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The burden of heart failure is disproportionately higher in African Americans, with a higher prevalence seen at an early age. Examination of racial differences in left ventricular mass (LVM) in childhood may offer insight into risk for cardiac target organ damage (cTOD) in adulthood. Central hemodynamic load, a harbinger of cTOD in adults, is higher in African Americans. The purpose of this study was to examine racial differences in central hemodynamic load and LVM in African American and non-Hispanic white (NHW) children. Two hundred sixty-nine children participated in this study (age, 10 ± 1 years; n = 149 female, n = 154 African American). Carotid pulse wave velocity (PWV), forward wave intensity (W1) and reflected wave intensity (negative area, NA) was assessed from simultaneously acquired distension and flow velocity waveforms using wave intensity analysis (WIA). Wave reflection magnitude was calculated as NA/W1. LVM was assessed using standard 2D echocardiography and indexed to height as LVM/[height (2.16) + 0.09]. A cutoff of 45 g/m (2.16) was used to define left ventricular hypertrophy (LVH). LVM was higher in African American vs. NHW children (39.2 ± 8.0 vs. 37.2 ± 6.7 g/m (2.16), adjusted for age, sex, carotid systolic pressure and socioeconomic status; p < 0.05). The proportion of LVH was higher in African American vs. NHW children (25 vs. 12 %, p < 0.05). African American and NHW children did not differ in carotid PWV (3.5 ± 4.9 vs. 3.3 ± 1.3 m/s; p > 0.05). NA/W1 was higher in African American vs. NHW children (8.5 ± 5.3 vs. 6.7 ± 2.9; p < 0.05). Adjusting for NA/W1 attenuated racial differences in LVM (38.8 ± 8.0 vs. 37.6 ± 7.0 g/m (2.16); p = 0.19). In conclusion, racial differences in central hemodynamic load and cTOD are present in childhood. African American children have greater wave intensity from reflected waves and higher LVMI compared to NHW children. WIA offers novel insight into early life origins of racial differences in central hemodynamic load and cTOD.
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INTRODUCTION

Although incidence and mortality from cardiovascular disease (CVD) is declining, there are still prominent disparities in CVD burden based on race (1). Compared to non-Hispanic whites (NHWs), African Americans have 33% higher death rates from CVD (1). Prevalence of hypertension in African Americans (~42–44%) is among the highest in the world and greater than that seen in NHWs (1, 2). As such hypertensive cardiac target organ damage (cTOD) is not only common but epidemic in African Americans (3, 4). African Americans have a 50% greater incidence of heart failure compared to their NHW counterparts (5).

cTOD occurs earlier in life in African Americans than in NHWs (6, 7) and is associated with premature CVD events (8). The CARDIA study reported that 26/27 deaths from heart failure occurred in young African Americans (<50 years of age) with only 1 NHW death (9). Racial differences in hypertension and hypertensive cTOD may have its origins in childhood as higher blood pressure (BP) in African American children track into young adulthood (10) and BP is a significant correlate of cTOD in African American children (11, 12). There are also racial differences in age-related increases in left ventricular mass (LVM) (13), a measure of cTOD, with African Americans having larger LVM in late childhood through young adulthood (14). Predictors of increases in LVM and development of LV hypertrophy from young adulthood to middle-age include larger LVM assessed in young adulthood, higher systolic BP and Black/African American race (15–17).

African Americans are more susceptible than NHW to BP-mediated cTOD suggesting that racial differences in hemodynamic load may have more profound effects on cTOD in African Americans (18, 19). Hemodynamic load is largely determined by central (large artery) stiffness and pressure from wave reflections (20, 21). Increases in arterial stiffness precede the development of hypertension in young adults (22) and increases in pressure from wave reflections have a profound and detrimental impact on the LV (20, 21). Increases in large artery stiffness and pressure from wave reflections alter ventricular-vascular coupling, contributing to increased afterload, myocardial strain, LVM, and ultimately LV hypertrophy (23). Racial differences in hemodynamic load may also have its origins in childhood as African American children have increased arterial stiffness compared to NHW children (24) and central BP is associated with LVM in young African American adolescents (25).

Wave intensity analysis (WIA) offers unique insight into ventricular-vascular coupling and central hemodynamic load. According to wave transmission-reflection theory, BP is an amalgam of traveling waves produced by the interaction of the LV with the aorta (input impedance/characteristic impedance) and the aorta with peripheral arteries (terminal impedance/vascular resistance). The propagation of traveling wavefronts in the systemic circulation encompass the exchange of the kinetic energy of blood flow and the potential energy of stored pressure in the elastic walls of the vessels. WIA is based on the relationship between the instantaneous change in pressure (dP) and the change in flow (dU) across the wave. When the LV contracts, this generates an initial forward pressure wave denoted as W1. WI represents a compression wave that accelerates both flow and pressure (26, 27). Once this wave reaches a bifurcation or area of impedance mismatch, the wave is partially reflected in the opposite direction from the distal circulation and travels back toward the heart. This backward traveling compression wave that decelerates flow but increases pressure is denoted by the negative area (NA) (26, 27). A second forward traveling wave is generated at the end of systole, mirroring the decompression (deceleration) of the wave produced by/contributing to the closing of the aortic value during diastole (26). This expansion wave, denoted as W2, is related to cardiac untwist and suction and thus LV relaxation kinetics. Measures obtained from WIA have been shown to correlate with LV structure and function (28, 29). WIA may thus offer a novel window into racial differences in cTOD risk in childhood.

The purpose of this study was to use WIA to assess racial differences in ventricular-vascular coupling and central hemodynamic load in children to gain insight into early life origins of cTOD. We hypothesized that African American children would have higher LVM, carotid artery stiffness and pressure from wave reflections.


Methods

Two hundred sixty-nine children (154 African American, 149 female) from the Syracuse City community participated in this study as part of the Environmental Exposures and Child Health Outcomes (EECHO) study. Race was identified by parents/guardians as Black/African-American or non-Hispanic white (NHW). All participants were between 9 and 12 years of age, had a body mass >18 kg, and were free from any serious medical/developmental disabilities that would prevent them from participating in the study, as assessed by a health history questionnaire filled out by the guardian. Participants had no medical history of cancer, diagnosed hypertension, stroke, thyroid disease, pancreatitis, neuralgia, or diabetes. This study was approved by the institutional review board of Syracuse University and SUNY Upstate University. All parents/guardians and participants gave written consent and assent, respectively, prior to enrollment.



Study Design

All cardiac and vascular measures were completed in a single visit and all visits occurred between 8:00 AM and 12:00 PM. Participants were asked to arrive in a fasted state. Cardiac measures were completed using standard 2-D echocardiography at SUNY Upstate Children's Hospital in the Division of Pediatric Cardiology. Vascular measures were conducted following a 5-min supine rest period in a dimly-lit, temperature-controlled laboratory (Human Performance Lab at Syracuse University) and consisted of brachial oscillometric pressures, carotid tonometric pressures, and simultaneous contralateral carotid Doppler ultrasonography.

Height and weight were assessed using a mechanical physician scale and stadiometer (Detecto, Webb City, MO). Body mass index (BMI) was calculated as weight (kg)/height (m)2. Socioeconomic status (SES) was calculated as an average of parental occupation, income, and education data (z-scored prior to averaging) as we have previously described (24, 30).



Carotid Wave Intensity Analysis (WIA)

Images of the left common carotid artery (CCA) were obtained using Doppler ultrasound (ProSound α7, Aloka, Tokyo, Japan) and 7.5–10.0 mHz linear-array probe. Wave intensity analysis (WIA) combined with eTracking was used to derive measures of forward and reflected wave intensity and arterial stiffness. This method has been described in detail previously (31, 32). Briefly, this technique measures CCA distension waveforms (analogous to the pressure waveform) and flow velocity waveforms. The distance from the near-wall to far-wall lumen–intima interface was continuously traced using eTracking software. The echo-tracking system measures diameter changes within 1/16th of an ultrasound wavelength (0.013 mm) (28) creating a distension waveform almost identical to pressure waveforms (33). WIA distension waveforms were calibrated using carotid systolic and diastolic blood pressure. Pressure waveforms were obtained simultaneously in the contralateral CCA from a 10 s epoch using applanation tonometry (SphygmoCor, AtCor Medical, Sydney, Australia). CCA pressure waveforms were calibrated to simultaneously measured brachial mean arterial pressure (MAP) and diastolic BP (DBP) (measured using an oscillometric cuff) with MAP calculated as DBP + 0.33 × pulse pressure. Pulse pressure was calculated as systolic BP (SBP) minus DBP. End systolic pressure (ESP) was obtained from the carotid pressure waveform as the pressure at the incisura of the dicrotic notch. Flow velocity waveforms were measured using range-gated color Doppler signals averaged along the Doppler beam. An insonation angle ≤ 60° was maintained for all measures. Sample volume was adjusted to encompass the entire vessel. Wave intensity was calculated from an average of 5 beats using time derivatives of blood pressure (P) and velocity (U), where wave intensity = (dP/dt × dU/dt); thus, the area under the dP/dt × dU/dt curve represents the energy transfer of the wave (27).

WIA states that if these wavefronts carry a positive rate of pressure change, they are referred to as compression waves. Conversely, if the wavefront carries a negative rate of pressure change, they are referred to as expansion waves. It should be noted that “expansion” in this setting is an expression from fluid dynamics theory referring to “decreasing pressure” and not to be confused with “dilatation” (27). (1) W1 represents a forward compression wave produced during early systole that accelerates flow and increases pressure; (2) W2 represents a forward expansion wave that decelerates flow and reduces pressure; (3) the negative area (NA) between W1 and W2 is a backward traveling compression wave due to the sum of waves reflected from the periphery (wave reflection intensity) that decelerates flow but increases pressure. We additionally computed the reflection magnitude as NA/W1. Time from W1 to W2 (measured in milliseconds, ms) was taken as a proxy of ejection duration. A local one-point carotid pulse wave velocity (PWV) was calculated from WIA local wave speed as c = (dP/dU)/ρ where ρ is blood density and assumed constant (1,050 kg m3). Augmentation index (AIx) was calculated as the difference between the early and late systolic peaks of the distension waveforms to the total carotid pulse pressure and expressed as a percentage (Pmax-Pshoulder/PP × 100). Reproducibility of carotid WIA has previously been demonstrated to be acceptable (32). Heart rate (HR) was obtained from simultaneous ECG from a single lead modified CM5 configuration.



Echocardiography

Left ventricular mass (LVM) was derived from M-mode echocardiographic measurements of the septum, posterior wall and left ventricular diameter (Sonos 5500 Phillips, Andover, Massachusetts). Absolute LVM was calculated during diastole as: left ventricular mass = 0. 8 × |1.04[(left ventricular internal diameter + posterior wall thickness + septal thickness)3–(left ventricular internal diameter)3]) + 0.6 g|. This was based on consensus recommendations for chamber quantification (34). Relative wall thickness RWT was calculated as (2 × posterior wall thickness measured during diastole)/LV internal diastolic diameter. LV end-systolic wall stress (ESWS) was calculated as [0.334 × ESP × LV end-systolic diameter]/[LV posterior wall thickness at end systole × [1 + (LV posterior wall thickness at end systole/LV end-systolic diameter)] (35, 36); where ESP is carotid end-systolic pressure (37).

LVM was indexed (LVMI) using a variety of standard approaches [height, body surface area [BSA], and height raised to a power of 2.7]. There remains controversy regarding “best” methods to index LVM in children (and adults) as it is challenging to disentangle developmental growth from pathophysiological hypertrophy (38, 39). Aforementioned methods tend to “grossly” over diagnose left ventricular hypertrophy (LVH) in smaller individuals and underdiagnose LVH in larger overweight/obese individuals and this is particularly true for children <10 years of age and children of shorter stature (40, 41). Methods relying on BSA or a height index of 2.7 also do not factor in gender differences (42). Given that these strategies of indexing have been challenged for a variety of reasons (43), we chose to focus on LVM indexed using approaches put forth by Chirinos et al. and supported by Mehta in children (41, 42). Chirinos et al. and Mehta suggest indexing LVM to a height raised to a power of 1.7. This approach is a stronger predictor of CVD events in adults when compared to the traditional 2.7 method and may be more sensitive to obesity-mediated LVH in children (41, 42). We also employed a strategy put forth by Chinali et al. With the Chinali et al. approach, LVM is indexed to height raised to a power of 2.16 with a correction factor of + 0.09 and LVH defined using a single partition as values exceeding 45 g/m 2.16 (44). This approach has been suggested as more parsimonious strategy to index LVM in children as it does not require the need for time-consuming mathematical allometric scaling/ modeling or calculations of sex-specific, height-specific percentiles (44), offering a more clinically meaningful endpoint.



Statistical Analyses

All data are reported as mean ± standard deviation with significance set a priori as p < 0.05. A chi-square test was used to test differences in sex distribution between groups. The effect of race on descriptive and cardiovascular measures (continuous variables) were assessed using analysis of variance (ANOVA). Analysis of covariance was used to test the effect of race on LVM after adjusting for potential confounding variables that emerged from ANOVA. Covariates included age, sex, SES, BMI percentile and carotid systolic pressure. We chose to adjust for carotid pressure rather than brachial pressure as central pressures more closely associate with cTOD (45). A second model additionally adjusted for heart rate. A third model adjusted for NA/W1 to explore the role of wave reflections as a potential mediator of racial differences in LVMI.

Mediational models were further tested using the SPSS PROCESS macro (v. 3.4) developed by Hayes (46). The indirect effects of race on LVMI through NA/W1 and HR was separately explored using the non-parametric bootstrapping procedure. These models were set to 1,000 bootstrap samples in order to minimize sampling error and for the estimation of bias corrected bootstrap confidence intervals for indirect effects. A 95% confidence intervals that does not contain 0 was used as criterion to establish significant mediation. All analyses were performed using Statistical Package for the Social Sciences (SPSS, version 26, Chicago, IL).



Results

Descriptive characteristics are presented in Table 1. African American children were slightly older than NHW children (+ 0.3 yrs, p < 0.05) and had an overall lower SES-score (p < 0.05). African American and NHW children did not differ in height, BMI, BMI percentile, or gender (p > 0.05).


Table 1. Descriptive characteristics.
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Hemodynamic variables are displayed in Table 2. There was a trend for African American children to have higher brachial and carotid SBP compared to NHW children (p = 0.08 to 0.09). Groups did not differ in DBP (p > 0.05). African American children had higher carotid ESP compared to NHW children (Table 2, p < 0.05). African American and NHW children did not differ in carotid PWV, W1, W2 or AIx (p > 0.05). NA/W1 was higher in African American vs. NHW children (8.5 ± 5.3 vs. 6.7 ± 2.9; p = 0.001) and this was largely due to group differences in NA with African American children having higher NA compared to NHW (Table 2, p < 0.05). Group differences in NA/W1 remained after adjusting for age, sex, SES, BMI percentile, and carotid SBP (Figure 1, 8.4 ± 0.4 to 6.8 ± 0.4, p = 0.008). Adjusting for MAP instead of carotid SBP yielded similar overall findings (results not shown).


Table 2. Blood pressure and carotid wave intensity analysis (WIA).
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FIGURE 1. Wave reflection magnitude (NA/W1) in African American and White American Children; adjusted for age, sex, socioeconomic score, BMI percentile, and carotid systolic blood pressure. Significant group difference (p < 0.05).


Cardiac structural parameters are displayed in Table 3. According to chi-square analyses, the proportion of LVH was higher in African American vs. NHW children (25 vs. 12 %, p = 0.007). LVMI was higher in African American vs. NHW children when using height raised to a power of 2.16 + 0.09 (Figure 2A, 39.1 ± 8.0 vs. 37.2 ± 6.7 g/m2.16, p = 0.025) and when using height raised to a power of 1.7 (Figure 2B, 46.5 ± 9.8 vs. 43.9 ± 8.1 g/m1.7, p = 0.012); adjusted for age, sex, carotid systolic pressure, BMI percentile and socioeconomic status. Adjusting for MAP or carotid pulse pressure instead of carotid systolic pressure yielded similar overall findings (results not shown). Interestingly, additionally adjusting for either HR (38.9 ± 8.0 vs. 37.5 ± 7.0 g/m2.16; p = 0.17) or NA/W1 (38.8 ± 8.0 vs. 37.6 ± 7.0 g/m2.16; p = 0.19) attenuated racial differences in LVMI. Similar results were noted when indexing the LV to height. 1.7 Additionally adjusting for either HR (46.1 ± 10.0 vs. 44.3 ± 8.0 g/m1.7; p = 0.11) or NA/W1 (46.2 ± 9.8 vs. 44.2 ± 8.1 g/m1.7; p = 0.08) attenuated racial differences in LVMI. Mediational analyses with bootstrapping and PROCESS models revealed a significant indirect effect for HR (estimate = −0.76, 95% CI: −1.4, −0.25) and an indirect effect for NA/W1 that approached significance (estimate = −0.45, 95% CI: −1.0, 0.01) for LVMI2.16. Similarly, there was a significant indirect effect for HR (estimate = −0.63, 95% CI: −1.1, −0.2) and an indirect effect for NA/W1 that approached significance (estimate = −0.53, 95% CI: −1.2, 0.05) for LVMI1.7. RWT was slightly higher in the African American children (p = 0.07). This was driven by African American children having higher LV posterior wall thickness compared with NHW children (6.7 ± 1.0 vs. 6.4 ± 0.8 mm, p = 0.01). There were no racial differences in septal wall thickness (6.7 ± 1.0 vs. 6.7 ± 1.0 mm, p = 0.84). There were no racial differences in ESWS (Table 3, p > 0.05).


Table 3. Echocardiographic left ventricular properties.
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FIGURE 2. (A) Left ventricular mass index (LVMI) indexed to height of 2.16 in African American and non-Hispanic White Children; adjusted for age, sex, socioeconomic score, BMI percentile, and carotid systolic blood pressure. Significant group difference (p < 0.05). (B) Left ventricular mass index (LVMI) indexed to height of 1.7 in African American and non-Hispanic White Children; adjusted for age, sex, socioeconomic score, BMI percentile, and carotid systolic blood pressure. Significant group difference (p < 0.05).




Discussion

This study set out to measure and compare LVM and carotid wave intensity in young African American and NHW children to gain insight into racial differences in early life origins of central hemodynamic load and cTOD. Our theoretical model was ground in an adult literature that strongly supports a physiological role for pressure from wave reflections as an effector of detrimental cardiac remodeling and LVH. Our findings add to this literature and reveal racial differences in LVMI and wave reflection intensity in children. Wave reflection intensity may partially contribute to racial differences in cTOD in children.



Racial Differences in Left Ventricular Mass

LVM is an important measure of clinical prognosis and cTOD in childhood and offers insight into risk of CVD in early adulthood (43). LVM as a manifestation of cTOD is a powerful predictor of CVD risk in adults (47), particularly among African American adults (48). While the literature strongly supports racial differences in LVM in adults (with African Americans having higher LVM than NHW) (3, 4, 49), findings in children and adolescents are conflicting. When adjusting LVM to height, height2.7 or BSA, the majority of published studies note no racial differences in LVMI in children (11, 13, 50) although this is not a universal finding with select reports of greater LVM and wall thickness in African American children being noted (51, 52). Racial differences in LVM have been noted to occur longitudinally from late childhood through early adulthood (14) and may track into middle-age (16). When indexing LVM to height, height2.7 or BSA, we observed no racial differences in LVM in children. However, when utilizing alternative indexing strategies that have been proposed as more appropriate normalization methods (41, 42), we noted racial differences in LVMI (indexing height1.7 or height2.16) with African American children having larger LVMI that remained significant after statistical adjustment for age, sex, BMI percentile, SES, and central systolic BP. Future studies should consider using a variety of indexing methods when exploring the impact of race on cardiac dimensions and cTOD.



Racial Differences in Central Hemodynamic Load

WIA may offer novel insight into early life origins of racial differences in central hemodynamic load and cTOD. We observed significantly greater wave reflection intensity in the carotid artery among African American compared to NHW children. There is a strong literature supporting a role for wave reflections in modulating LV load and subsequent LV remodeling. Animal models that employ use of large artery casting or surgical constriction to induce experimental increases in afterload consistently note increases in LVM and development of LVH (53, 54). Moreover, clinical studies in adults support cross sectional associations of wave reflections and subsequent pulse contour with LV geometry (55, 56). Alterations in supra-aortic (i.e., carotid) wave transmission and ensuing changes in carotid wave reflection intensity can alter LV loading sequence favoring increases in mid to late systolic load (57, 58). These wave reflection-based increases in cardiac load may precipitate cardiac remodeling over time as cardiac myosin heavy chain synthesis increases by nearly one third following exposure to a pressure overload (59). Moreover, hypertrophic cardiac remodeling appears particularly sensitive to wave reflections contributions to late rather than early systolic loading, independent of pressure (60). In our study, co-varying for NA/W1 attenuated racial differences in LVMI and NA/W1 approached significance as a statistical mediator. Our findings suggest that greater wave reflection intensity in African American children may serve as the substrate for increased afterload and thus partially contribute to racial differences in LVM.

Although African American children had higher wave reflection intensity and end-systolic pressure compared to NHW children (suggesting augmented late systolic load in African American children), there were no racial differences in LV end-systolic wall stress. Wall stress is considered an important stimulus for LV remodeling and a trigger of cardiac hypertrophy. It is possible that the slightly larger LVM in African American children is a compensatory adaptation aimed at defending LV systolic wall stress (35, 52). Over time and if left unchecked, detrimental LV remodeling may ensue contributing to noted racial differences in LVH and heart failure later in life.

While we noted racial differences in NA/W1 in children, there were no racial differences in carotid AIx. Methods that rely solely on the pulse contour as a means of appraising wave reflections are not without flaw. AIx offers some insight into global wave reflection magnitude in type A waveforms where there is a clear augmentation of pressure at the inflection point/ascending shoulder. However, as eloquently discussed by Mitchell (61), when AIx is > 0, augmented pressure from the pressure waveform alone represents just the “tip of the iceberg” because the majority of the reflected wave may be masked by the falling edge of the forward pressure wave (62, 63). In children with Type C waveforms (negligible/no augmentation of pressure above the shoulder), AIx may not capture wave reflection magnitude because calculated values are negative (P2 < P1). More than 75% of our sample had negative AIx values. AIx is also influenced by cardiac properties unrelated to wave reflections such as cardiac preload, LV stiffness, relaxation and suction as well as arterial reservoir function (64–67). Thus, methods that use both pressure and flow (like WIA to derive NA) are suggested as more optimal methodology to assess wave reflection magnitude (21, 68, 69) and our findings support use of WIA in children to assess cTOD risk.

There were no racial differences in carotid artery stiffness in children and this contrasts previous findings of racial differences in aortic stiffness in children (24). Although the aorta and carotid artery are generally both considered large elastic arteries, the ultrastructure of each is slightly different. Hemodynamic forces owing to hydrostatic effects may be different in the carotid artery vs. the descending-abdominal aorta (region of the aorta captured by cf-PWV) affecting stiffness (70). As such, each vessel is differentially modulated by CVD risk factors and aging over time. For example, the aorta stiffens more with aging and in response to obesity than the carotid artery, an effect exaggerated in the presence of high BP (71). It is possible that premature vascular aging may occur in the aorta prior to the carotid artery, with racial differences in carotid stiffness manifesting later in adolescence/young adulthood (72).



Racial Differences in Left Ventricular Mass and Wave Reflection Intensity: Impact of Heart Rate

Reasons for racial differences in wave reflection intensity in children are unknown but may be related to underlying racial differences in HR. African American children had lower resting HR and this is a consistent finding reported in the literature. A meta-analysis of 17 studies found that African Americans have higher heart rate variability (HRV) compared to NHW, a pattern seen at all ages, suggesting greater cardiac vagal tone across the lifespan (73). This increased parasympathetic control of HR occurs concomitant with increased vascular sympathetic transduction and peripheral vascular resistance in African Americans (73). Interestingly, lower HR (and increased HRV) in African Americans has been seen to associate with larger LVM and development of LVH over time and has been suggested to magnify racial differences in LVM (16, 17, 51, 74, 75). In our study, covarying for HR attenuated racial differences in LVM and HR was a statistical mediator, supporting a role of HR as a partial effector of racial differences in LVM in children.

Lower HR in African American children may instigate greater wave reflection magnitude. There is an inverse association between HR and wave reflections. Although it assumed that this relationship only exists when examining global wave reflections with AIx (76), recent studies highlight HR dependency of wave reflection magnitude (assessed from wave separation analysis) as well (77, 78). A lower HR results in an increase in systolic ejection duration. Parenthetically, African American children had longer systolic ejection duration than NHW children. Without a change in vessel wall stiffness and wave speed, a longer ejection duration results in the confluence of the reflected wave and forward wave more likely occurring in late systole rather than early diastole. In the frequency domain, an increase in HR shifts the harmonics of the pulse waveform toward higher frequencies, an effect modulated by arterial viscoelasticity, resulting in an inverse frequency dependency of the reflection coefficient with HR (78). Thus, “paradoxical” findings reported in the literature of lower HR coexisting with increased LVM may be attributable to HR-mediated effects on wave reflections (79). Lower HR and longer ejection duration in African American children concomitant with increased wave reflection magnitude may increase late systolic load, contributing to ventricular-vascular uncoupling and LV remodeling.



Limitations

Limitations to this study should be noted. This is a cross-sectional exploration of LVM and WIA in children. Thus, causation cannot be implied. It is possible that cardiac dysfunction may instigate altered wave propagation kinetics. For example, a larger LV may also be indicative of underlying LV dysfunction. Lower LV contractility may result in the genesis of a lower forward wave and by relation a lower absolute reflected wave (albeit possibly a higher relative reflected wave). However, we noted no racial differences in W1 and W2. This would support our theoretical model that higher wave reflection in African American children is likely not of cardiac origin (i.e., there were no differences in W1 to prompt racial differences in NA); wave reflection likely contributes to LVM via effects on LV load and loading sequence. 2D echocardiography may overestimate LVM in Black individuals due to bias in LV morphology assumptions use to calculate LVM. Future studies utilizing 3D echocardiography or cardiac MRI may be useful in further exploring racial variation in LVM in children and adolescents.



Conclusion

In conclusion, African American children have greater wave reflection intensity and LVMI compared to NHW children of similar age and BMI. Premature ventricular-vascular uncoupling from increased wave reflection may instigate premature cTOD in African American children. Additional research is needed to explore the clinical implications of this finding, namely, whether targeting wave reflections in childhood may abrogate racial disparities in detrimental LV remodeling and heart failure later in life.
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Introduction: The wave condition number (WCN) is a non-dimensional number that determines the state of arterial wave reflections. WCN is equal to HR × Leff/PWV where HR, Leff, and PWV are the heart rate, effective length, and pulse wave velocity, respectively. It has been shown that a value of WCN = 0.1 indicates the optimum state of arterial wave reflection in which left ventricle workload is minimized. The pressure wave, flow wave, and PWV are all required to compute WCN, which may limit the potential clinical utility of WCN. The aims of this study are as follows: (1) to assess the feasibility of approximating WCN from the pressure waveform alone (WCNPinf), and (2) to provide the proof-of-concept that WCNPinf can capture age related differences in arterial wave reflection among healthy women and men.

Methods: Previously published retrospective data composed of seventeen patients (age 19–54 years; 34.3 ± 9.6) were used to assess the accuracy of WCNPinf. The exact value of WCN was computed from PWV (measured by foot-to-foot method), HR, and Leff. A quarter wavelength relationship with minimum impedance modulus were used to compute Leff. WCNPinf was calculated using HR and the reflected wave arrival time. Previously published analyses from a healthy subset of the Anglo-Cardiff Collaborative Trial (ACCT) study population were used to investigate if non-invasive WCNPinf captures age related differences in arterial wave reflection among healthy women and men.

Results: A strong correlation (r = 0.83, p-value <0.0001) between WCNPinf and WCN was observed. The accuracy of WCNPinf was independent from relevant physiological parameters such as PWV, pulse pressure (PP), and HR. Similar changes in WCNPinf with advancing age were observed in both healthy men and healthy women. In young, healthy individuals (women and men) the WCNPinf was around 0.1 (the optimum value), and reduced with aging.

Conclusion: WCN can be approximated from a single pressure waveform and can capture age related arterial wave reflection alteration. These results are clinically significant since WCN can be extracted from a single non-invasive pressure waveform. Future studies will focus on investigating if WCN is associated with risk for onset of cardiovascular disease events.

Keywords: wave condition number, arterial wave reflection, optimum cardiovascular function, cardiovascular biomarker, vascular aging


INTRODUCTION

The cardiovascular system in mammals is based on various optimization criteria (Attinger, 1964; Knight and Wolstenholme, 1971; Milnor, 1979; O’Rourke et al., 1984; Milnor, 1989; Elzinga and Westerhof, 1991). Previous studies have shown that the cardiac dynamics and vasculature characteristics of mammals follow certain allometric laws (Adolph, 1949; Holt et al., 1981; Li and Noordergraaf, 1991; Westerhof and Elzinga, 1991; Li, 1995). Several cardiovascular characteristics are invariant regardless of mammalian size. These size invariant characteristics include mean blood velocity in the ascending aorta (Holt et al., 1981), the product of the heart rate (HR) and the arterial decay time (Westerhof and Elzinga, 1991), the normalized input impedance (Westerhof and Elzinga, 1991), the pulse wave velocity (PWV) (Milnor, 1979, 1989), the reflection coefficient (Li and Noordergraaf, 1991), the product of the propagation constant and the aortic length (Li and Noordergraaf, 1991), and the recently proposed wave condition number (WCN) (Pahlevan and Gharib, 2014).

Pahlevan and Gharib demonstrated the existence of a non-dimensional number, known as the WCN, that determines the optimum arterial wave state in which the left ventricular (LV) workload is minimized in mammalian cardiovascular systems (Pahlevan and Gharib, 2014). Using a series of in vitro hemodynamic studies, published hemodynamics data on various mammalian species, and allometry analysis, they have shown that a value of WCN = 0.1 indicates the optimum state of arterial wave reflection in the mammalian systemic circulation. Furthermore, their analysis confirms that this optimum value of the WCN remains constant (0.1) at various levels of aortic stiffness, and is universal among all mammals regardless of size (Pahlevan and Gharib, 2014). Yigit and Pekkan analytically derived a set of non-dimensional parameters using the Buckingham Pi theorem that characterizes pulsatile hemodynamics and its energetic cost (Yigit and Pekkan, 2016). Their work also provided a theoretical background for WCN, as they concluded that WCN can be obtained by combining two of the non-dimensional numbers introduced by them(Yigit and Pekkan, 2016).

It is well-known that various cardiovascular diseases (CVDs) alter arterial wave reflections (Safar and O’Rourke, 2006; Nichols et al., 2011; Salvi, 2012). Therefore, it is possible that WCN has prognostic or predictive value for one or more CVDs. Both pressure and flow waves are required to compute WCN exactly (Pahlevan and Gharib, 2014), which may limit the clinical utility of WCN. Therefore, the primary objective of this manuscript is to demonstrate that WCN can be approximated from a single pressure waveform. Pressure waveforms are easily and non-invasively measured using arterial applanation tonometry, an optical smartphone-based handheld device (Armenian et al., 2018; Miller et al., 2020), or even a smartphone by itself (Pahlevan et al., 2017). Therefore, approximating WCN from a single pressure waveform significantly improves its clinical utility. Previously published retrospective data from Murgo et al. (1980) were used to achieve this objective. The second aim of this study is to provide the proof-of-concept that WCN computed from a single non-invasive pressure waveform can capture age related differences in arterial wave reflections among healthy individuals. Previously published average data from McEniery et al. (2005) was used to investigate the second aim.



THEORY AND METHODS


Wave Condition Number Theory

In any discipline of physics, wave dynamics in a medium are dominated by three factors: (1) material properties of the medium that define the wave speed, (2) fundamental frequencies of the waves, and (3) interfaces that create wave reflections. Although other wave characteristics such as dispersion or dissipation also contribute to overall wave dynamics, their effects are not dominant in general. Similarly, wave dynamics in the aorta and the arterial system are primarily controlled by (1) pulse wave velocity (PWV; the wave speed), (2) heart rate (HR; the fundamental frequency), and (3) reflection sites. The WCN number combines all reflection sites existent in various forms within the vascular network (e.g., bifurcation, tapering, impedance mismatch, etc.), and considers a hypothetical total reflection site from which the summated reflected waves appear to be reflected. Pahlevan and Gharib (Pahlevan and Gharib, 2014) used these principles and applied a classical dimensional analysis to derive a dimensionless number, called the WCN, as a function of PWV, HR and the distance between the heart and the hypothetical total reflection site. The WCN concept is a systemic view of examining wave reflections, and does not imply that the aorta and its complex wave dynamics can be modeled as a straight tube with a single reflection site at the end.



Wave Condition Number From Impedance Spectrum (WCNPQ)

Wave condition number is calculated from effective length (Leff), PWV, and HR using the equation (Pahlevan and Gharib, 2014):

[image: image]

Here, Leff is the distance between the heart and a hypothetical reflecting site from which the summated reflected waves appear to return. The WCN computed from Eq. 1 is referred to as WCNPQ throughout this manuscript.

Effective length is computed using pressure and flow waves by applying the quarter wavelength relationship (Milnor, 1989):

[image: image]

Here c is the speed of pressure or flow waves (same as the PWV) and fZmin is the lowest frequency among all frequencies in which the amplitude of the impedance modulus is minimum. Mathematically speaking:

[image: image]

Where fi is defined as:

[image: image]

Here |Z| is the amplitude of the impedance in the frequency domain, and is computed from pressure and flow harmonics as:

[image: image]

where:

[image: image]

Here, [image: image], ω = 2πf, and P0, Q0 are the average of pressure and flow over the cardiac cycle, respectively.



Wave Condition Number From a Single Pressure Waveform (WCNPinf)

The time of the inflection point in the pressure waveform has been recognized as an approximation for the reflected wave arrival time (tarr) (Nichols et al., 2011). Assuming a hypothetical single reflection site, and assuming that the average speed of forward waves and reflected waves throughout the arterial system is the same, tarr will be twice the wave travel time from the heart to this hypothetical single reflection site. Assuming that PWV is time independent throughout the cardiac cycle, tarr is related to Leff and PWV using the equation below:

[image: image]

Substituting Eq. 8 into Eq. 1 gives:

[image: image]

In Eq. 9, HR is expressed in beats-per-second. Figure 1 shows the overall schematic of the computation of WCNPQ and WCN Pinf.


[image: image]

FIGURE 1. Schematic of the computation of WCNPQ(top row) and WCNPinf (bottom row). The pressure wave (blue), the flow wave (red), and PWV are each required to compute WCNPQ. Only the pressure waveform (blue) is needed to compute WCNPinf. FT is the Fourier transform.




Population Characteristics and Hemodynamics Measurements

Previously published retrospective data from Murgo et al. (1980) was used to assess the accuracy of the single pressure waveform evaluation of WCNPinf with respect to WCN computed from Eq. 1 by using the pressure and flow waves and the quarter-wavelength relationship (Eqs 2–7). Data from McEniery et al. (2005) were used to investigate the relationship between non-invasive WCNPinf and aging among healthy individuals.



Methods for Invasive Evaluation of WCNPQ and WCNPinf

The database published by Murgo et al. (1980) was used in this study. This database is composed of eighteen patients who underwent right and left heart catheterization for different clinical indications (Murgo et al., 1980). The age range of this cohort was 19–54 years (34.3 ± 9.6). Chest pain was the most common clinical condition in this population. Pressure measurements in the aorta were performed using solid-state pressure sensors (Millar Mikro-Tip, Millar Instruments, Houston, Texas). Electromagnetic flow velocity probes (Carolina Medical Electronics, King, North Carolina 1973–1975; Millar Instruments 1975–1979) were used for flow measurements. PWVs were computed using the foot-to-foot method. The PWV value (needed for the WCN calculation) was not available for one patient, so the database in this manuscript includes the other 17 patients. Further details about hemodynamics measurements and analyses can be found in Murgo et al. (1980).

In seven patients, the inflection point of the pressure waveform occurred before the peak systolic pressure with an augmentation index (AIx) greater than 12% [the so-called type A waveform (Salvi, 2012)]. In seven patients, systolic pressure happened in the late systolic phase following an inflection point with 0 < AIx < 12% [the so-called type B waveform (Salvi, 2012)]. Inflection points occurred after the peak systole in three patients [the so-called Type C waveform (Salvi, 2012)].



Methods for Non-Invasive WCNPinf and Its Relationship With Age

Reported analyses from McEniery et al. (2005) were used to evaluate non-invasive WCNPinf and investigate its relationship with age in both males and females among healthy populations. The data was a subset of the Anglo-Cardiff Collaborative Trial (ACCT) study population (McEniery et al., 2005). Any individual with clinical history of CVD, evidence of CVD on examination, systolic blood pressure (SBP) ≥140 mmHg and diastolic blood pressure (DBP) ≥90 mmHg, serum cholesterol ≥6.5 mmol/l, renal disease [see (McEniery et al., 2005) for details], and diabetes mellitus were excluded from the healthy subset database. The healthy subset included 4,001 individuals with ages ranging from 18 to 90 years. Aortic pressure waveforms were generated using a validated generalized transfer function (Karamanoglu et al., 1993) applied to radial waveforms measured by a tonometry device (SphygmoCor, AtCor Medical, Sydney, Australia). These synthesized aortic waveforms were then used to identify the inflection point and compute t arr.



Analysis Method

Bland-Altman analysis (Bland and Altman, 1986) was used to quantify the agreement between WCNPQ and WCNPinf. The dependency of the error of WCNPinf (defined as the difference between WCNPQ and WCNPinf) on relevant physiological parameters such as PWV, pulse pressure (PP), and HR was investigated.

The standard deviations (SD) of the non-invasive WCNPinf were approximated from the reported SDs of tarr and reported SD of the HR and their mean values for each age bracket range assuming that tarr and HR are independent from each other (Ku, 1966).



RESULTS


Accuracy of Single Waveform Evaluation of Wave Condition Number (WCNPinf)

The hemodynamics and the demographics of the study population are shown in Table 1. As illustrated in Figure 2, there is a strong correlation (r = 0.83, p-value <0.0001) between WCNPinf (WCN computed from the reflected wave arrival time using Eq. 8) and WCNPQ calculated from Eq. 1 and, using the effective length computed from Eq. 2.


TABLE 1. Study population demographics and hemodynamics.

[image: Table 1]
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FIGURE 2. (A) WCNPinf computed from the tarr (time of the inflection point) using Eq. (9) versus WCNPQ computed from PQ using Eqs (1–7) (r = 0.83, RMSE = 0.01). (B) Bland-Altman graph comparing WCNPinf to WCNPQ. The limit of agreement lines are at +0.010 and –0.028 (–0.009 bias with ± 0.019 limits).


Figure 3 demonstrates that the WCNPinf error is independent from relevant physiological parameters such as PWV, PP, and HR. There was no significant correlation between WCNPinf error and PWV, PP, and HR with p-values of 0.76, 0.16, and 0.70, respectively.


[image: image]

FIGURE 3. (A) WCNPinf error versus a PWV range of 4.64–9.45 m/s (p-value = 0.76). (B) WCNPinf error versus a PP range of 27–73 mmHg (p-value = 0.16). (C) WCNPinf error versus a HR range od 59–110 bpm (p-value = 0.70).




Non-invasive WCNPinf and Aging in Healthy Population

The overall declining relationship between WCNPinf and age among healthy populations for both males (Figure 4A) and females (Figure 4B) is demonstrated in Figure 4. The x-components of data points are set to the mid-points but cover the full decade (e.g., x = 35 indicates 30–40 years). The dashed bars are the standard deviation lines.


[image: image]

FIGURE 4. (A) WCNPinf versus age among a healthy male population. (B) WCNPinf versus age among a healthy female population. Dashed lines are upper (black) and lower (red) standard deviation lines. For better visualization, the x-components of data points are set to the mid-points but include the full decade (e.g., x = 35 indicates 30–40 years).




DISCUSSION

The results of this study indicate that WCN can be approximated from a single pressure waveform measurement. The results also provide a proof-of-concept that non-invasive single waveform WCN (referred to as WCNPinf in this manuscript) can capture age related differences in arterial wave reflection in a healthy population. The results also demonstrate that WCNPinf is approximately 0.1 [the optimum value found by the previous study of Pahlevan and Gharib (2014) for young healthy individuals], and deviates from the optimum value with aging (a reduction from 0.1).

Our results show a strong correlation between WCNPQ and WCNPinf (r = 0.83, Figure 2A). However, there was an offset of 0.009 (9%) between WCNPQ and WCNPinf as illustrated in the Bland-Altman graph of Figure 2B. Prognostic values of WCN and its approximation (WCNPinf) will be determined in future clinical studies. On the other hand, the error of WCNPinf did not show statistically significant dependency on hemodynamic parameters related to WCN and overall wave reflection such as PWV, PP, and HR.

Similar changes in WCN with advancing age were observed in both healthy men and healthy women. In young healthy individuals (men and women) the WCN was around 0.1 [the optimum value according to (Pahlevan and Gharib, 2014)], and this reduced with aging as the arterial wave reflections became suboptimal due to vascular aging.

According to the results of Figure 4, the WCNPinf moderately reduces in an aged population. However, the actual decline in the value of WCN among an elderly population is probably more significant since the true value of tarr in the elderly is over-estimated by the usage of the time of the inflection point. A recent study by Phan et al. (2016), demonstrates that a tarr computed from the time of the inflection point over-estimates the true value of a tarr computed from a pressure-flow analysis. Although WCNPinf underestimates the impact of aging on WCN, it reveals the overall trends of aging on WCN among healthy populations. Perhaps WCN computed from other single waveform decomposition methods (Westerhof et al., 2006; Hametner et al., 2013) can provide more accurate single waveform approximations of WCN among healthy aged populations.

Segers et al. (2007) have reported tarr calculated from the inflection point method and the PQ method (using non-invasive aortic flow and carotid pressure waveforms), in a large middle-aged population (35–56 years old; Asklepios study (Rietzschel et al., 2007) which include 1093 women and 1039 men). Values of WCNPinf computed based on the average values of the reported tarr and HR (in five-year age intervals reported by Segers et al.) indicate a decrease with age over two decades (35–56 years old) from 0.090 to 0.081 in men and from 0.081 to 0.73 in women. This behavior agree with the results presented in Figure 4. In the latter, the average WCNPinf values and their variations with age are similar in both men and women; however, the average values of WCNPinf computed from the data reported by Segers et al. (2007) are 10% lower in women than in men (0.090 vs 0.081). Furthermore, Baksi et al. (2009) have performed a meta-analysis (64 studies including 13,770 participants with an age range of 4–91 years) to investigate the effect of wave reflections on blood pressure changes that occur with aging. They report a modest but statistically significant (r = −0.57, p < 0.0001) drop in tarr with aging. Based on the results reported in Figure 4 of Baksi et al. (2009), tarr drops from 152 to 120 over 6 decades (20 to 80). Unfortunately, values of HR have not been reported by the authors. Using average HR values for healthy population reported by McEniery et al. (2005), we have computed the corresponding average WCNPinf for the reported data from Baksi et al. (2009): our analysis shows that WCNPinf based on this data drops from 0.92 (20 years old) to 0.62 (80 years old) over six decades. These values are well within the results reported in Figure 4 of this article.

Previous results from a physiologically relevant in vitro LV-arterial simulator (Pahlevan and Gharib, 2014) suggest that deviations from a value of WCN = 0.1 increase pulsatile workload on the LV. This workload elevation is more significant at higher arterial stiffnesses (e.g., those occurring with aging). Therefore, a reduction of WCN from 0.1 to 0.07 in a healthy individual may indicate an elevation of the LV pulsatile workload due to suboptimal wave reflections. Future clinical studies are needed to verify if indeed a deviation of WCN away from the optimal 0.1 does in fact increases LV pulsatile workload in a human.

As demonstrated by Westerhof and Westerhof (2018), the uniform tube models inaccurately interpret pressure waveforms and aortic wave travel. However, it must be noted that the WCN concept does not imply in any way that the arterial system is a single tube (as the input impedance is not the same as the actual impedance), and it should not be viewed as an oversimplification. WCN should be considered as a dimensionless number for overall characterization or classification of a wave reflection system. It is comparable to the Reynolds number (Re) in fluid dynamics, which is used for classifications of fluid flow and whose usage is never considered as an oversimplification of boundary layer theory or the Navier-Stokes equations.

Future analyses will focus on investigating if WCN is associated with risk for the onset of cardiovascular disease (CVD) events in large longitudinal cohorts. Such studies will reveal if WCN is a useful addition to standard risk assessment for one or more types of CVDs. Further research can also be focused on the pulmonary vasculature in order to evaluate optimum WCN for the minimization of the workload on the right ventricle (RV). The overall length of pulmonary networks is shorter than the overall length of systemic networks, and the nature of wave reflections at the end of pulmonary vasculature is different than the systemic vasculature (Hollander et al., 2001). These two effects may result in a shorter Leff. The combining effects of a shorter Leff and a lower PWV in the pulmonary artery circulation may produce the same value of optimum WCN (= 0.1) for pulmonary circulation. Although workload on the RV is much lower on than the LV, quantifying the optimum wave reflection can be helpful in patients with right heart failure or patients with pulmonary hypertension (Laskey et al., 1993).



LIMITATIONS

One major limitation of this study is that the database for assessment of the accuracy of WCNPinf did not include any patients older than 54 years. Future studies are needed to verify if the WCNPinf error remains within the same range indicated in this study. Another limitation related to the WCNPinf error is that the left ventricle (LV) ejection fraction (LVEF) values of the patients were not available. LVEF is one of the most relevant cardiovascular parameters that may affect the accuracy of WCNPinf. It is noteworthy that there are uncertainties in the assessment of WCN since the absolute accuracy of a WCN assessment depends on the flow and pressure measurement errors, the synchronization between pressure and flow measurements, as well as the sampling frequency of the measurements.



CONCLUSION

WCN can be approximated from a single pressure waveform, independently from related hemodynamics indices such as PP, PWV, and HR. This study provides a proof-of-concept that non-invasive single-waveform WCN can capture age-related alterations of arterial wave reflections in a large healthy cohort. However, these changes in WCN with age are not as substantial in healthy populations, possibly limiting its usefulness for healthier individuals. These results are clinically significant since WCN can be extracted from a single non-invasive pressure waveform that is easily acquired using arterial applanation tonometry, a smartphone-based handheld device (Armenian et al., 2018; Miller et al., 2020), or an unmodified iPhone (Pahlevan et al., 2017).
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Objective: Distributed models of the arterial tree allow studying the effect of physiological and pathophysiological changes in the vasculature on hemodynamics. For the adult, several models exist; however, a model encompassing the full age range from newborn to adult was until now lacking. Our goal is to describe a complete distributed hemodynamic model for normal development from newborn to adult.

Methods: The arterial system was modeled by 121 segments characterized by length, radius, wall thickness, wall stiffness, and wall viscosity. The final segments ended in three-element Windkessels. All parameters were adapted based on body height and weight as a function of age as described in the literature.

Results: Pressures and flows are calculated as a function of age at sites along the arterial tree. Central to peripheral transfer functions are given. Our results indicate that peripheral pressure in younger children resembles central pressure. Furthermore, total arterial compliance, inertance and impedance are calculated. Findings indicate that the arterial tree can be simulated by using a three-element Windkessel system. Pulse wave velocity in the aorta was found to increase during development.

Conclusions: The arterial system, modeled from newborn to adult bears clinical significance, both for the interpretation of peripheral measured pressure in younger and older children, and for using a Windkessel model to determine flow from pressure measurements.

Keywords: distributed arterial model, newborn to adult, aortic, peripheral, blood pressure, flow, windkessel


INTRODUCTION

Arterial models help in understanding of hemodynamics and allow simulated experimental interventions that may not be easily performed in the human (1). To date, full-scale distributed models describe the adult circulation (2–7); an overview is given by Reymond et al. (8). Descriptions of fetal (9, 10), neonatal (11), and infant (12) circulations do exist, however, usually with simplified arterial networks. Nevertheless, these models demonstrated clinical relevance.

Our general aim was to develop a full-scale distributed model of the systemic arterial tree, consisting of realistic segments derived from physiological measurements, throughout development from newborn to adult. To describe all model parameters as a function of age, growth charts were used. We investigated pressure-flow relations in the model, with as a first aim to determine the central to peripheral pressure transfer functions (describing the changes in the pressure wave shape that occur while the wave travels in the arterial system). The second aim was to derive and determine the applicability of Windkessel models, based on characteristic impedance and the lumped parameters, as found by network analysis, describing total arterial resistance, compliance, and inertance. The first aim provides understanding of the relation between peripheral measured pressure and central pressure. The second aim gives insight in the applicability of 3- or 4-element Windkessels for realistic modeling of the input impedance of systemic arterial tree (13). Combined, these aims may aid in calculating cardiac output from peripherally measured pressures.



METHODS

The model of the arterial tree was developed using the description of Westerhof (2) with the inclusion of three element Windkessel impedances at the end of the final segments as given by Stergiopulos (4). In total, the Westerhof model incorporates 121 segments, of which length, radius, vascular wall thickness, wall stiffness and viscoelastic properties are given (2, 14).

To model the development of the arterial system, the following age dependent descriptions were assembled: height; proportional length and radius of body divisions (e.g., head, thorax, abdomen, legs); weight; and based on the previous, proportional volume of body divisions. These descriptions allow determining the dimensions of the arterial segments for any age. Once these dimensions are known, the pressure and flow transfer function of each segment can be calculated. Bringing all pressure and flow transfer functions together, the entire arterial system can be modeled. A flow wave with the correct stroke volume and heart rate for each age is used as input. Then pressure and flow can be calculated in each segment.

Thus, the current model is based on two main constituents: first, the original model by Westerhof et al. (2) (some parameter changes to the original model will be detailed); and second, descriptions of body development (which will also be given explicitly).


Normal Development From Newborn to Adult

The middle percentiles of the curves describing development as a function of age were used. Standard curves for stature as a function of age for boys were obtained from Freeman et al. (15). Curves for weight as a function of age were obtained from Wright et al. (16) (age 0–1 year) and Burmaster and Crouch (17) (age > 1 year). Growth was modeled separately for 6 divisions of the body: i.e., the head, neck, thorax, abdomen, legs, and arms. See Figure 1 for the age dependent development of stature and of the proportional development of body divisions. Using data on the relative dimensions of these body parts with respect to total body stature as a function of age, body divisions lengths and volumes were obtained (18). All body divisions were modeled by conical shapes, except for the head which was modeled by a sphere. Thus, all body divisions are essentially described by high order polynomials to yield dimensions as a function of age (Supplemental Material—Descriptions of body development).


[image: Figure 1]
FIGURE 1. Arterial segments with the lengths and diameters as a function of age (red 0 years, orange 1 year, yellow 2 years, green 5 years, blue 10 years, purple 15 years, violet 20 years). Curves describe the development of stature, of the head, the neck, the thorax, the abdomen, and the legs.




Vascular Wall Properties

To correctly model growth of the arterial system, i.e., segment length, radius and wall thickness, the following was considered. In the newborn, average tissue metabolism and tissue perfusion (19) are higher when compared to the adult as demonstrated by the larger ratio of cardiac output and body weight for the newborn vs. the adult (20, 21). Since tissue perfusion decreases with age, mean resistance to flow is increased with age. This implies that mean flow through the conduit arteries is relatively enhanced at younger age. Shear stress on the intimal layer (endothelium) is proportional to flow increase and inversely proportional to radial increase to the third power (22). Wall shear stress measurements at various ages show a relatively small or even absent dependence on age (23). Therefore, vessel radii of younger individuals were corrected to achieve normalized shear stress. In the model, this was implemented as follows; an increase in tissue perfusion at young age was accompanied by an increase in the vascular radius to a 1/3rd power so that shear stress remained within the normal range. As an example, if the flow to a certain body division of the adult would be 50 mL/min to 1 Kg of tissue, perfusion can be quantified as 50 (mL/min)/Kg. If tissue perfusion is higher at a younger age, e.g., 60 (mL/min)/Kg, then the radii of the conduit arteries supplying blood to this tissue are increased by a factor (60/50)(1/3) = 1.06. Thus, a 20 % higher perfusion is accompanied by a 6 % increase in radius.

To account for an increased mean arterial pressure with increased age (24), vascular wall thickness was assumed to increase proportionally. Increased vascular wall thickness is a normal physiological response to increased mean arterial pressure and thereby normalizes vascular wall stress (9, 23–27). Elastance (Young's modulus) was not changed as a function of age.



