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Abstract 26 

 27 

     High wave speed and large wave reflection in the pulmonary artery have previously 28 

been reported in patients with chronic thromboembolic pulmonary hypertension 29 

(CTEPH). We assessed the impact of pulmonary endarterectomy (PEA) on pulmonary 30 

arterial wave propagation and reservoir function in CTEPH patients. Right heart 31 

catheterization was performed using a combined pressure and Doppler flow sensor 32 

tipped guidewire to obtain simultaneous pressure and flow velocity measurements in the 33 

pulmonary artery in eight CTEPH patients before and 3 months after PEA. Wave 34 

intensity and reservoir-excess pressure analyses were then performed. Following PEA, 35 

mean pulmonary arterial pressure (PAPm, ∼49 versus ∼32 mmHg), pulmonary vascular 36 

resistance (PVR, ∼11.1 versus ∼5.1 Wood Units) and wave speed (∼16.5 versus ∼8.1 37 

m/s), i.e. local arterial stiffness, markedly decreased. The changes in the intensity of the 38 

reflected arterial wave and wave reflection index (pre: ∼28%; post: ∼22%) were small 39 

and post-PEA patients with and without residual pulmonary hypertension (i.e. PAPm 40 

≥25 mmHg) had similar wave reflection index (∼20 versus ∼23%). The reservoir and 41 

excess pressure decreased post-PEA and the changes were associated with improved 42 

right ventricular afterload, function and size. In conclusion, while PVR and arterial 43 

stiffness decreased substantially following PEA, large wave reflection persisted, even in 44 

patients without residual pulmonary hypertension, indicating lack of improvement in 45 

vascular impedance mismatch. This may continue to affect the optimal ventriculo-46 

arterial interaction and further studies are warranted to determine whether this 47 

contributes to persistent symptoms in some patients.  48 

 49 
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Keywords: pulmonary hypertension, pulmonary endarterectomy, wave intensity 50 

analysis, wave reflection, arterial stiffness 51 

 52 

New and Noteworthy 53 

 54 

We performed wave intensity analysis in the pulmonary artery in patients with chronic 55 

thromboembolic pulmonary hypertension before and 3 months after pulmonary 56 

endarterectomy. Despite of substantial reduction in pulmonary arterial pressures, 57 

vascular resistance and arterial stiffness, large pulmonary arterial wave reflection 58 

persisted 3 months post-surgery, even in patients without residual pulmonary 59 

hypertension, suggestive of lack of improvement in vascular impedance mismatch.  60 

 61 

 62 

   63 
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Introduction 64 

 65 

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by an 66 

elevated mean pulmonary arterial pressure (PAPm) ≥ 25 mmHg due to obstruction of 67 

the pulmonary arteries following an episode or recurrent episodes of pulmonary 68 

embolism (16). Left untreated, the disease progresses to right heart failure and death. 69 

The treatment of choice is pulmonary endarterectomy (PEA), which has dramatically 70 

increased the survival of CTEPH patients (15). However, despite technically successful 71 

endarterectomy, some patients remain symptomatic (6). Current hemodynamic 72 

evaluation of pulmonary hypertension (PH) mainly focusses on PAPm and pulmonary 73 

vascular resistance (PVR), i.e. the steady component of right ventricular (RV) afterload, 74 

while the pulsatile (dynamic) afterload, which is related to arterial stiffness and wave 75 

reflection, is often neglected.  76 

 Wave intensity analysis (WIA) is a time-domain based approach for the assessment 77 

of pulsatile afterload and ventricular function. It quantifies the intensity, origin, type and 78 

timing of arterial waves (41, 51). Forward traveling waves arise from ventricular 79 

contraction or relaxation, which generate forward compression (FCW) or 80 

decompression waves (FDW) that increase or decrease pressure and flow, respectively. 81 

Backward traveling waves, e.g. reflected waves, originate as a consequence of 82 

admittance (or inversely impedance) mismatching in the vasculature. Depending on the 83 

nature of the admittance mismatch, they can be backward compression waves (BCW) 84 

that increase the pressure while decreasing the flow or backward decompression waves  85 

that decrease the pressure while increasing the flow. In addition to characterizing wave 86 

intensity, direction and type, WIA can also be used to determine wave speed (i.e. local 87 

pulse wave velocity), a measure of arterial stiffness. Previous studies applying WIA in 88 
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the pulmonary artery have revealed distinctive wave characteristics in CTEPH patients. 89 

Notably, greater wave speed and wave reflection were observed indicative of increased 90 

local arterial stiffness and admittance mismatching between the proximal and distal 91 

vasculature, respectively (44, 52).  92 

Another approach that can be used to describe the arterial system is the reservoir-93 

excess pressure analysis (40, 59), which characterizes the measured pressure waveform 94 

in terms of a reservoir and excess pressure and is, to some extent, analogous to the 3-95 

element Windkessel model of the circulation (58). The application of reservoir-excess 96 

pressure analysis is increasingly being used in the systemic circulation and indices 97 

derived from the analysis have been shown to predict cardiovascular events (12, 20, 38). 98 

However, only a limited number of studies have explored the reservoir-excess pressure 99 

approach in the pulmonary artery (18, 53) and these have shown increased reservoir and 100 

excess pressures in PH patients.  101 

The influence of PEA on pulmonary arterial wave propagation and reservoir function 102 

has not been investigated previously and here, we use WIA and reservoir-excess 103 

pressure analysis to provide additional information about the RV load and pulmonary 104 

vasculature following PEA.   105 

 106 

Methods 107 

 108 

Ethical Approval 109 

 110 

Study participants were selected among patients undergoing clinical investigations 111 

for CTEPH at Hammersmith Hospital, Imperial College Healthcare, United Kingdom, 112 

and Aarhus University Hospital, Denmark. Patient inclusion criteria were standardized 113 
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and an identical protocol was used at both centers to avoid bias. The same investigator 114 

