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List of abbreviations 

 

AUC - area under the curve (of ROC curve) 

BNP - brain natriuretic peptide  

CI - cardiac index  

CTEPH - chronic thromboembolic pulmonary hypertension  

IPAH - idiopathic pulmonary arterial hypertension 

mPAP - pulmonary artery mean pressure  

NR- notch ratio 

NYHA - New York Heart Association 

PCWP - pulmonary capillary wedge pressure  

PEA - pulmonary endarterectomy 

RAP - right atrium pressure 

ROC - receiver operator characteristic 

RVEDD - right ventricular end-diastolic diameter  

6-MWT - 6-minute walk test 

sPAP - pulmonary artery systolic pressure 

TAPSE - tricuspid annular plane systolic excursion  

TPR - total pulmonary resistance  
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Abstract 

 

Aims:  To study whether preoperative assessment, using echocardiography, of the 

timing of a particular feature in the pulmonary flow (pulmonary flow systolic notch) may 

predict in-hospital mortality and mid-term hemodynamic improvement after pulmonary 

endarterectomy (PEA) for chronic thromboembolic pulmonary hypertension (CTEPH). 

Methods and Results: Fifty-eight of 61 consecutive CTEPH patients (aged 53 ± 14 

years; 36 women) who underwent PEA between June 2002 and June 2005 were studied. 

Clinical, hemodynamic and echocardiographic variables were assessed preoperatively and 

at 3 months post-PEA. Timing of the notch was expressed as notch ratio (NR). 

Preoperatively, 7 patients had no notch, 33 had NR<1.0, and 18 had NR>1.0. NR was 

associated with in-hospital mortality (p<0.01). Moreover, multivariable analysis revealed 

that, among preoperative variables, NR was an independent predictor of residual 

increased pulmonary artery systolic pressure (sPAP>40mmHg) at 3 months post-PEA 

(p=0.01). Receiver operator characteristic (ROC) analysis established NR=1.0 as optimal 

cutoff to distinguish patients at risk of such unfavorable outcomes, with NR>1.0 

conferring higher risk. 

Conclusions: NR is related with in-hospital mortality and residual pulmonary 

hypertension after PEA. NR>1.0 is associated with a higher risk of such unfavorable 

outcomes. NR may be considered a determinant of eligibility for PEA. 
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Introduction 

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete 

resolution of the vascular obstruction caused by pulmonary thromboemboli.1 Recent 

studies suggest that up to 4% of acute pulmonary embolism cases may progress to 

symptomatic CTEPH.2 If left untreated, the prognosis of CTEPH is poor and proportional 

to the degree of pulmonary hypertension.3 Pulmonary endarterectomy (PEA) is the 

therapy of choice for patients with surgically accessible CTEPH.1,4-6 However, in about 

10% of patients, removal of proximally located thromboembolic material does not 

resolve pulmonary hypertension.7 These patients suffer from high morbidity and in-

hospital mortality rates. Residual pulmonary hypertension may result from the 

development of secondary arteriopathy in the small pre-capillary pulmonary vessels, 

similar to idiopathic pulmonary arterial hypertension (IPAH),1,8,9 as shown in lung biopsy 

specimens of CTEPH patients.8 

  At present, only few parameters at preoperative analysis may be of use to 

identify patients with unfavorable PEA outcome. Patients with high pulmonary vascular 

resistance (in the range of >1000 to 1100 dynes*s*cm-5)10,11 and/or pulmonary artery 

mean pressure (mPAP) >50 mmHg11 have a higher likelihood of operative mortality.7,10,11 

Partitioning of pulmonary vascular resistance by a pulmonary artery occlusion technique 

may also predict postoperative mortality, but this method is invasive and requires specific 

technical skills and therefore has limited applicability.12 Importantly, predictors of 

hemodynamic outcome (mid-term or long-term) are lacking.13 Clearly, more clinically 

available predictors of perioperative mortality and hemodynamic outcome of PEA are 

much needed. 

A particular feature in the pulmonary systolic flow velocity profile, the so-called 

pulmonary flow systolic notch (midsystolic deceleration in pulmonary flow, as assessed 

using Doppler echocardiography), may distinguish proximally located obstructions in the 

pulmonary arterial vasculature from distal obstructions.14 This notch occurs significantly 

later in systole in patients with IPAH than in those with proximal pulmonary embolism. 

Similarly, experimentally induced microembolisation of distal pulmonary arteries in dogs  
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resulted in a later notch than constriction of proximal pulmonary arteries.15 Since 

residual pulmonary hypertension is considered to result either from surgically 

inaccessible distal thrombi or from secondary small vessel arteriopathy, or both,7,11,16 we 

undertook the present study to test the hypothesis that a late notch, assessed 

preoperatively by Doppler echocardiography, in patients with CTEPH is associated with 

in-hospital mortality and unfavorable mid-term hemodynamic PEA outcome.  
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Materials and methods 

Patient inclusion 

In this single-center study, 61 consecutive CTEPH patients underwent PEA from June 

2002 to July 2005. Assessments were undertaken preoperatively to evaluate their 

eligibility for PEA using generally recommended criteria,7,17,20 and 3 months after PEA to 

assess their functional status. All patients who were deemed eligible for PEA after 

preoperative assessment were recruited for this study. After they gave written informed 

consent, they were included in this study. Three patients were excluded from further 

analysis because their preoperative echocardiographic variables were not stored. Thus, 

58 patients treated consecutively were included in this retrospective study. All 

investigations were approved by the local institutional review board. 

 

Preoperative assessments 

Preoperatively, all patients underwent transthoracic echocardiography, pulmonary 

angiography, determination of plasma levels of brain natriuretic peptide (BNP),21,22 and 

right heart catheterization. Using a Swan-Ganz catheter, we measured mPAP, pulmonary 

capillary wedge pressure (PCWP), cardiac output, and right atrial pressure (RAP), and 

calculated total pulmonary resistance (TPR), and cardiac index (CI).23 Forty-five patients 

performed 6-minute walk test (6-MWT) according to the guidelines of the American 

Thoracic Society.24 At the time of preoperative assessments, 5 patients were receiving 

bosentan (four had a notch ratio (NR) <1.0, one had NR >1.0), two patients intravenous 

epoprostenol (one had NR <1.0, the other NR >1.0), and one patient sildenafil (NR <1.0) 

(For a definition of “NR”: see the next paragraphs). 

