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abstraCt
introduction 
In pulmonary hypertension (PH), the high right ventricular (RV) power output requires 

increased oxygen consumption. To investigate how the right ventricle adapts to this increased 

oxygen demand, we studied oxygen supply and diffusion in the right myocardial tissue by 

means of capillary counting, cardiomyocyte size and myoglobin (Mb) in patients who died of 

progressive PH. Moreover, using a PH rat model we explored whether our observations were 

specific for the progressive end-stage of PH. 

Methods 
RV tissue was collected at autopsy of 10 PH patients and 10 controls. In rats, stable or progressive 

PH was induced by monocrotaline. RV cardiomyocyte cross-sectional area (CSA), capillary 

density and Mb content and functional concentration were determined using western blotting 

and histochemistry.

results 
RV cardiomyocyte CSA is increased in PH patients compared to controls (PH: 824 ± 125 vs 

con: 353 ± 97 μm2, p<0.001), whereas capillary density is decreased (PH: 557 ± 110 vs con: 1119 

± 195 capillaries/mm2, p<0.001). RV Mb content and functional concentration are significantly 

reduced. Similar results were found in failing right ventricle of progressive PH rats, whereas 

stable PH rats had intermediate characteristics.

Conclusion 
In progressed PH with end-stage RV failure, there is clear RV cardiomyocyte hypertrophy, 

whereas capillary density and cardiomyocyte Mb concentration are decreased. Our data shows 

that despite the high oxygen demand, the oxygen supply and diffusion are reduced in the 

failing right myocardium in PH. 
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intrOduCtiOn
In pulmonary hypertension (PH), the pulmonary arterial pressure and vascular resistance are 

markedly increased. The right ventricle adapts to its high afterload by hypertrophy of the right 

ventricular (RV) wall. This results in increased myocardial oxygen consumption, as has been 

shown in the pressure overloaded left ventricle.1-3 Myocardial oxygen consumption depends 

on heart rate, afterload, wall tension, contractility and coronary perfusion pressure.2, 4 RV 

myocardial oxygen consumption per gram is normally less than half of that of the left ventricle, 

but in the pulmonary hypertensive right myocardium it has been shown in dog and rat PH 

models that oxygen consumption is increased due to up to 5 times increased afterload and 

cardiac power output and reduced mechanical efficiency.1, 5, 6

Unlike the left ventricle where systemic pressure may rise about 1.5 times, the right 

heart often faces a 4- or 5-fold increase in pulmonary artery pressure. As a result, the right 

myocardium needs to hypertrophy to a larger extent to normalize wall stress compared to the 

left heart in systemic hypertension. This indicates an important difference between RV and left 

ventricular (LV) hypertrophy. To compensate for the increased RV oxygen demand, oxygen 

supply and diffusion have to increase. Oxygen supply to the cardiomyocytes is determined by 

capillary density, blood flow, haematocrit and oxygen saturation and extraction.1, 2, 6, 7 In the 

overloaded human right ventricle in PH it was previously shown that systolic coronary flow and 

myocardial perfusion reserve were significantly reduced.8, 9 Oxygen diffusion depends on intra- 

and extracellular oxygen tension, diffusion distances and myoglobin (Mb) concentration.10-12 

Myoglobin functions as storage for oxygen and facilitates oxygen transport from the 

cardiomyocyte sarcolemma to the mitochondria.10, 13

Whether adaptations in oxygen supply and diffusion of the RV myocardium at the cellular 

level are sufficient to meet the higher oxygen requirements is unknown. Therefore, we 

investigated the cardiomyocyte cross-sectional area, the amount of capillaries and Mb in 

human RV samples obtained from PH patients who died from end-stage right heart failure and 

controls and compared these data to PH rats data with different stages of RV failure. 