Transfer of Pressure and Flow

Transfer of pressure and flow over each segment is governed by transverse and longitudinal impedances. Transverse impedance is given by Jager et al. (28), longitudinal impedance is given by Womersley's theory of oscillatory flow for a longitudinally constrained tube (29). Both impedances can be obtained from vascular properties (22, 30). Computational details can be found elsewhere (1, 2, 31).

Starting from the distal impedances of the segment considered, pressure and flow transfer can be used to yield the impedance at the proximal site. Using standard circuit analysis for each frequency, multiple segments can be combined and finally resulting in the impedance of the entire arterial tree. Details on this approach can be found in the literature (1, 9, 10, 32, 33).



Changes to the Original Model

The following adaptations were made to the original description of the arterial segments and wall properties (2). Radii of proximal aortic segments were adapted to remove sudden decrease in radius (see Supplemental Material: Vascular dimensions and Windkessel parameters: FIGURE Vascular dimensions—changes in the aortic radii). With these changes, the radii are close to those reported by Hickson et al. (34) for 20 years old individuals. In addition, the resistances of the abdominal vascular beds and of the brain were increased to reduce flows to a normal physiological levels (35) (see Supplemental Material: Vascular dimensions and Windkessel parameters: Table S1—Windkessel peripheral resistance increase with respect to the original model). Elastance of the carotid arteries was given values of the central- as opposed to the peripheral arteries. The elastance of all arterial segments (factor 0.5) and total peripheral resistances of all loading Windkessels (factor 0.75) were reduced since the model would otherwise generate hypertensive pressures (195/102 mmHg brachial pressure) for a normal stroke volume and cardiac output.

The parameters of the arterial vasculature for ages of 0, 1, 2, 5, 10, 15, and 20 years can be found in the Supplemental Material—Vascular dimensions and Windkessel parameters.



Cardiac Output and Heart Rate

Cardiac output and heart rate were taken from Wiesener (21), where cardiac output was described to increase linearly from 564 mL/min at 0 to 5 L/min at 20 years and heart rate to decrease exponentially with weight to the power of −0.2 from 136 at 0 to 73 beats/min at 20 years (21, 22). The flow wave shape was chosen as a modified triangle, approaching a measured flow wave of which the maximum flow could be adapted to give the correct stroke volume. Ejection time was established as a function of heart rate (36, 37). The flow wave shape was used as input to the entire model, resulting in pressures and flows for each arterial segment.



Pulse Wave Velocity

For the aortic segments, the Moens-Korteweg pulse wave velocities were calculated (22). Carotid to femoral pulse wave velocity was calculated from the difference in arrival time of the pressure waves in the carotid and femoral artery and the distance between the two. Distance was determined by adding the lengths of the arterial segments from the aorta to the carotid artery and from aorta to femoral artery.



Windkessel Compliance and Resistance

Windkessel compliances are assumed to increase proportional to the volume of the body division they are in (18). Conversely, Windkessel resistance was taken inversely proportional to volume (22). In addition, Windkessel resistance was corrected to reflect perfusion decrease with age, as described in the vascular wall properties paragraph. The Windkessel parameters of the arterial vasculature for ages of 0, 1, 2, 5, 10, 15, and 20 years are listed in the Supplemental Material—Vascular dimensions and Windkessel parameters.




RESULTS

In Figure 1 the arterial segments are displayed with their lengths and diameters as a function of age. The pressure and flow waves are shown in Figure 2 for aorta, carotid, brachial, radial, femoral and tibial arteries. The pressure wave shapes are comparable for the age range between 0 and 5 years. Around the age of 10 the shapes start to change progressively. The ratio of brachial pulse pressure, respectively radial pulse pressure, to aortic pulse pressure, as measure of amplification, increased almost linearly from 1.15 to 1.39 (brachial) and from 1.19 to 1.55 (radial) over the years.


[image: Figure 2]
FIGURE 2. The pressure and flow waves for aorta, carotid, brachial, radial, femoral and tibial artery as a function of age (red, orange, yellow, green, blue, purple, violet: 0, 1, 2, 5, 10, 15, 20 years).


Brachial systolic and diastolic blood pressures are presented in Figure 3. Pressures from a population study by Flynn et al. (38) in children aged 1–17 years are shown as reference. Systolic pressures of the model are similar whereas diastolic pressures are higher compared to measured pressures.


[image: Figure 3]
FIGURE 3. Brachial systolic and diastolic blood pressures from model simulations (green blocks) and from a population study (blue disks) (38). Systolic pressure are comparable, diastolic pressures of the model simulations are higher than the measured pressures.


The transfer functions between aorta and the above-mentioned arteries are shown in Figure 4. In the “Supplemental Material: Transfer functions as function of harmonics” The transfer functions are plotted as a function of harmonics (instead of frequencies, Figure 4). By normalizing to the heart rate, a better insight is given in the effect of a transfer function for a certain age. In this representation, the peaks of the transfer functions are closer for the different ages than in Figure 4. However, the peaks of the younger ages are still at higher harmonics, explaining why their pressure wave shapes are less affected when traveling toward the periphery.


[image: Figure 4]
FIGURE 4. The transfer functions between aorta and the carotid, brachial, radial, femoral and tibial artery as a function of age (red, orange, yellow, green, blue, purple, violet: 0, 1, 2, 5, 10, 15, 20 years).


The percentage of resistance that resides in the vessels relative to the total resistance (thus including Windkessel resistance) was 11% at 0 years and decreased to 7% for 20 years, indicating a small pressure drop over the conduit arteries. When the shear rate was not kept constant by an increasing vascular radius to accommodate for the higher tissue perfusion at younger age, the resistance in the vessels relative to the total resistance was 26% at 0 years, causing a considerable pressure-drop.

Moens-Korteweg pulse wave velocities (22) in the aortic segments and carotid to femoral pulse wave velocities are presented in Figure 5. For comparison, carotid to femoral pulse wave velocities reported by Reusz et al. (39) over ages ranging from 6 to 20 years are shown. Both model- and measured carotid to femoral velocities are higher than the Moens-Korteweg velocities. In all velocities an increase with age is visible.


[image: Figure 5]
FIGURE 5. Left: Moens-Korteweg pulse wave velocity over the aortic segments as a function of age (red, orange, yellow, green, blue, purple, violet: 0, 1, 2, 5, 10, 15, 20 years). Right: carotid to femoral pulse wave velocity determined from model simulations (green blocks) and from a population study (blue disks) (39).


Input impedances as determined from Fourier analysis of pressure and flow are given in the Supplemental Material—Vascular dimensions and Windkessel parameters, together with the 3-element (40) and 4-element (41) Windkessel impedances based on characteristic impedance and the lumping of the compliance, resistance and inertance of the distributed system (Table 1) (42). Both Windkessels fit to the data of the distributed system quite well.


Table 1. Lumped parameters of the arterial system.

[image: Table 1]



DISCUSSION

A model of the arterial system was developed that describes hemodynamics during development from 0 to 20 years, from newborn to adult. The system is based on anatomy, stature, proportional growth of different divisions of the body, and weight, all as described in the literature (15, 17, 18).

Our main findings are that the pressures for the age range of 0–5 years are quite similar throughout the arterial system. After the age of 10 years, the pressure transfer functions appear to have taken their final forms, remaining quite similar during further development to adulthood. This suggests that transfer functions developed for the adult may work acceptably for children of 10 years and older, but not for younger children. In the latter group, less amplification is present, and an adult transfer function would overcorrect systolic pressures, resulting in estimations that are too low. This observation fits with recent findings of systolic pressure underestimation is younger children (43, 44). Individualization of transfer functions based on body height or age may improve precision (32, 33).

Gevers et al. (45) used high-fidelity catheter tip-manometers to collect peripheral pressure (radial and tibial artery) waveforms in critically ill newborns. The radial pressures were very similar in form to central aortic pressures as seen in adults, many times with A-type (46) pressure augmentation visible. Tibial pressures were shown to resemble the more proximal femoral artery pressure in adult. The authors concluded that peripheral pressure in newborns have a central appearance.

The transfer functions derived by Cai et al. (47) give the relation between carotid (representing central pressure) and radial artery are not directly comparable to the transfer functions shown here which all give the relation between aortic pressure and peripheral pressures. Nonetheless, their transfer functions for pediatric (8 years old) and adolescent (14 years old) populations are similar to our aortic-to-radial transfer functions for 10 years and 15 years old [(47); Figures 2, 4]. The representation of their transfer functions is inverted compared to ours, and their troughs of about 0.5 correspond to our peaks of about 2. In addition, in their data, the trough in the transfer function deepens for higher age and moves to lower frequencies, analogous to the increasing peaks in our data, which move to lower frequencies as well.

Milne et al. (48) measured the carotid distension wave with echo-tracking and compared it with invasively measured aortic pressure. Also, in another population, they compared central pressure, reconstructed from non-invasively measured radial pressure using an adult transfer function, with the carotid distension wave. In both sub-studies the ages ranged between 2 and 18 years old; subjects were not stratified. The systolic pressure derived from the carotid distension wave (using the invasive diastolic and mean pressures for calibration) slightly overestimated the aortic pressure, but only some 4 mmHg. We find similar numbers for pressure augmentation in our study (1 mmHg for 5 years old, 6 mmHg for 10 years old, 13 mmHg for 15 years old). In the study of Milne et al. (48), the central systolic pressure reconstructed from radial pressure using the adult transfer function, and calibrated using auscultatory brachial pressures, was within 1 mmHg accurate when compared to the carotid distension wave. The central-to-peripheral pressure augmentation was almost 20 mmHg. This is contrary to our findings and to those of others (47) and may have to do with the excessive reduction of peripherally measured systolic pressure when using an adult transfer function in children.

In older age, it is quite well-established that pulse pressure amplification is reduced (49, 50), and brachial and radial systolic pressures are closer to central aortic systolic pressure than in younger age. Pulse pressure amplification is determined by the transfer function between the aorta and the brachial or radial site. In a 20 years old individual, the peak in the transfer function is at a relatively low frequency, so that the lower frequencies (which are the main determinants of the pressure levels) are amplified. At older age, when vessels become stiffer, the peak moves to higher frequencies, away from the main frequency content, and amplification is reduced (31, 51). Views on the effects of pulse pressure amplification in the younger ages are divided (52). The effects are relevant to make an appropriate decision when considering treatment of early age hypertension (53). Based on our modeling results, we suggest that pressure augmentation is smaller in younger individuals. We agree with Adji and O'Rourke (54) that the changes in vascular stiffness in this age group are small, and the changes in the transfer functions are determined mainly by changes in dimensions. We however would advise to be cautious with the use of an adult transfer function for the very young; probably, the results are acceptable from 10 years and up.

When comparing brachial pressures of the model to measured pressures in a population study by Flynn et al. (38), systolic pressures were similar, however, diastolic pressures of the model were higher, in particular for the younger ages. This suggests that the arterial stiffness of the model is too low, resulting in an overly low pulse pressure.

Our model is highly versatile and allows making changes to describe diverse anatomical aberrations (coarctation, aneurysm). It could also be used to investigate the effects of childhood obesity on the pressure wave shape (55, 56). Also potentially relevant is model based prediction of the effect of vascular remodeling, which may start already early in life in children with end-stage renal disease, chronic parenteral nutrition, HIV infection, or aortic coarctation, as suggested by Aggoun et al. (57).

Both the 3- as well as the 4-element Windkessel seem to provide an acceptable lumped parameter model description of the arterial input impedance. The parameters can be estimated based on gender (which we did not investigate), age, height and weight. We suggest that the findings of the current study can serve as a basis for further development of a Windkessel model, which could be used to estimate cardiac output from pressure measurements (58). To our knowledge, such a model is currently not available for children.


Cardiac Output and Heart Rate

The cardiac output and heart rate taken from Wiesener (21) gave correct mean arterial pressures as a function of age (24), but only after the total peripheral resistance of the original adult model (2) was reduced. Also, the arterial stiffness of the original description (2) was reduced to arrive at acceptable pulse pressures. To check if the used cardiac output as a function of age is also reasonable, the following calculations were done. Body weight increased from 3.5 kg at birth to 78 kg at 20 years; cardiac output increased from 564 mL/min to 5 L/min. Dividing cardiac output by body weight gives 161 and 64 mL/min/kg, respectively. Thus, tissue perfusion is indeed higher in youth than at later ages, as expected (19). Alternatively, cardiac output has been suggested to be 933 × weight0.38 in children and adolescents (59). At 3.5 kg, the cardiac output then would be calculated as 1.5 L/min, or 430 mL/min/kg, which is almost seven times higher than the value in the adult circulation, which we believe is a quite unacceptably high tissue perfusion. The first estimation gives a factor of 3 higher tissue perfusion for children vs. adults, which to us seems more realistic.

Across the mammalian species, cardiac output is related to body weight3/4 (22). With weight increase from 3.5 to 78 kg, from the newborn to adult, a factor of 22, cardiac output should increase by a factor of 223/4 = 10.2. This is in line with the cardiac output increase reported by Wiesener (21).



Shear Stress

As previously established from non-invasive measurements (23), we assumed that shear stress in the conduit vessels during development from the newborn to the adult circulation, would remain constant (23). Cardiac output increased approximately a factor of 10, so that arterial radii should increase by a factor of 101/3 or approximately 2.15 times: i.e., from around 0.68–1.47 cm for the aorta radius. If cardiac output was actually as high as 1.5 L/min (59) at 0 years (see section “Cardiac output and heart rate” in the Discussion), then the cardiac output would increase only about 3.33 instead of 10 times. With a radius increase of 3.331/3 or approximately 1.49 times, aortic radius would be about 1 cm at 0 years, which is rather unrealistically large.

With the implementation of a constant wall shear stress, the resistance in the conduit vessels was low with respect to total resistance (including the resistance of the loading Windkessels), thus the pressure drop in the vessels was small for the given cardiac outputs. Without this implementation of constant wall shear stress, the pressure drop would have become substantial.



Pulse Wave Velocity

Pulse wave velocity showed a gradual increase over the years. At younger age, vascular diameters were smaller, however, wall thickness was relatively even more reduced, since the mean arterial pressures were lower (see section “Vascular wall properties” in the Methods). This results in a lower wall thickness/radius ratio and thus, according to Moens-Korteweg (22), a lower pulse wave velocity as compared to the value at higher age.

Carotid to femoral velocities were higher than the aortic Moens-Korteweg velocities (22). In the study by Reusz et al. (39), the distance was measured over the body; in our model, segments lengths were added. In this way the travel distance is overestimated (this approach assumes that the pressure wave travels from the carotid to the femoral artery), resulting in an overestimation of aortic pulse wave velocity (60, 61). This is indeed apparent from the findings. The model findings overestimate Moens-Korteweg velocities even more than the measured data (39), likely since the addition of the segments lengths overestimates the measured lengths.

Another explanation is that arterial stiffness in the model is too high. To obtain pulse wave velocities at the same absolute value as Reusz et al. (39) found at 20 years of age, i.e., about 500 cm/s instead of the 700 cm/s found in the model, the vascular stiffness was reduced by a factor of 0.5. This gives a reduction of pulse wave velocity by a factor of 0.7. The aortic pressure then became 100/83 mmHg, brachial pressure 102/81. This is a very low pulse pressure and at odds with the measurements of by Flynn et al. (38), who report 117/68 at 17 years of age (121/74 when extrapolated to 20 years). Thus, the model strikes the balance: on the one hand, a higher arterial stiffness would give a pulse pressure closer to the reported measurements of Flynn et al. (38); on the other hand, a lower arterial stiffness would give carotid to femoral pulse wave velocities closed to those reported by Reusz et al. (39). More studies are needed to accurately determine arterial stiffness in developing children.



Model Considerations

Our work is a first step in the development of a distributed model that accurately describes pressure and flow relations in healthy children. The length, radius and wall thickness of the arterial segments were estimated based on growth curves and not measured in groups of individuals in certain age ranges. Detailed measurements of the vasculature as a function of age would possibly allow further improvement of the model description. Potential sex differences that may include differences in cardiac output and tissue perfusion were not considered.

In the current model, the arterial stiffness of the arterial segments is based on the original description of Westerhof et al. (2) distinguishing only four separate values. In reality, the distribution of stiffness is probably gradual, with the distal arteries being stiffer (62). Moreover, these four stiffness values were kept the same during the 20-years development. Also, in the model, the stiffness of each vessel is taken constant while it actually depends on the pressure that extends the vessel wall. While this simplification may be acceptable in the normal situation, with a limited range of pressure levels, a more accurate non-linear description would enhance the applicability of the model, e.g., in severe hypotension.

Radii of the arterial segments were assumed to grow proportional to the increase of length of the body division. When keeping the shear rate constant during development, by correcting radii to accommodate for the higher tissue perfusion at younger age, the resistance of the conduit vessels was acceptably low relative to the tissue resistance for all ages. Without shear stress correction however the conduit vessel resistance would cause considerably lower pressures at tissue level at younger ages. Our first assumption that radii would increase with length may be incorrect, but, together with the shear stress correction, seems to give acceptable results.

The model describes the systemic arterial tree with a closed ductus arteriosus (and in the heart, the foramen ovale is supposed to be closed). Interesting future work could aim to describe the transition from the neonatal circulation toward the closing of these shunts and the impact on cardiac output (63).

In our approach, the flow wave shape was the same for all simulations. A different flow wave shape may give other pressure wave shapes and for instance give rise to higher systolic pressure amplification. However, since the transfer functions are only determined by arterial parameters, these are independent of the flow wave shape that was used.

Finally, reflexes of the autonomic nervous system and autoregulation of organs were not incorporated in the model.




CONCLUSION

To our knowledge, we presented the currently most complete distributed model of the arterial system for the age range from newborn to adult. Important results encompass the finding of peripheral pressures in younger children to resemble their central pressure, and that input impedance may be described by a simple Windkessel model.

The results carry clinical significance for the interpretation of peripheral measured pressures in younger and older children. Further application of our model may e.g., aid in estimating cardiac output in children in intensive care, or to investigate effects resulting from vascular aberrations.
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Background: Wave intensity analysis provides valuable information on ventriculo-arterial function, hemodynamics, and energy transfer in the arterial circulation. Widespread use of wave intensity analysis is limited by the need for concurrent measurement of pressure and flow waveforms. We describe a method that can estimate wave intensity patterns using only non-invasive pressure waveforms (pWIA).

Methods: Radial artery pressure and left ventricular outflow tract (LVOT) flow velocity waveforms were recorded in 12 participants in the Southall and Brent Revisited (SABRE) study. Pressure waveforms were analyzed using custom-written software to derive the excess pressure (Pxs) which was scaled to peak LVOT velocity and used to calculate wave intensity. These data were compared with wave intensity calculated using the measured LVOT flow velocity waveform. In a separate study, repeat measures of pWIA were performed on 34 individuals who attended two clinic visits at an interval of ≈1 month to assess reproducibility and reliability of the method.

Results: Pxs waveforms were similar in shape to aortic flow velocity waveforms and the time of peak Pxs and peak aortic velocity agreed closely. Wave intensity estimated using pWIA showed acceptable agreement with estimates using LVOT velocity tracings and estimates of wave intensity were similar to values reported previously in the literature. The method showed fair to good reproducibility for most parameters.

Conclusion: The Pxs is a surrogate of LVOT flow velocity which, when appropriately scaled, allows estimation of aortic wave intensity with acceptable reproducibility. This may enable wider application of wave intensity analysis to large studies.

Keywords: blood pressure, hemodynamics, waves, wave intensity analysis, blood flow, aorta


INTRODUCTION

Blood pressure (BP) results almost entirely from waves generated by the heart; the intensity of these arterial waves is an important measure of ventriculo-arterial function and their interaction. While wave intensity analysis is not the only method to characterize waves in the circulation (Westerhof et al., 2005; Caro et al., 2012), it has proved an increasingly valuable approach to understanding hemodynamics and wave propagation in the circulation, since it quantifies the intensity and energy carried by forward and backward-traveling waves, along with their timing (Parker and Jones, 1990; MacRae et al., 1997; Parker, 2009; Broyd et al., 2015; Su et al., 2017). This has prognostic value: wave reflection has been reported to predict cardiovascular events independently of other cardiovascular risk factors (Manisty et al., 2010) and more recently, elevated wave intensity has been independently associated with greater decline in cognitive function from mid- to late life (Chiesa et al., 2019). This latter observation is consistent with suggestions that excessive pulsatile energy transfer is responsible for microvascular damage in the cerebral circulation (Mitchell, 2018).

Traditionally, analysis of wave intensity requires that both pressure and flow (or flow velocity) are measured, ideally simultaneously. These measurements can be onerous and technically challenging in large scale studies. We therefore examined the feasibility of deriving estimates of wave intensity based on measurement of pressure only. The method for calculating wave intensity using only pressure measurements is based on an observation made by Wang et al. (2003), who reported that excess pressure (Pxs), the difference between measured and reservoir pressure, was directly proportional to flow in the aortic root, Qin in dogs. Subsequent studies in humans employing invasive measurements of pressure and flow velocity in the aorta (Davies et al., 2007) and non-invasive measurements of carotid artery pressure and aortic flow (Vermeersch et al., 2009; Michail et al., 2018) have confirmed these findings. Given that wave intensity is the product of the derivatives of pressure and flow velocity this suggests that it should be possible to estimate wave intensity patterns using the measured pressure waveform and Pxs derived from reservoir analysis.

We therefore examined if this approach could be used to estimate wave intensity patterns from non-invasive measurements of the pressure waveform in man using a sample from a large UK population-based longitudinal cohort, the Southall and Brent Revisited (SABRE) study. We tested whether the Pxs waveform was similar to the measured aortic flow velocity waveform, assessed the agreement between wave intensity estimates made using pressure alone with the traditional approach, and also studied the test-retest reproducibility of pressure-only wave intensity analysis (pWIA) and other reservoir parameter estimates.



MATERIALS AND METHODS

Data were obtained from participants in the SABRE study, a tri-ethnic population-based cohort consisting of white European, South Asian and African Caribbean people resident in West London, UK (Tillin et al., 2012). In brief, participants, aged 40–69 years, were recruited from primary care and baseline measurements performed between 1988 and 1991. Surviving participants were invited to attend a 20-year follow-up for detailed phenotyping between 2008 and 2011 and data collected at this visit were used for this study. Twelve consecutive participants who underwent measurements of aortic flow velocity by echocardiography and blood pressure waveform measurement by radial tonometry were selected to explore the feasibility of performing wave intensity analysis using a pressure-only technique (pWIA). Reproducibility of the pWIA technique was assessed on 34 participants who re-attended for study investigations within a month as part of routine quality control. Exclusion criteria for both studies were rhythm other than sinus rhythm, valvular heart disease, or any other clinical condition that prevented full participation in the study.

The study was approved by the local research ethics review committee, and all participants gave written informed consent. The study adhered to the principles of the Declaration of Helsinki and Title 45, US Code of Federal Regulations, part 46. Protection of Human Subjects. Revised November 13, 2001, effective December 13, 2001, and all procedures were performed in accordance with institutional guidelines.


Investigations

Participants fasted and refrained from alcohol, smoking, and caffeine and were advised to avoid strenuous exercise for ≥ 12 h before attendance. Participants omitted any medication on the morning of investigation. A questionnaire was completed, which detailed health behaviors, medical history, and medication. Height, weight, and waist circumference were measured as previously described (Tillin et al., 2012). Diabetes was defined according to World Health Organization criteria (Alberti and Zimmet, 1998), self-report of doctor-diagnosed diabetes, or receipt of anti-diabetes medication. Hypertension was defined as use of blood pressure–lowering medication from patient questionnaire and/or general practitioners’ medical record review. Coronary heart disease was defined as a coronary event or revascularization identified by medical record review and adjudicated by an independent committee. Diagnosis of stroke was based on predetermined criteria of symptoms, duration of symptoms, and MRI or computed tomography imaging from hospital admission, patient, or medical records (Tillin et al., 2013). Heart failure, valve disease and atrial fibrillation were identified during the clinic visit and/or from medical records.

Seated brachial blood pressure was measured after 5–10 min rest using a validated automatic Oscillometric device (Omron 705IT). Arm circumference was measured and an appropriate sized cuff, based on British Society of Hypertension guidelines, was placed on the left upper arm. Three recordings were taken 2 min apart, and the second and third recordings were averaged as an estimate of clinic BP. BP waveforms were also recorded from the radial artery using a tonometer device (SphygmoCor; AtCor, Sydney, Australia) over at least six cardiac cycles, ensemble averaged and calibrated to brachial systolic and diastolic BP according to the manufacturer’s instructions. Central BP was calculated using the manufacturer’s software, which employs a generalized transfer function. Reservoir analysis (Figure 1) was performed using custom-written Matlab code (Mathworks, Inc., Natick, MA, United States) as previously described (Davies et al., 2014).


[image: image]

FIGURE 1. An example showing (A) the individual radial pressure waveforms recorded using the tonometer and (B) the ensemble averaged central pressure (blue), reservoir pressure (red), and excess pressure (black).


Echocardiography was performed using a Philips iE33 ultrasound machine (Philips, Amsterdam, The Netherlands) with a 5.0–1.0 phased array transducer (S5-1), as previously described (Park et al., 2013). Aortic flow velocity was measured in the left ventricular outflow tract (LVOT) using continuous wave Doppler according to ASE/EAE guidelines (Quinones et al., 2002) and at least 3 consecutive cardiac cycles were recorded during quiet respiration. For estimation of aortic wave intensity using a conventional method, the single best quality flow velocity waveform was digitalized at a sampling rate of 200 Hz and then downsampled to 128 Hz to correspond to the sampling rate of the SphygmoCor data, velocity in diastole was constrained to zero. Wave intensity was calculated as the product of the derivative of the central pressure waveform and the derivative of the digitalized flow velocity waveform as previously described (Bhuva et al., 2019).



Fitting the Reservoir and Calculating Pressure-Only Wave Intensity

Details of the reservoir approach are provided elsewhere (Hughes and Parker, 2020). In brief, it is assumed that reservoir pressure, Pres, satisfies overall conservation of mass for the circulation:
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where Qin is the volumetric flow rate into the aortic root, C is the net compliance of the arteries, kd is the diastolic rate constant (the reciprocal of the diastolic time constant τ = RC, where R is the resistance to outflow through the microcirculation, and Pzf is the pressure at which outflow through the microcirculation ceases.

The excess pressure (Pxs) is the difference between the measured pressure and the reservoir pressure (P-Pres) and if, as discussed above, Pxs is assumed to be directly proportional to the flow in the aortic root, we can substitute.
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into the mass conservation equation, where ζ is a constant of proportionality that has some relationship with the characteristic admittance, or 1/Zac, (i.e., the inverse of the characteristic impedance) and has units of admittance.

If we define ks = ζ/C and kd = 1/RC, then Equation (1) can be written as:
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Pres is given by a first-order linear differential equation:
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which is solved in two steps (1) by fitting an exponential curve to the pressure during diastole to estimate the diastolic parameters kd and Pzf, assuming aortic inflow is zero:
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ks is then estimated by minimizing the squared error between P and Pres obtained over diastole.

Wave intensity (dI) is the total rate of working, i.e., the power, per unit cross-sectional area of an artery due to the pressure, P, with the blood flowing with velocity U. If flow velocity, [image: image] where A is the cross-sectional area of the aorta, and ζ⋅A = ρ⋅c, where ρ is the density of blood (assumed to be 1,060 kg.m–3) and c is the wave speed. Then
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and
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If flow velocity is measured then c can be estimated from Equation (6). In addition to wave intensity, wave reflection index (WRI: the ratio of the area of the reflected wave to the early systolic incident wave), the ratio of peak forward to peak backward pressure (Pb/Pf) and the ratio of backward to total pressure, termed reflection index (RI) were also calculated (Westerhof et al., 2005).

For this analysis we chose a priori to use Pxs calculated from the estimated aortic (central) pressure waveform, as it was assumed to correspond more closely to aortic excess pressure. For the purposes of direct comparison with the conventional method Pxs was calibrated to the peak aortic flow in each individual, however, we also investigated the agreement when peak aortic velocity was assumed to be 1 m/s in all cases. All analyses were performed using custom written software in Matlab (R2019a, The Mathworks Inc.).



Repeatability and Reproducibility of Blood Pressure

Reproducibility (test-retest) data for reservoir pressure, Pxs and estimated wave intensity was performed on 34 participants [age 69.8 (SD = 5.6) years; 26 male] who attended on two occasions separated by an interval of approximately a month.



Statistical Analysis

Statistical analyses were performed using Stata 15.1 (StataCorp, College Station, Texas, United States). Continuous variables derived from the samples were summarized as mean ± SD. Reproducibility data were analyzed using Bland–Altman analysis and presented as mean differences with limits of agreement (LOA) (Bland and Altman, 2003). Concordance or reliability was summarized using Lin’s concordance coefficient (rho) (Steichen and Cox, 2002) and was classified as:< 0.40 – poor; between 0.40 and < 0.59 – fair; between 0.60 and 0.74 – good, and > 0.75 – excellent (Cicchetti et al., 2006).



RESULTS


Comparison of Aortic Velocity Waveform With Pxs

The characteristics of the 12 participants in this study are shown in Table 1. Reservoir analysis was successful in all cases and the fits were excellent [r2 for exponential fit in diastole = 0.98 (SD = 0.02)]. The Pxs waveforms agreed fairly closely with the LVOT flow velocity waveforms measured using ultrasound (Figure 2 and Supplementary Figure S1) and there was evident correlation between the systolic upstroke of both waveforms. This was confirmed by the close agreement between the time of peak of Pxs and time of peak aortic flow velocity [mean difference = 0.00 (LOA −0.02, 0.02) s]. Wave intensity estimated using Pxs gave the typical pattern consisting of a large forward compression wave (Wf1) in early systole, followed by a small backward wave (Wb1 – reflected wave), and followed by a moderate sized forward decompression wave in protodiastole (Wf2). Bland Altman plots indicating the agreement between peak wave intensities for conventional WIA and pWIA are shown in Figure 3 [mean difference Wf1 = −15 (LOA −106, 75) W/m2 × 104/cycle2, rho = 0.83; Wb = −49 (LOA −29, 19) W/m2 × 104/cycle2, rho = 0.42; −44 (LOA −13, 44) W/m2 × 104/cycle2, rho = 0.73]. When a constant peak aortic velocity of 1 m/s was assumed, the agreement was similar or only marginally worse (Supplementary Figure S2).


TABLE 1. Characteristic of participants in the study comparing wave intensity estimated using aortic flow velocity waveforms compared with excess pressure (Pxs) (N = 12).
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FIGURE 2. Example traces of velocity measured in the left ventricular outflow tract with the respective Pxs superimposed. Pxs waveforms were scaled to correspond with the peak of the aortic flow waveform.



[image: image]

FIGURE 3. Bland-Altman plots showing agreement between the three major waves (A–C) identified by traditional (Wf1, Wb, and Wf2) and pressure-only wave intensity analysis (pWf1, pWb, and pWf2).




Reproducibility Study

The characteristics of the 34 participants in the reproducibility study are shown in Table 2. Reservoir fitting and wave intensity calculation failed quality control in 3 and 5 cases at visit 1 and 2, respectively (12% failure rate), largely due to poor quality tonometry traces. An example of test-retest recordings in a single individual (selected to have a difference in the forward compression wave similar to the average difference) is shown in Figure 4. Bland Altman plots of all intra-individual differences for the three major waves, Wf1, Wb, and Wf2 are shown in Figure 5). The reliability of wave intensity was good, except for Wf2 which was poor and showed evidence of correlation between the difference and the mean (r = 0.79). Results for other measures are shown in Table 3; most showed fair or good reliability.


TABLE 2. Characteristic of participants in the reproducibility study (N = 34).
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FIGURE 4. An example of pressure-only wave intensity traces recorded from the same individual on two occasions ≈1 month apart [first visit (black) and second (repeat) visit (blue) traces]. The three major waves, Wf1, Wb, and Wf2 are indicated.
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FIGURE 5. Bland-Altman plots for test-retest data of the three major waves (A–C) identified by pressure-only wave intensity analysis (pWf1, pWb, and pWf2) calibrated to peak aortic velocity in each individual.



TABLE 3. Results and reproducibility of key parameters measured at 2 visits.
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DISCUSSION

We found that the Pxs waveform is an acceptable surrogate of LVOT (aortic) flow velocity waveform, and, following calibration of the Pxs waveform, it was possible to calculate wave intensity patterns from recordings of the pressure waveform made at the radial artery without measurements of flow. Wave intensity and related parameters estimated in this way showed acceptable agreement with conventionally measured wave intensities and the reproducibility and reliability of pWIA was similar to or better than the reliability of systolic BP. The only exception was Wf2 which showed poor reliability; this may relate to the small size of this wave and the variability in duration of ejection which introduces noise into the ensemble average of the waveform in late systole. Improved methods of ensemble averaging might be useful if Wf2 were a parameter of particular interest in a given study.

The method used to derive the flow velocity waveform from the measured pressure has some similarities with the approach used to derive flow waveforms in the ARCSolver method, which is based on a 3-element Windkesel model plus a minimal work criterion (Hametner et al., 2013). The ARCSolver method has been reported to outperform a simple triangular flow assumption in terms of pressure separation (Hametner et al., 2013), and it has been used for wave intensity analysis in one study (Hametner et al., 2017), although we are not aware of any validation studies using this approach.

In our studies the observed wave intensity patterns using the pressure-only approach were very similar to those reported previously using invasive or non-invasive methods based on measurement of pressure (or diameter) and flow velocity (Parker and Jones, 1990; Koh et al., 1998; Niki et al., 1999; Zambanini et al., 2005; Bhuva et al., 2019). The major disadvantage of the current approach is the lack of absolute calibration in the absence of a flow velocity measure. In many studies peak aortic or LVOT peak flow velocity may be measured as part of the echocardiography protocol, and this can be used to calibrate Pxs. When the data were calibrated in this way the intensity of the waves agreed with those calculated using conventional methods and the values were similar to those previously reported in the literature allowing for differences in form of units (Koh et al., 1998; Niki et al., 1999; Zambanini et al., 2005; Bhuva et al., 2019). Thus it may not be necessary to record the entire aortic velocity waveform, the peak velocity appears sufficient. However, if there is no measure of aortic flow velocity the issue of calibration is more problematic. One possibility may be to use an assumed aortic flow velocity based on previous studies. Dalen et al. (2010) measured LVOT peak velocity in 1266 healthy participants in the Nord-Trøndelag Health (HUNT) study (663 female, age range < 30 to > 70 years); they found no convincing evidence of a relationship between age and peak LVOT velocity in either men or women. The average LVOT velocities in this study were 98 (SD = 18) cm.s–1 in men and 101 (SD = 16) cm.s–1 in women. Choi et al. (2016) reported findings from 1,003 healthy Korean adults (age 20–79 years). LVOT peak velocities were slightly higher in women [men = 96 (SD = 15) cm.s–1 vs. women = 99 (SD = 16) cm.s–1] and there was a small positive relationship between increased age and higher peak LVOT velocity (corresponding to ∼4 and 10 cm.s–1 difference in peak velocity between age 21–30 and 71–80 in men and women, respectively). Previous smaller studies have reported that peak flow velocity in the LVOT shows little or no association with body size, sex, blood pressure, or body mass index (Gardin et al., 1987; van Dam et al., 1987; Swinne et al., 1996). This suggests that it might be possible, at least in individuals without established cardiac disease, to use an assumed peak aortic velocity to calibrate the Pxs waveform. Based particularly on the more recent large population studies in Norway and Korea (Dalen et al., 2010; Choi et al., 2016), ∼100 cm⋅s–1 seems a reasonable estimate for an assumed peak velocity in the LVOT, although a more detailed systematic review and meta-analysis on this question would be valuable.

Our study has several other limitations. It employs a small sample based on existing data using tonometry to record the BP waveform and the approach requires further validation if it is to be used in future studies employing other methods to measure pressure waveforms. We have found that the method can also be applied to pressure waveforms captured using a cuff-based arm BP monitor (unpublished data) which could allow for more automated approaches and even the possibility of measurement of ambulatory 24 h wave intensity. The method could also be applied to invasive data where only pressure has been measured, for example in investigations of suspected pulmonary hypertension. While outside the scope of this article, it is noteworthy that a related approach could be used to estimate wave intensity in circumstances where only flow velocity was measured if accompanied by measurements of clinic BP.

In conclusion, use of the Pxs waveform as a surrogate of LVOT flow velocity, when appropriately scaled, permits estimation of aortic wave intensity based on non-invasive measurement of pressure waveforms. This technique shows acceptable reproducibility and should allow wider application of wave intensity analysis to large scale trials and observational studies.
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The anti-aging function of Klotho gene has been implicated in age-related diseases. The physiological importance of Klotho in the progression of arterial stiffness with aging, however, remains unclear. The goal of this study is to determine the correlation of circulating Klotho with early age-related aortic stiffening and peripheral hemodynamics. We measured serum Klotho levels in a group of pigs with age ranges of 1.5–9 years and investigated the relationship between Klotho levels and biomarkers of aortic stiffening with aging, including aortic pulse wave velocity (PWV), augmentation index (AIx), and pulse pressure (PP). The effects of aortic stiffening on peripheral vascular resistance, compliance, and function were also evaluated. We found that increased aortic stiffness occurred at middle age (>5 years old), as evidenced by an increase in PWV and AIx (p < 0.001), but with no changes in blood pressure and PP. With advancing age, increased femoral vascular resistance positively correlated with aortic PWV and AIx (p < 0.01). No significant difference in endothelium function and arterial compliance for femoral and small peripheral arteries was observed between young and middle-aged groups. The serum Klotho levels were lower in young and higher in middle-aged pigs (p < 0.001), and a positive correlation was found between Klotho and aortic PWV, AIx, and femoral vascular resistance (p < 0.01). Our findings suggest that early-aged aortic stiffening has adverse effect on peripheral hemodynamics, independent of blood pressure levels. Elevated Klotho secretion was associated with increased aortic stiffness and peripheral vascular resistance with aging.

Keywords: Klotho, aging, aortic stiffness, vascular resistance, femoral artery


INTRODUCTION

It is well known that aging is a potent, independent risk factor for cardiovascular disease (Greenwald, 2007; Mitchell et al., 2007). In response to aging, the central elastic arteries become progressively stiffer and their ability to absorb pulsations from the ejecting ventricle is reduced (Avolio et al., 1985; Kelly et al., 1989). Enormous epidemiological research has demonstrated that aortic stiffening increases pulsatile hemodynamic forces, which may exert a detrimental effect on peripheral vascular function, invoking a mechanism linking increased arterial stiffness to the age-related disorders (James et al., 1995; Mitchell et al., 2005). Although a marked age-related increase in aortic stiffness has been confirmed in normal subjects before 60 years of age (Mitchell et al., 2004, 2007), it is unclear whether peripheral vascular resistance and function change in response to early aortic aging. Hence, one goal of this study is to determine the relationship between early age-related aortic stiffening and peripheral hemodynamics in young and middle-aged swine.

Klotho gene was originally identified as an anti-aging protein, which encodes a single-pass transmembrane glycoprotein (Kuro-o et al., 1997; Shiraki-Iida et al., 1998). It is produced mainly in the kidney and the soluble form of Klotho is cleaved and released in the blood, urine, and cerebrospinal fluid (Imura et al., 2004; Moe and Drueke, 2008). In a transgenic mouse model, overexpression of Klotho by genetic manipulation of full-length Klotho resulted in a significant extension of life span (Kurosu et al., 2005). The deletion of Klotho gene in mice led to a premature aging syndrome (Kuro-o et al., 1997). In humans, circulating levels of soluble Klotho decrease with age (Xiao et al., 2004), and emerging evidence suggests that Klotho concentration is closely correlated to the development of cardiovascular disease (Semba et al., 2011; Hu et al., 2013) and chronic kidney disease (CKD) (Akimoto et al., 2012; Asai et al., 2012). Although the anti-aging function of Klotho in human aging and age-related disorders has been implicated (Xiao et al., 2004; Hu et al., 2013; Koyama et al., 2015), the biological role of circulating Klotho in the progression of arterial stiffness with the aging process has not yet been elucidated. The second goal of this study is to investigate the associations of serum Klotho with aortic stiffness and peripheral vascular resistance during aging from young to middle age in swine.

In this study, we chose swine as the experimental subject since swine is considered an ideal preclinical model due to the anatomical and physiological similarities in the cardiovascular system between swine and human (Swindle and Smith, 1998). We measured the serum Klotho concentrations in young and middle-aged swine and explored the possible connection between the serum Klotho level and signs of arterial stiffening with aging, including aortic pulse wave velocity (PWV), augmentation index (AIx), and pulse pressure (PP). The effects of early age-related aortic stiffening on peripheral vascular resistance, compliance, and function were also evaluated.



MATERIALS AND METHODS


Experimental Animals

A total of 36 female Yucatan miniature pigs were divided into a young group (n = 18) with age ranges of 1.5–5 years and a middle-aged group (n = 18) with age ranges of 5.5–9 years (defined as middle age according to a life span of 15 years for Yucatan miniature swine). All animals were fed a standard swine diet (Teklad diet 7037, Envigo, Somerset, NJ) twice daily, and the amount of diet provided was 1% of the body weight of the pigs. All animal experiments were performed in accordance with national and local ethical guidelines, including the Institute of Laboratory Animal Research guidelines, Public Health Service policy, and the Animal Welfare Act, as approved by the Institutional Animal Care and Use Committee at California Medical Innovations Institute, San Diego.



Blood Pressure Measurements and Pulse Wave Analysis

Pigs were fasted for 12 h prior to surgery and pre-anesthetized with TKX (Telazol 10 mg/kg, Ketamine 5 mg/kg, and Xylazine 5 mg/kg, i.m). Pigs were then anesthetized with 2–3% isoflurane inhalation. Ventilation with 100% O2 was provided with a respirator and maintained PCO2 at approximately 35 mmHg. Under fluoroscopic guidance (Philips Fluoroscopy System), an introducer sheath (6 Fr) was percutaneously inserted into the jugular vein for administration of 0.9% saline and heparin (100 IU/kg). A sheath (5 Fr) was used to introduce a catheter into the aortic arch (proximal site) via the carotid artery. Another sheath (5 Fr) was used to introduce a catheter into the abdominal aorta (distal site) via the right femoral artery. Those catheters were connected to a pressure transducer (PowerLab, ADInstruments Inc.). The thoracic (aorta arch) and abdominal aortic blood pressure waveforms were recorded from these two locations simultaneously during the procedure. The femoral blood pressure waveform was also recorded with a catheter placement at the left femoral artery via an introducer sheath (4 Fr).

Pulse wave analysis was applied to determine aortic stiffness. PWV calculation is based on the difference in arrival times of the pressure wave at the proximal (aorta arch) and distal (abdominal aorta) locations. Since the tips of pressure catheters placed on the proximal and distal sites are visible on radiographs, the propagation distance was obtained by measuring the distance between the two catheters. PWV (m/s) was calculated by dividing the propagation distance by the difference between the two arrival times (transit time). AIx is expressed as the difference between the second and first systolic peaks of central aortic waveform calculated as a percentage of PP.



Femoral Flow Measurement and Analysis (Echocardiography)

The measurement of femoral blood flow velocity was obtained in all animals using an iE33 duplex ultrasonography (Philips, Andover, MA) equipped with L15-7 transducer. The mean velocity waveforms were recorded continuously for 6 s for further analysis. The diameter of the femoral artery was also recorded by B-mode imaging. According to the flow velocity waveforms, femoral flow volume (ml/min) was calculated from the time-averaged mean flow velocity and the arterial diameter. Femoral vascular resistance (mmHg/ml/min) was calculated by dividing the mean arterial pressure by the flow volume. After flow measurement, the femoral artery and a small peripheral artery (muscular branch of femoral artery with diameter 300–500 μm) were harvested for endothelial function and mechanical testing. Animal was then euthanized with a saturated solution of potassium chloride injection through the jugular vein to arrest the heart under deep anesthesia.



Endothelial Function

An isovolumic myograph was used to evaluate the endothelium-dependent vasorelaxation (Lu et al., 2011). Briefly, the segments from femoral and small peripheral arteries were cannulated on both ends in a physiological bath with HEPES physiologic saline solution (HEPES-PSS, concentration in mmol/l: 142 NaCl, 4.7 KCl, 2.7 sodium HEPES, 3 HEPES acid, 0.15 NaHPO4, 1.17 MgSO4, 2.79 CaCl2, and 5.5 glucose, solution gassed by 95% O2 plus 5% CO2). Both vessels segments were stretched to in situ length and preloaded at the physiological pressure of 80 mmHg. The pressure and external diameter were measured with a pressure transducer (Mikro-Tip SPR-524; Millar Instruments) and a digital diameter tracking (DiamTrak v3+; Australia), respectively. The vessel segment was pre-constricted with phenylephrine (PE) by a series of doses (10−10–10−5 mol/L in the PSS), and then relaxed with acetylcholine (ACh) by a series of doses: 10−10–10−5 mol/L. The endothelium-independent relaxation to sodium nitroprusside (SNP, 10−5 mol/L) was measured to verify the sensitivity of vascular smooth muscle to nitric oxide (NO). The overall contractility of vessel was tested with potassium chloride (KCl) at 60 mmol/L. Contraction was expressed as percentage of the response to KCl. Relaxation was expressed as percentage of pre-contraction to PE.



Mechanical Tests

The femoral and small peripheral arterial segments were cannulated on both ends and fully relaxed in Ca2+ free HEPES-PSS. The arterial segment was preconditioned with five cyclic changes in pressure from 0 to 180 mmHg. The pressure was then increased in 20 mmHg step increments from 20 to 180 mmHg in a staircase manner. The passive pressure (P)-diameter (D) relation was recorded. The lumen cross-sectional area (CSA) was computed from the lumen diameter (D), as CSA = πD2/4. The area compliance (CCSA) of the artery was determined by the slope of the pressure-CSA relationship, i.e., CV = ∆CSA/∆P as described in a previous publication (Guo et al., 2014).



Serum Klotho Level

Blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes for all experimental pigs. After centrifugation at 5,000 rpm and 4°C for 15 min, serum was immediately separated and stored at −80°C until analysis. The circulating level of Klotho in the serum was measured by a Klotho ELISA kit (IBL Co. Ltd., Minneapolis, MN) according to the manufacturer’s guideline.



Statistical Analysis

Results were shown as mean ± standard error of mean (mean ± SEM). Statistical analysis was performed using SigmaStat (Systat Software, California, USA). The significance of the differences between young and middle-age groups was evaluated by either t-test or one-way ANOVA. Multiple linear regression analysis was used to estimate the correlations between age and the study variables. Spearman’s correlation test was used to estimate the correlations between Klotho level and the study variables. Significant differences between the dose-dependent groups for endothelial function testing were determined by two-way ANOVA. The results were considered statistically significant when p < 0.05 (2-tailed).




RESULTS

The mean age, body weight, hemodynamic parameters, and serum Klotho level were presented and compared between young and middle-aged groups in Table 1. The mean age is 3.5 ± 0.3 years (range of 1.5–5 years) for the young group and 7.2 ± 0.3 years (range of 5.5–9 years) for the middle-aged group. The two study groups have comparable values of body weight and heart rate. There was no between-groups difference in PP, systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) in thoracic and abdominal aortic pressure measures. Figure 1 shows a positive correlation of aortic PWV and AIx with age (p < 0.001) by using linear regression analysis. Aortic PWV and AIx was significantly increased in middle-aged group as compared to young group (p < 0.001). No correlation was found between blood pressure and PP with age (data not shown).



TABLE 1. Comparison of age, weight, hemodynamic parameters and serum Klotho levels between young and middle-aged pigs.
[image: Table1]

[image: Figure 1]

FIGURE 1. (A) Correlations of aortic pulse wave velocity (PWV) (A1) and augmentation index (AIx) (A2) with age. The linear regression analysis was conducted, and data are expressed as correlation coefficients and significance levels (r2; p). (B) Comparison of aortic PWV (B1) and AIx (B2) between young and middle-aged pigs. Data corresponds to means ± standard error of mean (mean ± SEM). p < 0.05, when compared to young group.


There was no significant difference in PP, SBP, DBP, and MAP in the femoral pressure measures between young and middle-aged groups (Table 1). No difference in diameter of femoral artery was seen between these two groups. Figure 2 shows the correlation between vascular resistance and mean flow of femoral artery with age. The femoral vascular resistance was significantly increased (p < 0.01), whereas mean flow was significantly decreased (p < 0.01) in middle-aged as compared to young group. A linear relationship was observed between femoral vascular resistance and mean flow with age (p < 0.001). With regards to aortic stiffness, aortic PWV, and AIx were positively correlated with femoral vascular resistance (p < 0.01) and negatively correlated with femoral mean flow (p < 0.01) as shown in Figure 3.

[image: Figure 2]

FIGURE 2. (A) Correlations of femoral vascular resistance (A1) and mean flow (A2) with age. The linear regression analysis was conducted, and data are expressed as correlation coefficients and significance levels (r2; p). (B) Comparison of femoral vascular resistance (B1) and mean flow (B2) between young and middle-aged pigs. Data corresponds to means ± SEM. p < 0.05, when compared to young group.


[image: Figure 3]

FIGURE 3. (A) Correlation of aortic PWV with femoral vascular resisitance (A1) and mean flow (A2). (B) Correlation of aortic AIx with femoral vascular resisitance (B1) and mean flow (B2). The linear regression analysis was conducted, and data are expressed as correlation coefficients and significance levels (r2; p).


Compliance of arteries was presented as the pressure-cross-sectional area (P-CSA) relationship of the femoral artery and small peripheral artery. Although the middle-aged group has lower values of CSA compliance in both femoral and small peripheral arteries as compared to the young group (Figure 4), the differences are not statistically significant.

[image: Figure 4]

FIGURE 4. Comparison of arterial compliance for femoral artery (A) and small peripheral artery (B) between young and middle-aged pigs. Data corresponds to means ± SEM.


Figure 5A shows the correlation between serum Klotho level and age. The mean Klotho level of the middle-aged group was significantly higher than that of the young-aged group (2,158.4 ± 164.5 vs. 809.8 ± 193.6 pg/ml, p < 0.001). The Spearman’s correlation test confirms that the serum Klotho level was positively correlated with age within the age ranges of 1.5–9 years (p < 0.001). There was a significantly positive correlation between serum Klotho levels and PWV (p < 0.001) and AIx (p = 0.001) as shown in Figure 5B. In Figure 5C, the Klotho level was also positively associated with femoral vascular resistance (p < 0.001), but slightly inversely correlated with femoral flow (p = 0.005). There was no apparent correlation of Klotho levels with aortic and femoral blood pressure and PP (data not shown).
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FIGURE 5. (A) Correlation of serum Klotho level with age (A1) and the mean levels of serum Klotho (A2) in young and middle-aged pigs. Data corresponds to means ± SEM. p < 0.05, when compared to young group. (B) Correlations of serum Klotho levels with aortic PWV (B1) and AIx (B2). (C) Correlations of serum Klotho levels with femoral vascular resistance (C1) and mean flow (C2). The Spearman’s correlation test was conducted, and data are expressed as correlation coefficients and significance levels (r; p).


Vascular endothelial function was evaluated by ex-vivo PE pre-contractile endothelium-dependent vasorelaxation. No significant difference in the vascular contractions to PE for both femoral and small peripheral arteries was observed between young and middle-age groups as shown in Figure 6A. For the femoral artery segment (4.04 ± 0.3 mm in diameter), the endothelium-dependent vasodilation in response to ACh was similar in middle-age groups compared with young group (Figure 6B1). For the small peripheral artery (410 ± 30 μm in diameter), the vasodilation to ACh in middle-age group tended to decrease, but the change was not significantly different from the young group (p = 0.08, Figure 6B2). In middle-aged group, the vascular contraction to KCl at 60 mmol/L did not show significant difference as compared to the young group for both femoral and small peripheral arteries (Figure 6C1). There was no significant difference in the maximal responses of endothelium-independent vasodilation to SNP at 10−5 mol/L between young and middle-aged groups for both arteries (Figure 6C2).
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FIGURE 6. (A) Vascular contraction to phenylephrine (PE) in femoral artery (A1) and small peripheral artery (A2) between young and middle-aged pigs. (B) PE pre-contractile endothelium-dependent vasodilation to acetylcholine (ACh) in femoral artery (B1) and small peripheral artery (B2) between young and middle-aged pigs. (C) Vascular contraction to potassium chloride (KCL) at 60 mmol/L (C1) and maximal response of vasodilation to sodium nitroprusside (SNP) at 10−5 mol/L (C2) between young and middle-aged pigs in femoral and small peripheral artery. Data corresponds to means ± SEM.




