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ABSTRACT  26 

 27 

Hypoxic pulmonary vasoconstriction (HPV) is an adaptive response unique to the lung 28 

whereby blood flow is diverted away from areas of low alveolar oxygen to improve 29 

ventilation-perfusion matching and resultant gas exchange. Some previous experimental 30 

studies have suggested that the HPV response to hypoxia is blunted in acute pulmonary 31 

embolism (APE), while others have concluded that HPV contributes to elevated pulmonary 32 

blood pressures in APE. To understand these contradictory observations, we have used a 33 

structure-based computational model of integrated lung function in 10 subjects to study the 34 

impact of HPV on pulmonary hemodynamics and gas exchange in the presence of regional 35 

arterial occlusion. The integrated model includes an experimentally-derived model for HPV. 36 

Its function is validated against measurements of pulmonary vascular resistance in normal 37 

subjects at four levels of inspired oxygen. Our results show that the apparently disparate 38 

observations of previous studies can be explained within a single model: the model predicts 39 

that HPV increases mean pulmonary artery pressure in APE (by 8.2±7.0% in these subjects), 40 

and concurrently shows a reduction in response to hypoxia in the subjects who have high 41 

levels of occlusion and therefore maximal HPV in normoxia.  42 

 43 

Key terms: Pulmonary blood flow, vascular occlusion, computational model. 44 

  45 
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INTRODUCTION 46 

Acute pulmonary embolism (APE) can lead to an increase in right ventricular (RV) afterload 47 

and pulmonary artery pressure (PAP) in some patients. This is partly due to mechanical 48 

obstruction of the vascular bed and/or vasoconstriction (via neural reflexes, or the release of 49 

humoral vasoactive mediators)34,42 which both act to increase pulmonary vascular resistance 50 

(PVR). Some studies have suggested that hypoxic pulmonary vasoconstriction (HPV) also 51 

contributes to the elevation of PAP in APE;1,7,33 however this is contradicted by other studies 52 

that observed no increase in PAP,34 and a diminished HPV response to hypoxia.12  53 

 54 

HPV provides a regulatory mechanism to maintain efficient local matching between 55 

ventilation (V) and perfusion (Q) in the lung. HPV acts to divert blood away from poorly 56 

oxygenated regions, through alteration in vasomotor tone in response to local alveolar and 57 

blood partial pressures of oxygen.23,26,36,39 This response is unique to the pulmonary 58 

circulation.23,26,36 Experimental studies have measured the impact of HPV on regional 59 

perfusion during normoxic3,17 and hypoxic conditions (for example11,19). From these and 60 

similar studies it is known that HPV does not contribute substantially during normoxia;3 HPV 61 

is effective at diverting blood flow from hypoxic to non-hypoxic regions in the presence of 62 

regional hypoxia (which could be relevant to APE), however during whole-lung (global) 63 

hypoxia very little blood flow is diverted, and the effect of HPV is predominantly to increase 64 

PAP. Previous studies using structure-based models have shown that APE could theoretically 65 

cause regional hypoxia that is sufficient to stimulate an HPV response,7 through the 66 

development of areas of low V/Q that are consistent with clinical observations.20,32 The 67 

significance of this response for gas exchange or elevation of PAP is not known.  68 

 69 
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The purposes of the current study are: 1. to quantify the potential contribution of HPV to the 70 

increase in PAP during APE, and 2. to explain the observation of a diminished HPV response 71 

to hypoxia in APE. The goal is to use a single computational model to study both elevation of 72 

PAP and diminished HPV response, to determine whether these apparently contradictory 73 

behaviors can coexist. Computational models have previously been used to quantify the role 74 

of HPV in V/Q matching and gas exchange4,23,26 and to assess the impact of APE on 75 

pulmonary hemodynamics.27 A limitation of these previous ‘compartmental’ models is that 76 

V/Q distributions were prescribed rather than predicted based on biophysical laws. The 77 

current study therefore uses a structure-based model with biophysical equations to predict V, 78 

Q, and gas exchange. The appropriateness of the model behavior is confirmed through 79 

comparison with measurements acquired during global hypoxia experiments. Only the acute 80 

HPV response (occurring within the first 10 minutes of hypoxia) is considered, and not the 81 

longer time-scale vasomotor response. 82 

 83 

METHODS  84 

Structure-based models 85 

A single structure-based model of vascular anatomy was used in this study. The structural 86 

model was derived from volumetric computed tomography (CT) imaging of a normal 25 year 87 

old male. The same model has been used in several previous functional studies of the 88 

lung.9,10,35,37 In brief, the structural model includes geometric descriptions of the lung surface, 89 

conducting airways (these are the airways not involved in gas exchange), and accompanying 90 

arterial and venous blood vessels distributed in a three-dimensional (3D) lung volume. The 91 

pulmonary vasculature geometry includes individual arteries and veins from the heart to the 92 

level of the pulmonary acinus (the unit of gas exchange). Each terminal artery is joined to a 93 

terminal vein by a ‘ladder-like’ model for the intra-acinar circulation.9 In the conducting 94 
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airway tree each terminal bronchiole is attached to an elastic tissue unit representing the 95 

acinar tissue. 96 

 97 

Patient-based acute pulmonary embolism models 98 

To simulate APE, patient-based distributions of emboli were superimposed on the structural 99 

model. Volumetric CT pulmonary angiograms (CTPAs) with intravenous contrast were 100 

acquired from 10 adult subjects undergoing imaging during routine clinically indicated CT 101 

examination for acute or chronic PE. The mean patient age was 51.3 years (SD 9.7 years) and 102 

all subjects except one were male. All scans were acquired on a Phillips Brilliance 128, 103 

multislice CT scanner at submaximal inspiration using IV contrast. The Northern X Regional 104 