MethOds
human autopsy material 
Right ventricle myocardium was collected during autopsy of 10 PH patients who died from end-

stage right heart failure. The RV myocardium obtained from 10 patients who died of acute LV 

myocardial infarction was used as control. Written consent to obtain body material for research 

purposes was obtained simultaneously with consent for autopsy from the closest relative. Use 

of patient material after completion of the diagnostic process is part of the patient contract 

in our hospital. After excision, the ventricular biopsies were snap frozen in liquid nitrogen and 

stored at -80°C. 

rat autopsy material
Rat material was obtained from a previous study by Handoko et al. 14 The study was approved 

by the local animal ethics committee. Monocrotaline (MCT) was injected in male Wistar rats 

to induce pulmonary hypertension. Stable PH with preserved cardiac output was induced with  

a dosage of 40 mg/kg MCT (n=6) and severe progressive PH resulting in RV failure was induced 
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after injection of 60 mg/kg MCT (n=6). Six healthy rats were used as controls. Three weeks after 

MCT injection or when heart failure was obviously present, cardiac function was measured with 

echocardiography before the rats were sacrificed and the heart was harvested. The heart was 

perfused with Tyrode solution to remove the blood, snap frozen in liquid nitrogen and stored 

at -80°C.

In order to assess the determinants of oxygen diffusion of the cardiomyocytes, we assessed 

the following parameters: Mb protein content and functional concentration, cardiomyocyte 

cross-sectional area (CSA) and capillary density. Cryostat sections of 5 μm thick were cut from 

the human ventricle biopsies and rat heart apex before storage in -80°C until staining. 

Western blot 
Myoglobin protein content Human ventricular biopsies and rat ventricles were homogenised 

and protein analysis was performed with gel electrophoresis (4 - 15% acrylamide gels) and 

Western blotting. Myoglobin protein content was measured with a primary polyclonal rabbit 

antibody (Santa Cruz Biotechnology) and secondary polyclonal goat anti-rabbit antibody (Dako 

Denmark A/S). To correct for protein loading differences, all signals were normalized to α-actin 

(primary monoclonal anti-actin mouse antibody, Sigma Aldrich) and secondary polyclonal goat 

anti-mouse antibody (Dako Denmark A/S). AIDA software was used for quantification of the 

signals (AIDA, 4.21.033, Raytest, Strau-Benhardt Germany).

histology
Myoglobin peroxidase activity as a measurement of functional Mb concentration in individual 

cardiomyocytes was measured as described in detail before.15, 16 Briefly, cryostat sections were 

freeze-dried and vapour-fixed with paraformaldehyde for 60 min at 70°C. Then the sections were 

fixed for 10 min at room temperature in 2.5% glutaraldehyde in 0.07 M sodium phosphate buffer, 

and then incubated for 1h in a medium consisting of 59 ml 50 mM TRIS/80 mM KCl buffer with 25 

mg ortho-tolidine (Sigma T8533) in 2 ml 96% ethanol and 1.43 ml 70% tertiary-butyl-hydorperoxide 

(Fluka Chemie 19995, Buchs, Switzerland).  The functional Mb concentration was calculated using 

sections cut from gelatine blocks containing known concentrations of equine Mb as standards.

Cross sectional area was determined in haematoxylin and eosin (H&E) stained cryostat 

sections. Cardiomyocyte CSA was measured in 20 cardiomyocytes from four different locations 

in the ventricles.

Capillaries in the human tissue were demonstrated using collagen type IV staining.17 Cryostat 

sections were fixed in 4% formaldehyde before overnight incubation with primary anti-

collagen type IV antibody (Santa Cruz Biotechnology) and a secondary biotin-labelled anti-

rabbit antibody. Endogenous peroxidase was inhibited in a 1% H
2
O

2
-methanol solution. 

After incubation in Avidine Biotine complex and 3, 3’-diaminobenzidine staining, capillaries 

were counted in the ventricles. Capillaries in the rat hearts were demonstrated using 

immunofluorescence microscopy as detailed described before.14 Methods of staining differ 

between human and animals because immunofluorescence staining was not reliable in the 

human autopsy material.

