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ABSTRACT 
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Abstract 
 

The kidneys receive ~25% of the cardiac output but weigh ~1% of total body weight. Yet the 

kidney is susceptible to hypoxia. One mechanism that may contribute to this susceptibility is 

the countercurrent shunting of oxygen, both in the cortex between arteries and veins and in 

the medulla between descending and ascending vasa recta. The susceptibility of the kidney, 

and in particular the renal medulla, to hypoxia may contribute to the pathogenesis of acute 

kidney injury. The physiology of renal oxygenation is further complicated by the arrangement 

of the renal circulation. That is, arterial blood destined for the medulla travels with blood 

destined for the cortex, to the level of the proximal interlobular arteries, where the afferent 

arterioles of juxtamedullary glomeruli originate. Thus, arterial-to-venous (AV) oxygen 

shunting in the renal cortex could reduce oxygen delivery to both the cortex and medulla. This 

proposition is consistent with experimental findings suggesting that oxygenation of the renal 

medulla is dependent on cortical perfusion and oxygenation. This PhD project was aimed 

towards developing a better understanding of the impact of renal vascular architecture and 

structure on kidney oxygenation. Both light microscopy and micro-computed tomography 

were used to characterize the radial geometry of individual artery-vein pairs in the renal 

cortex of the rat. We determined the separation distance between artery-vein pairs and the 

proportion of the arterial wall surrounded by the wall of a vein (wrapping). We observed that 

there are both wrapped and non-wrapped arteries in the renal cortical circulation. However, 

the proportion of wrapped arteries was found to change along the course of the cortical 

circulation. Larger arteries were more often wrapped than were smaller arteries. 

Consequently, the mean proportion of the arterial wall surrounded by its paired vein gradually 

decreased, while mean diffusion distance increased, along the course of the preglomerular 

circulation. Thus our data indicate that AV oxygen shunting should be favored in larger 

vessels, such as interlobar and arcuate vessels. However, because of the branching nature of 

the renal circulation, there are many more smaller vessels than larger vessels. When this was 
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taken into account in an analysis of the preglomerular circulation as a network, AV oxygen 

shunting was found to be most significant between paired interlobular arteries and veins. We 

then showed that synchrotron-based micro-computed tomography is a valid approach for 

analysis of the geometry of the preglomerular vasculature. We also developed an automated 

method for performing such analyses. However, in its current form this method does not 

generate valid information regarding the geometry of artery-vein pairs. In conclusion, using 

light microscopy and synchrotron-based micro-computed tomography, we were able to 

demonstrate that the architecture of the renal cortical circulation is arranged in such a way that 

likely favors the diffusional shunting of oxygen (and perhaps other gases) in the interlobular 

vessels of the preglomerular circulation. The data presented in this thesis can be incorporated 

into computational models of oxygen transport in the kidney. Our approach could also be 

applied to models of renal disease and various species. 
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1.1 OVERVIEW 
Acute kidney injury (AKI) and chronic kidney disease (CKD) are major causes of morbidity 

and mortality worldwide (2, 43). Hypoxia is the deficiency in the availability of oxygen in 

organs, tissues, and cells of the body. Hypoxia can result from a reduction in oxygen supply 

to tissue or increase in oxygen consumption, or some combination of these factors. Tissue 

hypoxia is a common characteristic of both AKI (4, 61) and CKD (52). Indeed there is 

accumulating evidence that tissue hypoxia is a critical pathogenic event in multiple forms of 

renal disease. However, the causes of renal hypoxia, and therefore the possible treatments for 

hypoxic injury, have still not been clearly defined. This deficiency in our knowledge provides 

the impetus for further study of kidney oxygenation and hypoxia. Importantly, there are 

virtually no quantitative data on the structural aspects of the kidney that influence renal 

oxygenation, despite the strong evidence that tissue hypoxia is a crucial factor in the 

pathogenesis of many forms of renal disease (11, 24, 33, 47, 73). 

This PhD project focuses on the structural basis of kidney oxygenation. Using histological 

and imaging techniques, quantitative information on the pathways for oxygen diffusion 

between arteries, veins, capillaries and tissue were obtained. Convection is the movement of 

molecules in fluids and involves advection. Diffusion, a type of passive transport, involves 

the spontaneous net movement of molecules down their concentration gradient. Oxygen flows 

from arteries to capillaries by convection, but it also diffuses to tissue from arteries, 

capillaries, and even veins (13, 29). It may also diffuse from arteries to intimately associated 

veins, so that some of the oxygen transported to the kidney in the arteries may bypass renal 

tissue (55, 71). Diffusive oxygen shunting occurs in both the renal cortex (between the 

arteries and veins) and the renal medulla (between descending and ascending vasa recta) (71, 

74). This phenomenon of diffusive oxygen shunting complicates our understanding of renal 

oxygenation because the amount of oxygen shunted is likely not constant, but rather 

dependent on blood flow and oxygen consumption (7, 8, 21). Furthermore, the nature of the 

pathways for diffusion of oxygen from arteries to veins likely differs as the renal cortical 

circulation gradually branches en route to the glomeruli. Our qualitative and quantitative 

analysis of the spatial association between arteries and veins of the kidney enabled us to 

determine how the pathways and barriers to diffusion of oxygen change along the renal 

arterial vasculature. This information can then be used to generate computational models of 

oxygen transport in the kidney. 
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A limiting factor in our understanding of the physiology and pathophysiology of intra-renal 

oxygenation is the complexity of renal oxygen transport. Our understanding of the regulation 

of oxygenation of both the cortex and medulla is also complicated by the unusual arrangement 

of the blood vessels in these two vascular territories. That is, arterial blood destined for the 

medulla travels with blood destined for the cortex, to the level of the proximal interlobular 

arteries, where the afferent arterioles of juxtamedullary glomeruli originate (Fig. 1.1). Thus, 

diffusive shunting of oxygen from arteries to veins in the cortex could reduce oxygen delivery 

to the medulla, as well as the cortex. 