(JS) collected all the data at both sites to avoid inter-observer variability. Patients were 115 

excluded if CTEPH was ruled out or if they were considered unsuitable for PEA, which 116 

was performed either at Papworth Hospital, Cambridge or Aarhus University Hospital. 117 

The study complied with the Declaration of Helsinki and was approved by the local 118 

Ethics Committees (references 13/LO/1305 and M-2013-278-13) and all participants 119 

gave written informed consent.  120 

 121 

Study Protocol 122 

 123 

Right heart catheterization was performed using a 6 Fr balloon flotation catheter that 124 

was advanced into the pulmonary artery via the right brachial or jugular vein. 125 

Subsequently, a combined dual-tipped pressure and Doppler flow sensor wire 126 

(Combowire, Philips Volcano, California, USA) was advanced approximately 1 cm 127 

beyond the end of the catheter (52). Doppler flow velocity signals were optimized by 128 

careful manipulation of the catheter and wire in situ. Once stable signals were observed, 129 

pressure and velocity data were acquired simultaneously at a sampling rate of 200 Hz 130 

for ~60 seconds together with ECG monitoring in a free breathing state in the main, left 131 

and right pulmonary arteries (PA). All patients were in sinus rhythm at the time of 132 

investigation. All investigations including routine transthoracic echocardiography and 133 

blood tests were performed before and 3 months after PEA. In addition to the included 134 

CTEPH patients, analyses were also applied to the acquired pressure and velocity data 135 

from the pulmonary arteries of patients without pulmonary vascular disease that were 136 

included in a previous study and these patients served as controls (52). 137 

 138 
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Right Ventricular Work and Afterload 139 

 140 

The global pulmonary arterial compliance was calculated as right ventricular stroke 141 

volume (RVSV) divided by pulmonary arterial pulse pressure. PVR was calculated as 142 

the transpulmonary pressure difference, defined as the difference between PAPm and 143 

pulmonary arterial wedge pressure (PAWP), divided by cardiac output. Total 144 

pulmonary resistance (TPR) was calculated as PAPm divided by cardiac output.   145 

RV power and energy densities, defined as the power and energy , respectively, 146 

delivered by the right ventricle to generate the stroke volume per unit cross sectional 147 

area (CSA) of the artery, are useful dimensions for comparison with wave intensity (i.e. 148 

power density) and energy density. Given the heart rate (HR) and mean flow velocity 149 

(Umean), RV power/energy densities were derived from steady flow RV stroke work 150 

(RVSW) (8) using previously described formulas (Equations 1 – 3) (52).  151 

(1) 𝑅𝑉 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = = ( )∙∙ / = ( )/   152 

Hence,  153 

(2)  𝑅𝑉 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (𝑃𝐴𝑃𝑚 − 𝑅𝐴𝑃) ∙ 𝑈 ∙ 𝐶𝐶𝐷 154 

and 155 

(3) 𝑅𝑉 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (𝑃𝐴𝑃𝑚 − 𝑅𝐴𝑃) ∙ 𝑈  156 

where RAP is the right atrial pressure and CCD is the duration of the cardiac cycle. 157 

 158 

Wave Intensity Analysis 159 

  160 

     Recorded pressure (P) and velocity (U) data were processed offline using customized 161 

Matlab software (v2015a MathWorks, Massachusetts, USA). Using the R-wave on ECG 162 

as a fiducial marker, pressure and velocity signals were ensemble-averaged and 163 
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smoothed using a Savitzky-Golay differentiating filter (2nd order polynomial fit, 164 

window size 11). Hardware-related delay between pressure and velocity signals was 165 

corrected by shifting the velocity data until the beginning of the upslope of the velocity 166 

and pressure waveforms were aligned (52).  167 

The wave speed (c) was calculated using the sum of squares method (Equation 4) 168 

(13).  169 

(4) 𝑐 = ∙ ∑∑  170 

 171 

Where ρ is the blood density, assumed to be 1040 kg/m3 and the summation was taken 172 

over the entire cardiac period.  173 

Another common approach to determine the local wave speed is the PU-loop method, 174 

where pressure is plotted against velocity and the slope of the early linear portion of the 175 

PU-curve is expected to be equal to the product of blood density and wave speed (24). 176 

This is only valid under the assumption that there is no wave reflection in early systole, 177 

i.e. that there is an early linear segment. However, in many of our subjects, the PU-loop 178 

did not display a linear initial segment and in practice, PU-loop estimates of wave speed 179 

were poorly reproducible; therefore, we chose to use the sum of squares method. 180 

     Wave intensity was separated into its forward (WI+) and backward (WI-) components 181 

and normalized to the duration of the cardiac cycle (CCD) to make it independent of 182 

sampling rate (52, 53) (Equation 5).   183 

(5) 𝑊𝐼± = ± ∙ ± 𝜌𝑐 ∙ ∙ (4𝜌𝑐)  184 

 185 

Separated waves were quantified by the peak intensity of the individual waves 186 

(W/m2) and by the cumulative area under each wave (J/m2) corresponding to the power 187 
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and energy, respectively, carried by each wave per cross sectional area of the artery over 188 

a cardiac cycle squared. Wave reflection index (WRI) was calculated as the ratio of the 189 

BCW to FCW energy.      190 

 191 

Reservoir-excess Pressure Analysis 192 

 193 

    The reservoir-excess pressure approach was originally developed using both pressure 194 

and flow velocity data (59). However, as flow velocity is rarely measured during 195 

clinical settings, here, reservoir-excess pressure analysis was performed using only the 196 

measured pressure (Equation 6) (2), as this method can be reproduced by most 197 

investigators. Both methods give quantitatively similar results. 198 

 199 

(6)200 

 𝑃 =201 𝑃 ∙ 𝑒 ( ) + 𝑃 1 − 𝑒 ( ) + 𝑘 ∙ 𝑒 ( ) 𝑃(𝑡′)𝑒 ( )202 

  203 

 204 

The reservoir pressure (Pr) varies in magnitude through changes in the resistance (R) to 205 

outflow from the reservoir, the reservoir compliance (C) and the asymptotic pressure 206 