Ethics Committee (NTX/09/08/074) and the Auckland District Health Board Research 105 

Review Committee approved use of the clinical data, and all subjects provided informed 106 

consent for participation in our study. In each subject, the emboli were identified by a 107 

radiologist (DGM) to one bifurcation below the level of the segmental arteries. The 108 

percentage occlusions, estimated manually using the caliper tool in OsiriX (www.osirix.org), 109 

were mapped to the corresponding arteries in the structural model. The total extent of 110 

obstruction was quantified in the 10 subjects using the Qanadli obstruction index (QOI). This 111 

is a CT-based index that estimates the percentage of vascular obstruction based on the 112 

proportion of segmental arteries that are occluded.31 113 

 114 

Functional models 115 

We used previously published models of ventilation (V),35 blood flow (Q)10 and oxygen (O2) 116 

transfer,21 coupled to lung parenchymal tissue deformation,37 to predict pulmonary function 117 

in the structural models. The HPV response to gas partial pressures was modeled using the 118 

methods of Marshall and Marshall,24 which relates mixed venous (PvO2) and alveolar oxygen 119 

http://www.osirix.org/
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partial pressures (PAO2) to vessel radius. Additional details of each model are provided in the 120 

Appendix. 121 

 122 

A schematic diagram illustrating the algorithmic steps taken in the solution process is 123 

displayed in Figure 1. In summary we execute the following modeling steps: 124 

1. Solution of a model of tissue deformation (Equation A1),37 which provided values of 125 

regional acinar volume and pleural pressure that were incorporated into the ventilation 126 

and blood flow models;  127 

2. Solution of a ventilation (V) model35 - which included airway resistance coupled to 128 

the tissue compliance and local elastic recoil pressures - to predict steady-state 129 

ventilation distribution to each acinus (see equations A2-A4); 130 

3. Solution of a blood flow (Q) model10 which predicted regional pressure, flow and 131 

radius in the full vascular network (Equations A5-A8); 132 

4. Solution of an oxygen (O2) transfer model,21 given V (step 2) and Q (step 3) to each 133 

acinus as inputs. This model predicted alveolar PAO2 for each acinus (with PvO2 set as 134 

a boundary condition), and the flow-weighted arterial oxygen partial pressure (PaO2) 135 

for the whole lung (Equations A9-A11);  136 

5. Calculation of the HPV response (Equations 1-3) as a function of PAO2 and PvO2 from 137 

step 4,24 which was used to update the peripheral arterial diameters.  138 

Steps 3-5 were repeated until a converged solution was reached (convergence criteria 139 

∆mPAP < 1.33 x 10-5 kPa). Ventilation was assumed unchanged during this procedure, in 140 

accordance with studies that have observed only minor changes in ventilation distribution in 141 

PE.2,38 The models are not mathematically coupled: output variables are passed between 142 

models and simulations of each model are run independently.  143 

 144 
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<Insert Figure 1> 145 

 146 

The HPV model 147 

To calculate the constriction factor, K, in the blood flow model we use equations derived by 148 

Marshall and Marshall24 to describe vascular constriction as a function of graded hypoxia 149 

based on experimental measurements of hypoxic flow diversion in dogs.25 Equations 1-3 150 

relate the stimulus for hypoxia (PsO2) - calculated as a function of both alveolar PAO2 and 151 

PvO2 - to the amount of constriction (K) of small pulmonary arteries. 152 

,       (1)
 153 

 ,    (2) 154 

,   (3) 155 

where fRmax is the fraction of maximal HPV response. The HPV response was assumed to act 156 

only in arterial vessels less than 500 µm in diameter. Equation 3 gives a range of K from 1.0 157 

(unconstricted) to 0.6 (maximum constriction); K was multiplied by the predicted unstrained 158 

vessel diameter (Equation A8) during the iterative solution. The updated diameter was then 159 

calculated. The HPV sensitivity was assumed homogeneous across all acini, and hence varied 160 

only as a function of the local acinar PAO2 and PvO2.  161 

 162 

Boundary conditions in normoxia 163 

The lung was assumed to be upright and at functional residual capacity (FRC) for all 164 

simulations. Inlet flow at the right ventricle (QRV) and left atrial pressure (LAP) at the model 165 

outlet were set as boundary conditions. A QRV of 5 L/min and LAP of 0.9 kPa (7 mmHg) 166 

were used for baseline normoxic (PiO2 = 20.0 kPa, or 150 mmHg) conditions. It was assumed 167 

38.062.0

222 OvOAO PPPs =

( ) ( ) ( )[ ]32.61132.6
max 22

101/ −−− += OO PsxPsfR
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that mixed venous blood had an oxygen partial pressure of PvO2 = 5.3 kPa (40 mmHg). 168 

Normoxic simulations gave a physiologically consistent VO2 of 0.29 L(O2)/min.  169 

 170 

Boundary conditions in global hypoxia 171 

To simulate global hypoxia inspired oxygen was set at values representative of past 172 

experimental studies of hypoxia: PiO2=13.3 kPa (100 mmHg),14 PiO2=12.4 kPa (93 mmHg)41 173 

and PiO2=9.1 kPa (68 mmHg)18 (at sea level). QRV and LAP were set as a function of PiO2, by 174 

using a quadratic line of best fit (Figure 2, Table 1) to data from the experimental studies 175 

considered. For all studies, PvO2 was initialized to 5.3 kPa (40 mmHg) at baseline and then 176 

was adapted iteratively during the simulation to maintain a fixed body consumption of O2 177 

(VO2). A minimum physiological limit of PvO2=2.7 kPa (20 mmHg) was assumed; in the 178 

most severe hypoxic conditions this meant that VO2 was not maintained and decreased to 179 