 

 

 

 

 

 

 

 

 

In order to improve our understanding of renal oxygenation, our group developed a 

mathematical model of oxygen transport in the renal cortex (21). However, the limitation of 

this model is that it did not include quantitative information regarding the radial geometry of 

vascular elements in the renal cortex, or of the relationships between capillaries and tissue in 

the cortex or medulla. Therefore, the aim of this PhD project was to obtain this information in 

the healthy rat kidney through quantitative analyses of the rat renal circulation. 

 

Figure 1.1. The arrangement of the arteries and veins at the corticomedullary border. Arterial 
blood destined for the medulla travels with blood destined for the cortex. Putative diffusive shunting 
of oxygen is indicated by the directional arrows. This shunting could reduce oxygen delivery to both 
the cortex and medulla. Arteries are in red, veins in blue, and ‘G’ represents glomeruli. 
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There is experimental evidence of oxygenation being linked in the cortical and medullary 

circulations (56). A study by O’Connor et al provided evidence that tissue oxygenation of the 

cortex is independent of medullary perfusion, while medullary oxygenation is dependent on 

both cortical and medullary perfusion (56). Medullary oxygenation was reduced as expected 

when medullary perfusion was reduced. Interestingly, reduced cortical blood flow also 

resulted in reduced medullary oxygenation, even when medullary perfusion was maintained. 

Reductions in medullary perfusion were found to have no significant effect on cortical 

oxygenation. O’Connor et al proposed that the observed dependence of medullary 

oxygenation on cortical perfusion reflected the ability of deoxygenated venous blood in 

cortical veins to ‘steal’ oxygen from arteries containing blood destined for the medullary 

circulation (56). This proposition is also consistent with simulations generated by Gardiner et 

al using computational models of oxygen transport in the preglomerular circulation (21, 22). 

Medullary hypoxia is likely to be an important factor in the pathogenesis of AKI (24, 33, 61). 

Because of the dependence of medullary oxygenation on cortical oxygenation, possibly due to 

the impact of arterial-to-venous (AV) oxygen shunting in the cortical circulation, it is 

imperative that we improve our understanding of diffusion of oxygen from preglomerular 

arteries and arterioles.  

1.2 HYPOXIA AND THE PATHOGENESIS OF ACUTE KIDNEY INJURY 
AND CHRONIC KIDNEY DISEASE 

There is accumulating evidence that hypoxia is a critical mediator of kidney injury (67). The 

tubulointerstitium includes the renal tubules and interstitial tissue of the kidney. 

Tubulointerstitial hypoxia in the kidney is a common pathological characteristic in a number 

of renal diseases, including AKI and CKD. Hypoxia limits oxygen availability for the 

production of adenosine triphosphate (ATP).  Aerobic respiration requires oxygen to produce 

energy, with 36-38 mol of ATP generated per mol of glucose (49). In contrast, only 2 mol of 

ATP is produced per mol of glucose through anaerobic respiration under hypoxic conditions 

(49). It is thus inevitable that the severe depletion of energy in renal cells exposed to hypoxia 

leads to cell death (66). Hypoxia is also a mediator of fibrosis, and cellular fibrosis enhances 

hypoxia in the kidney by impeding the diffusion of oxygen from blood to renal tissue, leading 

to further kidney damage (50). It also appears to drive capillary rarefaction (6). This has led to 

the proposition that a vicious cycle of hypoxia and cellular damage contributes to the 

progression of both CKD and AKI (Fig. 1.2). 
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Multiple factors mediate renal dysfunction in AKI and CKD. These include inflammatory 

cascades, endothelial damage and dysfunction, oxidative stress and mitochondrial dysfunction 

(11, 24). These factors either increase renal oxygen consumption (VO2) or reduce renal 

oxygen delivery (DO2), and can thus promote tissue hypoxia (Fig. 1.2). Evidence of hypoxic 

damage in renal tissue has been observed in all forms of AKI and CKD studied thus far (24). 

For example, in CKD, often due to endothelial dysfunction, renal tissue perfusion and 

therefore renal DO2 are impaired (33). Furthermore, there is also strong evidence for a 

reduction in the efficiency of oxygen utilization for sodium reabsorption in some forms of 

AKI (33, 46). For example, the efficiency of oxygen utilization for the reabsorption of sodium 

is reduced when there is a loss of Na+/K+-ATPase polarity and tight junctions between renal 

tubular cells, which can be a consequence of renal ischemia reperfusion injury (46). Epithelial 

Figure 1.2. A schematic diagram demonstrating a proposed vicious cycle of hypoxia and 
cellular damage and dysfunction in the progression of chronic kidney disease. There is 
considerable evidence that the progression of acute kidney injury and chronic kidney disease is at 
least partly driven by renal tissue hypoxia and cellular damage and dysfunction. Tissue hypoxia 
drives cellular damage and dysfunction. There is also evidence that cellular damage can lead to 
hypoxia. The factors in red are exclusive to chronic kidney disease (CKD). The factors in both blue 
and red are common to both acute kidney injury (AKI) and CKD. Note also that AKI can progress to 
CKD and that CKD increases the susceptibility of individuals to AKI (26).  
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cells, including renal tubule cells, are polarized, in the sense that membrane-bound proteins 

such as cell adhesion molecules, co-transporters, ion channels, and pumps are preferentially 

localized to either the apical or basolateral surface of the cell membrane (9, 72). This enables 

the coordinated transport of ions and solutes through the cell membrane. A loss of Na+/K+-

ATPase polarity results from the Na+/K+-ATPase pump being mislocated to the apical 

membrane from its normal location of the basolateral membrane. The mislocation of the 

pump results in a decrease in fluid reabsorption, reducing the efficiency of oxygen use in the 

kidney for Na+ reabsorption. This would be expected to promote hypoxic injury in the kidney. 

Furthermore, a loss of tight junctions produces gaps in the tubular wall, leading to back-leak 

of ions. That is, sodium and water are reabsorbed transcellularly, but then re-enters the tubule 

through the gaps between epithelial cells. In CKD, and when AKI progresses to permanent 

renal damage, it is possible that interstitial fibrosis increases the diffusion distances between 

blood and tissue (18, 33). Tissue hypoxia can cause further progression of kidney disease, and 

this progression can then exacerbate tissue hypoxia (47) (Fig. 1.2). Thus, not only is tissue 

hypoxia an outcome of renal disease, it also is likely involved in the pathogenesis of AKI and 

CKD (17). 