(P∞), which is the limit for the exponential decay of the reservoir pressure during 207 

diastole and corresponds to the pressure at which outflow through the microcirculation 208 

would be predicted to be zero assuming a mono-exponential decay (Figure 1). ks is the 209 

rate constant for reservoir filling. It is the inverse of the product of compliance and the 210 

ratio between arterial inflow and excess pressure. This ratio is related to, but not 211 

necessarily equal to, the characteristic impedance of the pulmonary artery (by analogy 212 
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with the 3-element Windkessel model). kd is the constant for reservoir emptying. P0 is 213 

the pressure at time, t0, corresponding to the end of ventricular ejection, i.e. at the time 214 

of closure of the pulmonary valve (Figure 1). This was assumed to correspond to the 215 

time of maximal negative dP/dt (1, 45). The excess pressure (Px) is calculated as the 216 

difference between the measured pressure and the reservoir pressure. 217 

     Reservoir and excess pressures were quantified by peak Pr (minus diastolic pressure) 218 

and Px, and the integral of Pr (minus diastolic pressure) and Px, respectively. Note that 219 

WIA described above was applied to the measured pressure rather than the calculated 220 

excess pressure, as the validity of WIA using the excess pressure remains controversial 221 

(37, 49).   222 

     Three different estimates of the diastolic pressure decay time were calculated. The 223 

diastolic time constant, τ, i.e. the inverse of the kd, was derived from the reservoir-224 

excess pressure analysis. The RC-time was calculated as RCPVR, defined as the product 225 

of PVR and arterial compliance (Cp) (56) and RCTPR, defined as the product of TPR and 226 

Cp (27).  227 

 228 

Statistical Analysis 229 

 230 

Sample data are summarized as means ± SD. Differences between pre- and post-PEA 231 

data were then compared using a paired Student’s t-test. WIA and reservoir parameters 232 

from the main, right and left PAs were analyzed using mixed linear models to examine 233 

the differences between pre- and post-PEA data. These data are presented as estimated 234 

marginal means and 95 % CI. Where appropriate, data were log-transformed prior to 235 

analysis to achieve normally distributed residuals. 1-way repeated measures analysis of 236 

variance (ANOVA) was performed to detect differences between τ, RCPVR and RCTPR. 237 
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Post-hoc tests following ANOVA employed a Bonferroni adjustment for multiple 238 

testing. Spearman’s correlation analysis was performed to examine monotonic 239 

relationships between variables. Following PEA, the patients were separated into two 240 

groups a priori: those with residual PH and those without (i.e. a PAPm < 25 mmHg 241 

after surgery). Differences in WIA and reservoir parameters between the two groups 242 

and controls were compared using mixed linear models. The level of significance was 243 

set at p <0.05. All statistical analyses were performed using Stata (v13, StataCorp, 244 

Texas, USA).  245 

 246 

Results 247 

 248 

Patient Characteristics  249 

 250 

     In total, 10 CTEPH patients underwent PEA. Two patients were lost to follow-up 251 

and the remaining eight patients (67 ± 9 years, 3 male) completed the post-PEA 252 

investigations. Average waiting period from the initial assessment to PEA was 4.0 ± 2.3 253 

months and average time to first follow-up post-PEA was 3.8 ± 1.1 months. Significant 254 

symptomatic and hemodynamic improvements were achieved following PEA (Table 1). 255 

Overall, PAPm decreased by 16 ± 17 mmHg, PVR decreased by 6.0 ± 5 Wood Units 256 

and cardiac output increased by 1.3 ± 1.1 l/min (Table 1 and Supplementary Figure S1: 257 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). RV size 258 

reduced and RV function improved (Supplementary Table S1: 259 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). 260 

    PAPm dropped to <25 mmHg in three patients (out of 8) following PEA .These 261 

patients also had a significantly smaller right atrium and ventricle post-PEA compared 262 
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to patients with residual PH (defined as PAPm ≥25 mmHg, data not shown). In two 263 

patients, PAPm increased after PEA; in one of them the increased PAPm could be 264 

explained by increased cardiac output. The cardiac output remained the same in one 265 

patient and increased in the rest of the cohort (Supplementary Figure S1: 266 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). Post-PEA 267 

hemodynamic outcomes did not appear to be associated with pre-operative 268 

hemodynamic measurements, RV size or function, and was unrelated to whether the 269 

patient had predominantly main/lobar or segmental artery disease.  270 

      271 

Arterial Wave Characteristics  272 

 273 

The pressure and flow velocity profiles and the corresponding WIA patterns from the 274 

main pulmonary artery of a patient before (Figure 2A & B) and after (Figure 2C & D) 275 

surgery are shown. This patient achieved a substantial drop in pulmonary pressures with 276 

a PAPm <25 mmHg post-PEA along with a substantial increase in flow velocity. WIA 277 

revealed three dominant systolic waves. The observed FCW in early systole and FDW 278 

in late systole were generated by RV contraction and relaxation, respectively, while the 279 

mid-systolic BCW was attributed to reflection of the preceding FCW. Following PEA, 280 

BCW did not diminish. For comparison, WIA pattern of a representative control subject 281 

(Figure 2E & F) without pulmonary vascular disease from a previous study (52) showed 282 

minimal BCW. Table 2 shows the estimated marginal means of the pooled WIA indices 283 

from the three PA branches (summary statistics for each of the branch are shown in 284 

Supplementary Table S2: 285 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). Following 286 

PEA, wave speed significantly decreased by 8 m/s [95 % CI: 6; 11 m/s]. The intensity 287 
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of BCW and wave reflection index (WRI, defined as the ratio between BCW and FCW 288 

energy) also decreased, although the decrease in WRI (by 6 % [95 % CI: 1 ; 13 %]) did 289 

not achieve statistical significance. FCW intensity and energy density and the ratio of 290 

FCW to RV stroke power and energy densities remained essentially unchanged.  291 

When compared to control subjects without pulmonary vascular disease (N = 10, 59 292 