Images were obtained with NIH Image using a 40x objective and analysed with ImageJ 

(ImageJ for Windows 1.39a, National Institutes of Health, Bethesda MD), taking the pixel-to-

aspect ratio into account. 
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statistical analysis
Multilevel analysis was used to correct for the nonindependence of successive measurements 

of cross sectional area and functional Mb concentration per subject. (MLwiN 2.02.03, Center 

for Multilevel Modeling, Bristol, UK). A two-tailed Student t-test was performed to compare 

Mb protein content and capillary density in PH patients and controls. One-way ANOVA with 

Bonferroni post-hoc testing was used to test differences in Mb protein content and capillary 

density between control, stable and progressive PH rats. T-tests and ANOVA were performed 

with GraphPad Prism 5 (GraphPad Software, San Diego California USA). All data are presented as 

mean ± SEM, unless stated otherwise with a p-value <0.05 considered as statistically significant. 

resuLts
human data
Age of death of the PH patients was 60.2 ± 14.2 years (1 male; 9 females). All patients were 

diagnosed during life in Dana Point class 1: pulmonary arterial hypertension. Five patients had 

idiopathic PH, 2 had PH with an atrial septal defect, 2 scleroderma associated PH and 1 had 

portopulmonary hypertension. All patients died from end-stage right heart failure. Of all PH 

patients, eight patients were diagnosed with PH in our center. At the time of diagnosis by means 

of right heart catheterization, they had a mean pulmonary artery pressure of 58 ± 8 mmHg,  a 

pulmonary vascular resistance of 865 ± 274 dyn.s.cm-5, a cardiac output of 4.1 ± 1.3 L/min and 

a cardiac index of 2.6 ± 0.4 L/min/kg. The mean arterial saturation was 93 ± 4 %, whereas the 

mixed venous saturation was 62 ± 3 %. The baseline six-minute walking distance was 283 ± 88 

meter (51% of predicted).

The control group had a mean age of 62.9 ± 10.3 years (4 males; 6 females). Despite of different 

underlying morbidities, the cause of death of all control patients was acute LV infarction.

Right ventricular cardiomyocyte CSA was significantly increased in PH patients compared to 

controls (p<0.001) (Figure 2.1). Because the number of capillaries per cardiomyocyte remained 

similar in PH and controls (p=0.94), capillary density was thus decreased in PH (p<0.001) (Figure 

2.2). Both RV Mb protein content and functional Mb concentration were significantly reduced 

in PH patients compared to controls (p<0.05) (Figure 2.3). 

rat data
Rat cardiac function data at the moment of sacrifice are shown in Table 2.1. Estimated RV systolic 

pressure significantly increases in developing PH (stable PH vs control p<0.01, progressive PH 

vs control p<0.001) with reduced cardiac output (progressive PH vs control p<0.01). Also RV 

contractility decreases as is represented by a decrease in tricuspid annular plane systolic excursion 

(stable PH vs control p<0.05, progressive PH vs control p<0.01). RV hypertrophy develops in stable 

PH but remains similar between stable and progressive PH (RV wall thickness in both stable PH and 

progressive PH p<0.01 vs control) while RV end diastolic diameter is higher in stable PH (p<0.05 vs 

control) and increases even more in progressive PH (p<0.001 vs control and p<0.05 vs stable PH).

Histologically, RV cardiomyocyte CSA was increased to the same extent in both stable 

and progressive PH rats (Figure 2.4). In contrast to humans, the number of capillaries per 

cardiomyocyte increased with development of hypertrophy and RV failure (p<0.01), which 

resulted in similar capillary density between the two PH rat groups (p=0.94) (Figure 2.5).
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Tables and Figures  
 

Figure 2.1 Human right ventricular (RV) 

cardiomyocyte cross-sectional area (CSA).  

Cardiomyocytes were significantly larger in 

pulmonary hypertensive (PH) patients 

compared to control, indicating RV 

hypertrophy. Typical examples of control 

(panel B) and PH cardiomyocytes (panel C), 

haematoxylin and eosin staining, 40x 

magnification. Data are presented as mean 

± SEM. 
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Figure 2.2 Capillarization in human right myocardial tissue of pulmonary hypertensive (PH) patients 

and controls. (A) The number of capillaries per cardiomyocyte is similar between the two groups 

(p=0.94). As the result of right ventricular (RV) cardiomyocyte hypertrophy, the RV capillary density is 

significantly decreased in PH patients compared to control in (B). Examples of capillaries in control in 

(C) and in PH right myocardial tissue (D). The arrows indicate a capillary (collagen IV staining, 40x 

magnification). All data are presented as mean ± SEM.  