 

Echocardiographic examination 

Echocardiographic images (M-mode, 2-dimensional, and Doppler) were obtained with a 

1.6-3.2 MHz transducer (System Seven, General Electric, USA), digitized, and analyzed 

off-line. From the apical four-chamber view, we recorded right ventricular end-diastolic 

diameter (RVEDD),25 tricuspid annular plane systolic excursion (TAPSE),26 and tricuspid  
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regurgitation jet, and used the velocity of this jet to obtain pulmonary artery systolic 

pressure (sPAP) from the calculated right ventricle to right atrium systolic pressure 

gradient (Bernoulli equation);27,28 to obtain sPAP, RAP values were added to the 

calculated gradient, with RAP estimated using the collapsibility index of the inferior caval 

vein in each patient.29 The severity of tricuspid regurgitation was quantified according to 

recommendations of American Society of Echocardiography’s Nomenclature and 

Standards Committee and The Task Force on Valvular Regurgitation.30 In Tables 1 and 3, 

we quantified the severity of tricuspid regurgitation as follows: 0- no, 1- mild, 2-

moderate, 3-severe. From the parasternal short-axis view, we recorded pulmonary 

artery systolic flow by placing the pulsed Doppler sample volume in the middle of the 

right ventricular outflow tract just proximal to the pulmonic valve orifice. Care was taken 

to align the ultrasound beam to the flow and obtain a good spectral envelope.31-33 Its 

waveform was analyzed and the pulmonary flow systolic NR (see below) was averaged 

from two to four consecutive heart beats. For the preoperative analysis, the last 

echocardiograms, obtained within a few weeks before PEA, were used. 

 

Calculation of the pulmonary flow systolic notch ratio  

The pulmonary flow systolic NR was calculated as demonstrated in Figure 1. The time 

interval from the onset of pulmonary artery systolic flow to the maximal systolic flow 

deceleration (t1) was divided by the time interval from the maximal systolic flow 

deceleration to the end of pulmonary artery systolic flow (t2) (Figure 1A). Figure 1C 

shows a pulmonary flow envelope of a patient with NR <1.0. Figure 1D shows NR >1.0. 

The pulmonary flow envelope of a patient with no notch is shown in Figure 1B. To 

quantify interobserver variability, two observers measured the NRs of 15 patients 

independently from each other. To assess intraobserver variability, the NRs of the 

patients were measured twice by the same observer with a 2 months interval between 

measurements.  
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Figure 1: A: Schematic illustration of the method to calculate pulmonary flow systolic 

notch ratio (NR). The time interval from the onset of pulmonary artery systolic flow to 

the maximal systolic flow deceleration (t1) was divided by the time interval from the 

maximal systolic flow deceleration to the end of pulmonary artery systolic flow (t2). B: 

Top: pulmonary flow without notch of a patient with exercise-induced pulmonary 

hypertension (parasternal short-axis view). Bottom: maximal tricuspid regurgitation flow 

(4-chamber view), used to calculate systolic pulmonary artery pressure. C: Top: 

pulmonary flow systolic notch, NR <1.0. Bottom: maximal tricuspid regurgitation flow. 

D: Top: pulmonary flow systolic notch, NR >1.0 Bottom: maximal tricuspid regurgitation 

flow. Note that timing of notch differs between panels C and D, despite similar 

amplitudes of tricuspid regurgitation flow. All demonstrated recordings of pulmonary 

flow (B-D) were performed at rest. 
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Surgical methods 

All patients were operated on by one surgeon (JJK) using a standardized technique with 

extracorporeal circulation and periods of circulatory arrest in deep hypothermia.34 

Fourteen patients also underwent persistent foramen ovale closure. 

 

Postoperative assessments 

Three months after PEA, all patients underwent transthoracic echocardiography, using 

the preoperative echocardiography protocols (sPAP could be determined only in the 48 

patients in whom tricuspid regurgitation was present at that time).  

 

Statistical analysis 

Categorical variables are presented as number and percentages and were compared 

between groups using a Fisher Exact test. Continuous variables were checked for normal 

distribution using the Wilk-Shapiro test and presented as mean ± SD in case of a normal 

distribution and median and interquartile range (IQR) otherwise. Baseline values of 

survivors and non-survivors were compared using a two-tailed unpaired Student’s t-test 

or Mann-Whitney test were appropriate. Univariate logistic regression analysis was used 

to identify preoperative variables associated with perioperative mortality and the 

combined endpoint mortality or a postoperative sPAP > 40 mmHg. The linearity 

assumption for the continuous variables was tested using Harrell’s (1991) SAS Macro 

%Psplinet (http://biostat.mc.vanderbilt.edu/twiki/pub/Main/SasMacros/survrisk.txt). The 

optimal cut-off was defined as the value with the maximal sum of sensitivity and 

specificity. The reported 95% confidence intervals (CI) for cut-off points, AUCs, 

sensitivities and specificities were obtained through bootstrapping. 

Associations between preoperative variables and postoperative sPAP were analyzed using 

univariate ANOVA's. Subsequently, variables with a p-value <0.05) were included into a 

multivariable model with a backward selection procedure. Parameters between patients 

with no notch, NR <1.0 and NR >1.0 preoperatively and postoperatively were compared 

using ANOVA. Interobserver and intraobserver variabilities were described in two ways:  
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1. by correlation coefficients (r) assessed by linear regression analysis; 2. by the mean and 

the range of absolute differences of the measured pairs. All analyses were performed 

using SAS (Version 9, SAS Institute, Cary, NC, USA) and p-values<0.05 were considered 

statistically significant. 
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Table 1: Baseline patient characteristics.  

