atrial pressure and pulmonary vascular resistance were forced into the model based on a-

priori determined clinical significance, given their impact on the prognosis of patients 

with right ventricular failure. Other clinical data were collected for descriptive purposes 

include coexisting comorbidities such as diabetes mellitus, hypertension, atrial 

fibrillation, coronary artery disease; baseline medications; pulmonary function testing; 6-

minute walk test; presence of Scleroderma; hemodynamic data, including,  mean 
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pulmonary artery pressure, pulmonary artery wedge pressure, transpulmonary gradient, 

diastolic pressure gradient and cardiac output. Cardiac output was determined by 

thermodilution, with indirect Fick measurement used when thermodilution data is not 

available.  

 

Patients were followed longitudinally until death or the end date for the study period, 

which was January 30, 2020. Patients who were lost to follow up were censored at the 

time of last contact. For all recorded hemodynamic variables, outliers were verified by 

chart review to minimize data entry errors. 

 

2.2.5 Outcome data 

 

The primary outcome is time to death from the date of diagnosis of CpcPH-HfpEF with 

invasive hemodynamic data. Vital status and date of death (all-cause mortality) were 

obtained using chart review, and the Social Security Death Index. For each death, the 

date of death was documented. Patients without a date of death were censored at the time 

of the last contact.  

 

2.3 Statistical analysis 

We selected the thirteen candidate risk prediction variables based on a literature review, 

as mentioned above.  The mortality rate (190 events) provides greater than ten events per 

variable for 13 candidate predictor variables and one interaction term[25]. Multiple 

imputation by chained equations was used to impute missing covariate data[26]. We fit a 

multivariable Cox proportional hazards regression model with backward variable 
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selection and an Akaike information criterion (AIC) stopping rule[27] to each of the 

imputed data sets. Right atrial pressure and pulmonary vascular resistance were forced 

into the model as they are known to be associated with poor outcomes in pulmonary 

hypertension. The final model included variables selected in a majority (5 or more) of the 

imputed data sets. Effect modification by the presence of chronic lung disease by age on 

the outcome was included in the multivariable model as an interaction term.  

Multicollinearity was taken into consideration by testing for variance inflation factor for 

each of the predictor variables in the regression model. Multivariable time-to-event 

analysis was performed using Cox proportional hazards regression model with the 

selected variables after stepwise regression to develop a final model. A nomogram is 

presented using weighted estimators corresponding to each covariate derived from fitted 

Cox regression coefficients.  

 

2.3.1 Internal validation and model performance 

 

To address the disadvantages of stepwise variable selection, and the potential for biased 

coefficients and over-fitting of the data, we used an additional bootstrap procedure to 

assess optimism and present optimism-corrected performance measures[28]. Model 

performance across each bootstrap sample was averaged and compared to the 

performance of the original dataset.  Internal model validation was evaluated using 

measures of discrimination and calibration. The c-statistic was used to measure how well 

the model discriminated between patients with high and low risk. Calibration plots were 

used to describe the agreement between observed and predicted outcomes, and is 

represented graphically with calibration curves and average mean error. Optimism 
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associated with both the c index and calibration was assessed so that a bias-corrected 

shrinkage factor could be included in the final predictive equation. 

 

2.3.2 Missing data 

 

We explored patient-level data to quantify the amount of missing data and explore 

patterns of missingness between variables to describe the mechanism of missingness. 

Only 55% of the patients had all 13 candidate predictor variables available for analysis, 

and the majority of patients had data available for 10 out of the 13 candidate predictor 

variables. The three most commonly missing variables were BNP (19%), body mass 

index (11%), and RV dysfunction (10%). Amongst, the remaining candidate predictor 

variables, the following variables had data missing: pulmonary artery oxygen saturation 

(6%), right atrial pressure (3%), systolic blood pressure (9%)  and GFR (4%). Complete 

hemodynamic data were available for 94% of the patients. Multiple imputation by 

chained equations was used to create ten imputed data sets under the assumption that the 

data were missing at random[29]. Analyses were run on each imputed dataset separately 

and then combined using Rubin’s Rules to produce unbiased parameter estimates, 

associated standard errors, and p-values that incorporate “missing-data uncertainty”.[30] 

We excluded, rather than impute, variables that have high missingness (>50%) based on 

the concern that these data may not be trustworthy.[30, 31] The imputation model 

included all variables described above, including the dependent variable and additional 

variables that plausibly might be related to the mechanism of missingness. Our use of 

multiple imputation methods to create ten imputed datasets with regression analysis ran 

on each imputed data set allowed us to include all of these patients to produce unbiased 
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parameter estimates, making the model broadly generalizable to clinical practice by 

incorporating the “missing-data uncertainty.” R studio version 3.5[32] was used to 

perform all analyses. 

 

2.4 Results 

 

2.4.1 Study population characteristics 

 

The flow diagram for cohort selection of CpcPH-HFpEF is shown in Figure 2.1. The 

comparison of baseline demographic and clinical characteristics between subjects who 

died and who were alive at the end of follow up is shown in Table 2.1.  