0.26 L/min. Table 1 (see Results) summarizes the model boundary conditions (PiO2, PvO2, 180 

QRV and LAP).  181 

 182 

Boundary conditions in APE 183 

The baseline values of QRV (5 L/min) and LAP  (0.9 kPa) were used during simulation of 184 

APE.  Regional hypoxia was simulated by allowing it to emerge as a consequence of V/Q 185 

redistribution during simulation of APE, as described by Burrowes et al.6 To mimic the 186 

experimental conditions under which a diminished HPV response in APE has been 187 

observed,12 two levels of inspired oxygen (normoxia, PiO2=20.0 kPa, and hypoxia, PiO2=9.1 188 

kPa) were used. As in the studies of global hypoxia, PvO2 was initialized to 5.3 kPa at 189 

baseline and then was adapted iteratively during the simulation to maintain a fixed body 190 

consumption of O2 (VO2). 191 

 192 
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< Insert Figure 2 > 193 

 194 

RESULTS 195 

The impact of global hypoxia on pulmonary hemodynamics 196 

The blood flow gradient in the direction of gravity (Q gradient, % change in flow/cm lung 197 

height) was calculated for each simulation to assess changes in the distribution of perfusion 198 

in global hypoxia. The Q gradient is calculated using blood flow to the lung ‘tissue’ (i.e. 199 

acini) only by a linear regression fit to Q and height data. The predicted mean PAP (mPAP), 200 

arterial PaO2, and the Q gradient as a result of the corresponding boundary conditions for 201 

PiO2, PvO2, QRV, and LAP are shown in Table 1. mPAP was inversely proportional to PiO2, 202 

and both PaO2 and Q gradient decreased proportionately to PiO2  (R2=0.99 in each case). 203 

 204 

< Insert Table 1 > 205 

 206 

Figure 3 shows model values for key indicators of lung function for the conditions in Table 1. 207 

Figure 3A compares the model’s increase in PVR due to HPV from baseline (PiO2=20.0 kPa) 208 

as a function of PiO2 against experimental measurements. These results shows reasonably 209 

good agreement between model and data, with the smallest % increase in PVR at the lowest 210 

level of PiO2 (9.1 kPa). The higher oxygen levels (PiO2=13.3 and 12.4 kPa) slightly 211 

underestimated the HPV response, but about 3% in both cases. For the lowest oxygen level 212 

(PiO2=9.1 kPa) the model overestimated the increase in PVR by about 9% - the likely reasons 213 

for this are described in the Discussion. The alveolar-arterial partial pressure difference (P(A-214 

a), the difference between PAO2 and PaO2) in Figure 3B, and the change in arterial PaO2 in 215 

Figure 3C, both show a linear increase with PiO2. Note that the P(A-a) values do not include 216 
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the contribution of anatomical shunt (approximately 2% of the cardiac output) which would 217 

typically reduce PaO2 by around 0.67 kPa (5 mmHg).40  218 

 219 

< Insert Figure 3 > 220 

 221 

Model predictions of regional alveolar PAO2, V, and Q, as a function of gravitational height - 222 

with and without the HPV response - are shown in Figure 4. Results for PiO2 = 9.1 kPa (68 223 

mmHg) are shown, to illustrate the most significant HPV response, however other levels of 224 

hypoxia showed similar trends. PAO2 was lowest in the most gravitationally-dependent region 225 

(between about 10-50% lung height, in Figure 4A), corresponding to lower V/Q ratios (V < 226 

Q in Figure 4B). This reduction in alveolar PAO2 induced the highest HPV response in the 227 

gravitationally-dependent lung, subsequently redistributing flow to the non-dependent 228 

(cranial) region. This caused a reduction of the gravitationally-dependent perfusion gradient 229 

(Figure 4B).  230 

 231 

< Insert Figure 4 > 232 

 233 

Assessing the impact of HPV in acute pulmonary embolism 234 

The effect of the patient-specific occlusion distributions on blood flow for the 10 subjects 235 

with APE has been presented in a previous study.6 Here we present only the predicted impact 236 

of the additional response due to regional hypoxia-induced HPV post embolic occlusion. 237 

After occlusion, blood flow that was redistributed to non-occluded tissue produced localized 238 

areas of high Q and - because V is assumed unchanged in this study - low V/Q regions. An 239 

increased proportion of low V/Q units during APE has been shown clinically.20 It is within 240 

these low V/Q units that HPV occurs. Gas exchange function, assessed as a change in arterial 241 
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PaO2, improved only marginally with HPV in all subjects (PaO2 increased by a mean of 242 

1.5%).  243 

 244 

The predicted mPAP and the % increase in mPAP as a result of HPV, when breathing room 245 

air (PiO2 = 20.0 kPa), are presented for each subject in Figure 5A and B, respectively.  mPAP 246 

increased by 4 - 28% (mean 8.2%, SD 7.0%) due to regional HPV, corresponding to a mean 247 

absolute increase in mPAP of 0.2 kPa (1.6 mmHg). The % increase in mPAP is statistically 248 

different from zero (p=0.001). A small but non-significant increase in the impact of HPV on 249 

mPAP was observed with increasing clot load. The trend is not statistically significant; this is 250 

likely due to inter-subject variability in clot location and size. One subject (with QOI=57.5%) 251 

showed a much larger increase in mPAP due to HPV than other subjects (increase = 28%). 252 

This subject had occlusion of the entire left lung plus additional emboli in the right lung, and 253 

was predicted to have the greatest redistribution of blood flow, with some areas receiving as 254 

much as 240% of their baseline (pre-occlusion) flow. This subject also had the lowest PvO2 255 