 

All values were obtained at rest. Abbreviations: see List of abbreviations. All patients, 

n=58, except for 6-MWT (n=45) and PCWP (n=55). Survivors, n=52, except for 6-MWT 

(n=40) and PCWP (n=49). In-hospital mortality, n=6, except for 6-MWT (n=5). a mean ± 

SD, b median (interquartile range); * p<0.05 versus survivors. 

 

 

All patients 

N=58 

Survivors 

N=52 

In-hospital 

mortality 

N=6 

p-value 

Age, years a 53 ± 14 52 ± 14 57 ± 13 0.45 

Male, n (%) 19 (33 %) 16 (31%) 3 (50%) 0.38 

CTEPH duration, years b 2.0 (3.5) 2.0 (3.3) 3.5 (4.0) 0.38 

NYHA class, n (%)    0.052 

II 20 (34%) 20 (38%) 0 (0%)  

III 36 (62%) 31 (60%) 5 (83%)  

IV 2 (3%) 1 (2%) 1 (17%)  

Heart rate, beats per minute a 80 ± 12 80 ± 12 88 ± 16 0.33 

Systolic blood pressure, mmHg a 126 ± 18 128 ± 17 114 ± 20 0.26 

Diastolic blood pressure, mmHg a 80 ± 12 77 ± 11 72 ± 10 0.35 

6-MWT, m a 398 ± 112 411 ± 110 299 ± 89 0.034 

Plasma BNP, pmol/l b 12 (59.6) 10.3 (56.4) 62.9 (64.3) 0.014 

Catheterization 

mPAP, mmHg a 44.9 ± 14.7 43.5 ± 14.4 57.2 ± 12.3 0.030 

TPR, dynes*s *cm-5 a 847 ± 489 787 ± 469 1327 ± 389 0.009 

PCWP, mmHg a 11.9 ± 6.0 11.9 ± 5.6 11.8 ± 7.5 0.99 

RAP, mmHg a 10.1 ± 5.5 9.8 ± 5.4 13.4 ± 6.3 0.16 

CI, L/min/m2 b 2.5 (0.8) 2.5 (0.8) 2.0 (0.6) 0.11 

Echocardiography 

Tricuspid regurgitation severity 1.8 ± 0.8 1.8 ± 0.9 1.8 ± 0.8 0.96 

sPAP, mmHg a 74.9 ± 24.7 73.5 ± 25.4 85.8 ± 15.5 0.25 

Notch absent/notch present 7/51 7/45 0/6  

NR a 0.85 ± 0.37 0.8 ± 0.3 1.5 ± 0.4 <0.001 

TAPSE, mm a 19.0 ± 5.0 19.6 ± 4.9 13.2 ± 2.3 0.009 

RVEDD, cm a 4.4 ± 0.9 4.3 ± 0.9 5.2 ± 1.1 0.08 
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Results 

Reproducibility of calculation of notch ratio  

Interobserver and intraobserver correlations were good with r=0.96 and r=0.98, 

respectively. The mean intraobserver difference was 0.06 (range 0.01 to 0.13). The mean 

interobserver difference was 0.07 (range 0.01 to 0.18). 

 

In-hospital mortality 

Overall, 6 of 61 operated patients died during surgery (persistent pulmonary 

hypertension [n=1], intractable bleeding [n=2]) or within days after surgery (persistent 

pulmonary hypertension resulting in right ventricular failure [n=3]). Thus, in-hospital 

mortality was 9.8 %. The baseline characteristics of surviving and non-surviving patients 

included for further analysis are presented in Table 1. Echocardiographic and 

hemodynamic variables of all patients who were operated are also provided in 

Supplemental Table 5.  

 

Determinants of in-hospital mortality 

Increased in-hospital mortality risk was associated with preoperative high NYHA class, 

low 6-MWT, high plasma BNP, high mPAP, high TPR, high NR and low TAPSE (Table 2). 

Extracorporeal circulation time was significantly longer in non-survivors (472±146 min) 

than in survivors (321±42 min, p<0.001; all patients 334±71 min), and this parameter was 

most strongly associated with in-hospital mortality (not shown). We did not use this 

variable for further analysis, because the aim of this study was to reveal variables that are 

useful at preoperative workup to identify patients who have a relatively high mortality 

risk and those with a low risk, rather than variables that can only be found 

intraoperatively. 
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Table 2: Preoperative determinants of in-hospital mortality.  

 p-value Area under 

ROC curve 

Cut-off Sensitivity Specificity 

6-MWT, m 0.048 0.80 [0.59 –  0.94] 400 100 [100 – 100] 44 [31 – 59] 

Plasma BNP, 

pmol/l 
0.035 0.81 [0.67 – 0.93] 30 100 [100 – 100] 69 [56 – 82] 

mPAP, 

mmHg 
0.042 0.77 [0.57 – 0.94] 56 67 [33 – 100] 81 [67 – 91] 

TPR, 

dynes*s *cm-5 
0.022 0.83 [0.68 – 0.94] 914 100 [100 – 100] 71 [58 – 83] 

CI, L/min/m2 0.080 0.70 [0.49 – 0.93] 2 83 [5 – 100] 58 [44 – 71] 

NR 0.012 0.92 [0.80 – 0.99] 1 100 [100 – 100] 77 [65 – 88] 

TAPSE, mm 0.020 0.83 [0.68 – 0.94] 17.5 100 [100 – 100] 63 [51 – 76] 

RVEDD, cm 0.099 0.75 [0.50 – 0.96] 5 50 [25 – 100] 75 [22 – 87] 

 

Area under the ROC curve, optimal cut-off point, sensitivity (%) and specificity (%) at the 

optimal cut-off point with 95% CI. Abbreviations: see List of abbreviations 

 

Determinants of mid-term hemodynamic improvement 

No patient died after discharge from the hospital. As a measure of mid-term 

hemodynamic improvement, we analyzed sPAP at 3 months after PEA. We found that, in 

univariate analysis, low mid-term sPAP was associated with preoperative low NYHA class 

(2 vs. 3), mPAP, PCWP, sPAP, and NR (Table 3). In subsequent multivariable analysis, 

only NR (β±SEM: 32.5±10.53, p=0.004) and sPAP (β±SEM: 0.33±0.13, p=0.019) remained 

as independent determinants of sPAP at mid-term follow-up, explaining 32.2% of the 

observed variance.  
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Table 3: Preoperative determinants of sPAP at 3 months after PEA.  