± 14 years, 8 male) from our previous study (52), post-PEA wave speed and wave 293 

energy were much greater in patients with residual PH (Figure 3). Patients that achieved 294 

a PAPm <25 mmHg post-PEA had significantly lower wave speed than those with 295 

residual PH, although it remained significantly greater compared to controls. In 296 

contrast, post-PEA WRI in patients with a PAPm <25 mmHg was similar to patients 297 

with residual PH and it remained substantially greater than individuals without 298 

pulmonary vascular disease (Figure 3C). 299 

 300 

Reservoir Function 301 

 302 

    Separation of the measured pressure into a reservoir pressure and an excess pressure 303 

is illustrated in Figure 4. Table 3 shows the estimated marginal means of the pooled 304 

reservoir indices from the three PA branches (summary statistics for each of the branch 305 

are shown in Supplementary Table S3: 306 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). Both the 307 

reservoir and excess pressures decreased following PEA (Table 3, Figure 4C & D). 308 

Comparison of the morphology of the excess pressure waveform with the velocity 309 

waveform in patients with CTEPH showed that the two waveforms deviated from one 310 

another noticeably in mid-systole (Figure 4B & D) consistent with substantial wave 311 

reflection. This was not seen in controls (Figure 4F). The morphology of the flow 312 
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velocity waveform was also noticeably different in patients with CTEPH (before and 313 

after PEA) compared with controls (compare 4B, D & F).  314 

     Compared to control subjects without pulmonary vascular disease and patients 315 

without residual PH post-PEA, the reservoir, excess and asymptotic pressures were 316 

significantly greater in patients with residual PH (Figure 5). However, patients without 317 

residual PH post-PEA had a reservoir pressure (both peak and integral) that remained 318 

significantly greater compared to controls (Figure 5A). Post-PEA excess pressure of 319 

patients without residual PH was also greater compared to controls; while there was a 320 

large degree of normalization of the asymptotic pressure (Figure 5B and 5C).  321 

Estimates of the diastolic pressure decay time, using the parameters τ, RCPVR and 322 

RCTPR, differed significantly from each other both pre and post-PEA. Expectedly, there 323 

was a strong correlation between RCPVR and RCTPR, while post-PEA τ was moderately 324 

correlated to RCPVR and RCTPR (Figure 6). PEA did not affect RCTPR (Table 3). In 325 

contrast, τ increased and RCPVR reduced following PEA. Of note, post-PEA (but not 326 

pre-PEA) τ was significantly correlated to the post-PEA asymptotic pressure. 327 

 328 

Correlation Analyses  329 

 330 

     The correlation of changes (post-PEA minus pre-PEA values) in the WIA and 331 

reservoir indices from the main pulmonary artery to the conventionally used 332 

hemodynamic measurements, echocardiographic parameters reflecting RV size and 333 

function and B-type natriuretic peptide (BNP) was examined (Supplementary Table S4: 334 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae). Decreased 335 

wave speed was significantly correlated to changes in PVR (rho = 0.79, p = 0.02), 336 

arterial compliance (rho = -0.81, p = 0.01) and BNP (rho = 0.82, p = 0.02). The decrease 337 
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in reservoir pressure was significantly associated with the decrease in pulse pressure 338 

(rho = 0.98, p < 0.01) and the increase in arterial compliance (rho = -0.88, p < 0.01) and 339 

decreased excess pressure was significantly correlated to decreased RV diastolic 340 

diameter (rho = 0.79, p = 0.02), RV area (rho = 0.74, p = 0.04) and decreased BNP (rho 341 

= 0.82, p = 0.02). Decreased asymptotic pressure was significantly associated with 342 

decreased PAPm (rho = 0.95, p < 0.01) and decreased PVR (rho = 0.79, p = 0.02). In 343 

contrast, changes in wave energy and WRI were not significantly correlated to changes 344 

in any of the conventionally used hemodynamic parameters or RV size and function 345 

(Supplementary Table S4: 346 

https://osf.io/h2dwk/?view_only=765df6c79dcf4d4ab9c697be0c4701ae), although there 347 

was a moderate positive correlation between the decrease in FCW energy and decreased 348 

BNP (rho = 0.71; p = 0.07). 349 

 350 

Discussion 351 

 352 

     We used WIA and reservoir-excess pressure analysis to assess the influence of PEA 353 

on pulmonary arterial wave propagation and reservoir function. Following PEA, PAPm 354 

decreased (it was below 25 mmHg in more than 1/3 of the patients). The local wave 355 

speed also decreased markedly, but wave reflection was only slightly reduced, even in 356 

patients with a PAPm <25 mmHg post-PEA. Reservoir, excess and asymptotic 357 

pressures all decreased and these changes were associated with improved RV afterload, 358 

function and size; Finally, RCPVR decreased and τ increased, while RCTPR appeared to 359 

be unchanged. 360 

 361 

Impact of PEA on Wave Speed and Wave Energy 362 
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 363 

Consistent with previous studies (11, 17), significant improvements in pulmonary 364 

hemodynamics and RV function were observed 3 months post-PEA with ∼34 % 365 

reduction in PAPm, ∼55 % reduction in PVR and ∼32 % increase in cardiac output. 366 

Corresponding to improved arterial compliance, wave speed, a measure of pulmonary 367 

arterial stiffness, decreased by ∼50 %; although, it remained significantly higher than 368 

the wave speed of control subjects, even in patients with a PAPm < 25 mmHg after 369 

surgery. The contribution of arterial stiffness to RV afterload is often neglected; 370 

however, its inverse, arterial compliance, has been shown to be a strong independent 371 

predictor of mortality in pulmonary arterial hypertension patients (32, 33), and in the 372 

systemic circulation, aortic pulse wave velocity is an independent predictor of 373 

cardiovascular events (5, 29).  374 

 FCW energy represents the work done by the ventricle to generate pulse waves, 375 

while RV stroke work accounts for the energy used to maintain steady flow; both 376 

remained essentially unchanged after PEA, although there was some evidence of 377 

normalization in patients with a PAPm < 25 mmHg after surgery. The ratio of FCW to 378 