 

The median age at the time of diagnosis was 62 years (interquartile range 54-73 years). 

Diabetes (57%) , hypertension (68%), obesity (50%), atrial fibrillation (43%) and 

coronary artery disease  (51%) were highly prevalent comorbid conditions. The majority 

of patients with a documented functional class during clinic visit had severe functional 

limitation and were listed as WHO functional class III or IV. 59% of the patients were 

hospitalized within six months before their diagnosis of CpcPH. 46% of the patients had 

estimated glomerular filtration rate < 60 ml/min/1.73m2. 41% of the subjects had variable 

degrees of right ventricular dysfunction reported qualitatively. Not surprisingly, a larger 

proportion of individuals with right ventricular dysfunction died compared to subjects 

with normal right ventricle  (48% vs. 34%). Invasive hemodynamics indicated a moderate 

level of severity of PH with mean pulmonary artery pressure of 47±12 mmHg. With 

regards to the severity of the pre-capillary component, the mean transpulmonary gradient 

is 25±11mmHg, the mean diastolic pressure gradient is 8±9mmHg, and mean pulmonary 
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Figure 2. 1: Flow Diagram of the Cohort 

 

 

 

vascular resistance is 5.9±3.2 Wood units. The mean right atrial pressure was elevated to 

14±6 mmHg, and pulmonary artery wedge pressure was 22±5 mmHg. Based on old 

CpcPH diagnostic criteria, 362 patients had TPG≥12, and 197 patients had DPG≥7.  
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Supplementary appendix table 4.1 compares baseline demographic and clinical 

characteristics based on the center. 

 

Table 2. 1: Clinical and demographic characteristics  

 

Alive  

 (n=207) 

                 Not alive  

                  (n=190) 

Age, y [mean (SD)] 59.3 (15.5)                  65.6 (11.5) 

Male (%) 58 (28)                  55 (28.9) 

BMI (kg/m2) [mean (SD)]        32.1 (9.3)                  31 (8.2) 

WHO FC [%]   

 I 6 (6.7)                  2 (2.5) 

 II 29 (36.2)                  9 (11.4) 

 III    

IV                                                                                                                                       

42 (52.5) 

3 (3.8) 

                 56 (70.9) 

                 12 (15.2) 

6-minute walk distance (m) 

[Mean(SD)] 

326.2 

(141.4) 

                 221.3 (109.2) 

All-cause hospitalization ≤ 6 

months [%] 

118 (57)                  115 (60.5) 

Comorbidities (%):   

 Metabolic syndrome                     

Hypertension 

   104 (50.5) 

138 (66.7) 

                 81 (42.6)  

                 131 (68.9) 

 Diabetes Mellitus 118 (57)                  107 (56.3) 

 Obesity 

Scleroderma 

ILD 

COPD 

OSA 

Atrial Fibrillation 

Coronary Artery disease 

100 (51.8) 

6 (2.9) 

21 (10.1) 

24 (11.6) 

49 (23.7) 

89 (43) 

94 (45.4) 

                 76 (48.1) 

                 10 (5.3) 

                 32 (16.8) 

                 27 (14.2) 

                 47 (24.9) 

                 80 (42.1) 

                 110 (57.9) 
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Hemodynamics [mean(SD)]: 

          Heart rate (bpm) 

          Systolic BP (mmHg) 

          RAP (mmHg) 

          Mean PAP (mmHg) 

          PAWP (mmHg)               

          TPG (mmHg) 

          DPG (mmHg) 

          Cardiac output  

           (L/minute)  

          Cardiac index 

           (L/min/m2) 

           PVR (Woods unit) 

           PA saturation (%) 

 

Other Variables: 

BNP (pg/ml) [mean(SD)] 

GFR ml/min [mean(SD)] 

Visual RV dysfunction (%) 

 

Pulmonary vasodilator use: 

PDE-5 inhibitor (%) 

ERA (%) 

Prostacyclin (%) 

 

 

76 (15.9) 

132 (24.5) 

13 (6.6) 

47 (11.1) 

22 (5.4) 

    25 (11) 

     9 (9) 

   4.71 (1.4) 

          

     2.5 (1.2) 

  

5.6 (2.8) 

 63 (9.3) 

 

 

533.6 (649) 

69 (29.6) 

63 (34.6) 

 

 

39 (18) 

10 (4) 

16 (7) 

 

                 74 (16.6) 

                 133 (27.5) 

                 14 (6.2) 

                 47 (11.9) 

                 22 (5.5) 

                 24 (11) 

                  7 (8) 

                  4.29 (1.3) 

 

                  2.29 (0.6) 

 

                  6.3 (3.6)  

                  58.8 (8.9) 

 

 

                  752.4(896) 

                   59 (27.4)   

                   83 (48.3) 

 

 

                      22 (11) 

                      10 (5) 

                       9 (4) 

Abbreviations: SD: Standard deviation; BMI: body mass index; WHO FC: World Health  

Organization functional class; ILD: Interstitial lung disease; COPD: Chronic obstructive 

 pulmonary disease; OSA: Obstructive sleep apnea; RAP: right atrial pressure; mPAP: mean  

pulmonary artery pressure; PAWP: pulmonary artery wedge pressure; TPG: Transpulmonary 

gradient; DPG: Diastolic pressure gradient; PVR: pulmonary vascular resistance; PA saturation: 

Pulmonary artery saturation; BNP: brain natriuretic peptide; GFR: Glomerular filtration rate; 

RV: Right ventricle; PDE5: Phosphodiesterase inhibitor; ERA: Endothelin receptor antagonist. 