 Mean SEM p-value R2 (%) 

NYHA class   0.049 12.6 

2 31.5 4.3   

3 45.5 3.7   

4 30.0 19.1   

 Beta SEM p-value R2 (%) 

mPAP 0.55 0.18 0.005 16.1 

TPR 0.01 0.01 0.075 7.2 

PCWP 1.12 0.50 0.030 10.3 

sPAP 0.31 0.11 0.009 15.3 

NR 35.0 10.8 0.002 21.3 

TAPSE -1.05 0.57 0.069 7.0 

 

Mean (± SEM) per NYHA class or change per unit increase (β±SEM) in sPAP at 3 months 

and the percentage variation explained (R2) based on univariate ANOVA. Abbreviations: 

see List of abbreviations 

 

Determination of notch ratio with the strongest predictive power  

After determining that NR was an important preoperative determinant of both in-

hospital death and hemodynamic improvement at 3 months post-PEA, with high NR 

being associated with a higher risk of death and residual pulmonary hypertension 

postoperatively, results from the ROC analysis were used to establish the optimal NR 

cutoff value to distinguish patients at risk of such unfavourable outcomes (Figure 2). In-

hospital mortality was best predicted when NR=1.0 was used as cutoff value (Table 2). 

Accordingly, all patients who died in-hospital had NR>1.0. Residual pulmonary 

hypertension was defined by echocardiographically determined sPAP>40mmHg, in 

agreement with current guidelines35. The AUC, sensitivity and specificity for  
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sPAP>40mmHg at 3 months post-PEA at both the optimal NR cut-off (NR>1.1) and 

NR>1 are shown in Table 3. When a combined endpoint of in-hospital mortality and 

sPAP>40mmHg at 3 months post-PEA was studied, NR=1.0 was a near-optimal cutoff 

value to predict this combined endpoint Although NR=1.1 had a slightly higher AUC of 

the ROC curve for the combined endpoint of in-hospital mortality and sPAP>40 mmHg 

at 3 months postoperatively (Table 4), we suggest to use NR=1.0 for this combined 

endpoint for the sake of practicality. 

 

Table 4: Area under the ROC curve (AUC), sensitivity and specificity with 95% CI at 

the optimal and suggested NR cut-off point.  

E
n

d
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o
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t 

N
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%
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9
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%
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n
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9
5

%
 C

I 
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9
5

%
 C

I 

Optimal 1.1 

[0.6

–

1.1] 

0.74 

[0.60 

– 

0.88] 

50% 

[26 

– 

78] 

96% 

[81 

–

100] sPAP > 

40 

mmHg 

14 

(24%) 

Suggested 1  0.71 

[0.57 

– 

0.85] 

50% 

[26 

– 

78] 

91% 

[89 

–

100] 

Optimal 1.1 

[0.7

–

1.1] 

0.77 

[0.66 

– 

0.89] 

63% 

[39 

– 

83] 

95% 

[86 

–

100] 

In 

hospital 

mortality 

or sPAP 

> 40 

mmHg 

20 

(34%) 

Suggested 1  0.76 

[0.64 

– 

0.99] 

65% 

[43 

– 

85] 

87% 

[75 

– 

97] 

 

*: Number and percentage of patients with the event; Other abbreviations: see List of 

abbreviations 
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Preoperative notch ratio and mid-term hemodynamic improvement 

To further illustrate the utility of NR=1.0 as cutoff value to predict hemodynamic 

improvement, we compared sPAP at 3 months post-PEA between patients with NR<1.0 

and those with NR>1.0. Although all preoperative variables, except NR, were similar 

between both groups (Table 5), sPAP at 3 months post-PEA was significantly lower in 

patients with NR<1.0 than in those with NR>1.0 (Figure 3). Of note, the proportion of 

patients who still had a notch postoperatively was significantly lower among patients with 

preoperative NR<1.0 (4 of 33) than among those with preoperative NR>1.0 (5 of 12, 

p=0.043). When a notch remained present postoperatively, there was no significant 

difference in NR between both groups (0.96±0.18 vs. 1.12±0.18, respectively). 
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Table 5: Preoperative variables of patients with no, early and late pulmonary flow 

systolic notch. All values were obtained at rest. Abbreviations: see List of abbreviations. 

No notch, n=7, except for 6-MWT (n=5). NR <1.0, n=33, except for 6-MWT (n=26) and 

PCWP (n=31). NR >1.0, n=18, except for 6-MWT (n=14) and PCWP (n=17). a mean ± 

SD, * versus no notch; † versus NR <1.0. Abbreviations: see List of abbreviations. 