(set to conserve oxygen uptake) which increased the stimulus for HPV. Other subjects had a 256 

‘patchier’ occlusion distribution and therefore did not have a flow redistribution as large as 257 

this subject, and as a consequence other subjects had more modest levels of HPV. When the 258 

‘outlier’ subject is excluded, the % increase in mPAP is 6.2 ± 2.0 %.  259 

 260 

< Insert Figure 5 > 261 

 262 

Figure 6 explores the sensitivity of the increase in mPAP via HPV during hypoxia (PiO2=9.1 263 

kPa, or 68 mmHg) as a function of the baseline mPAP during normoxia in the 10 subjects. 264 

The impact of HPV on mPAP (% increase in mPAP) in Figure 6A diminishes with increasing 265 

baseline mPAP during normoxic conditions (which relates to the proportion of vascular 266 
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occlusion as shown in Figure 6A). Meaning that when pressures in the model were lower, 267 

HPV displayed a larger effect. 268 

 269 

Figure 6B plots the mean constriction factor, K, (as defined by Equation 3) against mPAP 270 

during normal inspired oxygen conditions. This plot also includes the reduction in K from 271 

normoxic to hypoxic conditions. K is inversely proportional to mPAP, indicating that the 272 

highest amount of constriction (i.e. lowest K value) was found in the subjects with highest 273 

clot load (highest amount of tissue occluded due to emboli). K reduced further in hypoxia, 274 

with greatest reduction for the smallest clot loads. The lower limit on K of 0.6 (maximum 275 

constriction, see Equation 3) meant that subjects with vessels already at or close to this limit 276 

were more limited in the degree to which further HPV could contribute. That is, in the most 277 

severe cases, vessels were already constricted at or close to the maximum constriction in 278 

normoxia, therefore no further response could be elicited in hypoxia. Simulations using a less 279 

hypoxic condition (PiO2=12.4 kPa) for comparison were found to be very similar to the 280 

results presented in Figure 6 for PiO2=9.1 kPa. 281 

 282 

< Insert Figure 6 > 283 

 284 

DISCUSSION 285 

The role of HPV in APE is unclear, with some studies suggesting that HPV has a measurable 286 

effect on mPAP1,33 and others suggesting that HPV is not significant in increasing PAP34, or 287 

that there is a diminished HPV response to hypoxia in APE.12 The current study supports two 288 

of these hypotheses that might otherwise seem contradictory: that HPV can make a 289 

significant contribution to mPAP in APE, and that the HPV response to hypoxia is 290 

concurrently diminished. Our structure-based model explains the pathway for HPV in APE 291 
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via development of regions of low V/Q that in turn develop sufficiently low alveolar PAO2 to 292 

activate the HPV response, while breathing room air. The model shows that there may be a 293 

sufficient elevation in mPAP to a level that could be measured experimentally, with the 294 

amount of increase depending on clot distribution and severity. The model further explains 295 

that subjects with high clot load (severe vascular occlusion) will have a higher proportion of 296 

arteries close to maximally constricted by HPV during normal oxygen conditions, when 297 

compared with subjects with lower clot load. Therefore their propensity for further 298 

vasoconstriction when inspired O2 is reduced is diminished, corresponding to the diminished 299 

responses that are observed experimentally.  300 

 301 

Validating the HPV model – comparison with experimental data 302 

The HPV model used here was derived from experimental measurements in dog lungs.24 303 

Significant species differences in the HPV response have been measured. For example, a 304 

study by Peake et al.29 compared HPV in five species (pig, dog, cat, rabbit and ferret) in 305 

isolated lung preparations. This study found no substantial HPV response in dog lungs with 306 

the largest response observed in the ferret and pig lungs. Numerous other studies have shown 307 

significant HPV response in dogs (for example 12,13,25), nonetheless the Peake et al. study 308 

highlights the presence of heterogeneity in the HPV response across species and even across 309 

subjects within a species. Similar HPV data are not available for humans, therefore before 310 

using the HPV model we first confirmed its appropriateness for human by comparing the 311 

predicted HPV response with in vivo human measurements (Figure 3). These comparisons 312 

provide some confidence that the human HPV response, on a global lung scale, is well 313 

represented by the relationship used here (Equations 1-3), despite the fact that the model is 314 

based on measurements in dogs.  315 

 316 
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We utilized relevant data from the literature14,18,41 for comparisons with the model. Three low 317 

PiO2 conditions were considered, corresponding to conditions from three independent 318 

experimental studies. The first (PiO2 of 13.3 kPa) was from Dorrington et al.,14 who 319 

measured the change in PVR in six healthy volunteers who were taken from a normal end-320 

tidal PO2 (PETO2) of 13.3 kPa (PiO2 ~20.0 kPa) to a PETO2 of 6.7 kPa (PiO2 ~13.3 kPa). 321 

Isocapnic conditions were enforced (by controlling end-tidal alveolar carbon dioxide, PACO2) 322 

to exclude any impact of PCO2 on the vasoconstrictive response. The extended time course of 323 

HPV (up to 8 hours) was measured by Dorrington et al., however we considered only the 324 

acute (30 minute) response from this experimental study. The second condition (PiO2 of 12.4 325 

kPa) was from Westcott et al.,41 who exposed nine healthy volunteers to 13% oxygen for 5-326 

10 minutes. The final condition (PiO2 of 9.1 kPa) was from Groves et al.,18 who exposed 327 

eight healthy volunteers to a gas mixture containing 9.5% O2 in N2 for 10 minutes. Each of 328 

these studies provided measurements of cardiac output, mPAP, and mean left atrial pressure 329 