DISCUSSION

To our knowledge, this is the first study of the relation between Klotho and aortic stiffness and associated peripheral hemodynamics in swine. The major findings are as follows: (1) aortic PWV and AIx had a significant positive correlation with age in a group of pigs 1.5–9 years old; (2) mean aortic and femoral blood pressure, and PP did not differ between young (≤5 years) and middle age (>5 years) groups; (3) with advancing age, increased femoral vascular resistance, and decreased femoral flow were associated with aortic stiffening but with no changes in femoral endothelium function and arterial compliance; and (4) serum Klotho levels were lower in young and higher in middle-aged pigs, and positively correlated with aortic PWV, AI, and femoral vascular resistance.

Age-related arterial stiffening has emerged as an independent risk factor for cardiovascular events, including hypertension (Izzo, 2004), myocardial infarction (Mattace-Raso et al., 2006), diabetes (Cruickshank et al., 2002), heart failure (Chae et al., 1999), and stroke (Laurent et al., 2003). There is substantial evidence that aortic PWV and AIx predict cardiovascular morbidity and mortality in humans (Vlachopoulos et al., 2010). PWV represents the speed of a pressure wave propagating down a blood vessel, whereas AIx is a measure of the contribution made by the reflected pressure wave to the ascending aortic pressure waveform; both of which provide a measure of systemic arterial stiffness (Safar and London, 2000; Cecelja and Chowienczyk, 2012). Here, we found that aortic PWV and AIx significantly increased with age in 1.5–9 years old pigs. It has been extensively documented that arterial stiffness increases throughout the normal human life span (Mitchell et al., 2007) and is a major determinant of increased systolic and pulse pressure with advancing age (Kelly et al., 1989; Dernellis and Panaretou, 2005). In the middle-aged pigs, however, PP and SBP were not increased when compared with the younger pigs despite an increase in aortic stiffness. This result is consistent with some clinical observations that most of the age-related increase in PP occurs in elderly individuals (age > 60 years) and not in younger populations (Burt et al., 1995; Franklin et al., 1999). Although our data demonstrated that aging exerts a negative influence on aortic stiffness (raised PWV and AIx), even at middle age in healthy swine, whether age-related aortic stiffening precedes the development of elevated PP and/or SBP in elderly swine (>9 years old) is not known. This is a limitation of the current study because no swine older than 9 years were available from the vendors during the period of the experiment.

To answer the question of whether early aortic aging affects the hemodynamics of peripheral vasculature, we measured the vascular resistance, mean flow, and arterial compliance of femoral artery (average of 4.04 ± 0.3 mm in diameter range 3.2–4.8 mm) for all experimental pigs. We also measured the arterial compliance of small peripheral artery (average of 410 ± 30 μm in diameter range 308–520 μm). In a previous large community-based population study, without established hypertension or advanced vascular disease, a modest rise in forearm vascular resistance was reported to be related to increased aortic stiffness (Mitchell et al., 2005). Here, we found a marked increase in femoral vascular resistance with advancing age. It is reasonable to speculate that increasing peripheral vascular resistance in response to aortic stiffening would functionally reduce local flow, which was exhibited in middle-aged group as compared to young group by the use of ultrasonography measurements. To assess the relations between aortic stiffness and peripheral hemodynamics, we found that the femoral vascular resistance was positively correlated with the aortic PWV and AIx, indicating that early age-related aortic stiffening, even at normotensive PP or blood pressure levels, may have adverse influences on peripheral hemodynamics. In addition, arterial compliance, defined as the changes in luminal dimension (CSA) divided by the corresponding change in pressure, is conventionally thought to be a surrogate marker of arterial elasticity (Cohn et al., 2004). Our data showed no obvious changes in femoral and small peripheral arterial compliance between young and middle-aged groups, meaning a sustained peripheral arterial elasticity in ages 1.5–9 years of pigs. Similar results have been obtained in Framingham Heart Studies that the compliance or distensibility of large muscular arteries (i.e., femoral) is maintained at normal levels or changed relatively little despite an accelerated aortic stiffness with age (van der Heijden-Spek et al., 2000; Mitchell et al., 2004).

Dysfunction of the vascular endothelium has been associated with high blood pressure and arterial stiffening (Puddu et al., 2000; Safar et al., 2001). We examined the endothelium of femoral artery and found no evidence of endothelial dysfunction since comparable endothelium-dependent vasodilation to ACh was shown between young and middle-aged groups. For the small peripheral artery, although the vasodilation to ACh in middle-aged group has a descending trend, the change is not statistically significant compared with the young group (p = 0.08). There are emerging data that aortic stiffening may trigger remodeling, rarefaction, or hypertrophy in the microcirculation, leading to increased peripheral vascular resistance to blood flow (James et al., 1995; Liao et al., 2004). Several studies have provided direct evidence that functional and structural impairment of cerebral microcirculation are present in age-related cognitive decline (Toth et al., 2017) and Alzheimer’s disease (Csiszar et al., 2017). The current study only exhibited a downward trend in vascular function of peripheral muscular arteries with diameter >300 μm, we do not know whether abnormalities in microvasculature (<150 μm in diameter; Levy et al., 2001) occurs during the early-aged aortic stiffening, and whether microvascular dysfunction contributes to the increased peripheral vascular resistance in middle-aged swine. The mechanisms implicating the microcirculation need to be addressed in future studies.

Klotho is an aging suppressor gene whose protective properties are critical for a proper function of many tissues and organs (Kuro-o et al., 1997; Hu et al., 2013). A recent study by Semba et al. (2011) suggested that raised levels of Klotho were related to the lower prevalence of cardiovascular disease. More clinical research has reported that a deficiency of Klotho may be an early biomarker for CKD (Akimoto et al., 2012; Asai et al., 2012) and acute kidney injury (Hu et al., 2010). In this study, surprisingly, we found that the serum Klotho level was significantly increased in middle-aged group as compared to young group. Moreover, a positive relationship between Klotho level and age was seen in ages from 1.5 to 9 years of pigs. This result is contrary to the findings from human studies that circulating Klotho concentrations decreased remarkably with age (range of 0.1–88 years; Xiao et al., 2004; Yamazaki et al., 2010). Recently, Klotho protein was found to be expressed in human aorta (Lim et al., 2012) and coronary artery (Richter et al., 2016), which protects against endothelial dysfunction by increasing nitric oxide production (Saito et al., 1998, 2000). Moreover, the supplementation of exogenous Klotho attenuates oxidative stress, inflammation, and fibrosis by the inhibition of insulin/insulin-like growth factor-1 (IGF-1) and transforming growth factor-1 (TGF-1) signaling pathways to protect the vasculature and cardiac tissue (Yamamoto et al., 2005; Dalton et al., 2017; Takenaka et al., 2017). It is possible that an increase in serum Klotho level at middle age could be a compensatory response to the increased aortic stiffness with age to maintain endothelium function and arterial compliance of peripheral arterial system. Similar adaptive mechanism has been proposed by Paula et al. (2016) who observed an augmented level of Klotho in patients with myocardial infarction to ameliorate cardiac hypertrophy and remodeling. To the best of our knowledge, this study is the first to measure circulating Klotho concentrations with aging in swine, where species variations could be a potential factor that accounts for the different response of Klotho to advancing age between human and swine. The Spearman’s correlation analysis of our data showed that serum Klotho level was positively correlated with aortic PWV, AIx, and femoral vascular resistance, but not with blood pressure and PP. Our results confirmed a positive correlation of serum Klotho levels with age in young to middle-aged swine. Completion of further studies with the involvement of elderly swine (>9 years) is necessary to explore the pathophysiological mechanisms of serum Klotho fluctuation with advancing age. Whether Klotho gene provides vascular protection via upregulated Klotho production during early aortic aging remains to be determined as well.

There are limitations in the present study. Several clinical studies have reported that female is more susceptible to age-related cardiovascular events compared with male (Merz and Cheng, 2016; Rodgers et al., 2019). Here, we only focused on female swine with a range in ages 1.5–9 years. We did not evaluate sex variation in changes of serum Klotho and aortic stiffness with aging since no male swine >2 years old (and no female >9 years) were available from the vendors. It is recognized that different blood‐ and/or tissue-based biomarkers such as interleukin-6 (IL-6), tumor necrosis factor α (TNFα), and insulin-like growth factor 1 (IGF-1) are involved in vascular changes during aging (Tarantini et al., 2016; Justice et al., 2018). Most recently, a geroscience-guided clinical trial has suggested that the systematic evaluation of multi-biomarkers may be the best approach to clarify the biologic hallmarks of aging in human research (Justice et al., 2018). The current study, however, solely assessed a single blood-based biomarker “Klotho” which may not be able to reflect the complex and multifactorial processes underlying aging. In addition, we did not directly test the effect of serum Klotho on the aortic stiffness and peripheral vascular resistance. Hence, we cannot conclude any cause-and-effect relation. Our findings indicate an association between circulating Klotho and early age-related aortic stiffening and peripheral hemodynamics in swine.

In summary, early age-related aortic stiffening, even at normotensive PP or blood pressure levels, leads to functional alterations in peripheral hemodynamics, evidenced by increased femoral vascular resistance and reduced local flow. Elevated Klotho secretion with aging is associated with an increase in aortic stiffness and peripheral vascular resistance. Our findings support that aortic stiffening (increased PWV and AI) may be an early manifestation of aging. More research is required to investigate how Klotho interacts with the mechanisms of arterial stiffness in old swine. These studies serve as fundamental reference for the swine translational model in understanding human disease and testing of potential therapeutics.
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Background: Wave speed is needed to separate net wave intensity into forward and backward traveling components. However, wave speed in diseased coronary arteries cannot be assessed from hemodynamic measurements obtained distal to a stenosis. Wave speed inherently depends on arterial wall properties which should be similar proximal and distal to a stenosis. Our hypothesis is that proximal wave speed can be used to separate net wave intensity obtained distal to a stenosis.

Methods: We assessed coronary wave speed using the sum-of-squares single-point technique (SPc) based on simultaneous intracoronary pressure and flow velocity measurements in human coronary arteries. SPc at resting flow was determined in diseased coronary vessels of 12 patients both proximal and distal to the stenosis. In seven of these vessels, distal measurements were additionally obtained after revascularization by stent placement. SPc was also assessed at two axial locations in 14 reference vessels without a stenosis.

Results: (1) No difference in SPc was present between proximal and distal locations in the reference vessels. (2) In diseased vessels with a focal stenosis, SPc at the distal location was paradoxically larger than SPc proximal to the stenosis (28.4 ± 3.7 m/s vs. 18.3 ± 1.8 m/s, p < 0.02), despite the lower distending pressure downstream of the stenosis. The corresponding separated wave energy tended to be underestimated when derived from SPc at the distal compared with the proximal location. (3) After successful revascularization, SPc at the distal location no longer differed from SPc at the proximal location prior to revascularization (21.9 ± 2.0 m/s vs. 20.8 ± 1.9 m/s, p = 0.48). Accordingly, no significant difference in separated wave energy was observed for forward or backward waves.

Conclusion: In diseased coronary vessels, SPc assessed from distal hemodynamic signals is erroneously elevated. Our findings suggest that proximal wave speed can be used to separate wave intensity profiles obtained downstream of a stenosis. This approach may extend the application of wave intensity analysis to diseased coronary vessels.

Keywords: wave intensity analysis, wave speed, coronary artery disease, hemodynamics, percutaneous coronary intervention


INTRODUCTION

Wave intensity analysis has emerged as a powerful time-domain method to investigate the dynamic interactions between the contracting myocardium and coronary blood flow. Coronary wave intensity distinguishes between concurrently generated upstream and downstream contributions on coronary hemodynamic waveforms and is characterized by forward (aortic) and backward-traveling (microcirculatory) waves (1–3). Compression waves are associated with an increase in pressure, e.g., by propulsion, while expansion waves reflect a decrease in pressure, e.g., by suction.

Wave speed is fundamental to split net wave intensity into separate forward and backward traveling components (4). Local coronary wave speed in normal coronary vessels can be assessed from simultaneously acquired pressure and flow velocity signals (5). The validity of this approach, however, turned out to be compromised under conditions that frequently occur in the clinical setting, such as hyperemia by microvascular dilation or downstream of a stenosis in diseased coronary vessels (6–8).

In patients, wave intensity analysis has been applied to study changes in coronary-cardiac interaction through interventions ranging from pacing and exercise to alterations in left ventricular mechanics by Valsalva maneuver, aortic valve replacement, or left ventricular stunning (9–14). In all these studies, the investigations involved unobstructed coronary arteries.

According to the Moens-Korteweg equation, arterial pulse wave velocity intrinsically depends on the elastic properties of the vessel wall. It can reasonably be expected that the elastic wall properties are similar in angiographically normal vessel sections proximal and distal to a focal stenosis. We therefore hypothesized that proximal wave speed may be suitable to separate the net wave intensity profile obtained distal to a stenosis. To test this hypothesis, we analyzed hemodynamic signals obtained at different axial locations in diseased and unobstructed coronary arteries in patients.



MATERIALS AND METHODS


Hemodynamic Measurements

The dataset for this study was extracted from existing hemodynamic recordings obtained in patients with stable angina pectoris and a single stenosis in a coronary artery, who were scheduled for elective percutaneous coronary intervention (PCI). Exclusion criteria were age below 18 or over 80 years, left main stenosis, subtotal or serial lesions, severe aortic valve disease or heart failure, hypertrophic cardiomyopathy, prior myocardial infarction <6 weeks before PCI or prior cardiac surgery.

Cardiac catheterization was carried out by standard femoral approach. All anti-anginal medication was continued. Intracoronary nitroglycerin (0.1 mg) was administered in order to relax epicardial vessel tone, and coronary angiograms were recorded for quantification of stenosis severity. Aortic pressure (Pa) was measured via the guiding catheter at the coronary ostium. A dual-sensor equipped guide wire (ComboWire XT, Philips-Volcano, Eindhoven, NL) was advanced into the study vessel to simultaneously acquire intracoronary pressure (Pd) and flow velocity (U) signals (15). Hemodynamic signals and ECG were processed by the instrument console (ComboMap, Philips-Volcano, Eindhoven, NL) and digitized at 200 Hz. Flow velocity signals are acquired at 100 Hz by the instrument console and were up-sampled to 200 Hz during offline readout of the digital record. Physiological signals were obtained both proximal and distal to the stenosis during resting flow condition. Depending on stenosis location, proximal measurements were obtained within 2–3 cm from the ostium and distal measurements approximately in the mid- to last third of a vessel. PCI by stent placement was carried out when clinically indicated, and measurements at the distal location were repeated per operator discretion. Care was taken to place the wire sensors at the same downstream location before and after stent placement. Hemodynamic data at equivalent axial locations were also collected in undiseased reference vessels.



Data Analysis

Vessel dimensions and stenosis diameter reduction were determined by quantitative angiogram analysis (QC-CMS 5.2, Medis Medical Imaging Systems, Leiden, Netherlands). Pressure and flow velocity signals were extracted from the digital recordings and processed using the in-house developed StudyManager software (AMC Amsterdam, Netherlands) to derive cycle-averaged values for all relevant variables.

Wave intensity analysis was carried out using custom software written in Delphi (Embarcadero, Austin, TX). The single-point estimate of coronary wave speed (SPc) was assessed according to the sum-of-squares method (5) as reported previously (6–8). In brief, smoothed derivatives of the coronary Pd and U signals were obtained by applying the Savitzky-Golay filter (16) using a third degree polynomial over 11 datapoints. After correcting for the instrument-inherent delay in Pd, SPc was determined using the sum-of-squares technique as
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A value of ρ = 1,060 kg/m3 was used for blood density. Summations were taken over an integer number of three to eight consecutive cardiac periods during resting flow (8). Net coronary wave intensity was calculated from ensemble-averaged beats. Separated forward and backward components of coronary wave intensity (WI), normalized by the sampling rate (17), were then determined as (4)
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where c is the wave speed in (m/s).

To assess the effect of wave speed on the separated wave intensity, WI was calculated for SPc derived from signals at proximal as well as distal vessel locations. For the dominant forward (positive WI) and backward traveling (negative WI) waves, the area under the respective curve was integrated to yield the corresponding wave energy (in J m−2 s−2). Four dominant peaks during the cardiac cycle characterize coronary wave intensity waveform: the forward-traveling compression wave (FCW) in early systole and early diastolic backward-traveling expansion wave (BEW), leading to flow acceleration, and the backward compression wave (BCW) and forward expansion wave (FEW), that cause flow deceleration (1, 3, 9).



Statistics

All values are expressed as mean ± SEM unless otherwise noted. Comparison between results obtained at proximal and distal locations in the same vessel were performed by paired Student's t-test (SPSS v.20, IBM, Armonk, NY). Unpaired Student's t-test assuming equal variance was used to compare data in reference vessels with those in diseased vessels after PCI. Agreements were assessed with Bland-Altman analysis. A two-sided probability value of p < 0.05 was considered significant.




RESULTS

Simultaneous pressure and flow velocity signals of sufficient quality at rest conditions were collected in 12 patients both upstream and downstream of the stenosis. The patient characteristics are shown in Table 1. Subjects were predominantly male with a mean age of 56 ± 3 years. Coronary artery stenoses were of intermediate severity ranging from 28% (min) to 69% (max) diameter reduction. In seven of these subjects, intracoronary physiology data at the distal location were additionally acquired after PCI. Measurements at two axial locations were obtained in 14 reference vessels.


Table 1. Baseline patient characteristics.
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Effect of Location on Coronary Hemodynamics and Wave Speed

Hemodynamic variables (mean ± SEM) are summarized in Table 2 for each measurement location. Aortic pressure was normal, with a small pressure gradient across the stenosis at resting flow. With the stenosis present, flow velocity upstream of the stenosis was higher than downstream (p < 0.0002) and the pressure difference to aortic pressure was less than downstream of the stenosis (p < 0.005).


Table 2. Coronary hemodynamics and wave speed.
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There was no significant difference in hemodynamics or SPc for different axial locations in the interrogated reference vessels (Figure 1), with an average difference of 1.7 ± 1.4 m/s. In contrast, as illustrated in Figure 2, SPc was significantly larger downstream than upstream of the stenosis (28.4 ± 3.7 m/s vs. 18.3 ± 1.8 m/s, p < 0.02). Despite the lower distending pressure downstream of the lesion, SPc at that location was on average 10.1 ± 3.4 m/s higher than upstream. The corresponding separated wave energy tended to be underestimated when calculated using SPc derived at the distal compared with the proximal location (Figure 3).


[image: Figure 1]
FIGURE 1. Wave speed (SPc) in normal reference vessels at proximal and distal locations. High correspondence of the data indicates no effect of axial location. Scatterplot with line of identity (left panel) and Bland-Altman analysis (right panel) showing mean bias (solid line) and 95% limits of agreement (dashed lines).
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FIGURE 2. Wave speed (SPc) in diseased coronary vessels proximal and distal to the stenosis. Local SPc downstream of the stenosis is elevated compared with SPc assessed upstream.



[image: Figure 3]
FIGURE 3. Wave energies downstream of the stenosis obtained from wave intensity profiles separated with local SPc assessed at proximal and distal location. Using distal SPc tends to lower the derived wave intensity. *p < 0.05 compared with distal wave energy.


After successful revascularization and stent placement, hemodynamics and SPc at the distal location in the treated vessels matched those in the reference vessels. Proximal wave speed did not significantly increase after PCI (p = 0.1441). As shown in Figure 4 in the subgroup of patients after PCI, SPc at the distal location no longer differed from proximal SPc in the same vessel assessed prior to revascularization (21.9 ± 2.0 m/s vs. 20.8 ± 1.9 m/s, p = 0.48). After PCI, no significant difference in wave energy was observed for either forward or backward separated waves (Figure 5) whether derived using proximal or distal SPc. Bland-Altman analysis confirmed the equivalence with a mean difference of 1.1 ± 1.5 m/s.


[image: Figure 4]
FIGURE 4. Wave speed (SPc) in diseased vessels at proximal and distal locations after PCI with stent placement. Agreement between measurement locations is close. Note: proximal values are pre-PCI data in this subgroup of patients.
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FIGURE 5. Wave energies at distal location in diseased vessels after PCI. The wave energies are equivalent, whether derived from wave intensity profiles separated with local SPc assessed at proximal or distal locations. Note: proximal values are pre-PCI data in this subset of patients.





DISCUSSION

In patients with coronary artery disease, this study demonstrated that local coronary wave speed at rest, as derived from the sum-of-squares technique, was higher when assessed in a normal vessel section downstream of a focal stenosis compared with a proximal normal section. That difference was no longer present after the coronary narrowing had been removed by stent placement. Likewise, we did not observe an effect of axial location on coronary wave speed in undiseased reference vessels.

There are only few studies on coronary wave speed in humans. The original sum-of-squares method was first proposed by Davies et al. (5) who tested it in normal coronary vessels without a stenosis. The present findings are consistent with earlier reports by Kolyva et al. (6) and Naranyan et al. (18), which showed that SPc assessed using the sum-of-squares in a vessel segment downstream of a stenosis decreased following PCI. The value of sum-of-squares SPc is governed by the ratio of summed coronary pressure ([image: image]) and velocity (ΣdU2) oscillations during the cardiac cycle (5). As explained previously (6), in the coronary circulation these systolic-diastolic variations are altered by a stenosis to increase pressure differential-dependent numerator in Equation (1) while decreasing the flow velocity variations in the denominator. SPc assessed by the summed ratio of increased distal pulse pressure and decreased velocity variations downstream of a stenosis is thus at risk to yield artifactually elevated values solely on mathematical grounds. This deviation from expected wave speed behavior despite similar arterial wall properties is enhanced during microvascular vasodilation (6). Rolandi et al. (8) compared SPc with directly measured wave speed in healthy human coronary arteries at rest and during elevated flow after intracoronary administration of adenosine. They found that true coronary wave speed is not altered during hyperemia and hence concluded that the sum-of-squares SPc should be assessed under resting conditions. This inference, however, was limited to healthy vessels and could not be extrapolated to diseased vessels for reasons outlined above.

The current study, using measurements at resting flow, found a difference in proximal vs. distal wave speed only in the presence of a stenosis. Distal SPc was artifactually higher, assuming similar arterial wall properties in the undiseased vessel segments up- and downstream of the focal stenosis. This axial location effect on SPc was not discernible in the same undiseased vessel sections after PCI. A prior study by Siebes et al. (7) demonstrated that simulated overestimation of coronary wave speed in a vessel segment downstream of a stenosis leads to underestimation of the energy contained in the separated forward and backward waves. Our present results clearly show a tendency toward lower wave energy using the higher SPc assessed in a normal vessel segment downstream of the stenosis compared with the integrated wave areas derived using the lower SPc assessed in a proximal vessel segment. Keeping in mind that the relation between wave speed and wave intensity is highly nonlinear, our present findings are consistent with the earlier simulations (7).

Results obtained after revascularization of the stenosis further support our hypothesis that using proximal sum-of-squares SPc likely yields more reliable values for wave intensity downstream of a stenosis, since the difference in SPc that existed before PCI was no longer present. Both proximal and distal SPc values were similar and furthermore matched those obtained in the reference vessels. Interestingly, Harbaoui et al. (19) directly measured coronary wave speed in patients with stable coronary artery disease and found that it was higher in stented vessels than before treatment due to added vessel stiffness imparted by the stent. However, their measurement technique, based on distance traveled and delay in the pressure wave using sequential pressure measurements, covered the entire length of the coronary artery (ca.11 cm) and thus represented global rather than local wave speed. Their invasive technique prevented measurements in healthy vessels for comparison.

The absence of an actual axial location effect on local wave speed in vessel segments of similar stiffness is furthermore corroborated by the comparable results we obtained at different axial locations in the normal reference vessels. This makes sense keeping in mind the predominance of local wall mechanics in determining arterial wave speed under similar hemodynamic conditions.

It should be cautioned that our results pertain to measurements obtained in diseased vessels with intermediate lesions under resting flow conditions, with only a small loss in mean pressure across the stenosis. Pulse wave velocity in arteries depends on distending pressure (20) and extrapolation to hyperemic flow may suffer from mechanical effects associated with the higher pressure loss across the stenosis at elevated flow rates, especially for more severe lesions. In the present study, the difference in pressure gradient before and after PCI was small at the relatively low resting flow values and did not unduly alter vessel wall distensibility.

Future studies in larger patient groups should be directed to investigate the usefulness of proximal SPc assessed at resting flow for wave intensity analysis in diseased vessels during hyperemic conditions.



LIMITATIONS

This observational study includes only a small number of patients. However, this is the first study to compare coronary wave speed at different locations along healthy and diseased coronary arteries. The invasive repeated measurements were well tolerated by the participating subjects, but the duration of the experiments in the catheterization laboratory presented a logistic concern regarding acquisition of invasive measurements at all locations and treatment conditions.

The measurements were obtained in different vessels with different stenosis degrees. Earlier reports have not shown a difference in wave speed between unobstructed left and right coronary arteries (5, 21). Although it cannot be assumed that the vessel wall of a diseased coronary artery is mechanically equivalent to a healthy vessel, we presume that the elastic properties are similar in angiographically normal coronary segments proximal and distal to a focal stenosis or stent. The pertinent proximal-distal comparisons carried out within the same vessel support this assumption. It should be noted that the distance between stenosis and ostium could not be matched due to unavoidable individual differences in stenosis location between patients.

Overall, our mean velocities in patients are consistent with the literature. Mean flow velocity was noticeably lower downstream of the stenosis than upstream. One may argue that this is unusual given the tapering of bifurcating coronary vessels, and that this may explain the higher distal wave speed. Coronary blood flow is well regulated to meet the physiological demand of the perfused downstream myocardial tissue. The velocity distribution in coronary vessels principally depends on the diameter ratio and flow ratio at branch points. The underlying allometric scaling laws (22–24) imply that coronary flow velocity tends to decrease after a branch point. It is not an unusual clinical observation that flow velocity may be diverted away from a stenosed branch and revascularization results in near equalization of proximal and distal mean velocity (25, 26).

A possible influence of reflections at points of geometric or elastic discontinuity on wave speed has not been considered. It has previously been speculated that distal reflection is not a confounding factor for the sum-of-squares method (5), whereas in vitro experiments have shown that wave speed is altered within a stenosis or aneurysm (27). The influence of wave reflections on wave intensity in coronary vessels was recently investigated (28). These authors also used a fixed wave speed assessed by the sum-of-squares method. A potential effect of reflection at a stenosis on wave speed in normal sections of coronary vessels remains to be elucidated.

We used the sum-of-squares method to determine local coronary wave speed. Several other single-point techniques have been developed and successfully applied to determine local wave speed in larger human arteries (29). These methods are not applicable in coronary vessels for technical reasons related to the necessary transducers or because theoretical requirements cannot be fulfilled for measurements in the coronary circulation, e.g., finding a linear portion in hemodynamic-loop approaches.



CONCLUSION

Our findings suggest that proximal coronary wave speed at resting flow can serve as a suitable surrogate to separate wave intensity profiles obtained downstream of a stenosis. This approach may broaden the scope of wave intensity analysis for the investigation of coronary-cardiac interaction to include diseased vessels. More studies are needed to confirm our early results.
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Postural tachycardia syndrome (POTS), characterized by chronic (≥6 months) orthostatic intolerance symptoms with a sustained and excessive heart rate increase while standing without postural hypotension, is common in children and adolescents. Despite the unclear pathogenesis of POTS, the present opinion is that POTS is a heterogeneous and multifactorial disorder that includes altered central blood volume, abnormal autonomic reflexes, “hyperadrenergic” status, damaged skeletal muscle pump activity, abnormal local vascular tension and vasoactive factor release, mast cell activation, iron insufficiency, and autoimmune dysfunction. A number of pediatric POTS patients are affected by more than one of these pathophysiological mechanisms. Therefore, individualized treatment strategies are initiated in the management of POTS, including basal non-pharmacological approaches (e.g., health education, the avoidance of triggers, exercise, or supplementation with water and salt) and special pharmacological therapies (e.g., oral rehydration salts, midodrine hydrochloride, and metoprolol). As such, the recent progress in the pathogenesis, management strategies, and therapeutic response predictors of pediatric POTS are reviewed here.

Keywords: postural tachycardia syndrome, pathogenesis, management, children, adolescents


INTRODUCTION

Postural tachycardia syndrome (POTS) is one of the common forms of chronic (at least 6 months) orthostatic intolerance (OI), and most of the cases have presyncope symptoms accompanied by inappropriate sinus tachycardia with normal blood pressure in an upright position (1, 2). The debilitating condition of POTS is often accompanied by orthostatic discomforts including lightheadedness, headache, giddiness, presyncope, momentary “blackout,” blurred vision, cognitive difficulties, sleep disturbances, fatigue, pale complexion, and even sudden syncope. Postural tachycardia syndrome patients sometimes show signs of excessive sympathoexcitation such as chest tightness, palpitations, inappropriate vasomotor skin changes, excessive sweat, and frequent tremulousness (3, 4). For children and adolescents, the diagnostic criteria of POTS include discomforts of OI together with a normal supine heart rate (HR) and HR increase of at least 40 beats per minute (bpm) or a maximum HR over 130 bpm for children aged 6–12 years or >125 bpm for adolescents aged 13–18 years in the first 10 min of an active standing test or during the passive head-up tilt test (HUTT) without orthostatic hypotension shown by a reduction in systolic blood pressure (SBP) of more than 20 mmHg or a reduction in diastolic blood pressure (DBP) by more than 10 mmHg (5). Postural tachycardia syndrome is a heterogeneous disorder with many possible underlying causes, such as fever, anemia, dehydration, hyperthyroidism, myocardial damage, and autonomic neuropathies. Once a specific cause is identified, the POTS label should be discarded in favor of the appropriate disease term (2).

Because of the multisystem discomforts of pediatric POTS patients, there are significant deleterious effects on individual quality of life (5–8). In pediatric POTS, poor health increases the rate of depression and anxiety in young patients and their parents, which has drawn increasing attention in recent years (9, 10). However, in the general pediatric population, the heterogeneous clinical features and the shortage of specific biomarkers have resulted in an underestimated prevalence of POTS (6, 11). Thus, it is quite difficult to establish the exact incidence of POTS in children and adolescents (6, 11, 12). In 2014, our coworkers enrolled 600 Chinese individuals aged 7–18 (11.9 ± 3.0) years to study the incidence of POTS in children and adolescents, and the results indicated that the prevalence of POTS was 6.8% (4). The results also indicated no significant gender difference among the above young patients (4), although some other studies have reported that most patients with POTS are female (2, 6, 11). Regardless, the data on pediatric POTS are insufficient, meriting multicenter studies to obtain the rate of occurrence of POTS in children and teenagers.

To date, although the precise pathophysiology underlying pediatric POTS remains unclear, there have been some significant reports indicating that POTS might be multifactorial and varied in different subpopulations of young POTS patients (3, 6, 12). Thus, the responses of pediatric POTS patients to the same therapeutic intervention are highly variable (12, 13). Therefore, combined individualized treatment should be established according to the different pathophysiological processes and biomedical predictors (3, 5, 13).



PHYSIOLOGICAL ORTHOSTATIC REGULATION

Under physiological conditions, the blood flow is redistributed when an individual changes position from lying down to standing. Blood volume shifts from the upper part of the body to the lower part and the splanchnic circulation, as well as from the vascular system into the interstitial space owing to gravity while in the upright position (14). Standing reduces venous return, leading to a temporary decline in both cardiac filling and stroke volume (SV) and even a decrease in arterial blood pressure (1, 14).

To compensate for the changes in orthostatism, the body has a series of regulations to restore venous return and cardiac output (14, 15). Importantly, autonomic reflexes are activated. When tension on the vessel walls decreases corresponding to the reduced SV, the baroreceptors of the carotid sinus and the aortic arch can be suppressed to inhibit the parasympathetic response and stimulate the sympathetic response to cause vasoconstriction, accelerated HR, and increased cardiac output (15). The inhibition of baroreceptors also excites the renin–angiotensin–aldosterone system (RAAS) to promote renal reabsorption of water and sodium, which results in arterial vasoconstriction and an increase in plasma volume (16). The compensatory mechanism increases HR by 10–15 bpm, maintains a negligible change in SBP, and elevates DBP by ~10 mmHg (17). Second, muscle pumps are invoked by movement or by external mechanical compression to increase venous return (18). Third, small veins prevent a large accumulation of blood in the lower body and maintain a relative upward flow of blood. Finally, when hypotension is detected, blood pools can be mobilized to the venous system. Additionally, many bioactive small gas molecules and vasoactive peptides are involved in the mechanisms responsible for regulating local vascular tension and endothelial cell function (19). If autonomic compensatory mechanisms are not sufficient, an excessive increase in HR (e.g., POTS) or hypotension, and even a loss of consciousness (e.g. vasovagal syncope) could happen after standing (2, 14).



PERSPECTIVES ON THE PATHOGENESIS OF POTS

The pathophysiology of POTS is complicated and obscure (3, 12). Current perspectives on the pathogenesis of POTS have been categorized as altered central blood volume, abnormal autonomic reflexes and elevated sympathetic tone, damaged skeletal muscle pump activity, local vascular tension regulation dysfunction, iron insufficiency, mast cell activation (MCA), and autoimmune dysfunction (3, 6, 12).


Altered Central Blood Volume

Decreased red blood cell volume or low blood volume has been found in many pediatric POTS patients (4, 20, 21). The likelihood of POTS increases 3.9 times if daily water intake is <800 mL, suggesting that hypovolemia is a risk factor in children with POTS (4). In 1996, El-Sayed and Hainsworth (22) confirmed that 24-h urine excretion of sodium was a useful biomarker of the body's volume capacity. In 2014, Zhang et al. (23) showed that there was a negative correlation between 24-h urinary excretion of sodium and symptom severity scores in children and adolescents with POTS. Some investigators have reported that the tachycardic reaction to standing is associated with the seriousness of hypovolemia in pediatric POTS (24) and that symptoms improve following acute (25) or chronic (26) increase in plasma volume. When 24-h urinary sodium excretion is <124 mmol/24 h, salt and water supplementation is efficacious in reducing uncomfortable symptoms in pediatric POTS patients (23). All of the above results indicate that low salt intake compounded by hypovolemia occurs in pediatric POTS. When hypovolemia exists at rest, the body cannot fully compensate for the decrease in blood volume after standing (27), which has to coexist with elevated HR in the upright position (28). Paradoxically, normal plasma volumes in patients with POTS have been reported (29, 30), indicating that hypovolemia is not the unique cause of POTS.

Stewart and Montgomery (31) reported that 37 adolescent patients with POTS, aged 14–21 years, could be classified into a low-flow POTS (LFP) group in 14 patients, a normal-flow POTS (NFP) group in 15 patients, and a high-flow POTS (HFP) group in 8 patients. The blood flow of the lower extremities was measured in the supine position (31). Among these patients, most belonged to the LFP group. The pathogenesis of the NFP group was excessive redistribution to the splanchnic circulation because of inadequate splanchnic vasoconstriction while in an upright posture, leading to thoracic hypovolemia, upright tachycardia, intense peripheral vasoconstriction, and acrocyanosis (32). Interestingly, there were markedly increased microvascular filtration and obviously incompetent peripheral vasoconstriction inducing excessive calf blood flow that was unable to return to the heart accounting for postural tachycardia in the HFP group (33).

In light of the important role of the RAAS in regulating human neurohormones of plasma volume, a perturbed RAAS axis, which is disabled to facilitate the enlargement of blood volume in response to the hypovolemia of POTS patients, might be one of the pathophysiological changes in POTS (34). Several studies have found an inappropriately low plasma renin activity (PRA) in some children and adolescents with POTS, despite the hypovolemia (21, 24, 35), reduced aldosterone levels, and elevated angiotensin (Ang) II levels, with an insensitive receptor response to Ang II (35). Thus, the discordance of Ang II and PRA/aldosterone levels suggested that there might be diminished Ang II degradation in POTS patients (35). Patients with LFP have a decreased body mass index (BMI), which is related to the increased Ang II levels in women aged 14–29 years (36). However, the data on altered RAAS function corresponding to blood volume status in children and adolescents with POTS merit further study.



Abnormal Autonomic Reflexes and a “Hyperadrenergic” Status

Compared to healthy people, patients with POTS demonstrate excessive blood volume accumulation in the lower extremities and visceral circulation, which results in an obvious decrease in blood volume in venous return to the heart and subsequent cardiac ejection during orthostatic stress (14). The above changes bate baroreceptor activity to excite the sympathetic response and inhibit the parasympathetic response to adjust the altered hemodynamics (3). However, some pediatric POTS patients with a “hyperadrenergic” background have an inability to buffer the decrease in baroreceptor activation, leading to persistent sympathetic excitation characterized by sustained tachycardia while in an upright position (3, 37).

An increase in plasma norepinephrine in the standing position is the main biochemical change that occurs in hyperadrenergic POTS patients (38–40). Zhang et al. (38) reported that the plasma norepinephrine level in the upright position was positively associated with the severity of symptoms and the HR increase in the HUTT in pediatric POTS patients, and they speculated that the orthostatic norepinephrine increase might be due to the decreased vasoconstriction mediated by the baroreflex upon standing. Elevated plasma norepinephrine in pediatric patients with POTS suggests an impaired function of the norepinephrine transporter (NET) (39). Studies have shown that inherited or acquired mutations of NET encoded by the solute carrier family 6 neurotransmitter transporter noradrenalin member 2 (SLC6A2) gene impair the removal of norepinephrine in the synaptic cleft and reduce NET-dependent norepinephrine reabsorption (39, 40). The above data suggest that changes in the SLC6A2 gene or NET protein expression eventually lead to increased adrenaline status in “hyperadrenergic” POTS patients.

Sleeping disorders have been considered to be related to a “hyperadrenergic” status in young patients with POTS (4). Sleepiness, unrefreshing sleep, fatigue, frequent arousal from sleep, and reduced quality of life are often described in pediatric patients with POTS (41–44). However, there is limited evidence to evaluate the prevalence of sleep-related symptoms or to elucidate the mechanism for POTS in children and adolescents (4, 43–45). The probability of POTS in children and adolescents increases 5.9 times if the number of hours of sleep is <8 h/d (4). More than 70% of pediatric POTS patients complain that sleep disturbances are their problems (44). High incidences of sleep-related complaints are not the result of primary sleeping disorders specific to POTS, but a comprehensive effect of complaints such as physical fatigue, chronic body pain, and other somatic discomforts (45). Sleeping disorders often trigger ill-defined cognitive impairment or mental fatigue with increased standing HR, disturbing daytime life in adolescents with POTS (46). Serotonin–norepinephrine reuptake inhibitors can worsen “brain fog” in pediatric POTS patients (47). Thus, exaggerated activation of the sympathicus might be an underlying cause of the hyperaroused state and worsen the subjective estimates of sleep quality in POTS patients (48).



Damaged Skeletal Muscle Pump Activity

Normally, contraction of the lower extremity muscles commanded by skeletal muscle pumps provides a guarantee for sufficient venous return to the heart to prevent OI (49). Stewart et al. (50) compared 12 LFP subjects with 10 healthy controls and 7 NFP patients to measure venous volume, peripheral blood capacitance, and calf muscle pump function. They found that the reduced circumferences of the calf were associated with a decreased fraction of emptied calf venous volume during muscle contraction concurrent with general low blood flow in LFP subjects. They proposed that the reduced calf blood capacity might lessen calf muscle size in the LFP group and thus damage the vertical ejection ability of the pumps in the skeletal muscle, further reducing blood flow and finally leading to OI in these patients (50).



Local Vascular Tension Dysfunction and Abnormal Vasoactive Factor Release

Upright stress results in the increased blood filling in the capacitance vessels, followed by reduced venous return (51). Excessive venous pooling has been found in the lower extremities in POTS patients (51, 52), whose resting venous pressures are higher than those of controls (16 vs. 10 mmHg), which causes redistributed blood flow to the lower part of the body even while in a supine position and results in tachycardia via vagal retraction (53). Several studies have attributed such pooling mechanisms to increased venous filling due to arterial inflow (52), increased venous volume owing to mechanical defects in vein (53), blunted arterial vasoconstriction (54–56), altered capillary permeability inducing plasma fluid loss from capillaries to peripheral tissues (33, 57), or impaired venous emptying (58).

To further explore the mechanism for vascular tension dysfunction, some studies have been designed, and the results show that bioactive gaseous regulatory molecules and vasoactive peptides are involved in the development of abnormal partial vascular tension and impaired endothelial cell function in children and adolescents with POTS (5, 35, 59–63). Nitric oxide (NO), an endogenous gas continuously synthesized from L-arginine by nitric oxide synthase (NOS) and constitutively expressed in the endothelium, is known as a vasorelaxant factor and plays a crucial role in regulating the function of vascular endothelial cells (59). Liao et al. (60) reported that there were significantly higher levels of plasma NO and NOS in pediatric POTS patients aged 12 ± 3 years than in age-matched controls. In addition, NOS activity is positively correlated with flow-mediated vasodilation (FMD) of the brachial artery, which indirectly affects vascular dilation function (60). Hydrogen sulfide (H2S), a gasotransmitter alongside NO, exerts a low concentration-produced contraction or high concentration-dependent relaxation of blood vessels (61). Erythrocytic H2S has been detected to be obviously higher in pediatric POTS patients than that in control group (62, 63). Sulfur dioxide (SO2), another gaseous molecule, has recently been found to have vasorelaxant effects (64, 65). Furthermore, plasma SO2 levels were significantly higher in children with POTS than in healthy controls and were positively related to the maximum HR of all the study participants (66). The three increased endogenous gaseous molecules in pediatric POTS support the hypothesis that excessive vasorelaxation might contribute to the pathogenesis of pediatric POTS (19, 60). Additionally, adrenomedullin 2/intermedin (AM2/IMD), one of the members of the calcitonin gene-related peptide (CGRP) family (67), has been found to have a positive correlation with extraordinarily high HR during the HUTT in children with POTS (68). C-type natriuretic peptide (CNP) is generated from the endothelium and acts on adjacent vascular smooth muscle cells serving as a selective endothelium-independent vasodilator (69). The potent systemic cardiovascular actions of CNP reduce cardiac filling pressures and heart output following vasorelaxation and decrease venous return to the heart (70). Upright heart output and total peripheral vascular resistance are significantly lower in pediatric POTS patients than in the same children in the supine position or in healthy children and are positively associated with elevated plasma CNP levels (71). The results suggest that the increased endogenous IMD or CNP levels with similar features of vascular dilation represent the endogenous molecules involved in the development of POTS. Serum resistin, known as a new type of peptide hormone derived from adipocytes (72), has been found to notably enhance vasoconstriction and reduce diastolic function (73). An in vitro experiment showed that resistin could decrease endothelial NOS expression in human coronary artery endothelial cells (74). The serum resistin level in pediatric POTS patients is dramatically higher than that in age-matched healthy controls and is negatively related to the severity of symptoms and changes in HR that occur when changing from a supine to an upright position (74). These findings suggest that resistin may be a protective element in the pathogenesis of pediatric POTS and that the symptoms of POTS can likely be alleviated by raising the resistin level or improving the resistin function in vivo (75). Taken together, these findings confirm that increased local vascular relaxation and the compensatorily increased release of vasorelaxant factors, as well as vascular endothelial cell dysfunction, play important roles in the pathogenesis of POTS in children and adolescents (35, 54).



Iron Insufficiency

As the richest transition metal ion in humans, iron can cause a decrease in vasodilation by inhibiting the biosynthesis, transportation, transformation, and signal transduction of NO (76, 77). Low ferritin and vitamin D levels have been found in adolescents with POTS (78). Low iron storage accompanied by mild anemia is more prevalent in pediatric POTS patients than in healthy children in the United States (79). Additionally, iron-deficiency anemia also increases NO production in children and adolescents (80), suggesting that low iron storage–induced excessive vascular relaxation by increased output of NO might be a potential pathophysiological factor in pediatric POTS (79, 80). In addition, larger mean corpuscular volume and lower mean corpuscular hemoglobin concentration (MCHC) values were found in pediatric POTS patients than those in controls, which might be associated with decreased iron storage (81).



Mast Cell Activation

In an evaluation of young females with POTS, Shibao et al. (82) found that some of them had flushing episodes associated with OI, which suggests that MCA is likely involved in the hyperadrenergic mechanism for POTS (82). Although limited studies are available on the detailed mechanisms of MCA in POTS, the histamine, adenosine, platelet-activating factor, and prostaglandins produced by mast cells might play important roles in adolescents with POTS-related vasodilation and tachycardia (83, 84). A hopeful beneficial treatment would be to block these mediators in pediatric POTS patients with MCA, which merits further research (85).



Autoimmune Dysfunction

Autoimmune disturbance has been considered as one of the mechanisms involved in POTS due to frequent findings of autoantibodies in patients (11, 86, 87). A study from Japan used the luciferase immunoprecipitation system method and detected ~29% anti–ganglionic nicotinic acetylcholine receptor (gAChR) α3 and β4 antibodies from the serum of young POTS population with a median age of 22.2 ± 10.8 years and an onset age of 19.8 ± 10.8 years (88). Dysautonomia may be caused by anti-gAChR antibodies damaging autonomic ganglionic synaptic transmission in POTS patients (89). In addition to gAChR, several adrenergic receptors have been identified in pediatric POTS patients, including Ang II type 1 receptor (AT1R) and β1- and β2-adrenergic receptors (90–92). A study reported that POTS patients had higher autoimmune marker levels [e.g., antinuclear antibody (25 vs. 16%) and antiphospholipid antibody (7 vs. 1%) and increased incidence of comorbid autoimmune disease such as Hashimoto thyroiditis, rheumatoid arthritis, systemic lupus erythematosus, and common variable immunodeficiency (20 vs. 9.4%)] than the healthy population (93). The above findings demonstrate that pediatric POTS has a basis in autoimmune dysfunction; however, the detailed immune mechanisms are unknown and require further evaluation to determine the clinical significance (94).




MANAGEMENT STRATEGIES FOR POTS IN CHILDREN AND ADOLESCENTS

Full recovery is possible for POTS in children and adolescents, but it is difficult to treat patients because of inconsistent and poor therapeutic efficacies (95). Thus, collaborative and multidisciplinary therapies are constantly required (5–8, 95). After the diagnosis of POTS, in general, health education is the fundamental strategy above all, and further daily treatment plans should consist of non-pharmacological and pharmacological interventions (5, 95, 96). To achieve the best therapeutic effects, the detection of distinct neurohumoral biomarkers might predict the specific efficacy of the individualized treatment options in children and adolescents with specific subtypes of POTS (1, 5, 96).


Non-pharmacological Interventions

Health education on POTS is needed for young patients and their guardians who should understand the potential precipitating factors and avoid them (5–8, 96). Owing to frequent incapacitating symptoms of POTS that are closely related to an upright posture especially in stifling conditions (2), patients should avoid long periods of standing, sudden head-up postural changes, and high environmental temperatures (5). For POTS patients with a “hyperadrenergic” background, infection, sympathetic activation, and a lack of sleep might aggravate symptoms (4, 38, 39). Thus, patients are prevented from taking drugs such as NET inhibitors or 5-hydroxytryptamine norepinephrine reuptake inhibitors (5). In addition, pediatric POTS patients with sleep disorders should receive a guidance to promote more than 8 h of sleep daily (97). Additionally, it was found that, when the awakening salivary cortisol concentrations were more than 4.1 ng/mL, the sensitivity and specificity of predicting the effect of sleep-promoting therapy were 83.3 and 68.7%, respectively, in patients with POTS (97). Low-flow POTS patients usually suffer from the combination of hypovolemia and muscle pump dysfunction (50), which makes it necessary to drink plenty of water and wear compression garments, which can reduce the venous pooling caused by insufficient peripheral venous reflux and increase peripheral blood return to the heart (98). For those with signs of discomfort, counterpressure actions such as leg crossing and squatting are advised (5).

In addition, appropriate physical exercise to enhance muscle pump function of limbs and autonomic nervous system exercises to improve autonomic tone are also recommended for children with POTS (5, 98). The former refers to regular, organized, progressive exercise plans, which are characterized by aerobic recovery and some resistance training (5). The initial training should be limited to non-upright physical exercises, including the usage of rowing machines, recumbent cycling, and swimming, to reduce standing stress on the heart (5, 98, 99). The latter is especially suitable for pediatric POTS patients whose corrected QT-interval dispersion (QTcd) is more than 43 ms (100). It is recommended that the patients stand against a wall with feet 15 cm from it, starting at 5 min/d, and then gradually increasing to 20 min/d according to patients' tolerance and preference (5, 98). Several training results show that exercise training can improve the symptoms and the quality of life (101–103) and is even better than propranolol in the recovery of upright hemodynamics and the normalization of renal–adrenal reactivity (101).

Children and adolescents with POTS, especially those with 24-h urinary sodium excretion <124 mmol (23) or a BMI <18 kg/m2 (104), are encouraged to drink adequate amounts of water (>800 mL/d) (4) and increase appropriate salt intake for 1–3 months to increase blood volume (5). However, this is not advised for patients suffering from kidney disease, high blood pressure, or heart failure (5, 95).



Pharmacological Treatment

Non-pharmacological interventions should be attempted first in all pediatric POTS patients. If these interventions are ineffective, pharmacological therapies should be applied to solve the specific problems (5, 95, 96). Pediatric patients with POTS who are strongly suspected of having hypovolemia or inadequate salt intake are recommended to use oral rehydration salts (ORSs) for 1–3 months (5, 23, 98, 104) or to accept short-term intravenous saline as rescue treatment for patients with clinical decompensation and significant deterioration of symptoms (25). Saline supplements can alleviate symptoms in “hypovolemic” patients. Many indexes, such as lower MCHC values (81), 24-h urinary sodium excretion <124 mmol (23), and a cutoff of BMI <18 kg/m2 (104), have been shown to predict the therapeutic effect of ORSs on children and adolescents with POTS. Additionally, ORSs are also effective when the increase in HR is >41 bpm or when the maximum upright HR in 10 min is >123 bpm before treatment (105). When both indices are used together, the sensitivity and specificity are higher than for any of the single indices (104). Fludrocortisone is useful to increase sodium retention and amplify the plasma volume in POTS patients by activating the RAAS, but its validity needs to be verified in randomized clinical trials (98). In addition, increased NO generation and elevated NOx concentrations can return to normal after oral iron therapy in adolescents with iron-deficiency anemia (80), suggesting that iron supplementation might be effective for POTS patients with iron deficiency and the subsequent vasorelaxation status.

For children with severe symptoms or a risk of injury with unobvious presyncope that remarkably affect the quality of life and for those who do not demonstrate a good response to health training and salt supplementation therapy, special vasoregulation-related pharmacological interventions should be considered (5, 96).

Midodrine hydrochloride, a drug that is enzymatically hydrolyzed as a selective α1-adrenoceptor agonist desglymidodrine by oral administration (106), constricts veins and arteries to increase venous return, which makes the drug theoretically useful in treating POTS (98). Midodrine hydrochloride significantly reduces both supine and upright tachycardia with better results than the α2-adrenoreceptor agonist clonidine, which decreases supine HR without increasing standing HR, but it is inferior to intravenous infusion of saline in POTS patients (25). Midodrine hydrochloride is indicated to be effective for some subtypes of pediatric POTS (5, 107), and its therapeutic efficacy is greatly increased with the help of biomarkers that are low-cost, non-invasive, and easy to detect (108). A series of important studies have been designed to explore the predictors of the efficacy of midodrine hydrochloride in the treatment of pediatric POTS by using receiver operating characteristic curves (62, 109–113). The results show that the following indications can predict the effectiveness of midodrine hydrochloride in the treatment of POTS in children and adolescents: FMD >9.85%, with high sensitivity (71.6% in 1 month and 74.4% in 3 months of therapy) and specificity (77.8% in 1 month and 80% in 3 months of therapy) (109); H2S production in erythrocytes >27.1 nmol/min × 108 cell, with a sensitivity of 78.9% and a specificity of 77.8% (62); midregional proadrenomedullin plasma levels >61.5 pg/mL, with a sensitivity of 100% and a specificity of 71.6% (110); copeptin plasma levels >10.5 pmol/L, with both high sensitivity (81.3%) and high specificity (76.5%) (111); and SBP drops in changing from a supine to an upright position, with a sensitivity of 72% and a specificity of 88% (112). Additionally, the blood pressure change from a supine to an upright position can well-predict the long-term asymptomatic survival rate of pediatric POTS patients given oral midodrine hydrochloride (113). Midodrine is contraindicated for those with a BP >95% of the average for individuals of the same age and sex or for those with drug allergies (5). Since midodrine hydrochloride has instant and brief effects, the daily dose is suggested to be divided into several administrations (5, 98, 106). The medicine should be taken only during the daytime, no sooner than 4 h before bedtime, because of a risk of hypertension in the supine position (106); therefore, the BP should be monitored during treatment.