 

 
No notch 

N=7 

NR < 1.0 

N=33 

NR >1.0 

N=18 

P-value 

Age, years a 48 ± 12 52 ± 15 55 ± 13 0.45 

Male, n (%) 1 (14) 13 (39) 5 (28) 0.46 

CTEPH duration, years a 2.2 ± 2.2 3.9 ± 3.6 3.1 ± 2.8 0.27 

NYHA class, n (%)    0.027 

 6 (86) 10 (30) 4 (22)  

 1 (14) 22 (67) 12 (67)  

 0 (0) 1(3) 2 (11)  

Heart rate, beats per minute a 74 ± 11 79 ± 12 86 ± 12 0.09 

Systolic blood pressure, mmHg a 127 ± 12 131 ± 19 119 ± 16 0.11 

Diastolic blood pressure, mmHg a 77 ± 13 77 ± 11 75 ± 10 0.85 

6-MWT, m a 477 ± 54 410 ± 115 332 ± 89 0.06 

Plasma BNP, pmol/l a 5.3 ± 3.5 40.5 ± 50.0 58.0 ± 55.7 * 0.04 

Catheterization 

mPAP, mmHg a 22.6 ± 6.7 47.0 ± 11.7 * 50.9 ± 14.3 * <0.001 

TPR, dynes*s*cm-5 a 288 ± 76 894 ± 461 * 1045 ± 474  * <0.001 

PCWP, mmHg a 
8.0 ± 3.8 12.6 ± 6.0 11.9 ± 6.4 0.17 

RAP, mmHg a 6.1 ± 3.1 10.0 ± 5.6 12.1 ± 5.6 0.06 

CI, L/min/m2 a 2.9 ± 0.2 2.5 ± 1.1 2.2 ± 0.7 * 0.04 

Echocardiography 

Tricuspid regurgitation severity 1.3 ± 1.0 1.8 ± 0.9 2.0 ± 0.6 0.20 

sPAP, mmHg a 
39.6 ± 10.5 79.5 ± 20.9 * 82.1 ± 22.1 * <0.001 

NR - 0.6 ± 0.2 1.3 ± 0.3  † <0.001 

TAPSE, mm a 21.3 ± 3.5 19.2 ± 5.3 17.0 ± 4.9 0.20 

RVEDD, cm a 
3.4 ± 0.2 4.5 ± 1.0 * 4.5 ± 0.8 * 0.001 
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Discussion 

We identified a novel echocardiographic variable, the pulmonary flow systolic NR, to be 

associated with perioperative mortality and hemodynamic improvement at mid-term 

follow-up in CTEPH patients who underwent PEA. The timing of such a notch within the 

cardiac cycle is an excellent predictor of perioperative mortality and functional 

improvement after PEA, with lower mortality risk and better hemodynamic outcome in 

patients with NR<1.0. Of note, this variable has a stronger and more consistent 

predictive power than more traditional variables, such as mPAP, sPAP, TPR, or indices of 

right ventricular function, e.g., TAPSE. Clearly, using this variable may be of great aid 

when preoperative assessments must establish which CTEPH patients are eligible for 

PEA. For instance, patients with severe elevations of PAP are probably good candidates 

for PEA if their NR is low (<1.0), even if they are severely symptomatic, because their in-

hospital mortality risk is low and their hemodynamic improvement is good. Conversely, 

given that patients with a NR>1.0 have a relatively high in-hospital mortality risk and 

more limited hemodynamic improvement, alternative treatments may be considered for 

these patients (e.g., bosentan and/or epoprostenol). In this context, the fact that notch 

(and NR) analysis is easy and safe to perform, while also being noninvasive, is a great 

asset. 

 

Proposed pathophysiologic basis of pulmonary flow systolic notch and its timing  

An echocardiographic hallmark of patients with pulmonary hypertension is systolic partial 

closure of the pulmonary valve, which is evident as a pulmonary flow systolic notch.14,36 

The presence of such a notch has been demonstrated in patients with congenital heart 

disease, IPAH, chronic obstructive pulmonary disease, and acute and chronic 

thromboembolic pulmonary hypertension.14,36 Increased wave reflection is believed to be 

the main explanation of this notch,14,15,36 as wave reflection may contribute to transient 

systolic pulmonary flow deceleration in patients with pulmonary hypertension.37,38 

Importantly, the timing of the notch may vary within the cardiac cycle.14,36 Clinical14 and 

experimental15 studies have provided evidence that an early notch signifies a proximal  
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Figure 2: ROC curves used notch ratio to predict perioperative mortality (A), systolic 

pulmonary artery pressure more than 40 mmHg at 3 months follow-up after pulmonary 

endarterectomy (B), and combination of both end-points (C). AUC: area under curve; 

sPAP: pulmonary artery systolic pressure. 

 

obstruction to pulmonary flow, while a late notch maps the obstruction site to a more 

distal position. Accordingly, a more proximal location of the functional reflection site was 

associated with a shorter time-to-peak of the reflected pressure wave.38 Still, various 

other factors may influence deceleration of pulmonary artery systolic flow. These include 

pulmonary artery pressure,15,36 stroke volume, and the diameter and viscoelastic 

properties of the pulmonary artery.15 The requirement that pulmonary artery pressure 

must be sufficiently elevated for a notch to occur may explain why we observed that 

patients with no notch (at rest) had only slightly elevated mPAP and sPAP at rest. 
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Figure 3: Preoperative and postoperative (3 months after PEA) sPAP of surviving 

patients with no pulmonary flow systolic notch, NR <1.0 and NR >1.0; * p<0.05 versus 

no notch (preoperative); † p<0.05 postoperative versus preoperative within group; ‡ 

p<0.05 versus no notch or NR<1.0 (postoperative). 

 

Notch timing and PEA outcome 

This proposed pathophysiologic basis of the notch is in accordance with the observation 

that patients with NR>1.0 had an increased in-hospital mortality risk and a limited 

hemodynamic improvement after PEA. These unfavorable outcomes may be explained by 

distal obstruction to pulmonary flow caused by secondary arteriopathy. Clearly, this 

derangement cannot be alleviated by surgical intervention. In support of this proposal, 4 

of 6 deaths were due to persistent pulmonary hypertension resulting in right ventricular 

failure, despite successful surgical removal of thromboembolic material, while in the 2 

remaining patients (who died intraoperatively from intractable bleeding),  
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postmortem analysis revealed secondary arteriopathy in the small pre-capillary 

pulmonary vessels. Of note, while the timing of the notch is a preoperative determinant 

of in-hospital mortality and mid-term hemodynamic improvement, it does not reflect the 

gross level of obstruction of pulmonary artery vasculature (PAP, TPR), nor contractility 

of the left ventricle (PCWP) or right ventricle (TAPSE, RVEDD, RAP), as these measures 

were similar between patients with NR<1.0 and those with NR>1.0. These findings 

further support the notion that notch timing has a distinct pathophysiological basis. 