(mLAP, inferred from pulmonary capillary wedge pressure), from which we calculated the 330 

increase in PVR due to HPV.  331 

 332 

The model predictions of the increase in PVR as a function of PiO2 compared well with these 333 

data (outlined above), with the largest discrepancy between model and data occuring at the 334 

lowest level of PiO2. There are two likely reasons for this discrepancy. A decrease in regional 335 

perfusion due to HPV will reduce PACO2. A reduction in PACO2 is known to decrease the 336 

HPV response5,36. This effect is currently not included in the model and may be why the 337 

model over-predicts the HPV response at this PiO2 level (see below for further discussion of 338 

this point). In addition this discrepancy may, in part, be due to a diminished HPV response 339 

that is known to occur in animals when alveolar PAO2<3.3 kPa (25 mmHg).29,36 However 340 

only ~2% of acini in the model reached this criterion (only with PiO2=9.1 kPa and not with 341 
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any other simulations), and excluding the HPV response entirely reduced the change in PVR 342 

by 2.6%. The smallest increase in PVR for both model and experiment also occurred at this 343 

low level of PiO2. This was due to the increase in cardiac output and the small increase in 344 

LAP (from 0.9 to 1.2 kPa) that were induced during this condition. The model predicted a 345 

substantial decrease in arterial PaO2 with decreasing PiO2 (Figure 3C). As PiO2 was 346 

decreased, the heterogeneity of blood flow also decreased, which led to some improvement in 347 

V/Q matching as reflected by the corresponding P(A-a). Further improvement in V/Q 348 

resulted from a reduced Q gradient due to the HPV response.  349 

 350 

The impact of HPV in APE 351 

In a previous modeling study of APE7 we found that the redistribution of blood from 352 

occluded regions was sufficient to develop high Q regions (therefore low V/Q, assuming V 353 

remains unchanged after occlusion). This led to areas of alveolar PAO2 that were sufficiently 354 

low to experience HPV. The same outcome was observed for all of the 10 patient-specific 355 

clot distributions that were used in the current study. HPV increased the mPAP in the model 356 

by 4 - 10% for all but one subject, in whom the increase was 28%. The mean increase of 8.2 357 

± 7.0 % (~0.2 kPa increase in mPAP) – or 6.2 ± 2.0 % when the outlier with largest response 358 

is excluded - could be too small an effect in most subjects to be measurable (sub-clinical), 359 

however the percentage increase in mPAP tended to increase with clot load, suggesting that 360 

this could make an important contribution in subjects with an already high mPAP due to 361 

vascular occlusion by emboli. In one of our subjects this difference was sufficient to elevate 362 

predicted mPAP from sub-hypertensive to hypertensive levels.  363 

 364 

Delcroix et al.12 estimated the HPV response in APE by varying inspired oxygen content 365 

(FiO2) in dogs with and without autologous blood clots whilst holding cardiac output 366 
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constant. They showed that the increase in PVR (using the pressure difference between the 367 

pulmonary artery and pulmonary arterial occlusion pressure as a proxy for left atrial pressure) 368 

with decreasing FiO2 was reduced in the clot conditions compared with the non-occluded 369 

cases. They concluded from these measurements that there is a decreased vascular reactivity 370 

to hypoxia in APE. Smulders et al.34 further hypothesized that this was due to an abundance 371 

of vasoactive mediators in APE, perhaps acting to counter the contracting stimulus of 372 

hypoxia. Here we illustrate this same trend, namely a reduction in the HPV response with 373 

increasing PE severity, but provide a simpler explanation for its origin.  374 

 375 

The only ‘active’ mechanism in the model is the HPV response, which is dependent on 376 

oxygen partial pressures, and limited to a maximal constriction of 0.6 (i.e. an artery can 377 

reduce to only 60% of its initial diameter). The HPV response in normoxia increased the 378 

mPAP by 4-10% in all but one of the subjects. Vascular constriction occurred in only the 379 

small arteries, of which there are on the order of tens of thousands in a parallel circuit 380 

arrangement. The parallel arrangement of these small arteries means that their combined 381 

resistance is small, and increasing their parallel resistance requires a major decrease in 382 

diameter. In the subjects with the largest HPV response in normoxia, arteries that were 383 

constricted were close to their maximal allowable constriction (according to the Marshall and 384 

Marshall24 model, Equations 1-3). This means that these arteries were unable to constrict 385 

further under hypoxic conditions, as the limit on constriction had already been reached. The 386 

HPV response is proportional to the clot load, therefore smaller clot load (or none) equates to 387 

a greater propensity to respond to hypoxia via HPV than a higher clot load. The net result is 388 

the appearance of a diminished response to HPV in hypoxia, without the need for further 389 

vasoactive mechanisms to contribute. 390 

 391 
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Study limitations 392 

The ventilation and perfusion models that were used to predict gas exchange are quasi-static 393 

(non-oscillatory, and not pulsatile), and they do not include any of the peripheral or central 394 

control mechanisms that would be required to predict the time-course of response to APE.  395 

Including unsteady flow and coupling between the oscillatory cardiac and ventilatory cycles 396 

would increase the computational complexity of the model, and it is not clear that it would 397 

improve the model accuracy with respect to the aims of the current study. Extending this 398 

model to predict the time-course of APE would require including the oscillatory nature of the 399 

cardiac and ventilatory cycles and their coupling.   400 

 401 

The HPV models that are currently available do not include a time-dependent response as 402 

they are empirically derived and are therefore indicative only of the acute (~10 minute) HPV 403 

response. The HPV response has been shown to have a slow time response whereby during 404 

continued exposure to hypoxia PVR will continue to rise.14 For this reason the model results 405 

were only compared with measurements that were also made during acute hypoxia.  406 