RV stroke work also remained unchanged indicating unaffected proportional 379 

contribution of the wave and mean power to the total RV hydraulic power. FCW is 380 

generated during RV ejection and consequently, its magnitude is influenced by RV 381 

preload, contractility and the properties of the pulmonary artery (23). The preserved 382 

wave energy and RV stroke work may therefore be explained by the increased cardiac 383 

output post-PEA due to decreased RV afterload.  384 

 385 

Impact of PEA on Wave Reflection 386 

 387 
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Reflected waves are generated when the energy transmission property between the 388 

proximal and distal vasculature differs leading to an admittance (or inversely 389 

impedance) mismatch (41). Reflected compression waves that arrive in systole augment 390 

pressure and impede flow and therefore constitute an additional load on the contracting 391 

right ventricle. The normal pulmonary circulation is efficiently constructed so that it 392 

facilitates forward traveling waves and impedes backward traveling waves (60), while 393 

high intensity reflected waves are evident in CTEPH patients (44, 52). Interestingly, 394 

high intensity reflected waves were observed both pre- and post-PEA and the magnitude 395 

of wave reflection diminished only slightly following PEA. In a previous study, we 396 

have demonstrated that large wave reflection was present in patients with mildly 397 

elevated pulmonary pressures, similar to those with severely elevated pulmonary 398 

pressures and thus, we suggested that vascular impedance mismatch may occur in the 399 

initial phase of pulmonary vascular disease (52). In keeping with these previous 400 

observations, the findings from the present study suggest that despite substantial 401 

reduction in pulmonary pressures and PVR in some patients, some degree of vascular 402 

admittance mismatch persisted. This may be indicative of residual pulmonary arterial 403 

disease, which may continue to adversely affect interactions between the right ventricle 404 

and the vasculature. Persistent large wave reflection post-PEA does not imply that 405 

removal of thrombi did not influence wave energy transmission. Wave behavior in the 406 

vicinity of thrombi is poorly understood. Thrombi may act as a reflector or they may 407 

partially absorb energy.  Although the net wave reflection remained large, it is difficult 408 

to establish whether the location of the reflection sites altered. Some studies (28, 44) 409 

have used the local wave speed and half of the time difference between FCW to BCW 410 

to give an estimate of the “effective” reflection site. This calculation is based on the 411 

assumption that the local wave speed is constant throughout the circulation and that 412 
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reflection arises form a single site; both of these assumptions are questionable (48). 413 

Therefore, we have refrained from estimating the location of effective reflection site(s). 414 

Whether the large wave reflection contributes to persistent exercise intolerance and 415 

residual symptoms post-PEA (6, 10) remains to be determined.  416 

First described by Andersen and colleagues and later confirmed by Moser and Bloor, 417 

it is now widely accepted that CTEPH is a dual compartment vascular disorder (3, 35) 418 

with development of various degrees of secondary small-vessel arteriopathy distal to 419 

both obstructed and unobstructed large arteries. Hence, despite successful 420 

endarterectomy, the impact of distal vascular remodeling, which could be irreversible, 421 

may be sustained and this could contribute to persistent vascular admittance 422 

mismatching. Moreover, partially occluding thrombi in the distal locations may remain 423 

and fragile thrombus materials may break during surgery and travel to distal vessels 424 

(39) contributing to impaired pulse wave energy transmission. Post-PEA admittance 425 

mismatching may also be related to post–surgery complications such as pulmonary 426 

vascular steal syndrome, where previously obstructed areas become hyperperfused, 427 

while non-endarterectomized areas become hypoperfused (39) or structural damage to 428 

the vessel wall during surgery. Removal of tunica intima and some of the tunica media 429 

of the affected vascular segments during PEA will alter the anatomy of the vessel wall 430 

and cause endothelial dysfunction. (22). Regenerated endothelium has been shown to 431 

exhibit impaired nitric oxide production which causes impaired vascular responses (57). 432 

Further studies are warranted to determine the pathophysiology and implications of 433 

persistent vascular admittance mismatching and whether it improves during longer term 434 

follow-up in the same way that gas exchange capacity improves (54) and vascular steal 435 

resolves (36).  436 

 437 
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Impact of PEA on Reservoir Function 438 

 439 

The reservoir-excess pressure analysis offers an additional perspective on pulmonary 440 

hemodynamics. Customarily, reservoir-excess pressure analysis is applied to pressures 441 

acquired by high fidelity micromanometers, as fluid-filled catheters are associated with 442 

issues such as damping and insufficient frequency responsiveness. However, 443 

performing reservoir-excess pressure analysis on carefully acquired data using fluid-444 

filled catheters may be possible. If so, this could facilitate the use of reservoir-excess 445 

pressure analysis in research and clinical settings.  446 

As RV afterload increases in pulmonary hypertension, reservoir, excess and 447 

asymptotic pressures increase (18, 53) and they remain high in patients with residual PH 448 

following PEA. Analogous to its systemic counterpart (42), the work done by the 449 

ventricle on the reservoir work represents the energy used to charge the elastic vessels 450 

in systole; this provides the driving pressure for microcirculatory flow during diastole. 451 

The excess pressure is the residual pressure once reservoir pressure is subtracted. Both 452 

these pressures are attributable to waves. Nevertheless, excess pressure is more 453 

indicative of local conditions; thus, it is noteworthy that the decrease in excess pressure 454 

was related to improved RV function and reduced RV size. Reservoir pressure also 455 

decreased due to the increased arterial compliance (and reduced resistance) following 456 