 

2.4.2 Pulmonary vasodilator use 

 

Pulmonary arterial hypertension specific therapy has not been proven to be of benefit in 

patients with CpcPH-HFpEF. However, a small proportion of patients have been tried on 

pulmonary vasodilator therapy on a case by case basis given the severity of the disease. 
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No significant mortality difference was noted in this small sample of patients who were 

treated with pulmonary vasodilators compared to patients who were not treated.  

 

2.4.3 Survival 

 

During a median follow up of 2.4 years (interquartile range 0.4 years – 4.4years), 48% 

(190 patients) died. The overall  1-year, 3-year, and 5-year all-cause mortality was 17%, 

29%, and 37%, respectively.  For all patients who died, the date of death was confirmed. 

Patients who were  

lost to follow up were censored at the time of the last contact. Kaplan-Meier estimates of 

survival from the time of baseline diagnosis is shown in Figure 2.2. 

 

2.4.4 Multivariable analysis 

  

The stepwise multivariable cox regression model used 14 predictor variables, with a 

retainment of six predictors of survival along with two variables which were forced into 

the model with backward selection using an Akaike information criterion (AIC) stop rule. 

The eight predictor variables in the final parsimonious model include: age, chronic lung 

disease, BNP, GFR, right ventricular dysfunction, pulmonary artery oxygen saturation, 

right atrial pressure and pulmonary vascular resistance.  As shown in Table 2.2, 8 of these 

clinical and demographic characteristics were selected for use as covariates in an 

abbreviated risk model: Age (hazard ratio [HR]:1.03; 95% confidence interval[CI]: 1.01 -

1.04), chronic lung disease (HR:1.36; 95% CI 0.99 – 1.82), Pulmonary artery oxygen 

saturation (HR: 0.98 ; 95% CI: 0.96 – 0.99), right atrial pressure (HR: 1.01; 95% CI: 0.98 
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Figure 2. 2: Survival curve  

 

 

– 1.04), PVR (HR:1.03; 95% CI: 0.98- 1.08), BNP (HR: 1.00; 95% CI: 1.00 – 1.00), GFR 

(HR: 0.99; 95% CI: 0.98- 0.99), right ventricular dysfunction (HR: 1.40; 95% CI: 1.00 – 

1.95).  

  

2.4.5 Prognostic equation 

 

A prognostic equation was created from the final multivariable model. The predicted 5-

year survival was calculated as 1 - S0(5)(Z’βγ), where S0(5) is the baseline survivor 

function at five years and is equal to 0.5220 for the study patients, and γ is the shrinkage  



23 

 

  

Table 2. 2: Hazard ratio of the full model and final model after variable selection 

procedures 

                                  

                                              Full model                                    Final model  

                                             HR (95% CI)                                HR (95%CI) 

Age   1.03  (1.01 – 1.04)         1.03 (1.01 – 1.04) 

Male   0.92  (0.64 -1.29)                                  

Body mass index            0.99 (0.97 – 1.01)                                                         

Chronic lung disease   1.42 (1.02 – 1.94)                     1.36 (0.99 – 1.82)                   

All-cause 

Hospitalization             

≤6 months  

  1.02 (0.74 – 1.42)                                                                 

Pulmonary artery 

oxygen saturation 

  0.98 (0.96 – 0.99)                    0.98 (0.96 – 0.99) 

Systolic blood pressure   0.99 (0.99 – 1.00)                                                                

Right atrial pressure   1.02 (0.98 – 1.04)                    1.01 (0.98 – 1.04)                                                            

Cardiac index   1.15 (0.89 – 1.50)                                                                     

Pulmonary vascular 

resistance 

  1.03 (0.97 – 1.08)                     1.03 (0.98 – 1.08) 

Brain natriuretic 

peptide 

1.0002 (1.00002- 

1.0003)  

           1.0002 (1.00002-1.0003)                    

Glomerular filtration 

rate 

0.99 (0.98 – 1.00)                    0.99 (0.98 -1.00) 

Visual right ventricle 

dysfunction 

1.38 (0.98 – 1.94)                    1.40 (1.00 – 1.95) 