 407 

We assumed in our model that HPV is only present in small pre-capillary arteries (<~ 500 µm 408 

in diameter). There is some evidence indicating that HPV also occurs within the capillaries 409 

and small veins; however, the most significant HPV response occurs in small pulmonary 410 

arteries.36 HPV could also be implemented within the capillary and venous vessels, however 411 

the amount of constriction that these vessels undergo is not well known. The only impact of 412 

including constriction of these vessels (in addition to constriction of the arteries proximal to 413 

them) would be to increase the total impact of HPV on mPAP in the model; regional 414 

distribution would be unaffected. 415 

 416 
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The effects of hypercapnia or hypocapnia on HPV are not currently included. Carbon dioxide 417 

(CO2) is known to affect pulmonary vascular tone in two opposing ways, however these 418 

effects have not been quantified well enough to include in the current model. The opposing 419 

actions are a direct relaxation of the vascular smooth muscle during alkalosis (hypocapnia), 420 

and a constricting effect mediated by a decrease in pH (acidosis, hypercapnia).5 In theory, an 421 

increase in regional PACO2 could cause pulmonary vasoconstriction and thereby contribute to 422 

flow diversion; however, the magnitude of this effect is likely to be small, because the 423 

maximum possible increase in PACO2 is small when systemic uptake of CO2 is constant.36 424 

 425 

The generic model geometry used here was derived using data from a 25 year old healthy 426 

male, whereas the mean age of the APE study participants was 51.3 years. The basic 427 

geometry of the airway and vascular trees is not expected to change with senescence, so the 428 

use of a younger model geometry to represent the older subjects is not likely to be significant 429 

for the outcomes of this study. Age-dependent factors that could be important are the lung 430 

tissue elastic recoil and loss of terminal airways, both of which would increase ventilation 431 

heterogeneity and hence impair V/Q matching and gas exchange. However we note that all of 432 

the subjects had normal pulmonary function tests, no prior cardio-respiratory problems, and 433 

no evidence of any significant age related decline in lung function. The older lung also 434 

experiences loss of gas exchange surface area - which is not represented in the model - but 435 

because full equilibration is assumed, the surface area is not relevant within the current 436 

model. The older subject can also become less sensitive to hypoxia, and this could potentially 437 

affect the cardiorespiratory response in APE. These age-dependent changes are potentially 438 

important secondary factors that would be worth considering in future studies.  439 

 440 

Summary 441 
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We extended an existing, previously passive, model of pulmonary blood flow to include an 442 

active HPV response, to explain contradictory experimental observations of the lung’s 443 

response to APE and hypoxia. The HPV model introduced an active regulatory response of 444 

the pulmonary circulation to changes in oxygen partial pressures that resulted from changes 445 

in either ventilation or perfusion. Our model is in agreement with studies suggesting that the 446 

HPV response is diminished in APE, with a greater reduction in response in subjects with 447 

higher levels of arterial occlusion. However, our model suggests that this diminished 448 

response to inhaled oxygen can be explained by localized low oxygen regions inducing a 449 

close to maximal HPV response, prior to any reduction in inspired oxygen. The model 450 

predicts negligible improvement to gas exchange function with HPV in APE.  451 

 452 

 453 

  454 



 

 20 

APPENDIX 455 

Here we provide some additional details for the models used in the current study. Note that 456 

each model has previously been published, so further details can be found in the literature. 457 

 458 

Lung tissue mechanics 459 

The lung is a non-linearly elastic material which deforms under gravity. A continuum finite 460 

element model of lung tissue deformation was proposed by Tawhai et al.37 in which the lung 461 

is assumed to be a compressible, homogenous, isotropic material with the relationship 462 

between stress and strain defined by the strain energy density function (W) 463 

𝑊𝑊 = 𝜉𝜉
2

exp(𝑎𝑎𝐽𝐽12 + 𝑏𝑏𝐽𝐽2),  (A1) 464 

where J1 and J2  are the first and second invariants of the Green-Lagrangian finite strain 465 

tensor and 𝜉𝜉, a, and b are constant coefficients. This model is solved by assuming that the 466 

lung is free to slide within a rigid pleural cavity under gravity loading with the lung 467 

parenchyma remaining in contact with the cavity surface. The model predicts regional acinar 468 

volumes and pleural pressure, which is used as an input for ventilation and perfusion 469 

simulations.  470 

 471 

The ventilation model 472 

The distribution of ventilation during normal breathing in the upright posture was simulated 473 

using a model of airflow within an anatomically-based structural model of the conducting 474 

airways that is coupled to compliant acinar units, as described by Swan et al.35 The acinar 475 

units have volume-dependent compliance, and their initial volume and placement (at FRC) is 476 

determined by the gravitational deformation of lung tissue as predicted using the continuum 477 

model described above.37 During breathing the elastic recoil pressure (Pe) and compliance 478 
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(C) local to each acinar unit is calculated from the same model of tissue mechanics as was 479 

solved in the continuum mechanics model using 480 

𝑃𝑃𝑒𝑒 = (𝜉𝜉𝑒𝑒𝛾𝛾)(3𝑎𝑎 + 𝑏𝑏)(𝜆𝜆2 − 1)/(2𝜆𝜆),    (A2) 481 

𝐶𝐶 = 𝜉𝜉𝑒𝑒𝛾𝛾

6𝑉𝑉0
�3(3𝑎𝑎+𝑏𝑏)2�𝜆𝜆2−1�

2

𝜆𝜆2
+ (3𝑎𝑎+𝑏𝑏)�𝜆𝜆2+1�

𝜆𝜆4
�,   (A3) 482 

where 𝜆𝜆  is the isotropic stretch from the undeformed reference volume V0 and  𝛾𝛾 =483 

3
4

(3𝑎𝑎 + 𝑏𝑏)(𝜆𝜆2 − 1).  The compliant acinar units are coupled to the airway resistance 484 