PEA. The reduction in reservoir pressure can be viewed as an indication of improved 457 

hydraulic behavior of the pulmonary circulation as the reservoir pressure represents the 458 

pressure that results in the minimum ventricular hydraulic work for a given flow 459 

waveform (42). This emphasizes that arterial compliance is beneficial for the system as 460 

it acts as a buffer (or a “reservoir”) for pulsatile ejection.  461 
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The asymptotic pressure (P∞) is an empirical parameter derived from the reservoir-462 

excess pressure model. It is assumed to represent the equilibrium pressure at which flow 463 

out of the large elastic arteries would be expected to cease. This generally exceeds the 464 

left atrial pressure due to the Starling-resistor characteristics of the lung and the 465 

pulmonary microcirculatory vessels. It is assumed that near-zero pulmonary flow occurs 466 

at end-diastole (21) consistent with a P∞ that is close to the diastolic pressure. This 467 

“critical closing pressure” is influenced by vascular smooth muscle tone, pulmonary 468 

rarefaction and vascular lesions as well as the alveolar pressure and gas tension (9, 30, 469 

34, 43). Therefore, perhaps due to partial restoration of the pulmonary vasculature 470 

following PEA, there was a marked decrease in the asymptotic pressure. It has been 471 

suggested that the difference between the arterial P∞ and venous P∞ is related to 472 

microcirculatory resistance (7). In support of this theory, we observed a ∼41% decrease 473 

in P∞ and the decrease was strongly correlated to the decreased PAPm and PVR. 474 

 475 

Diastolic Pressure Decay 476 

 477 

The diastolic pressure decay time is a topic of special interest in the pulmonary 478 

circulation; it is usually assumed to follow a mono-exponential function determined by 479 

arterial compliance and resistance. The decay time represents the time necessary for the 480 

pressure to decrease to 1/e of the difference between P0 (i.e. pressure at the time of 481 

closure of the pulmonary valve) and the zero-flow pressure (Figure 1). For simplicity, 482 

the pressure decay time is often expressed as the RC-time, calculated as the product of 483 

PVR or TPR and estimated total pulmonary arterial compliance. Total pulmonary 484 

arterial compliance can be derived from a Windkessel model (27); although it is 485 

commonly calculated as the stroke volume to pulse pressure ratio (26, 56).  It has been 486 
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proposed that in the pulmonary circulation, resistance and compliance are coupled 487 

through an inverse hyperbolic relationship, resulting in a fixed  RC-time in health and 488 

disease and during treatment (4, 26, 27). A fixed RC-time implies that knowledge of 489 

either resistance or compliance enables the derivation of the other parameter and that 490 

RV oscillatory power remains a constant fraction of total RV power (46). However, the 491 

concept of a fixed RC-time has repeatedly been challenged, as shortened RC-time has 492 

been shown in CTEPH patients (31),  patients with elevated PAWP (56) and subjects 493 

with a PAPm < 25 mmHg (55) 494 

In keeping with a previous study (31), we observed that RCPVR reduced post-PEA, 495 

which could be interpreted as indicating that the decrease in PVR exceeds the increase 496 

in compliance. However, our observation is in direct contrast to other studies that 497 

showed similar RCPVR immediately following PEA (14, 50) and one year post-surgery 498 

(50). We also observed that RCTPR did not change significantly post-PEA, consistent 499 

with another recent study (10). Finally, we observed that τ increased following PEA 500 

consistent with a substantial improvement in arterial compliance. Using RCPVR and 501 

RCTPR as estimates of pressure decay time does not take the zero-flow pressure into 502 

account and assumes negligible outflow of the stroke volume during systole (47). 503 

Hence, resistance-compliance products may overestimate the true pressure decay time 504 

(9), especially in PH patients. Unlike RCPVR and RCTPR, τ does not make these 505 

assumptions and therefore may be a more accurate estimate of the pressure decay time. 506 

The findings of this study and previous studies (9, 19, 31, 53, 56), do not appear 507 

consistent with the hypothesis of a fixed RC relationship.  508 

 509 

Study Limitations 510 

 511 
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The main limitation of this study is its small size and many of the statistical 512 

comparisons are probably underpowered. We pooled the data from the three pulmonary 513 

artery branches together under the assumption that there is no major admittance 514 

mismatch between the main, right and left pulmonary arteries as previously shown (52). 515 

The absence of a difference between different branches also supports this assumption. 516 

As wave power/energy is expressed per CSA of the artery, it follows that WIA is 517 

potentially sensitive to vessel diameter variations. By pooling data from the three 518 

pulmonary artery branches, we neglect the effect of the different diameters of main, 519 

right and left PAs. PA diameter may also decrease after surgery as PAPm decreases. 520 

However, a crude estimate of the main PA CSA based on cardiac output and mean flow 521 

velocity showed that the change in PA area/diameter (~1 mm) was small and 522 

statistically insignificant. Acquiring high quality velocity measurements was technically 523 

challenging and good quality velocity data were not obtainable from the left pulmonary 524 

artery from two of the patients. The pulmonary flow may be highly disturbed in PH 525 

patients (25), even after PEA, causing increased signal noise and artefacts on the 526 

Doppler flow tracings. Catheter whip as well as artefacts due to the vessel wall can also 527 

introduce errors. Thus, careful maneuvering of the catheter during the procedure, 528 

excellent quality control and meticulous data processing were necessary. Signal noises 529 

and motion artefacts are particularly problematic around valve closure; however as we 530 

have focused on events occurring during early and mid-systole, this was less of a 531 

problem in our study.  532 

 533 

Conclusions 534 

 535 
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    WIA provides novel insights into pulmonary arterial hemodynamics. Following PEA, 536 

reservoir, excess and asymptotic pressures decreased and these changes were associated 537 

with improved RV afterload, function and size. However, despite of substantial 538 

improvements in pulmonary pressures, PVR and wave speed, a measure of pulmonary 539 

arterial stiffness, there were only small reductions in arterial wave reflection 3 months 540 

post-PEA, even in patients with a PAPm below 25 mmHg. We interpret this as 541 

indicating a lack of improvement in vascular admittance mismatch despite PEA. The 542 

possibility that this contributes to persistent exercise intolerance and residual symptoms 543 

in some patients should be explored in future.  544 

 545 

Glossary 546 

 547 

BCW: backward compression wave 548 

CTEPH: chronic thromboembolic pulmonary hypertension 549 

FCW: forward compression wave  550 

FDW: forward decompression wave 551 

PAPm: mean pulmonary arterial pressure 552 

PAWP: pulmonary arterial wedge pressure 553 

PEA: pulmonary endarterectomy 554 

PVR: pulmonary vascular resistance 555 

RC: product of resistance and compliance 556 

RV: right ventricle 557 

TPR, total pulmonary resistance  558 

WIA: wave intensity analysis 559 

WRI: wave reflection index 560 
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τ: diastolic time constant 561 