Oxidative stress is a consequence of increased production of reactive oxygen species (ROS) 

and/or a decrease in the activation of anti-oxidant defense mechanisms (37). ROS are by-

products of normal oxygen metabolism (68). Hydrogen peroxide (H2O2), hydroxyl radicals 

(OH-) and superoxide (O2
-) are the major ROS in biological systems (28). In the kidneys, O2

- 

is predominantly produced from nicotinamide adenine dinucleotide phosphate oxidase 

(NADPH) (23). Under healthy conditions, ROS have an important role in defending against 

invading microorganisms and also participate in renal vascular and tubular regulation (62). In 

contrast, under conditions of oxidative stress, the associated increase in ROS bioavailability is 

linked to the pathogenesis of CKD (62, 68). One way ROS promote CKD may be through 

promoting renal tissue hypoxia (60, 70, 71). Nitric oxide inhibits sodium reabsorption, the 

major oxygen consuming process within the kidney (58). It also normally competes with 

oxygen in the mitochondrial respiratory chain, thus acting to suppress tissue oxygen 

consumption (30) and so enhance the efficiency of oxygen utilization for sodium reabsorption 

(60, 71). Superoxide avidly reacts with nitric oxide, resulting in the formation of peroxynitrite 

(ONOO-). The consequent reduction in the bioavailability of nitric oxide leads to an increase 

in VO2 and therefore increased risk of renal tissue hypoxia (60, 70). 

Histopathological analyses have demonstrated that, in patients with CKD, functional 

impairment of the kidney is more closely associated to the degree of tubulointerstitial damage 
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than to glomerular injury (39, 47, 49). This discovery underlies the proposition that the final 

common pathway of kidney failure in CKD occurs primarily in the tubulointerstitium (47, 

48), with accumulating evidence suggesting a critical role for chronic hypoxia in the 

tubulointerstitium as the final common pathway to end-stage kidney injury (47). Renal tissue 

hypoxia has been demonstrated in CKD through the use of a variety of methods. For example 

pimonidazole adduct immunohistochemistry has been used to demonstrate renal hypoxia in 

association with a reduction in peritubular capillary blood flow at an early stage of disease in 

a rat model of progressive glomerulonephritis (40).  

AV oxygen shunting is thought to limit oxygen delivery to the renal tissue (54, 56, 63). 

However, this could also render the kidney susceptible to hypoxia. The impact of AV oxygen 

shunting on medullary oxygenation must depend on the sites, along the pre-glomerular 

circulation, where shunting occurs. For example, the interlobar and arcuate arteries and veins 

of the cortical circulation are organized in close arrangement (63). These vessels are also 

proximal to the divergence of the cortical and medullary circulations. Thus, if AV oxygen 

shunting occurs at this location, it likely impairs medullary oxygenation. A principle aim of 

the studies described in this thesis, therefore, was to increase our understanding of the 

locations of AV shunting in the renal circulation. To do this we need to first understand the 

anatomy of the renal vasculature, since the structure of the renal circulation complicates our 

understanding of medullary oxygenation. 

1.3 THE RENAL CIRCULATION 
In order to understand the regulation of oxygen by the kidney, we need to first understand its 

structure and the organization of its blood supply. Human kidneys are multilobar (Fig. 1.3B) 

and are thus more complicated in structure than the kidneys of common laboratory animals, 

such as the rat, mouse, and rabbit, which have unilobar kidneys. A longitudinal section 

through a unilobular kidney (Fig. 1.3A) demonstrates two clear sections: the cortex and 

medulla. Most commonly, each kidney receives its blood supply from a single renal artery, 

which arises from the abdominal aorta. However, ‘accessory’ vessels may arise from an early 

division of the renal artery (64, 65). These additional arteries often supply the lower poles of 

the kidney (3, 44).  
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The renal artery then divides into interlobar arteries, which then divide into arcuate arteries 

(45). These arcuate arteries run across the cortico-medullary border (45) (Fig. 1.4B & C). The 

arcuate arteries diverge into interlobular arteries that run radially through the renal cortex 

toward the surface of the kidney. From the interlobular arteries arise the afferent arterioles 

that supply the glomeruli. The afferent arterioles branch into a capillary network 

(glomerulus), which in turn converge into an efferent arteriole. Efferent arterioles lead to the 

peritubular capillaries. There are two types of peritubular circulations: cortical and medullary 

(Fig. 1.4C). 

Efferent arterioles from the cortical nephrons divide to form an elaborate peritubular capillary 

network in the cortex (Fig. 1.4C). The medullary circulation arises from the efferent arterioles 

of juxtamedullary glomeruli, whose afferent arterioles arise from the proximal interlobular 

arteries, near their junction with arcuate arteries, or from the arcuate arteries themselves (1, 

16, 41, 59). This means that all blood that flows through the cortex and medulla, must first 

flow through the proximal portion of the cortical circulation. Most of the efferent arterioles 

Figure 1.3. The two different types of mammalian kidneys. ‘A’ shows a unilobar or unipapillary 
kidney demonstrating the two main sections: the cortex (C) and the medulla, which is further divided 
into the outer medulla (OM) and inner medulla (IM). The renal pelvis (P) and ureter (U) are also 
included. ‘B’ is a multilobar or multipapillary kidney showing the cortex, medulla, pelvis and ureter.  
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from the juxtamedullary glomeruli divide to form the vasa recta. The vasa recta travel down 

into the medulla and return to the corticomedullary junction and empty into the arcuate vein 

(Fig. 1.4C). There are no arteries present within the renal medulla. 

Accompanying the renal arteries are the veins. Superficial and stellate veins lie within the 

superficial cortex and drain the areas located at the surface of the kidney. Interlobular veins 

arise from peritubular capillaries (Fig. 1.4C) and drain the majority of the renal cortex before 

forming the arcuate veins, which like the arcuate arteries, run along the cortico-medullary 

border (Fig. 1.4B & C). The arcuate veins then lead to the interlobar veins and finally the 

renal vein.  

