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Figure 7. Changes in pulmonary and cardiac hemodynamics during incremental levels of 
exercise at baseline (BL), after completion of embolization (AM) and at the end of 
follow-up (End).
Presented is the effect of exercise on: mean pulmonary artery pressure (PAP), panels A&B; 
total pulmonary vascular resistance index (tPVRi), panels C&D; cardiac index (CI), panels 
E&F; and stroke volume index (SVi) in panels G&H. Data are means ± SEM. Control N=12; 
LNAME+Spheres N=6. * P < 0.05 vs BL; † P < 0.05 vs corresponding Control; § P < 0.05 vs 
effect of exercise in Control.
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PO2art was lower in the LNAME+Spheres swine compared to Control after 

the embolization phase and at the end of follow-up. Moreover, PO2art decreased 

more during exercise in LNAME+Spheres compared to Control at both time-

points. After the embolization phase, body O2 extraction at rest was increased in 

the LNAME+Spheres group compared to both BL and Control group. The increased 

O2 extraction compensated for the decreases in CI and arterial oxygenation, so 

that body O2 consumption was unaltered. At the end of follow-up, the increase in 

body O2 extraction was insufficient to compensate for the decrease in PO2art and 

the O2 consumption was lower at rest (Figure 9). Although there was no 

difference in the exercise-induced increase in O2 extraction, the exercise-induced 

increase in O2 consumption was significantly attenuated both after the initial 

embolization phase (AM) and at the end of follow-up (End) in LNAME+Spheres 

compared to Control animals, reflecting the attenuated increase in CI. 

Figure 8. Pulmonary vascular reserve.
Presented is the relationship between pulmonary artery pressure (PAP) and cardiac index 
(CI) during incremental exercise at A) baseline (BL); B) after completion of embolization 
(AM) and C) at the end of follow-up (End). Data are means ± SEM. Control N=12; 
LNAME+Spheres N=6. § P < 0.05 Effect of exercise in LNAME+Spheres vs Control (slope).
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Figure 9. Systemic oxygenation and body oxygen consumption during incremental levels 
of exercise at baseline (BL), after microspheres (AM) and at the end of follow-up (End).
Presented is the effect of exercise on: Arterial oxygen pressure (PO2art), panels A&B; Body 
oxygen consumption index (BVO2i), panels C&D; and body oxygen extraction (BVO2ex), 
panels E&F. Data are means ± SEM. Control N=12; LNAME+Spheres N=6. * P < 0.05 vs BL; † 
P < 0.05 vs corresponding Control; § P < 0.05 vs effect of exercise in Control.
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Discussion 

The main findings of this present study are that i) induction of CTEPH with a 

sustained increase in PAP and tPVRi over time required a combination of 

endothelial dysfunction (LNAME) and repeated embolization procedures, as either 

stimulus alone did not result in a sustained increase in PAP or tPVRi; ii) PAP and 

tPVRi were still increased up to 5 weeks after the last embolization and 2 weeks 

after the last LNAME injection, consistent with sustained pulmonary 

hypertension; iii) development of CTEPH is accompanied by a decrease in arterial 

oxygen tension during exercise both in the early phase following embolizations as 

well as at the end of follow-up; iv) impaired oxygenation of the arterial blood was 

compensated by a small increase in systemic oxygen extraction; v) repeated 

embolizations initially resulted in RV dysfunction at rest, as assessed with 

echocardiography, and by a decrease in SVi during exercise. However, at the end 

of follow-up, the presence of RV hypertrophy was associated with a maintained 

SVi during exercise. 

Induction of CTEPH requires both repeated embolizations and endothelial 

dysfunction 

As summarized in Table 1, over the past decades several research groups have 

attempted to develop a large animal model of CTEPH, using different embolization 

materials, particle sizes and embolization frequencies. Many of these attempts 

have failed to show a sustained (>2 weeks after the last embolization) increase in 

PAP (1, 17, 26, 33, 38, 41, 42, 48, 55, 60). The studies that did show a sustained 

increase in PAP (5, 16, 47, 49, 63), have in common that they embolized a large 

part of the pulmonary vasculature, with multiple embolization procedures. It has 

been suggested that 40-60% of the lung vasculature needs to be obstructed for 

CTEPH to develop (3, 13). Indeed, Mercier and co-workers performed ligation of 
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Figure 9. Systemic oxygenation and body oxygen consumption during incremental levels 
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panels E&F. Data are means ± SEM. Control N=12; LNAME+Spheres N=6. * P < 0.05 vs BL; † 
P < 0.05 vs corresponding Control; § P < 0.05 vs effect of exercise in Control.

