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Abstract and key words 33 

The augmentation index (AIx) is deemed to capture the deleterious effect on left 34 

ventricular (LV) work of increased wave reflection associated with stiffer arteries. 35 

However, its validity as a proxy for wave reflection magnitude has been questioned. We 36 

hypothesized that, in addition to increased wave reflection due to increased pulse wave 37 

velocity, LV myocardial shortening velocity influences AIx. Using a computational model 38 

of the circulation, we investigated the isolated and combined influences of myocardial 39 

shortening velocity vs,LV and arterial stiffness on AIx. Aortic blood pressure waveforms 40 

were characterized using AIx and the reflected wave pressure amplitude (p̂bw, obtained 41 

using wave separation analysis). Our reference simulation (normal vs,LV and arterial 42 

stiffness) was characterized by an AIx of 21%. A realistic reduction in vs,LV caused AIx to 43 

increase from 21 to 42%. An arterial stiffness increase, characterized by a relevant 1.0 m 44 

s–1 increase in carotid-femoral pulse wave velocity, caused AIx to increase from 21 to 45 

41%. Combining the reduced vs,LV and increased arterial stiffness resulted in an AIx of 46 

54%. In a multi-step parametric analysis, both vs,LV and arterial stiffness were about equal 47 

determinants of AIx, whereas p̂bw was only determined by arterial stiffness. Furthermore, 48 

the relation between increased AIx and LV stroke work was only for about 50% 49 

explained by an increase in arterial stiffness, the other factor being vs,LV. The p̂bw, on the 50 

other hand, related less ambiguously to LV stroke work. We conclude that the AIx 51 

reflects both cardiac and vascular properties and should not be considered an 52 

exclusively vascular parameter. 53 

 54 
Keywords: hemodynamics, computational modeling, augmentation index, wave reflection 55 



3  

New & Noteworthy 56 

 57 

We used a state–of–the–art computational model to mechanistically investigate the validity 58 

of the augmentation index (AIx) as a proxy for (changes in) wave reflection. In contrary to 59 

current belief, we found that LV contraction velocity influences AIx as much as increased 60 

arterial stiffness, and increased AIx does not necessarily relate to an increase in LV stroke 61 

work. Wave reflection magnitude derived from considering pressure as well as flow does 62 

qualify as determinant of LV stroke work. 63 

 64 
 65 

1 Introduction 66 

 67 

The augmentation index (AIx) is defined as the late systolic boost in the aortic pressure 68 

waveform divided by pulse pressure, and is often expressed as a percentage (26) (Fig. 1). 69 

Pressure waveform augmentation is commonly assumed to result from the superposition 70 

of a reflected wave originating from a (discrete) reflection site in the periphery onto the 71 

incoming pressure wave generated by the heart (26). With increased arterial stiffness, the 72 

reflected wave will propagate with increased velocity, causing the augmentation to occur 73 

earlier in systole with a consequent increase in AIx (26). AIx is considered a vascular 74 

parameter intended to quantify the deleterious effect of systolic wave reflection on cardiac 75 

workload, which is associated with adverse cardiovascular outcomes (12). An advantage 76 

of AIx is its non-dimensionality requiring neither calibration of blood pressure nor 77 

measurement of blood flow velocity (19). Blood pressure waveforms can be obtained 78 

using noninvasive tonometry at the location of the carotid- or radial arteries, or by 79 

oscillometric blood pressure recordings at brachial level (18, 20). Subsequently, AIx can 80 

be estimated from a synthesized central pressure waveform derived from a 81 
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reconstruction algorithm, applied to the tonometric or oscillometric waveforms. The 82 

accuracy of noninvasive AIx estimation by tonometry and oscillometry was evaluated by 83 

Chen et al. (8) and Horvath et al. (18), finding good correlation between catheter- and 84 

noninvasive AIx. Furthermore, Wilkinson et al. (44) and Savage et al. (33) reported good 85 

inter-observer reproducibility of AIx as measured by tonometry. 86 

The comprehensive meta-analysis of Baksi et al. (5) described AIx to drastically 87 

increase with age, despite only a small advance in time of arrival of the reflected wave. 88 

Considering the often used paradigm in clinical studies that AIx is a proxy for wave 89 

reflection magnitude (19, 12), one would expect similar proportions in the correlation 90 

between on the one hand age, and on the other hand AIx and wave arrival time, 91 

respectively. 92 

Mechanistically, during systole the blood pressure waveform is the result of the 93 

instantaneous interaction between heart and arterial system. This is illustrated by the 94 

fact that aortic and left ventricular pressure patterns are in phase and closely related 95 

during LV ejection, when assuming normal aortic valve function (9, 42). Moreover, acute 96 

changes in arterial load are directly reflected in the time-course of ventricular and aortic 97 

pressures (21). However, the potential influence of cardiac contractile properties on the 98 

AIx is rarely considered in clinical-epidemiological studies. Though a few clinical studies 99 

reported an association between systolic augmentation and LV diastolic dysfunction 100 