 

Study limitations 

While this study clearly identifies NR as a powerful independent determinant of PEA 

success, it was limited in number at 58 patients. In particular, the number of deaths, while 

being in accordance with the ~10% in-hospital mortality rates as reported by most other 

centers7,13,39-41 (with the exception of the San Diego group, who reported a 4% in-hospital 

mortality rate10), was small. Finally, 7 patients with no notch underwent PEA because of 

disabling exercise limitation with thromboembolic occlusion (evidenced angiographically) 

and exercise-induced pulmonary hypertension (proven by right heart catheterization 

during exercise). However, we did not conduct echocardiographic examination during 

exercise in these patients. 

We sought to identify preoperative variables which are widely accepted in 

clinical practice. Therefore, we chose to use echocardiographically determined sPAP, 

rather than the tricuspid valve pressure gradient alone, because both variables yielded 

similar predictive power in our univariate models (not shown), while sPAP is a more 

widely reported variable. Although echocardiographic determination of sPAP has the 

potential weakness that it requires estimation of RAP using the collapsibility index of the 

inferior caval vein, this method has been validated.29 
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Conclusion 

We identified a novel and easily applicable echocardiographic predictor of the risk and 

efficacy of PEA for CTEPH. A preoperative late pulmonary flow systolic notch (NR>1.0) 

is an independent predictor of in-hospital mortality and limited hemodynamic 

improvement at 3 months after PEA. Future studies must resolve how this novel 

predictor may be used to optimize patient selection for PEA and clinical management of 

CTEPH patients. Also, delineation of the pathophysiologic basis of this notch may 

contribute to refining therapy strategies in other disorders associated with pulmonary 

hypertension. 

 

Acknowledgements 

Dr. Tan was supported by the Royal Netherlands Academy of Arts and Sciences 

(KNAW), the Netherlands Heart Foundation (2002B191, 2005B180), and the Bekales 

Foundation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 8 
 

__________________________________________________________________ 

221 

 

References 

 

1.  Fedullo PF, Auger WR, Kerr KM, Rubin LJ. Chronic thromboembolic pulmonary 

hypertension. N   Engl J Med 2001;345:1465-1472 

2.  Pengo V, Lensing AW, Prins MH, Marchiori A, Davidson BL, Tiozzo F, Albanese 

P, Biasiolo A, Pegoraro C, Iliceto S, Prandoni P; Thromboembolic Pulmonary 

Hypertension Study Group. Incidence of chronic thromboembolic pulmonary 

hypertension after pulmonary embolism. N Engl J Med 2004;350:2257-2264 

3.  Riedel M, Stanek V, Widimsky J, Prerovsky I. Longterm follow-up of patients 

with pulmonary thromboembolism. Late prognosis and evolution of 

hemodynamic and respiratory data. Chest 1982;81:151-158 

4. Archibald CJ, Auger WR, Fedullo PF, Channick RN, Kerr KM, Jamieson SW, 

Kapelanski DP, Watt CN, Moser KM. Long-term outcome after pulmonary  

thromboendarterectomy. Am J Respir Crit Care Med 1999;160:523-528 

5.  Kramm T, Mayer E, Dahm M, Guth S, Menzel T, Pitton M, Oelert H. Long-term 

results after thromboendarterectomy for chronic pulmonary embolism. Eur J 

Cardiothorac Surg 1999;15:579-584 

6.  Mayer E, Dahm M, Hake U, Schmid FX, Pitton M, Kupferwasser I, Iversen S, 

Oelert H. Mid-term results of pulmonary thromboendarterectomy for chronic 

thromboembolic pulmonary hypertension. Ann Thorac Surg 1996;61:1788-1792 

7. Dartevelle P, Fadel E, Mussot S, Chapelier A, Herve P, de Perrot M, Cerrina J, 

Ladurie FL, Lehouerou D, Humbert M, Sitbon O, Simonneau G. Chronic 

thromboembolic pulmonary hypertension. Eur Respir J 2004;23:637-648 

8.  Moser KM, Bloor CM. Pulmonary vascular lesions occurring in patients with 

chronic major vessel thromboembolic pulmonary hypertension. Chest 

1993;103:685-692 

9. Moser KM, Fedullo PF, Finkbeiner WE, Golden J. Do patients with primary 

pulmonary hypertension develop extensive central thrombi? Circulation 

1995;91:741-745 



A novel echocardiographic predictor of in-hospital mortality and mid-term hemodynamic 
improvement after PEA for chronic thromboembolic pulmonary hypertension 
__________________________________________________________________ 

222 

 

10. Jamieson SW, Kapelanski DP, Sakakibara N, Manecke GR, Thistlethwaite PA, 

Kerr KM, Channick RN, Fedullo PF, Auger WR. Pulmonary endarterectomy: 

experience and lessons learned in 1,500 cases. Ann Thorac Surg. 2003;76:1457-

1462 

11.  Hartz RS, Byrne JG, Levitsky S, Park J, Rich S. Predictors of mortality in 

pulmonary thromboendarterectomy. Ann Thorac Surg. 1996;62:1255-1259 

12.  Kim NH, Fesler P, Channick RN, Knowlton KU, Ben-Yehuda O, Lee SH, Naeije 

R, Rubin LJ. Preoperative partitioning of pulmonary vascular resistance 

correlates with early outcome after thromboendarterectomy for chronic 

thromboembolic pulmonary hypertension  Circulation 2004;109:18-22 

13.  D'Armini AM, Cattadori B, Monterosso C, Klersy C, Emmi V, Piovella F, 

Minzioni G, Vigano M. Pulmonary thromboendarterectomy in patients with 

chronic thromboembolic pulmonary hypertension: hemodynamic characteristics 

and changes. Eur J Cardiothorac Surg 2000;18:696-702 

14.  Torbicki A, Kurzyna M, Ciurzynski M, Pruszczyk P, Pacho R, Kuch-Wocial A, 

Szulc M. Proximal pulmonary emboli modify right ventricular ejection pattern. 