 

Figure 2.1 Human right ventricular (RV) cardiomyocyte cross-
sectional area (CSA). Cardiomyocytes were significantly larger 
in pulmonary hypertensive (PH) patients compared to control, 
indicating RV hypertrophy. Typical examples of control (panel 
B) and PH cardiomyocytes (panel C), haematoxylin and eosin 
staining, 40x magnification. Data are presented as mean ± SEM.

Figure 2.2 Capillarization in human right myocardial tissue of pulmonary hypertensive (PH) patients and controls. 
(A) The number of capillaries per cardiomyocyte is similar between the two groups (p=0.94). As the result of 
right ventricular (RV) cardiomyocyte hypertrophy, the RV capillary density is significantly decreased in PH patients 
compared to control in (B). Examples of capillaries in control in (C) and in PH right myocardial tissue (D). The 
arrows indicate a capillary (collagen IV staining, 40x magnification). All data are presented as mean ± SEM.

Right ventricular Mb protein content was significantly decreased in progressive PH 

rats compared to controls (p<0.05), but not in stable PH rats (p=0.32) (Figure 2.6 A,C). Also 

functional Mb concentration was significantly decreased in progressive PH rats compared to 

control (p<0.001) (Figure 2.6 B,D,E). 
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Figure 2.3 Myoglobin in human right ventricular (RV) cardiomyocytes. Both myoglobin (Mb) protein 

content (panels A,C) as well as functional Mb concentration per cell (panel B) are significantly 

decreased in human pulmonary hypertensive (PH) right myocardium compared to controls (p=0.02). 

Functional Mb peroxidase activity staining in control (panel D) and PH patients (panel E) show 

reduced activity (i.e. lower functional Mb concentration) in PH RV cardiomyocytes (40x 

magnification). All data are presented as mean ± SEM.  

 

Figure 2.3 Myoglobin in human right ventricular (RV) cardiomyocytes. Both myoglobin (Mb) protein content 
(panels A,C) as well as functional Mb concentration per cell (panel B) are significantly decreased in human 
pulmonary hypertensive (PH) right myocardium compared to controls (p=0.02). Functional Mb peroxidase 
activity staining in control (panel D) and PH patients (panel E) show reduced activity (i.e. lower functional Mb 
concentration) in PH RV cardiomyocytes (40x magnification). All data are presented as mean ± SEM.

Table 2.1 Haemodynamic characteristics of pulmonary hypertensive (PH) rats measured by echocardiography. In 
part published before by Handoko et al. 14

Control
Mean ± SD

Stable PH
Mean ± SD

Progressive PH
Mean ± SD p-value

eRVSP (mmHg) 28.3 ± 3.6 53.8 ± 5.6$ 67.8 ± 11.2∞ <0.001

Cardiac output (ml/min) 132 ± 9 101 ± 25 74 ± 21$ 0.01

TAPSE (mm) 3.8 ± 0.24 2.5 ± 0.9* 2.2 ± 0.3$ <0.01

RVWT (mm) 0.96 ± 0.05 1.4 ± 0.12∞ 1.4 ± 0.08∞ <0.001

RVEDD (mm) 3.6 ± 0.26 5.5 ± 0.80* 7.1 ± 0.88∞# <0.001

*p<0.05 vs control, $p<0.01 vs control, ∞p<0.001 vs control, #p<0.05 progressive PH vs stable PH with one-way 
ANOVA and Bonferoni post hoc tests.
ERVSP, estimated right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion; RVWT, 
right ventricle wall thickness; RVEDD, right ventricular end diastolic diameter

disCussiOn
Although the concept of a mismatch between oxygen demand and supply or diffusion is a 

subject of study for many years, it has never been investigated before in overloaded human 

right ventricle at the cellular level. To our knowledge this is the first study that histologically 

describes the main factors in oxygen supply and diffusion; the amount of capillaries and Mb in 

human pulmonary hypertensive right ventricles. In this study, we show that a larger diffusion 

distance but reduced capillary density and Mb content and functional concentration are 

characteristics of human end stage RV failure and that this is to a lesser extent present in a 

stable PH rat model with preserved RV function. 
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Figure 2.4 RV cardiomyocytes cross-sectional area in the pulmonary hypertensive (PH) rat model vs 

control. RV cardiomyocyte cross-sectional area (CSA) was significantly increased in both stable and 

progressive PH rat group compared to controls (p<0.001). Additionally, cardiomyocyte hypertrophy 

was similar between the stable and progressive PH rats. Data are presented as mean ± SEM.  