 562 

 563 

  564 
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Figure 1: Schematic of the Diastolic Pressure Decay 798 

P0 is the pressure at time, t0, corresponding to the end of ventricular ejection (pulmonary 799 

valve closes). This was assumed to correspond to the time of maximal negative dP/dt. 800 

The asymptotic pressure (P∞) is the limit for the exponential decay of the pressure 801 

during diastole and corresponds to the pressure at which outflow through the 802 

microcirculation would be predicted to be zero assuming a mono-exponential decay. 803 

The pressure decay time, i.e. the time constant, τ, represents the time necessary for the 804 

pressure to decrease to 1/e of the difference between P0 and P∞.  805 

 806 

Figure 2: Wave Intensity Analysis  807 

Measured pressure and flow velocity profile in the main pulmonary artery and the 808 

corresponding wave intensity (WI) patterns are shown for a patient (A, B) before and 809 

(C, D) after pulmonary endarterectomy (PEA). For comparison, (E, F) a WI pattern 810 

from a representative control subject without pulmonary vascular disease from a 811 

previous study (52) is also shown. The contour of the net wave intensity is highlighted 812 

in red. Following PEA, pulmonary arterial pressure decreased (mean pulmonary artery 813 

pressure < 25 mmHg) and velocity increased (signal noises and motion artefacts can be 814 

seen in end-systole). The three dominant systolic waves observed are: forward 815 

compression wave (FCW) related to right ventricular contraction, forward 816 

decompression wave (FDW) related to ventricular relaxation and backward 817 

compression wave (BCW) due to wave reflection. Note that large BCW persisted after 818 

surgery. In contrast, the control subject displayed a negligible BCW. 819 

 820 

Figure 3: Post-Surgery Wave Intensity Parameters 821 
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Wave intensity parameters, specifically (A) wave speed, (B) forward compression wave 822 

(FCW) energy and (C) wave reflection index (WRI) of the patients after pulmonary 823 

endarterectomy (PEA) and of control subjects without pulmonary vascular disease (N = 824 

10) from a previous study (52) are presented here. Post-PEA patients are separated into 825 

two groups: those with a mean pulmonary arterial pressure (PAPm) < 25 mmHg (N = 3) 826 

and those with residual pulmonary hypertension (res. PH, N = 5). Note that patients 827 

with PAPm < 25 mmHg remained to have substantially larger wave reflection compared 828 

to controls. Data are presented as estimated marginal means (pooled data from the main 829 

and branch pulmonary arteries) and SE and analyzed using mixed linear models. 830 

 831 

Figure 4: Reservoir-excess Pressure Analysis  832 

Separation of the measured pressure from the main pulmonary artery into a reservoir 833 

pressure and an excess pressure and superimposition of the excess pressure waveform 834 

on to the velocity waveform (scaled so that the peaks of the waveforms coincide) are 835 

shown for a patient (A, B) before and (C, D) after pulmonary endarterectomy (PEA). 836 

For comparison, (E, F) reservoir and excess pressure profiles for a representative 837 

control subject without pulmonary vascular disease from a previous study (52) is also 838 

shown. Both the reservoir and excess pressures decreased following surgery (note the 839 

scale difference). The morphology of the flow velocity waveform deviated from the 840 

excess pressure waveform  in mid-systole, where there is a rapid initial decrease in the 841 

velocity before the velocity plateaus. This is not matched in the excess pressure 842 

waveform  consistent with wave reflection. In contrast, the flow velocity waveform 843 

resembled the excess pressure waveform of the control subject consistent with minimal 844 

wave reflection. (Same patients as in figure 1). 845 

 846 
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Figure 5: Post-Surgery Reservoir Indices 847 

Indices derived from reservoir-excess pressure analysis, specifically the (A) peak 848 

reservoir pressure, (B) peak excess pressure and (C) asymptotic pressure of the patients 849 

after pulmonary endarterectomy (PEA) and of control subjects without pulmonary 850 

vascular disease (N = 10) from a previous study (52) are presented here. Post-PEA 851 

patients are separated into two groups: those with a mean pulmonary arterial pressure 852 

(PAPm) < 25 mmHg (N = 3) and those with residual pulmonary hypertension (res. PH, 853 

N = 5). Data are presented as estimated marginal means (pooled data from the main and 854 

branch pulmonary arteries) and SE and analyzed using mixed linear models. 855 

 856 

Figure 6: Relationship Between the Estimated Diastolic Time Constants τ, RCPVR 857 

and RCTPR 858 

τ is the inverse of the diastolic rate constant, RCTPR is product of total pulmonary 859 

vascular resistance and compliance and RCPVR is the product of pulmonary vascular 860 

resistance and compliance. PEA: pulmonary endarterectomy  861 

 862 

 863 

 864 

 865 

  866 
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Table 1. Patient Symptoms and Hemodynamic Measurements 867 

 868 

N = 8 †Pre-PEA Post-PEA Δ  

WHO function class, I/ II/ III/ IV, N 0/ 1/ 7/ 0 3/ 3/ 2/ 0 -- 

Heart rate, min-1 83 ± 14 80 ± 11 -3 [-16; 10] 

Systolic BP, mmHg 129 ± 22 134 ± 17 5 [-11; 21] 

Diastolic BP, mmHg 87 ± 19 86 ± 9 -6 [-15; 12] 