It has been noted that the architecture of the renal arterial circulation is broadly similar across 

various mammalian species used in experimental renal physiology (1, 27, 31, 45). Thus, the 

nomenclature that is used is also similar. An example is the interlobar arteries, called as such 

even in animals with unilobar kidneys. Contrastingly, the venous circulation displays evident 

differences between species. For example, superficial and stellate veins are present in the 

kidneys of humans, cats, and dogs, whereas they are absent in the hamster, mouse, and rat, 

where blood is drained from the cortex simply by the interlobular veins (19, 32).  

Blood flow to the renal medulla can be regulated, at least partially, independently of the 

cortical circulation (14). However, an unusual feature of the renal circulation is that the 

cortical and medullary circulations share a common path before they diverge at the level of 

the proximal interlobular arteries. Thus diffusion of oxygen from arteries prior to the 

divergence of the two circulations would be expected to limit oxygen delivery to both the 

cortex and medulla. In contrast, diffusion of oxygen from more distal arteries and arterioles 

would be expected to limit oxygen delivery only to the renal cortex. Thus, to fully understand 

the mechanisms that influence oxygenation of the renal medulla (and the cortex), we must 

develop a better understanding of the diffusion of oxygen from the pre-glomerular circulation 

in the renal cortex. 
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Figure 1.4. A schematic demonstrating the vascular organization of the kidney. ‘A’ 
demonstrates the two distinct divisions of the kidney: the cortex (C) and the medulla (M). A 
simplified schematic of the circulation is shown in ‘B’.  An enlarged representation of the 
circulation inside the black rectangle in ‘B’ is shown in ‘C’. Arteries are shown in red, while the 
veins are in blue and capillaries in purple. The arcuate arteries and veins run along the 
corticomedullary border (arrow head in B & image C) where interlobular arteries form and taper 
towards the surface of the kidney (C). From the interlobular arteries arise the afferent arterioles, 
which lead to a cortical glomerulus (*, C) and its capillary network before becoming an efferent 
arteriole. The efferent arterioles form peritubular capillaries. Afferent arterioles at the 
juxtamedullary region lead to juxtaglomerular nephrons (#, C). The glomerular capillaries exit the 
glomerulus to form vasa recta, which supply blood to the medulla before returning to the 
juxtamedullary area and emptying into the interlobular and arcuate veins. 
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1.4 CORTICAL AND MEDULLARY OXYGENATION: IS ONE 
DEPENDENT ON THE OTHER? 

The mechanisms that render medullary oxygenation dependent on cortical blood flow remain 

unknown. However, AV oxygen shunting is a prime candidate. Due to the unique 

arrangement of the renal vasculature, where the medullary circulation arises from a small 

population of efferent arterioles in the juxtaglomerular cortex, medullary blood flow can be 

independently regulated from the vast bulk of that of the cortex (14). Thus, in theory, stimuli 

that cause vasoconstriction in vascular elements that regulate cortical blood flow, but not 

those that regulate medullary blood flow, should only cause hypoxia in the cortex. However, 

experimental evidence indicates that cortical oxygenation has a profound influence on 

oxygenation of the medulla. O’Connor et al used a variety of vasoactive stimuli to induce 

ischemia in either the renal cortex or medulla (56). They found that medullary oxygenation is 

dependent on not only medullary perfusion, but also cortical perfusion. Thus, medullary 

hypoxia may occur during cortical ischemia despite medullary perfusion being maintained. A 

potential explanation for these findings is that, during cortical ischemia and hypoxia, venous 

blood effectively ‘steals’ oxygen from arterial blood somewhere upstream from the 

divergence of the cortical and medullary circulations. This PhD project focuses on 

understanding and explaining the phenomena observed by O’Connor et al (56). 

Let us consider the potential impact of AV oxygen shunting on medullary oxygenation from a 

theoretical perspective. The first scenario to consider is the possible effect of cortical ischemia 

if AV shunting occurs predominantly in the distal preglomerular circulation (Fig. 1.5A). 

These vessels include distal interlobular arteries and veins. In this situation, medullary 

oxygenation and perfusion remain relatively independent of cortical oxygenation during 

cortical ischemia. The second scenario is the expected outcome of cortical ischemia if AV 

shunting occurs predominantly in the proximal preglomerular circulation (Fig. 1.5B). These 

vessels comprise of proximal interlobular and arcuate arteries and veins. Under such 

conditions, the blood draining the cortex will be low in oxygen due to cortical hypoxia. The 

relative deoxygenation of this venous blood would increase the gradient in the partial pressure 

of oxygen (PO2) between arteries and veins in the proximal sub-divisions of the cortical 

vasculature. This augmented PO2 would thus promote AV oxygen shunting between these 

arteries and veins. As mentioned above, this theoretical scenario appears to be consistent with 

experimental observations (56).  
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AV oxygen shunting in the kidney is difficult to study experimentally. However, it is 

amenable to study through computational modeling. In order to generate a model of oxygen 

transport in the rat kidney, accurate quantitative data on the geometry of arteries and veins in 

the rat kidney are required. Thus, we need to examine current knowledge of the anatomy of 

the rat renal vasculature and how its geometry may affect oxygen transport.  