Adrenoceptor blockers can be divided into non-selective blockers for β1 and β2 receptors and β1-selective blockers, which have higher selective affinity for β1 receptors than for β2 receptors (114). The latter mainly slow down HR and decrease myocardial contractility when the sympathetic nervous system is activated but have a relatively small effect on the heart at rest (115). In 2009, a single-center retrospective chart analysis and follow-up conducted by the Mayo Clinic showed that adolescents with POTS taking β-blockers were more likely to have an improvement in symptoms than those taking midodrine (116), suggesting that β-blockers were effective for young POTS patients. β1-Selective blockers are useful for “hyperadrenergic” subtypes of POTS patients (96). There is relatively less experience with β1-blocker therapy in pediatric POTS (5–8, 96). Investigators also proposed that metoprolol, as a common β1-blocker, could be used with an initial dose of 0.5 mg/kg per day in treating pediatric POTS (108) and a maximal dose of 2 mg/kg per day in severe cases according to the symptoms (5). They also found several indicators to predict the effect of metoprolol on POTS in children and adolescents (5, 38, 117, 118). The results showed that the sensitivity and specificity were 95.8 and 70%, respectively, when the plasma CNP level was >32.55 pg/mL (117); 76.9 and 91.7%, respectively, with a plasma norepinephrine level >3.59 pg/mL in upright position (38); and 90.5 and 78.6%, respectively, with a plasma copeptin level <10.2 pmol/L in predicting the efficacy of metoprolol in children with POTS (118). Severe sinus bradycardia, atrioventricular block, severe heart failure, hypotension, acute pulmonary edema, bronchial asthma, mental illness, diabetes, and drug allergy are contraindications for the use of β-blockers (5).

Although evidence hints that MCA and autoimmune disorders take part in the pathogenesis of POTS (82, 86, 88), there are no meaningful therapeutic reports about defending against either of them in pediatric POTS patients, and this research gap requires further study.




CONCLUSION

Although great efforts have been made in exploring the pathogenesis of pediatric POTS, the precise mechanisms for POTS have not yet been totally elucidated (3, 6, 96). Fortunately, a series of effective treatment measures have been designed according to the known pathophysiological mechanisms (Figure 1), and a number of biomedical factors have gradually been discovered to be involved in the POTS pathological process and treatment prediction (35, 96). More and more biomarkers have been confirmed to be effective in predicting treatment efficacy (5–8). Therefore, selecting individual treatment strategies could improve the therapeutic outcomes according to the detailed pathogenesis indicated by the specific biological indexes (Table 1). However, the data of trials in pediatric POTS patients mainly originate from a single center; therefore, it is essential to perform large-sized multicenter studies in the future to optimize the individualized treatment of POTS in children and adolescents.
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FIGURE 1. Pathogenesis and corresponding management strategies in pediatric POTS.



Table 1. Mechanisms, managements, and therapeutic response predictors of pediatric POTS.
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The optimal performance of the cardiovascular system, as well as the break-down of this performance with disease, both involve complex biomechanical interactions between the heart, conduit vascular networks and microvascular beds. ‘Wave analysis’ refers to a group of techniques that provide valuable insight into these interactions by scrutinizing the shape of blood pressure and flow/velocity waveforms. The aim of this review paper is to provide a comprehensive introduction to wave analysis, with a focus on key concepts and practical application rather than mathematical derivations. We begin with an overview of invasive and non-invasive measurement techniques that can be used to obtain the signals required for wave analysis. We then review the most widely used wave analysis techniques—pulse wave analysis, wave separation and wave intensity analysis—and associated methods for estimating local wave speed or characteristic impedance that are required for decomposing waveforms into forward and backward wave components. This is followed by a discussion of the biomechanical phenomena that generate waves and the processes that modulate wave amplitude, both of which are critical for interpreting measured wave patterns. Finally, we provide a brief update on several emerging techniques/concepts in the wave analysis field, namely wave potential and the reservoir-excess pressure approach.
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INTRODUCTION

Cardiovascular disease has a profound impact on people around the world and across the human lifespan, accounting for 31% of all deaths globally (World Health Organization, 2013), as well as being the most common and costly category of birth defects (Centers for Disease Prevention and Control, 2019). While many factors contribute to the incidence and progression of cardiovascular disease, adverse outcomes are ultimately determined by a failure or ineffectiveness of the biomechanical system to deliver oxygenated blood to organs and tissues. Importantly, the major biomechanical properties of the heart and circulatory system, including cardiac contraction, ventriculo-vascular coupling, large artery stiffness, and microvasculature properties, all influence the pattern of pressure/flow waves that can be measured in blood vessels. The chief aim of ‘wave analysis’ is therefore to reliably measure and then ‘decode’ the pattern of waves to uncover insights about disease processes and therapies that may not be provided by conventional metrics such as systolic and diastolic blood pressure.

A range of established and emerging wave analyses are available, including pulse wave analysis, wave separation, wave intensity (with several variations), and reservoir-excess pressure analysis. While each has strengths and weaknesses, along with aspects that are still being debated and refined, a number of prominent clinical studies have shown that wave analyses provide valuable prognostic information over and above traditional risk factors (Manisty et al., 2010; Weber et al., 2010, 2012; Davies et al., 2014; Zamani et al., 2014; Narayan et al., 2015; Zamani et al., 2016; Chirinos, 2017; Chiesa et al., 2019). However, to optimize prognostic value and to obtain mechanistic insights while avoiding misinterpretations, it is essential to develop a clear understanding of the physiological determinants of the various indices obtained from wave analysis.

The aim of this review is to introduce key techniques and concepts relating to arterial wave analyses, whilst also providing an update on recent developments and emerging techniques in the field. We start by briefly reviewing techniques for measuring blood pressure, flow, and velocity waveforms, then cover the most well-established wave analysis techniques (pulse wave analysis, wave separation and wave intensity analysis). We then review the biomechanical factors that generate and modulate pressure/flow waves, an understanding of which is likely to aid in the interpretation of wave patterns. Finally, several emerging concepts in the wave analysis field are briefly discussed (reservoir and excess pressure analysis, and wave potential). To appeal to a broad readership, this review will contain minimal mathematics and no derivations, but references will be provided where such details can be found.



WHAT IS A WAVE?

While the term ‘wave’ is attributed different meanings in different settings, in this review we adopt the definition of Hughes et al. (2008) that a wave is a change in pressure and flow that propagates along a blood vessel (Figure 1). Conversely the term ‘waveform’ herein refers to the pressure or flow pulse signal that can be measured at a particular vascular location. Waves travel at a velocity, known as wave speed or pulse wave velocity, that is typically more than ten times faster than the velocity of flowing blood; for example, pulse wave velocity of the aorta is around 5 m/s in youth, although this increases more than twofold over the normal human lifespan (McEniery et al., 2005). Every wave has an effect on both pressure and flow, and these effects are intrinsically linked by the characteristic impedance of the vessel, which in large arteries is proportional to wave speed and inversely proportional to vessel cross-sectional area. When a wave encounters a change in characteristic impedance, some of the wave energy is reflected and some is transmitted (Figure 1).
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FIGURE 1. (Left) Illustration of a forward-propagating wave that increases pressure and flow. (Right) A forward-propagating wave encounters an impedance mismatch (increased vessel stiffness indicated by thicker wall) and is partially transmitted and partially reflected. The reflected wave propagates backward and causes a further increase in pressure but a decreased flow. Red arrows indicate blood flow or average blood velocity over a cross-section (larger arrow means higher flow/velocity), while black arrows indicate wave speed and direction of wave propagation. Increased pressure is indicated by increased vessel diameter. Time plots (bottom) indicate the evolution of pressure and flow at three locations along the vessel indicated with color-coded circles.


Pressure and flow waveforms result from a set of waves that pass by the measurement location, with each wave causing an increment or decrement in those waveforms (Figure 1, bottom panels). By performing wave analysis, we aim to extract information about the waves that produced the pulse waveforms and make inferences about their origins. For example, common questions in the field of arterial haemodynamics include: To what extent do reflected waves contribute to rises in blood pressure with aging or in certain disease conditions? Where are wave reflections occurring and does the distance to the reflection site (or ‘effective distance’ given that there are many reflection sites) change with age or disease? How much does wave reflection versus aortic characteristic impedance contribute to left ventricular afterload? Which specific waves are increasing or decreasing with an intervention and what insight does this provide about mechanisms of action? In coronary arteries, what is the interplay between upstream (ventriculo-aortic) vs. downstream (intramyocardial) forces in generating and modulating myocardial perfusion?

A fundamental precursor to addressing such questions is ensuring that the required physiological data can be measured, and with adequate quality. Depending on available equipment, resources and expertise, this is not always easy in a clinical setting. Most wave analyses require a pressure waveform (or a distension-based surrogate) and a flow or velocity waveform, although some techniques use only pressure. Importantly, since wave information resides in the shape of the waveform(s), the reliability of the final analysis depends on acquiring reproducible signals with high fidelity.



MEASUREMENT OF PRESSURE WAVEFORMS


Invasive Measurement

The gold-standard for acquiring the blood pressure waveform is invasive measurement, either with a micromanometer-tipped catheter or fluid-filled catheter and external manometer (Papaioannou et al., 2009; Nichols and O’Rourke, 2011). Micromanometer-tipped catheters provide a high fidelity waveform due to their excellent frequency response. While often used in animal studies (van den Bos et al., 1982; Khir and Parker, 2005; Penny et al., 2008), similar single-use pressure wires are used in humans, but are expensive. Fluid-filled catheter systems are cheaper, but their frequency response can be poor and should be tested to ensure waveform features are faithfully captured (Nichols and O’Rourke, 2011). Even in a system with an adequate frequency response, damping can develop over time, for example, if the catheter is not properly flushed. While investigators should be vigilant against such damping, Howard et al. (2019) recently described an artificial intelligence approach that may help automatically identify this issue.



Non-invasive Measurement

Applanation tonometry and the volume-clamp method are non-invasive techniques for measuring the arterial pressure pulse waveform. Applanation tonometry involves ‘applanating’ (slightly compressing against bone) a superficial artery with a pen-like pressure transducer (Drzewiecki et al., 1983; Kelly, 1989), which requires good dexterity and experience, but is relatively easy to learn. Dependence on a manual operator is potentially avoidable with emerging wearable devices (Garcia-Ortiz et al., 2012), although attaining and maintaining correct sensor position is a key challenge. Adequate applanation can be achieved in most individuals for the radial artery, but can be more difficult in other locations (e.g., brachial or carotid arteries) (Nichols and O’Rourke, 2011). Calibration of the pulse waveform is generally performed with conventional brachial cuff pressures, which may involve errors due to cuff pressure inaccuracies and pulse amplification from brachial to radial sites (Verbeke et al., 2005; Picone et al., 2017).

The volume-clamp method, originally described by Peñáz (1973) and refined and commercialized as the Finapres by Wesseling (1995) involves a finger cuff whose air pressure is controlled by a servo that clamps the volume of finger arteries using an infrared photoplethysmography (PPG) signal. This method provides high fidelity waveforms, is often used where continuous non-invasive pressure monitoring is required, and has the benefit of self-calibration, although the precision of absolute pressure values does not meet the AAMI requirement of an error standard deviation less than 8 mmHg (Kim et al., 2014). The technique is widely applicable, but may be difficult to perform in small children or where peripheral vasoconstriction (e.g., due to ‘feeling cold’) lead to an inadequate PPG signal, while accuracy may be reduced if the finger cuff is applied too loosely (Imholz et al., 1998). Compared with the volume-clamp method, tonometry is less cumbersome, involves less discomfort, and can be applied to a range of arterial sites, which may underlie its more widespread use in the wave analysis field.



Surrogate Measures of the Pressure Waveform

While catheterization, applanation tonometry, and the volume-clamp method in principle measure the actual blood pressure waveform, the techniques discussed below are surrogates, in that a form of distension (diameter, area, or volume change) is used to approximate the pressure waveform after appropriate calibration. When adopting these techniques, two biomechanical factors should be kept in mind. First, the relationship between pressure and distension is not strictly linear. For example, although the carotid pressure-distension relationship can appear approximately linear (Watanabe et al., 1999; Sugawara et al., 2000), Vermeersch et al. (2008) found that a non-linear (exponential) calibration of diameter to pressure improved the waveform fit (RMSE) by 28%. The degree of non-linearity also increases with age and with greater range of distension (Pagani et al., 1979; Langewouters et al., 1984; Meinders and Hoeks, 2004). Second, the pressure-distension relationship exhibits hysteresis due to the viscoelastic properties of vessel walls. This means that although pressure and distension follow a similar trajectory on the ascending limb of the pulse, these signals diverge on the descending (diastolic) limb due to viscous energy losses in the arterial wall (Armentano et al., 1995; Watanabe et al., 1999). Using a computational model, Kang et al. (2019) studied the impact of non-linearities and viscoelasticity on distension-based wave intensity analysis and concluded that the use of diameter as a surrogate for pressure is likely to introduce tolerable errors (<10%), although this requires further confirmation in vivo.

Arterial diameter changes can be measured with a range of techniques (Figure 2). Radio frequency (RF) echo-tracking is considered the most accurate and has high temporal and spatial resolution, but requires specialized equipment and software not available on most standard ultrasound systems (Hoeks et al., 1990; Niki et al., 2002; Segers et al., 2004); results may also be system-dependent (Palombo et al., 2012). Edge-tracking of the arterial wall in B-mode ultrasound images is a lower resolution, but widely available alternative to RF echo-tracking that has acceptable accuracy for total distension, although accuracy of waveform shape has not been investigated (Steinbuch et al., 2016; Di Lascio et al., 2018). M-mode imaging has high temporal resolution and only requires segmentation of one image, in contrast to the lower resolution and many image frames in B-mode (Kowalski et al., 2019a, b). A number of ambulatory sensor technologies are emerging for measurement of arterial distension, such as RF-echo tracking with a flexible ultrasonic sensor array patch (Wang et al., 2018) and low-frequency (∼1 GHz) continuous-wave radar (Buxi et al., 2017; Pisa et al., 2018). High-frequency (∼60 GHz) radar (Johnson et al., 2019) and double integration of an accelerometric signal (Di Lascio et al., 2018) are also showing promising results, despite measuring the motion of the skin surface due to the pulse rather than arterial diameter per se.
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FIGURE 2. Imaging methods for obtaining cross-sectional area or diameter waveforms and flow or mean velocity waveforms. See text for explanation. Note that echo-tracking is similar to standard M-mode but uses raw radio-frequency signals. For Doppler ultrasound, Vmax and Vmean are the maximum and mean velocities in the sample volume, respectively.


Aortic cross-sectional area changes have been used as a surrogate of the central pressure waveform and can be obtained via phase contrast magnetic resonance imaging (MRI, Figure 2) (Biglino et al., 2012; Quail et al., 2014; Li et al., 2019). This approach has limited temporal resolution (currently up to ∼100 Hz) and requires segmentation of the aortic circumference from the magnitude images, which can be challenging during low-flow phases of the cardiac cycle or in low-flow segments of the vessel wall that display poor contrast. However, the advantage is that the phase images, obtained with the same MRI sequence, provide simultaneous flow information.

While arterial volume cannot be easily measured directly, volume plethysmography of a limb or finger segment is commonly used to derive a pulse waveform. When a standard arm cuff is inflated and held at a fixed pressure, brachial arterial pulsations induce oscillations in cuff air pressure that can be registered by a device. Supra-systolic oscillometry, which causes arterial occlusion, is employed by a number of devices (Horvath et al., 2010; Lin et al., 2012; Park et al., 2014; Stoner et al., 2014; Bhuva et al., 2019); however, Butlin et al. (2012) reported that this technique led to artifacts such as elimination of the diastolic portion of the waveform. Sub-diastolic oscillometry is non-occlusive and involves less patient discomfort, and is commonly used in commercial devices (Wassertheurer et al., 2010; Butlin et al., 2012; Luzardo et al., 2012; Parikh et al., 2016). Pulsations can also be monitored in the finger with standard photoplethysmography and converted to a pressure pulse with a transfer function (Millasseau et al., 2000).



Mathematical Derivation of the Central Pulse Waveform

Central aortic blood pressure is of particular interest in many studies, as it represents the direct pressure load faced by the ejecting left ventricle. Although many of the aforementioned techniques acquire peripheral arterial signals, a central aortic pressure waveform can be derived from these via a generalized transfer function or other model-based methods (Chen et al., 1997; Karamanoglu and Feneley, 1997; Gallagher et al., 2004; Wassertheurer et al., 2010; Stok et al., 2011). This is a popular approach for estimation of both central systolic pressure and central wave indices such as augmentation index; however, a number of invasive validation studies have found that central wave indices derived using these methods may have limited accuracy, most likely due to individual variability in the higher frequency components (Chen et al., 1997; Fetics et al., 1999; Millasseau et al., 2003). This limitation does not appear to preclude this approach from having substantive clinical value when using high fidelity applanation tonometry (Weber et al., 2004, 2010; Vlachopoulos et al., 2010; Janner et al., 2013; Zamani et al., 2014), although more evidence is needed for commercial devices that employ surrogate measures of the pressure waveform, such as cuff volume plethysmography, which have considerably lower fidelity.




MEASUREMENT OF FLOW AND VELOCITY WAVEFORMS

Some wave analysis techniques employ only a pressure waveform (as will be discussed later), but these involve more assumptions and are considered less reliable than techniques that harness blood pressure and flow/velocity information (Townsend et al., 2015). Blood flow and blood velocity are distinct physical quantities that both involve challenges in accurate measurement. Blood flow refers to the volumetric transport of fluid (units of volume/time) and is defined over a given arterial cross-section. On the other hand, blood velocity (or ‘flow-velocity,’ the velocity of flowing blood) refers to the speed of a moving particle of blood (units of distance/time). Velocity therefore varies over an arterial cross-section, producing a ‘velocity profile.’ In a long cylindrical tube with constant flow, the velocity profile has a parabolic shape, but more complex velocity profiles arise in real arteries, which are curved and exhibit pulsatile flow (Sigovan et al., 2011; Mynard and Steinman, 2013).


Invasive Measurement

Perivascular flow probes using transit-time ultrasound methods are considered the gold-standard for invasive flow measurement, although their ±5–15% absolute accuracy is modest (Laustsen et al., 1996; Beldi et al., 2000; Zhang et al., 2019). Commonly used in animal or benchtop experiments (Khir and Parker, 2002; Penny et al., 2008), these probes require good acoustic coupling (e.g., with ultrasound gel) between the vessel wall and internal probe housing, but can maintain accuracy for several years in chronically instrumented experiments (Picker et al., 2000).

In humans, flow probe use tends to be limited to the clinical assessment of bypass grafts (Thuijs et al., 2019), whereas invasive arterial wave analysis tends to be performed based on blood velocity measurements from Doppler ‘flow-wires’ (which actually measure velocity, not flow), such as the Philips Volcano ComboWire that also incorporates a micromanometer for concurrent pressure measurement. This approach has been particularly useful for wave analyses in coronary arteries (Hadjiloizou et al., 2008; Rolandi et al., 2012; Rivolo et al., 2016), but has also been used in the aorta and pulmonary artery (Hughes and Parker, 2009; Lau et al., 2014).



Non-invasive Measurement

The gold-standard non-invasive method for measuring flow is phase contrast (PC-)MRI, in which the motion of magnetic spins through a magnetic field gradient enables velocity encoding in a specified direction (Pelc et al., 1991). Arterial flow is obtained by setting a 2D acquisition plane through the chosen vessel cross-section, encoding velocity through-plane, and integrating velocities over the arterial cross-section (Figure 2). Signal-to-noise ratio is determined by the encoding velocity (VENC, i.e., the maximum encoded velocity), which must be set appropriately to avoid aliasing (if set too low) or insufficient contrast (if set too high). While standard 2D PC-MRI for clinical flow assessments typically acquire ∼20 frames per cardiac cycle (∼50 ms resolution), this is insufficient to capture high frequency information, such as flow acceleration, required for wave intensity analysis. Higher temporal resolution (∼9 ms) can be obtained with techniques such as spiral SENSE PC-MRI (Steeden et al., 2011; Biglino et al., 2012) or spoiled gradient echo PC-MRI (Bhuva et al., 2019), and even down to 4 ms resolution with retrospectively gated compressed sensing PC-MRI (Peper et al., 2018).

Whereas MRI is relatively expensive and most suited to imaging central vessels, Doppler ultrasound is inexpensive and more suited to imaging peripheral arteries. With pulsed Doppler, a velocity spectrum is acquired over time inside a sample volume that is positioned by the operator, normally in the vessel center and covering at least two thirds of the vessel diameter (Figure 2). The intensities of pixels in each vertical line of the spectrum essentially represent a histogram of velocities within the sample volume at that time point. The spectrum can therefore provide an indication of whether the velocity profile is relatively flat (narrow spectrum) or contains a range of velocities due to a more parabolic, skewed or turbulent profile (broad spectrum).

Software included in most commercial systems allows velocity waveforms to be extracted by tracing the top (or envelope) of the velocity spectrum. However, it is important to recognize that the envelope represents the peak velocity within the sample volume, not the cross-sectional mean velocity required for arterial wave analyses. Several techniques have been described to extract the mean velocity waveform, such as averaging the Doppler spectrum (Niki et al., 2002; Borlotti et al., 2012), or with multi-gate ultrasound systems, color Doppler, or 3D ultrasound (Hoskins, 2011). Regardless of the technique used, various sources of error affect accuracy, including incomplete vessel coverage by the sample volume, non-uniform beam insonation, inappropriate gain settings, inaccurate sample volume placement, imprecise angle correction, spectral broadening, the presence of secondary flow, and operator dependence (Winkler et al., 1995; Mikkonen et al., 1996; Corriveau and Johnston, 2004; Hoskins, 2011; Mynard and Steinman, 2013). Given the many possible sources of error, Kowalski et al. (2017) described a technique that enables correction of any arbitrary scaling of velocity waveforms to obtain mean velocities, which requires accompanying measurements of arterial distention waveforms at the same site, as well as standard blood pressure. While such corrections will not affect the pattern of waves in an individual, they may reduce variability in group analyses and improve sensitivity in clinical studies.

Having provided an overview of techniques for measuring pressure and flow/velocity waveforms, the following sections review the most commonly applied techniques for analyzing these waveforms.




PULSE WAVE ANALYSIS

Characterizing blood pressure with only two extreme values (systolic and diastolic) neglects the wealth of information that is present in the shape of the pressure waveform (Figure 3). With pulse wave analysis, characteristic features of the pressure waveform are extracted and inferences about wave dynamics are made on the basis of theoretical (i.e., model-based) links with functional properties of the cardiovascular system. A comprehensive historical review of pulse wave analysis is available in the classic textbook McDonald’s Blood Flow in Arteries by Nichols and O’Rourke (2011). We here focus on central pulse wave analysis and the three indices that are most commonly used: augmentation pressure, augmentation index and inflection time.


[image: image]

FIGURE 3. Calculation of Augmentation Index (AIx) with examples of (A) positive augmentation and (B) negative augmentation. AP, augmentation pressure; P1, initial pressure rise; PP, pulse pressure; Ti, inflection time.


Pulse wave analysis was founded on the observation that aortic pressure waveforms generally exhibit a characteristic inflection point during systole (Figure 3A). The initial pressure rise up to this inflection point (P1) is thought to relate mainly to the incident or forward-traveling pressure wave (the pressure arising from the natural outflow of the ventricle), while the secondary pressure rise (or ‘augmentation pressure,’ AP) after the inflection point is thought to arise mainly from wave reflection (Kelly et al., 1989). Augmentation Index (AIx), calculated as AP/PP (where PP is pulse pressure), is therefore a surrogate index of arterial wave reflection, while augmentation pressure, if positive, is an ‘additional’ pressure arising from this reflection. In addition, the time from the onset of P1 to the inflection point (Ti) has been used to quantify the total transit time for waves traveling from the ventricle to an effective reflection site and back to the ventricle (Baksi et al., 2009; Sugawara et al., 2010).

While this picture may seem straightforward, a range of studies have suggested that AIx is determined by a complex combination of biomechanical interactions. AIx demonstrates a strong dependence on heart rate and is therefore commonly expressed in a heart-rate-corrected form (AIx@75 bpm) (Wilkinson et al., 2000; Weber et al., 2004). AIx is also modulated by height and differs between males and females, whereas wave separation analysis suggests wave reflection magnitude does not depend on these factors (Hughes et al., 2013). In addition, although AIx increases with age, it plateaus and may even decrease around middle age (Kelly et al., 1989; Mitchell et al., 2004; Fantin et al., 2006); it has been argued that this plateau does not necessarily mean that wave reflection is decreasing, but is a result of mathematical division between two linearly increasing curves (AP and PP) (Namasivayam et al., 2010). Davies et al. (2010) concluded that systolic augmentation was mainly related to reservoir pressure, with only a minor contribution from reflected waves; however, this interpretation now appears moot because current (revised) views acknowledge that wave reflection produces the reservoir pressure (Hughes and Parker, 2020). Nevertheless, AIx has also been shown to depend on ventricular outflow patterns (Karamanoglu and Feneley, 1999), preload (van de Velde et al., 2017), contractility/relaxation properties (Cheng et al., 2012) and forward waves (Fok et al., 2014), although these dependencies may relate in part to re-reflection of backward-traveling waves when they return to the ventricle (Phan et al., 2016a). AIx is negative in some (generally younger) individuals (Figure 3B), but this does not imply the presence of negative wave reflection (Hughes et al., 2013).

Given the many factors that influence AIx, it is tempting to question whether wave reflection is indeed primarily responsible for systolic augmentation. However, a key principle of fluid dynamics in elastic tubes is that, in the absence of wave reflection, pressure and flow waveforms will be identical, albeit scaled by characteristic impedance. Any difference between these waveforms must therefore arise from wave reflection (Parker, 2009; Westerhof and Westerhof, 2017). We therefore agree with the summary of O’Rourke and Mancia (1999) that “augmentation is a manifestation, not a measure of early wave reflection.” Thus, while AIx may be a very useful marker of cardiovascular risk (Nürnberger et al., 2002; Weber et al., 2004, 2010), its limitations in specifically quantifying the biomechanical phenomenon of wave reflection should not be overlooked.

As with AIx, the interpretation of Ti has been controversial. Although the dominant view has been that reflected waves return to the heart earlier as aging progresses (due to increasing aortic pulse wave velocity), a meta-analysis by Baksi et al. (2009) found that Ti does not decrease much with age. Based on a modest decrease in Ti but large increase in aortic pulse wave velocity, some investigators have concluded that the distance to the effective reflection site (Leff) increases with age (Mitchell et al., 2010; Sugawara et al., 2010). However, the reliability of using Ti to quantify reflected wave transit time has been questioned; when calculated via wave separation analysis, arrival time of the reflected wave decreased substantially and indicated a decreasing or invariant Leff with advancing age (Segers et al., 2007; Phan et al., 2016b). Lastly, Ti is also affected by the shape of the waveform and reliable identification of the inflection point is not always possible (Nichols and O’Rourke, 2009; Phan et al., 2016b), with modeling data suggesting that Ti may not be an accurate measure of reflected wave return time (Westerhof and Westerhof, 2012). Thus, inferences about arterial biomechanics based on Ti should be treated with caution.



WAVE SEPARATION

With pulse wave analysis, information about forward (incident) and backward (reflected) waves are estimated from the shape of the pressure waveform. However, as discussed above, various limitations make this approach non-ideal. Wave separation is therefore considered the ‘gold-standard’ method for investigating wave phenomena, since information about forward and backward waves are specifically quantified by decomposing the pressure waveform (P) into two separate signals using principles of fluid dynamics in compliant tubes. The forward component of pressure (P+) represents the contribution of forward waves to measured pressure, while the backward component of pressure (P–) represents the contribution of backward waves (Figure 4). The caveat is that wave separation is agnostic to the mechanisms that give rise to forward or backward waves; for example, it cannot be used to determine whether an increase in ascending aortic P+ is caused by a forward wave generated by active ventricular contraction or by passive reflection of a backward wave when it reaches the aortic valve. Such conclusions must be inferred through other means (model-based or experimental inferences).
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FIGURE 4. Wave separation analysis for pressure (P) and flow (Q) signals. Forward components (P+ and Q+) and backward components (P– and Q–) are calculated using the equations in Table 1, with an assumed undisturbed pressure (Pud) of 10 mmHg. Arrows indicate wave potential at that time.


Pressure wave separation, originally described by Westerhof et al. (1972), can be achieved with the following simple equation when P is accompanied by a measured flow waveform (Q),
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To apply this formula, two parameters must be estimated. The first is undisturbed pressure (Pud) and will be discussed later in the Wave Potential section; briefly, Pud endows physical meaning to the absolute values of P±, whereas if this parameter is optionally not included, only changes in P± are meaningful (Mynard and Smolich, 2014b). The second, characteristic impedance (Zc), has an important physical meaning that can be easily understood via a fundamental equation of fluid dynamics in compliant tubes called the water hammer equation. This states that incremental changes in pressure and flow arising from forward waves (dP+ and dQ+) are intrinsically linked via
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This means that a pressure wave (a propagating pressure change) is always accompanied by a corresponding flow wave (propagating flow change) and vice versa. Moreover, Equation (2) shows that in a situation where only forward waves exist, measured pressure and flow waveforms will have an identical shape and their ratio will be equal to Zc. Characteristic impedance in large vessels is determined by wave speed (c, i.e., local pulse wave velocity) and cross-sectional area (A) via
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where ρ is blood density. Considering Equation (1), we see that an increase in vessel stiffness (which increases wave speed) or a decrease in vessel area will cause a larger pressure change for a given flow change. This has potentially crucial implications for explaining changes in blood pressure with advancing age. For example, a threefold increase in ascending aortic wave speed (Redheuil et al., 2010) would be expected to cause a corresponding threefold increase in the forward component of pressure (e.g., from 30 to 90 mmHg), all other factors being equal. Importantly, however, aortic cross-sectional area also increases with age, offsetting the effect of increased wave speed; the extent of this offsetting effect remains unclear, however, given conflicting data in the literature (Mitchell et al., 2004; O’Rourke and Nichols, 2005; Hickson et al., 2010; Redheuil et al., 2011; Devos et al., 2015).

Another key concept in wave separation analysis is that forward waves cause pressure and flow to change in the same direction, whereas backward waves cause pressure and flow to change in opposite directions. For example, a forward wave that increases pressure will also increase flow, whereas a backward wave that increases pressure will have a flow-decreasing effect, noting that the water hammer equation for backward waves has a negative sign (dP– = −ZcdQ–). This principle forms the basis for the notion that wave reflection must ultimately be responsible for any differences in the shape of arterial pressure and flow waveforms (Westerhof et al., 2010; Nichols and O’Rourke, 2011).

While we have discussed wave separation for pressure, a similar approach can also be applied to calculate forward and backward components of flow (Westerhof et al., 1972), velocity (Parker, 2009), diameter or area distension (Feng and Khir, 2010; Biglino et al., 2012), wave intensity (Parker and Jones, 1990), wave power, and hydraulic power (Mynard and Smolich, 2016). As can be seen in Table 1, all of these calculations rely on the estimation of local characteristic impedance or wave speed.


TABLE 1. Variations of wave intensity/power and wave separation.
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Characteristic Impedance and Wave Speed

As discussed above, characteristic impedance (Zc) represents the intrinsic relationship between pressure and flow when waves are traveling in one direction only. It can be estimated from measured pressure and flow signals, which historically has been achieved in the frequency domain (via Fourier transform) by calculating the average ratio of pressure and flow harmonics in a certain frequency range (O’Rourke and Taylor, 1967). The range may include only high frequency harmonics (e.g., 15–25 Hz) or a lower frequency range (e.g., 5–15 Hz), but the result appears to be relatively insensitive to the exact range chosen (Dujardin and Stone, 1981). A simpler time domain method was proposed by Dujardin and Stone (1981) and Li (1986), which involves calculating the ratio of changes in pressure and flow during early systole, when the effect of wave reflection is minimal.

Like Zc, wave speed (c) may be considered an intrinsic property of a vessel, being dependent on vessel stiffness (i.e., elastic modulus), wall thickness and diameter, as expressed with the Moens–Korteweg equation (Mirsky, 1973). Wave speed differs subtly from pulse wave velocity (PWV), as routinely measured, in two respects. First, PWV is calculated as the time it takes for a wave to propagate from one location to another, whereas wave speed is a local quantity that is defined at every point along a vessel (similar to diameter). Second, the propagation speed of a wave is actually equal to U + c for a forward wave and U − c for a backward wave, where U is blood velocity (Parker, 2009). Hence, in principle PWV is determined by vessel properties (via c) and haemodynamics (via U), although U is generally much smaller than c (∼0.5 m/s vs. ∼5 m/s).

Various methods exist to estimate PWV and c, which were recently reviewed by Segers et al. (2020). We here focus on three approaches for estimating local c, which are most suited to wave separation analysis: (1) the ‘loop methods’ (e.g., PU loop); (2) the minimum energy or ‘sum of squares’ method, and (3) pressure-diameter or distensibility-based methods.

The PU loop method is similar to the time domain approach for calculating Zc mentioned above, and involves plotting pressure vs. velocity as shown in Figure 5A (Khir et al., 2001b). During early systole, the PU relation is relatively linear, which is presumed to be due to unidirectional wave travel, and the relation departs from this linear trajectory when reflected waves arrive at the measurement site. The most linear section is therefore selected and its slope (which is equal to ρc if only forward waves are present) is divided by blood density (ρ) to obtain wave speed. Analogous methods have been described for diameter and velocity, the ln(D)U loop method (Feng and Khir, 2010), and for flow and area, the QA method (Rabben et al., 2004).
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FIGURE 5. (A) With the pressure-velocity (PU) loop method, wave speed (c) is calculated from the slope of the early-systolic PU relation (red line), where ρ is blood density. (B) Misalignment of pressure and velocity signals introduces curvature in the early systolic relation. This example shows the effect of velocity leading or lagging pressure by 10 ms (solid and dashed gray lines, respectively).


The accuracy of these ‘loop’ methods depends on three factors that should be carefully considered when applying them. First, signals must be time-aligned to correct for hardware-related lags or to combine signals that were acquired sequentially. Misalignment introduces curvature into the early-systolic PU relation (Figure 5B); one way to correct for these lags is to shift velocity with respect to pressure until the most linear relation is obtained (Khir et al., 2001b; Swalen and Khir, 2009). Second, the accuracy of these methods relies on the adequacy of the assumption that no reflected waves are present during early systole. Segers’ group has shown that the presence of reflected waves tends to cause over- and under-estimation of wave speed for the PU loop and QA loop methods, respectively, and importantly that reflections may be present even when the early systolic relation is linear (Swillens et al., 2013; Segers et al., 2014). Reflected waves in early systole may arise from proximity of the measurement site to reflection sites, such as the carotid bifurcation, or due to persistent effects of reflected waves from the previous cardiac cycle (i.e., the diastolic pressure decay); viscoelasticity and the pressure-dependence of wave speed may also have confounding effects (Alastruey, 2011; Mynard et al., 2011). Potential consequences of these phenomena include (1) incorrect alignment of signals due to real curvilinearity in the early systolic PU relation, (2) inaccurate wave speed estimation, and (3) wave separation that incorrectly suggests an absence of early reflected waves.

The requirement for unidirectional wave travel in the PU loop method was identified by Davies et al. (2006b) as a major barrier to wave speed estimation in coronary arteries, where there is no period of the cardiac cycle where this assumption can be confidently applied. These investigators therefore proposed the minimum net energy method (also referred to as the ‘sum-of-squares’ or ‘single-point’ method) in which wave speed is calculated as
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where dP and dU are incremental changes in pressure and velocity, with their squares summed over the cardiac cycle. This approach, along with a flow-area equivalent described by Quail et al. (2015), does not require unidirectional wave travel during a particular phase of the cardiac cycle, but instead minimizes the net energy of decomposed forward and backward waves throughout the whole cardiac cycle. This was based on a general observation that an incorrect wave speed tends to introduce self-canceling forward and backward waves (Siebes et al., 2009). Since self-canceling waves are minimized by the sum-of-squares method, its accuracy becomes limited when measurements are performed in close proximity to a reflection site, where self-canceling waves are expected (Borlotti et al., 2014). Although originally intended for use in coronary arteries, concerns have been raised about the accuracy of the sum-of-squares method in this setting during hyperemia, in the vicinity of a stenosis, and generally due to a preponderance of overlapping forward and backward waves (Kolyva et al., 2008; Rolandi et al., 2014). Hence, considerable challenges remain in obtaining a reliable single-point wave speed estimation technique for coronary arteries.

Distensibility-based methods for estimating wave speed have two major advantages over the ‘loop’ methods and sum-of-squares method in that (1) they require no assumptions about waves and (2) they do not require an accurate (mean) velocity signal, which can be difficult to acquire, as discussed above (Kowalski et al., 2017). Wave speed is related to distensibility (Δ) via the Bramwell–Hill equation (Bramwell and Hill, 1922),
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where the last two expressions show that this method requires measurement of cross-sectional area (A) or diameter (D), in contrast to a velocity measurement required for the other techniques discussed above. Various implementations of Equation (5) exist, and these essentially differ in the segments of P and D used for calculating the derivatives; these include the D2P method that uses diastolic segments (Alastruey, 2011), the ln(D)P loop method that uses early systolic segments (Kowalski et al., 2017), and the distensibility coefficient method that uses the whole cardiac cycle (Segers et al., 2014). It could be argued that a disadvantage of these methods is that local pressure and diameter signals need to be measured, in addition to velocity or flow waveforms required for wave intensity and wave separation analyses. However, Kowalski et al. (2017) showed that a feasible approach is to estimate local (e.g., aortic, carotid, or femoral) pressure non-invasively by calibrating the local diameter (or area) waveform to mean and diastolic brachial blood pressures obtained with a standard cuff measurement. The benefit of this approach is not only that a more reliable wave speed is obtained (via a distensibility-based method), but that this wave speed can then be used to correct scaling errors in measured velocity or flow (Segers et al., 2014; Kowalski et al., 2017), which in turn may improve the accuracy of derived quantities such as wave intensity.



Pressure-Only Wave Separation

Although a flow or velocity waveform is mathematically required to perform wave separation, Westerhof et al. (2006) introduced the concept of replacing measured flow with a synthesized waveform because the flow waveform displays relatively little variation between individuals. With this approach, wave analysis can be conducted with only a pressure waveform and wave speed or characteristic impedance are not required. Westerhof et al. (2006) originally proposed using a triangle to approximate systolic flow, with a base spanning from the start of the pressure upstroke to the dicrotic notch, and a peak at 30% of ejection time or at the point of pressure inflection. Kips et al. (2009) subsequently found that a population-average flow waveform resulted in better accuracy for estimating reflection magnitude, but found poor correlation between actual and estimated reflection transit time for both triangular and average flow waveforms. Parragh et al. (2015) also cautioned against using a one-size-fits-all flow waveform in settings where ventricular outflow patterns may be abnormal, such as heart failure with reduced ejection fraction. They instead used a personalized approximation of the flow waveform, generated with a modified windkessel (ARCSolver) model (Hametner et al., 2013). While these pressure-only approaches should be used with caution due to the assumptions required, the benefit of broad applicability has been demonstrated in numerous large cohort studies where flow signals are unavailable (Wang et al., 2010; Chirinos et al., 2012; Weber et al., 2012; Zamani et al., 2014; Hametner et al., 2015; Sluyter et al., 2017).




WAVE INTENSITY

Wave intensity analysis (WIA) was introduced by Parker et al. (1988) as an intuitive time domain method for visualizing and quantifying arterial waves. WIA is based on the one-dimensional equations of flow and uses the method of characteristics (familiar to the fluid dynamics community) to reveal forward- and backward-propagating ‘information’ that is not obviously apparent when looking at raw pressure and velocity signals (Parker and Jones, 1990; Parker, 2009). Wave intensity (dI) is simply defined as
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where dP and dU are incremental changes in pressure and velocity, respectively, over a sample interval. An example of wave intensity in the carotid artery is shown in Figure 6. The distinct peaks are referred to as ‘waves,’ and these arise from the cumulative effect of many ‘wavelets’ or infinitesimal ‘wavefronts’ that are each associated with a small change in pressure (dP) and velocity (dU) that propagates along the vessel. As a crude analogy, a wave may be compared with a staircase while a wavefront is a single step. The value of wave intensity at a given time may be compared to the height of a particular step, while ‘cumulative intensity’ (the integrated area under a wave) is analogous to the overall height of the staircase. The units of wave intensity (Watts/m2 or Joules per second per square meter) indicate the rate at which wave energy passes through a given cross-section. These are the same units as sound intensity, which determines the ‘loudness’ of a sound wave, or radiant flux which determines how much light energy falls onto a solar panel. Importantly, however, wave intensity refers to the energy flux of a propagating wave, not the energy of flowing blood.
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FIGURE 6. Wave intensity analysis in the carotid artery, based on pressure (P, derived from measured diameter), mean velocity (U), forward and backward components of pressure (P+ and P–), net wave intensity (dI) and forward and backward wave intensity components (dI+ and dI–). There are four possible wave types, forward compression waves (FCW), forward decompression wave (FDW), backward compression wave (BCW), and backward decompression wave (BDW). Wave size is quantified via peak or cumulative intensity. Whether a wave is a compression or decompression wave can be judged by its effect on the respective pressure components (green and red arrows in the middle panel; note that waves shown in the zoomed inset in the bottom panel are not labeled in the middle panel). The asterisk (*) indicates a time where a BCW and FDW arrive at the measurement site around the same time and therefore wave separation is essential for revealing the presence/magnitude of these waves.


Although WIA is assessed at a single site, the direction in which a wave propagates is easily discernable, as a forward wave is always positive and a backward wave is always negative. What is not clear from the wave intensity signal alone is whether a wave has a pressure-increasing effect (called a compression wave) or a pressure-decreasing effect (a decompression wave, at times also referred to as an ‘expansion’ or ‘suction’ wave). The wave type must therefore be determined via wave separation of the pressure waveform. Then, for example, a forward wave is identified as a compression wave if it coincides with an increase in P+, while a backward wave is identified as a decompression wave if it coincides with a decrease in P– and so on (Figure 6).

One drawback of the original definition of wave intensity is that the numerical value of dPdU depends on the sampling frequency of the measured signals, which is extraneous to the underlying physiological quantity. In our stair analogy, it would mean that the height of the staircase is dependent on the step size, which is chosen arbitrarily. For this reason, Ramsey and Sugawara (1997) introduced a time-corrected form of wave intensity (designated wi instead of dI) that employs the time derivatives of pressure and velocity, i.e.,
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This signal is simply a scaled version of dI but is independent of sample time (dt), being analogous to using the slope of the staircase rather than the height of individual steps (the total height now being independent of step size). Khir and Parker (2005) pointed out that, unlike dI, which has units representing power flux, the units of wi (W/m2/s2) lack such a physical meaning. The sample rate dependence of dI and the unclear physical meaning of wi units thus creates a theoretical trade-off that is presently an unresolved issue in the WIA field; however, the issue has no bearing on the analysis or interpretation of wave dynamics in practice.

As for pressure and flow, net wave intensity (dI) may also be subjected to wave separation, providing distinct forward and backward components (dI+ and dI–, respectively). These components are calculated via
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where, similar to pressure and flow-velocity separation, an estimate of wave speed (c) is required (Parker, 2009). While net wave intensity indicates whether forward or backward waves are dominant at a particular time, wave separation further allows quantification of potentially overlapping or partially overlapping forward and backward waves. Wave separation may therefore have a substantial impact on calculated wave reflection indices or other wave ratios (an example of this is indicated with an asterisk in Figure 6).


Non-invasive Wave Intensity

The ability to measure wave intensity non-invasively is pivotal to clinical translation. This can be achieved by measuring pressure and velocity waveforms sequentially via applanation tonometry and Doppler ultrasound, then aligning these signals before calculating wave intensity (Zambanini et al., 2005). However, a more common approach, described in the first non-invasive WIA study by Niki et al. (1999), is to employ a combined echo-tracking and Doppler system to obtain carotid arterial diameter and velocity waveforms simultaneously, with the pressure waveform estimated by calibrating the diameter waveform to systolic and diastolic pressure from an arm cuff. This technique was developed and incorporated into a commercial ultrasound scanner and has been used in numerous clinical WIA studies of the carotid artery (Niki et al., 2002, 2005, 2017; Babcock et al., 2014; Tanaka et al., 2014; Nogami et al., 2018; Chiesa et al., 2019). This approach assumes that pressure and diameter waveforms are identical, and the calibration method does not account for the difference between brachial and carotid systolic pressures caused by pulse amplification, which exhibits individual variability (Segers et al., 2009). Several techniques have also been proposed to estimate central wave intensity non-invasively from peripheral measurements, with central aortic or coronary blood pressure being estimated with a generalized transfer function or supra-systolic oscillometry, and aortic flow via the reservoir-excess pressure approach (Broyd et al., 2016; Smolich and Mynard, 2016; Hughes et al., 2020); given the relatively high sensitivity of wave intensity to measurement errors, these techniques require further validation before widespread adoption.

In additional efforts to foster clinical translation, a number of wave intensity surrogates have been described that avoid issues related to pressure calibration. Feng and Khir (2010) described a version of wave intensity suited to ultrasound studies, in which vessel diameter is used in place of pressure. Similarly, Biglino et al. (2012) used the natural logarithm of area instead of pressure, which is suited to phase contrast MRI. These alternative definitions of wave intensity and associated equations for performing wave separation are summarized in Table 1. While these methods can be derived from the one-dimensional flow equations, a limitation is that the units of diameter- or area-based ‘wave intensity’ (m2/s and m/s, respectively) are not those of intensity (W/m2), and hence their physical interpretation is uncertain.



Wave Power

Wave power is an alternative to wave intensity that uses pressure and volumetric flow signals (dπ = dPdQ) and has a number of advantages (Mynard and Smolich, 2016). First, as the name suggests, wave power has the physically meaningful units of power (Watts) and is therefore not sensitive to cross-sectional area variations (e.g., within vessels or between individuals). Second, in experimental studies, measured flow can be used directly for wave analysis without requiring derivation of velocity, which often requires error-prone assumptions about cross-sectional area (Kowalski et al., 2019b). Third, wave power is conserved at junctions and therefore the distribution of wave power to different vessel branches can be quantified. For example, unlike wave intensity which is not conserved, it has been possible to meaningfully quantify the percentage of ascending aortic wave power that passes into the carotid artery and how this changes with pharmacological intervention (Londono-Hoyos et al., 2018). Finally, wave power is linked to the hydraulic pressure power of flowing blood (ΠP = PQ), which determines total ventricular workload (Laskey et al., 1985). While hydraulic power has traditionally been decomposed into steady and oscillatory components (Milnor et al., 1966; Burattini and Campbell, 1999), Mynard and Smolich (2016) showed that power can also be separated into forward and backward wave components (ΠP±, see Table 1). Moreover, an incremental change in ΠP± is proportional to wave power divided by the associated fractional change in pressure or flow components.




INTERPRETATION OF WAVE PATTERNS

Having reviewed the various approaches to quantifying waves, this section provides an overview of the biomechanical mechanisms that generate waves and factors that affect wave magnitude.


How Are Waves Generated?

There are four recognized mechanisms that generate waves in blood vessels: (1) wave generation by a pump, (2) inertial effects, (3) wave potential gradients and (4) wave reflection.


Wave Generation by a Pump

Active contraction of a pump causes a pressure increase and therefore a compression wave (Figure 7A); however, whether a flow-increasing forward compression wave (FCW) or flow-decelerating backward compression wave (BCW) is produced depends on which direction the pump is ‘facing’ with respect to the direction of blood flow. For example, commencement of left ventricle (LV) ejection causes an increase in aortic pressure and flow that begins at the aortic valve and propagates away from the heart, giving rise to a FCW (Parker et al., 1988; Jones et al., 2002; Penny et al., 2008). A similar wave is observed in pulmonary arteries due to right ventricular contraction (Hollander et al., 2001; Su et al., 2016). On the other hand, although atrial contraction aids ventricular filling, the absence of an atrial inflow valve means that this contraction also generates a BCW that propagates into the systemic/pulmonary veins in a direction that is opposite to mean blood flow (Hellevik et al., 1999; Smiseth et al., 1999; Hobson et al., 2007; Mynard, 2011). Other pump phenomena that generate BCWs in arteries include the active compression of the coronary microvasculature by contracting myocardium (Davies et al., 2006a; Mynard et al., 2018) and the inflation of an intra-aortic or para-aortic balloon pump (Kolyva et al., 2009; Lu et al., 2012).
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FIGURE 7. Mechanisms that produce pressure/flow waves in blood vessels. See text for detailed explanation. Red arrows indicate blood flow or velocity (larger arrow means higher flow/velocity). Solid black arrows indicate compression (pressure-increasing) waves, while outlined black arrows indicate decompression (pressure-decreasing) waves. Panels (A,B) illustrate wave generation via active pump contraction and relaxation respectively. In panel (C), a barrier is placed in a vessel that contains flowing blood. In panel (D), a barrier is removed between two vessels containing blood at different pressures. In panel (E), increases or decreases in characteristic impedance (Zc; or combined Zc in the case of the bifurcation) are plotted versus horizontal position. Viscous resistance per unit length (R/L, given by Poiseuille’s law, where μ is blood viscosity and A is cross-sectional area) is small in large vessels but becomes dominant in small vessels.


After a pump has contracted, relaxation causes pressure to fall and therefore generates a decompression wave (sometimes called a ‘suction wave’) (Figure 7B). Decompression waves are generated by atrial relaxation (Smiseth et al., 1999; Mynard, 2011), release of extravascular pressure on intramyocardial vessels by the relaxing ventricle (Davies et al., 2006a; Mynard et al., 2018) and deflation of aortic balloon pumps (Kolyva et al., 2009; Lu et al., 2012). In the first paper utilizing wave intensity analysis, entitled “What stops the flow of blood from the heart?”, Parker et al. (1988) showed that a forward decompression wave (FDW) is primarily responsible for the deceleration of systolic flow in arteries, not a reflected wave as had been widely believed. A similar FDW was also later reported in pulmonary arteries (Hollander et al., 2001; Su et al., 2016). These FDWs precede and appear to cause valve closure, and are often thought to arise from the onset of ventricular relaxation, which involves elastic recoil and myocardial untwisting (Parker and Jones, 1990; Nakayama et al., 2005; Sun et al., 2006; Parker, 2009; Babcock et al., 2014). However, the extent to which the FDW is caused by relaxation versus inertial effects is somewhat controversial, as will be discussed in the next section.

A quantitative dependence of arterial FCW and FDW on ventricular pump function was first evidenced in humans by Ohte et al. (2003), who found that the aortic FCW was correlated with maximal LV dP/dt (r = 0.74) and aortic FDW was negatively correlated with the time constant of LV relaxation (τ, r = −0.77). However, Nakayama et al. (2005) subsequently found a much weaker correlation (r = 0.46) between FCW and LV end-systolic elastance (Ees), a relatively load-independent index of contractility, and no significant correlation between FDW and τ. Adjusting for end-diastolic volume improved correlation coefficients substantially, to ∼0.9 for FCW vs. Ees and −0.7 for FDW vs. τ, suggesting that these waves are dependent on preload as well as ventricular pump function (inotropy and lusitropy). Others have shown that an acute increase in ventricular afterload (via aortic constriction) decreases FCW amplitude (Khir and Parker, 2005; Mynard et al., 2017). Conflicting data exists on whether an afterload increase causes an increase (Mynard et al., 2017) or decrease (Khir and Parker, 2005) in FDW amplitude, which may suggest a complex dependence of FDW on afterload that requires further study. Despite its load dependence, FCW may have potential as a sensitive and early marker of ventricular systolic dysfunction, with myocardial apoptosis shown to correlate with carotid FCW (r = −0.69) but not ejection fraction (a commonly used clinical index of systolic function) in rabbits (Zhang et al., 2014). In humans, the FCW and FDW both decrease with advancing age, but it is presently unclear whether this is due to changes in pump function, loading conditions (e.g., increasing aortic stiffness), or both (Bhuva et al., 2019; Li et al., 2019).



Inertial Effects

Consider a ‘thought experiment’ in which a constant forward flow is initially present in a long tube (Figure 7C). If a barrier is suddenly inserted in the middle of the tube, then clearly the flow must stop. Flow-decreasing waves must therefore be generated on both sides of the barrier, namely a decompression wave in the forward direction (FDW) and a compression wave in the backward direction (BCW). These waves arise from inertial effects. When the barrier is put in place, the fluid ‘wants’ to keep flowing under its own momentum, but accumulation of the fluid behind the barrier leads to a pressure build up (and hence a BCW), while inertial flow continuing past the barrier causes a suction effect, causing pressure to fall (leading to the FDW).