Abbreviations: CI: Confidence interval; HR: Hazard ratio 

 

coefficient (calibration slope) which is 0.8260. The linear component, Z’ β, is calculated 

as the sum of the following coefficients: 0.029350977 for age, 0.02540314 for pulmonary 

vascular resistance, 0.30018906 for chronic lung disease, 0.33437489 for RV 

dysfunction, 0.00020319 for BNP, -0.0063464 for GFR, -0.02541 for Pulmonary artery 

oxygen saturation, 0.01490654 for right atrial pressure. Simlarly, the predicted 1-year and 

3-year survival can be calculated by substituiting the S0 baseline survivor function for 1 

year (0.8330) and 3-year (0.6863). 
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The hypothetical profile of a patient diagnosed with CpcPH-HFpEF is provided in tables 

2.3 (the “Individual value” column). The profile presents a hypothetical individual patient 

who is at age 65 with a history of chronic obstructive pulmonary disease, PVR of 6 Wood 

units, right ventricle dysfunction visualized on echocardiogram, BNP of 800 pg/ml, GFR 

of 52 ml/min, Right atrial pressure of 14mmHg, pulmonary artery oxygen saturation of 

58%.  These values are then multiplied by the coefficients for the equation (“Coefficient” 

column of tables 2.3). The “Coefficient×Value” column in the table provides the results 

 

Table 2. 3: Example of estimation of 5-year survival probability after diagnosis of 

CpcPH-HFpEF for a hypothetical patient 

 Coefficient 

Individual patient 

hypothetical values Coefficient x value 

Age 0.029350977 65 2.494833037 

PVR 0.025403143 6 0.152418857 

Chronic lung disease 

(yes=1, no=0) 

 

0.300189062 1 0.300189062 

RV dysfunction 

(yes=1, no=0) 

 

           

0.33437489 1 0.33437489 

BNP 0.000203191 800 0.16255248 

GFR -0.006346381 52 -0.330011833 

PA oxygen 

saturation 
-0.02540997 

58 -1.473778254 

Right atrial pressure 0.014906537 14 0.208691515 

Individual sum   1.262250215 

Mean (coeff x value)   0 

Baseline survival 

function   0.522 

Estimated five-year 

survival   7.3% 

 
Abbreviations: PVR: Pulmonary vascular resistance; GFR: Glomerular filtration rate; BNP: Brain 

natriuretic peptide; RV: Right ventricle  
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of the multiplication for the risk profile described above. The sum of the 

“Coefficient×Value” column is then calculated. For the profile above, this value is shown 

in table 2.3 as an “Individual sum.” Estimation of the 5-year survival probability risk 

estimate is calculated as one minus the survival rate at five years (“Baseline survival 

function” in tables 2.3), raised to the power of the exponent of the “Coefficient×Value” 

sum minus the mean “Coefficient×Value” sum, or in equation form: 1 – S5
e(individual X’Bγ 

– MeanX’Bγ). This corresponds to a 7.3% survival probability and is accurately validated by 

the nomogram. 

 

Figure 2. 3: Model calibration plot with predicted 5 year survival 
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2.4.6 Calibration and internal validation 

 

The C-statistic obtained for the final multivariable model is 0.69 (95% CI:0.65-0.73). 

After additional bootstrap correction for optimism, C-statistic is 0.65. Figure 2.3 , 2.4 and 

2.5 represents the calibration plot, which shows the relationship between observed and 

expected outcomes for 5 years, 3 years and 1 year respectively. The plots signify close 

agreement between observed and expected predicted survival between one to five years. 

The average mean error is 0.0416. 

 

Figure 2. 4: Model calibration plot with predicted 3 year survival 
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Figure 2. 5: Model calibration plot with predicted 1 year survival 

 

 

2.4.7 Nomogram 

 

A nomogram is presented for the estimation of survival 1 to 5 years after the diagnosis of 

CpcPH-HFpEF based on patient-specific values for the eight variables from the 

abbreviated model (Figure 2.4). To calculate patient survival probabilities, obtain points 

for each covariate value by dropping a vertical line from the points axis to the value of 

each covariate, calculate the total points obtained from all eight covariate values, and 

then drop a vertical line from the total points axis to locate the associated probability of 
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survival for the patient at the time point of interest after the diagnosis.  The nomogram 

yields up to a total of 260 points based on the combination of the covariate values. 

 

Figure 2. 6: Nomogram 

 

 

2.5 Discussion 

 

CpcPH has been shown to have worse survival outcomes when compared to patients with 

all other forms of PH[7, 13, 15], and there are no available risk prediction tools to assess 

survival in CpcPH-HFpEF. One of the significant barriers to studying CpcPH-HFpEF 

survival risk is the lack of large scale studies with invasive hemodynamic testing. We 

developed a practical measuring tool for patients with CpcPH-HFpEF using routinely 

available clinical data for estimating the probability of survival 1 to 5 years from the time 
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of diagnosis. To our knowledge, our combined cohort of nearly 400 CpcPH-HFpEF 

patients is the largest reported cohort in the literature with patients diagnosed using 

invasive hemodynamic and echocardiography data. With the increased frequency of 

referral of CpcPH-HFpEF seen at our center and lack of effective therapy, we sought to 

define prognostic features better to predict survival. 