Figure 1.5. Two hypothetical effects of cortical ischemia in the kidney. (A) The effects of cortical 
ischemia if AV oxygen shunting occurs predominantly in the distal interlobular vessels. In this 
scenario, cortical perfusion and oxygenation is reduced, but medullary perfusion and oxygenation is 
maintained. (B) The effects of cortical ischemia if AV shunting occurs predominantly in vessels 
proximal to the divergence of the medullary and cortical circulations. Under these conditions, 
medullary oxygenation would be reduced despite medullary perfusion being maintained. Reproduced, 
with permission, from Evans et al (15). Hypothetical scenario B was reproduced in experimental 
studies by O’Connor et al (56). Ila = interlobular artery; jmg = juxtamedullary glomeruli; v.r = vasa 
recta; a.a = arcuate artery; CBF = cortical blood flow; CpO2 = cortical PO2; MBF = medullary blood 
flow; MpO2 = medullary PO2. 
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1.5 CURRENT KNOWLEDGE OF THE STRUCTURE OF THE RENAL 
CIRCULATION IN THE RAT 

1.5.1 Qualitative information on the renal circulation 

1.5.1.1 Vascular patterns 

Moffat and Fourman described the vascular pattern of the rat kidney back in the early 1960s 

(45). There are four clearly distinguished zones in the rat kidney: cortical, subcortical, outer 

medullary, and inner medullary. The cortical zone contains the interlobular arteries and veins, 

glomeruli, and a network of peritubular capillaries. In the subcortical zone juxtamedullary 

efferent arterioles are present. Also, vasa recta ascending from the outer medulla are evident. 

Efferent arterioles of glomeruli begin to divide into vasa recta and there are no obvious 

vascular bundles observed. The outer medullary zone contains both descending and ascending 

vasa recta. The inner medulla consists of a branching network of capillary loops. These 

observations, while important in our understanding of the anatomy of the kidney, are only 

qualitative. Quantitative information is required for modeling renal oxygenation. Therefore a 

chief aim of this PhD project is to obtain the quantitative data required for such modeling. 

1.5.1.2 The renal interstitium 

In the renal parenchyma, the extravascular and peritubular regions are termed the interstitial 

space, or interstitium. Lemley and Kriz have defined the interstitium as being enclosed 

completely by the basement membranes of tubules and vascular elements (34). There are 

various divisions of the renal interstitium; the peritubular and periarterial divisions belong to 

the cortical region of the kidney.  The medulla is characterized by three types of interstitial 

space: the outer stripe, inner stripe, and inner medulla. 

The peritubular interstitium in the cortex is the spaces between the capillaries, glomeruli, and 

tubules (34). This type of interstitium is distinguished from periarterial connective tissue. 

Surrounding renal arteries is periarterial connective tissue, which is a loose sheath of 

connective tissue that contains lymphatic vessels. This sheath of connective tissue 

predominantly surrounds the larger arteries, including the arcuate and interlobular arteries. 

Indeed, the sheath travels along the renal arteries to the afferent arteriole (34). Here, the 

sheath diminishes in density. Notably the approach we have taken to modeling oxygen 

transport in the kidney, described herein, has taken into consideration the thickness of this 

connective tissue and whether it acts as a barrier to the diffusion of oxygen.  
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1.5.2 Quantitative information on the renal circulation 

Quantitative information regarding the renal circulation has been limited. As mentioned in 

detail in a later section of this thesis (section 1.7 of this chapter, as well as Chapters 5 – 7), 

Nordsletten et al have provided quantitative information regarding the renal circulation of the 

rat (51). However these data also have limitations. They provide quantitative information on 

axial geometry, but quantitative information on the radial geometry is also required for a three 

dimensional (3D) model of kidney oxygen transport to be generated. The studies described in 

Chapters 4 – 8 of this thesis represent a program of research aimed at provision of this 

information. 

1.6 PHYSIOLOGICAL REGULATION OF KIDNEY OXYGENATION 
In relation to their size and weight, the kidneys are one of the most perfused organs in the 

body. They receive almost 25% of the cardiac output at rest (49), yet they make up less than 

1% of the total body weight. Oxygen delivered by renal blood flow (RBF) greatly exceeds the 

level needed to meet the kidney’s metabolic demand (53, 55). Yet, although renal DO2 greatly 

exceeds VO2, the kidney is still susceptible to hypoxia, which, as described above, appears to 

be a critical event in the pathogenesis of both AKI and CKD (11, 24).  

Since the kidney extracts only ~10-20% of the oxygen delivered to it (53), relatively high 

oxygen tension (PO2) in the renal tissue, especially the cortex, might be expected (55). 

However, the kidney is not hyperoxic, with tissue PO2 in the cortex lower than expected (54). 

This inconsistency, between high oxygen supply and relatively low oxygen tension of kidney 

tissue, might be partly explained by the unique arrangement of the kidney’s vasculature (11). 

In the cortex and medulla, the renal arteries and veins run parallel with each other (49, 54). 

Furthermore, the vessels are also in close contact with one another over long distances (54). 

This arrangement appears to promote the diffusion of oxygen from the arteries into the veins. 

The veins thus effectively ‘steal’ oxygen that would otherwise enter the capillary bed. Hence, 

a countercurrent gas exchange system appears to exist between the arterial and venous 

components of the renal cortical circulation (54). Moreover, a second countercurrent system 

appears to exist between the major medullary vessels, the ascending and descending vasa 

recta. This system is analogous to the countercurrent arrangement of arteries and veins in the 

cortex. Mathematical models predict that oxygen from the blood flowing into the medulla in 

the descending vasa recta diffuses into the blood flowing out of the medulla in the ascending 

vasa recta (74). In the renal medulla, the countercurrent arrangement of vasa recta helps 

maintain the cortico-medullary osmotic gradient, which in turn is thought to facilitate the 
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concentration of urine (12). However this anatomical arrangement also renders the medulla 

vulnerable to hypoxic damage (50).  

It has been suggested that as much as 50% of the oxygen entering the kidney may be shunted 

from arteries to veins (42).  Results from a mathematical model recently developed by our 

research group (21) suggest that cortical oxygen shunting is of the same order of magnitude as 

renal VO2 under normal conditions (~5-10% of DO2). Other models have generated smaller 

estimates (57). Thus the quantitative importance of renal AV oxygen shunting remains a 

matter of considerable controversy. AV oxygen shunting occurs where arteries and veins are 

aligned in a countercurrent manner. It is driven by renal VO2, which generates the AV 

difference in PO2 that drives oxygen diffusion. Thus, resolution of this controversy will be 

dependent on generation of accurate information on renal vascular geometry. 

The renal medulla is often considered to be a hypoxic environment where VO2 is relatively 

high compared to DO2 (53). The inner medulla has one of the lowest oxygen tensions in the 

body (11). Two major factors are responsible for renal medullary hypoxia. The first is 

diffusional shunting of oxygen from descending and ascending vasa recta (described above). 