Eur Respir J 1999;13:616-621 

15.  Furuno Y, Nagamoto Y, Fujita M, Kaku T, Sakurai S, Kuroiwa A. Reflection as a 

cause of mid-systolic deceleration of pulmonary flow wave in dogs with acute 

pulmonary hypertension: comparison of pulmonary artery constriction with 

pulmonary embolisation. Cardiovasc Res 1991;25:118-124 

16.  Thistlethwaite PA, Mo M, Madani MM, Deutsch R, Blanchard D, Kapelanski DP, 

Jamieson SW. Operative classification of thromboembolic disease determines 

outcome after pulmonary endarterectomy. J Thorac and Cardiovasc Surg 

2002;124:1203-1211 

17.  Auger WR, Fedullo PF, Moser KM, Buchbinder M, Peterson KL. Chronic major-

vessel thromboembolic pulmonary artery obstruction: appearance at 

angiography. Radiology 1992;182:393-398 

 



Chapter 8 
 

__________________________________________________________________ 

223 

 

18.  Barst RJ, McGoon M, Torbicki A, Sitbon O, Krowka MJ, Olschewski H, Gaine S. 

Diagnosis and differential assessment of pulmonary arterial hypertension. J Am 

Coll Cardiol 2004;43:40S-47S 

19.  Hunt SA, Baker DW, Chin MH, Cinquegrani MP, Feldman AM, Francis GS, 

Ganiats TG, Goldstein S, Gregoratos G, Jessup ML, Noble RJ, Packer M, Silver 

MA, Stevenson LW, Gibbons RJ, Antman EM, Alpert JS, Faxon DP, Fuster V, 

Gregoratos G, Jacobs AK, Hiratzka LF, Russell RO, Smith SC Jr.  ACC/AHA 

guidelines for the evaluation and management of chronic heart failure in the 

adult. Circulation 2001;104:2996-3007 

20.  Simonneau G, Galie N, Rubin LJ, Langleben D, Seeger W, Domenighetti G, 

Gibbs S, Lebrec D, Speich R, Beghetti M, Rich S, Fishman A. Clinical classification 

of pulmonary hypertension. J Am Coll Cardiol 2004;43:5S-12S 

21.  Tulevski II, Hirsch A, Sanson BJ, Romkes H, van der Wall EE, van Veldhuisen DJ, 

Buller HR, Mulder BJ. Increased brain natriuretic peptide as a marker for right 

ventricular dysfunction in acute pulmonary embolism. Thromb Haemost 

2001;86:1193-1196 

22.  Nagaya N, Ando M, Oya H, Ohkita Y, Kyotani S, Sakamaki F, Nakanishi N. 

Plasma brain natriuretic peptide as a noninvasive marker for efficacy of 

pulmonary thromboendarterectomy. Ann Thorac Surg 2002;74:180-184 

23. Eysmann SB, Palevsky HI, Reichek N, Hackney K, Douglas PS. Two-dimensional 

and Doppler-echocardiographic and cardiac catheterization correlates of 

survival in primary pulmonary hypertension. Circulation 1989;80:353-360 

24.  ATS Committee on Proficiency Standards for Clinical Pulmonary Function 

Laboratories. ATS Statement: guidelines for the six-minute walk test. Am J 

Respir Crit Care Med 2002;166:111–117  

25.  Reynertson SI, Kundur R, Mullen GM, Costanzo MR, McKiernan TL, Louie EK. 

Asymmetry of right ventricular enlargement in response to tricuspid 

regurgitation. Circulation 1999;100:465-467 

 



A novel echocardiographic predictor of in-hospital mortality and mid-term hemodynamic 
improvement after PEA for chronic thromboembolic pulmonary hypertension 
__________________________________________________________________ 

224 

 

26.  Ghio S, Recusani F, Klersy C, Sebastiani R, Laudisa ML, Campana C, Gavazzi A, 

Tavazzi L. Prognostic usefulness of the tricuspid annular plane systolic excursion 

in patients with congestive heart failure secondary to idiopathic or ischemic 

dilated cardiomyopathy. Am J Cardiol 2000;85:837-842 

27.  Yock PG, Popp RL. Noninvasive estimation of right ventricular systolic pressure 

by Doppler ultrasound in patients with tricuspid regurgitation. et al. Circulation 

1984;70:657-662 

28.  Masuyama T, Kodama K, Kitabatake A, Sato H, Nanto S, Inoue M. Continuous-

wave Doppler echocardiographic detection of pulmonary regurgitation and its 

application to noninvasive estimation of pulmonary artery pressure. Circulation 

1986;74:484-492 

29.  Otto CM. Textbook of Clinical Echocardiography, editor. W.B. Saunders 

Company, Second Edition, 2000:126 

30.  Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, Levine RA, 

Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski H, Stewart WJ, 

Waggoner A, Weissman NJ. American Society of Echocardiography. 

Recommendations for evaluation of the severity of native valvular regurgitation 

with two-dimensional and Doppler echocardiography. J Am Soc Echocardiogr 

2003;16:777-802. 