Exercise to predict cardiac and vascular remodeling in CTEPH 

105 

Discussion 

The main findings of this present study are that i) induction of CTEPH with a 

sustained increase in PAP and tPVRi over time required a combination of 

endothelial dysfunction (LNAME) and repeated embolization procedures, as either 

stimulus alone did not result in a sustained increase in PAP or tPVRi; ii) PAP and 

tPVRi were still increased up to 5 weeks after the last embolization and 2 weeks 

after the last LNAME injection, consistent with sustained pulmonary 

hypertension; iii) development of CTEPH is accompanied by a decrease in arterial 

oxygen tension during exercise both in the early phase following embolizations as 

well as at the end of follow-up; iv) impaired oxygenation of the arterial blood was 

compensated by a small increase in systemic oxygen extraction; v) repeated 

embolizations initially resulted in RV dysfunction at rest, as assessed with 

echocardiography, and by a decrease in SVi during exercise. However, at the end 

of follow-up, the presence of RV hypertrophy was associated with a maintained 

SVi during exercise. 

Induction of CTEPH requires both repeated embolizations and endothelial 

dysfunction 

As summarized in Table 1, over the past decades several research groups have 

attempted to develop a large animal model of CTEPH, using different embolization 

materials, particle sizes and embolization frequencies. Many of these attempts 

have failed to show a sustained (>2 weeks after the last embolization) increase in 

PAP (1, 17, 26, 33, 38, 41, 42, 48, 55, 60). The studies that did show a sustained 

increase in PAP (5, 16, 47, 49, 63), have in common that they embolized a large 

part of the pulmonary vasculature, with multiple embolization procedures. It has 

been suggested that 40-60% of the lung vasculature needs to be obstructed for 

CTEPH to develop (3, 13). Indeed, Mercier and co-workers performed ligation of 

Kelly Stam Dissertatie V5.indd   105 12-8-2019   09:51:56



Chapter 3. 

106 

the left pulmonary artery in combination with progressive embolization of the 

segmental arteries of the right lower lobe (5), leaving the right upper and possibly 

right middle lobe unaffected. 

Estimation of the relative magnitude of the obstructed part of the 

pulmonary vasculature requires comparison of the number of microspheres 

infused with the number of vascular branches of corresponding size present in the 

pulmonary vascular bed. The pulmonary vasculature can be morphometrically 

described with diameter defined Strahler orders, starting at the capillaries and 

ending at the main pulmonary artery (24). The pulmonary vascular tree of swine is 

less well described than that of humans, in which a total of 15 orders was 

observed (24). In swine, pulmonary vascular morphometry of pulmonary arteries 

larger than 160μm in diameter was analyzed using multidetector-row computed 

tomography, resulting in 10 branching orders (29). This number of branching 

orders corresponds well with the human study, in which vessels of the 5th order 

had an average diameter of 150μm. In the present study, CTEPH was induced with 

embolizations using microspheres of 600-710μm in diameter. This size of 

microspheres corresponds with order 3 (diameter 430μm, range 380-570μm) and 

order 4 (diameter 760μm, range 660-990μm), of which approximately 2100 and 

590 are present in the porcine pulmonary vasculature (29). It has to be taken into 

account that supernumerary vessels were not measured because of the 

computational model used. These supernumerary vessels are estimated to be 

present in a ratio of 1.6 (45) or 2.8 (6) to conventional arteries. Adding these 

vessels to the number of vessels results in an estimated total of 5460-7980 

arteries of order 3, and 1530-2240 arteries of order 4. Assuming that the 

pulmonary vascular tree of a 20kg pig is 3-fold smaller than that of a 70kg human, 

these numbers correspond well with the estimated 22000 (order 8, diameter 

510±40μm) and 6225 (order 9, diameter 770±70μm) pulmonary small arteries 
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present per lung in humans (24). To ensure full coverage of the pulmonary 

vasculature, microspheres were slowly injected into the RV, assuming that 

microspheres flow to perfused, non-embolized vessels. The presence of 

microspheres in all lung lobes was visually confirmed upon sacrifice, and no 

microspheres were observed in systemic organs. Histologically, microspheres in 

the lungs were surrounded by fibrous tissue, however, qPCR analyses revealed no 

changes in the expression of inflammatory markers IL-6, TNF-α and TGF-β1. 