The second major factor is the metabolic requirement of oxygen for sodium reabsorption in 

medullary tubular elements, particularly the thick ascending limbs of Henle’s loop. Most renal 

VO2 is used for sodium reabsorption (51), since a considerable amount of energy is needed by 

the kidney tubules for the activity of Na+/K+-ATPase (50). The high metabolic activity of 

basolateral Na+/K+-ATPase, which facilitates the reabsorption of 99% of the glomerular 

filtrate under normal physiological conditions (50), has a particularly profound impact on 

medullary oxygenation.  

Kidney tissue PO2 is sensitive to changes in both oxygen delivery and oxygen demand. This 

sensitivity enables the kidneys to act as the body’s ‘critmeter’ (10). That is, the kidneys 

regulate the production of erythropoietin and thus hematocrit. However it also makes the 

kidneys more prone to hypoxic damage (49). The medulla is particularly susceptible to 

hypoxia due to high oxygen demand and limited oxygen supply (5, 25). The impact of these 

factors is particularly profound in the outer medulla, where the thick ascending limbs of the 

loops of Henle have a large energy requirement, yet the supply of oxygenated blood to this 

section of the kidney is particularly poor (25). Consequently, the outer medulla is a major site 

of renal damage in AKI of multiple etiologies (25). 

From the discussion above, it is clear that a full understanding of the determinants of kidney 

oxygenation requires the consideration of the interplay between the structural and functional 
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determinants of tissue perfusion, tissue VO2, and countercurrent oxygen shunting. Our group 

has developed a mathematical model of kidney oxygenation (21). In the section below, I will 

outline the biophysics of oxygen transport in the kidney and the theoretical basis of the model. 

I will also outline the strengths and weaknesses of the model. A principal aim of this PhD 

project was to provide the structural information required to overcome these weaknesses. 

1.7 STRUCTURAL DETERMINANTS OF KIDNEY OXYGENATION 
Multiple processes enable oxygen to be delivered to the renal tissue via the renal circulation. 

These include the processes of convection of oxygen bound to hemoglobin and dissolved in 

plasma, the distribution of red blood cells during convection, and the diffusion of unbound 

oxygen (15). Under normal physiological conditions, the aforementioned processes function 

in concert in a manner that provides adequate oxygen delivery to meet renal metabolic 

requirements. Renal oxygen tension is heterogeneous (38), and is dependent on several factors 

including the rate and spatial distribution of oxygen metabolism, blood flow, the distance of 

the tissue to the closest blood supply, tissue permeability to oxygen, and, most importantly, 

the partial pressure of oxygen and oxygen saturation of hemoglobin in blood within the renal 

circulation (15). 

It has been proposed that oxygen shunting from arteries to veins in the cortex of the kidney 

limits oxygen supply to renal tissue (Fig. 1.6) (15, 21, 54). In order to aid our understanding 

of renal oxygenation, a mathematical model of kidney oxygenation was developed (21). It 

incorporates AV oxygen shunting, and so allows interrogation of the potential impact on 

kidney oxygenation of the complex interactions between tissue perfusion, VO2 and AV 

oxygen shunting. 

In order to model renal oxygenation and AV oxygen shunting, we need to know about 

convection (axial information) and diffusion (radial information). Nordsletten et al (51) have 

provided the information required on convection, at least for the kidney of the rat (Fig. 1.7). 

Using high-resolution computed tomography of the renal vasculature of the rat, Nordsletten et 

al (51) identified the average radius, length, number, and total cross sectional area of vessels 

for each of the 11 representative branching levels (Strahler orders) of the arterial and venous 

vasculatures. These data were then used as the basis of the mathematical model of oxygen 

transport in the kidney (21). Importantly, these data allowed prediction of oxygen convection 

in the renal circulation (21). However, the current model is limited due to the fact that there is 

a lack of information regarding the radial geometry of the vessels, and also because the model 

does not incorporate capillaries. 
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Because there are no data available regarding the barriers to diffusion between arteries, veins 

and the renal tissue (Fig. 1.8), the model was calibrated against measurements of the 

difference between renal tissue PO2 and renal venous PO2 in the outer cortex generated by 

Welch et al (71). The outer cortex is the most well oxygenated region of the kidney (63, 71). 

Thus the model was based on a conservative estimate of the difference between tissue PO2 

and venous PO2. Therefore, the estimates of AV oxygen shunting in this mathematical model 

(21) are expected to be conservative. The calculated diffusion coefficient was then applied 

across all branches. We now aim to obtain accurate information on the diffusion barriers to 

oxygen and identify the diffusion coefficients and how they change along the course of the 

renal vasculature. This is the central aim of this PhD project. 

 

Figure 1.6. A schematic diagram of the mechanisms controlling renal oxygen tension (PO2). 
Changes in blood flow affect tissue PO2 directly via changes in oxygen supply. Alterations in blood 
flow also affect renal PO2 due to changes in glomerular filtration rate (GFR) and the reabsorption of 
sodium. That is, a change in GFR and sodium reabsorption affects the consumption of oxygen (VO2) 
by changing the Na+/K+-ATPase activity. Arterial-venous (AV) shunting likely limits oxygen delivery 
to kidney tissue. Furthermore, the driving force of AV oxygen shunting, the AV PO2 gradient, is 
produced by tubular VO2. Thus an increase in VO2 should increase oxygen shunting, which should in 
turn affect tissue PO2. Changes in blood flow would also be expected to influence AV oxygen 
shunting by altering the transit time of convected oxygen in the renal circulation. 
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Figure 1.7. Quantification of renal cortical vascular structure by Nordsletten et al (51). Based on 
a high-resolution computer tomographic reconstruction of a renal vascular cast (A), the cortical 
circulation was divided into 11 representative levels, or Strahler orders (0-10) (B). The lengths and 
radii of arteries and veins of each order were then determined (C). These data provided the basis for 
modelling oxygen convection in the study by Gardiner et al (21), which assessed the potential 
contribution of arterial-venous oxygen shunting to kidney oxygen regulation. Images reproduced, 
with permission, from Nordsletten et al (51). 
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1.7.1 A mathematical model of oxygen transport in the kidney 