(40), the direct linkage between AIx and cardiac contractile function is difficult to 101 

determine, since AIx is likely to be confounded by other factors such as heart rate, body 102 

height and mean arterial pressure (12, 34, 36). To overcome this issue, physics and 103 

physiology-based models of the cardiovascular system may be employed to evaluate the 104 

effect of isolated changes of cardiac- and vascular properties on AIx. 105 
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The purpose of the present study is to assess the effect of changes in LV contractility 106 

and arterial stiffness on AIx utilizing the CircAdapt computational model of the circulation 107 

(www.circadapt.org) (22, 39). This closed-loop model was chosen because of its realistic 108 

cardiac mechanics model, with sarcomere length coupled to myofiber stress. 109 

Furthermore, it contains a vascular model simulating arterial and venous pressure and 110 

flow wave hemodynamics. We 1) modulated LV contractile properties by varying 111 

sarcomere shortening velocity (vs,LV) in the model, and 2) modulated arterial stiffness by 112 

varying the vessel stiffness parameter (k). Both vs,LV and k are physiologically relevant 113 

parameters, since decreases in vs,LV and increases in k  have been associated with 114 

aging (1, 14, 16). We compared AIx to alternative indices of wave reflection derived 115 

using established wave separation (WS) analysis (31, 30). Finally, we evaluated the 116 

relation between AIx and cardiac workload with respect to variations in LV shortening 117 

velocity and arterial stiffness. 118 

 119 
 120 

2 Methods 121 

 122 

The CircAdapt model 123 

 124 
We used the CircAdapt computational model, a closed-loop model of the four-chambered 125 

heart and circulation, to simulate cardiac mechanics and hemodynamics (22, 39). 126 

CircAdapt consists of a limited number of modules representing cardiac walls, valves, 127 

arteries and veins as well as the systemic and pulmonary vascular beds. The modules 128 

directly relevant for the present study are highlighted in Fig. 2. 129 

Briefly, CircAdapt’s contraction model constitutes of a modified Hill model, describing the 130 

sarcomere mechanics (Fig. 2). The sarcomere model contains a contractile element with 131 
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length Lsi, arranged in series to a series-elastic element with length Lse, which in term are 132 

arranged parallel to a passive-elastic element with length Ls (Fig. 2). The contractile and 133 

series-elastic elements describe the additional stress generation due to muscle activation, 134 

whereas the passive-elastic element describes passive muscle behavior (Fig. 2). 135 

Moreover, the length of the series-elastic element can be interpreted as the elastic 136 

deformation of the myosin heads in response to load (22). Total sarcomere length is 137 

defined as the sum of the length of the contractile element and series element, i.e. Ls = 138 

Lsi + Lse. The rate of shortening of the contractile element (dLsi/dt) is given by 139 

 140 

 141 
ୢ௅౩౟

ୢ௧
ൌ 𝑣ୱ,୐୚ሾሺ𝐿ୱୣ െ 𝐿ୱୣ,୧ୱ୭ሻ/𝐿ୱୣ,୧ୱ୭ሿ,  (1) 142 

 143 

with vs,LV LV sarcomere shortening velocity, assumed 7 µm s–1 (13). In the model, vs,LV 144 

scales dLsi/dt. A phenomenological mechanical activation parameter C  is calculated as 145 

a function of Ls, Lsi and time (22, 39). Actively generated myofiber stress is determined 146 

using the mechanical activation, multiplied by the sarcomere extension from reference 147 

(i.e. C  (Lsi − Lsi,ref)) (39). To obtain cavity pressures and volumes, CircAdapt uses the 148 

one-fiber model of Arts et al. (3) that allows for separation of the contribution of cardiac 149 

geometry and myofiber stress to cardiac cavity pressure, assuming myofiber stress to be 150 

homogeneously distributed within the myocardial wall. Furthermore, the heart is enclosed 151 

by the pericardium, modeled as a compliant sac (28) (Fig. 2). 152 

CircAdapt enables simulation of pressure and flow waves in arteries and veins. We 153 

implemented an arterial and venous tree describing the aorta and vena cava, as well as 154 

the subclavian-, carotid-, brachial-, and femoral arteries and veins, respectively. 155 
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Transmural pressure (ptrans) and cross-sectional lumen area (A) are related non-linearly, 156 

expressed by the constitutive law based on Arts et al. (4) 157 

 158 
 159 

𝑝୲୰ୟ୬ୱሺ𝐴ሻ ൌ  െ𝑝ୣ୶୲ ൅ 𝑝଴ ቌሺ1 ൅ 𝑏ሻ ቀ ஺

஺బ
ቁ

ଵାೖ/యషమ
భశ್ െ ௕஺బ

஺
ቍ,  (2) 160 

 161 

with p0 a reference pressure, A0 a reference cross-sectional area, and k represents the 162 

vessel stiffness coefficient, governing the non-linearity of the pressure-area relation, and 163 

thereby material stiffness (Fig. 2) (4). Additionally, parameter b was incorporated to avoid 164 

collapse of the tube with negative transmural pressure. Furthermore, pext represents a 165 

prescribed external pressure. For our reference simulation we chose k-values of 8 for 166 

the aorta and vena cava. For both the arteries and veins we chose k-values of 14 for the 167 

subclavian, 16 for the carotid, 18 for the brachial, and 20 for the femoral, describing elastic 168 

taper (i.e. the increase in vessel wall stiffness towards the periphery (43)). Furthermore, 169 

estimations for A0 and vessel length were based on human data given in Westerhof et al. 170 