(calculated using a corrected Poiseuille resistance)30 using an equation of motion at each 485 

acinus 486 

𝑃𝑃𝑎𝑎𝑎𝑎 = 𝑉𝑉𝑎𝑎/𝐶𝐶 + 𝑅𝑅𝑎𝑎𝑎𝑎𝑄𝑄 − 𝑃𝑃𝑒𝑒 , (A4) 487 

where Paw is the pressure in the terminal conducting airway, Va is the volume of the acinus, 488 

Raw is the resistance of the terminal airway, and Q is the rate of flow in that airway. 489 

 490 

The air pressure at the proximal end of the trachea was assumed to be constant and equal to 491 

atmospheric pressure throughout the breathing cycle. Pressure values in the model are 492 

relative to atmospheric pressure (therefore pressure is equal to zero at the inlet). We neglect 493 

the resistance of the upper (oro- or naso-pharyngeal) airway, therefore set the zero pressure 494 

boundary condition at the proximal end of the trachea (the ‘entrance’ to the airway tree 495 

model). This assumption is sufficient for the current study in which the distribution of 496 

ventilation is the key dependent variable that is predicted by the ventilation model, and this is 497 

unaffected by neglecting the normal upper airway resistance. Air was driven into and out of 498 

the system via an oscillating muscle pressure boundary condition that acted on each acinar 499 

unit. The model presented in Swan et al.35 was implemented in the same subject structural 500 

model used in the current study. We therefore use the same model parameters, and hence the 501 
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same ventilation distribution was predicted (ventilation gradient = 1.5%/cm, relative 502 

dispersion = 20.9% as assessed using 1 cm3 voxels and acinar ventilation values only). 503 

 504 

The blood flow model 505 

In this study, additional functionality is included in the blood flow model that was previously 506 

presented by Clark et al.,10 to predict the constriction of vessels as a function of oxygen 507 

partial pressures. The components of the model that have been presented previously can be 508 

found in references 8-10. Flow in each pre-capillary artery and vein is defined by 509 

Δ𝑃𝑃 = (128𝜇𝜇𝜇𝜇)𝑄𝑄/(𝜋𝜋𝐷𝐷4) + 𝜌𝜌𝑏𝑏𝑔𝑔𝑔𝑔 cos(Θ),  (A5) 510 

where Δ𝑃𝑃 is the pressure drop in each vessel segment, 𝜇𝜇  is the viscosity of blood in the 511 

vessel, L is the length of the vessel segment, D is the diameter of the vessel segment, Q is the 512 

volumetric blood flow rate in the vessel, 𝜌𝜌𝑏𝑏 is the density of blood, g is gravitational 513 

acceleration, and Θ  is the angle that the vessel makes with the direction of gravity. 514 

Conservation of mass is applied at each vessel bifurcation. 515 

The pulmonary capillary beds are treated as lumped parameter ‘sheets’ using the methods of 516 

Fung and Sobin16   517 

𝑄̇𝑄 = (𝑆𝑆𝑆𝑆)/(𝜇𝜇𝜇𝜇𝑙𝑙𝑐𝑐2).∫ 𝐻𝐻3𝑑𝑑𝑃𝑃𝑡𝑡𝑡𝑡,   (A6) 518 

where  A is the  alveolar surface area, S is the proportion of this area comprised of capillaries, 519 

f is a numerical friction factor, lc  is the average path length from arteriole to venule, H is the 520 

thickness of the capillary bed, and Ptm is the transmural pressure (transmural pressure is the 521 

difference between the internal and external pressure being exerted on a blood vessel). The 522 

function H has been well defined by Fung and colleagues15 over the height of the lung and 523 

details of the calculation of the integral term in equation (A6) are given in 9. 524 

 525 
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Each pulmonary vessel is compliant and Krenz and Dawson22 showed that the extra-capillary 526 

vessels could be modeled using the pressure-diameter relationship  527 

( )( )10 += tmPDD α ,   (A7) 528 

where  D is the strained vessel diameter, D0 is the unstrained (i.e. at zero transmural pressure, 529 

Ptm = 0) vessel diameter, and α = 1.49 x 10-4 Pa.s-1 is vessel compliance.22 Vessels are 530 

assumed to have a circular cross-section, this may introduce some error where vessels are, in 531 

reality, elliptical in cross-section (i.e. large veins), however analysis by Yen and Sobin 532 

showed that this error will be small (in an extreme case, an ellipse with the major axis twice 533 

as large as the minor axes, the mean diameter of the ellipse is only 3.5% larger than that of 534 

the circle with an equivalent total circumference).43 The value for α in Equation A7 is taken 535 

from the study of Krenz et al.22. In this and earlier studies, α has been found to be essentially 536 

independent of vessel diameter, remaining relatively constant over several orders of 537 

magnitude from the main pulmonary artery to terminal arterioles. Krenz et al. also compared 538 

measurements of pulmonary vascular distensibility from several different studies and found a 539 

remarkably similar value (α = 1.49 x 10-4 Pa.s-1) across all studies. Equation A7 models the 540 

nonlinearly elastic vessel wall as distending linearly up to a maximum Ptm of 1.9kPa (14 541 

mmHg); beyond this limit the vessels are inextensible.44 This does not accurately reflect the 542 

nonlinear elastic deformation of the vessel wall, however it is a sufficient approximation for 543 

the pressures that are considered in the current study.22 The vascular networks are tethered to 544 

lung tissue, and tissue deformation therefore influences perfusion via shift in the vessel 545 

locations and elastic recoil pressures acting to distend the extra-capillary vessels. The 546 

continuum mechanics model was used to predict these contributors to flow. 547 

 548 
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The addition of the HPV response in this model impacts on the vessel pressure-diameter 549 

relationship (Equation A8) via the resultant constriction factor, K, value calculated in 550 