 

 

 

Figure 2.4 RV cardiomyocytes cross-sectional area in 
the pulmonary hypertensive (PH) rat model vs control. 
RV cardiomyocyte cross-sectional area (CSA) was 
significantly increased in both stable and progressive PH 
rat group compared to controls (p<0.001). Additionally, 
cardiomyocyte hypertrophy was similar between the 
stable and progressive PH rats. Data are presented as 
mean ± SEM. 
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Figure 2.5 Capillarization in the rat right ventricular (RV) myocardium. (A) The number of capillaries 

was significantly increased in the failing right heart of rats with progressed PH vs control. (B) The 

capillary density was similar between the three groups (p=0.33). All data are presented as mean ± 

SEM. 

 

Figure 2.5 Capillarization in the rat right ventricular (RV) myocardium. (A) The number of capillaries was 
significantly increased in the failing right heart of rats with progressed PH vs control. (B) The capillary density was 
similar between the three groups (p=0.33). All data are presented as mean ± SEM.

Capillarization
Interestingly, we found that RV capillary density was decreased in human PH (number of 

capillaries per cardiomyocyte remained similar with larger cardiomyocyte CSA), while the 

oxygen consumption in the right myocardium is elelvated in PH. In LV myocardial infarct rats, 

similar results of reduced capillary density were found, indicating that this is a characteristic 

phenomenon of a failing ventricle.18 In contrast to the human data, in PH rats the number of 

capillaries per cell increased in stable and progressive PH and therefore capillary density was 

similar in stable and progressive PH rats compared to control. This was shown previously in 

the stable PH rat model (MCT 40 mg/kg) although decreased capillary density has also been 

described in failing PH rats.17, 19 The reason for the discrepancy between the different studies is 

not known. An explanation could be that our control animals had a very low capillary density 

compared to literature, leading to the similar values compared to PH animals.
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Myoglobin
There is little known about Mb in the human right myocardial tissue. Only few studies in LV 

myocardial infarction patients reported about Mb in the right myocardium. However, these 

studies report conflicting results. Swaanenburg et al. showed lower Mb content in the right 

myocardial tissue compared to left ventricle whereas Voss et al. found increased RV Mb content 

compared to the left ventricle.20, 21 In addition, in dogs with coronary artery occlusion, also a 

higher RV Mb content compared to left heart was reported.21 We showed a significant reduction 

in Mb in failing right heart of PH patients compared to the control group. In addition, we 

showed that both the amount of Mb protein and the functional activity per protein (functional 

Mb concentration) were decreased. Previously, a similar Mb concentration was found in the 

MCT-induced PH rat model with stable PH (MCT 40 mg/kg) as well in control.15-17 However, 

the amount of Mb per cardiomyocyte nucleus was significantly higher in stable PH rats 

compared to controls suggesting that in progression of PH to right heart failure no more Mb 

can be produced.17 Our results are in line with this since we found similar Mb concentrations in 

controls and stable PH rats. Progressive PH rats had reduced Mb concentration (despite similar 

RV hypertrophy), suggesting that besides a limited capacity to synthesize Mb, degradation may 

also be increased.