(43). Peripheral vascular beds were modeled using an arterio-venous impedance model 171 

(2). 172 

 173 

 174 

Simulation protocols 175 

 176 
Departing from our reference (REF) situation as detailed above, we simulated three 177 

additional scenarios: 178 

• Reduced shortening velocity (vs,LV) of LV sarcomeres from 7 µm s–1 to 3 µm s–1
 179 

(reduced shortening velocity; vs,LV↓, Table 1). To characterize the imposed change 180 
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in vs,LV, we calculated peak systolic strain rate, because peak systolic strain rate is 181 

considered a strong measure of LV contractility (15). 182 

 183 

• Increased stiffness of arteries by increasing stiffness parameter k (arterial stiffening; 184 

k↑, Table 1). Since the modeled arterial tree contains segments with different k- 185 

values, k-values of all segments were increased by addition of a factor ∆k. Here, 186 

∆k was set equal to 12 (i.e. kstiffening = kREF + 12). According to clinical standards, 187 

we quantified arterial stiffness using pulse wave velocity. We obtained pulse wave 188 

velocity from transit time and travel distance. Transit time was calculated by 189 

identification of the foots of the carotid and femoral pressure waveforms. To 190 

identify the foot of the pressure wave, we used the maximum of the 2nd-order 191 

derivative (10). Travel distance, on the other hand, was calculated as the path 192 

difference between the combined length of the aortic to femoral artery segments 193 

and aortic to carotid artery segments. 194 

• The combined effect of a change in cardiac and vascular tissue properties 195 

(combined; k↑, vs,LV↓, Table 1). 196 

Additionally, to evaluate the dependence of AIx on LV shortening velocity and arterial 197 

stiffness, we also performed parameter sweeps of vs,LV and ∆k, varying LV shortening 198 

velocity vs,LV from 2 to 10 µm s–1 with 1 µm s–1 increments and ∆k  from −2 to 14 with 199 

increments of 1. All simulations were performed in MATLAB 2015a (The Mathworks, 200 

Natick, USA). In all simulations, mean arterial pressure and cardiac output were 201 

maintained at 92 mmHg and 5.1 l min–1, respectively, through changes of systemic 202 
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vascular resistance and circulating blood volume, while heart rate was kept constant at 72 203 

beats min–1. Collapsible tube fraction b  was kept at 0.02. Hemodynamics reached 204 

steady state prior to analyses. The underlying simulation code and analysis programs 205 

are available under the GNU General Public License v3.0 and can be downloaded from 206 

GitHub (https://github.com/Mheu1991/AugmentationIndex_SimulationStudy), and at 207 

https://doi.org/10.5281/zenodo.3066179. 208 

 209 

Wave reflection indices extracted from simulations 210 

Wave reflection indices were computed for simulated pressure and flow velocity waveforms 211 

of the aorta. To benchmark the relationships between simulated cardiovascular 212 

alterations and AIx, we included wave reflection indices obtained using wave separation 213 

(WS) analysis ((30), detailed below). While WS analysis yields a wave reflection index 214 

expressed as a percentage-ratio, AIx expresses wave reflection as a percentage-215 

fraction using the expression in Fig. 1 (12). Hence, we also introduce the parameter AIx’, 216 

defined as a percentage-ratio of augmentation pressure to incident pressure (i.e. pa/pinc · 217 

100%). Furthermore, we calculated time–to–inflection (ti, Fig. 1, right pane), defined as 218 

the time- interval between the foot of the pressure waveform and inflection point (19). 219 

Locations of foot and inflection were identified using the peak and zero-crossing of the 220 

2nd-order derivative of the pressure curve. We extracted LV ejection duration to evaluate 221 

whether it was influenced by our simulated changes in LV shortening velocity and 222 

arterial stiffness. Using the 2nd-order derivative of the aortic valve flow velocity, LV 223 

ejection duration was calculated as the time-difference between the beginning- and end 224 

of ejection (Fig. 1, right pane, vertical dashed lines). 225 
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The concept of WS analysis is based on solving the one-dimensional equations of 226 

mass conservation and momentum balance in elastic tubes (30). In WS analysis, 227 

instantaneous changes in pressure and flow velocity, representing wavefronts, are 228 

calculated for the forward and backward directions using the water-hammer equations: 229 

d𝑝fw  ൌ  ρ𝑐 d𝑈fw,  and  230 
d𝑝bw ൌ െρ𝑐 d𝑈bw,    (3) 231 

 232 

where dpfw and dUbw denote forward or backward wavefronts of pressure and flow 233 

velocity, respectively, whereas ρ  is the blood density (1050 kg m–3), and c  is the pulse 234 

wave velocity. The variables dpfw, dpbw, dUfw, dUbw and c were determined as described 235 

by Parker (30). Through calculation of forward and backward pressures pfw and pbw, 236 

obtained by integration of separated instantaneous pressure components, we derived 237 

wave reflection index p̂bw/p̂fw, defined as the percentage-ratio between backward 238 

pressure wave amplitude (p̂bw) and forward pressure wave amplitude (p̂fw). 239 

 240 

 241 

Calculation of cardiac workload 242 

To assess whether there is a relation between increased AIx and increased cardiac 243 

external work, we assessed cardiac workload by calculation of LV stroke work (Wstroke). 244 