 

We developed a nomogram that uses eight clinically relevant and routinely assessed 

covariates to provide an easy method for the determination of patient-specific survival 

probabilities during a clinic visit. The model represented by the nomogram demonstrated 

adequate discrimination and calibration and was internally validated by the bootstrapping 

method. Through the analysis of multiple prognostic factors in 397 patients with CpcPH-

HFpEF, we developed a prognostic equation that predicts 5-year survival. Our current 

risk model compares favorably with other well-known prognostic models in HFpEF and 

pulmonary arterial hypertension (PAH)[17, 22, 33], with similar discriminatory power, as 

illustrated by the C-index. The high mortality risk observed in older CpcPH-HFpEF 

patients is likely due to the presence of co-existing comorbidities, which coexists with 

advancing age. This finding is consistent with a similar higher risk for mortality observed 

in older patients with PAH[34]. The presence of  underlying chronic lung disease and 

right ventricular dysfunction at the time of diagnosis was associated with the highest risk 

of death in our multivariable model. This suggests that patients with a mixed group of 

pulmonary hypertension (group 2 PH + group 3 PH) have worse survival probability 

when compared to patients who have isolated group 2 PH. Also, the presence of visual 

right ventricular dysfunction on echocardiogram, which is a consequence of the chronic 
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elevation of RV afterload, signified poor outcomes. This is consistent with prior studies, 

which  showed RV hypertrophy to play a significant role in predicting survival rate[22, 

35]. We found that CpcPH-HFpEF has a worse prognosis than pulmonary arterial 

hypertension (PAH), as 1-year overall survival in our cohort was lower than the estimated 

87.5% survival in PAH with treatment[17]. Unlike PAH, at present, there are no 

approved therapeutic options for CpcPH-HFpEF.  

 

Our study has several limitations, pulmonary hypertension patients retained and managed 

at both these PH referral centers likely represents a more complex cohort than the larger 

population of PH and may impact the generalizability of our results. Moreover, the lack 

of information on disease duration before diagnosis with right heart catheterization may 

reflect survival bias. However, this indicates a typical practice pattern in major 

pulmonary hypertension referral centers, where patients are referred to at variable times 

into their disease course. Also, our model was developed using baseline factors at the 

time of diagnosis and did not account for changes in variables that occurred over time, 

such as the effect of diuretics and hospitalizations after diagnosis.  Even though we had 

an adequate number of outcome events in our cohort to justify the selection of thirteen 

candidate predictor variables, due to the limited sample size, applying the rule of more 

than ten events per variable may lead to inaccurate regression coefficients. External 

validation of the model, will be an important step before widespread application of the 

prognostic equation. However, the bootstrap internal-validation technique is a statistically 

rigorous approach that is comparable to external validation in that the patient data used to 

develop the model are not used in the assessment of the discriminatory power of the 
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model. This protects against overfitting and provides the most important diagnostic 

evaluation of model validity. 

 

Given the observational nature of the cohort, with data extraction from patient charts, we 

encountered missing data of important variables such as WHO functional class, six-

minute walk distance, and percent lung diffusion capacity, and hence was removed from 

the model for consideration. However, WHO functional class has been shown to have 

limitations to assess prognosis due to the inter-operator variability to assign functional 

class based on patient symptoms, with only 54% concordance between two 

cardiologists[36].  

2.6 Conclusion 

We present a practical method for estimating the probability of survival from 1 to 5 years 

from the time of diagnosis of CpcPH-HFpef. Our simplified nomogram uses eight 

patient-specific variables that are routinely assessed after diagnosis with a right heart 

catheterization. The primary goal of our nomogram is to help improve clinical decision 

making by providing clinicians with a practical method for predicting high-risk patients 

with CpcPH-HFpEF who require aggressive heart failure management, and is only an 

initial step in our understanding of this complex disease entity. In the future, additional 

studies are needed to enhance the characterization of CpcPH-HFpEF and perform 

external validation of our prognostic risk score with large-scale cohort studies to identify 

high-risk patients, which will hopefully lead to a better understanding of their underlying 

pathophysiology and consequences of CpcPH-HFpEF.  
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Chapter 3: Discussion 

                                             

Accurate prognostic information is critical for patients and physicians in the shared 

decision-making process and is fundamental to optimal clinical care. At present, there are 

no available risk prediction tools to assess survival in CpcPH-HFpEF. CpcPH has been 

shown to have worse survival outcomes when compared to patients with all other forms 

of PH in several studies[7, 13-15]. One of the primary reasons for lack of prediction tools 

in this unique subgroup within heart failure is because right heart catheterization is a 

requirement to diagnose CpcPH[37]. In our study, we attempted to bridge this gap by 

combining two large PH databases with invasive hemodynamic data from Tufts Medical 

Center and Vanderbilt University Medical Center. To our knowledge, our combined 

cohort of nearly 400 CpcPH-HFpEF patients is the largest reported cohort in the literature 

who are diagnosed using invasive hemodynamic and echocardiography data. 