Sugawara et al. (1997) proposed that the late-systolic FDW in the aorta may arise primarily from inertial effects rather a loss of the tension bearing ability of the myocardium (i.e., relaxation). A helpful way to understand the generation of waves by the ventricle is to consider the degree of matching between myocardial contraction rate and outflow. During early systole, the rate of myocardial contraction exceeds outflow (which is initially zero) and therefore causes acceleration and imparts momentum to blood, generating the FCW. Then, in mid-systole, there is a virtual absence of forward waves, suggesting that the rate of myocardial contraction ‘matches’ outflow, hence forward momentum is maintained. However, later in systole, slowing contraction cannot match outflow, and therefore forward momentum cannot be maintained. Similar to the aforementioned example of a tube with flow halted by insertion of a barrier, outflow in the ventricle cannot continue indefinitely and therefore pressure and flow must fall, thus an FDW is generated. That inertial effects are primarily responsible for the FDW is suggested by data from multiple sources indicating that the aortic FDW starts 70–164 ms before aortic valve closure, whereas the onset of LV relaxation (quantified by the time of peak torsion or myocardial shortening) occurs up to ∼30 ms before, to 80 ms after, aortic valve closure (Table 2).


TABLE 2. Timing of aortic forward decompression wave duration and onset of LV relaxation.

[image: Table 2]
A striking example of inertial effects producing a FDW in the aorta was provided by Penny et al. (2008). Infusion of incremental doses of dobutamine in sheep caused increases in the force of LV contraction and exponential rises in initial FCW. However, the substantial momentum imparted to blood during this early phase could not be maintained throughout systole, leading to an abrupt fall in pressure and flow (and hence a FDW) during mid-systole. It was originally speculated that this mid-systolic FDW arose from inertial effects, whereas the late-systolic FDW arose from LV relaxation. However, based on the data in Table 2, it is possible that both waves were produced by inertial effects.

Finally, we note that compression waves also arise from inertial effects when flow approaches a barrier or closed chamber (Figure 7C). For example, modeling studies suggest that this mechanism may play a key role in decelerating blood entering the atria (Mynard, 2011).



Wave Potential

Wave potential is a recently coined term referring to the absolute values of P± and Q±, as discussed in more detail in a later section. Mynard and Smolich (2014b) showed that any spatial difference (gradient) of wave potential generates waves and that the pressure and flow effects of these waves can be predicted. For example, Figure 7D shows a situation where a vessel is completely obstructed (e.g., with a clamp), preventing flow (Q1 = Q2 = 0) despite the presence of a pressure difference (P1 > P2). Due to this pressure difference, the equations in Table 1 show that the values of P± and Q± on either side of the barrier differ. When the barrier is removed, the spatial differences in pressure and wave potential (which can no longer be sustained) are eliminated by the generation of forward compression and backward decompression waves.



Wave Reflection

Wave reflection occurs when a propagating wave encounters a change in characteristic impedance (Zc) or its inverse, characteristic admittance (Y = 1/Zc). Recalling that Zc in large vessels is proportional to wave speed and inversely proportional to cross-sectional area, changes in the stiffness or caliber of a vessel may produce a reflection-producing ‘impedance mismatch’ (Figure 7E). The extent of the mismatch determines the degree to which a wave is reflected, quantified via a pressure reflection coefficient (RP),
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for a wave that is propagating from admittance Y0 to Y1. An extreme example is a complete blockage or occlusion, which presents an infinite impedance or zero admittance (i.e., Y1 = 0); hence RP = 1. This means that, for an incident wave causing a pressure rise of 10 mmHg, the reflected wave will produce an additional 10 mmHg pressure rise. The opposite extreme is where a wave encounters an infinite opening, such as a tube that is cut and open to the atmosphere. In this case Y1 → ∞ and hence RP = −1; hence the pressure change associated with the incident wave will be entirely negated by the pressure change associated with the reflected wave. Other reflection coefficients can be defined for flow (RQ = −RP), wave intensity and hydraulic power (Rwi = RΠ = RQRP), but pressure coefficients are used most frequently.

In blood vessels, impedance mismatching may take various forms. Branch junctions may cause an impedance mismatch if the combined admittance of the daughter vessels does not match the admittance of the parent vessel (Figure 7E). Importantly, arterial junctions are typically well-matched in the forward direction but not in the backward direction. This has a clear teleological benefit for ventricular afterload, since reflected waves become ‘trapped’ downstream and find it ‘difficult’ to return to the heart (Khir and Parker, 2005; Davies et al., 2012).

Vessel tapering produces an impedance mismatch that is distributed over its length (Figure 7E). In this case, wave reflection does not occur at a discrete point, but many small reflections are produced in a continuous manner. Interestingly, Segers and Verdonck (2000) showed that distributed reflection due to tapering may have similar effects on measured pressure/flow as a discrete reflection, and hence whether wave reflection is discrete or distributed may not be discernable from measurements at a single site. The extent to which tapering contributes to arterial wave reflection is uncertain. Although many arteries are tapered, this may in fact be an impedance-preserving feature due to the presence of side branches. Indirect evidence for this is the gradual decrease in mean blood velocity in progressively distal arterial locations (Milnor, 1990), whereas if side branches were few or absent in a tapered vessel, velocity would be expected to increase due to convective acceleration.

A stiff vascular segment may occur in certain disease conditions or after surgery due to formation of scar tissue (e.g., at the site of an aortic coarctation repair), while a stent similarly represents a stiff segment compared with the surrounding vessel. Although some reflection is expected in these settings, it is important to note that a stent creates two sites of impedance mismatch, the stiffness increase at the proximal end (vessel-to-stent) and the stiffness decrease at the distal end (stent-to-vessel). The reflection coefficients at these interfaces are therefore positive and negative, respectively, and therefore reflected waves from the two sites tend to cancel out if there is a negligible delay between them. Short stiff segments may therefore produce only minor wave reflection effects overall (Taelman et al., 2015). A pathological narrowing (stenosis) or expansion (aneurysm) of a vessel present regions of high and low impedance, respectively, and may lead to wave reflection (Stergiopulos et al., 1996; Swillens et al., 2008; Sazonov et al., 2017).



Viscous Resistance in Arterioles

Characteristic impedance in a vascular segment with non-leaky walls is determined by three factors, namely the inertia of blood (L), the compliance of the vessel (C), and the resistance to flow caused by blood viscosity (R), as follows,
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where ω is angular frequency and [image: image] (Pollack et al., 1968). In large arteries such as the aorta, resistance is negligible, and therefore Equation (10) reduces to [image: image]. Noting that L = ρl/A and C = Al/(ρc2), where ρ is blood density, l is length, A is cross-sectional area, and c is wave speed, it can be shown that Zc = ρc/A as mentioned previously. However, because resistance is inversely proportional to the fourth power of radius (Poiseuille’s law), viscous resistance becomes the main determinant of characteristic impedance in small vessels.

Resistance-related increases in Zc may therefore produce wave reflection. Indeed, Nichols and O’Rourke (2011) stated that “high-resistance arterioles are considered to be the major sites of wave reflection in the circulation.” This was based on the precipitous fall in pressure in these vessels and, more directly, the finding that vasoconstrictors and vasodilators that act mainly on small muscular arteries and arterioles cause a major increase and decrease in wave reflection, respectively (O’Rourke and Taylor, 1966; van den Bos et al., 1982).




Factors Influencing Wave Magnitude

When performing wave intensity or wave power analysis, one might expect that the magnitude of a measured wave will be directly determined by the magnitude of the force that generated it, such as the strength of contraction or rate of relaxation of a pump (including load-dependence), the magnitude of the inertial force, or the degree of impedance mismatch. Although these may be the dominant factors governing wave magnitude in many settings, there are a number of other phenomena that can have a substantial influence on wave magnitude.


Wave Amplification and Attenuation Due to a Non-linear Pressure-Area Relation

Mynard et al. (2008) showed that waves can grow (amplify) or shrink (attenuate) as they propagate in a vessel with a non-linear pressure-area relation. Although this relation may be approximately linear over a limited range, all vessels have non-linear pressure-area relations because at low pressures they become highly compliant and collapse, while at high pressures there is a progressive shift in load-bearing from elastin to the stiffer collagen fibers. The slope of the pressure-area relation determines both the area compliance (C = dA/dP) and wave speed [c2 = A/(ρC)] of a vessel, and hence any non-linearity in this relation means that wave speed is pressure-dependent. Consider a compression wave (FCW or BCW) that causes an increase in pressure by 4 mmHg overall, composed of 4 individual wavelets that each contribute 1 mmHg (Figure 8A; for illustration purposes, we here relax the principle that wavelets are infinitesimally small). The last wavelet (i.e., which contributes the last 1 mmHg rise) will propagate at a faster speed than the first wavelet, because the wavelets that came before it increased pressure and hence instantaneous wave speed. As a consequence, the overall rate at which pressure changes (dP/dt) increases as the wave propagates. Since wave intensity is equal to dP/dt × dU/dt, this phenomenon causes the intensity of a compression wave to increase (or amplify) as it propagates. The opposite is true for decompression waves, for which the last wavelet propagates more slowly (since it exists at a lower pressure) than that of the first wavelet; hence, the pressure slope and wave intensity decrease as the wave propagates (Figure 8A).
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FIGURE 8. Mechanisms that affect wave intensity magnitude as a wave propagates (A–C) or when two waves propagating in the same direction, but generated from separate mechanisms, combine constructively or destructively (D). Waves shown in (B,C) could be any wave type (FCW, FDW, BCW, or BDW). In the examples of wave superposition shown in (D), the shaded and unshaded waves indicate an FDW and FCW, respectively.


This amplification of compression waves and attenuation of decompression waves has important implications for how one assesses wave reflection (Mynard et al., 2008). For example, if a FCW propagates along a vessel and is reflected as a BCW that propagates back to the measurement site, the ratio of BCW/FCW wave intensities will not be a reliable index of the reflection if the waves have been amplified during propagation (unless the amount of amplification is known). This issue is not purely academic, but is a likely explanation for the curious finding of BCW/FCW ratios significantly greater than 1 in pulmonary arteries of near-term fetal lambs (Smolich et al., 2008, 2009). Importantly, Mynard et al. (2008) showed that non-linear effects do not affect the overall pressure effect of a wave, only the rate at which pressure changes. We therefore recommend that wave reflection be quantified from the ratio of the pressure effects of forward and backward waves rather than the wave intensity (peak or cumulative intensity) of those waves.



Wave Attenuation Due to Blood Viscosity and Vessel Wall Viscoelasticity

While the non-linear amplification/attenuation effect discussed above is energy conserving, with energy becoming more or less ‘concentrated’ in time (increasing or decreasing wave intensity), energy dissipation in the form of heat also occurs in blood vessels due to viscous friction in moving blood and in the stretching/relaxing vessel wall. Many studies have investigated the influence of these factors on wave attenuation, but will not be reviewed in detail here (Westerhof and Noordergraaf, 1970; Salotto et al., 1986; Horsten et al., 1989; Reuderink et al., 1989; Bertram et al., 1997; Alastruey et al., 2011, 2012; Wang et al., 2016). In brief, both sources of dissipation cause attenuation of compression and decompression waves, leading to an exponential fall in the magnitude of propagating waves; this effect is minor in large vessels, but has a substantial impact on small vessel haemodynamics (Salotto et al., 1986; Segers et al., 1995; Feng and Khir, 2007, 2008; Mynard et al., 2008). The effects of blood viscosity and wall viscosity are not identical; wall viscosity causes both attenuation (decreased magnitude) and dispersion (spreading out or widening) of waves, whereas blood viscosity predominantly causes only attenuation (Figures 8B,C) (Alastruey et al., 2012).



Non-linear Wave Superposition Effects

When interpreting wave patterns, one of the mechanisms responsible for generating waves mentioned above may be responsible for a given wave, but it is also possible that multiple mechanisms act together to produce a particular wave. This issue was recently identified in the context of coronary arterial wave intensity analysis, which is characterized by a large backward decompression wave (BDW) that is mainly responsible for the early diastolic surge in coronary flow (Mynard et al., 2018). It was previously thought that this BDW arose solely from an active suction effect in the intramyocardial circulation caused by myocardial relaxation (Davies et al., 2006a; Lee et al., 2016; Raphael et al., 2016). However, evidence from experimental and modeling data suggested that the coronary BDW actually arises from a combination of (1) the active relaxation effect and (2) simultaneous reflection of the aortic FDW that is transmitted into coronary arteries (Mynard et al., 2018).

More generally, it was demonstrated that when two mechanisms contribute to a particular wave, the resultant wave intensity is not the linear sum of the intensities of the waves that would be produced by each mechanism independently. For example, if two mechanisms both produce waves causing a pressure change (dP) of 5 and velocity change (dU) of 2 (ignoring units), then the wave intensity (dPdU) arising from each mechanism in isolation would be 5 × 2 = 10; however, the wave intensity resulting from the simultaneous action of both mechanisms, resulting in ‘constructive interference,’ would be (5 + 5) × (2 + 2) = 40, which is twice the linear sum of the intensities, i.e., 10 + 10 = 20 (Figure 8D). Similarly, two processes that have opposing pressure effects will have a non-linear canceling effect (destructive interference), which can lead to ‘concealment’ of those processes in the wave patterns (Mynard et al., 2018) (Figure 8D). In the coronary arteries, it may be possible to ‘disentangle’ multiple mechanisms underlying observed waves (Mynard et al., 2018). However, whether the non-linear superposition of two or more wave-generating mechanisms is relevant in other settings, and the extent to which those mechanisms could be disentangled, is a potential avenue for future research.



Wave Frequency

One property of wave intensity is that wave magnitude is profoundly affected by wave frequency, that is, the rapidity with which pressure and velocity change. One downside of this property is that it is possible for a wave with a large amplitude to have a very small overall effect on pressure and flow (small but rapid change), while conversely a large pressure/flow change may be associated with indiscernible wave intensity (large but slow change). A key example of the latter is the diastolic period, when P± changes are substantial but relatively slow, which could lead to the impression that no waves are present during this time. However, close inspection reveals that wi± is non-zero during this time (Mynard and Smolich, 2014b) (see also Figure 6). This issue is not resolved by calculating cumulative intensity (i.e., wave area) rather than peak intensity, and we therefore recommend always reporting the overall pressure or velocity ‘impact’ of waves (commonly designated ΔP± or ΔU±) in addition to their intensity.





WAVE POTENTIAL

Mean or absolute values of blood pressure and flow have historically been neglected when analyzing pressure/flow waves in the arterial system. For example, absolute values have no impact on wave intensity, which is calculated from changes in pressure and flow-velocity. Similarly, when performing wave separation in the frequency or time domain, only the oscillatory component of pressure has been considered relevant (Westerhof et al., 1972; Li, 1986). However, there has been a growing recognition that, physically, waves must be linked with mean pressure, since the latter ultimately arises from pulsatile pressure/flow ‘inputs’ (wave generation) from the ventricle; when these inputs cease, pressure does not remain constant, but falls to a much lower level (Jellinek et al., 2000). Conversely, after a period of asystole, recommencement of wave generation by the ventricle restores mean pressure (Jellinek et al., 2000; Alastruey et al., 2009).

The link between waves and the absolute values of pressure and flow was explored by Mynard and Smolich (2014b), who proposed the concept of ‘wave potential.’ This provided a physical meaning to the absolute values of P± and Q± for the first time. In brief, just as pressure represents flow potential (i.e., flow is generated when a pressure difference exists between two locations), so the absolute values of P± and Q± represent the potential for pressure and flow wave generation at that time (arrows in Figure 4). Extending the staircase analogy discussed earlier, whereas waves correspond to stairs, wave potential represents the absolute height above ground level (the potential for how far one could fall!). Here, the ‘ground level’ is defined as the state in which no waves could be generated (one could not fall further); that is, when flow is zero and pressure equals ‘undisturbed pressure’ (Pud). The latter signifies the pressure that would exist if no pressure differentials existed throughout the circulation, and may therefore be identified with mean circulatory pressure (Pmc) (Mynard and Smolich, 2014b). Alternatively, Pud could be identified with the zero-flow or asymptotic pressure that is reached after a long period of asystole, which may not be equal to Pmc (Hughes and Parker, 2020).

Regardless of the pressure ‘ground’ that is chosen, it has been shown that wave potential closely relates to the stored pressure, blood volume, and hydraulic energy (i.e., potential for hydraulic work) in a distended arterial segment (Mynard and Smolich, 2014b, 2016) (Figure 7C). The concept therefore allows for a unified wave-based description of both wave phenomena and the windkessel effect, where the latter refers to the storage and discharge of blood in the elastic arterial reservoir. During systole, waves are responsible for filling the arterial reservoir because these increase pressure and to some extent become trapped in the arterial network due to multiple reflections and re-reflections, thus building up wave potential. Then during diastole, discharge of the arterial reservoir occurs due to leakage of wave potential, since waves are only partially reflected at the distal outlets of the network (Mynard and Smolich, 2014b, 2017).



WAVES AND THE RESERVOIR PRESSURE

Another approach that has attempted to unify windkessel and wave models of haemodynamics is the reservoir-wave paradigm. Initially termed the windkessel-wave approach, Wang et al. (2003) separated measured pressure into two components, a ‘windkessel pressure’ calculated via a two-element windkessel model and considered to govern the windkessel properties of the arterial system (i.e., systolic storage and diastolic discharge of the arterial ‘compliance chamber’), and an ‘excess pressure’ thought to arise from wave phenomena (Figure 9). However, this concept received considerable criticism and has since been revised. For example, a key implication of this original hybrid model was that wave intensity analysis should be performed using excess pressure rather than the measured pressure (Wang et al., 2003; Davies et al., 2007; Tyberg et al., 2009). However, subsequent modeling studies, supported by in vivo data from both animals and humans, revealed significant problems with this approach (Mynard et al., 2012, 2015; Mynard, 2013; Mynard and Smolich, 2014a). In addition, the assumption that the windkessel pressure was spatially homogenous in the large arterial network was questioned because it exhibited wave-like behavior when measured at multiple locations (Mynard et al., 2012). Others have also raised similar theoretical concerns (Vermeersch et al., 2009; Segers et al., 2015; Westerhof and Westerhof, 2015).


[image: image]

FIGURE 9. Decomposition of pressure (P) into a reservoir pressure (Pres) and an excess pressure (Pex).


In response to some of the criticisms raised, Parker et al. proposed a ‘modified’ reservoir pressure (Pres) and revised concepts around how this reservoir pressure relates to waves (Parker et al., 2012; Parker, 2017; Hughes and Parker, 2020). The new Pres is distinct from a windkessel pressure in that it incorporates a propagation delay but is otherwise uniform in space. Moreover, rather than being considered exclusive to wave reflection, it is now broadly agreed that the Pres in fact arises entirely from wave reflection, with Hughes and Parker (2020) stating that “the reservoir pressure can be understood as the pressure due to the cumulative effect of … reflected and re-reflected waves.” Indeed, it has been shown that in the aorta, Pres is approximately equal to twice the backward component of pressure (Hametner et al., 2014), while excess pressure (Pex = P − Pres) is approximately equal to flow multiplied by characteristic impedance, which is the pressure that would theoretically exist in the absence of any wave reflection. The debate regarding wave intensity analysis appears to have been resolved, with recent literature reflecting a consensus that measured pressure (or an appropriate distension-based surrogate) should be used for wave intensity, not Pex (Segers et al., 2017; Su et al., 2017; Pomella et al., 2018; Bhuva et al., 2019; Chiesa et al., 2019; Kowalski et al., 2019b; Hughes et al., 2020).

Finally, although aortic Pres provides similar information to conventional wave separation analysis (since Pres ≈ 2P–), a potential benefit of Pres is that it can be obtained (with several assumptions) from a peripheral site without having to estimate central pressure or flow (Aguado-Sierra et al., 2008; Peng et al., 2017). However, a key consideration when calculating Pres is that it relies on fitting an exponential curve to diastolic pressure. Vermeersch et al. (2009) found this fitting to be unreliable in 15% of recordings from a cohort of 35–55 year-old adults, and noted that this might be expected when pressure waveforms do not exhibit a clear exponential decay (such as C-type waveforms often observed in younger individuals).

In summary, the reservoir-wave paradigm has seen both significant debate and new developments over the past decade. Further work is needed to determine whether Pres and Pex provide true added value (in both a conceptual and pragmatic sense) over other non-invasive wave analysis techniques, as well as establishing which measurement techniques and in which patient settings it can be reliably applied.



CLOSING REMARKS

The analysis of waves in blood vessels provides important insights into biomechanical processes and interactions in the cardiovascular system, many of which are not discernable from standard indices such as systolic and diastolic pressure, or cardiac output. Indices obtained from these analyses are therefore extremely useful in a research setting for answering mechanistic questions about cardiovascular physiology in health and disease. There is also emerging evidence that these indices could prove to be valuable in the clinical setting, with the higher specificity of information obtained potentially aiding the goal of personalized medicine (Chirinos, 2017). These wave analysis techniques have not yet been widely adopted in medical practice partly due to the need for further evidence of clinical value. However, other significant barriers likely include a lack of general recognition of the insights that these indices could provide, the relative complexity of measuring and analyzing waves, and the paucity of devices for obtaining wave-related indices in a convenient manner. These barriers constitute fertile ground for future work.
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The utility of pulse wave velocity (PWV) as a surrogate parameter of arterial vessel damage (AVD) beyond the traditional brachial blood pressure (BP) measurement may be questioned as changes in BP are often accompanied by the corresponding changes in PWV. We sought to establish a new way for BP-independent estimation of AVD with PWV. We retrospectively analyzed data from 507 subjects with at least one available 24 h ambulatory BP- and pulse wave analysis, performed with Mobil-O-Graph (I.E.M., Stolberg, Germany). Individual relationship between eaPWV and central systolic BP (cSBP) was analyzed for every 24 h recording. The analysis revealed linear relation between eaPWV and cSBP in all subjects, which is described by equation eaPWV = a∗cSBP + b. We termed “a” as PWVslope and “b” as PWVbaseline. All available demographic parameters and clinical data were correlated with eaPWV, PWVslope and PWVbaseline. 108 subjects had repeated 24 h recordings. Mean age was 60.7 years and 48.7% were female. 92.5% had hypertension, 22.9% were smoker, 20.5% had diabetes mellitus and 29.6% eGFR < 60 ml/min/1,73 m2. Direct correlation was observed between age, SBP and eaPWV, while diastolic BP (DBP) and eGFR correlated inversely with eaPWV. PWVbaseline correlated directly with age and inversely with DBP, while PWVslope didn’t correlate with any inputted parameter. Using simple mathematical approach by plotting eaPWV and cSBP values obtained during ABPM, it is possible to visualize unique course of individual PWV related to BP. Using PWVslope and PWVbaseline as novel parameters could be a feasible way to approach BP-independent PWV, though their clinical relevance should be tested in future studies. Our data underline the importance of BP-independent expression of PWV, when we use it as a clinical surrogate parameter for the vascular damage.

Keywords: aortic pulse wave velocity, vascular damage, non-invasive oscillometric measurement, vascular stiffness, arteriosclerosis


INTRODUCTION

Aortic stiffness (AS) is considered to be associated with increased cardiovascular risk. Thus, European Society of Hypertension recommends screening for elevated AS in hypertension (Mancia et al., 2013). Pulse wave velocity (PWV) and in particular carotid-femoral PWV (cfPWV) is an established non-invasive standard to assess AS (Van Bortel et al., 2012). It has been shown to be associated with increased cardiovascular mortality and morbidity independent from established cardiovascular risk factors (Ben-Shlomo et al., 2014). One of the main problems about establishing PWV as an independent surrogate parameter for arterial vessel damage (AVD) is its physiological intrinsic relationship to blood pressure (BP) level. Higher BP results in a stiffer artery and higher PWV, yet without any change in anatomical structure and physiologic properties of the vessel wall. In contrast, AS represents persistent structural changes in arterial vessel walls. It is thus matter of discussion whether increased PWV reflects persistent damage of the arterial wall or is an expression of elevated BP. Establishment of BP-independent PWV would probably better reflect real vessel damage.

Emerging non-invasive oscillometric devices use mathematical approaches and are able to deliver an estimated aortic PWV (eaPWV) based on pulse wave analysis and wave separation analysis, whereby major clinical determinants are age, central systolic BP (cSBP) of the patient and aortic characteristic impedance (Wassertheurer et al., 2008). Validation studies have shown this eaPWV be in good correlation with non-invasively determined cfPWV and invasively determined aortic PWV (Weber et al., 2015; Reshetnik et al., 2017). eaPWV role as a predictor of cardiovascular and all-cause mortality has been shown recently (Sarafidis et al., 2017). Such devices allow easy and quick calculation of eaPWV (Reshetnik et al., 2017), which can be repeated plenty of times under varying BP and patient position. In the present retrospective study we sought to establish new BP-independent PWV using mathematic analysis of the repeated eaPWV measurements during 24 h ambulatory BP and pulse wave monitoring. We hypothesized that establishing of BP-independent PWV would be first step on the way to demonstrate real vascular damage.



MATERIALS AND METHODS

All included subjects received long-term (24 h) ambulatory BP and pulse wave monitoring as a part of clinical routine in our Department of Nephrology at Campus Benjamin Franklin, Charité University Berlin. Charité University Berlin review board approved the study (EA4/112/18). No informed consent was required for the study purpose. We screened all available recordings from our database, which comprised time period from August 2012 to February 2018, and included all subjects with at least one representative 24 h recording of peripheral BP, central BP and PWV. All available demographic and clinical data were collected. Smoker status was missing in 50%, exact protein-creatinine ratio in 64% and albumin-creatinine ratio in 65% of study subjects. Other demographic and clinical parameters were completely present in all subjects. We could analyze 648 long-term BP and pulse wave analysis recordings from 507 patients with 43,567 single measurements. Available demographic and clinical data were summarized and analyzed. For the purpose of the study “hypertension” was defined, when the diagnosis “hypertension” has been mentioned in the medical record, subject had antihypertensive medication or the BP level was higher than 130/80 mmHg in the ambulatory BP monitoring. Due to retrospective study design the diagnosis “hyperliproteinemia” and smoking status were based on data from the medical record. All implemented procedures were in accordance with institutional guidelines.


BP-Monitoring and Pulse Wave Analysis

All recordings were performed with Mobil-O-Graph (I.E.M., Stolberg, Germany) and data analysis was performed with HMS Client Software, Version 5.1. The Mobil-O-Graph is a non-invasive oscillometric device, which combines ambulatory blood pressure monitoring with long-term pulse wave analysis (Supplementary Figure 1). The cuff was applied at the left or right upper arm after the circumference of the arm was measured and appropriate cuff size was chosen (size 1: 24–34 cm or size 2: 32–42 cm). First, brachial SBP and diastolic BP (DBP) were obtained. Thereafter, the cuff was again inflated maintaining the diastolic pressure level for 10 s for assessment of the pulse waveform using high fidelity pressure sensor. The mathematic method for pulse wave analysis in Mobil-O-Graph is based on the algorithm used in ARCSolver (Wassertheurer et al., 2008). Using generalized transfer functions (Fourier analysis and de-compensation into wave harmonics) aortic pressure waveform can be modulated. Central flow curve can be calculated by the means of an adopted, multi-dimensional Windkessel model. The time-lag between pressure and flow curve is generally referred to as “characteristic impedance (Zc),” in which the flow curve follows the pressure curve. Zc, together with the input variables of central systolic and diastolic blood pressure and age allows the device the estimation of aortic PWV (Wassertheurer et al., 2010). Single recordings were done every 20 min during the day (0600–2,200 h) and every 30 min during the night (2,200–0600 h). A 24 h recording with ≥ 80% valid single measurements of SBP, DBP, central BP and PWV was considered representative. For each parameter of a single 24 h recording, mean value of all valid single measurements was obtained and included in the statistical analysis.



Correlation Between Central SBP and eaPWV

In order to assess the course of eaPWV depending on change in BP, we used scatter plots to visualize a possible correlation. All single measurements of cSBP and corresponding eaPWV from each of the 648 24-h readings were included in separate scatter plots. The relationship between cSBP and eaPWV was linear and could be described with following equation: eaPWV = a∗cSBP + b. We termed factor “a” as “PWVslope” and factor “b” as “PWVbaseline.” Figure 1 presents scatter plots with appropriate equations for three individuals from different age ranges.


[image: image]

FIGURE 1. Correlation between central blood pressure and pulse wave velocity in individual patients in three different age ranges; A < 25 years; B- 40–50 years; C > 75 years.




Correlation Between Available Demographic and Clinical Data and eaPWV, PWVslope, and PWVbaseline

We tested the impact of each available demographic and clinical parameter on eaPWV, PWVslope, and PWVbaseline using single regression analysis. Those with significant result in single regression analysis were included in multiple regression analysis.



Repeated Measurements

For a part of the study collective repeated measurements were recorded. One hundred and eight patients had two recordings. Twenty five patients had three recordings. Five subjects had four recordings and one patient had five recordings. Data from at least one follow up recording were compared to the initial measurement, respectively. The change of eaPWV, PWVslope, and PWVbaseline between recordings was assessed and possible factors impacting this change were evaluated.



Statistics

This study is retrospective. For each continuous variable mean and standard deviation were calculated. For each dichotomous variable number of affected subjects and the ratio related to the whole study collective in per cent were determined. Normal distribution of parameters was proofed with Kolmogorov-Smirnov-Test. In order to compare parameters from repeated measurements paired T-Test was used in case of proven normal distribution and Wilcoxon paired test in case of non-normal distribution. A multiple regression approach was used to determine relationship between available parameters. Two-sided p-values lower than 0.05 were considered as statistically significant. Statistic analysis was performed with SPSS Statistics 23.0 (IBM, New York, United States).



RESULTS

Five hundred and seven patients were included in the analysis. Approximately half of the study collective was female (48.7%). The mean age was 60.7 [18–92] years and the mean body-mass index was 27.4 kg/m2. 92.5% of patients had established diagnosis of hypertension, 33.7% of hyperlipoproteinemia and 22.9% were smoker. Approximately a fifth had DM (20.5%) and 29.6% have had chronic kidney disease with an estimated glomerular flow rate (eGFR) below 60 ml/min/1,73 m2 according to creatinine-based CKD-EPI equation with the mean protein/creatinine-ratio of 363 ± 1,025 mg/g and the mean albumin/creatinine-ratio of 248 ± 792 mg/g. The mean brachial SBP was 133 mmHg and DBP 80 mmHg with the mean heart rate of 69.5 beats/min. The mean cSBP was 121.6 ± 13.4 mmHg and the mean eaPWV was 9.2 ± 2.2 m/s. The mean PWVslope was 0.035 with the range from 0.026 to 0.050 m/s∗mmHg and the mean PWVbaseline was 4.9 with the range from −0.21 to 11.2 m/s. Further details regarding demographic and clinical parameters as well as details about medication can be found in Table 1.


TABLE 1. Main characteristics and medication of the study collective (n = 507).

[image: Table 1]eaPWV and PWVbaseline increased with rising BP and age (Figures 2, 3). PWVslope increased numerically with increasing age und SBP. This association was without statistical significance (Table 2). eaPWV and PWVbaseline were significantly higher in women compared to men (9.5 ± 2.2 vs. 8.9 ± 2.2, p = 0.001; and 5.2 ± 2.2 vs. 4.6 ± 2.1 m/s; p < 0.001). No differences in PWVslope were observed between female and male subjects.
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FIGURE 2. Mean estimated aortic pulse wave velocity (eaPWV) values according to age and blood pressure categories.
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FIGURE 3. Mean pulse wave velocity baseline (PWVbaseline) values (right graph) and PWVslope (left graph) according to the age and blood pressure categories.



TABLE 2. Distribution of estimated aortic pulse wave velocity (eaPWV), PWVslope, and PWVbaseline in the study population according to age and blood pressure category.

[image: Table 2]In the single regression analysis we observed statistically significant correlation between eaPWV and age, SBP, DBP, mean BP, PP, heart rate, sex, DM, hyperlipoproteinemia, eGFR, history of hypertension, coronary artery disease, myocardial infarction, stroke, peripheral arterial disease, medication with ACE-Inhibitor/Angiotensin receptor blocker, calcium channel blocker, thiacids, beta blockers and central alpha-agonists. Multiple regression analysis revealed independent significant influence of age, SBP, DBP, eGFR and history of myocardial infarction on the eaPWV. Increased age and SBP were associated with increasing in eaPWV, while decreased DBP and eGFR were associated with the rise in eaPWV. Study patients with history of myocardial infarction had higher eaPWV than patients without previous myocardial infarction. Using the same demographic and clinical parameters inputted in single and multiple regression analyses we showed independent influence of DBP and age on PWVbaseline (Table 3). In contrast, we observed no statistically significant correlation between any available demographic and clinical parameter and PWVslope, although it increased numerically with increasing age and SBP level.


TABLE 3. Significant influence parameters on estimated aortic pulse wave velocity (eaPWV) and PWVbaseline in multiple regression analysis.

[image: Table 3]One hundred and eight patients have had repeated recordings. The mean between-recording time was 4.5 ± 5.8 months. The mean age of these patients was 60 years and the BMI was 27.8 kg/m2. 42% were female. The mean eGFR was 72.1 ml/min/1.73 m2 according to creatinine-based CKD-EPI equation with ca. 29% of the patients having chronic kidney disease with an eGFR < 60 ml/min/1.73 m2. The mean brachial BP was 134.9/80.1 mmHg with the mean heart rate of 67.3 beats/min. The mean eaPWV was 9.2 m/s with the mean PWVslope of 0.035 and PWVbaseline of 4.9 m/s. Supplementary Table 1 denotes further information about the subgroup of patients with repeated recordings.

eaPWV was adjusted to the SBP level of 120 mmHg. We observed statistically significant difference in eaPWV120, while SBP, DBP, PP and heart rate didn’t change significantly between recordings (Table 4). We then investigated change in eaPWV120 (delta-eaPWV120) across the range of change in SBP, DBP, heart rate and PP as well as change in eaPWV120 related to absolute level of initial SBP, DBP, heart rate and eaPWV120. Increase in DBP between the measurements was statistically significant associated with decrease in eaPWV120 (Spearman R2 = 0.048, p < 0.01). Higher absolute value of initial PP was statistically significant associated with increase in follow-up eaPWV120 (Spearman R2 = 0.038, p < 0.05). We did not observe any statistically significant correlation between the change in SBP, heart rate and PP, absolute level of initial SBP, DBP, heart rate, eaPWV120 and change in eaPWV120 between the measurements (Supplementary Figures 2, 3).


TABLE 4. Comparison between initial and follow-up recording (n = 108).
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DISCUSSION

In our study analysis of the relationship between eaPWV and cSBP based on multiple single measurements from simultaneous 24 h BP monitoring and pulse wave analysis was essential to describe individual relationship between PWV and BP.

In 2010, a landmark study was published by Arterial Stiffness’ Collaboration, where reference and normal values for PWV (measured as cfPWV) were established. The authors observed a linear relationship between BP and PWV and quadratic relationship between PWV and age (Reference Values for Arterial Stiffness’ Collaboration, 2010). The strength of the study was that all PWV values were measured. However, only few single measurements per patient were obtained and detection of individual relationship between PWV values and corresponding BP level was not possible. Analysis of over 11,000 patients allowed to draw general conclusions about PWV course with change in age and BP in whole study collective. However, individual impact of BP-level on PWV in single patients could not be determined. This point represents a current dilemma in interpreting PWV as an additional cardiovascular risk marker.

In our study, we used a device, which is able to estimate aortic PWV using oscillometric approach. Currently required parameters for the eaPWV calculation are age, measured brachial BP and data from pulse wave analysis (Wassertheurer et al., 2008). Approaching the dilemma of the BP-independent PWV we analyzed individual relationship between eaPWV and SBP based on the data coming from ABPM. Based on our findings the relationship can be described with an individual linear equation. According to determined equation PWVslope could represent individual reaction of PWV to an increase in BP, while PWVbaseline could probably reflect baseline status of the arterial vessels. Though we observed increasing PWVslope values with increasing age and BP, this association was not statistically significant. Additionally, we did not show association between PWVslope and any other clinical parameter. Thus, the clinical relevance of the PWVslope as a separate parameter is still to be proofed. A possible explanation could be a high impact of age in the determination of the eaPWV in the algorithm. Recently, the clinical relevance of the eaPWV beyond the impact of age and SBP has been questioned (Schwartz et al., 2019). Despite the known shot-cuts of the oszillometric PWV estimation this method is valid, feasible and easy to apply in the clinical practice. It is able to capture multiple PWV changes with corresponding changes in BP. Previously to the era of oszillometric PWV measurement multiple PWV recordings were sophisticated and such relationships as obtained in our study could not be established. Based on the mathematical analysis of derived data we were able to reach a “standardization” of the PWV using novel parameters PWVbaseline und PWVslope and in such a way to separate the BP-impact on it. The standardization to a particular BP level is also useful to compare PWV between the patients but also to compare PWV values in the same individual over a time course as we have done in a part of our study collective with available repeated measurements.

To our knowledge, this is the first time serial BP and corresponding PWV changes have been reported. Greve et al. (2016) assessed the performance of estimated PWV, calculated from age, mean arterial pressure, using equations published by Arterial Stiffness’ Collaboration. Though estimated PWV performed well in healthy subjects, it did not add any predictive value in patients with diabetes mellitus or on antihypertensive drugs. As mentioned above, this might be due to high individual variability, which cannot be addressed by using equations coming from another study collective (Greve et al., 2017). Lim et al. (2015) observed intraindividually increasing cfPWV with increasing mean BP in healthy subjects. However, they did not describe individual relationship between cfPWV and BP in their study collective.

The relation between cSBP and eaPWV can readily be translated to the relation between obtained brachial SBP and eaPWV, as we observed well known strong correlation between SBP and cSBP in our data (Pearson correlation coefficient 0.96). We choose cSBP as an independent variable based on the original publication of the method, where authors described cSBP as one of the major determinants needed for the calculation of the eaPWV (Hametner et al., 2013).

We observed well-known association between eaPWV with age and SBP. As in the study published 2010 by Arterial Stiffness’ Collaboration (Reference Values for Arterial Stiffness’ Collaboration, 2010) the correlation between eaPWV and SBP was linear and the correlation between eaPWV and age was better explained by quadratic equation. Furthermore, we saw significant increase in eaPWV with a decreasing kidney function and decreasing DBP. The influence of age, SBP and chronic kidney disease on AS and PWV is well known and could be demonstrated in previous studies (Tolle et al., 2015). The impact of DM on AS (De Angelis et al., 2004) and PWV (Cardoso and Salles, 2016) as its surrogate parameter is also well known. However, we could not show significant independent influence of DM on eaPWV in our collective. One possible explanation could be a relatively low prevalence of DM in our study collective as only circa 20% of patients had DM, which was non-insulin-dependent in the majority of cases. One can speculate that changes in vascular structure might have been only moderate. Furthermore, the impact of BP, age and kidney function had statistically higher impact on eaPWV compared to DM in our analysis. Higher prevalence of isolated systolic hypertension in subjects with DM has been shown previously (Os et al., 2006). Observed increase in eaPWV with lower DBP in our study could thus been interpreted as an indirect link between DM and eaPWV. Supporting this hypothesis, diabetics showed significantly lower DBP compared to non-diabetics in our collective.

Recent data pointed out that changes in heart rate could also contribute to significant changes in PWV (Tan et al., 2016) and adjustment of PWV to a heart rate would also be necessary. We did not see any significant independent effect of heart rate on PWV in our data.

Many studies demonstrated severe differences in PWV between female and male subjects (DuPont et al., 2019). We observed higher eaPWV120 in women. However, we did not show any independent effect of sex on PWV in multiple regression analysis. Additionally, women were significantly older (63.2 ± 15.9 vs. 58 ± 16.4 years) than men in our study collective, which is probably the major reason for higher eaPWV.

Many studies demonstrated significant influence of smoking on AS (Doonan et al., 2010). We did not observe any significant independent effect of smoking on eaPWV. This result is, however, limited as data on smoking status were available in only 50% of the study subjects due to retrospective study design.

Comparison of repeated ABPM readings, which were performed on average 4.5 months apart, revealed statistically significant change in eaPWV120. However, the mean difference of 0.1 m/s is not relevant from the clinical point of view. We observed no clinically relevant impact of any hemodynamic parameter on eaPWV120, no matter whether the amount of difference between initial and follow up recording or absolute value of the initial recording were considered (Supplementary Figures 2, 3), although single variables (e.g., PP) indeed showed statistically significant impact on change in eaPWV120.

Assuming that remodeling of vessel wall is a very slow process, the period of 4.5 months is likely to be too short to reveal a real change in the architecture of the vessel wall explaining why the individual BP-adjusted eaPWV did not change in our study. Thus far, published studies compared initial and follow up PWV-values without individual BP-adjustment. For instance, 2011 published study by Ignace et al. compared cfPWV before and after kidney transplantation (Ignace et al., 2011). Though cfPWV was adjusted to the reduction in mean BP, individual adjustment to the particular level of BP is missing and individual degree of BP-impact on cfPWV cannot be obtained. Whether observed reduction in cfPWV of mean 0.5 m/s 3 months after transplantation in patients still on comparably high level of immunosuppression really reflects improvement in AS is debatable.



CONCLUSION

In conclusion, using simple mathematical approach by plotting eaPWV and cSBP values obtained during ABPM, it is possible to visualize unique course of individual PWV related to BP. Using PWVslope and PWVbaseline as novel parameters could be a feasible way to approach BP-independent PWV, though clinical relevance should be tested in future studies. Our data underline the importance of BP-independent expression of PWV, when we use it as a clinical surrogate parameter for the vascular damage.

We acknowledge several limitations of our study: Attributable to the oscillometric method, which we used, obtained PWV-values were not measured but estimated based on pulse wave analysis and utilization of age and central BP. BP-adjustment of eaPWV using obtained individual PWVslope could thus represent the extent of arterial damage. However, the clinical potential of the obtained novel parameters PWVbaseline and PWVslope is not yet established and the next necessary step would be to correlate these parameters to relevant clinical endpoints.

Worth mentioning is the fact that pulse wave analysis is done in the brachial artery, which is a muscular artery, used as a surrogate for PWV in the aorta, which is an elastic vessel. As the anatomy of elastic and muscular arteries is different, they could stiffer in distinct manner (Shirwany and Zou, 2010).

Retrospective design of the study precludes inferences about causal relationships. All available demographic and clinical parameters were included, however, unidentified confounders cannot be ruled out. For instance, no information about the cuff position was available, which is known to be potential influence factor on the PWV. The study population was limited to a specific group of non-severe ill subjects, with a majority having hypertension, mild kidney disease and obesity. Thus, further studies are needed in other populations to confirm and generalize our findings. Low prevalence of diabetes mellitus and advanced kidney disease might have diminished the known effect of these influence factors on PWV. Small part of the subjects with repeated measurements and short follow up period could be a reason for clinically non-relevant change in eaPWV120, obtained in the study.
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Increased wave reflection is an independent predictor of cardiovascular events, possibly due to effects on left ventricular (LV) function. We investigated the relationship between reflected waves in early systole, the forward decompression wave in mid-late systole and LV mechanical behavior. Invasively acquired ascending aortic velocity, pressure, and LV long and minor axes’ dimensions were measured simultaneously in 11 anesthetized dogs during both control conditions and aortic occlusion to cause additional early wave reflection. Wave intensity analysis (WIA) was used to identify the arrival of the reflected wave and the onset of a forward decompression wave in mid-late systole. The arrival time of the reflected wave coincided with the time when minor axis shortening began to decline from its peak, even during aortic occlusion when this time is 12 ms earlier. The initial decline in long axis shortening corresponded to the time of the peak of the reflected wave. The forward decompression wave was consistently observed to have a slow and then rapid phase. The slow phase onset coincided with time of maximum shortening velocity of the long axis. The onset of the later larger rapid phase consistently coincided with an increased rate of deceleration of both axes during late systole. Forward decompression waves are generated by the LV when the long axis shortening velocity falls. Reflected wave arrival has a detrimental effect on LV function, particularly the minor axis. These observations lend support to suggestions that therapies directed toward reducing wave reflection may be of value in hypertension and cardiovascular disease.

Keywords: wave reflection, LV velocity of axis shortening, aortic flow deceleration, wave intensity analysis and forward decompression wave, wave intensity analysis, aortic flow


INTRODUCTION

Increased wave reflection is an independent predictor of cardiovascular events in hypertension (London et al., 2001; Manisty et al., 2010) and has been proposed as a therapeutic target in cardiovascular disease (O’Rourke and Safar, 2005). Reflected waves arrive at the left ventricle (LV) during systole (Baksi et al., 2009) and impose an additional load on the LV, which is exaggerated in hypertension (Merillon et al., 1983; Westerhof and O’Rourke, 1995) and heart failure (Curtis et al., 2007).

LV motion undergoes a complex pattern of change during the cardiac cycle (Codreanu et al., 2011) however, no studies have simultaneously measured the arrival of reflected waves during systole with LV long and minor axes function. Systolic LV function involves shortening of myocardial fibers oriented in circumferential, longitudinal, and oblique directions (Greenbaum et al., 1981; Henein and Gibson, 1999). This arrangement optimizes work (Torrent-Guasp et al., 2005) and has a major influence on intramural stress distribution (Arts et al., 1991). Velocity and strain patterns of various myocardial components have provided valuable information on cardiac function (Nagueh et al., 1997; Wang et al., 2005); however, the relationship between arterial wave reflection, LV mechanical function, and aortic flow remains modestly understood.

Wave intensity analysis (WIA) has proved a useful method for studying pressure-flow dynamics in conjunction with LV wall motion patterns in health and disease (Parker, 2009). Rapid shortening of the LV muscle fibers generates a large forward compression wave (FCW) in early systole, and this has been proposed as an indicator of LV systolic function (Parker et al., 1988). A backward compression wave (BCW) occurring after the initial FCW wave is attributed to reflection of the forward wave from distal sites of impedance mismatch (Zambanini et al., 2002). The origin of the late systolic (proto-diastolic) forward decompression wave (FDW) that decelerates aortic blood flow (Parker et al., 1988) is less well understood.

We hypothesized that wave reflections would influence LV minor (M) and long (L) axis function. Further, to establish mechanistic links between waves and LV function, we used aortic occlusion as means of inducing earlier and larger wave reflections and examined their effect on LV function.



MATERIALS AND METHODS

The experimental protocol was approved by the animal care committee of the University Of Calgary, Faculty of Medicine and conforms to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Eleven open chest mongrel dogs were anesthetized using 30 mg/kg of sodium pentobarbital administered intravenously, in addition to a maintenance dose of 75 mg/h for the length of the experiment. The dogs were intubated and mechanically ventilated (constant volume ventilator, model 607, Harvard Apparatus Company, Millis, MA, United States). The forelegs and left hind leg of the dogs were used for recording the ECG.


Control Conditions

An ultrasonic flow probe (model T201, Transonic Systems Inc., Ithaca, NY, United States) was snug-fitted to the ascending aorta to measure blood flow rate, from which velocity (U) was derived using the post mortem diameter and assuming a circular cross-sectional area. Pressure at the aortic root (P) and LV (Plv) was measured using high-fidelity pressure catheters (Millar Instruments Inc., Houston, TX, United States). The aortic root catheter was placed approximately 1 cm distal to the aortic valve and was introduced into the aorta via the brachial or the carotid arteries. The LV pressure catheter was also inserted into either a brachial artery or into the LV directly through the myocardium of the LV apex. A mercury manometer was used to calibrate the pressure catheters before every experiment, and all data were digitally recorded at a sampling rate of 200 Hz. LV long and minor axes’ dimensions were measured throughout the cardiac cycle. Two pairs of ultrasound sonomicrometer crystals (5MH, Sonometrics, Ontario, Canada) were implanted in the mid-wall of the LV myocardium to measure the movement of the long (base–apex) and short (septum–free wall) axes throughout the cardiac cycle. The septum and free wall crystals were implanted at the mid-level, between the base and apex of the LV.



Aortic Occlusion

Total aortic occlusion was achieved by a snare positioned in the proximal descending thoracic aorta at the level of the aortic valve approximately 13 cm from the measurement site. P, U, and axial shortening velocity were measured for 30 s during control and following aortic occlusion, 3 min after the snare was applied.

The following hemodynamic parameters were determined from the basic measurements: Pulse pressure (PP) = SBP − DBP, where SBP is the systolic blood pressure and DBP is the diastolic blood pressure. Mean arterial pressure (MAP) = DBP + (PP/3) and Stroke volume (SV) = (EDV − ESV), where EDV and ESV are end diastolic and systolic volume. Cardiac output (CO) = SV × heart rate (HR), where HR is the heart rate. Total peripheral resistance (TPR) = MAP/CO, and total arterial compliance (TAC) = SV/PP. Effective arterial elastance and compliance are, respectively, (EEA) = ESBP/SV, where ESBP is end systolic blood pressure, and (C) = SV/PP.



Theoretical Analysis

Wave intensity analysis is based on the solution of the one-dimensional conservation equations of mass and momentum. Wave intensity (dI) is the rate of energy flux per unit area (W/m2) and can be written

[image: image]

The water hammer equation for forward (+) and backward (−) waves is

[image: image]

where ρ is the density of blood 1,050 kg/m3 and c is the wave speed, which we calculated using the PU loop, as previously described (Khir et al., 2001). Knowledge of c allows dI to be separated into its forward and backward components.

[image: image]



Data Analysis

Custom-written programs in MATLAB (The MathWorks Inc., MA, United States) were used to analyze the data. P and U waveforms were smoothed using a 7-point Savitzky–Golay filter, and the foot of both waveforms was aligned to take account of time lags in data processing. Shifting by no more than three sampling intervals was required to adjust for the lag caused by the filter in the ultrasonic flow meter (Hollander, 1999). Up to three representative cardiac cycles were selected from a stable sequence of beats during the 30 s recording period. Each cardiac cycle was analyzed individually and the data were averaged for each dog.

The R wave of the QRS complex was taken as time t = 0 and the following hemodynamic events and their timings were identified: peak aortic pressure (Pmax); peak LV pressure (Plvmax) and the derivative of Plv with respect to time ([image: image]); peak aortic velocity (Umax); an inflection point on the descending limb of the aortic velocity waveform before aortic valve closure (Ui) was determined from the first derivative of Ui with respect to t. LV volume was calculated by considering the LV as an ellipsoid using the following equation

[image: image]

Where r1 = LV long axis radius (base–apex) and r2 = septum to free wall radius whose dimensions were acquired using the sonomicrometer crystals. Time to peak volume decline (Vmax) was determined by plotting the first derivative of volume with respect to time.

The onset of ejection was identified from the onset of the upstroke of the aortic flow waveform, which also indicated the onset of the FCW. The FDW wave observed in mid-to-late systole was always seen to have a “slow” (D1) then “rapid” (D2) phase as shown in Figure 1. The onset of each phase was determined from the first derivative of the forward wave intensity. The time of onset of the reflected waves was identified as the moment the separated backward wave intensity curve became negative. The energy carried by each wave (J/m2) was calculated by integrating the area under the peak of the wave with respect to time.


[image: image]

FIGURE 1. A typical forward wave intensity analysis curve calculated from pressure and velocity measured in the ascending aorta. The rise of the forward decompression wave, FDW, comprises two phases: a slow (D1) then a rapid (D2) phase whose onset is clearly shown to occur in mid and late systole, respectively. AVO and AVC indicate opening and closing of the aortic valve. Also shown is the forward compression wave, FCW, in early systole.



LV Wall Motion

Velocity of the LV long (L) and minor (M) axis shortening was determined by differentiating the axial displacement with respect to time. As reported previously (Page et al., 2010), the rate of shortening of each axis in systole could be subdivided into three phases throughout systole (I, II, III) although the onset of each phase in the long and minor axes did not occur simultaneously (Figure 2). Phase I represents acceleration of axis shortening during early systole; phase II is a period of slow deceleration of axial shortening beginning in mid-systole; phase III occurs near end-systole when there is a sudden increase in the rate of deceleration. The onsets of both phase II (MmaxU, LmaxU) and phase III (MIII, LIII) for each axis were determined from the second derivative of axial velocity of shortening. Minor and long axes rate of shortening (acceleration and deceleration) at each phase were also determined.


[image: image]

FIGURE 2. LV minor (dashed line) and long (solid line) axes shortening speed during systole. The minor axis reaches its maximum velocity of shortening before the long axis during control conditions. The three rates of axial shortening are represented by I, II, and III sequentially. In late systole, both axes exhibit an inflection point after which their velocity of shortening decreases at an increased rate indicated as rate III. AVO and AVC indicate aortic valve opening and closing, and stages I, II, and III indicate acceleration and deceleration of the axes at early, mid, and late systole, respectively.