The variable Wstroke was calculated as the numerically integrated area contained by the 245 

LV pressure (pLV)–volume (VLV) relation: 246 

𝑊ୱ୲୰୭୩ୣ ൌ ∮ 𝑝୐୚d𝑉୐୚.  (4) 247 
 248 
 249 

Statistical analysis 250 

 251 
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Statistical analyses were performed using IBM SPSS Statistics for Windows, version 24 252 

(IBM Corp., Armonk, NY, USA). Linear regression analysis was performed to examine the 253 

relationship between wave characteristics. P<0.05 was considered statistically significant. 254 

 255 

3 Results 256 

 257 

Effects of reduced LV shortening velocity and increased arterial 258 

stiffness on augmentation index 259 

Fig. 3 and Table 1 contain an overview of pressure waveforms and derived characteristics 260 

for the four simulated scenarios. Simulating vs,LV↓ (red solid curve) did not affect absolute 261 

pressure values (Table 1). However, the inflection in the pressure waveform came earlier, 262 

(from 96 to 83 ms, Table 1) after the foot of the pressure waveform with a marked increase 263 

in AIx (from 21 to 42%, Table 1). LV ejection duration was prolonged with respect to the 264 

reference situation (from 238 to 274 ms, Table 1), and peak systolic strain rate (PSSR) 265 

magnitude decreased (from –0.91 s–1 to –0.69 s–1, Table 1).  Simulating k↑ (Fig. 3, 266 

dashed black line), increased systolic pressure (127 to 162 mmHg) and decreased 267 

diastolic pressure (60 to 42 mmHg, Table 1). The inflection occurred significantly earlier 268 

during systole (time-to-inflection decreased from 96 to 69 ms) and AIx was markedly 269 

increased (21 to 41%, Table 1). The PSSR magnitude was only moderately decreased 270 

from –0.91 s–1 to –0.80 s–1 (Table 1). The combined effect of k↑ and vs,LV↓ resulted in a 271 

waveform that can be considered an intermediate (Fig. 3, red dashed curve) curve of 272 

the k↑ and vs,LV↓ curves, with an AIx increase from 21 to 54%. Ejection duration 273 

increased to 309 ms and the inflection point occurred 60 ms after the foot of the pressure 274 
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waveform. Simulating k↑ and vs,LV↓ invoked the largest reduction in PSSR magnitude, i.e. 275 

reducing from –0.91 s–1 to –0.64 s–1 (Table 1). 276 

 277 

 278 

Effects on alternative measures of wave reflection 279 

 280 

Fig. 4 contains a breakdown of simulated pressure waveforms into forward (pfw) and 281 

backward (pbw) pressure wave components, using wave separation (WS) analysis. 282 

Furthermore, separated pressure wave amplitudes, p̂fw and p̂bw are indicated for the REF 283 

(Fig. 4, left pane), vs,LV↓ (Fig. 4, center pane) and k↑ (Fig. 4, right pane) simulations. 284 

Reducing LV shortening (vs,LV) caused pfw to change in shape but not in amplitude as 285 

compared to the reference situation. On the contrary, no clear difference was observed 286 

in the pbw waveform.  As a result, reflection index p̂bw/p̂fw virtually remained unchanged 287 

(76 and 74% respectively, Table 1). Increased arterial stiffness (k↑) resulted in an 288 

increase in backward pressure wave amplitude (p̂bw) from 28 to 51 mmHg, whereas 289 

p̂bw/p̂fw remained unchanged (76 for both REF and k↑, Table 1). The latter is attributable 290 

to a proportional increase in p̂fw and p̂bw (Fig. 5). 291 

 292 

Parameter sweeps 293 

Parameter sweeps of vs,LV and ∆k provide more detailed insight into the relationships 294 

between on the one hand the changes in cardiac and vascular properties and on the 295 

other hand the indices AIx and p̂bw/p̂fw.  Combined changes in cardiac and vascular 296 

tissue properties seem to relate non-linearly to observed changes in AIx, as is apparent 297 

in the contour plot of AIx as a function of vs,LV and ∆k (Fig. 5, left pane). Our simulation 298 
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results indicate that AIx is monotonically increasing with both higher arterial stiffness 299 

values and lower LV sarcomere shortening velocities. For the simulations corresponding 300 

to the white regions (i.e. high vs,LV and low k-values), no inflection point was present in 301 

the systolic phase of the aortic blood pressure curve. The relation between AIx’ and 302 

changes in vs,LV and k was not different, albeit that absolute values, expressing pressure 303 

wave augmentation as the ratio between pressure above the inflection point on the 304 

curve to pressure below the the inflection, ranged from 30 to 140% for all simulations 305 