 

Agarwal et al.[22] previously developed a risk assessment tool in HFpEF-PH in 2012, 

before CpcPH terminology was recognized as a sub-phenotype within group 2 PH. In 

their study, the authors recognized a major limitation that ~75% of patients did not have 

hemodynamic data to confirm the presence of PH, and also included few patients with 

heart failure with reduced ejection fraction. They reported a discriminatory C-index score 

of 0.72 for their entire cohort. Meta-analysis Global Risk Score (MAGGIC)[21] in 

Chronic Heart Failure model is a well-validated tool that has been used to prognosticate 

survival in HFpEF, but they do not stratify risk based on the presence of CpcPH. 

Moreover, the four most highly cited models for pulmonary arterial hypertension (PAH) 

risk assessment model include original Registry to Evaluate Early and Long-Term 
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(REVEAL)[17]  (c-statistic = 0.72) , REVEAL 2.0[33] (c-statistic = 0.76), French 

Pulmonary Hypertension Registry (FPHR)[38] (c-statistic = 0.64) and Comparative, 

Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension 

(COMPERA)[39] (c-statistic = 0.62) risk assessment strategies. None of these PAH risk 

models have been validated for CpcPH, except for the original REVEAL risk score in a 

very small study with eight patients who had left heart disease[40]. Therefore, our risk 

model is a novel tool that compares favorably with other well-known prognostic models 

in HFpEF and PAH, with similar discriminatory power, as illustrated by the C-index. 

 

The variables selected in our abbreviated model are routinely collected variables in clinic 

visit after obtaining hemodynamic data to confirm a diagnosis of CpcPH-HFpEF. Even 

though there is a lot of interest to diagnose and identify patients with CpcPH by non-

invasive methods, at present, there are no tools to diagnose CpcPH non-invasaively. The 

variables selected in our final abbreviated model have been previously associated with 

prognostication in heart failure and pulmonary hypertension. Our approach to assess 

patient prognosis relied on assessing all these important prognostic factors 

simultaneously to provide an estimate of patient’s absolute risk of survival. After 

selection procedure with stepwise regression analysis, our abbreviated model had eight 

variables (age, chronic lung disease, pulmonary artery oxygen saturation, RV 

dysfunction, BNP, GFR, pulmonary vascular resistance and right atrial pressure). 

 

Group 2 PH and mixed group of PH (group 2 PH + group 3 PH associated with chronic 

lung disease) disease are common in the elderly age group > 65 years[41]. Advanced age 
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has been associated with poor prognosis in patients with PAH. In our cohort, the median 

age was 62 years old, and we noted a high mortality risk for older patients with CpcPH-

HFpEF, which is likely secondary to the presence of co-existing comorbidities and is 

consistent with similar higher risk seen in older patients with PAH[34]. The presence of 

underlying chronic lung disease and right ventricular dysfunction at the time of diagnosis 

was associated with the highest risk of death in our multivariable model. This suggests 

that patients with a mixed group of PH have worse survival probability when compared 

to patients who have isolated group 2 PH. Also, the presence of visual right ventricular 

dysfunction on echocardiogram, which is a consequence of the chronic elevation of RV 

afterload, signified poor outcomes. This is consistent with prior studies, which showed 

RV hypertrophy to play a significant role in predicting survival rate[22, 35]. Plasma 

BNP, a cardiac hormone that is secreted mainly by the cardiac ventricles, has been shown 

to have substantial prognostic capabilities in patients with PAH[42] and HFpEF[43]. 

BNP has also been shown to have an association with the severity of heart failure and 

PAH. Therefore, it is not surprising that patients with CpcPH-HFpEF have a similar 

finding with an increase in mortality with rising levels of BNP. An analysis of the 

REVEAL registry showed that >10% decline in estimated glomerular filtration rate was 

independently predicted poorer survival[44]. The close association between renal 

dysfunction and cardio-pulmonary hemodynamics plays a significant role in managing 

the fluid status in patients with CpcPH-HFpEF. In our data, the incremental drop in GFR 

was shown to be associated with increased mortality. Right atrial pressure and pulmonary 

vascular resistance were forced into the model, given their impact on right ventricular 

failure. Elevation of right atrial pressure as a consequence of right ventricular failure is 
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well known to be a poor prognostication sign in pulmonary hypertension and heart 

failure. In addition, pulmonary vascular resistance has been shown to be of prognostic 

significance in patient with PH and left heart disease in a large meta-analysis[45]. In this 

meta-analysis study, the authors also suggested the diastolic pressure gradient and 

pulmonary arterial compliance were also of prognostic significance in combination with 

pulmonary vascular resistance. However, given the limitation of measuring diastolic 

pressure gradient and pulmonary compliance, with common errors in measurement, we 

decided to not include these hemodynamic markers.  