Cardiac output, l/min 4.1 ± 1.8 5.4 ± 2.2 1.3 [0.4; 2.2]* 

Right atrial pressure, mmHg 12 ± 5  8 ± 5 -5 [-11; 1] 

Systolic PAP, mmHg 82 ± 14  55 ± 22 -27 [-47; -7]* 

Diastolic PAP, mmHg 32 ± 9 21 ± 9 -11 [-23; 1] 

Mean PAP, mmHg 49 ± 10 32 ± 13 -16 [-31; -2]* 

PAWP, mmHg 9 ± 3 10 ± 3 1 [-3; 4] 

PVR, Wood Units 11.1 ± 4.3 5.1 ± 4.4 -6.1 [-10.5; -1.6]* 

Peak velocity in main PA, cm/s 38.7 ± 12.0 55.7 ± 22.4 17.1 [3.1; 30.9]* 

Mean velocity in main PA, cm/s 21.0 ± 7.1 31.6 ± 11.9 10.6 [3.1; 18.1]* 

Arterial compliance, ml/mmHg 1.0 ± 0.3 2.2 ± 0.9 1.2 [0.5; 2.0]* 

RV stroke work, ml⋅mmHg 1895 ± 987 1714 ± 1291 -181 [-1246; 883]  

 869 

Abbreviations: BP, blood pressure; PAP, pulmonary arterial pressure; PA: pulmonary 870 

artery, PAWP, pulmonary artery wedge pressure; PEA, pulmonary endarterectomy; 871 

PVR, pulmonary vascular resistance; RV, right ventricle; WHO, World Health 872 

Organization 873 

Data are presented as mean ± SD and the differences between pre- and post-PEA data 874 

(post – pre) are presented with 95 % CI.   875 

*p < 0.05 versus pre-PEA.  876 

†Pre-PEA data from 6 of these patients have been included in a previous study (52).  877 
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Table 2. Wave Characteristics  878 

 Pre-PEA Post-PEA Δ 

Wave speed  16.5 [14.8; 18.2] 8.10 [6.33; 9.87] -8.39 [-10.85; -5.93]* 

Ln (FCW intensity, kW/m2) 11.7 [11.4; 12.0] 11.7 [11.4; 11.9] -0.04 [-0.31; 0.24] 

Ln (FCW energy, kJ/m2) 8.64 [8.40; 8.88] 8.67 [8.43; 8.91] 0.03 [-0.14; 0.21] 

Ln (BCW intensity, kW/m2) 10.4 [10.1; 10.7] 10.0 [9.7; 10.3] -0.42 [-0.84; -0.01]* 

Ln (BCW energy, kJ/m2) 7.24 [6.93; 7.56] 6.93 [6.61; 7.26] -0.31 [-0.72; 0.10] 

Wave reflection index, % 27.6 [22.8; 32.4] 21.5 [16.5; 26.4] -6.15 [-13.0; 0.7] 

Ln (FCW to RV power density ratio) 4.89 [4.64; 5.14] 4.94 [4.68; 5.19] 0.05 [-0.31; 0.40] 

Ln (FCW to RV energy density ratio) 5.19 [4.96; 5.42] 5.20 [4.96; 5.43] 0.01 [-0.32; 0.34] 

 879 

Abbreviations: BCW, backward compression wave; FCW, forward compression wave; 880 

PEA, pulmonary endarterectomy. 881 

Data from the main, right and left pulmonary arteries were pooled together and 882 

presented as estimated marginal means [95 % CI] derived from a mixed linear model. 883 

Note that FCW intensity and energy exceeds RV power and energy (ratio > 1). This is 884 

because wave intensity and energy were normalized to the length of the cardiac cycle 885 

(Equation 5).  886 

*p < 0.05 versus pre-PEA.  887 

†Pre-PEA data from 6 of these patients have been included in a previous study (52). 888 

 889 

  890 
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Table 3. Reservoir Function  891 

N = 8 Pre-PEA Post-PEA Δ  

Reservoir-excess pressure 

analysis 

   

Asymptotic pressure, mmHg 31.5 [26.3; 36.8] 21.1 [15.8; 26.3] -10.5 [-15.4; -5.6]* 

Peak reservoir pressure, mmHg 32.6 [28.1; 37.2] 20.9 [16.4; 25.5] -11.7 [-14.8; -8.6]* 

Reservoir pressure integral, mmHg⋅s 9.85 [8.52; 11.19] 6.53 [5.19; 7.86] -3.33 [-4.20; -2.45]* 

Peak excess pressure, mmHg 23.0 [19.6; 26.5] 17.8 [14.3; 21.3] -5.21 [-7.23; -3.20]* 

Excess pressure integral, mmHg⋅s 4.78 [4.07; 5.49] 3.65 [2.94; 4.36] -1.13 [-1.61; -0.65]* 

Ln (Systolic rate constant, s-1) 2.64 [2.43; 2.85] 2.39 [2.18; 2.60] -0.25 [-0.44; -0.07]* 

Diastolic rate constant, s-1 7.17 [5.58; 8.75] 5.07 [3.48; 6.65] -2.10 [-3.11; -1.09]* 

Diastolic pressure decay time    

τ, s 0.17 [0.13; 0.22] 0.23 [0.19; 0.28] 0.06 [0.02; 0.10]* 

RCPVR, s 0.60 ± 0.15 0.49 ± 0.13 0.11 [0.00; 0.22] 

RCTPR, s 0.75 ± 0.21 0.75 ± 0.18 0.00 [-0.16; 0.16] 

 892 
 893 

Abbreviations: PEA, pulmonary endarterectomy; RCPVR, product of pulmonary vascular 894 

resistance and compliance; RCTPR, product of total pulmonary resistance and 895 

compliance; τ, diastolic time constant.  896 

Data from the main, right and left pulmonary arteries were pooled together and 897 

presented as estimated marginal means [95 % CI] derived from a mixed linear model. 898 

RCPVR and RCTPR are presented as mean ± SD.  899 

*p < 0.05 versus pre-PEA.  900 

 901 
 902 
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