It remains a debate whether the reduced Mb should be a result of low transcription, high 

degradation or simply due to the increased amount of sarcoplasm per nucleus. However, 

recent studies showed that iron deficiency is common in idiopathic PH patients suggesting that 

the reduction of functional Mb concentration could in part result from low iron bioavailability.13, 

22-25 In case of low iron stores, haemoglobin is favoured, thereby decreasing Mb production 

even more.26

Interestingly, in a study with Mb knockout mice capillary density was increased and 

cardiomyocyte CSA was reduced.27, 28 Our study showed that in PH the opposite is true since 

Chapter 2 
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Figure 2.6 Myoglobin in right ventricular (RV) cardiomyocytes of the pulmonary hypertensive (PH) rat 

model. (A) The myoglobin (Mb) protein level is shown measured by Western blotting. The Mb protein 

level of the PH groups was compared to control that was normalized to 1. There was a significantly 

decreased Mb protein content in the progressive PH rat group compared to both control and stable 

PH rats. (B) There was a significantly reduced functional Mb concentration, measured as Mb 

peroxidase activity, in the progressive PH rat group compared to control. However, the group with 

stable PH rats did not statistically differ from either control or progressive PH rats, indicating a state 

between normal RV function and right heart failure. All data are presented as mean ± SEM.  

 

 

 

 Figure 2.6 Myoglobin in right ventricular (RV) cardiomyocytes of the pulmonary hypertensive (PH) rat model. (A) 
The myoglobin (Mb) protein level is shown measured by Western blotting. The Mb protein level of the PH groups 
was compared to control that was normalized to 1. There was a significantly decreased Mb protein content in 
the progressive PH rat group compared to both control and stable PH rats. (B) There was a significantly reduced 
functional Mb concentration, measured as Mb peroxidase activity, in the progressive PH rat group compared to 
control. However, the group with stable PH rats did not statistically differ from either control or progressive PH 
rats, indicating a state between normal RV function and right heart failure. All data are presented as mean ± SEM. 
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a reduced Mb level is associated with reduced capillary density and increased CSA. This 

indicates that the decreased Mb indeed results in lower facilitated oxygen diffusion within the 

cardiomyocytes.

Limitation
We used RV tissue obtained from patients died of acute LV infarction as control for the right 

myocardial tissue of the PH patients. We acknowledge that the control group has known 

cardiovascular disease, which may obviously not be limited to only the left myocardium. Since 

post-mortem tissue of healthy subjects is not available, it was assumed that these patients 

had normal RV function and we considered that the RV tissue obtained reflected the normal 

histology of the right myocardium.  

Clinical implications
Until now no curative therapy for PH is available and patients eventually die from right heart 

failure. Whether reduced oxygen supply and diffusion are key regulators in developing right 

heart failure in PH is not proven in this study, but the calculation presented in the supplement 

indicates that the hypertrophic changes in the right myocardium cause hypoxia in myocytes 

when the mitochondria are maximally activated. Furthermore, it has been demonstrated 

that cardiac angiogenesis plays an important role in the myocardial transition from adaptive 

hypertrophy to heart failure.29, 30 In addition, in a RV overloaded rat model with pulmonary 

artery banding, supplementation of histone deacetylase inhibitors led to worsening of RV 

systolic function and capillary rarefaction was found.30 Therapeutics aimed to improve oxygen 

supply and diffusion could thus be beneficial for the PH patient. Therefore, future studies will 

reveal whether improving oxygen supply and diffusion by either increasing cardiac capillary 

angiogenesis or Mb levels will postpone the development of heart failure.

Conclusion
In the failing human PH right ventricle, cardiomyocyte CSA is increased and capillary density 

decreases. Additionally, Mb protein content and functional concentration is decreased, 

indicating decreased oxygen supply and diffusion in the cardiomyocytes. These features are 

characteristic for the failing right ventricle in PH as was demonstrated in stable and progressive 

PH rats. Since RV oxygen consumption is increased, these features imply an imbalance between 

oxygen supply, diffusion and consumption in the hypertrophied RV cardiomyocyte.
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suppLeMentarY data
Capillary oxygen tension required to prevent hypoxia in hypertrophied 
cardiomyocytes
It cannot be demonstrated directly that hypertrophied cardiomyocytes become hypoxic 

during exercise because it is impossible to measure oxygen tension (PO
2
) in the centre of 

cardiomyocytes in vivo. Here we calculate whether hypoxia may occur in hypertrophied 

cardiomyocytes using the autopsy data, a Hill type diffusion model taking myoglobin (Mb)-

facilitated diffusion into account and Fick’s law.1 To do so, an estimate of the maximum rate 