(Fig. 5, center pane). Using wave separation, we did not find distinctive differences in 306 

the ratio between backward and forward pressure amplitude p̂bw/p̂fw (range 72 to 76%, 307 

Fig. 5, right pane). This finding was caused by almost proportional increases in p̂fw and 308 

p̂bw. 309 

Relationship between AIx and left ventricular stroke work 310 

Fig. 6 (top panel) shows the relation between AIx and Wstroke from simulations with varying 311 

arterial stiffness (indicated by color saturation coding) and LV shortening (indicated by 312 

symbol type coding). Parameter sweeps revealed a large scatter in the relation between 313 

AIx and Wstroke (Fig. 6). At a fixed AIx of 40%, typically found in older subjects (25), Wstroke 314 

varies by as much as 25% (Fig. 6, dashed line). On the other hand, scatter in the relation 315 

between p̂bw and Wstroke was smaller as compared to that in the relation between AIx and 316 

Wstroke (≤11% variation in Wstroke, for a given value of p̂bw), suggesting an increased cardiac 317 

workload with increasing backward pressure wave amplitude (Fig. 6). 318 

 319 

 320 

4 Discussion 321 
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 322 

To our knowledge, this is the first study to mechanistically study and discriminate the 323 

influence of LV contractile and arterial stiffness properties on the augmentation index. 324 

We compared our findings with alternative measures of wave reflection that were derived 325 

using wave separation analysis. 326 

 327 

Key findings and interpretation 328 

 329 
We found that the AIx is dependent on vascular as well as cardiac properties (Fig. 5). 330 

Moreover, increased AIx did not necessarily relate to increased LV workload (Fig. 6), which 331 

goes against the commonly used concept of increased LV workload by increased LV 332 

afterload as caused by earlier systolic wave reflections. 333 

We explain the observed cardiac impact on AIx as follows. Given a constant stroke 334 

volume, a decreased myocardial shortening velocity will decrease LV volumetric rate (LV 335 

dV/dt) in early systole, causing a greater portion of stroke volume to be expelled during 336 

late systole. Therefore, the pressure increase prior to the inflection point will be relatively 337 

smaller than the pressure increase after the inflection point, which leads to an increased 338 

AIx. This assumes that the timing of the inflection point is primarily determined by the 339 

complex arterial impedance, which is in line with current thinking (5). 340 

The AIx is calculated from an aortic blood pressure waveform, whereas wave 341 

separation analysis uses, in addition to blood pressure, flow (velocity) information and 342 

takes into account aortic impedance (30). This may explain why backward pressure 343 

amplitude in our study is a better correlate of wave reflection, while AIx characterizes 344 

rather the interactive influence of heart and blood vessels on the blood pressure. 345 

Hemodynamic interaction between blood vessels and heart has been reported in 346 
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patients as judged from changes in peak systolic strain rate in response to an imposed 347 

afterload change (7). Additionally, previous experimental papers suggest that acute 348 

changes in LV myocyte external load (i.e. arterial impedance) impacts myocardial 349 

shortening (21, 32), corroborating that cardiac properties by themselves and/or in 350 

response to vascular changes influence AIx. 351 

Taken together, the AIx may be an integrative marker of concurrent degenerative 352 

processes leading to increased arterial stiffness and reduced myocardial shortening 353 

velocity. Clearly, such reinterpretation of AIx requires further corroboration from clinical 354 

studies using independent cardiac and vascular measurements. As discussed in the 355 

meta-analysis of van der Waaij et al. (38), the number of clinical studies reporting effects 356 

of chronic changes in arterial stiffness on LV function is limited. 357 

 358 

Choice of model parameters 359 

 360 
Clearly, AIx will likely be determined by multiple factors, especially in humans. For our 361 

modeling study, we intentionally selected only one cardiac (vs,LV) and one vascular (k) 362 

parameter with demonstrated linkages to tissue properties (myocardial shortening velocity 363 

and arterial stiffness exponent). The simulated changes in vs,LV and k were by no means 364 

intended to model the clinical-epidemiological profiles of heart failure or vascular aging. 365 

The imposed reduction in LV shortening velocity (vs,LV↓) significantly changed the peak 366 

systolic strain rate from −0.91 s–1 for the reference simulation to −0.69 s–1 (i.e. a reduction 367 

in magnitude of 24%). This decrease in peak systolic strain rate is physiologically plausible 368 

as based on reference data reported in Dalen et al. (11). In previous work, we conducted 369 

a local sensitivity analysis assessing how changes in cardiac CircAdapt model 370 
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parameters affect aortic augmentation index (17). In this analysis, testing four candidate 371 

cardiac parameters, we found vs,LV to be the most important cardiac determinant of 372 

augmentation index which motivated us to select this model parameter in our analysis. 373 