LV Wall Stress

Average fiber myocardial stress in the mid-wall (σm) was estimated using the equations derived by Regen (1990).

[image: image]

Where Vm is mid-wall volume at any distension and Vmu, Vou, and Vcu are mid-wall, chamber, and cavity volumes at reference distension. Based on the literature, end diastolic posterior wall thickness was assumed to be 7.1 mm in all dogs and was used to calculate LV wall volume. The average time to peak average fiber myocardial stress (σmax) was recorded.



Reproducibility

Measurement of the time intervals from the peak of the R wave of the QRS complex to the peak shortening velocity of both the minor and long axes as well as to the onset of all three WIA waves was repeated on three separate occasions by a single observer. The mean difference ± SD to the time of MmaxU was 2 ± 2 ms (within-observer coefficient of variation (CV) = 2%). The time to LmaxU was 2 ± 4 ms (CV = 1%). The time to the onset of the FCW wave was 1 ± 2 ms (CV = 1.78%), the onset of the BCW was 1 ± 1 ms (CV = 1%), the onset of the FDW (D1) was 2 ± 3 ms (CV = 1%), and the onset of the FDW (D2) was 1 ± 4 ms (CV = 1%).



Statistical Analysis

All data are presented as mean ± SD. Timings were compared by calculating the mean difference between timings in each dog and the standard deviation of the difference. Statistical agreement between timings was assessed using concordance correlation coefficients (CCC; asymptotic p-value) (Lin, 1989). All analyses were performed using Stata 12 (StataCorp) and p < 0.05 was considered statistically significant.



RESULTS


Control Conditions

The baseline characteristics of the dogs during control are presented in Table 1.


TABLE 1. Baseline data during both control conditions and thoracic aortic occlusion.

[image: Table 1]The LV minor axis reached its maximum velocity of shortening, MmaxU, at 110 ± 4 ms. The time of MmaxU agreed very closely with the arrival time of the reflected waves ([image: image] ± SDdiff = −3 ± 4 ms, CCC = 0.96, p < 0.001) (Table 2) and was shortly followed by Vmax ([image: image] ± SDdiff = 4 ± 8 ms, CCC = 0.87). The long axis reached its maximum velocity of shortening, LmaxU, approximately 40 ms after the minor axis (147 ± 20 ms) and after the time of arrival of the reflected wave. However, the time of LmaxU corresponded very closely with the time of the peak of the BCW (2 ± 7 ms, CCC = 0.91, p < 0.001) (Table 2). The onset of the decline in long axis velocity also corresponded with the onset time of the FDW (D1) ([image: image] ± SDdiff = 2 ± 4 ms, CCC = 0.97, p < 0.001; Figures 3, 4A). Around this time, σmax also occurred (143 ± 32 ms after the R wave).


TABLE 2. All mean ± SD time intervals from the R of the QRS complex to the main hemodynamic and mechanical events during both control conditions and aortic occlusion.

[image: Table 2]
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FIGURE 3. Composite showing all major hemodynamic events in sequence with velocity of LV shortening patterns. (A) Wave intensity analysis curves; forward waves (thick line). (B) Typical flow velocity waveform (thick line) and aortic pressure trace at the aortic root. (C) LV minor (dashed line) and long (solid line) axes shortening speed during systole. (D) LV rate of volume change.



[image: image]

FIGURE 4. Control conditions: (A) intraclass concordance correlation plot (CCC) showing the strong agreement during mid-systole between the slow onset of the forward decompression wave (D1) and the time to maximum shortening velocity of the LV long axis (LmaxU). (B,C) Intraclass concordance correlation plots (CCC) showing the strong agreement during late systole when a secondary decline in both (B) minor (MIII) and (C) long axis (LIII) shortening leads to the rapid phase of the forward decompression wave (D2) which in turn relates to a decrease in aortic pressure (Pmax) and a further decrease in the rate of declining velocity (Ui).


A later marked decrease in the rate of LV axis shortening occurred almost simultaneously in the long and minor axes (190 ± 20 and 189 ± 20 ms, respectively). This was just prior to closure of the aortic valve (phase III) and corresponded very closely with the onset of D2 (long axis [image: image] ± SDdiff = 0 ± 3 ms, CCC = 0.86, p < 0.001; minor axis [image: image] ± SDdiff = −1 ± 1 ms, CCC = 0.93, p < 0.001) (Figures 4B,C). This time also coincided with the time of peak aortic pressure (Pmax) ([image: image] ± SDdiff = 1 ± 2 ms, CCC = 0.82, p < 0.001) and the occurrence of an inflection point (Ui) on the descending limb of the aortic flow wave ([image: image] ± SDdiff = 0 ± 1 ms, CCC = 0.77, p < 0.001). As expected, D2 was also seen to coincide with a sharp decline in LV pressure ([image: image] ± SDdiff = 2 ± 2 ms, CCC = 0.9, p < 0.001) (Figure 5).


[image: image]

FIGURE 5. Forward wave intensity and differentiated left ventricle pressure (dPlv) plotted from a representative beat taken from dog 3. A sharp decline in left ventricle pressure coincides with the onset of the rapid increase of the forward decompression wave (D2) as indicated by the vertical dashed line.




Aortic Occlusion

To allow mechanistic links between wave reflection and LV shortening velocity to be elucidated, aortic clamping was used to alter the magnitude and timing of the reflected wave. During occlusion, there was a significant increase in systolic, diastolic, mean, and pulse pressure (Table 1), and this was accompanied by a significant reduction in arterial compliance but no significant change in heart rate.

Proximal aortic occlusion had a marked effect on wave reflection (Figure 6) increasing the energy of the reflected wave by more than twofold and resulting in an earlier arrival of the reflected wave (93 ± 36 ms, i.e., 12 ms earlier than control) although the time of the peak reflection was slightly delayed (164 ± 15 ms, i.e., 15 ms later than control). The FCW wave and FDW wave were reduced by 21 and 35%, respectively, by aortic clamping (Table 2). During aortic occlusion, MmaxU was reduced by 20% (from 1.5 ± 0.4 to 1.2 ± 0.2 m/s) and the time of MmaxU also occurred earlier (97 ± 36 ms); hence, the relationship between the arrival time of the reflected waves and the time of MmaxU was preserved ([image: image] ± SDdiff = 5 ± 9 ms, CCC = 0.96, p < 0.001) (Table 2 and Figure 6). During aortic occlusion, Vmax still followed the time of MmaxU ([image: image] ± SDdiff 6 ± 6 ms, CCC = 0.97, p < 0.001), LmaxU reduced by 11% (from 0.9 ± 0.5 to 0.8 ± 0.2 m/s), and time of the peak reflected wave and LmaxU was in good agreement ([image: image] ± SDdiff = 4 ± 18 ms, CCC = 0.65, p < 0.001). This time also corresponded with the onset of FDW (D1) (Table 2). Aortic clamping had minimal effects on the timing of LIII, MIII, and D2 which occurred at approximately the same time (Table 2), and σmax was significantly delayed compared to control conditions (200 ± 14 ms, p < 0.0001).


[image: image]

FIGURE 6. Three consecutive beats taken from dog 9 showing the simultaneous arrival of the BCW at the LV and reduced peak velocity of shortening of the LV minor axis during control conditions [(A) ECG, (B) BCW, (C) minor axis velocity of shortening] and during thoracic occlusion [(D) ECG, (E) BCW, (F) minor axis velocity of shortening].




DISCUSSION

Waves carry important information about LV function and the interaction between LV and arterial circulation (Jones et al., 1993; Bleasdale et al., 2003). Our aims were to establish whether the arrival of reflected wave(s) affects LV long and minor axes shortening and to establish the relationship between LV shortening and the generation of the FDW in mid-late systole. The main findings are as follows: (1) arrival of reflected waves agrees very closely with the deceleration of the rate of shortening of the LV minor axis and rate of LV volume decline, even when the timing of the arrival of the reflected wave is altered by aortic clamping. This suggests that the arrival of the reflected wave initiates the deceleration of minor axis shortening; (2) the time of the peak of the reflected waves corresponds closely with the onset of deceleration of the rate of shortening of the long axis under control and aortic clamping conditions. This indicates that the reflected wave also plays a part in initiating the decline in deceleration in major axis shortening. (3) The FDW has a slow and then rapid phase, and these phases are explained by two distinct changes in the rate of shortening of the LV axes. The slow phase of the FDW (D1) is generated by deceleration of the LV long axis (i.e., its onset corresponds with the maximum velocity of shortening of the LV long axis), which in turn appears to be related to the peak of the reflected wave. The fast phase of the FDW (D2) is generated by concurrent deceleration of the rate of shortening in both long and minor axes.


Wave Reflection and LV Wall Movement

The reflected wave is believed to play a detrimental role in the pathophysiology of cardiovascular disease in renal failure (London et al., 2001), hypertension (Manisty et al., 2010), and heart failure (Curtis et al., 2007) and to contribute to LV hypertrophy (Hashimoto et al., 2008). By employing aortic clamping as an intervention to cause a defined reflection site, we provide strong evidence for a causal link between arrival of the reflected wave, slowing of minor axis shortening, and peak volume rate of decline with a lesser effect on long axis function. This may have important clinical implications. In humans, long axis shortening is responsible for only 7% of ejection fraction in normal individuals but 18% in people with hypertension (de Simone et al., 1997). We speculate that the relative reduction in the contribution of the minor axis in systemic hypertension may be related to the adverse effects of earlier arrival and larger magnitude of reflected waves although it should be noted that the increase in magnitude of the reflected wave in hypertension is somewhat smaller than that following aortic occlusion (∼70% increase in backward pressure) (Merillon et al., 1983). Differences in long and minor axes’ sensitivity to reflected waves could result from differences in timing of the reflected wave in relation to the cross-bridge cycle in fibers of differing orientation. Previous studies have shown that there is a transition point in the cross-bridge cycle during systole; before this transition time, an increase in afterload prolongs contraction, whereas after this time, an increase in afterload abbreviates contraction (Brutsaert et al., 1985; Solomon et al., 1999). If the reflected wave arrives at the LV during the critical transitional time of minor axis contraction, this would promote cross-bridge detachment and early LV relaxation. Since in our study long axis contraction began after short axis contraction, it may be that this susceptible period occurs later in the cardiac cycle for the long axis. Further research on this issue is required.



Left Ventricle Wall Motion and the Forward Decompression Wave

Sugawara et al. (1997) have previously proposed that a forward decompression wave is generated in late systole by the LV due to “both the loss of tension bearing ability caused by myocardial relaxation and the deceleration of aortic blood flow caused by the reduced rate of myocardial shortening.” This is analogous to the situation in isolated cardiac tissue, where contraction ceases before tension-bearing ability declines (Brutsaert and Sys, 1989). This explanation was supported by Niki et al. (1999) who showed that patients with mitral regurgitation had a much reduced FDW which increased following mitral valve surgery. Our data are consistent with this view, although they suggest a more complex pattern to the FDW in mid-late systole, with two distinct phases (D1 and D2). Jones et al. (2002) suggested that FDW may have been generated by two temporally distinct processes, such as the slowing of the myocardial shortening and complete cessation of myocardial shortening. We observed that D2 does not correspond to complete cessation of myocardial shortening but instead it coincides with a simultaneous decline in the velocity of shortening of both the minor and long axes later in systole. The mechanism responsible for the secondary change in velocity of deceleration of both LV axes is not known, but it is plausible that it corresponds to the release of torsion and radial thinning of the ventricle that is observed ∼40 ms before aortic valve closure (Rosen et al., 2004). The release of torsion would bring about a rapid decrease in LV pressure and a decrease in the rate of ejection resulting in a rapid increase in the intensity of the FDW (online Figure 4).

The strength of this study is the direct, invasive measurement of the reflected wave and left ventricular velocities. No assumptions about the timing and magnitude of waves were made, and measuring pressure and flow simultaneously to calculate wave intensity is superior to pressure waveform analysis alone. This work provides insight into how wave reflection influences LV function and wave generation. Wave reflection causes a deceleration in LV shortening and the function of the minor axis is particularly sensitive to the arrival of reflected waves. These observations lend support to previous suggestions that therapies directed toward reducing wave reflection may be of value in hypertension and cardiovascular disease.

A limitation of the study was that only longitudinal and radial motion were studied (i.e., base–apex and septum–free wall). Changes in LV geometry over the cardiac cycle are intrinsically complex, particularly during ejection, and possible effects of rotation could not be accounted for in our study. However, the crystals used for measuring the axial movement were embedded into the myocardium at the mid-level where rotation is minimal, and thus, this should not invalidate our principal conclusions. Nevertheless, further studies resolving the full three-dimensional strain patterns in the ventricle would be valuable. A further limitation is the lack of wall thickness measurements to investigate the effect of wave reflection on myocardial stress in more detail. A final limitation is the assumption that the aortic area is uniform throughout the cardiac cycle, and we cannot rule out the possibility of aortic distortion during the cross-clamping in or variability during the cardiac cycle (de Heer et al., 2011).



CONCLUSION

In conclusion, This is the first study to simultaneously measure the arrival of reflected waves during systole with LV long and minor axes function. These measurements provided strong evidence that the arrival of the reflected wave initiates a deceleration in LV minor axis shortening. The data have also shown that the forward decompression wave generated by the LV has a slow and then rapid phase that are generated by two distinct changes in the rate of shortening of the LV axes. The results of this work are physiologically and clinically relevant as increased wave reflection causes a reduction in the contraction velocity of the LV. Reducing wave reflection may be of value in hypertension and cardiovascular disease patients.
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Estimating Central Pulse Pressure From Blood Flow by Identifying the Main Physical Determinants of Pulse Pressure Amplification
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Several studies suggest that central (aortic) blood pressure (cBP) is a better marker of cardiovascular disease risk than peripheral blood pressure (pBP). The morphology of the pBP wave, usually assessed non-invasively in the arm, differs significantly from the cBP wave, whose direct measurement is highly invasive. In particular, pulse pressure, PP (the amplitude of the pressure wave), increases from central to peripheral arteries, leading to the so-called pulse pressure amplification (ΔPP). The main purpose of this study was to develop a methodology for estimating central PP (cPP) from non-invasive measurements of aortic flow and peripheral PP. Our novel approach is based on a comprehensive understanding of the main cardiovascular properties that determine ΔPP along the aortic-brachial arterial path, namely brachial flow wave morphology in late systole, and vessel radius and distance along this arterial path. This understanding was achieved by using a blood flow model which allows for workable analytical solutions in the frequency domain that can be decoupled and simplified for each arterial segment. Results show the ability of our methodology to (i) capture changes in cPP and ΔPP produced by variations in cardiovascular properties and (ii) estimate cPP with mean differences smaller than 3.3 ± 2.8 mmHg on in silico data for different age groups (25–75 years old) and 5.1 ± 6.9 mmHg on in vivo data for normotensive and hypertensive subjects. Our approach could improve cardiovascular function assessment in clinical cohorts for which aortic flow wave data is available.

Keywords: pulse pressure amplification, 1-D model, peripheral pressure, central pressure, analytical solutions, hemodynamics


1. INTRODUCTION

Peripheral systolic blood pressure is the most commonly used measure of circulatory function and cardiovascular risk. However, a significant predictive benefit has been observed when measuring central (aortic) blood pressure (cBP) (Agabiti-Rosei and Muiesan, 2015; Williams et al., 2018) and it has been suggested that cBP should be a better indicator of risk (Agabiti-Rosei et al., 2007; Avolio et al., 2009; Sharman et al., 2013; McEniery et al., 2014; Agabiti-Rosei and Muiesan, 2015; Williams et al., 2017) since it is more representative of the load exerted on major organs (Herbert et al., 2014; Agabiti-Rosei and Muiesan, 2015; Williams et al., 2017). For instance, elevation of cBP induces coronary arteriosclerosis which in turn can lead to adverse events such as stenosis and myocardial infarction (Agabiti-Rosei et al., 2007) and causes chronic kidney disease that can advance to end-stage renal disease (Safar et al., 2002; Ohno et al., 2016). Additionally, it has been suggested that cBP assessment can improve therapeutic decisions since anti-hypertensive drugs have different effects on peripheral and central pressure values (Sharman et al., 2013; McEniery et al., 2014; Agabiti-Rosei and Muiesan, 2015).

The morphology of the peripheral blood pressure (pBP) wave, usually assessed non-invasively in the arm, differs significantly from the morphology of the cBP wave, whose direct measurement is highly invasive. In particular, pulse pressure (PP)—the difference between systolic and diastolic blood pressures—often increases from central to peripheral arteries leading to the so-called pulse pressure amplification (ΔPP) (Figure 1). The cBP wave can be estimated using population-based generalized transfer functions (GTFs) from a calibrated pBP wave; however the debate continues on the suitability of this approach for all patients and conditions (Avolio et al., 2009; Shih et al., 2011). Several studies have proposed an adaptive transfer function technique which personalizes some of the parameters of a single-tube transmission line model coupled to an impedance boundary condition that reflects incoming pulse waves (Swamy et al., 2009; Hahn et al., 2012; Gao et al., 2016; Natarajan et al., 2017). Such an approach can improve the accuracy of the estimated cBP waveform compared to the GTF approach. In addition, the pressure wave measured in the common carotid artery has been used as a surrogate for the cBP wave; however reproducible pressure waves are more difficult to obtain at the carotid artery than at the radial artery due to anatomical reasons (Avolio et al., 2009).


[image: Figure 1]
FIGURE 1. Central and peripheral pressure waveforms. Central pulse pressure, cPP, is mainly determined by the blood flow ejected by the ventricle into the aorta, Qin, and the total arterial compliance, CT (Vennin et al., 2017). Peripheral PP amplification, ΔPP, is mainly determined by the rate of change of Qin with time, t, in late systole and the radius, r, and length, l, of the brachial artery, as shown in this study.


Understanding the effect of cardiovascular parameters on ΔPP could improve cBP assessment from non-invasive pBP measurements; specially central PP (cPP) assessment which has been shown to be of greater predictive value for cardiovascular outcomes than brachial PP (Safar et al., 2002; Williams et al., 2006). Large ΔPP values have been associated with male sex (Segers et al., 2009; Herbert et al., 2014), higher heart rate (Wilkinson et al., 2002), height (Asmar et al., 1997; Camacho et al., 2004), mass index (Pichler et al., 2016), pulse transit time (Gao et al., 2016; Natarajan et al., 2017), and wave reflection coefficient (Gao et al., 2016), and lower age (Wilkinson et al., 2001; Herbert et al., 2014) and pulse wave velocity (Hashimoto and Ito, 2010; Pierce et al., 2012), and is significantly influenced by cardiovascular risk factors, such as hypertension and obesity (Herbert et al., 2014). Experimental and computational models have been used to study the effect on ΔPP of cardiovascular properties (Karamanoglu et al., 1995; Figueroa and Humphrey, 2014; Mynard and Smolich, 2015; Gaddum et al., 2017) and age (Charlton et al., 2019), showing that ΔPP raises with increasing ventricular inotropy (contractile state of the ventricle), tapering, peripheral load and vessel length; and decreasing wall thickness and age. However, there are currently no methods based on the physics of blood flow in the systemic arterial tree that enable explicit analytical identification of the main cardiovascular determinants of ΔPP—and hence estimation of cPP from peripheral PP (pPP)—from data that can be acquired non-invasively for a specific subject.

The main purpose of this study was to develop a methodology for estimating cPP from non-invasive measurements of blood flow (aortic or brachial) and pPP. Our novel approach is based on a comprehensive understanding—using the physics of blood flow—of the main cardiovascular properties that determine ΔPP along the aortic-brachial arterial path. The methodology presented in this study was assessed using in silico data generated by blood flow modeling and in vivo data measured in normotensive and hypertensive subjects. These datasets included reference cPP values.



2. MATERIALS AND METHODS


2.1. In vivo Data

We used previously available measurements of cBP and pBP waveforms in a group of normotensive volunteers (n = 26) and hypertensive subjects (n = 57) (Fok et al., 2014a; Li et al., 2017). Subjects were recruited from those who were evaluated for hypertension at Guy's and St Thomas' Hypertension Clinic. Although they were referred for evaluation of hypertension, blood pressure settled in some subjects and the sample included some who were normotensive (Li et al., 2017). Subjects with significant valvular disease, impaired left ventricular systolic function (ejection fraction <45%), and arrhythmia were excluded. 60% of the hypertensive subjects were on treatment with anti-hypertensive medications. Characteristics of both groups are given in Table 1. Radial and carotid pressure waveforms were obtained by applanation tonometry performed by an experienced operator using the SphygmoCor system (AtCor, Australia). Ensemble-averaged carotid pressure was used as surrogate for ascending aortic pressure (Chen et al., 1996). Approximately 10 cardiac cycles were obtained and ensemble averaged. Brachial blood pressure was measured in triplicate by a validated oscillometric method (Omron 705CP, Omron Health Care, Japan) and used to calibrate radial waveforms and, thus, to obtain a mean arterial pressure (MAP) through integration of the radial waveform. Carotid waveforms were calibrated from MAP and diastolic brachial blood pressures on the assumption of equality of these pressures at central and peripheral sites (Pauca et al., 1992). Ultrasound imaging was performed by an experienced operator using the Vivid-7 ultrasound platform (General Electric Healthcare, United Kingdom). Velocity above the aortic valve was recorded using pulsed wave Doppler obtained from an apical 5-chamber view. All ultrasound measurements were averaged over at least 3 cardiac cycles. Cross-sectional area of the aortic valve (obtained in the parasternal long-axis view) was used to estimate the aortic radius. These data were acquired in a previous study approved by the London Westminster Research Ethics Committee, for which written informed consent was obtained (Li et al., 2017).


Table 1. Characteristics of the datasets: normotensive (second column) and hypertensive (third column) in vivo subjects and in silico subjects (fourth column).

[image: Table 1]



2.2. Dataset of in silico Pulse Waves

We used an existing dataset containing in silico cBP and pBP waves measured, respectively, at the aortic root and outlet of the brachial artery, and blood flow waves measured at the aortic root, in a group of 4,374 virtual subjects. Characteristics of the in silico group are given in Table 1. Pulse waves were simulated for subjects of each age decade, from 25 to 75 years old, using a 116-artery, one-dimensional (1-D) model of blood flow in the larger systemic arteries of the thorax, limbs, and head (Figure 2A). The model cardiovascular properties were identified through a comprehensive literature review and simulated pulse waves were verified by comparison against clinical data [see Charlton et al. (2019) for full details].


[image: Figure 2]
FIGURE 2. Schematic representation of the three models used in the study. (A) Full 116-artery model with cardiovascular properties taken from Charlton et al. (2019). (B) Reduced 15-artery model containing the aortic-brachial arterial path of the full model. (C) Single-vessel model of the brachial artery with the nomenclature used throughout the study. Tapering in the brachial artery of the full and reduced models was represented by five straight arterial segments of different radii. The single-vessel model allowed us to identify analytically the main physical determinants of ΔPP.




2.3. Blood Flow Models

Three blood flow models with decreasing level of mathematical complexity were employed in this study (Figure 2). Firstly, we used the 116-artery model of the systemic circulation described above. Blood pressure and flow waves at any point in the arterial network were simulated using our in-house, linear, one-dimensional (1-D) formulation, which enables analytical solutions in the frequency domain and has previously been verified against computational 1-D and 3-D solutions (Flores Gerónimo et al., 2016). This model—hereafter referred to as the “full model”—provided reference cBP and pBP waves to assess the accuracy of the other two simpler models.

The second model simulated blood flow in the 15 arterial segments that make up the upper thoracic aorta and left brachial artery of the full model. This model hereafter referred to as the “reduced model”—has the same inflow waveform prescribed at the aortic root as the full model. Such inflow waveform was obtained by the AorticFlowWave script described in Charlton et al. (2019) for the desired inflow characteristics (heart rate, stroke volume and left ventricular ejection time). Figure 3A shows the inflow waveform for the 25 year-old baseline subject. The vascular network of the reduced model was obtained from the full model by lumping groups of arteries into optimized three-element windkessel (WK) models that preserved the total vascular compliance and resistance of the full model. Six sets of WK parameters were calculated, for the six terminal segments of the reduced model, from the flow and pressure waves produced by the full model using a gradient descent algorithm previously described in Fossan et al. (2018). Table 2 shows the vascular parameters of the reduced model that was able to reproduce pressure and flow waves along the aortic-brachial arterial path with relative errors smaller than 3 and 10%, respectively (Figure 3). All relative errors in this figure were calculated using the full model as a reference, as described in Supplementary Section 1.


[image: Figure 3]
FIGURE 3. Reduced vs. full model pressure and flow waves. (A) Schematic representations of both models (left) and comparison of corresponding pressure and flow waves at four locations along the aortic-brachial arterial path (right). Each plot shows relative errors (expressed as percentages) for average (RMS), maximum (Max), systolic (Sys) and characteristic pressure points P1 and P2 calculated as described in Supplementary Section 1. (B) Pressure wave along the same arterial path, for the full (left) and reduced (right) model. Characteristic pressure points P1 (yellow), systolic pressure (green), and P2 (blue) are shown in each plot.



Table 2. Vascular parameters of the reduced model.

[image: Table 2]

The reduced model provided accurate and workable analytical solutions for blood pressure and flow waves along the aortic-brachial arterial path. It was further simplified into a third model: a straight single-vessel model of the brachial artery which enabled us to identify analytically the main physical determinants of ΔPP, as described in the next sections.


2.3.1. Single-Vessel Model

Blood pressure in the frequency domain, [image: image], along the single-vessel model (Figure 2C) can be described by the summation of an attenuation, [image: image], and an amplification, [image: image], term based on the formulation described by Flores Gerónimo et al. (2016) (see Supplementary Section 2); i.e.,

[image: image]

where

[image: image]

[image: image]

with x the axial direction, ω the angular frequency, l the vessel length, [image: image] the Fourier transform of Qin(t) the flow wave at the inlet, and

[image: image]

η is the blood viscosity, A0 is the average luminal cross-sectional area, [image: image] is the vessel compliance – with E the Young modulus, h the wall thickness, and r0 and rd the average and diastolic luminal radii, respectively—CWk is the WK-model compliance, and R1 and R2 are the WK-model resistances. [image: image] is the dynamic permeability where J0 and J1 are the Bessel functions of order zero and one, respectively, [image: image] and ρ is the blood density. Inverse Fourier transforms can be applied to obtain time-domain blood pressure, p(x, t), and its attenuation and amplification components T1(x, t) and T2(x, t), respectively.

Figure 4 compares the pressure waves simulated by the reduced and single-vessel models along the brachial artery. It includes the terms T1 and T2 calculated using the single-vessel model (Equations 2 and 3), with Qin(t) the flow wave measured at the inlet of the brachial artery of the reduced model, l = 42.2 cm the total length of the brachial artery, r0 ≈ rd = 4.3 mm, the average radii at diastolic pressure of the 5 arterial segments that make up the brachial artery in the reduced model, and Eh = 234 Pa m the average Eh value along the brachial artery, and C = 0.205 mm2/mmHg. The approximation for r0 ≈ rd was used given that the difference between r0 and rd was smaller than 2.5%, which allowed us to reduce the number of parameters in the model. The WK parameters CWk, R1, R2 and Pout are equal to those of the WK model coupled to the outlet of the segment ‘Brachial V’ in the reduced model (see Table 2). We note that PP along the vessel is indeed slightly attenuated by T1 and considerably amplified by T2. Next, we derive an approximate expression for the amplification term T2.


[image: Figure 4]
FIGURE 4. Analytical pressure wave decomposition. The total pressure wave calculated using the reduced model (first column) at proximal (top), midpoint (middle), and distal (bottom) sites along the brachial artery was decomposed into the attenuation, T1 (second column) and amplification, T2 (third column) terms calculated using the single-vessel model (Equations 2 and 3). The approximated total (sum of Equations 2 and 7) and T2 pressures (computed using Equation 7) are shown in dotted lines (first and third columns, respectively). Horizontal dashed lines highlight pulse pressure (PP) values. Vertical dashed lines (bottom plots) indicate the time of minimum dQin/dt.




2.3.2. Approximate Amplification Term

A Taylor series expansion of the amplification term [image: image] about ω = 0 yields

[image: image]

where [image: image] is the steady state permeability. The time-domain solution of Equation (5) is given by

[image: image]

For all segments of the aortic-brachial arterial path, the term containing dQin/dt dominates. Moreover, the viscous time [image: image] is at least three orders of magnitude larger than [image: image] (see Supplementary Section 2.1). As a result, Equation (6) can be further approximated as

[image: image]

According to this equation the main determinants of T2 along an arterial segment are its radius, length, and the rate of change of Qin with time. Moreover, the amplification term T2 is maximum when dQin/dt is minimum and, hence, systolic blood pressure, PSys(x), along an arterial segment can be estimated as

[image: image]

where [image: image] is the systolic pressure at the inlet and dQin/dt|min denotes the maximum temporal rate of decrease in late-systolic flow at the inlet. Assuming equal diastolic pressure at any point along the arterial segment, PP and ΔPP can be expressed as a function of the distance x from the inlet as

[image: image]

[image: image]

with PPIn the pulse pressure at the inlet. Figure 4 (third column) compares the exact T2 term along the brachial artery given by Equation (3) with the corresponding approximated term calculated using Equation (7). To avoid high-frequency noise, the time derivative of Qin was filtered by computing the Fourier series of dQin/dt and keeping terms up to 15 Hz to reproduce the filtered signal. The vertical dotted lines in the first and third columns indicate the time of the maximum temporal rate of decrease in late-systolic flow, dQin/dt|min, which approximately corresponds to the time of peak pressure for the reduced model and the exact T2 term. The approximated pressure given by the sum of Equations (2) and (7), and shown on Figure 4 (first column) with dotted lines, overestimates systolic pressures calculated by the reduced model, shown on Figure 4 (first column) with continuous lines, by less than 6%.




2.4. Methodology for Estimating cPP

Based on the previous analytical expressions for the amplification term T2, two methods can be developed for estimating cPP at the aortic root from the flow at the aortic root or the brachial artery and pPP at the outlet of the brachial artery. Both are illustrated in Figure 5.


[image: Figure 5]
FIGURE 5. The two cPP estimation methods. (A) Pulse pressure, PP(x), along the aortic-brachial arterial path with distance, x, from the aortic root. The start of the brachial artery is indicated by the dashed vertical line. PP values calculated along the path using the reduced model (dots). Methods 1 and 2 estimate cPP (solid lines) based on the approximate expression for PP(x) given by Equation (11), starting from the PP value at the outlet of the brachial artery, pPP. (B) Approximate calculation of the maximum temporal rate of decrease in late-systolic flow, (dQin/dt)|min,Ao, from the aortic flow waveform, Qin(t).



2.4.1. Method 1

This method assumes that Equation (9) can be applied to the entire aortic-brachial arterial path as

[image: image]

with x the distance from the aortic root, cPP the PP at the aortic root, (dQin/dt)|min,Ao the maximum temporal rate of decrease in late-systolic flow at the aortic root and [image: image] the mean radius of the aortic-subclavian arterial segments. Note that the suffix Ao stands for aortic. Equation (11) can be used to compute cPP from the PP at the brachial artery, pPP, as

[image: image]

where lAo−Bra is the length of the aortic-brachial arterial path.

Equation (12) was used to estimate cPP for the in silico dataset. The following assumptions were used for the in vivo dataset. When using in vivo aortic flow data with low temporal resolution, such as the Doppler ultrasound data used in this study, (dQin/dt)|min,Ao can be approximated by (Figure 5B)

[image: image]

with ΔQin the end-systolic flow minus the peak flow and Δt the time of end of systole minus the time of peak flow. lAo−Bra was estimated using the empirical expression (Sugawara et al., 2018)

[image: image]

The radius of the aorta was used as a surrogate of the mean radius of the aortic-subclavian arterial segments, that is, [image: image].



2.4.2. Method 2

This method assumes that all the change in PP along the aortic-brachial arterial path occurs in the brachial artery. As a result, Equation (12) becomes

[image: image]

where lBra and rBra are the length and mean radius of the brachial artery, and dQin/dt|min,Bra is the maximum rate of decrease of late systolic blood flow at the inlet of the brachial artery.

Equation (15) was used to estimate cPP for the in silico dataset. The following correlations and assumptions were used for the in vivo dataset. According to the in silico dataset, rBra is strongly correlated with the radius of the aortic root, rAo (both in cm) through

[image: image]

with a correlation coefficient R = 0.98. Moreover, dQin/dt|min,Bra is correlated with the corresponding value at the aortic root (both in mL/s2), through

[image: image]

with R = 0.80. We therefore estimated the brachial radius and maximum temporal rate of decrease of brachial flow from the corresponding in vivo data at the aortic root.

The length of the brachial artery was estimated by multiplying the aortic-brachial length computed using Equation (14) by a factor of 0.73. This corresponds to the ratio of the brachial artery length to the total aortic-brachial length measured in the in silico dataset.





3. RESULTS


3.1. Approximate Pressure Calculations Using the Single-Vessel Model

Figures 6A,B shows the ability of the single-vessel model to describe—through Equations (8) and (9), respectively—systolic pressure, PSys, and PP for each segment along the aortic-brachial arterial path, for the 25 (left) and 75 (right) year-old baseline subjects of the in silico dataset. Results are compared with corresponding PSys and PP values obtained from reduced models of each subject. The inlet systolic pressure, [image: image], in Equation (8) and inlet pulse pressure, PPIn, in Equation (9) for the first arterial segment (ascending aorta) were taken from the values provided by the corresponding reduced model. For the remaining segments, [image: image] and PPIn were assumed to be equal to the values calculated at the outlet of the adjacent upflow segment using Equations (8) and (9), with the luminal diastolic radius and maximum temporal rate of decrease in late-systolic blood flow shown in Figures 6C,D computed from the reduced model. Relative errors were smaller than 1.3% for PSys and 13.7% for PP for the 25 year-old in silico subject and 1.8% for PSys and 2.5% for PP for the 75 year-old in silico subject, along the aortic-brachial arterial path. The larger luminal radii and smaller rate of blood flow decrease in late systole in the 75-year-old subject led to a smaller pulse pressure amplification from aortic root to brachial artery, compared to the 25-year-old subject.


[image: Figure 6]
FIGURE 6. Calculation of systolic blood pressure, PSys, and pulse pressure, PP, using the single-vessel model. PSys (A), and PP (B) (solid lines) calculated using Equations (8) and (9), respectively. The dots show the corresponding values obtained by the reduced model. Luminal diastolic radius, rd (C), and maximum temporal rate of decrease in late-systolic flow, −dQin/dt|min from the reduced model (D) at the inlet and outlet of each segment of the aortic-brachial arterial path, for the baseline 25 (left) and 75 (right) year-old subject from the in silico dataset. Dashed vertical lines indicate the start of the brachial artery.


Starting from the PP values at the outlet of the brachial artery of the reduced model and assuming that the PP at the inlet of an arterial segment is equal to the PP at the outlet of the adjacent one, Equations (9) and (10) applied to each arterial segment from the brachial artery to the aortic root enabled us to calculate cPP and ΔPP with variations in cardiovascular properties. Cardiovascular properties variations for the 25-year-old in silico subjects led to relative errors smaller than 18% for cPP and 24% for ΔPP when the morphology of the aortic flow wave was modified to account for changes in stroke volume, heart rate and left ventricular ejection time (results are shown in the Supplementary Figure 3A). On the other hand, variations in total vascular resistance, total vascular compliance, total path length and average network radius (for the same aortic root waveform) led to relative errors smaller than 20% for cPP and 29% for ΔPP (Supplementary Figure 3B).

According to Equation (10), ΔPP along an arterial segment is proportional to the segment length and the maximum temporal rate of decrease in late systolic-flow; and inversely proportional to the square of the vessel radius. These proportionalities were verified in all the arterial segments of the aortic-brachial arterial path for the 25- and 75-years-old in silico subjects. Proportionalities for length and temporal rate of decrease in late systolic-flow exhibited linear correlations with the smallest correlation coefficient (R2) of 0.91. Proportionality in radius exhibited a power-decay with exponents of −1.73 and −2.18 for the 25- and 75-year-old in silico subjects, respectively, both exponents are close to the expected value of −2. Results are shown in the Supplementary Figure 2.



3.2. In silico Verification of cPP Estimation Methods

Figure 7 shows the ability of the cPP estimation methods to describe—through Equation (12) for Method 1 and Equation (15) for Method 2—changes in cPP and ΔPP, respectively, with variations in cardiovascular properties. Mean and standard deviation (SD) for stroke volume, heart rate, left ventricular ejection time, total vascular resistance and total vascular compliance correspond to the 25-year-old in silico subjects. The length and the radius of each vessel of the 25-year-old baseline subject were changed by 14% and 11%, respectively. These percentages were calculated from the covariance (SD/Mean) of the aortic arch length (Bensalah et al., 2014) and brachial artery radius (van der Heijden-Spek et al., 2000), respectively. Both methods were able to capture changes in cPP and ΔPP produced by the variations in cardiovascular properties. Excluding radii variations, Method 1 led to relative errors smaller than 20% for cPP and 28% for ΔPP. Excluding radii variations, Method 2 led to smaller relative errors: 18% for cPP and 24% for ΔPP. Except for radii variation where a competing effect arises, approximate PP and ΔPP values followed the trends provided by the reduced model. For all the cardiac variations ΔPP increases with the maximum temporal rate of decrease in late-systolic flow and length; and is almost not affected by the total vascular resistance and total compliance as described by Equation (10) and consequently by Equations (12) and (15).


[image: Figure 7]
FIGURE 7. Effect of cardiovascular properties on central pulse pressure, cPP, and its amplification from the aortic root to the outlet of the brachial artery, ΔPP. Aortic root (A) and brachial artery (B) flow wave (first column), cPP (second column), and ΔPP (third column) for the 25-year-old baseline subject (black) and with a standard deviation (SD) decrease (blue) and a SD increase (red) in (A) stroke volume (SV), heart rate (HR) and left ventricular ejection time (LVET), and (B) total vascular resistance (RT) and total vascular compliance (CT); and with a 14% decrease (blue) and 14% increase (red) in the total network length (LT) and with a 11% decrease (blue) and 11% increase (red) in the average radius of the network (〈rN〉). The closed dots were calculated using the reduced model, the open triangles were calculated using Equation (12) of Method 1 and the open dots were calculated using Equation (15) of Method 2. Legends in the first column indicate the maximum temporal rate of decrease in late systolic-flow in mL/s2 for all flow waves.


We tested the accuracy of the two new cPP estimation methods on the dataset of in silico pulse waves (Figure 8, left). For the whole dataset, estimated cPP was strongly correlated with measured cPP, with R-squared (R2) values of 0.97 for both methods (Figures 8A,B, top). Overall, Method 1 (Equation 12) overestimated cPP (Figure 8A, bottom) and Method 2 underestimated cPP (Figure 8B, bottom). The mean ± SD error was 3.3 ± 2.8 mmHg for Method 1 and -1.2 ± 2.7 mmHg for Method 2. Estimated cPP values were closer to measured cPP values for Method 2. When only the 75-year-old subjects were considered (blue dots), the agreement between cPP obtained from Method 1 and measured values was much closer, with R2 values and mean ± SD errors of 0.99 and 0.1 ± 2.7 mmHg for Method 1, respectively, and 0.99 and −3.4 ± 2.7 mmHg for Method 2, respectively.


[image: Figure 8]
FIGURE 8. Estimated (cPPE) vs. measured (cPPM) central pulse pressure. Correlation and Bland-Altman plots comparing cPPE values calculated using Methods 1 (A) and 2 (B) with (cPPM) values for the in silico (left) and in vivo (right) datasets. In vitro 75-year-old subjects are shown in blue dots. In vivo hypertensive subjects are shown in red dots. Dotted horizontal lines show the limits of agreement (±1.96SD) between estimated and reference cPP values.




3.3. In vivo Verification of cPP Estimation Methods

We also tested the accuracy of the two new cPP estimation methods on the in vivo data (Figure 8, right). For the whole dataset, estimated cPP was strongly correlated with measured cPP, though with R2 values smaller than those obtained for the in silico dataset: 0.74 for Method 1 and 0.75 for Method 2. Method 1 led to a smaller mean error than the one obtained for the in silico dataset (−2.0 vs. 3.3 mmHg). However, the SD was greater in the in vivo dataset (7.0 vs. 2.8 mmHg). For Method 2, both the mean error and SD were larger in the in vivo dataset (5.1 ± 6.9 vs. −1.2 ± 2.7 mmHg). For both methods, no considerable differences in mean, SD or R2 values were observed between normotensive (Method 1: −2.4 ± 6.7 mmHg, R2 = 0.72; Method 2: 4.9 ± 6.4 mmHg, R2 = 0.75) and hypertensive (Method 1: −1.9 ± 7.4 mmHg, R2 = 0.74; Method 2: 5.3 ± 7.4 mmHg, R2 = 0.74) subjects.




4. DISCUSSION

We have developed and tested two methods for estimating cPP from aortic or brachial blood flow and peripheral blood pressure. Both methods originated from a model of blood flow in the larger arteries of the systemic circulation based on physical principles (conservation of mass and linear momentum). The mathematical complexity of this full model was simplified based on the physics of blood flow, resulting in a reduced model of blood flow in the upper thoracic aorta and left brachial artery that allows for workable analytical solutions in the frequency domain. This reduced model enabled us to obtain an approximation for blood pressure, in time domain, along each segment of the aortic-brachial arterial path from which the main cardiovascular determinants of ΔPP could be identified, leading to the two new cPP estimation methods. Both methods were able to (i) capture changes in cPP and ΔPP produced by variations in cardiovascular properties and (ii) estimate cPP with mean differences smaller than 3.3 ± 2.8 mmHg on in silico data for different age groups (25–75 years old) and 5.1 ± 6.9 mmHg on in vivo data for normotensive and hypertensive subjects.


4.1. Main Cardiovascular Determinants of Pulse Pressure Amplification

We have obtained a simple expression highlighting the main cardiovascular determinants of ΔPP along an arterial segment. According to Equation (10), ΔPP is directly proportional to the distance along the arterial segment and the maximum temporal rate of decrease in late-systolic flow, and inversely proportional to the square of the vessel radius. Vascular geometry, therefore, plays a very important role in changing PP from central to peripheral arterial sites. This result is in agreement with previous studies in which ΔPP was associated with higher height and, hence, greater vessel length (Asmar et al., 1997; Camacho et al., 2004) and greater tapering and, hence, greater decrease in vessel radius (Belardinelli and Cavalcanti, 1992; Mynard and Smolich, 2015). Mynard and Smolich (2015) found, using computational modeling, that brachial artery tapering is a major factor leading to wave intensity amplification in the arm. They suggested that this may explain why amplification of wave intensity, which is directly related to the rate of change of pressure with time (and hence PP), was not found in other regions where the degree of tapering was lower. Our analytical results further support this finding. We have shown that changes in PP mainly occur in the brachial artery rather than in the aorta (Figure 6B), despite the rate of decrease in systolic flow being greater in the aorta than in the brachial artery (Figure 6D). This is because (i) the brachial artery is longer than the upper thoracic aorta and (ii) the vessel radius, which has an inversely quadratic contribution to ΔPP in Equation (10), is much smaller in the brachial artery (Figure 6C).

Equation (10) highlights the predominant role that flow wave morphology in late systole plays in ΔPP. Cardiac properties such as stroke volume (SV), heart rate (HR) and left ventricular ejection time (LVET) introduce variations in late-systolic aortic flow resulting in changes in ΔPP (Figure 7). In particular, increasing SV or HR and decreasing LVET augments the rate of decrease in late-systolic aortic flow and causes a greater ΔPP, as predicted by Equation (10) and consequently by Equations (12) and (15). This result is in agreement with previous studies underlining the potential importance of ventricular dynamics in determining ΔPP (O'Rourke, 1970; Asmar et al., 1997; Gaddum et al., 2017); e.g., O'Rourke (1970) found that, in human subjects, ΔPP increases with decreasing LVET. Equation (10) provides a mechanistic explanation of this result since a smaller LVET would lead to a greater temporal rate of decrease in late-systolic flow and, hence, greater ΔPP.

Interestingly, ΔPP is independent of the total compliance of the network (Figure 7B), again in agreement with Equation (10) and despite cPP decreasing with the increasing compliance. Indeed, cPP is mainly determined by total arterial compliance and left ventricular ejection dynamics affecting SV (Vennin et al., 2017). Except for radii variation, where the effects of the radius and the maximum temporal rate of decrease in late systolic-flow (induced by radii variation) are competing, approximate PP and ΔPP values followed the trends provided by the reduced model (Figure 7).

Our analytical results are in concordance with the experimental observation of a linear increase in ΔPP with the distance along an arterial segment (Gaddum et al., 2017) and further analysis of cardiac variables could be performed in experimental setups to corroborate our analytical results. Observed tendencies of in vivo measurements, like the difference in ΔPP with gender (Segers et al., 2009), can be analyzed in terms of our results, namely, the brachial artery length correlates with the height which in turn is significantly different with gender (Max Roser and Ritchie, 2019), however, in vivo measurements of radius and proximal flow at the brachial artery would be needed to corroborate the correlations between ΔPP and its determinants.



4.2. Aging and Pulse Pressure Amplification

Aging is associated with increased PP (Pinto, 2007) and decreased ΔPP (Herbert et al., 2014). It has been shown to increase PP more rapidly in central rather than distal arteries and, consequently, it has been suggested that ΔPP attenuation is predominantly caused by an increase in central systolic BP (cSBP) which, in turn, is induced by a rise in arterial stiffness (Safar et al., 2002). Other studies have highlighted the importance of ventricular dynamics—in addition to arterial stiffness—in determining PP (Fok et al., 2014b; Vennin et al., 2017; Li et al., 2019). Our study shows that the decrease in ΔPP with age is mainly caused by the increase in arterial radius and decrease in the rate of change of aortic flow with time in late systole (see Equation 10) strongly correlated with left ventricular ejection dynamics. The mechanisms behind the age-related increase in diameter are still unclear, though they may be the result of a compensatory adaptation to plaque formation and/or increases in wall thickness (Thijssen et al., 2015).



4.3. Central Pulse Pressure Estimation Methods

We have developed two methods that estimate cPP from measurements of the aortic flow wave and pPP that can be obtained by non-invasive means; e.g., Doppler ultrasound or magnetic resonance imaging for aortic flow and an oscillometric device for pPP. We have tested both methods on a dataset of in silico pulse waves and on a cohort of normotensive and hypertensive subjects, which covered a wide range of pressure wave morphologies and cPP values including those seen in hypertensive subjects (Table 1). Stronger linear correlations between estimated and reference cPP values were observed for the in in silico data compared to the in vivo data, the same was true for the smaller values for the mean and SD of the errors for cPP estimates (Figure 8). This is due to the larger experimental errors of the in vivo measurements, compared to the uncertainties of the in silico data due to model assumptions.

Recent (2017) clinical guidelines for the validation of non-invasive central blood pressure devices propose a mean absolute difference ≤ 5 mmHg with a SD ≤ 8 mmHg compared with the reference cSBP (Sharman et al., 2017). Method 1 led to mean absolute differences within recommended values (2.0±7.0 mmHg), though Method 2 did not (5.1±6.9 mmHg). Direct implementation of Method 2 requires measurements of the flow wave, vessel length and vessel radius in the brachial artery, which were not available for our in vivo cohorts and could lead to smaller mean absolute differences within recommended values. Indeed, Method 2 led to smaller differences than Method 1 when tested using in silico measurements in the brachial artery.

By using transfer functions, the influence of the large arteries and peripheral load on pulse pressure amplification has been studied (Karamanoglu et al., 1995). Using a single-tube transmission line model enables personalization of some of the transfer function parameters, improving the accuracy of the estimated cBP waveform (Swamy et al., 2009; Hahn et al., 2012; Gao et al., 2016; Natarajan et al., 2017). Further improvement in cBP assessment could be achieved by including additional patient-specific information to transfer functions based on the results of our study; i.e., the geometry of the brachial artery and the flow morphology. It is worth mentioning that our model approach differs from the lossless transmission line model approach used by Swamy et al. (2009), Hahn et al. (2012), Gao et al. (2016), Natarajan et al. (2017). First, starting from continuum mechanics (fluid dynamics, and a model for vessel elasticity), our approach accounts for the spatial and temporal variations of blood pressure and flow in the brachial artery. Second, it accounts for viscous losses along the vessel. Third, it decomposes pressure along the vessel into space-varying attenuation and amplification terms, whereas the transmission line model does a decomposition into forward and backward waves that are independent of position (the distance between the peripheral and central positions is introduced by adding a time delay). The main determinants of ΔPP are also different in both models: the pulse transit time and reflection coefficient in the transmission line model, and the inflow wave morphology and arterial geometry in our model. Notably, the main determinants of ΔPP in our model are independent of peripheral vascular properties.

Machine learning approaches could also be used to estimate cPP from aortic or brachial flow and pPP. However, like transfer function methods, they should be trained on datasets covering the large range of physiological and pathophysiological conditions encountered in healthy and diseased subjects, to make them widely applicable. The ability to numerically generate datasets containing hemodynamic data for thousands of virtual subjects (Charlton et al., 2019) could facilitate this process.



4.4. Limitations

This study is subject to several important limitations. Our non-invasive measurements of pressure and the flow were not simultaneous and subject to experimental error. Carotid pressure is also an imperfect surrogate of aortic pressure and subject to calibration errors. Both Methods 1 and 2 require a flow wave measurement in addition to the peripheral pulse pressure. Calculation of the maximum temporal rate of flow decrease in late systole requires differentiation of the flow wave, which can be challenging when working with noisy flow waves; e.g., those acquired by Doppler ultrasound. To facilitate this calculation, we have approximated this maximum temporal rate by the slope given from peak flow to end of systolic flow (see Figure 5B). Further validation of both methods using more accurate techniques for measuring flow, such as magnetic resonance, would be valuable, as well as further validation of Method 2 using measurements of blood flow and vascular geometry in the brachial artery. We tested both methods only in normotensive subjects and in otherwise hypertensive subjects. Although comparison with the dataset of in silico pulse waves has provided a wider range of pressure and flow wave morphologies and hemodynamic conditions, indicating that both methods would be equally valid in pathological conditions, such as systolic hypertension in older subjects and in heart failure, this needs testing prospectively.



4.5. Perspectives

Assessment of cPP has been shown to be of greater predictive value for cardiovascular outcomes than brachial PP. It is, therefore, essential to understand the hemodynamic determinants of PP amplification. The results that we have presented here show that blood flow is a key determinant of PP amplification, confirming the importance of measuring flow and the key role played by ventricular ejection. Therefore, conditions and drugs that influence cardiac function may influence pulse wave morphology independent of arterial function. Moreover, the two methods proposed here allow for a more regular assessment of a patient's cPP, due to their non-invasive nature which removes the risk of complications due to cardiac catheterization.




5. CONCLUSION

We have identified the main determinants of pulse pressure amplification—highlighting the important role of flow morphology—and presented two methods based on the physics of blood flow for estimating central pulse pressure from non-invasive measurements of aortic flow and peripheral blood pressure. We have tested both methods on in silico data for different age groups (25–75 years old) and in vivo data for normotensive and hypertensive subjects. Our approach could improve cardiovascular function assessment in clinical cohorts for which aortic ultrasound or magnetic resonance imaging data are available.
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Background: Conotruncal anomalies (CTA) are associated with ongoing dilation of the aortic root, as well as increased aortic stiffness, which may relate to intrinsic properties of the aorta. Pregnancy hormones lead to hemodynamic changes and remodeling of the tunica media, resulting in the opposite effect, i.e., increasing distensibility. These changes normalize post-pregnancy in healthy women but have not been fully investigated in CTA patients.

Methods: We examined aortic distensibility and ventriculo-arterial coupling before and after pregnancy using cardiovascular magnetic resonance (CMR)-derived wave intensity analysis (WIA). Pre- and post-pregnancy CMR data were retrospectively analyzed. Aortic diameters were measured before, during, and after pregnancy by cardiac ultrasound and before and after pregnancy by CMR. Phase contrast MR flow sequences were used for calculating wave speed (c) and intensity (WI). A matched analysis was performed comparing results before and after pregnancy.

Results: Thirteen women (n = 5, transposition of the great arteries; n = 6, tetralogy of Fallot; n = 1, double outlet right ventricle, n = 1, truncus arteriosus) had 19 pregnancies. Median time between delivery and second CMR was 2.3 years (range: 1–6 years). The aortic diameter increased significantly after pregnancy in nine (n = 9) patients by a median of 4 ± 2.3 mm (range: 2–7.0 mm, p = 0.01). There was no difference in c pre-/post-pregnancy (p = 0.73), suggesting that increased compliance, typically observed during pregnancy, does not persist long term. A significant inverse relationship was observed between c and heart rate (HR) after pregnancy (p = 0.01, r = 0.73). There was no significant difference in cardiac output, aortic/pulmonary regurgitation, or WI peaks pre-/post-pregnancy.