 

We developed a practical measuring tool for patients with CpcPH-HFpEF using routinely 

available clinical data for estimating the probability of survival 1 to 5 years from the time 

of diagnosis. With the increased frequency of referral of CpcPH-HFpEF seen at our 

center and lack of effective therapy, we sought to define prognostic features better to 

predict survival. We assessed various essential patient characteristics, laboratory 

biomarkers, and hemodynamic variables that are routinely collected at the time of 

diagnosis, and report the prognostic importance of these pathophysiologic markers in 

patients with CpcPH-HFpEF. The nomogram uses the above mentioned eight clinically 

relevant and routinely assessed covariates to provide an easy method for the 

determination of patient-specific survival probabilities during a clinic visit. The 

nomogram offers the ability to generate an individual numerical probability of survival 

by integrating diverse prognostic variables. The model represented by the nomogram 

demonstrated adequate discrimination and calibration and was internally validated by 

bootstrapping method. Through the analysis of multiple prognostic factors in 397 patients 
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with CpcPH-HFpEF, we developed a prognostic equation that predicts one to five-year 

survival.  

 

Our findings were consistent with the previously reported finding of poor survival in 

patients with CpcPH-HFpEF. We found that patients with CpcPH-HFpEF had a worse 

prognosis than pulmonary arterial hypertension (PAH), as 1-year overall survival in our 

cohort was lower than the estimated 87.5% survival in PAH with treatment[17]. Unlike 

PAH, at present, there are no approved therapeutic options for CpcPH-HFpEF. Given the 

increasing recognition that CpcPH-HFpEF portends a poor prognosis, and that treatment 

of patients with CpcPH-HFpEF is a high priority, it is not surprising that randomized 

clinical trials are underway for the management of the CpcPH-HFpEF with an endothelin 

receptor antagonist (SERENADE trial, NCT03153111) and an oral prostacyclin analogue 

(SOUTHPAW trial, NCT03037580).  

 

Our study has several limitations, PH patients retained and managed at both these PH 

referral centers represent a more complex cohort than the larger population of PH and 

may impact the generalizability of our results. However, the current guidelines 

recommend that physicians are encouraged to refer patients to academic PH centers to 

avoid misdiagnosis and improve outcomes[16, 46]. Also, the lack of information on 

disease duration before diagnosis with right heart catheterization may reflect survival 

bias. However, this indicates a typical practice pattern in major PH referral centers, where 

patients are referred to at variable times into their disease course. Another significant 

limitation is that our model was developed using baseline factors at the time of diagnosis, 
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and did not account for changes in variables that occurred over time, such as the effect of 

diuretics and hospitalization after diagnosis. Hence, it cannot be used to assess changes 

that occur with time during the disease course.  Due to the limited sample size, we did not 

select beyond thirteen candidate predictor variables to avoid overfitting. Even though we 

had an adequate number of outcome events in our cohort to justify the selection of more 

than thirteen candidate predictor variables, applying the rule of more than ten events per 

variable may lead to inaccurate regression coefficients. External validation of the model, 

will be an important step before widespread application of the prognostic equation. 

However, the bootstrap internal-validation technique is a statistically rigorous approach 

that is comparable to external validation in that the patient data used to develop the model 

are not used in the assessment of the discriminatory power of the model. This protects 

against overfitting and provides the most important diagnostic evaluation of model 

validity. 

 

Given the observational nature of the cohort, with data extraction from patient charts, we 

encountered missing data of important variables such as NYHA FC, six-minute walk 

distance, and percent lung diffusion capacity, and hence was removed from the model for 

consideration. However, NYHA FC has been shown to have severe limitations to assess 

prognosis due to the problem of inter-operator variability to assign FC based on patient 

symptoms, with only 54% concordance reported between two cardiologists[36]. Only 

55% of the patients had all 13 candidate predictor variables available for analysis at 

baseline, and approximately  >70% of patients had data available for 10 out of the 13 

candidate predictor variables. The three most commonly missing variables were BNP 
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(20%), body mass index (11%), and RV dysfunction (10%). Complete hemodynamic data 

were available for 94% of the patients, with only pulmonary artery oxygen saturation 

missing for 6% of the patients. Our use of multiple imputation methods to create ten 

imputed datasets with regression analysis ran on each imputed data set allowed us to 

include all of these patients to produce unbiased parameter estimates, making the model 

broadly generalizable to clinical practice by incorporating the “missing-data uncertainty.” 

Although the qualitative left and right ventricular function was assessed on all patients in 

the cohort, the quantitative measures to evaluate for grading of diastolic dysfunction and 

RV dimensions and functions were frequently not available. This is mainly due to the 

varied referral patterns with echocardiogram obtained from referring institutions. 

However, all patients had elevated pulmonary artery wedge pressure >15mmHg during 

their right heart catheterization, despite the majority of the patients being on diuretic 

therapy at the time of right heart catheterization.  The presence of elevated left-sided 

filling pressures suggests that all patients had significant degree of diastolic dysfunction. 