The unique architecture of the renal vasculature (11, 54) provides a challenge in the 

understanding of renal oxygenation. Veins are generally in an intimate parallel arrangement to 

arteries (49, 54) and blood flows in a countercurrent manner in arteries and veins in the 

cortex, as well as in descending and ascending vasa recta in the medulla. This close 

association is hypothesized to aid in diffusive oxygen shunting in both the cortex and medulla 

(54). Due to the complex nature of the renal circulation, it is a challenge to generate a model 

of renal oxygen transport. Thus we needed to simplify the renal circulation so that we could 

develop a feasible and practical modeling approach without it being computationally 

expensive. Few models have been established for the study of blood flow and oxygen 

diffusion within the renal vasculature and tissues (7, 8, 69, 74). A model consisting of a 

hierarchy of countercurrent compartments connected in series was produced (21), with each 

compartment corresponding to a known level of cortical vascular branching. In this model, 

major processes in cortical oxygenation such as the arrangement of the cortical vasculature, 

Tissue Sink

Wall
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Figure 1.8. The pathways for oxygen diffusion from a renal artery. Oxygen diffuses from regions 
of high oxygen tension (PO2) to regions of low PO2. A high PO2 exists within the artery (arterial 
oxygen tension; PAO2), while lower PO2 exists outside the artery (tissue oxygen tension, PTO2; 
arterial wall oxygen tension, PAWO2; and venous oxygen tension, PVO2). Due to these PO2 gradients, 
oxygen can diffuse to these three oxygen ‘sinks’, the tissue, arterial wall, and venous sinks. A 
principal aim of this project was to quantify the barriers to diffusion of oxygen from arteries to these 
three oxygen sinks. 
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the effects of the variation in the sizes of renal vessels, variation in the velocity of blood, 

binding of oxygen to hemoglobin, and oxygen consumption and transport, were included.   

1.7.2 Conceptual basis of the mathematical model 

To simplify the model, it was streamlined to consist of countercurrent compartments. Each 

compartment contains an artery and a vein in parallel arrangement with contrasting fluid 

velocities. The cross-sectional area and length of the compartments directly relate to the 

average vessel dimensions of the eleven Strahler orders previously characterized by 

Nordsletten et al (51) (Fig. 1.7). One compartment therefore represents a branch level, which 

in the model is referred to as a “representative level”. Information on vessel architecture 

provided by Nordsletten et al (51) was then incorporated into the model. 

1.7.3 Structural basis of the mathematical model 

Through the use of high-resolution computed tomography (micro-CT) (20), the renal 

vasculature of the rat kidney was studied by Nordsletten et al (51). The average vessel radius, 

length, total cross-sectional area and number of vessels of each of the eleven known Strahler 

orders were identified. Moreover, the average radius of the arteries intimately associated with 

veins of each Strahler order was also reported (51) (Fig. 1.7). Nordsletten et al (51) presented 

the total cross-sectional area at each Strahler order, which allowed the estimation of average 

blood velocity from the volumetric flow rate in each branch level (51). The Strahler orders 0 – 

10 were integrated into the model as representative levels (i = 0-10), where the largest vessels 

corresponded to the largest level (i.e. i = 10). Blood flow in arteries is in the direction of 

largest to smallest representative level number, and in veins, flow is from smaller 

representative level numbers to larger numbers (21). The model uses knowledge regarding 

physiological behavior and parameters, quantitative measurements of both renal arterial and 

venous geometry of the rat, and computer simulations of oxygen advection-diffusion. 

1.7.4 Limitations of the mathematical model 

In its existing form, the mathematical model of Gardiner et al (21) contains a few limitations. 

Firstly, this model only includes the cortical circulation, and groups the peritubular capillaries 

and medullary vasa recta together as a single oxygen sink.  

The model allows for oxygen diffusion from arteries to veins, and also from both arteries and 

veins to the tissue (21). However, the model applies a single diffusion co-efficient across all 

levels of the circulation. Since it is possible that the nature of the diffusion barriers may 

change along the renal circulation, quantitative information regarding this factor will enable 
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the identification of the various diffusion coefficients at each representative level, which 

could then be incorporated into the model. These factors will determine the amount of AV 

oxygen shunting along the course of the renal circulation. Thus, an important area for 

improvement, which will require new data, would be to take into account the spatial 

association between arteries, veins and the renal tissue, as they might vary between the many 

branch levels of the renal circulation (21). 

1.8 COUNTERCURRENT TRANSPORT OF GASES AND OTHER 
MOLECULES IN THE RENAL CIRCULATION 

The focus in the literature on countercurrent shunting in the renal circulation has been on 

oxygen transport. This in turn has led to studies demonstrating how the unique spatial 

arrangement of arteries and veins in the kidney may facilitate the shunting of oxygen (35, 36). 

However, we should also recognize the potential for other molecules to diffuse between 

paired arteries and veins. Therefore, in Chapter 2 of this thesis, I review the evidence that 

oxygen and other molecules (e.g. carbon dioxide) can diffuse between arteries and veins in 

the kidney. I also consider the potential for diffusive shunting to have provided selection 

pressures to influence the evolution of the mammalian kidney. 

1.9 EXPERIMENTAL APPROACH 
1.9.1 Overview 
Our ability to accurately model oxygen transport in the kidney is limited by the quality and 

quantity of available data regarding vessel geometry. To overcome such limitations, in the 

experiments described in this thesis, we used both light microscopic and micro-CT 

approaches. Studies using light microscopy enabled the generation of quantitative information 

regarding the spatial association between arteries and veins, as well as the relationships of 

these vessels to tissue oxygen sinks such as capillaries and tubules. Synchrotron-based micro-

CT allowed us to create high-resolution 3D reconstructions of the renal vasculature. We used 

automated image analysis to convert these reconstructions into quantitative information to be 

used in the creation of models of renal oxygenation. 
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1.10  AIMS AND HYPOTHESES 
The overall aim of this project was to develop new methods to quantify the radial geometry of 

arteries, veins and tissue in the renal cortex. 