We chose to reduce vs,LV based on rat experimental data reporting force-velocity 374 

relations in papillary muscle (1). These data showed a linear decrease in peak muscle 375 

shortening velocity of ≈50% with increasing age (i.e. 100 to 1000 days). Moreover, in 376 

isolated human ventricular myocytes, a reduction in shortening velocity with age was 377 

also observed (16). The arterial stiffening simulation (k↑) corresponded to a relevant 378 

carotid-to-femoral pulse wave velocity increase from 6.6 m s–1 to 7.6 m s–1. 379 

 380 

 381 

Alternative metrics in relation to wave reflection magnitude 382 

Augmentation index expressed as a percentage-ratio (i.e. the parameter AIx’) showed the 383 

same dependency on vascular and cardiac properties as was found for the regular AIx. 384 

In contrast to AIx and AIx’, the ratio of backward and forward pressure wave amplitude 385 

calculated by means of wave separation analysis remained relatively unaffected for all 386 

simulations (Fig. 5). This was caused by a proportional increase in forward pressure 387 

wave amplitude with increased arterial stiffness. Such increased forward pressure wave 388 

amplitude with age was also observed in men and women in the Framingham Heart 389 

Study and was associated with age-related stiffening of central arteries (37). Our 390 

simulations did show a clear pattern between arterial stiffness and backward wave 391 

amplitude (p̂bw) as determined using wave separation analysis. Moreover, the pattern 392 

was independent of LV sarcomere shortening velocity (Fig. 7). Potential implications of 393 

increased backward wave amplitude with respect to cardiovascular risk were reported 394 
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by Weber et al. (41). Two key findings of their study were that 1) backward wave 395 

amplitude was the most consistent predictor of a composite cardiovascular end point, 396 

including mortality, in a group of 725 patients undergoing coronary angiography, and 2) 397 

the predictive value of AIx and augmentation pressure was inferior to that of backward 398 

wave amplitude (41). The present study supports their findings and extends the 399 

explanation towards cardiac influences. 400 

One should take caution when interpreting our simulated scenarios as emulators of 401 

human aging and, hence, to expect an increased reflection magnitude as has been 402 

reported by Segers et al. (35) in the aging population. Several aspects regarding cardio-403 

vascular structure and function (e.g. cardiac mass and vascular segment diameters) that 404 

reportedly change with age have been kept constant throughout our simulations. 405 

Previously, Maksuti et al. (24) and Pagoulatou and Stergiopulos (27) performed 406 

simulation studies focusing on changes in arterial hemodynamics during physiological 407 

aging, whereas Willemet et al. 408 

(45) introduced a method to generate virtual cohorts consisting of arterial hemodynamics 409 

models, with varying population characteristics including age. Future studies on the 410 

evolution of AIx and other wave reflection indices may consider these methods as a 411 

take-off point. 412 

Simulations revealed a linear association between ejection duration and 413 

augmentation index. Based on the simulations obtained in our multi-step parametric 414 

analysis, an increase in ejection duration of 20 ms caused AIx to increase with 9-415 

percentage points (i.e. indicated by an unstandardized B of 0.43 %/ms, 95% confidence 416 

interval= [0.40, 0.45] %/ms, P<0.001). In the study of Sharman et al. (36), a similar 417 

association between ejection duration and augmentation index of 10 percentage point per 418 
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20 ms of increase in ejection duration was found. In our model, this association is 419 

explained by a decrease in LV early systolic volumetric rate with constant stroke volume, 420 

causing a significant portion of the LV stroke volume to be expelled after the inflection 421 

point (see above). 422 

 423 

Cardiac workload 424 

 425 
In the present study, we quantified cardiac workload by calculating left ventricular stroke 426 

work. Increasing arterial stiffness caused left ventricular stroke work to increase (+13%). 427 

Left ventricular stroke work slightly decreased (−6%) for the simulation with reduced left 428 

ventricular shortening velocity (Table 1). While AIx is derived from arterial measurements, 429 

using it to quantify cardiac workload appears to be erroneous, as cardiac contractility plays 430 

a role as well. Results imply that backward pressure amplitude —rather than depending 431 

solely on arterial stiffness in these simulations— to be more indicative of cardiac workload 432 

than AIx. 433 

 434 

Previous clinical studies on ventriculo-arterial interaction 435 

 436 
Below, two examples of clinical studies investigating aspects of ventriculo-arterial 437 

interaction are discussed. Bell et al. (6) reported that during systole the proximal aorta 438 

elongates, imposing a higher stretch-related workload on the LV. During diastole, the 439 

amount of elastic recoil energy is positively associated with increased early diastolic LV 440 

filling, suggesting that elastic recoil of the proximal aorta may benefit LV diastolic 441 

function through mechanical ventriculo-arterial coupling. In their analyses on the 442 

relations between aortic and LV measures, statistical correction of the (potential) 443 

confounding effect of wave reflections was performed using AIx. Given the present 444 
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results, adjusting for AIx as a proxy of wave reflection may lead to over or 445 

undercorrection for the cardiac influence. 446 

Palombo et al. (29) investigated the treatment effects of a calcium-channel blocker on 447 

LV structure (e.g. LV mass) and function (e.g. LV stroke work) indices as well as central 448 