 

In the future, external validation of our prognosic equation will be an important step. 

Additionally, large-scale cohort studies are needed to enhance the characterization of 

CpcPH-HFpEF and to identify high-risk patients, which will hopefully lead to a better 

understanding of their underlying pathophysiology and consequences of CpcPH-HFpEF. 

CpcPH is a marker for a unique pathophysiology in patients with HFpEF and therefore 

may be a specific target for therapeutic intervention. 
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In conclusion, we present a practical method for estimating the probability of survival 

from 1 to 5 years from the time of diagnosis of CpcPH-HFpef. Our simplified nomogram 

uses eight patient-specific variables that are routinely assessed after diagnosis with a right 

heart catheterization. We report that patients with CpcPH-HFpEF have reduced survival, 

which is worse when compared to survival with PAH. The primary goal of our 

nomogram is to help improve clinical decision making by providing clinicians with a 

practical method for predicting high-risk patients with CpcPH-HFpEF who require 

aggressive heart failure management. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

Chapter 4: Appendix 

 

Table 4. 1: Clinical and demographic characteristics of CpcPH cohorts stratified by 

center 

 

       Vanderbilt 

         (n=261) 

 

                 Tufts 

               (n=136) 

 

Age, y [median (SD)]      60 (14.8) 66 (10.1) 

Male (%)     75 (28.7) 38 (28) 

BMI (kg/m2) [mean (SD)]                                30.6 (7.9) 33.3 (10) 

 

NYHA FC [%]   

 I        1 (0.3) 7 (5.2) 

 II        5 (1.9) 38 (27.9) 

 III    

IV                                                                                                                                       

      15 (5.7) 

        3 (1.1) 

83 (61.5) 

12 (8.9) 

6 minute walk distance (m) 

[Mean(SD)] 

      291.8 

(134.77) 

272.9 (143.2) 

 

All-cause hospitalization ≤ six 

months [%] 

 

     183 (70.7) 50 (36.8) 

Comorbidities (%)   

 Metabolic syndrome                     

Hypertension 

       117 (45) 

214 (82) 

                  68 (50) 

55 (40)  

 Diabetes Mellitus 119 (45.6) 106 (77.9)  

 Scleroderma 

ILD 

COPD 

Atrial Fibrillation 

Coronary Artery disease 

8 (3.1) 

22 (8.5) 

39 (15.1) 

114 (43.7) 

173 (66.3) 

8 (5.9) 

31 (22.8) 

12 (8.8) 

55 (40.4) 

31 (22.8) 

Hemodynamics [mean(SD)] 

          Heart rate (bpm) 

          Systolic BP (mmHg) 

          RAP (mmHg) 

          Mean PAP (mmHg) 

          PAWP (mmHg)                        

          TPG (mmHg) 

          DPG (mmHg) 

          Cardiac output  

           (L/minute)  

          Cardiac index 

           (L/min/m2) 

           PVR (Woods unit) 

           PA saturation (%) 

 

 

76 (16.6) 

132 (27.7) 

13 (7) 

46 (11.9) 

22 (5.9) 

23 (11) 

6 (9) 

      4.4 (1.3) 

           

       2.4 (1.1) 

 

 5.4 (2.95) 

       61.6 (9.5) 

 

 

73 (15.6) 

133 (22.3) 

14 (5.1) 

49 (10.4) 

21 (4.3) 

                  28 (10.1) 

11 (8.2) 

                 4.5 (1.4) 

 

                  2.4 (0.7) 

 

 6.9 (3.5) 

                 59 (8.9) 
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Other Variables: 

   BNP (pg/ml)[mean (SD)] 

   GFR ml/min [mean(SD)] 

   Visual RV dysfunction (%) 

 

Pulmonary vasodilator use: 

 

PDE-5 inhibitor (%) 

ERA (%) 

Prostacyclin (%) 

    

738 (898.8) 

64.6 (31.3) 

91 (35.5) 

 

 

 

18 (6.8) 

      20 (7.6) 

      13 (4.9) 

 

466 (487.5) 

62 (23.4) 

55 (56.1) 

 

 

 

43 (31.6) 

7 (5.1) 

12 (8.8) 

 

 
Abbreviations: BMI: body mass index; WHO FC: World Health Organization functional class; 

ILD: Interstitial lung disease; COPD: Chronic obstructive pulmonary disease; OSA: Obstructive 

sleep apnea; RAP: right atrial pressure; mPAP: mean pulmonary artery pressure; PAWP: pulmonary 

artery wedge pressure; TPG: Transpulmonary gradient; DPG: Diastolic pressure gradient; PVR:  

pulmonary vascular resistance; PA saturation: Pulmonary artery saturation; BNP: brain natriuretic  

peptide; GFR: Glomerular filtration rate; RV: Right ventricle; PDE5: Phosphodiesterase inhibitor; 

ERA: Endothelin receptor antagonist. 
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