Although some microspheres clustered, with an approximate total of 36000 

microspheres per animal, it is likely that 60% of these pulmonary small arteries 

were obstructed. Nevertheless, with microspheres alone, no sustained CTEPH 

developed. 

Since CTEPH patients present with dysfunctional endothelium as 

evidenced by alterations in coagulation, inflammation, angiogenesis and 

vasoregulation (2, 30, 43, 51, 52), endothelial dysfunction was used as a second 

hit to induce CTEPH. Nitric oxide is an important endothelium-derived anti-

coagulatory, anti-inflammatory, pro-angiogenic, vasodilator. Therefore, 

endothelial dysfunction was induced by inhibiting eNOS by chronic LNAME 

administration, which in combination with multiple microsphere infusions 

resulted in a sustained increase in PAP and tPVRi. This increase in PAP above 

25mmHg for a prolonged period of time after embolizations and in the awake 

state is evidence for successful induction of chronic PH (1, 17, 26, 33, 38, 41, 42, 

48, 49, 60, 63). Our findings are in accordance with a recent study in rats, that 

show that sustained CTEPH developed when combining embolizations with 

endothelial dysfunction produced by VEGF-inhibition (39). Importantly, in the 

present study CTEPH persisted when eNOS inhibition was discontinued, which 

together with the reduced endothelium-dependent vasodilator response to 

Substance P in isolated pulmonary small arteries, indicates that CTEPH in itself 
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was sufficient to maintain a state of endothelial dysfunction. It is well established 

that secondary to pulmonary embolisms, worsening of PH results from 

progressive microvascular remodeling of the non-obstructed pulmonary small 

arteries (23, 37). Indeed, we also observed microvascular remodeling as 

evidenced by an increased wall thickness of the non-obstructed pulmonary small 

arteries and exaggerated vasoconstriction to both KCl and the thromboxane 

analogue U46619. Contrary to results in lungs of patients with CTEPH, in which a 

reduction in VEGF-expression and an elevation of the anti-angiogenic factor 

angiopoietin-1 were observed (51), microvascular remodeling in our model was 

not accompanied by changes in expression of angiogenic factors as measured with 

qPCR in tissues obtained at sacrifice. The exact time-course of microvascular 

remodeling cannot be determined from our data, as the increase in resistance due 

to embolization cannot be distinguished from the increase in resistance due to 

microvascular remodeling during the embolization period. However, tPVRi 

continued to increase after cessation of the embolization procedures, which is 

consistent with remodeling of the distal vasculature, although an increase in 

microvascular tone secondary to endothelial dysfunction may also have 

contributed.  

Cardiopulmonary stress testing and RV function 

Exercise testing after pulmonary embolism is predictive of development of PH 

and/or patient outcome in established CTEPH (19-21, 46). Swine were exercised 

on a motor driven treadmill up to 4km/h prior to induction of CTEPH and on a 

weekly basis during and after the embolization period to investigate the influence 

of cardiopulmonary stress on hemodynamic variables and blood oxygenation. 

Swine reached heart rates of approximately 255bpm at the beginning of the study 

and 210bpm at the final exercise trial (Table 3), whereas maximal heart rates of 
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272 bpm have been reported in literature in swine of similar size (61). 

Nevertheless, the significant lactate production during exercise at the beginning 

of the study as well as at the final exercise trial in the CTEPH swine suggests that 

near maximal levels were reached at those time points. 

In accordance with Claessen et al. 2015 (7, 8), we observed that the right 

ventricle was not able to cope with the increased afterload during exercise 

evidenced by a decreased SVi, particularly early after embolization. Furthermore, 

whereas RV EDA was unchanged but RV ESA tended to be increased, suggestive of 

systolic contractile dysfunction, although TAPSE was not different. The decreased 

SVi was not compensated by an increase in heart rate, and hence cardiac index 

was lower in swine with CTEPH. Despite the blunted exercise-induced increase in 

cardiac index, the increase in PAP and tPVRi were exacerbated during exercise. 