31.  Kitabatake A, Inoue M, Asao M, Masuyama T, Tanouchi J, Morita T, Mishima M, 

Uematsu M, Shimazu T, Hori M, Abe H. Noninvasive evaluation of pulmonary 

hypertension by a pulsed Doppler technique. Circulation 1983;68:302-309 

32.  Okamoto M, Miyatake K, Kinoshita N, Sakakibara H, Nimura Y. Analysis of 

blood flow in pulmonary hypertension with the pulsed Doppler flowmeter 

combined with cross sectional echocardiography. Br Heart J 1984;51:407-415 

33.  Kosturakis D, Goldberg SJ, Allen HD, Loeber C. Doppler echocardiographic 

prediction of pulmonary arterial hypertension in congenital heart disease. Am J 

Cardiol 1984;53:1110-1115 

 



Chapter 8 
 

__________________________________________________________________ 

225 

 

34.  Daily PO, Dembitsky WP, Peterson KL, Moser KM. Modifications of techniques 

and early results of pulmonary thrombendarterectomy for chronic pulmonary 

embolism. J Thorac Cardiovasc Surg 1987;93:221–233 

35.  Galie N, Torbicki A, Barst R, Dartevelle P, Haworth S, Higenbottam T, 

Olschewski H, Peacock A, Pietra G, Rubin LJ, Simonneau G, Priori SG, Garcia 

MA, Blanc JJ, Budaj A, Cowie M, Dean V, Deckers J, Burgos EF, Lekakis J, Lindahl 

B, Mazzotta G, McGregor K, Morais J, Oto A, Smiseth OA, Barbera JA, Gibbs S, 

Hoeper M, Humbert M, Naeije R, Pepke-Zaba J. Guidelines on diagnosis and 

treatment of pulmonary arterial hypertension. The Task Force on Diagnosis and 

Treatment of Pulmonary Arterial Hypertension of the European Society of 

Cardiology. Eur Heart J 2004;25:2243-2278 

36.  Turkevich D, Groves BM, Micco A, Trapp JA, Reeves JT. Early partial systolic 

closure of the pulmonic valve relates to severity of pulmonary hypertension. Am 

Heart J 1988;115:409-418 

37.  Nakayama Y, Sugimachi M, Nakanishi N, Takaki H, Okano Y, Satoh T, Miyatake 

K, Sunagawa K. Noninvasive differential diagnosis between chronic pulmonary 

thromboembolism and primary pulmonary hypertension by means of Doppler 

ultrasound measurement. J Am Coll Cardiol 1998;31:1367-1371 

38. Castelain V, Herve P, Lecarpentier Y, Duroux P, Simonneau G, Chemla D. 

Pulmonary artery pulse pressure and wave reflection in chronic pulmonary 

thromboembolism and primary pulmonary hypertension.  J Am Coll Cardiol 

2001;37:1085-1092 

39.  Hagl C, Khaladj N, Peters T, Hoeper MM, Logemann F, Haverich A, Macchiarini 

P. Technical advances of pulmonary thromboendarterectomy for chronic 

thromboembolic pulmonary hypertension. Eur J Cardiothorac Surg 2003;23:776-

81 

40. Masuda M, Nakajima N. Our experience of surgical treatment for chronic 

pulmonary thromboembolism. Ann Thorac Cardiovasc Surg 2001;7:261-5. 

 



A novel echocardiographic predictor of in-hospital mortality and mid-term hemodynamic 
improvement after PEA for chronic thromboembolic pulmonary hypertension 
__________________________________________________________________ 

226 

 

41.  Dartevelle P, Fadel E, Chapelier A, Macchiarini P, Cerrina J, Parquin F, 

Simonneau F, Simonneau G. Angioscopic video-assisted pulmonary 

endarterectomy for post-embolic pulmonary hypertension. Eur J Cardiothorac 

Surg 1999 Jul;16:38-43. 

 



Chapter 8 
 

__________________________________________________________________ 

227 

 

Supplemental Table 5. 

Patient outcome NR PAAT 

(ms) 

RVET 

(ms) 

meanPAP 

(mmHg) 

1 alive 0.48 70 324 45 

2 alive 0.33 52 371 34 

3 alive 0.51 60 296 53 

4 alive no notch 78 324 19 

5 deceased 1.05 48 242 60 

6 alive 0.63 69 362 41 

7 alive 0.87 68 254 33 

8 alive 0.64 75 274 25 

9 alive 0.62 52 267 46 

10 alive 0.35 51.8 351 38 

11 deceased 1.65 67 265 73 

12 deceased 1.83 43 209 48 

13 alive 1.08 59 247 47 

14 alive 1.38 77 312 72 

15 alive 1.09 37 255 54 

16 alive 0.88 74 359 64 

17 alive 0.44 65 327 53 

18 alive 0.90 44 270 54 

19 alive 0.39 48 232 43 

20 alive 1.12 43 254 46 

21 alive 1.07 52 281 60 

22 deceased 1.92 100 266 39 

23 alive no notch 125 341 11 

24 alive 1.10 92 370 29 

25 deceased 1.26 56 222 66 

26 alive no notch 105 297 20 
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27 alive no notch 80 351 30 

28 alive no notch 97 311 25 

29 alive 1.10 67 340 22 

30 alive 0.75 74 313 33 

31 alive no notch 86 332 30 

32 alive 1.10 79 281 34 

33 alive 1.17 60 200 42 

34 alive 0.48 75 333 29 

35 alive 0.64 52 243 58 

36 alive 0.94 67 297 41 

37 alive 0.66 74 309 47 

38 alive 0.65 50 218 48 

39 alive 0.68 57 316 52 

40 alive 1.08 92 233 48 

41 alive 1.26 67 300 33 

42 alive 0.67 67 274 55 

43 alive 0.69 56 257 40 

44 alive 0.49 49 298 40 

45 alive 0.66 55 211 49 

46 alive 1.30 49 198 64 

47 alive 0.63 70 383 36 

48 alive 0.87 53 279 66 

49 alive 0.65 59 269 59 

50 alive 0.79 50 204 60 

51 alive 0.41 44.5 296 52 

52 alive 0.71 53 241 46 

53 alive no notch 90 314 23 

54 deceased 1.1 68 334 57 

55 alive 0.60 44 245 75 
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56 alive 0.67 40 237 59 

57 alive 0.50 56 309 48 

58 alive 0.50 89 327 29 

59 
alive 

not 

stored 
  31 

60 
alive 

not 

stored 
  49 

61 
alive 

not 

stored 
  45 

 

NR, notch ratio; PAAT, pulmonary artery acceleration time; RVET, right ventricular 

ejection time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