Equation 3 such that 551 

.   (A8) 552 

With boundary conditions for left atrial pressure (LAP) and flow from the right ventricle 553 

(QRV) predictions can be obtained for the regional distribution of steady-state blood flow and 554 

blood pressures (including mean pulmonary arterial pressure, mPAP). 555 

 556 

The gas transfer model  557 

To estimate the effect of V and Q distributions on gas transfer between air and blood we use 558 

a steady-state transfer model based on Kapitan and Hempleman21 to describe oxygen (O2) 559 

partial pressure balance in each acinus: 560 

𝑉𝑉𝐼𝐼 .𝑃𝑃𝐼𝐼𝑂𝑂2 − 𝑉𝑉𝐴𝐴.𝑃𝑃𝐴𝐴𝑂𝑂2 = 𝑄𝑄𝑄𝑄(𝐶𝐶𝐶𝐶𝑂𝑂2 − 𝐶𝐶𝑣𝑣𝑂𝑂2),   (A9) 561 

where VI is the rate of air entering the acinus (L/min), VA is the rate of air leaving the acinus 562 

(L/min), Q is blood flow to the acinus (L/min), k is a constant that accounts for the difference 563 

between partial pressure in inspired air and air at body temperature and pressure, PjO2 is the 564 

O2 partial pressure (kPa, or mmHg), and CjO2 is the O2 content in inspired air (j=I), alveolar 565 

air (j=A), end-capillary blood (j=C), and the mixed venous blood that enters the lung (j=v). 566 

The O2 partial pressure and content (in ml O2 per 100 ml) in the blood were related by  567 

,03.0)(34.115 222 OPOPOC CCC +××= ρ   (A10) 568 

  (A11)  569 

where ρ(PCO2) is the oxygen saturation, which is a function of PCO2.28 The first term on the 570 

right hand side in Equation A13 represents the O2 bound to hemoglobin, and the second term 571 
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represents O2 dissolved in blood plasma.  KT = 10x103 L.mol−1, KR = 3.6x106 L.mol−1, L = 572 

171.2x106, and the O2 solubility, σ is 1.43x10−4 mol.L-1.kPa−1. Refer to 7 for more details. 573 

 574 

The ventilation and blood flow models provide a time averaged VA and Q, respectively, in 575 

each acinus. VA is corrected for dead space volume, and for the purposes of this study we 576 

assume a dead space of 150 ml.40 To compute this model we must include the additional 577 

assumption that alveolar PAO2=PCO2 at end inspiration (that is, blood remains in the 578 

capillaries long enough for O2 to equilibrate between alveolar air and capillary blood, >0.25 579 

s).40 This enables a solution for PAO2 (=PcO2) within each acinar unit in the model. To 580 

calculate the end expired O2 partial pressure (PETO2) an acinar ventilation-weighted sum of 581 

PAO2 is calculated.  582 
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Figure 1: Schematic diagram of the models used and how they interrelate. Details and 709 

equations for models are included in the Appendix. 710 

 711 

Figure 2: The relationship between inspired oxygen partial pressure (PiO2, mmHg) and the % 712 

increase in cardiac output from baseline (QRV, %), using data from 14,18,41. The relationship 713 

was fit using a quadratic curve (dashed line). The fitted function was used to define QRV (as a 714 

model boundary condition) for simulations with different levels of PiO2. 715 

 716 

Figure 3: The effect of inspired oxygen partial pressures (PiO2, mmHg) on (A) increase in 717 

pulmonary vascular resistance (PVR) from baseline (normoxic) to hypoxic conditions (NB/ 718 

during normoxia, PiO2=150 mmHg, simulation and experimental points are overlaid, both 719 

equal to zero); (B) P(A-a) gradient; (C) arterial oxygen partial pressure (PaO2). Black 720 

diamonds show experimental data,14,18,41 and grey triangles show model results. 721 

 722 

Figure 4: The impact of HPV on (A) predicted alveolar oxygen partial pressures (PAO2), and 723 

(B) acinar blood flow (Q) and ventilation (V). Results are shown for baseline (no HPV, 724 

dashed lines) and post-HPV (solid lines) when PiO2 is reduced to 68 mmHg. Results for mean 725 

acinar values within iso-gravitational slices of 10 mm thickness (including ± one standard 726 

deviation) are plotted with respect to gravitationally-dependent lung height along the 727 

craniocaudal axis (0% corresponds to the caudal-most point). 728 

 729 

Figure 5: The impact of HPV in 10 patient-specific PE distribution models 6 during normoxia 730 

(PiO2=150 mmHg). (A) Simulation results showing the impact of HPV on mean pulmonary 731 

arterial pressure (mPAP) plotted as a function of the embolus obstruction index (QOI, %). 732 

Black triangles indicate predictions of mPAP without HPV, and grey diamonds illustrate 733 
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mPAP predictions with the HPV mechanism included. Horizontal dashed line at PAP=25 734 

mmHg indicates the threshold for clinically defined PH. (B) % increase in mPAP is plotted 735 

for each subject. Dashed line shows a linear fit to the data, although the trend is not 736 

statistically significant. 737 

 738 

Figure 6: Relationship between mean pulmonary arterial pressure (mPAP) predicted at 739 

normoxia (PiO2=150 mmHg) and: (A) the % increase in mPAP due to HPV between 740 

normoxia and hypoxia (PiO2=68 mmHg), (B) the mean constriction factor (K) calculated as 741 

described by 24 (see Equation 3) at normoxia (dashed line shows linear fit through this data) 742 

and the decrease in this K value at PiO2=68 mmHg. 743 