(aortic) hemodynamics indices. Findings from the study included that the ratio of backward 449 

pressure amplitude and forward pressure amplitude was equal between hypertensive 450 

patients and normotensive controls, while backward pressure amplitude and LV stroke 451 

work was significantly higher for the hypertensive patient group. These findings 452 

corroborate our simulation findings that p̂bw best reflects the impact of backward wave 453 

reflection with increased arterial stiffness on LV workload. 454 

 455 

Limitations 456 

 457 
When interpreting our results, one has to realize that the data presented were not based 458 

on patient measurements but come from computer simulations. Although we did not fit our 459 

model to patient data, the order of magnitude of the AIx compares well with human studies. 460 

In our reference simulation, AIx was found to be equal to 21%, which is in accordance with 461 

the range of values reported by Hughes et al. (19) in 65 healthy individuals (44±14 years) 462 

and by Savage et al. (33) in 188 patients (56±15 years) with chronic renal failure. Imposing 463 

either reduced LV shortening velocity or increased arterial stiffness caused AIx to increase 464 

to 41 and 42%, respectively. This is equivalent to the AIx measured in subjects between 465 

70 and 80 years of age (25). 466 

The following aspects regarding model assumptions and choices warrant discussion: 467 

The CircAdapt model used in this study describes a highly simplified cardiac geometry, 468 

relating myofiber stress and strain by single values. This approach was shown to be valid 469 
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under the assumption that myofiber stress is homogeneously distributed (3). A previous 470 

study utilizing the CircAdapt model obtained physiologically realistic LV strain patterns as 471 

compared to global LV strain patterns obtained from MR-tagging (23). Therefore, we 472 

believe CircAdapt’s contraction model is appropriate for our study’s purpose. 473 

Furthermore, the wave propagation model we used neglects non-linear convective 474 

acceleration (i.e. we assume linear wave behavior), thereby introducing small modeling 475 

error in pressure and flow waveforms. However, the implication of such error to derived 476 

hemodynamic indices is negligible in our study, since all the wave reflection indices we 477 

derived also assume linear wave behavior. 478 

We simulated arterial stiffening by increasing material stiffness parameter k  (Eq. 2). 479 

Mean arterial pressure (i.e. p0) was assumed to remain constant. As such, systolic blood 480 

pressure increased, whereas diastolic blood pressure decreased, which may not be 481 

representative for patients for which diastolic blood pressure is increased as well, e.g. due to 482 

increased peripheral resistance. To assess the implication of keeping mean arterial 483 

pressure constant on our findings, we repeated the reference, reduced shortening velocity, 484 

arterial stiffening and combined simulations with p0 kept at 102 mmHg and 112 mmHg, 485 

respectively. With respect to changes (∆) in augmentation index and backward pressure 486 

wave amplitude relative to the reference situation (i.e. the [vs,LV↓−REF], [k↑−REF], and 487 

[vs,LV↓, k↑−REF] differences), we found only a minor influence of increasing p0 (i.e. ∆AIx ≤ 488 

8% and ∆p̂bw ≤ 5 mmHg, respectively). 489 

We believe our model-based findings require further confirmation in clinical studies. 490 

Such a study could be a case-control design with isolated systolic hypertension and 491 

normotensive patient groups. Measurements in these studies should include speckle-492 
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tracking echocardiography to characterize LV contractile function (11), pulse wave 493 

analysis to characterize augmentation index (12), wave separation analysis (30) to 494 

characterize wave reflection behavior, as well as stroke volume and blood pressure 495 

measurements to estimate cardiac workload. 496 

 497 
 498 

5 Conclusion 499 

 500 

We conclude that the AIx reflects both cardiac and vascular properties, and hence should 501 

not be considered a vascular parameter. Furthermore, an increase in AIx does not 502 

necessarily relate to increased stroke work. Hence, we believe AIx should be 503 

abandoned as a proxy for increased wave reflection magnitude due to an arterial 504 

stiffness increase. 505 
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8 Endnote 521 

 522 

At the request of the author(s), readers are herein alerted to the fact that additional 523 

materials related to this manuscript may be found at the GitHub of one of the authors, 524 

which at the time of publication they indicate is: 525 

https://github.com/Mheu1991/AugmentationIndex_SimulationStudy. These materials are 526 

not a part of this manuscript and have not undergone peer review by the American 527 

Physiological Society (APS). APS and the journal editors take no responsibility for these 528 

materials, for the website address, or for any links to or from it. 529 
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Figure Captions 666 

 667 

Figure 1: Overview of characteristics and indices extracted from the simulated aortic 668 

pressure waveform (left pane) and aortic flow waveform (right pane). Left: Augmentation 669 

index (AIx), calculated as a percentage-fraction using augmentation pressure (pa) and 670 

pulse pressure (ppulse). AIx’ was calculated as the percentage-ratio using augmentation 671 

pressure (pa) and incident pressure (pinc). Time-to-inflection (ti) is defined as the time 672 

interval between foot and the inflection point at inflection pressure pi. Right pane: Left 673 

ventricular ejection duration (tej), the time interval during which blood is ejected into the 674 

aorta. 675 

 676 

Figure 2: Overview of the primary relevant modules of the CircAdapt model. We 677 

distinguish two modules; the module underlying mechanics of myocardial tissue 678 