Moreover, the ventilation-perfusion mismatch was exacerbated during exercise, 

resulting in a further decrease in PO2art during exercise.  

At the end of follow-up, the time-point which resembles the time where 

most patients present in the hospital with symptoms, PAP and tPVRi were still 

elevated at rest and, similar to patients with CTEPH the increase in PAP was 

exacerbated during exercise (7, 8). However, as a result of the chronically elevated 

RV afterload, the RV underwent hypertrophy reflected by increases in RVW/BW, 

Fulton index and cardiomyocyte cross-sectional area. Although TAPSE showed a 

trend towards a decrease in LNAME+Spheres, RV hypertrophy blunted the systolic 

dysfunction of the heart as observed using echocardiography at rest, as well as 

the decrease in SVi during exercise. Nevertheless, CI was persistently decreased at 

rest and did not increase significantly during exercise. In addition, patients 

presenting with a V/Q mismatch in the lungs suffer a further decrease in 

ventilatory efficiency during exercise. Although this V/Q mismatch correlates to 
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RV function in other types of PH, there is no correlation in either CTEPH patients 

or in the LNAME+Spheres animals in the present study (data not shown) (14, 44, 

56). The reduction in O2 uptake was exacerbated during exercise as evidenced by 

a decrease in PO2art, which in combination with the decreased CI resulted in a 

reduced VO2max (25, 31, 46). Similarly, in our swine model, the V/Q mismatch 

increased in severity with incremental exercise intensity, as evidenced by a 

further decrease in arterial PO2. This V/Q mismatch remained present during the 

entire follow-up period. However, given the relatively mild reduction in PO2art, the 

capability of the body to increase O2 extraction, and the more severe reduction in 

SVi during exercise, it is likely that the main cause of the exercise limitations in 

CTEPH is cardiac insufficiency. These data in our porcine model are consistent 

with the observations by Claessen et al. (7, 8) that exercise intolerance in CTEPH 

patients is principally determined by a disproportional increase in RV afterload. 

Conclusions 

A combination of repeated embolization procedures and endothelial dysfunction 

was required to successfully develop a large animal model for chronic embolic 

pulmonary hypertension. To the best of our  knowledge the present study is the 

first to investigate the role of both cardiac dysfunction and V/Q mismatch in 

exercise intolerance in an animal model of CTEPH. This model emulates critical 

features of patients with CTEPH, including V/Q mismatch and early RV 

dysfunction. The latter likely contributed to the reduced SVi that was present at 

rest. Both the V/Q mismatch and the cardiac dysfunction were aggravated by 

exercise. Prolonged increases in RV afterload were associated with adaptive RV 

hypertrophy, while the V/Q mismatch remained present. This animal model can 

be further utilized to investigate disease development, early diagnostic markers 

and interventions that interfere with microvascular remodeling in the field of 
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CTEPH research. Finally, this model may also be used to delineate sex-differences 

that are known to exist in development and progression of CTEPH (50). 
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Abstract 

Purpose 

The purpose of this study was to compare invasively measured aorta flow with 2D 

phase contrast flow and 4D flow measurements by cardiovascular magnetic 

resonance (CMR) imaging in a large animal model. 

Methods 

Nine swine (mean weight 63±4 kilograms) were included in the study. 4D flow 

CMR exams were performed on a 1.5T MRI scanner. Flow measurements were 

performed on 4D flow images at the aortic valve level, in the ascending aorta, and 

main pulmonary artery. Simultaneously, flow was measured using an invasive flow 

probe, placed around the ascending aorta. Additionally, standard 2D phase 

contrast flow and 2D left ventricular (LV) volumetric data were used for 

comparison. 

Results 

The correlations of cardiac output (CO) between the invasive flow probe, and 

CMR modalities were strong to very strong. CO measured by 4D flow CMR 

correlated better with the CO measured by the invasive flow probe than 2D flow 

CMR flow and volumetric LV data (4D flow CMR: Spearman’s rho 0.86 at the aortic 

valve level and 0.90 at the ascending aorta level; 2D flow CMR: 0.67 at aortic valve 

level; LV measurements: 0.77). In addition, there tended to be a correlation 

between mean pulmonary artery flow and aorta flow with 4D flow (Spearman’s 

rho=0.65, P=0.07), which was absent in measurements obtained with 2D flow 

CMR (Spearman’s rho=0.40, P=0.33). 
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