of oxygen consumption of human cardiomyocytes (MVO
2max

) is also required. This can be 

calculated assuming that MVO
2max

 is proportional to volume density of mitochondria in 

mammals and the maximum rate of oxygen consumption of different mammalian myocardial 

preparations in vitro:2

Three independent estimates of human MVO
2max

 can be made from: 1. the maximum rate of 

oxygen consumption of the dog heart, which has a similar volume density of mitochondria as 

the human heart (24% and 25% of the cardiomyocyte volume, respectively).3 During maximum 

exercise MVO
2max

 of the dog is about 60 mlO
2
/100g/min, which corresponds to 0.46 mM/s (for 

references and discussion see Elzinga and van der Laarse, 1990).4 2. MVO
2max

 of rat myocardial 

trabeculae (0.58 mM/s)5 corrected for mitochondrial density (rat 32%, human 25%)3: human 

MVO
2max

 = 25/32 x 0.58= 0.46 mM/s, 3. Mootha et al., who found MVO
2max

 = 0.47 mM/s in the 

dog, corresponding to 25/24 x 0.47= 0.49 in man, and 0.38 mM/s in pig heart, which has the 

same mitochondrial volume density as man.3, 6 Based on these estimates, we take the normal 

human MVO
2max

 = 0.45 mM/s. We found no significant difference of succinate dehydrogenase 

activity (determined as described by des Tombe et al.,7 between the RV and LV of controls and 

PH patients in the present study (result not shown), indicating that PH does not affect mean 

mitochondrial density in the RV.7 We conclude that RV MVO
2max

 of PH patients under hyperoxic 

conditions equals 0.45 mM/s.

Using this MVO
2
, the cross-sectional area (Figure 2.1), the Mb concentration (Figure 2.3), 

the diffusion coefficients for oxygen and Mb, and the P
50

 for Mb (for references and discussion 

see Bekedam et al.),8 we calculate that the mean interstitial oxygen tension required to prevent 

hypoxia (PO
2crit

) equals 2.4 mmHg for control myocytes and 10.0 mmHg for hypertrophied 

cardiomyocytes.

Assuming that oxygen supply is limiting MVO
2max

 by a negligible percentage in normal 

muscle,6, 9 it is possible to calculate the permeability of the capillary endothelium and the 

interstitial space for oxygen using Fick’s law, because in the steady state the flux of oxygen 

entering the cardiomyocytes equals the flux of oxygen crossing the capillary endothelium. This 

flux per mm myocyte length is:

                 

CSA MVO
2max

 = D
cap

 (PO
2cap

-PO
2crit

) (2.1)

where CSA is the cross-sectional area of the myocyte (325 10-6 mm2, Figure 2.1), MVO
2max

 = 0.45 

mM/s (see above), D
cap

 is the permeability of capillary endothelium and interstitium (in nmol 

mm-1
myocyte

 s-1 mmHg-1), PO
2cap

 is the average capillary oxygen tension and PO
2crit

 is the interstitial 

oxygen tension required to prevent hypoxic cores in myocytes (2.4 mmHg). The average 
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capillary PO
2
 used in the calculation is 40 mmHg, which equals P

50
 of the blood during maximum 

exercise in humans10  and approximates the mean of capillary arterial and venous PO
2  

in the 

hypertrophied RV (unpublished data). In control RV, we find D
cap

 = 3.9 fmol mm-1
myocyte

 s-1 mmHg-1.

Because the number of capillaries per myocyte does not change in PH (Figure 2.2), this 

value can also estimate capillary and interstitial permeability for oxygen in the hypertrophied 

RV. We calculate the required mean capillary PO
2
 in hypertrophied RV using Ficks’s law taking 

RV CSA = 824 10-6 mm2 (Figure 2.1) and PO
2crit

 = 10.0 mmHg in hypertrophied myocytes. 

The result is that the mean capillary PO
2
 required to prevent hypoxia in hypertrophied myocytes 

is 105 mmHg.

This is an unphysiological myocardial capillary PO
2
, indicating that the hypertrophied 

cardiomyocytes must become hypoxic when their mitochondria are maximally activated. 

Consequently, RV oxygen supply limits cardiac output under these conditions. 
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