Conclusions: WIA is feasible in this population and could provide physiological insights in larger cohorts. Aortic distensibility and wave intensity did not change before and after pregnancy in CTA patients, despite an increase in diameter, suggesting that pregnancy did not adversely affect coupling in the long-term.

Keywords: conotruncal anomalies, pregnancy, aorta distensibility, aorta diameter, wave intensity analysis


INTRODUCTION

Conotruncal cardiac anomalies (CTA) include a variety of congenital heart defects, such as tetralogy of Fallot (ToF), truncus arteriosus (TA), double outlet right ventricle (DORV), and transposition of the great arteries (TGA). These defects represent 5–10% of congenital heart disease (1) and generally lead to severe cyanosis, necessitating repair in the newborn period or early in infancy. A common observation in CTA is thoracic aortic dilation. Landmark work by Niwa demonstrates that the incidence of aorta dilation (AD) in adults with repaired ToF approaches 15% despite early ToF repair (1). Progressive dilation of the neo-aortic root is out of proportion to somatic growth in TGA after repair with arterial switch surgery (2), and AD is also found in the majority of patients with TA who survive initial repair (3).

Some independent variables can have an impact on the structure and size of the aorta, such as age, hypertension, smoking, diabetes, and pregnancy. However, there are a few hypotheses for why AD in CTA occurs principally. The first is that AD occurs due to hemodynamic stress on the aorta from an early right-left shunt. Evidence to support this hypothesis includes data showing that AD is worse with worsened degrees of right ventricular outflow tract stenosis and in patients with pulmonary atresia more than in patients with pulmonary stenosis (4). A second hypothesis is that volume loading of the aorta, via a surgical systemic-to-pulmonary shunt, will increase flow through the aortic valve, thus leading to dilation of the proximal aorta via increased wall stress (5). A longer duration between shunting and complete repair has been found to correlate with AD in repaired ToF (3–5). Other observations that have been associated with larger aortic dimensions in ToF include having a right rather than left aortic arch and male sex (5, 6). Recent evidence demonstrates that early ToF repair does not normalize aortic compliance and that abnormal ascending aortic flow patterns based on 4D flow cardiac magnetic resonance (CMR) are prevalent and might affect long-term cardiac performance (7).

Pivotal questions are whether these abnormalities are inherent or acquired, whether congenital heart disease plays a causal or facilitating role and whether genetic determinants are important. Recent data suggest that CTA may be associated with a primary problem with aortic histology and should be considered a true aortopathy (6). Patients with CTA present with impaired distensibility of the aorta (6). Interestingly, patients with ToF present with a higher degree of aortic dilation and aorta distensibility than d-TGA patients (8). In addition, in patients with d-TGA, impaired distensibility has only been found at the level of the ascending aorta, whereas in ToF patients both the ascending and descending aorta have been shown to be affected (9).

In this context, it is known that pregnancy represents an independent risk factor as it impacts the elastic properties of the aorta (9). This is due to a combination of the hemodynamic stress of pregnancy in producing changes in arterial structure and integrity and increasing the risk of arterial dissection and rupture, as well as changes to the independent role of female hormones. These structural changes are believed to regress to pre-pregnancy levels after delivery; however, whether or not these changes persist is unknown (9, 10).

Aortic distensibility, as well as ventriculo-arterial coupling, can be assessed by an established mathematical technique called wave intensity analysis (WIA) (11). This is traditionally derived from pressure and velocity data, but it can also be formulated using velocity and area, thus rendering the analysis applicable to phase contrast cardiac magnetic resonance (PC-CMR) (12).

This study aims to evaluate possible changes in aortic distensibility and ventriculo-arterial coupling in a CTA cohort before and after pregnancy non-invasively, based on the hypothesis that stiffness of the aorta and mechanical ventricular properties would be adversely affected by the hemodynamic stress and hormonal changes imposed by pregnancy.



METHODS AND MATERIALS

This was a retrospective feasibility study performed at a single NHS site. Therefore, no approval from the NHS UK research and ethics committee was sought in line with the Health Regulatory Authority guidelines.


Participants

The inclusion criteria were (i) conotruncal anomaly and (ii) phase contrast scan in the aorta available before and after pregnancy. Twenty-eight women with surgically repaired congenital conotruncal anomalies who had undergone pregnancy and had cardiac magnetic resonance scans at the University Hospitals Bristol NHS Foundation Trust were retrospectively assessed. Of these, 15 in total were removed from the analysis: 13 women had the appropriate scans available only at one time point (i.e., before or after pregnancy) and a further two patients who had insufficient scan quality (velocity encoding artifacts).

Thirteen patients (n = 13) were therefore entered into the analysis. Of these, five had transposition of the great arteries, six had tetralogy of Fallot, one had a double outlet right ventricle, and one had truncus arteriosus. Baseline characteristics are reported in Table 1.


Table 1. Baseline characteristics.
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Image Acquisition

Clinical ECG-gated phase contrast MR angiography in the ascending aorta was acquired on a 1.5T Siemens Avanto Magnetom (Siemens Healthineers, Erlangen, Germany). Flow data were acquired in the axial plane above the valves during free breathing. The acquisition parameters of the phase contrast MR angiography (PC-MRA) were as follows: field of view = 250 mm, slice thickness = 5 mm, matrix = 256 × 100, voxel = 1.0 × 1.0 × 5 mm, TR = 10.95 ms, TE = 2.61 ms, phase reconstructions = 20–30, velocity encoding (VENC) = 150–500 cm/s. See Table 2.


Table 2. Imaging parameters, presented as median (range).
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Segmentation

The ascending aortas were manually segmented using the magnitude image (CVI42, Circle Cardiovascular Imaging Inc, Calgary, Canada). This allowed for the quantification of the average blood flow velocity (U) in each frame over the cross-sectional area (A).



Aortic Dimensions

Echocardiographic data were reviewed in repaired CTA at baseline (1 year before pregnancy), during pregnancy in the third trimester, and >3 years after pregnancy. Two-dimensional echo measurements of the diameter of the sinus of Valsalva and sinotubular junction were made in the parasternal long-axis view at end-diastole using the inner edge-inner edge technique.

Aortic measurements from cross-sectional cardiac CMR images were taken before and after pregnancy, considering only changes >1.5 mm (pixel size).



Physiological Parameters

Within the segmented area, cardiac output (L/min), mean flow velocity (cm/s), regurgitation fraction (%), and net negative volume of the flow (ml) were quantified. A 3-lead ECG measured the mean heart rate during the scan. Volumetric data were also calculated (end-diastolic volume EDV, end systolic volume ESV, and stroke volume SV). A ratio SV/ESV was derived from these as an accepted indicator of ventricular-vascular coupling (13).



Wave Intensity Analysis

The A and U data were smoothed by the application of a Savitsky-Golay filter with a window size of 11 and a second-degree polynomial. Following the wave intensity analysis method outlined by Biglino et al. (12), the U-lnA loop was plotted and the linear portion of the slope selected during early systole to calculate wave speed (c) where c = dU/dlnA. The net wave intensity, dI = dUdlnA, as well as the forward and backward wave components were fitted in MATLAB (The MathWorks Inc., Natick, MA, USA). Wave energy was quantified by the area under the curve of the forward compression wave (FCW), forward expansion wave (FEW), and backward compression wave (BCW).

Wave intensity defined as dI(A) = dUdlnA differs from the definition of wave intensity dI(P) = dPdU by a difference in dimensions [wave intensity dI(P) has the units W/m2 and dI(A) has the units m/s] (14, 15). However, it can be shown that they differ only by a scaling factor, ρc2, where ρ = blood density (16). We report dI(A) as wave energy in m/s.



Statistical Analysis

Normality of the data was assessed by D'Agostino-Pearson test of normality.

The FEW and BCW, as well as the regurgitation fraction and net negative volume, did not pass normality and was analyzed using non-parametric tests, namely Wilcoxon matched-pairs signed rank test. All other comparisons were run as Student paired t-tests, comparing the measure before and after pregnancy. Correlations were assessed by Pearson's correlation coefficient. All analyses were performed in GraphPad Prism version 7.0d (GraphPad, La Jolla, CA, USA). Data are reported as mean ± standard deviation. Alpha was set at 0.05. In the figures, the asterisk signifies the following: *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Demographics

Thirteen pregnant women were analyzed, with a mean age at pregnancy of 28.5 ± 4.6 years. The total number of pregnancies was 19. Baseline data, including blood pressure, smoking status, body mass index, and age at pregnancy are reported in Table 3.


Table 3. Baseline data.
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Structural Changes

Four patients (31%) did not present a change in aortic dimensions. The other patients showed median aortic growth of 4 mm (2–7 mm), representing a significant growth compared to pre pregnancy values (p = 0.01) based on cross-sectional images (Table 4). Overall, ultrasound measurements confirmed a significant change in aortic dimensions during pregnancy (Table 5).


Table 4. Aorta diameters before and after pregnancy.
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Table 5. Ultrasound aorta diameters before, during, and after pregnancy.
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Physiological Parameters

There was no difference in the cardiac output before or after pregnancy (5 ± 1 vs. 4.8 ± 1.5 L/min; p = 0.71). There was also no difference in SV/ESV before or after pregnancy (1.7 ± 0.5 vs. 1.9 ± 0.7; p = 0.53). Mean velocity across the cardiac cycle (p = 0.13), regurgitation fraction (p = 0.64), and net negative volume (p = 0.38) also did not change after pregnancy. None of the patients presented clinical signs of aortic stenosis. Results are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Cardiac output in L/min (A), mean blood flow velocity in cm/s (B), regurgitation fraction as a percentage of the cardiac output (C), and net negative blood volume (D) measured before and after pregnancy.




Wave Speed

There was no difference in wave speed before and after pregnancy (p = 0.7) (Figure 2). A significant negative correlation was seen between wave speed and heart rate (p = 0.01, r = −0.73), suggesting that increased stiffness was associated with lower heart rate (Figure 3). This was not observed before pregnancy (p = 0.8, r = −0.08). Wave speed results are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Wave speed (A) and heart rate (B) in the ascending aorta before and after pregnancy. Also shown is the correlation (+/- 95% CI) between wave speed and heart rate before pregnancy (C) and after pregnancy (D).



[image: Figure 3]
FIGURE 3. Wave intensity shown as the mean wave energy (AUC) for the forward compression wave (A), backward compression wave (B), forward expansion wave (C), and net wave energy (D).


There was no correlation between cardiac output and wave speed before (p = 0.16, r = 0.43) or after pregnancy (p = 0.057, r = −0.56). Similarly, there was no correlation between wave speed and number of pregnancies (pre: r = 0.0083, p = 0.98; post: r = −0.17, p = 0.60), pre-pregnancy systolic blood pressure (pre: r = −0.11, p = 0.79, n = 8), or diastolic blood pressure (pre: r = −0.42, p = 0.30; post r = −0.02, p = 0.94, n = 8). However, a significant correlation was observed between wave speed and systolic pressure post-pregnancy (post r = 0.73, p = 0.006).



Wave Intensity

There was no difference in either the FCW (p = 0.45), or the FEW (p = 0.62) before and after pregnancy. Nor was there a difference in the BCW (p = 0.24, n = 11) or net WI (p = 0.79, n = 13) before and after pregnancy.

There was no correlation between FCW, BCW, net dI and age, number of pregnancies, SV/ESV, or blood pressure before or after pregnancy. Nor was there a correlation between FEW and age, number of pregnancies or blood pressure before pregnancy. FEW showed a positive correlation between the number of pregnancies (r = 0.68, p = 0.01).




DISCUSSION

Patients with congenital heart disease including CTA may present with dilatation of the thoracic aorta during their lifetime. Histological abnormalities of the aortic wall have been identified in patients with ToF and d-TGA as responsible for the early presentation of aorta dilation despite early surgical repair (10, 12, 14, 15).

Tobias et al. have shown that a CTA diagnosis and the presence of aortic regurgitation were independent predictors of an increased aortic sinus diameter (8). Moreover, they add that the diagnosis of a conotruncal defect and age are independent predictors of ascending aorta distensibility. Some independent variables are also known to influence this outcome, such as age, hypertension, smoking, diabetes, and additive pregnancies. These variables are thought to lead to changes in the structure of the aortic media, leaving the aortic wall more vulnerable to dilation and eventually rupture and dissection (10).

There is an association between pregnancy and arterial aneurysm and dissections (9) in females without underlying aortopathy. This risk is secondary to a combination of the hemodynamic stress and hormonal changes imposed during pregnancy on the aortic wall. Nolte et al. reported histological changes in the aortic wall in two women without underlying aortopathy, strongly suggesting that these findings were associated with pregnancy stress plus hormonal changes. It is possible that, after repeated pregnancies, arterial walls might become abnormal because of a combination of hemodynamic stresses and hormonal changes, potentially enhancing the development of pathological changes in the arterial wall. Pregnancy is accompanied by fragmentation of elastic fibers, a decrease in mucopolysaccharides, and an increase in smooth muscle cells in the aortic wall (10). To what extent these changes normalize after delivery is unknown. Since more women with CTAs are reaching childbearing age, it is sensible to investigate if these changes persist temporarily or permanently after pregnancy or even if additive pregnancies enhance the progression of further histological changes.

Persistence of histological changes after pregnancy in CTA patients will lead to increased stiffness and reduced aortic distensibility (10). Stiffness of the aorta will have a negative impact on the ventricular function due to increased afterload, resulting in unfavorable ventriculo-arterial coupling. Recent evidence has suggested that patients with D-TGA and hypoplastic left heart syndrome (HLHS) have unfavorable ventricular-vascular coupling in light of reduced aortic distensibility (11, 12). Moreover, another study, which compared aorta distensibility between arterial and atrial switches, has shown that both groups had reduced distensibility, but the arterial switch cohort presented stiffer aortas. In addition, both had compromised ventricular-arterial coupling based on WIA, likely a result of increased impedance caused by the stiffer ascending aorta (17).

Our study has analyzed aortic distensibility and ventriculo-arterial efficiency in patients with CTA before and after pregnancy, aiming to evaluate whether pregnancy physiology modifies aortic elastic properties and, consequently, mechanical function of the ventricle. No significant changes of aortic distensibility or ventricular-vascular coupling were found. Nonetheless, a significant increase in aortic diameter was seen during pregnancy, based on ultrasound measurements, which persisted 2.3 years post-partum. This is similar to recent evidence that showed that pregnant women with CTA presented with a significant increase in aorta diameter during pregnancy, based on echocardiographic measurements, without reversion to a baseline diameter after 6 months of follow-up (18).

Wave speed has shown a positive correlation with HR, suggesting that higher wave speed presents with lower heart rate in this population. We can suggest that, in CTA patients, heart rate tends to decrease over time in the context of sinus node dysfunction, mainly in patients with congenitally corrected (CCTGA) and D-TGA who have undergone a Mustard or Senning operation. Four out of 13 patients decreased more than 10 beats per minute after pregnancy, of which three were D-TGA patients, in whom increased aortic stiffness over time has also been reported (18). Nonetheless, it is known that heart rate can be a confounding variable that varies depending on systolic blood pressure measurements (19, 20). Further investigation is needed in order to fully explore this observation in a larger sample.

Furthermore, wave speed was found to be associated with systolic blood pressure after pregnancy in this cohort. An increment in systolic blood pressure could be associated with the aging process, albeit over a small number of years and other risk factors associated such as diabetes, smoking, or BMI >25 kg/m2. We observed that patients with increased systolic blood pressure post-pregnancy were overweight (four out of 13 had a BMI ≥ 25 kg/m2 post-pregnancy), two were smokers, and another was diabetic.

Another interesting finding was the significant positive correlation between FEW and number of pregnancies. While again limited by the small sample size, this could be clinically interesting given that FEW has been previously associated with the diastolic time constant tau (16). This would suggest that repetitive pregnancies may improve ventricular compliance, thus reflecting diastolic function. There is a possible explanation to address this finding: preload increases during pregnancy that lead to an increment in the stretching mechanism of the myocardium that regresses after 6–8 weeks post-delivery (18). After repetitive pregnancies, we can assume that ventricular compliance reaches the maximum point of stretching based on the Frank Starling mechanism, leading to more compliant ventricles. This remains speculative at this stage, as observed in a small number of cases, and should be explored in a larger sample allowing for sufficient power for subgroup analysis.

Indeed, the major limitation of this study is the small available sample, due in part to the number of patients with CTA undergoing pregnancy as well as the availability of the required imaging data. If a larger sample were available, it would be interesting to explore some of the associations mentioned here, particularly the possible association between wave energy (both FCW and FEW) and SV/ESV as a different CMR-derived indicator of ventriculo-vascular coupling.

Larger samples would likely require multicenter collaborations, thus allowing the exploration of the effect of multiple pregnancy or subtle differences between different diagnoses within CTA. Nevertheless, the study demonstrates the feasibility of performing the analysis in this patient population and the kind of physiological insight that could be gathered with regards to functional changes post pregnancy and the overall impact on ventriculo-arterial coupling.

From a methodological standpoint, it is worth remembering that several methods can be employed for the calculation of wave propagation, and even with a non-invasive approach, different techniques could be employed, with respective advantages and pitfalls (21). While an in-depth comparison and discussion of different techniques are beyond the scope of this article, it is worth considering that research is addressing the consistency and robustness of regional and local CMR-derived indices according to the theoretical model (Bramwell-Hill), demonstrating their relevance (22). Interestingly, WIA has been recently performed by combining standard CMR flow-velocity and non-invasive central blood pressure waveforms (23), but our study was purposely based solely on clinically available CMR data. Furthermore, measures of net wave intensity do not require knowledge of wave speed and thus are not influenced by the wave speed measurements.



CONCLUSION

Aortic distensibility did not change after pregnancy in CTA patients, but an increase in aortic diameter was observed. Serial measurement of the aortic root during and after pregnancy is clearly important. Wave intensity analysis is feasible in this population and could provide physiological insights in larger cohorts.
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Background: Wave intensity analysis is useful for analyzing coronary hemodynamics. Much of its clinical application involves the identification of waves indicated by peaks in the wave intensity and relating their presence or absence to different cardiovascular events. However, the analysis of wave intensity peaks can be problematic because of the associated noise in the measurements. This study shows how wave intensity analysis can be enhanced by using a Maximum Entropy Method (MEM).

Methods: We introduce a MEM to differentiate between “peaks” and “background” in wave intensity waveforms. We apply the method to the wave intensity waveforms measured in the left anterior descending coronary artery from 10 Hypertrophic Obstructive Cardiomyopathy (HOCM) and 11 Controls with normal cardiac function. We propose a naming convention for the significant waves and compare them across the cohorts.

Results: Using a MEM enhances wave intensity analysis by identifying twice as many significant waves as previous studies. The results are robust when MEM is applied to the log transformed wave intensity data and when all of the measured data are used. Comparing waves across cohorts, we suggest that the absence of a forward expansion wave in HOCM can be taken as an indication of HOCM. Our results also indicate that the backward compression waves in HOCM are significantly larger than in Controls; unlike the forward compression waves where the wave energy in Controls is significantly higher than in HOCM. Comparing the smaller secondary waves revealed by MEM, we find some waves that are present in the majority of Controls and absent in almost all HOCM, and other waves that are present in some HOCM patients but entirely absent in Controls. This suggests some diagnostic utility in the clinical measurement of these waves, which can be a positive sign of HOCM or a subgroup with a particular pathology.

Conclusion: The MEM enhances wave intensity analysis by identifying many more significant waves. The method is novel and can be applied to wave intensity analysis in all arteries. As an example, we show how it can be useful in the clinical study of hemodynamics in the coronary arteries in HOCM.

Keywords: maximum entropy method, wave intensity analysis, Hypertrophic Obstructive Cardiomyopathy, coronary artery, wave identification


1. INTRODUCTION

Wave Intensity Analysis (WIA) is useful for analyzing arterial hemodynamics, particularly in the coronary arteries. Many different types of waves can exist in the elastic arteries (1), but the dominant wave that we are considering is the elastic axial wave; which exchanges energy between the kinetic energy of the blood flow and the potential energy in the elastic arterial wall (2, 3). Wave intensity is defined as the product of the pressure and velocity differences across a wave front, dI = dPdU, and represents the energy flux per unit area carried by the wave (4, 5).

Waves propagate in both the forward and backward direction in the arteries; wave intensity is positive for forward waves and negative for backward waves. Wave intensity calculated from the measured pressure and velocity at a given site in an artery is the sum of the forward and backward wave intensities; so that the wave intensities of simultaneous forward and backward waves tend to cancel each other. If the wave speed is known, it is possible to separate the forward and backward wave intensities.

Separated wave intensity analysis measures both the magnitude and the direction of waves in the artery. Figure 1 is an example of the separated wave intensity calculated from pressure and flow measurements in a human circumflex artery (6). The ability of wave intensity to separate the effects of forward and backward waves is one of its main advantages, particularly in coronary arteries where the contraction of the myocardium directly causes both forward and backward waves.


[image: Figure 1]
FIGURE 1. The six characteristic waves in healthy unobstructed coronary arteries, adapted from Davies et al. (6). (Top) Forward wave intensity originating near the aorta. (Middle) Backward wave intensity originating near the microcirculation. (Bottom) Total pressure and velocity waveforms used in the calculation of wave intensity analysis. The peaks are identified as 1: Early Backward Compression Wave (BCW0); 2: Forward Compression Wave (FCW1); 3: Backward Compression Wave (BCW1); 4: Forward Expansion Wave (FEW2); 5: Backward Expansion Wave (BEW2); 6: Late Forward Compression Wave (FCW2).


Much of the clinical application of wave intensity analysis has involved identifying waves from the peaks in the wave intensity and relating these waves (or their absence) to events in the ventricle or alterations in the downstream sites of reflection (2, 7). In Figure 1, the authors have identified 6 peaks and identified them by their timing, their direction of travel and their affect on the blood velocity (acceleration or deceleration). Comparing wave intensity measurements from diseased and normal patients has been useful in determining the affect of different pathologies on arterial hemodynamics (7).

In other retrospective clinical studies, the relative magnitude of wave intensity peaks has been shown to be a significant predictor of cardiovascular risk (3). In all of these studies, peaks in the wave intensity have been identified “by eye,” which is straightforward for the larger peaks but becomes problematic for smaller peaks. As seen in Figure 1, there are many local maxima in all wave intensity measurements. In this paper, we explore the use of information theory, in particular the Shannon entropy of the wave intensity signal, to distinguish “peaks” from “background” thereby enhancing wave intensity analysis.

The analysis of wave intensity peaks can be problematic because of the associated physiological noise in the measurements (e.g., heart rate variations) as well as the inevitable noise in the measurement of pressure and velocity. We introduce a method for differentiating between “peaks” and “background” in the wave intensity waveform based on the Maximum Entropy Method (MEM). The idea is very simple in concept and we believe its application to wave intensity analysis is novel.

We conclude the paper by comparing wave intensity waveforms measured in the left anterior descending coronary artery in a small cohort of patients with Hypertrophic Obstructive Cardiomyopathy (HOCM) and a small cohort of patients with normal cardiac function. This study demonstrates how MEM can enhance the identification of waves from the wave intensity analysis of pressure and flow in coronary arteries.



2. MATERIALS AND METHODS


2.1. Maximum Entropy Method

Information theory was introduced in the study of communications (8) but can be extended to any subject that involves probability and statistics. Central to information theory is the concept of entropy (usually called Shannon entropy to distinguish it from thermodynamic entropy). The probability of any event p is a measure of our expectation that it will occur in any trial; when p is small the event will occur infrequently, and when it is large it will occur frequently. Obversely, the reciprocal [image: image] can be thought of as a measure of our uncertainty about the occurrence of an event. For subtle axiomatic reasons, Shannon defined uncertainty as [image: image], and entropy as the expected outcome over all possible events n = 1…N.

[image: image]

Thus, the entropy H is the average uncertainty about the outcome of a trial. p is non-dimensional and so H is non-dimensional, however its magnitude depends upon the base of the logarithm used; when logarithm to the base 2 is used, as in this study, entropy is given in “bits.”

The link between entropy and information is the realization that when a trial is performed and the outcome is known uncertainty is removed, and so the information that we have received from the trial is equal to the entropy before the trial was performed. Despite its name, information in this sense is not a measure of the value of the outcome; the entropy of a Shakespearean sonnet is exactly equal to the entropy of the same letters jumbled up in any random order.

The Maximum Entropy Method (MEM) involves partitioning data in a way that maximizes the entropy of the data (9). Its utility has been demonstrated in many areas such as the treatment of missing data in clinical trials, artificial intelligence, computer vision, and the optimal categorization of data.

In this study, we investigate the use of MEM to separate a measured wave intensity waveform into “peaks” and “background” using the Bayesian statistical principle; the probability distribution function that best represents the categorized data is the one with the largest entropy. This reduces the problem to finding the optimal threshold between peaks and background. This separation is particularly important in wave intensity analysis because of the inherent noisiness of wave intensity, which is defined as the product of two noise-enhancing derivatives.

The main problem in applying MEM is that we do not have prior knowledge of the probability distribution of the data; the probability must be estimated from the observed data. In our study, the data X is a time series of wave intensities xn measured at discrete time intervals tn. The probability of each xn is estimated from the histogram of data h, which lies within bins b. hj is the number of data points that fall within each bin bj, and the sum of hj is equal to N. Thus, [image: image] is an estimate of the probability, which enables us to calculate the entropy of the signal using:

[image: image]

where J is the number of bins in the histogram; determined in our case by rounding the square root of the length of data. When the data X are categorized into two categories by a threshold xT: peaks Π (xn ≥ xT) and background Φ (xn < xT), the total entropy HT is calculated using entropy HΠ and HΦ:

[image: image]

Since the entropy is a measure of the information in the signal, MEM asserts that the optimal threshold is the one that maximizes the total entropy of the partitioned data. Finding the maximum can be done iteratively or, more simply, by calculating the maximum net entropy over an equi-spaced array of thresholds and determining the maximum by interpolation.



2.2. Application of Maximum Entropy Method to Wave Intensity Analysis

Wave intensity is an inherently noisy signal. It is the product of differences which tends to emphasize the inevitable measurement noise in the pressure and velocity, and it is sensitive to physiological “noise” such as breathing and heart rate variations. Also, the use of an estimated local wave speed in the separation of wave intensity into its forward and backward components introduces systematic error which is very difficult to model. Given the level of noise and the difficulty in analyzing wave intensity peaks, MEM provides a convenient way to separate significant peaks from the noisy background.

Assuming that the noise is the same for the forward wave intensity (dI+) and the backward wave intensity (dI−), then the signal X = dI+ ∪ |dI−| is categorized using the same threshold (dIT), where “peaks” are ≥ dIT, and “background” is < dIT. The optimal threshold is defined as the threshold that maximizes the total entropy HT(dIT), see Figure 2.


[image: Figure 2]
FIGURE 2. Illustration of maximum entropy method and its application to the wave intensity signal, (A) total entropy as a function of the thresholds calculated on the log transformed data, with the optimal threshold indicated with a black circle, (B) separated wave intensity waveforms; forward (dI+) and backward (dI−). The horizontal dashed line is the exponential of the optimal threshold.


From our experience in applying MEM to wave intensity waveforms, there are two techniques that greatly increase the robustness and reproducibility of the method. The first technique arises from the highly skewed nature of the distribution of clinical wave intensity measurements, see Figure 3. The exponential shape of the histogram introduces a number of difficulties in estimating the probabilities. By introducing the log transform X = log(dI), the resulting histogram is much more normally distributed, and the results of the entropy calculations are much more robust. All of our results are obtained by performing the entropy calculations on the log transformed data and then transforming the optimal threshold back to the original units by taking its exponential.


[image: Figure 3]
FIGURE 3. Effect of using the log transform data on the calculation of the total entropy. (Top) Histogram of the ensemble wave intensity data of a control subject. (Bottom) Total entropy as a function of the threshold calculated on the wave intensity data, with the optimal threshold indicated with the black solid circle, (A) threshold values in the original units, (B) threshold values transformed to the logarithmic values.


Second, it is best to perform the analysis using all of the data rather than the ensemble averaged wave intensity. Estimating the underlying probability density function used in calculating the entropy from the data itself is a fundamental problem in statistics. We tried a number of methods, including kernel smoothing methods, but found that estimating the probability from the more highly populated histograms using the total log transformed data is superior for our data, see Figure 4.


[image: Figure 4]
FIGURE 4. Histogram and total entropy as a function of the thresholds for the log transformed data, (Red) Histogram and total entropy calculated using the ensemble averaged wave intensity signal, (Black) calculated using the total wave intensity data.




2.3. Data Acquisition

WIA was performed using the simultaneously measured pressure and flow via a 0.014 inch diameter velocity and pressure sensor wire (Combowire, Volcano Corporation, San Diego, California) positioned appropriately in the proximal left anterior descending coronary artery in 10 patients (age 30 ± 8 years old) with symptomatic HOCM (10–13) prior to undergoing myectomy at Aswan Heart Center-Magdi Yacoub Heart Foundation; and in 11 normal Controls were patients who presented at St. Mary's Hospital for coronary angiography and were found to have structurally normal hearts with absence of valvular pathology or coronary artery obstruction (6). All patients and controls signed consent forms following ethical approval from the ethical committees at Aswan Heart Center-Magdi Yacoub Heart Foundation or St. Mary's Hospital, as appropriate.

The output from the Combowire console of the recordings of pressure, velocity, and ECG were digitized, processed offline and imported into MATLAB (The MathWorks, Inc., Natick, Massachusetts) for the post-processing using a custom-made MATLAB program (6, 7).

For details about the signal processing and the physics behind the analysis, see (5). Briefly, the measured pressure and velocity data P and U were converted into pressure and velocity differences dP and dU using a Savitsky-Goalay filter (2nd order, sliding frame of 11 samples), where ‘d’ is defined as ‘d/dt’, and dt is the sampling time, to accommodate different data sampling rates. The net wave intensity dI = dPdU can be useful but does not differentiate between forward and backward traveling waves. This separation requires knowledge of the local wave speed c which can be estimated by the sum of squares method (calculated over an integral number of cardiac cycles)

[image: image]

where the density of blood ρ is assumed to be 1,050 kgm−3 (3, 6). From the water hammer equation

[image: image]

and the assumption that the forward (+) and backward (–) waves are additive, dP = dP++dP− and dU = dU++dU−, the forward and backward pressure and velocity changes are (2, 5)

[image: image]

[image: image]

Finally, the forward and backward wave intensities are calculated as

[image: image]



2.4. Identification of Significant Wave Intensity Peaks

The separated wave intensities can be thought of as the magnitude of the forward and backward wave fronts that are passing the measurement site at any particular time. Peaks in the separated wave intensities are usually referred to, rather confusingly, as “waves.” The direction of these waves is determined by the sign of the wave intensity; positive for forward waves and negative for backward waves. The nature of the waves is determined by the sign of dP; waves with positive dP are compressive waves and those with negative dP are expansion waves. There are therefor four types of waves in the arteries: Forward Compression Waves (FCW), Forward Expansion Waves (FEW), Backward Compression Waves (BCW) and Backward Expansion Waves (BEW). The effect of the waves on the velocity are determined by the sign of dU; waves with positive dU are acceleration waves and those with negative dU are deceleration waves. Both FCW and BEW are acceleration waves and both FEW and BCW are deceleration waves.

The timing of the waves is indicated by subscripts 0, 1 and 2 depending upon the phase of the cardiac cycle when they appear. The three phases are marked by the R-wave of the ECG (the iso-volumic contraction phase), the start of the rapid rise in pressure (early systole) and the start of the rapid rise in velocity (late systole/early diastole). We note that these phases are unique to the coronary arteries; in other arteries the start of the rapid rise in velocity is simultaneous with the start of the rapid rise in pressure. Occasionally other waves of the same nature occur in the same phase and the subsequent waves are denoted by appending the subscripts “a” and “b.”

The ability to relate the magnitude, the direction and the timing of the waves to events, both upstream and downstream, in the coronary arteries is the main value of wave intensity analysis. For each significant wave, as determined by the MEM analysis, we measure the peak value, time of the peak, wave duration, wave energy (time integral of power) and the percentage of the wave energy (wave energy fraction) calculated from dividing each wave energy by the cumulative wave energy of all the waves in that subject. In this study, we report results for measurements in 21 subjects (11 Controls, 10 HOCM).



2.5. Statistical Analysis

Data are expressed as mean ± standard deviation for different parameters. The wave intensity data were calculated from a single, simultaneous measurement of pressure, velocity and ECG for each subject. For data comparison between HOCM and Controls, we used the Mann-Whitney U test. A p ≤ 0.05 is considered statistically significant, which indicates that the observations from HOCM patients differ from those from Controls.




3. RESULTS

The primary purpose of this paper is to introduce the application of MEM for the identification of significant waves in an artery by the detection of significant peaks in the wave intensity waveform. This is relevant to all wave intensity analysis. The secondary purpose is to present some preliminary results from a small study of HOCM patients. These patients are scheduled for myectomy and will eventually be part of a larger study measuring the clinical and mechanical effects of myectomy. The methodological results will use representative data from HOCM and Control subjects. The more clinical results will compare the MEM results in a cohort of 21 subject, 10 HOCM and 11 Controls.


3.1. Methodological Results


3.1.1. Estimation of the Probability Density Function of Wave Intensity

Calculation of the entropy of a digitized signal depends on the probability of each measurement. In clinical measurements, this probability is not known and must be inferred from the data itself. Due to the highly skewed distribution of wave intensity data (dI) observed in most cases, we have explored transforming the distribution of the data from a skewed distributed data to a more Gaussian distribution using the log transform of the data “log (dI)” (see Figure 3).



3.1.2. Ensemble Averaged vs. Total Wave Intensity Data

Because of the quasi-periodic nature of the cardiac cycle, most dynamic measurements of cardiovascular parameters are presented as a single “representative” beat or, preferably, as an ensemble average of the measurements over an ensemble of beats. Most wave intensity results, for example those shown in Figure 1, are calculated from the ensemble averaged P and U. In our study, we determined that the ensemble average of the instantaneous wave intensity is very close to the wave intensity calculated from the ensemble average P and U. Therefore, all of our preliminary studies of MEM were done using the ensemble average dI. The results were encouraging but not very robust, being very sensitive to various parameters in the calculations and producing an unacceptable number of outliers. We then tried MEM using the instantaneous dI calculated from all of the measured P and U, and found the results to be much more satisfactory. Figure 4 shows the histograms and the maximum total entropy for the categorized data using the two methods: wave intensity calculated from the ensemble averaged P and U or from the total P and U data.




3.2. Clinical Results

Wave intensity analysis provides a quantitative description of the timing, magnitude and direction of the waves that determine the pressure and velocity in an artery. This is particularly useful in the coronary arteries because the contraction of the ventricle causes disturbances to the distal intra-myocardial blood vessels which profoundly affect coronary artery hemodynamics. Previous studies have concentrated on the main waves, manifested as large peaks in the wave intensity waveforms, comparing the differences between normal and pathological conditions such as HOCM (7). We seek to extend this work by identifying smaller but still significant waves using a MEM to differentiate between peaks and background in the clinically measured wave intensity waveforms.

The benefits of MEM can be seen by comparing Figure 1, a previously published wave intensity analysis in a normal subject, with Figure 5, a normal subject in our study. The previous study identified 6 waves while using MEM we have identified 6 additional significant waves, most of which are present in Figure 1 but presumably considered to be noise.


[image: Figure 5]
FIGURE 5. Application of the maximum entropy method to wave intensity waveforms and identification of significant peaks. Significant peaks in the separated ensemble average wave intensity waveforms; forward (dI+) and backward (dI−), (A) Control subject, (B) Hypertrophic Obstructive Cardiomyopathy patient. FEW, Forward Expansion Wave; FCW, Forward Compression Wave; BCW, Backward Compression Wave; BEW, Backward Expansion Wave. The blue colored waves are the dominant waves, and red colored waves are the secondary waves. Note the difference in scales between (A,B).


In this study, we introduce a systematic nomenclature for waves in coronary arteries which may be useful in future studies. Our cohort of subjects is too small to reach any clinical results but we do present preliminary results for guidance and the statistical information necessary to properly power future clinical studies. Our approach is to divide the waves into dominant and secondary waves. We further divide the secondary waves into categories depending on the frequency that we observe them in our subjects, discussing their probable origin and their possible value in diagnosis.

The waves are named using the following convention:

F/B for Forward/Backward where forward is defined by the mean direction of blood flow.

C/E for Compression/Expansion depending on whether the pressure Increases/Decreases across the wave.

0/1/2 depending on the phase of the cardiac cycle in which they appear.

a/b/… refers to the successive individual waves with the same nature, that are occasionally observed.

For instance, FCW1a is a Forward Compression Wave that follows FCW1, which appears in the period between the rapid rise of pressure in early systole and the rapid rise of velocity in late systole.


3.2.1. Dominant Waves

As expected, the total wave energy was much larger in Controls than in HOCM patients; the average over Controls was 27 ± 9 kWm−2s−1 compared to 15 ± 8 kWm−2s−1 in HOCM. Statistically, this difference is significant with p < 0.01. To enable comparisons of individual waves between the two groups, we define the relative wave energy as the wave energy in a single wave, the time integral of the wave energy over the duration of the peak, divided by the total wave energy in that subject.

Waves are classified as “dominant” if they are present in all the subjects and their relative wave energy is >3%. The properties of the individual dominant waves are given in Table 1. The classification is essentially independent of the MEM analysis and comparison of Figure 1 and Table 1 shows that the dominant waves correspond to the numbered waves identified in previous studies (2, 6, 7, 14).


Table 1. The dominant waves.

[image: Table 1]



3.2.2. Secondary Waves

The secondary waves are described in Table 2 where they are classified into four categories depending on their frequency of observation in our subjects:

A waves that are observed in more than 40% of both Controls and HOCM subjects.

B waves that are observed in more than 40% of Controls but not in HOCM.

C waves that are observed in more than 40% of HOCM patients but not in Controls.

D waves that are observed in <40% of both groups.


Table 2. The secondary waves.

[image: Table 2]

The secondary waves observed in both Controls and HOCM are listed in Table 2 together with their frequency of observation, their average wave energy and wave energy fraction.





4. DISCUSSION


4.1. Methodological Discussion

Our original efforts to apply MEM to wave intensity measurements were disappointing, probably because of the highly skewed distribution of dI, see Figure 3. Observing that the log transformed data, [log(dI)], exhibited a much more normal distribution, we applied the analysis to the log transformed data which gave reasonable and robust results. Thus, the probability density is estimated from the log transform of the observed data using a histogram function for regularly spaced thresholds over the range [Tmin, max(dI)]. Tmin is determined from the histogram of all of the data as the smallest bin containing more than 1 count. Tests indicated that the total entropy results are not sensitive to slight changes in the value of Tmin.

Similarly, we found that MEM applied to wave intensity calculated for an ensemble averaged beat gave less reliable results than MEM applied to the wave intensity calculated from all of the instantaneous measurements of P and U. This is shown for a typical subject in Figure 4. The total entropy HT calculated for the total wave intensity data (black) is much smoother than HT calculated for the ensemble averaged data (red). More importantly, the maximum which is used to find the optimal threshold is shifted to a smaller value when the ensemble averaged data are used. The explanation for this shift is not obvious to us but it was observed consistently in our subjects. We therefore recommend that MEM should be used with the total rather than the ensemble averaged wave intensity data.



4.2. Clinical Discussion

We have used MEM to categorize the data and separate the significant peaks from the non-peaks. We refer to the noisy non-informative peaks as “background” because they include physiological noise, instrumental noise and any other unknown noise. We have applied MEM to WIA in one clinical application, HOCM, where wave intensity is thought to have predictive value of risk (3) but it is frequently difficult to identify the significant peaks from the background. Because of the small size of our cohort (21 subjects), all of the clinical observations should be considered to be preliminary; providing pointers to future clinical studies.

For convenience, we have divided the measured waves into dominant and secondary waves. The dominant wave coincide almost exactly with the waves measured in previous studies (2, 6, 7, 14) and their data are in Table 1.

Our results confirm the observation that the wave FEW2 (i.e., the Forward Expansion Wave occurring in late systole/early diastole) that is observed in all Controls is not observed in any of the HOCM patients. This suggests that the absence of this wave could be taken as a clinical indication of HOCM. In this case, the MEM analysis could be useful because it gives a quantitative measure for the “absence” of the wave. Because of the small number of patients in our cohort, these results are preliminary and not clinically definitive. They do, however, suggest future clinical studies exploring the link between the absence of FEW2 and changes in the myocardium in HOCM.

Our results also indicate that the two backward compression waves, BCW0, occurring during the iso-volumic contraction period, and BCW1, occurring during early systole, which are distinct in Controls present as a summation wave in all of our HOCM patients. The wave energy of this summation wave in HOCM is significantly larger than the combined energy of the two separate waves in Controls. This is not the case for other dominant waves FCW1 or FCW2 where the wave energy in Controls is significantly higher than the wave energy in HOCM. This large BCW, a deceleration wave, is responsible for the majority of differences between the pressure and velocity waveforms in HOCM and Controls. Also, the reduced FCW in HOCM suggest that HOCM pathology could significantly derange the forward waves originating near the aorta, which suggests that the aorta may play a role in perturbing the coronary flow dynamics.

The relatively small secondary waves that are revealed using MEM are listed in Table 2 together with their properties, wave energy and fractional wave energy. For convenience we have divided these secondary waves into four categories depending on their frequency of observation in our subjects.

Category A waves are relatively small waves that are observed in both Controls and HOCM. Their wave energy in HOCM is approximately half that in Controls, which is comparable to the difference in total wave energy between HOCM and Controls. This suggests that their etiology is similar in both groups and their study may increase our understanding of the detailed interaction between the heart and the coronary arteries.

Category B waves are present in the majority of Controls and absent in almost all HOCM. This suggests that a study involving a larger number of subjects could find some diagnostic utility in the clinical measurement of these waves. Any future studies should be guided by the function of these waves. For example, the largest wave in Category B is FCW1a, which is a second forward compression wave that accelerates the blood during mid-systole and is generally missing in HOCM. Similarly, the second largest wave BEW2a is a second backward expansion wave that accelerates blood during early diastole and is also present in most Controls but absent in most HOCM.

Category C waves are present in some of our HOCM patients but entirely absent in Controls. The largest of these waves is FEW1 which decelerates blood in early systole in some HOCM patients but is not present in any of our control subjects. Again, further study of this wave could provide supplementary evidence to the standard clinical tests for HOCM that may be useful in difficult cases or in differential diagnosis.

Category D waves are included only for completeness. They are not discussed because the observations are purely anecdotal.




5. CONCLUSION

The application of MEM to WIA for the identification of the significant peaks is novel and may enhance WIA in future study of coronary arteries. We demonstrate robust and reasonable results when we applied MEM to the log transformed wave intensity data, and smoother and more reliable results with the total rather than the ensemble averaged wave intensity data. Comparing the significant peaks in the wave intensity waveforms of Controls and HOCM patients, we have found an increase of backward compression waves and perturbed forward waves which altogether could perturb the coronary and aortic flow dynamics. We have also shown that some of the secondary waves identified using MEM are lost in HOCM patients, presumably due to the disease pathology, and that the appearance of FEW1 and BEW1 in HOCM patients could be predictor markers of HOCM. Thus, our provided data could help in elucidating the mechanisms involved in the complex interaction between coronary flow regulation and pathobiology of HOCM. However, the small number of subjects in our cohort is a serious limitation of our study and all our clinical results should be taken as preliminary.
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Background: Ventriculo-arterial (VA) coupling in bicuspid aortic valve (BAV) patients can be affected by the global aortopathy characterizing BAV disease and the presence of concomitant congenital lesions such as aortic coarctation (COA). This study aimed to isolate the COA variable and use cardiovascular magnetic resonance (CMR) imaging to perform wave intensity analysis non-invasively to shed light on VA coupling changes in BAV. The primary hypothesis was that BAV patients with COA exhibit unfavorable VA coupling, and the secondary hypothesis was that BAV patients with COA exhibit increased wave speed as a marker of reduced aortic distensibility despite successful surgical correction.

Methods: Patients were retrospectively identified from a CMR database and divided into two groups: isolated BAV and BAV associated with repaired COA. Aortic and ventricular dimensions, global longitudinal strain (GLS), and ascending aortic flow data and area were collected and used to derive wave intensity from CMR data. The main variables for the analysis included all wave magnitudes (forward compression/expansion waves, FCW and FEW, respectively, and reflected backward compression wave, BCW) and wave speed.

Results: In the comparison of patients with isolated BAV and those with BAV associated with repaired COA (n = 25 in each group), no differences were observed in left ventricular ejection fraction, GLS, or ventricular volumes, whilst significant increases in FCW and FEW magnitude were noted in the BAV and repaired COA group. The FCW inversely correlated with age and aortic size. Whilst the BCW was not significantly different compared with that in patients with/without COA, its magnitude tends to increase with a lower COA index. Patients with repaired COA exhibited higher wave speed velocity. Aortic wave speed (inversely related to distensibility) was not significantly different between the two groups.

Conclusion: In the absence of a significant restenosis, VA coupling in patients with BAV and COA is not negatively affected compared to patients with isolated BAV. A reduction in the magnitude of the early systolic FCW was observed in patients who were older and with larger aortic diameters.

Keywords: aortic coarctation, bicuspid aortic valve, congenital heart disease, wave intensity analysis, cardiac magnetic resonance, ventriculo-arterial coupling, ventricular strain


INTRODUCTION

Changes in ventriculo-arterial (VA) coupling are a key determinant of ventricular energetics (1). Considering the arterial side of the VA equation, both global and local changes can result in alterations of coupling efficiency. These changes can include overall alterations in arterial stiffness of the vessel as well as local changes in the vessel anatomy such as focal stenoses or sites of bifurcations. In this light, patients with bicuspid aortic valve (BAV) represent an interesting population in which to assess VA coupling, considering the presence of both global vascular abnormalities (BAV aortopathy) and the presence of concomitantly associated congenital lesions such as aortic coarctation (COA).

Wave intensity analysis (2) is an established method to measure the interaction between the ventricle and the remainder of the vasculature, and it has been used in other congenital heart diseases such as hypoplastic left-heart syndrome as well as aortic COA. In particular, previous studies exploring the hemodynamics of COA using wave intensity analysis observed that its presence results in a substantial backward reflection wave, in turn associated with left ventricular (LV) hypertrophy (3) and unfavorable LV energetics.

This demonstrates how the analysis of VA coupling can highlight the relationship between changes on the arterial side and the function of the LV and their possible repercussions on ventricular remodeling.

Importantly, wave intensity analysis lends itself to both invasive and non-invasive formulations, the latter making the analysis compatible with routinely acquired medical imaging data.

In this study, wave intensity analysis was performed non-invasively from cardiovascular magnetic resonance (CMR) data. This study focuses specifically on the assessment of the presence of a repaired COA in a population of patients with BAV, trying to isolate the COA variable from the BAV-associated aortopathy. The hypothesis underpinning the study is that BAV patients with COA exhibit unfavorable VA coupling. A secondary hypothesis is that BAV patients with COA also exhibit increased wave speed as a marker of reduced arterial distensibility.

The aim is to explore the difference in VA coupling between patients with isolated BAV and patients with BAV and repaired COA.



METHODS


Patient Population

Patients for this study were retrospectively identified from a database of 525 clinical CMR scans in patients with BAV acquired at the Bristol Heart Institute between 2011 and 2016 (4).

Ethical approval was not required by the local Research and Innovation Department in light of the retrospective nature of the study.

Patients were excluded based on the following criteria: (i) previous surgery on the aortic valve and/or surgery of the aortic root or ascending aorta, (ii) associated congenital heart defects apart from repaired aortic COA, (iii) undefined aortic valve morphology, (iv) presence of aortic valve stenosis (any degree), (v) presence of moderate to severe aortic regurgitation, (vi) presence of severe reCOA (COA index >0.5), and (vii) suboptimal image quality.

Twenty-five patients with BAV and repaired COA and 25 patients with isolated BAV were ultimately included from the above-mentioned sample.



CMR Imaging

All scans were acquired at 1.5 T (Avanto, Siemens Healthineers, Erlangen, Germany). Demographic and clinical information were gathered from CMR reports, together with aortic dimensions, valvular anatomy, presence of COA, presence and severity of valve dysfunction, LV volumes, LV mass, and LV ejection fraction (LVEF).

Aortic regurgitation was graded, according to regurgitant fraction quantification, as mild (<30%), moderate (31–49%), and severe (>50%). Aortic stenosis was classified, according to valve planimetry, as mild (>1.5 cm2), moderate (1.0–1.5 cm2), and severe (<1 cm2) (5).

Severity of the reCOA was defined based on a COA index (6), i.e., a ratio of the aortic diameter at the level of the isthmus over the diameter of the descending aorta at the level of the diaphragm. Severity of reCOA was thus graded as absent (COA index >0.85), mild–moderate (COA index = 0.5–0.85), or severe (COA index <0.5).

Global longitudinal strain (GLS) was measured with the dedicated tool in the CVI42 software (Circle Cardiovascular Imaging, Calgary, Canada) by manually contouring the endocardial and epicardial borders of three long axis projections (four-chamber, three-chamber, and two-chamber views of the LV) in end-systole and end-diastole and propagating the regions of interest (ROIs) semiautomatically throughout the cardiac cycle, followed by manual correction.

The phase-contrast (PCMR) flow sequences acquired in the proximal ascending aorta at the level of the left pulmonary artery were selected for wave intensity analysis (7). Image segmentation was performed using the Flow package of CVI42 (Circle Cardiovascular Imaging), contouring the area of the aorta and propagating the ROI semiautomatically throughout the cardiac cycle, obtaining the corresponding flow velocity and area curves (Figure 1). The latter were used to derive fractional changes in area (dlnA) and velocity differentials (dU) to calculate wave speed and perform wave intensity analysis.


[image: Figure 1]
FIGURE 1. From left to right: Aortic arch template of patients with BAV and repaired aortic COA (upper) and isolated BAV (lower); four-chamber view for GLS analysis in the diastole (upper) and systole (lower); velocity (upper) and area (lower) curves derived from phase-contrast analysis at the level of the ascending aorta; wave speed in patients with repaired COA (upper) and isolated BAV (lower); examples of wave intensity analysis patterns in a patient with repaired COA (upper) and isolated BAV (lower).




Aortic Distensibility

Processing of the aortic velocity (U) and area (A) signals and subsequent calculations were all performed in Matlab (MathWorks, Natick, MA, USA) using an in-house script, including steps of interpolation and resampling of the signals to 1 ms. Changes in U and A are related through the water hammer equation:

[image: image]

where the + and – subscripts indicate the forward-traveling and the backward-traveling components of the wavefront, respectively.

Similar to the pressure–velocity loop method (8), the U and lnA signals were plotted against each other, and the slope of the early systolic linear portion of the loop yields an estimate of wave speed (c). This approach, mathematically based on the Riemann method of characteristics, is based on the observation that in early systole the relationship between pressure and velocity is generally linear, with the slope of the first portion of the loop being proportional to c (9). Knowledge of c, in turn, allows direct estimation of aortic distensibility (D) based on the Bramwell–Hill equation (10):

[image: image]

where ρ is the density of blood.



Wave Intensity Analysis

Wave intensity is a haemodynamic index that describes the working condition of the heart in relation to the remainder of the vasculature (3, 9), defined as the product of simultaneous pressure and velocity differentials at a given point in the circulation:

[image: image]

where dP/dt and dU/dt represent changes in pressure and velocity measured simultaneously at a given location. As an analytical tool, wave intensity offers insights into haemodynamic changes and wave propagation, as it quantifies the intensity and energy carried by waves traveling in the blood (both forward, i.e., away from the heart, and backward, i.e., toward the heart) in the time domain (11). The clinical meaning of changes in wave intensity has been discussed extensively in the relevant literature, particularly indicating that the magnitude of the first positive peak of the aortic wave intensity pattern positively correlates with ventricular dP/dt and the second positive peak in late systole negatively correlates with the diastolic time constant τ (12). The first peak (a forward-traveling compression wave, FCW) can thus be considered an indicator of contractile performance of the ventricle, whilst the second peak (a forward-traveling expansion wave, FEW) can be considered an indicator of isovolumic relaxation. Wave intensity thus carries information on both contractility and protodiastolic relaxation of the left ventricle (12, 13), and it has been shown to hold prognostic value, predicting cardiovascular events independently of other cardiovascular risk factors or being independently associated with cognitive decline (14, 15).