(CARDIAC) and the module underlying wave propagation in the vascular tree 679 

(VASCULAR). The sarcomere model consists of a contractile (si) element with length Lsi 680 

and a series-elastic (se) element with length Lse, in parallel with parallel-elastic element 681 

(pe) with sarcomere length Ls according to the model of Hill, which assumes a force-682 

velocity relation as shown. Blood vessels are characterized by a stiffness coefficient (k), 683 

intraluminal-, external- and transmural pressure (pintra, pext and ptrans, respectively) and 684 

cross-sectional area (A). A vessel segment with a given length (l) connects a proximal 685 

node to a distal node. Peripheral vascular beds are modeled using an arterio-venous 686 

impedance model. Abbreviations: RA: right atrium, RV: right ventricle, LA: left atrium, LV: 687 

left ventricle. The model simulation code can be downloaded at 688 
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https://doi.org/10.5281/zenodo.3066179. 689 

 690 

Figure 3: Aortic and left ventricular pressure curves for the four simulated scenarios. 691 

Left pane: Overview of simulated left ventricular and aortic pressure waveforms for four 692 

simulated scenarios. Right pane: Closer look at the systolic segment (t=100–450 ms) of 693 

the pressure waveforms (top) and their second order derivatives (bottom). Right pane: 694 

Inflection points (black and red symbols, respectively) are located by determining the 695 

zero-crossing of the second order derivative of each simulated waveform. 696 

 697 

Figure 4: Wave separation analysis performed using pressure (p) and flow velocity (U) 698 

waveforms obtained from 1) the reference simulation, 2) the reduced shortening velocity 699 

simulation, and 3) the arterial stiffening simulation.  Wave reflection index p̂bw/p̂fw was 700 

calculated as percentage-ratio of backward pressure wave amplitude (p̂bw) and forward 701 

pressure wave amplitude (p̂fw) using wave separation (WS) analysis. The simulated aortic 702 

blood pressure waveform can be reconstructed by addition of separated pressure 703 

components (pfw and pbw). The offset is determined by the pressure at t=0. 704 

 705 

Figure 5: Contour plots indicating the relationship between the changes in LV 706 

shortening velocity and arterial stiffness and the wave reflection indices considered: AIx 707 

(left), AIx’ (middle), and p̂bw/p̂fw, (right).  The distinct simulated scenarios are highlighted 708 

by the dots and squares as indicated. Each grid point corresponds to a single simulation. 709 

LV shortening velocity parameter vs,LV was varied from 2 µm s–1 to 10 µm s–1 with 1 µm 710 
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s–1 increments and arterial stiffness parameter ∆k was varied between –2 and +14 with 711 

increments of 1. 712 

 713 

Figure 6: Relation between left ventricular stroke work (Wstroke) and wave reflection 714 

indices, i.e. augmentation index (AIx) and backward pressure amplitude (p̂bw), 715 

respectively. Each symbol represents a simulation with a particular left ventricular 716 

sarcomere shortening velocity (vs,LV; indicated by symbol type) and imposed arterial 717 

stiffness (∆k; indicated using symbol color saturation). Upper pane: Scatter plot 718 

indicating the relation between AIx and Wstroke. The dashed line illustrates variation in 719 

Wstroke values at an AIx value often found in elderly patients (see text). Lower pane: 720 

Scatter plot displaying the relation between p̂bw as determined using wave separation and 721 

Wstroke. Arrows indicate the direction of changes in vs,LV and ∆k for the simulations. 722 

 723 

Figure 7: Effect of changes in sarcomere shortening velocity vs,LV and vessel stiffness 724 

(k) on backward pressure amplitude (p̂bw) assessed using wave separation (WS) analysis. 725 

The distinct simulated scenarios are highlighted by the dots and squares as indicated. 726 

Each grid point corresponds to a single simulation. 727 
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Tables 728 

 729 
Table 1: Influence of LV shortening velocity and arterial stiffness on blood pressure 730 

indices and reflection indices for four distinct simulated scenarios. 731 

 732 

Simulation→ Reference Reduced shortening velocity Arterial stiffening Combined Unit 

Metric↓ (REF) (vs,LV)↓ (k↑) (vs,LV↓,k↑) 

psys 127 126 162 158 mmHg

pdia 60 63 42 42 mmHg

ppulse 66 63 120 116 mmHg

pmean 92 92 92 92 mmHg

AIx 21 42 41 54 % 

AIx' 27 72 70 120 % 
 

76 74 76 76 % 
  28 26 51 48 mmHg

time-to- inflection 96 83 69 60 ms 

ejection duration 238 274 285 309 ms 

LV stroke work 1.04 0.98 1.18 1.1 J 

PSSR –0.91 –0.69 –0.80 –0.64 s-1 

 733 

The indices psys, pdia, ppulse and pmean are respectively systolic, diastolic, (systolic–diastolic) 734 

and mean aortic blood pressure, and PSSR denotes peak systolic strain rate. Note that 735 

AIx’ and p̂bw/p̂fw are wave reflection indices that consider the ratio of backward and 736 

forward pressure wave amplitudes, while AIx considers the fraction of augmentation 737 

pressure and pulse pressure, respectively. 738 

 739 

 740 
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