Data Analysis

Statistical analysis was carried out in Stata (v 13.1, StataCorp, College Station, TX, USA). Continuous variables are reported as mean ± SD, when normally distributed, and median (IQR) when not normally distributed, based on visual assessment of the data. Differences between continuous variables were assessed with either a Student's t-test or Mann–Whitney test, as appropriate. Categorical variables are reported as proportions or percentages, and differences between categorical variables were assessed with chi-square test. Associations between clinical, anatomical, and functional variables were investigated using univariate linear regression analysis. If multiple predictors were found to be significantly associated with an outcome of interest, these were further tested in a multivariable regression model. A p < 0.05 was taken to indicate statistical significance.




RESULTS

Demographic characteristics of the study population, together with anatomical and functional data, are summarized in Table 1. There were no statistically significant differences in age (at the time of the CMR scan), sex, or BSA amongst the two groups.


Table 1. Demographic characteristic, anatomical, and functional data.

[image: Table 1]

Patients with BAV and repaired COA presented overall with smaller diameters at the sinus of Valsalva compared to patients with isolated BAV (17.3 vs. 20.3 mm/m2, p = 0.001), ascending aorta (14.6 vs. 20.8 mm/m2, p < 0.001), and the transverse aortic arch (16 vs. 22 mm, p < 0.001).

The majority of patients with BAV and repaired COA underwent a surgical repair (92%), whereas only 8% of the patients underwent and interventional repair with stenting. Surgical procedures included end-to-end anastomosis (n = 11), subclavian flap aortoplasty (n = 2), and unknown (n = 10). None of the patients had a significant reCOA (median COA index = 0.73).

Patients with isolated BAV had a higher degree of aortic regurgitation compared to those with repaired COA (regurgitant fraction 2 vs. 6%, p = 0.01).

No differences were observed in LVEF and GLS between the two groups, as reported in Table 2. Indexed end-diastolic and end-systolic volumes also did not differ significantly between the two groups.


Table 2. Results from CMR analysis.

[image: Table 2]

An example of the results is illustrated in Figure 1. Significant increases in FCW and FEW magnitudes were noted in the repaired COA subgroup, as reported in Table 3. Furthermore, wave intensity revealed the presence of a backward compression wave (BCW), although it was not significantly different when comparing the BAV-with-repaired-COA group with the isolated-BAV group.


Table 3. Wave intensity analysis results for the BAV patients with and without COA (BAV + COA vs. isolated BAV).

[image: Table 3]

Linear regression analysis, in BAV patients with repaired COA, revealed that FCW was inversely associated with age (rho = −0.49, p = 0.037) and with increasing diameters at the level of the ascending aortic (rho = −0.625, p = 0.001), aortic root (rho = −0.55, p = 0.005), and descending aorta (rho = −0.44, p = 0.034). It was also noted that the FEW magnitude decreased as aortic diameters increased at the ascending aortic and aortic root (rho = −0.55, p = 0.008 and rho = −0.0441, p = 0.04, respectively). The BCW in patients with BAV and repaired COA increased in magnitude with worsening of the COA index (rho = −0.435, p = 0.043).

Aortic wave speed was higher in the group of BAV with repaired COA (suggesting a degree of reduction of aortic distensibility in these patients), but this difference did not reach statistical significance (c = 5.9 vs. 4.2 m/s, p = 0.08).

A ratio of “VA efficiency,” measured as the FCW/FEW ratio, was not different between the two groups (8.5 ± 5.7 vs. 10.4 ± 9.0, p = 0.5), as well as the ratio FCW/BCW, both reported in Table 3.



DISCUSSION

This study examined properties of the aortic arch in a population of BAV patients, assessing the effect of repaired COA on aortic hemodynamics. The main observations from this study were that patients with BAV and repaired COA without any significant reCOA exhibit VA efficiency comparable to those with isolated BAV, as shown by the wave intensity analysis results, and that the presence of residual narrowing, albeit not clinically significant based on the COA index, appeared to be associated with an increment in the magnitude of backward reflected waves. This study also complements and adds to the overall wave intensity literature, particularly because it provides information on patients with BAV only, whereas the literature has generally focused on the presence of the COA, its haemodynamic effect, and different types of COA repair (16, 17).

The study analyzed VA coupling based on the hypothesis that patients with repaired COA would exhibit a reduction in the wave intensity values, reflecting an unfavorable VA coupling scenario, possibly due to anatomical and functional abnormalities.

As far as the aortic arch morphology is concerned, in our population, patients with COA had smaller aortic diameters compared to isolated-BAV patients, with lower diameters at the level of the root and in the ascending aorta, with a degree of transverse arch hypoplasia (4, 18).

With regard to LV functional parameters, there were no differences in global LV systolic function, assessed with LVEF and GLS. Likewise, a difference in VA efficiency was not observed between the two groups. Compared with other studies, ours did not show a correlation between LV deformation parameters and vascular indices (19). However, patients with BAV and repaired COA presented higher values of wave speed (and thus reduced aortic distensibility), compared to isolated-BAV patients, suggesting an increase in aortic stiffness in the first group, albeit results did not reach statistical significance.

A prior larger study employing wave intensity analysis in a population of COA patients reported a significant increase in ascending aortic stiffness compared to healthy controls (2). These results are not confirmed in our population, and this is possibly due to the fact that both our groups, being affected by BAV and related aortopathy, are carriers of structural abnormalities of the aortic wall.

Insight into post-operative COA physiology, especially through exercise studies, highlighted different features, at times conflicting (20), and different factors beyond the aortic anatomy itself have been suggested to be at play, including increased systemic arterial resistance and a hyperdynamic state which can lead to increased systolic blood pressure (20, 21).

The presence of an important BCW has already been described in repaired COA patients (3). Our results confirm the presence of a backward wave in patients with BAV and repaired COA, which was not significantly different in magnitude from that measured in patients with isolated BAV. The presence of the BCW derives from the anatomical restriction representing a reflection site or from an increase in aortic stiffness at the site of COA, or a combination of both factors. It should also be considered that, above and beyond local changes at the COA site, the overall aortopathy may play a role in such a population with isolated BAV, explaining the absence of significant differences amongst the two groups. The presence and magnitude of the BCW have also been associated with increasing LV mass in patients with atherosclerosis (22, 23). Furthermore, hypertensive therapy has been suggested to reduce the magnitude of the BCW in the aorta (22).

This analysis indicated a trend toward an increase of the magnitude of the BCW increases as the COA index decreases, even when the reCOA is not clinically significant (median COA index 0.73). Hashimoto et al. demonstrated that in the absence of an anatomical narrowing or in the presence of a mild reCOA, daily systolic blood pressure is independently associated with the COA index (24). The mechanism through which this phenomenon occurs is not entirely understood and may be in part explained by the increased aortic stiffness in these patients, also presenting histological changes and a reduction in smooth muscle cells vs. collagen (25, 26). The magnitude of the BCW may represent an additional tool to stratify these patients and potentially contribute to inform their treatment. However, additional studies are required to verify the relationship between increasing BCW and significant alterations in blood pressure and/or clinical endpoints.

Despite not observing significant alterations in VA coupling, we found that older patients and those with increased aortic diameters (at the level of the aortic root and in the descending aorta) present a reduction of the FCW, as a surrogate for dP/dt. This finding suggests the possible presence of subgroups with unfavorable anatomical and functional characteristics. Also, whilst this study focused on comparing BAV patients with and without repaired COA, comparison with values reported in the literature for healthy controls in a similar age range suggests a substantial difference, which should be explored further in a single prospective study.

The uptake of parameters derived from imaging-based methodologies, such as statistical shape modeling (27) and wave intensity analysis, could potentially represent a contribution of diagnostic value allowing identification of patient subgroups at risk of developing aortic dilatation, LV systolic and diastolic dysfunction, or systemic hypertension and thus requiring more frequent follow-up (28). In particular, future prospective studies should explore the relationship between morphological characteristics of the aortic arch and changes in aortic distensibility with VA coupling and the development of hypertension (at rest and during exercise).


Limitations

The main limitations of this study are due to its retrospective nature. Data on arterial blood pressure (cuff measurements) at the time of CMR were not available for most patients as well as LV mass. Whilst the main aim of the study was to explore changes in wave intensity parameters comparing BAV patients with and without COA and as such lacked a group of healthy controls, the small sample size of the study limited subgroup comparisons of interest, such as comparing patients with different COA repairs (different surgical approaches and/or stenting). It would also be interesting to explore any relationship between age of COA repair and wave intensity variables. Whilst the study was based on routinely acquired CMR data, high-temporal-resolution PCMR would be desirable in future prospective studies to confirm observations on changes in wave speed.




CONCLUSION

In conclusion, this study explored the effect of the presence of repaired aortic COA on VA coupling in a population of patients with BAV. Patients with BAV and repaired COA, in the absence of a significant reCOA, are not negatively affected with regard to VA coupling compared to patients with isolated BAV. On the other hand, the study suggests that further studies assessing the effect of BAV aortopathy on ventricular energetics are warranted, expanding the current BAV literature.
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BAV + repaired COA Isolated BAV p-value

© (wave speed) 59(383-7.8) 42(25-6.9) 008
ms

D (distensibilty) 00035 (0.002-0.111)  0.0068 (0.003-0.019) 008
1/mmHg x 1072

FCW (m/s) x 10-5 28+£20 1.7+£16 0.04*
FEW (m/s) x 10-5 0.42 %030 02£02 002
BOW (n/s) x 10-5 -03£05 ~02+0.1 0.10
FOW/FEW 85+57 10490 050
FCW/BCW 15.4 £ 156 23.6+384 0.60

FCW, forward compression wave; FEW, forward expansion wave; BCW, backward
compression wave.
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BAV + repaired COA BAV p-value

LVEDV (ml/m?) 74 (66-95) 81(76-97) 023
LVESVi (mi/m?) 33 (28-37) 30 (23.0-38.5) 036
LVEF (%) 61 (57-66) 62 (57.5-69.5) 028
GLS (%) —19(-20810-167)  —187(-21210167) 075

LVEDV, left ventricular end diastolic volume indexed; LVESVi, left ventricular end systolic
volume indexed: LVEF, left ventricular ejection fraction; GLS, global longitudinal strain.
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Age category, years systolic blood pressure category, mmHg

<100 100-119 120-139 140-159 160-180 >180

eaPWV as mean  standard deviation, m/s

<30 50£0.1 57+08 60£02

30-39 65+02 59402 64+02 7.2

40-49 63£03 69204 73£04 83+02

50-59 63 73£04 79404 84204 88+02

60-69 89+05 92405 99+06 108404 12
=70 97" 107£09 11.5£1.0 118£08 119£13 141
PWVslope as mean : standard deviation

<30 0.034 + 0.002 0.035 + 0.004 0.037 + 0,005

30-39 0.035 +0.003 0.035 + 0,002 0.033 + 0,004 0.039"

40-49 0.034 £ 0.003 0.035 + 0,003 0.034 + 0,003 0.037 £ 0002

50-59 0.035" 0.034 + 0.001 0.034 + 0,002 0.035 + 0,002 0.037 £ 0003

60-69 0.033 £ 0.001 0.034 £ 0,003 0.035 £ 0,003 0.034 £ 0004 0.036"
=70 0.083" 0.034 0,002 0.035 + 0.002 0036 + 0,004 0.040 £ 0007 0.037*
PWvbaseline as mean  standard deviation, m/s

<30 14£03 1.4£09 09£06

30-39 17402 1803 19£06 13

40-49 27404 27404 25+06 25+02

50-59 34" 38+05 38205 37405 31£08

60-69 55£05 52£06 51%05 57£10 49"
=70 67" 72£09 74£10 71£10 59+08 7

*Standard deviation not available.
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Dependent parameter: eaPWV

Independent parameter Regression coefficient R2-value p-value

Age 0.13 0.86 <0.001
Systolic blood pressure 0.03 0.05 0.007
eGFR 0.002 0.0007 0.02

Myocardial infarction 0.21 0.0006 0.02

Dependent parameter: PWVbaseline

Age 0.12 0.88 <0.001

Diastolic blood pressure -0.018 0.007 <0.001






OPS/images/fphys-11-579852/fphys-11-579852-t004.jpg
Initial recording Follow up recording p-value

Systolic blood 134.4 £ 143 136.6 + 15.6 0.35*
pressure, mmHg

Diastolic blood 80.0 £ 10.7 80.5+11.6 0.59*
pressure, mmHg

Pulse pressure, 544 +11.3 652 11.8 0.34*
mmHg

Heart rate, 67.8+9.7 67.4 £10.5 0.57*
beats/min

PWV120, m/s 89+21 9.0+21 <0.001#
PWVslope 0.0347 + 0.00297 0.03495 + 0.00324 0.37*
PWVbaseline, m/s 479 £ 2.11 4.81 £2.08 0.56%

eaPWV120- estimated aortic pulse wave velocity for the systolic blood
pressure of 120 mmHg according following equation: PWViy9 = 120
mmHg*PWVslope + PWVbaseline; *paired t-test; *paired Wilcoxon-test.
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Signals Wave intensity (Units) Wave separation References

Pi =[P — Py pcdU] /2

Pressure-velocity dl = dPdU (W/m?) Us=[Ux(P—Pu)/(pc)] /2 Parker and Jones, 1990
dl = %[0P & pcaUP? / (49c)
D+ =[D—Dyq +DU/ (20)] /2

Diameter-velocity dP = dDdU (m?/s) Us = [U+2¢In(D/Dua)] /2 Feng and Khir, 2010
d2 = +cldD + Dau/ 20)]? / (2D)
INA+ = [IN(A/Aua) £U/c] /2

Area-velocity dA =d (InA)ydU (m/s) Us =[U%chn(A/Aw)] /2 Biglino et al., 2012
dih = £c[dinA £ au/c]® /4

Signals Wave power (units) Wave separation References

Pi=[P—Pu+Z.Q/2
Pressure-flow dn = dPdQ (W) Qr=[Qx(P—-Pw)/Z:]/2 Mynard and Smolich, 2016
dns = +(dP + ZedQ)2 / (4Z5)
ps = [2PQ+£Z.Q% + (PP — P2,) /Zc] /4

Note that (1) the wave intensity surrogates involving diameter (dl°) or cross-sectional area (dl®) instead of pressure (dl) do not have units of intensity; (2) except for
pressure-flow, expressions for wave separation have been modified from the original references to incorporate wave potential by introducing an undisturbed pressure
(Pua), diameter (Dyq) or area (Aua) using derivations analogous to those for pressure-flow (Mynard and Smolich, 2014b); (3) hydraulic pressure power (I1p = PQ) may also
be separated into forward and backward components (Tlp).
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Aortic FDW duration

72 ms (human)
122 ms (human)
164 ms (human)
97 ms (human)
36-66 ms (dog)
37 ms (sheep)

References

Figure 1 in Hametner e
Figure 2 in Koh et al. (1

Figure 5 in Khir et al. (2

Figure 3 in Mynard and

Time from peak LV torsion to aortic valve closure

14 ms (human)
0-7 ms (human)
27 ms

Table 1 in Notomi et al.

Figure 1 in Notomi et a
Dong et al. (2001)

Time from peak myocardial shortening to aortic valve

25 to —80 ms (human)
27 to =21 ms (human)

Figure 6 in Mada et al.

Figure 3 in Davies et al. (2012)

al. (2017)
998)
001a)

Figures 4, 5 in Khir and Parker (2005)

Smolich (2016)

(20064)
. (2006b)

closure

Figure 4D in Zwanenburg et al. (2004)

(2015)

FDW, forward decompression wave; LV, left ventricle. A negative time indicates
peak LV torsion or shortening occurs after aortic valve closure. Note that it is
generally thought, and modeling studies suggest (Mynard and Smolich, 2015), that
the end of the aortic FDW corresponds closely to the time of valve closure.
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Mechanisms Managements Therapeutic response predictors References

Physical deconditioning Avoidance of triggers - ©7)
Sufficient sleep Awakening salivary cortisol concentrations
>4.1ng/mL
Physical exercise -
Autonomic nervous function QTed >43ms (100)
exercises
Hypovolemia Increase water and salt Lower MCHC values @1
intake
ORS Urinary sodium <124 mmol/L per 24h ©9)
BMI <18 kg/m? (104)
HR increments of 41 bpm or maximum upright HR (105)
of 123 bpm in 10min
Damaged skeletal muscle pump Wearing compression -
activity garments
Local vascular tension dysfunction Midodrine hydrochloride FMD >9.85% (109)
Erythrocytic HS production >27.1 nmol/min x 10° ©2)
Plasma MR-ADM >61.5 pg/mL (110)
Plasma copeptin >10.5 pmol/L. 11
Pre-treatment increase in SBP <0 mmHg or DBP (112)
<6.5 mmHg from the supine to the upright position
Hyperadrenergic status Metoprolol Plasma CNP >32.55 pg/mL. 17
Orthostatic plasma NE >3.59 pg/mL. @8)
Plasma copeptin <10.2 pmol/L. (118)

FMD, flow-mediated vasodilation; CNP, C-type natriuretic peptide; MCHC, mean corpuscular hemoglobin concentration; NE, norepinephrine; ORS, oral rehydration salt; MR-ADM,
midregional proadrenomedullin; POTS, postural tachycardia syndrome; QTed, corrected QT-interval dispersion.
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Age (years)
Male sex

Diameter reduction (%)

Pre-PCI

Post-PCl (1=7)
Coronary risk factors

Hypertension

Smoking history
Medication

Nitrates

b-Blockers

Galcium antagonists

56£3
10 (83%)

40037
193+35

1(8%)
6(50%)

8(67%)
8(67%)
4(33%)

Values are reported as mean + SEM or n (%), as appropriate. PCl, percutaneous

coronary intervention.
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Stenosis (1=12) Post-PCI' (1=7) Reference (n = 14)

Proximal location

HR (opm) 64+2 6313 6743
Pa (mmHg) 98.0+£33 1021+ 36 97.4+£32
Pd (mmHg) 97.0=3.4 1011 £37 95.0+33
AP (mmHg) 1.0£02 09+02 25+04
U emss) 20217 21716 21225
SPe (mfs) 18318 208+ 1.9 23.4+83
Distal location

HR (oprm) 6542 6643 6942
Pa (mmHg) 98234 97457 99.7+38
Pd (mmHg) 91.8+ 8.0 938+49 96739
AP (mmHg) 65+ 13" 36+13 3106
U (em/s) 147 £1.7F 185416 199418
SPe (m/s) 284+37" 219220 250+238

Values are reported as mean & SEM. HR, heart rate; Pa, aortic pressure; Pd, distal
pressure; AP, pressure drop; U, flow velocity; SPc, single-point wave speed.

" Proximal values represent those obtained prior to PCl in this patient subgroup.

*p < 0.02, Tp < 0.005 compared with proximal location.
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Arterial Length ry Eh Ry Ry Cwi

segment (cm) (mm) (Pam) (mmHg s mL~") (mmHg s mL~") (mL mmHg™")
1. Asc. aorta 6.00 18.1 975.7 - - -
2. Aortic arch | 2,00 158 851.0 - - -
3. Aortic arch I 3.90 15.2 817.8 & 5 #
4. L. subclavian 3.40 6.4 346.4 - - -
5. Brachial | 8.44 5.4 292.3 - - -
6. Brachial Il 8.44 48 262.9 - - -
7. Brachial Il 844 43 234.4 - - -
8. Brachial IV 8.44 37 2075 - . <
9. Brachial V 844 34 1782 1.548 10.982 0046
10. Brachiocephalic 3.40 86 461.1 0.123 4523 0252
11. L. Com. carotid 6.95 4.4 239.6 0.406 10.333 0.047
12. L. vertebral 370 22 152.2 1.582 57.410 0.008
13. Desc. Thor. aorta | 5.20 12.8 691.7 - - .
14. Intercostal 8.00 15 139.7 9.115 3.081 0,051
15. Desc. Thor. aorta I 10.40 97 5203 0.125 0964 0683

They were taken from the 25-yeer-old baseline subject in Cheriton et al. (2019). Segment numbers are displeyed in Figure 2B. The remaining parameters are: biood density p = 1,060
Kg m™3, blood viscosity n = 2.5 x 10~% Pa s and outlow pressure Pout = 33 mmHg. rg is the diastolic luminal radius, E is the Young moduius, h s the wal thickness, R1, Rz, and Ok
are the two resistances and compliance, respectively, of the outflow windkessel models. L, left: Com, common; Desc, descending; Thor, thoracic.
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Characteristic Normotensives Hypertensives In silico

(n=26) (n=57) (n = 4374)
Age (years) 44414 4013 5017
Sex (male %) 58 65 100
Height () 1.72:£008 1.72 £ 009 1.76 £0.00
Weight (kg) 79277 79.4+13.4 -
Heart rate (bpm) 62+8 6210 7%6+9
a0 (om) 096 +0.12 098+ 0.11 1.97 £0.19
T (0 020003 0204 0,03 0.45 0,05
SV (mL) 55.4% 158 5244139 60.4 % 12.4
(AQu/Atho (MLSs?) 1550 + 464 1580 405 1966 + 270
0Qun/alt] gy (ML) 96435 98431 434.+83
PP (mmHg) 307+ 123 456+ 135 350+ 163
pPP (mmHg) 510+ 12.0 541£147 5024 13,6
APP (mmHg) 12+64 15£75 155£5.2
Rr (mmHg s/mL) 1964 0.55 2204070 127 £031
Cr (mUmmHg) 145048 1.04 +0.40 085 +0.30

Values are percentage or mean  SD. raq, aortic radius; rec, brachial radius; SV, stroke
volume; (AQn/Al)ao, approximate maximum temporal rate of decrease in late-systolic
flow at the ascending aorta; dQi/dt|,yy, g, Maximum temporal rate of decrease in late-
systolic flow at the brachial artery; PR, central pulse pressure; pPF, peripheral pulse
pressure; APP, pulse pressure ampliication; Rr, total vascular resistance; Cr, totel
vascular compliance. rgra and Qi /dt| 5., fOF the in vivo datasets were estimated from
the corresponding data in the aorta using Equations (16) and (17), respectively.
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Event Control (ms) Occlusion (ms)

Minor axis maximum shortening velocity Mivaxu 110+ 4 93 £ 36
BCW onset 106 £ 5CCC = 0.96 97 £ 36CCC = 0.96
Vmax 117 £ 16CCC = 0.87 103 £ 34CCC = 0.97

Long axis maximum shortening velocity Lmaxu 147 £ 20 168 420
FDW (D1) 149 £+ 23CCC = 0.97 163 £30CCC = 0.69
BCW peak 149 £+ 22CCC = 0.91 164 £ 15CCC = 0.65

Rapid phase of the forward decompression wave (D2) FDW (D2) 191 + 18 201 £22
Ly 190 £ 20CCC = 0.86 196 £ 28CCC = 0.90
My 189 £ 20CCC = 0.93 194 £ 25CCC = 0.89
Prax 192 £ 27CCC = 0.82 204 £21CCC = 0.90
U 190 £ 17CCC = 0.77 196 +£27CCC = 0.92

Wave energies (J/m?) FCW 295 + 198 232 £209
BCW —42 £ 13 —101 £24
FDW 120 £ 57 78 + 64

CCC = concordance correlations. During both control and aortic occlusion conditions, the time of maximum shortening velocity of the LV minor axis (Mmaxu) coincides
and has been compared with the time of the arrival of the BCW. The time of maximum shortening velocity of the LV Long axis (Lmaxu) coincides and has been compared
with both the slow onset of the FDW (D1) and the peak of BCW. The rapid phase of the FDW (D2) coincides and has been compared to peak aortic pressure (P), an
inflection point on the descending limb of aortic velocity (U;) and the change in rate of deceleration of the LV minor and long axis during late systole (Lg and Mg). Plus
average energies carried by the forward compression wave (S), reflected compression wave (R), and forward decompression wave (D) at control conditions and during
total aortic occlusion. The forward waves are both attenuated during occlusion, while the reflected wave is significantly larger.
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Variable Control Occlusion p-value

SBP (mmHg) 116 +£9 178+ 9 <0.0001
DBP (mmHg) 73+7 108 + 7 0.003
MBP (mmHg) 8847 130 + 8 0.001
PP (mmHg) 43+5 65+ 5 0.008
HR (opm) 86+5 90+5 0.5
SV (m)) 13.0+15 11.3+£1.7 0.5
CO (L/min) 12406 156+£08 0.3
TPR (kPa/L) 124 £6.7 18.6£7.2 0.7
C (mi/kPa) 2.334+0.6 1.38+0.3 0.001
EEA (kPa/ml) 119 £0.4 1.92 £ 0.6 0.005
SEP (ms) 194 + 11 174 £12 0.2
Peak U (m/s) 0.7 £0.09 0.5+ 0.1 0.4

SBP, systolic blood pressure; DBR diastolic blood pressure; MBP, mean blood
pressure; PP pulse pressure; HR, heart rate; SV, stroke volume; CO, cardiac
output; TPR, total peripheral resistance; C, arterial compliance; EEA, effective
arterial elastance; SEP, systolic ejection period; peak U, peak velocity.





OPS/images/fphys-11-578701/fphys-11-578701-i002.jpg





OPS/images/fphys-11-578701/fphys-11-578701-i001.jpg





OPS/images/fphys-11-578701/fphys-11-578701-i000.jpg
gEy





OPS/images/fphys-11-578701/fphys-11-578701-g006.jpg
Il

(t)

Thoracic Occlusion

Larger
BCW

N

Control

4000

3500

3000
2500
2000

) O

1500

Minor axis reduced velocity of shortening

1000

-10-

F o0.05

I 1
N —
S 9
o o

0.04

0.03r
-0.01F
-0.02

(syw) Buluajioys jJo AJI00|9A

‘llll‘l‘l‘ll'l -—

4000

3500

2000 '/u

1500+

3000+
2500+

1000

0

(;W/M) MOg

-8}

-10

[
T
S
o

o

| |
T o
Q@ @
o o

0.02+-
01

(syw) Buluapoys Jo AJ190 1A





OPS/images/fphys-11-578701/fphys-11-578701-g005.jpg
dPlv (kPa, ---)

t(s)

15 i L 45
|
/ \\ |
A T | 140
1+ / / \ |
I \ |
[ \ |
| I —35
0.5 / \ |
/ \ |
/ ML | Sharp decline in LV
// NoNNoma o pressure R 30
0 it VR o 4 < - A \ /
I\ - /
I \ / —125
\ /’
0.5 : \ ,
\ ’
by / —20
| \ p /
|
=1 = | ‘ l
| I |
| L 15
| ||
1.5 - l | |
l | | —10
' I
' l
2 — D2 | , s
Rapid increase inl
energy l
25 | s—b— | | i — | s | 0
9.5 9.55 9.6 9.65 9.7 9.75 9.8 9.85 9.9 9.95 10

di, (W/m?)





OPS/images/fphys-11-00313/fphys-11-00313-g002.jpg
WCNPQ

0.14 , 0.1
R=0.83
RMSE=0.01 I i 0.075 1
0.12 ’ 1
o o 0.05
‘o'/ 8 0.025!
017 // g )
© A7 ] 0 % ... o* o
fe 00 & @  ® (&3] ©
0.08 | " { 0 -0.025 | o oo _
7
-0.05
0.06
-0.075
0.04 : : : : -0.1 : - :
0.04 006 008 01 012 014 0.06 0.08 0.1 0.12

WCNPinf Mean Value





OPS/images/fphys-11-00313/fphys-11-00313-g003.jpg
ErrorwcN

ErrorWCN

7
PWV (m/s)

1 1

40 50
PP (mmHg)

60 70

0.1
0.075 -
0.05 -
0.025 -

-0.025 -
-0.05
-0.075

1 1 1

-0.1

75 80 85 90
HR (bpm)

95 100 105

110





OPS/images/fphys-11-00313/fphys-11-00313-g004.jpg
0.08

Noninvasive

N

)
= 006

0.04 -

10

20

30

40 50 60
Age (Years)

70

80

90

012}

0.1r

0.08

Noninvasive

WCN
o
S

0.04 |

10

20 30 40 50 60 70 80
Age (Years)

90





OPS/images/fphys-11-00313/fphys-11-00313-e005.jpg
P(f) =Py + D [Py(w)] =90,

n=1

Q1) = Qo+ X 1Qu(@)] =¥,

1

(6)





OPS/images/fphys-11-00313/fphys-11-00313-e006.jpg





OPS/images/fphys-11-00313/fphys-11-00313-e007.jpg
WCNpjuf = (1/2) tarr - HR.





OPS/images/fphys-11-00313/fphys-11-00313-g001.jpg
Zo FT.

m | P (w)] d PWV & HR
00 Ti e(S) |Z| = IQ” (w)l f )mein-é Leff —_— WCNPQ
Z 300 i
2?22/\_ = 10,(@)
Tlme(s)
g‘ﬂo g‘OD 3; HR
EEDﬁ\ e §ao ¢ — WCNPinf
60 s «—rarr
’ Ti:u:(s) ' ¢ o2 !

Time (s)





OPS/images/fphys-11-00313/fphys-11-00313-e002.jpg
fzmin = Minimum |fi| (i=1,2,...),

(3)





OPS/images/fphys-11-00313/fphys-11-00313-e003.jpg
(4)





OPS/images/fphys-11-00313/fphys-11-00313-e004.jpg
Z

_ Bl
Q@)

©





OPS/images/fphys-12-608098/math_14.gif
lAo—Bra(mm) = 37.9 x sex(male = 1, female = 0)
4+1.4 x age(years) + 2.5 x height(cm) — 14.8.  (14)





OPS/images/fphys-12-608098/math_13.gif
4ol B dQin

PP = ppp + 2L 1A .
PP e |

12)





OPS/images/fphys-12-608098/math_12.gif
4ol B dQin

PP = ppp + 2L 1A .
PP e |

12)





OPS/images/fphys-12-608098/math_11.gif
Axp  d
—p- 2 1
PP(x) = cPP or (an






OPS/images/fphys-12-608098/math_10.gif
APP(x) = 3R | (10)





OPS/images/fphys-12-608098/math_1.gif
(1)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		WAVE ANALYSIS OF CARDIOVASCULAR PHYSIOLOGY AND DISEASE



		Racial Differences in Left Ventricular Mass and Wave Reflection Intensity in Children



		Introduction



		Methods



		Study Design



		Carotid Wave Intensity Analysis (WIA)



		Echocardiography



		Statistical Analyses



		Results



		Discussion



		Racial Differences in Left Ventricular Mass



		Racial Differences in Central Hemodynamic Load



		Racial Differences in Left Ventricular Mass and Wave Reflection Intensity: Impact of Heart Rate



		Limitations



		Conclusion









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Estimation of Wave Condition Number From Pressure Waveform Alone and Its Changes With Advancing Age in Healthy Women and Men



		INTRODUCTION



		THEORY AND METHODS



		Wave Condition Number Theory



		Wave Condition Number From Impedance Spectrum (WCNPQ)



		Wave Condition Number From a Single Pressure Waveform (WCNPinf)



		Population Characteristics and Hemodynamics Measurements



		Methods for Invasive Evaluation of WCNPQ and WCNPinf



		Methods for Non-Invasive WCNPinf and Its Relationship With Age



		Analysis Method









		RESULTS



		Accuracy of Single Waveform Evaluation of Wave Condition Number (WCNPinf)



		Non-invasive WCNPinf and Aging in Healthy Population









		DISCUSSION



		LIMITATIONS



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Pressure and Flow Relations in the Systemic Arterial Tree Throughout Development From Newborn to Adult



		Introduction



		Methods



		Normal Development From Newborn to Adult



		Vascular Wall Properties



		Transfer of Pressure and Flow



		Changes to the Original Model



		Cardiac Output and Heart Rate



		Pulse Wave Velocity



		Windkessel Compliance and Resistance









		Results



		Discussion



		Cardiac Output and Heart Rate



		Shear Stress



		Pulse Wave Velocity



		Model Considerations









		Conclusion



		Data Availability Statement



		Author's Note



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Feasibility of Estimation of Aortic Wave Intensity Using Non-invasive Pressure Recordings in the Absence of Flow Velocity in Man



		INTRODUCTION



		MATERIALS AND METHODS



		Investigations



		Fitting the Reservoir and Calculating Pressure-Only Wave Intensity



		Repeatability and Reproducibility of Blood Pressure



		Statistical Analysis









		RESULTS



		Comparison of Aortic Velocity Waveform With Pxs



		Reproducibility Study









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Increased Serum Klotho With Age-Related Aortic Stiffness and Peripheral Vascular Resistance in Young and Middle-Aged Swine



		Introduction



		Materials and Methods



		Experimental Animals



		Blood Pressure Measurements and Pulse Wave Analysis



		Femoral Flow Measurement and Analysis (Echocardiography)



		Endothelial Function



		Mechanical Tests



		Serum Klotho Level



		Statistical Analysis









		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Usefulness of Proximal Coronary Wave Speed for Wave Intensity Analysis in Diseased Coronary Vessels



		Introduction



		Materials and Methods



		Hemodynamic Measurements



		Data Analysis



		Statistics









		Results



		Effect of Location on Coronary Hemodynamics and Wave Speed









		Discussion



		Limitations



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		Postural Tachycardia Syndrome in Children and Adolescents: Pathophysiology and Clinical Management



		Introduction



		Physiological Orthostatic Regulation



		Perspectives on the Pathogenesis of Pots



		Altered Central Blood Volume



		Abnormal Autonomic Reflexes and a “Hyperadrenergic” Status



		Damaged Skeletal Muscle Pump Activity



		Local Vascular Tension Dysfunction and Abnormal Vasoactive Factor Release



		Iron Insufficiency



		Mast Cell Activation



		Autoimmune Dysfunction









		Management Strategies for Pots in Children and Adolescents



		Non-pharmacological Interventions



		Pharmacological Treatment









		Conclusion



		Author Contributions



		Funding



		References









		Measurement, Analysis and Interpretation of Pressure/Flow Waves in Blood Vessels



		INTRODUCTION



		WHAT IS A WAVE?



		MEASUREMENT OF PRESSURE WAVEFORMS



		Invasive Measurement



		Non-invasive Measurement



		Surrogate Measures of the Pressure Waveform



		Mathematical Derivation of the Central Pulse Waveform









		MEASUREMENT OF FLOW AND VELOCITY WAVEFORMS



		Invasive Measurement



		Non-invasive Measurement









		PULSE WAVE ANALYSIS



		WAVE SEPARATION



		Characteristic Impedance and Wave Speed



		Pressure-Only Wave Separation









		WAVE INTENSITY



		Non-invasive Wave Intensity



		Wave Power









		INTERPRETATION OF WAVE PATTERNS



		How Are Waves Generated?



		Wave Generation by a Pump



		Inertial Effects



		Wave Potential



		Wave Reflection



		Viscous Resistance in Arterioles









		Factors Influencing Wave Magnitude



		Wave Amplification and Attenuation Due to a Non-linear Pressure-Area Relation



		Wave Attenuation Due to Blood Viscosity and Vessel Wall Viscoelasticity



		Non-linear Wave Superposition Effects



		Wave Frequency















		WAVE POTENTIAL



		WAVES AND THE RESERVOIR PRESSURE



		CLOSING REMARKS



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Would Oscillometry be Able to Solve the Dilemma of Blood Pressure Independent Pulse Wave Velocity – A Novel Approach Based on Long-Term Pulse Wave Analysis?



		INTRODUCTION



		MATERIALS AND METHODS



		BP-Monitoring and Pulse Wave Analysis



		Correlation Between Central SBP and eaPWV



		Correlation Between Available Demographic and Clinical Data and eaPWV, PWVslope, and PWVbaseline



		Repeated Measurements



		Statistics









		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Mechanisms of Aortic Flow Deceleration and the Effect of Wave Reflection on Left Ventricular Function



		INTRODUCTION



		MATERIALS AND METHODS



		Control Conditions



		Aortic Occlusion



		Theoretical Analysis



		Data Analysis



		LV Wall Motion



		LV Wall Stress









		Reproducibility



		Statistical Analysis









		RESULTS



		Control Conditions



		Aortic Occlusion









		DISCUSSION



		Wave Reflection and LV Wall Movement



		Left Ventricle Wall Motion and the Forward Decompression Wave









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES









		Estimating Central Pulse Pressure From Blood Flow by Identifying the Main Physical Determinants of Pulse Pressure Amplification



		1. Introduction



		2. Materials and Methods



		2.1. In vivo Data



		2.2. Dataset of in silico Pulse Waves



		2.3. Blood Flow Models



		2.3.1. Single-Vessel Model



		2.3.2. Approximate Amplification Term









		2.4. Methodology for Estimating cPP



		2.4.1. Method 1



		2.4.2. Method 2















		3. Results



		3.1. Approximate Pressure Calculations Using the Single-Vessel Model



		3.2. In silico Verification of cPP Estimation Methods



		3.3. In vivo Verification of cPP Estimation Methods









		4. Discussion



		4.1. Main Cardiovascular Determinants of Pulse Pressure Amplification



		4.2. Aging and Pulse Pressure Amplification



		4.3. Central Pulse Pressure Estimation Methods



		4.4. Limitations



		4.5. Perspectives









		5. Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Feasibility of Wave Intensity Analysis in Patients With Conotruncal Anomalies Before and After Pregnancy: New Physiological Insights?



		Introduction



		Methods and Materials



		Participants



		Image Acquisition



		Segmentation



		Aortic Dimensions



		Physiological Parameters



		Wave Intensity Analysis



		Statistical Analysis









		Results



		Demographics



		Structural Changes



		Physiological Parameters



		Wave Speed



		Wave Intensity









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		The Use of Maximum Entropy to Enhance Wave Intensity Analysis: An Application to Coronary Arteries in Hypertrophic Obstructive Cardiomyopathy



		1. Introduction



		2. Materials and Methods



		2.1. Maximum Entropy Method



		2.2. Application of Maximum Entropy Method to Wave Intensity Analysis



		2.3. Data Acquisition



		2.4. Identification of Significant Wave Intensity Peaks



		2.5. Statistical Analysis









		3. Results



		3.1. Methodological Results



		3.1.1. Estimation of the Probability Density Function of Wave Intensity



		3.1.2. Ensemble Averaged vs. Total Wave Intensity Data









		3.2. Clinical Results



		3.2.1. Dominant Waves



		3.2.2. Secondary Waves















		4. Discussion



		4.1. Methodological Discussion



		4.2. Clinical Discussion









		5. Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		References









		Wave Reflection and Ventriculo-Arterial Coupling in Bicuspid Aortic Valve Patients With Repaired Aortic Coarctation



		Introduction



		Methods



		Patient Population



		CMR Imaging



		Aortic Distensibility



		Wave Intensity Analysis



		Data Analysis









		Results



		Discussion



		Limitations









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		References























OPS/images/fphys-12-608098/inline_9.gif





OPS/images/fphys-12-608098/inline_8.gif
Txa)





OPS/images/fphys-12-608098/inline_7.gif
i@o





OPS/images/fphys-12-608098/inline_6.gif
7 [, 2J,<bn>}
= T





OPS/images/fped-08-00132/fped-08-00132-t001.jpg
Variable

Age (years)

Female (%)

Height (cm)

Body mass index (kg/m?)
Body mass index (percentie)
Body surface area (m?)
Socioeconomic status
(z-score)

African American
n=154

10309
a4
145.4 £ 9.1
20857
69.0 4 30.6
13202
-0.16£0.7

White
n=115

106 +0.9
46
1439+ 8.4
201 +£45
67.1 +£30.4
129+02
042 +09

p-value

0.01
0.70
018
0.29
0.62
031
0.001





OPS/images/fped-08-00132/fped-08-00132-t002.jpg
Variable

Brachial systolic BP (mmHg)
Brachial diastolic BP (mmHg)
Mean arterial pressure (mmHg)
Carotid systolic BP (mmHg)

Carotid end-systolic pressure
(mmHg)

Carotid diastolic BP (mmHg)
Carotid pulse wave velocity (mVs)
Carotid W1 (mmHg/m/s%)
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tW1-W2 (ms)

Carotid negative area (mmHg/m/s?)
Carotid augmentation index (%)
Heart rate (opm)

African American
n=154
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103 £ 10
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Variable

Left ventricular mass (g)
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(gm?)
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Left ventricular mass/height?7 (g/m27)
Left ventricular relative wall thickness
Left ventricular wal stress (kdynes/cm?)
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American
n=154

882 +23.7
65.9+10.7

60.1 £ 14.2
318+6.4
0.31 £0.06
497 £129

White
n=115
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CHD

Arterial switch
TOF

Atrial switch
T

Total (mear)
P-value*

Pre_SV(mm)

285
30
26.5
33

29.25

During_SV (mm)

345
35
315
38

3475
0.01

Post_SV (mm)

31
33
27
35

32

CHD, congenital heart defect; SV, sinus of Valsalva; TA, truncus arteriosus; d-TGA,
transposition of the great arteries.
*P-value represents the difference of the aorta dimeter between before and

during pregnancy.
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CHD Pre SV Pre_STJ Pre_mid Post SV Post STJ Post_mid

(mm) (mm) (mm) (mm) (mm) (mm)
ToF 29 23 27 27 23 29
TA 28 19 25 35 26 30
d-TGA 24 23 21 27 24 265
Pvalue p=01 p<001 p=02

(pre_post)

CHD, congenital heart defect; SV, sinus of Valsalva; STJ, sinotubular junction; TA, truncus
arteriosus; d-TGA, transposition of the great arteries.
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CHD pathologies (n):

Arterial Switch 2

Atrial Switch 3

TA 1

TOF 7
Corrective procedures (n)

TAP 1

TAP/PVR 1

DORV/PVR 1

TOF/PVR 3

TOF 1

Senning 3

AVR/PVR 1

Age at last pregnancy (years) 275£47
Number of pregnancies 1509

Time from last pregnancy to MRI (years) 32417
Pre-pregnancy blood pressure (mmHg) 124 (£26)/64 (+£10) (1 = 9)
Post-pregnancy blood pressure (mmHg) 123 (£13)/68 (£9) (= 9)
Body Mass Index (kg/m?) 24.7 +£5.0
Diabetes 1

Smoking 4

Table shows demographics of the patients as mean  standard deviation unless
otherwise stated.

TA, Truncus Arteriosus; TAR, transannuler patch; PVR, pulmonary valve replacement;
DORV, double-outlet right ventricle; TOF, Tetralogy of Fallot; AVR, aortic vaive replacement.
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Reconstructed phases
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CHD n

ToF 4
T 1
d-TGA 5
Total 13

Age at pregnancy
(vears)

295
19
26

34

N pregnancies

Weight
(kgs)

58.3
53.0
55.0

68.3

Height (cm)

159.6
156.0
161.0

169.6

Body mass index
(BMI)*

246

*Weight, height, and BMI (body mass index) values correspond to 2.3 years post pregnancy. Data are expressed as means + s.d.

HT, arterial hypertension; ToF, tetralogy of Fallot: TA, truncus arteriosus; d-TGA, transposition of the great arteries; CHD, congenital heart defect.

HTA

Blood pressure
Pre vs. Post
(mmHg)

112/70
108/70
119/65

116/64 vs. 120/67

Smoking
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Variable

Age,y

Male sex, N [%]
Ethnicity, N [%]
European

South Asian

Height, cm

Weight, kg
Diabetes, N [%]
Hypertension, N [%]
Systolic BP, mm Hg
Diastolic BP, mm Hg
Heart rate, min~"
Vinax; cmis™1

Time (Vmax), S

Pxs, mm Hg

Time (Pxs), S

Mean/N (SD)/[%]

65.7 (6.0)
12 [100]

4[33]

8 [66]
169.1 (7.4)
76.8 (13.1)

5 [42]

10 [83]
147.8 (14.1)
88.3 (10.9)
64.4(10.8)
137.8 (16.9)
0.09 (0.01)
40.1 (8.5)
0.09 (0.01)

BR, blood pressure; Pys, excess pressure; Vmax, maximum aortic velocity.
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Variable

Age,y

Male sex, N [%]
Ethnicity, N [%]
European

South Asian

African Caribbean
Height, cm

Weight, kg
Diabetes, N [%]
Hypertension, N [%]

Mean/N (SD)/[%]

69.8 (5.6)
26 [76]

14 [41]
1132
9[27]

169.6 (9.8)

79.8 (14.8)
12 [35]
23 [68]
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Visit 1 Visit 2 Reproducibility
Variables N Mean SD N Mean SD Mean difference LOA LOA rho Reliability grading
Systolic BF, mm Hg 34 136.6 10.1 34 134.4 13.8 2.1 —23.5 277 0.42 Fair
Diastolic BP, mm Hg 34 82.7 10.0 34 80.8 8.7 1.9 —-13.5 17.2 0.64 Good
Heart rate, bpm 34 63.4 9.6 34 61.1 9.9 2.3 —10.6 15.2 0.75 Excellent
maximum Pres, mm Hg 31 1131 8.7 29 111.7 11.8 0.9 —-19.4 21.2 0.48 Fair
maximum Pyg, mm Hg 31 36.4 9.1 29 36.1 101 0.3 —13.8 14.5 0.71 Good
Time maximum Pxs, s 31 0.10 0.01 29 0.10 0.01 0.00 —0.03 0.03 0.24 Poor
Time maximum BP, s 31 0.14 0.04 34 0.14 0.04 0.00 —0.09 0.09 0.39 Poor
ks, ™! 31 7.90 2.31 29 7.65 1.78 0.01 -3.73 3.80 0.55 Fair
kg, 871 31 2.68 1.08 29 3.11 2.87 0.24 —1.55 2.02 0.54 Fair
P, mm Hg 31 741 1.3 29 69.3 20.4 1.18 —16.8 191 0.66 Good
Wf1, AU 31 90 47 29 100 38 -11.6 —77.7 54.5 0.61 Good
Wb, AU 31 10 6 29 12 5 -1.8 —-8.2 4.7 0.68 Good
Wi2, AU 31 29 19 29 21 8 6 —24.8 36.7 0.34 Poor
WRI 31 0.14 0.11 29 0.12 0.04 0.02 —-0.17 0.21 0.44 Fair
Py /Pt 31 0.72 0.04 29 0.71 0.04 0.00 —0.08 0.08 0.53 Fair
RI 31 0.42 0.01 29 0.42 0.01 0.00 —0.03 0.03 0.52 Fair

AU, arbitrary units; BR, blood pressure; kg, diastolic rate constant, ks, systolic rate constant; LOA, 95% limits of agreement; Pp/Py. ratio of backward to forward pressure;
Pres, reservoir pressure; Pys, excess pressure; Py, estimated zero-flow pressure; rho, Lin’s concordance coefficient; Rl, reflection index; Vmax, maximum aortic velocity;
Wb, backward compression wave; W1, forward compression wave; Wf2, forward decompression wave; WRI, wave reflection index.
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TABLE 1 | Comparison of age, weight, hemodynamic parameters and serum
Kiotho levels between young and midde-aged pigs.

Variables Young Middle-aged  p
(n=18) =18
Age (years) 35:03 7208 <0001
Body weight (kg) 112833 1163x30
Heart rate (beats/mir) 74825
Mean pressure 813227 770:42 0369
Systolic pressure 1011 £26 976+45 0475
Diastolic pressure 713229 66841 0333
Puise pressure 297215 30814 0502
Mean pressure 787:26 750 4. y
Systolic pressure 105829  1011:49 0372
Diastolic pressure 661227 62939, 036
Pulse pressure 39720 38624 0805
Aortic PWV (m/s) 54201 77:08  <0.001
Aortic Alx (%) 12812 217211 <0.001
Mean pressure 70830, 728287 0648
Systolic pressure 906243 92751 0741
Diastolic pressure 608225 611236 0952
Puise pressure 208222 31624 0559
Femoral artery diameter (mim) 402201 407205 0727
Femoral mean flow rate (m/min) 3942211 2771162  <0.001
Femoral vascular resistance 019:001 0270017 0002
(mmHg/mU/min)
Serum Kiotho levels (pg/mi) 80981936 2158.4+1645 <0.001

Skiad e s s BERE
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Age (years) Z. (g-cm~*.s~") L(g-cm™¥) C(g~'-cm*s?) R (g-cm=*s7")

0 284 16.4 0.236 10,447
1 257 187 0.353 7,688
2 166 145 0.611 5,989
5 17 1.9 1018 4014
10 1056 1.4 1.388 2,454
15 85 103 2126 1,765
20 80 10.0 2.459 1,426

Lumped parameters Z (characteristic impedance), L (inertance), C (compliance), and R
(resistance) of the whole arterial system for ages 0-20 years.
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Age (years)

Meale sex (%)

BSA

BAV-RL fusion pattern
(%)

Presence of AR (%)
Peak AoV velocity (m/s)
Forward flow (m)

Net forward flow (m)
Cardiac output (Vmin)
AoV regurgitant fraction
(%)

SOV (mm/m?)

AA (mm/m?)

COA index

Transverse arch (mm)

Descending
aorta—mid (mm)
Descending
aorta—diaphragm
(mm)

Arch hypoplasia index

BAV + repaired COA

30.7 21.7-34.9)
68
1.8 (1.7-2.0)
8

36
12(1.1-1.7)
82 (715-92.5)
75 (69.0-905)
52(4.3-6.4)
2(1.0-65)

17.3(15.6-18.9)

14.6 (12.1-18.9)
0.73(0.6-08)
16 (14.0-18.0)
19(16.0-22.0)

165 +2.7

10£02

Isolated BAV

335 (26.9-50.0)
8
1.9(1.7-2.2)
76

52
1.4(1.2-1.6)
85 (74-99)
75 (66.5-92.5)
5.6(4.8-6.4)
6(35-115)

203 (17.5-21.9)
208 (17.7-22.4)

22 (19.5-24.0)
21 (10.5-22.5)

181422

12£02

p-value

0.0
0.25
0.10
047

0.38
0.95
0.50
0.98
0.38
0.01*

0.001*
<0.001*

<0.001"
0.19

0.024"

0.006"

AA, ascending aorta; AoV, aortc valve; AR, aortic regurgitation; BSA, body surface area;

SOV, sinus of Valsalva.
*p <0.05
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Median Interquartile range Number or mean value (range) Standard deviation

Age (years) 33 10.25 34.3 (19-54 9.6
Gender (M/F) NA NA 15/2 NA
AoDBP (mmHg) 74 11.75 77 (64-94) 8.4
A0SBP (mmHg) 111 16.25 116.2 (100-146) 115
PWV (m/s) 6.59 1.525 6.7 (4.6-9.5 13
HR (bpm) 71 16.25 75.6 (59-110) 13.9
PP (mmHg) 37 9 39.2 (27-73 11.6

AoDBP is the aortic diastolic blood pressure, AoSBP is the aortic systolic blood pressure, PWV is the aortic pulse wave velocity, HR is the heart rate, and PP is the
aortic pulse pressure.
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Secondary waves:

Wave  #with wave Wave energy ~ Wave energy fraction

Control HOCM Control HOCM Control  HOCM
(=11) (1=10) (=11) (=10 (1=11) (=10

FEWo 11 9 08%11 06£07 34 33

A FEW, 11 9 0405 02£02 22 2%2
FEWp 7 5 02£03 01£0 11 0£0
FOW;, 8 2 19£19 01£01 6%5 1£0
BEWz, 5 1 08+06 03  4%3 3

B FEWo 6 - 0707 - 222 -
BOW. 6 2 06+08 010 2%2 1£0
FCWy, 8 - 0403 - 32

o FEW - 9 - 03%02 - 33
BEW, - 4 - 02£02 - 2x2
FOWz 1 1 05 02 8 2

D FEWis - 1 - 03 - 7
BOW, 4 3 01£01 02£03 00 3x4

The waves are dvided into 4 subcategories based on their frequency of observation and
their wave energy, as discussed in the text. Wave energy (kWm~2s~") and the wave energy
fraction (%) for each wave are given as (mean = standard deviation). HOCM, Hypertrophic
Obstructive Cardiomyopathy.
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Dominant waves:

Wave

Fow;
FEW,
FOW,
BCW,
BOW,
BEW,

Wave energy (KWm'

#with wave
Control HocM
(n=11) (n=10)

1" 10
11 -
1" 10
1"

10
1"
1" 10

Control
(n=11)

6.7+24
23+13
3415
1010
1406
81+44

Wave energy
HocM
(n=10)

22+13

09+05
56+40

55+29

P-value

< 0.001

< 0.001

< 0.001

0.1

Control
(=11

27+ 10
8+£3
14+5
4+3
6+3
29+ 10

Wave energy fraction
HOCM
(n=10)

15+6

6+3
32+10

35£9

~7) and the wave energy fraction (%) for each wave are given as (mean  standard deviation). HOCM: Hypertrophic Obstructive Cardiomyopathy.

P-value

<0.001

<0.001

<0.001

0.1
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