We hypothesize that: 

• The spatial relationships between arteries, veins and the barriers to diffusion of 

oxygen from arteries to veins in the renal cortex, change along the course of the renal 

circulation. 

• AV oxygen shunting is favored in vessels common to the cortical and medullary 

circulations. 

• Oxygen is supplied to renal tissue by arteries, veins, and capillaries. 

• Capillaries act as both sources of oxygen and oxygen sinks in the kidney. 

To test these hypotheses, we aimed to 

• Develop methods to identify arteries, veins and capillaries in the kidney (Chapters 4 

& 5 of this thesis). 

• Determine, qualitatively, the spatial relationships between arteries and veins of 

various calibers within the kidney (Chapter 5 of this thesis).  

• Identify typical artery-vein arrangements as well as quantify the spatial relationships 

of artery-vein pairs in the cortex (Chapter 6 of this thesis).  

• Quantify the spatial relationships between arteries and veins at the various 

representative levels of the renal cortical circulation (Chapter 7 of this thesis).  

• Determine the surface area of peritubular capillaries in the renal cortex using 

stereological methods (Chapter 8 of this thesis). 

• Use micro-CT methods to quantify how the radial geometry of arteries and veins 

changes along the course of the renal circulation (Chapter 9 of this thesis). These data 

can then be incorporated into a pseudo-3D model of the renal pre-glomerular 

circulation. 
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2.1  ABSTRACT 
Countercurrent systems have evolved in a variety of biological systems that allow transfer of 

heat, gases and solutes. For example, in the renal medulla, the countercurrent arrangement of 

vascular and tubular elements facilitates the trapping of urea and other solutes in the inner 

medulla, which in turn facilitates the formation of concentrated urine. Arteries and veins in 

the cortex are also arranged in a countercurrent fashion, as are descending and ascending vasa 

recta in the medulla. For countercurrent diffusion to occur, barriers to diffusion must be small. 

This appears to be particularly likely for the larger vessels in the renal cortex. There must also 

be gradients in the concentration of molecules between afferent and efferent vessels, with the 

transport of molecules possible in either direction (afferent to efferent vessels and vice versa). 

Such gradients exist for oxygen in both the cortex and medulla, but there is little evidence that 

they exist for other molecules such as carbon dioxide, nitric oxide, superoxide and ammonia. 

There is some experimental evidence for arterial-to-venous (AV) oxygen shunting. 

Mathematical models also provide evidence for oxygen shunting in both the cortex and 

medulla. However, the quantitative significance of AV oxygen shunting remains a matter of 

controversy. Thus, while the countercurrent arrangement of vasa recta in the medulla appears 

to have evolved as a consequence of the evolution of Henle’s loop, the evolutionary 

significance of the intimate countercurrent arrangement of blood vessels in the renal cortex 

remains an enigma.  

2.2  INTRODUCTION 
Countercurrent systems in the kidney have long been associated with the arrangement of 

tubules in the renal medulla that is critical for urine concentration. However, countercurrent 

systems also exist in the renal vasculature. For example, the diffusional shunting of oxygen 

within the renal cortex has been proposed as a mechanism that might limit oxygen delivery to 

renal tissue (40).  The intimate countercurrent arrangement of arteries and veins in the cortex 

(50), as well as that of the descending and ascending vasa recta in the medulla (158), may 

facilitate the exchange of certain gases and other highly diffusible molecules down their 

concentration gradients. The selection pressures that drove the evolution of these vascular 

arrangements have only partly been identified. For example, the countercurrent arrangement 

of descending and ascending vasa recta appears to be critical for urinary concentrating 

mechanisms (124). The countercurrent arrangement of arteries and veins in the renal cortex 

has been proposed to function as an antioxidant defense mechanism (103, 104). However, 

many molecules, including carbon dioxide, nitric oxide, superoxide and ammonia have the 

potential to diffuse between paired vessels in the renal circulation. Thus, it is possible that 
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diffusional shunting of one or more of these molecules provided the adaptive advantages that 

drove the evolution of countercurrent vascular arrangements in the mammalian kidney. 

In this chapter, we assess the physiological significance of diffusive shunting of various 

molecular species in the renal circulation. We review published information regarding the 

kinetics and transport of oxygen (O2), carbon dioxide (CO2), ammonia and ammonium (NH3 

and NH4
+), nitric oxide (NO), and superoxide (O2

-) within the renal vasculature and renal 

parenchyma. 

According to Fick’s 1st law, the rate of transport of a specific molecular species diffusing in a 

specific medium depends on three factors; (i) the nature of the barriers to diffusion, (ii) the 

diffusivity of each molecule in the context of these barriers (defined by the diffusion 

coefficient), and (iii) the magnitude of the gradient in partial pressure/concentration driving 

diffusion. We address each of these factors in turn. We then attempt to place these 

observations in a physiological as well as an evolutionary perspective, to allow us to consider 

the selection-pressures that have driven the evolution of countercurrent arrangements in the 

renal vasculature. But first, we consider the importance of countercurrent exchange systems in 

biological systems in general. 

2.3  COUNTERCURRENT EXCHANGE IN ORGANS OTHER THAN THE 
KIDNEY 

2.3.1 Heat exchange  

Countercurrent heat exchange is a common mechanism among marine animals. This 

mechanism allows such animals to maintain a warm body temperature in cold environments. 

For example, arteries and veins in the fins of whales are arranged in a manner that allows for 

the preservation of heat. A single artery is closely surrounded by multiple venous vessels 

(126) (Fig. 2.1A & B). Likewise, the arrangement of afferent and efferent vessels in the legs 

of aquatic birds also facilitates heat exchange (92, 93, 133) (Fig. 2.1C & D). The Iceland gull, 

an arctic seabird, has 3-4 veins in close association with a single artery in each leg (92). Cold 

venous blood returning to the body from the feet passes closely to warm arterial blood. Due to 

the close arrangement of the vessels, the warm arterial blood warms the cold venous blood. 

Anatomical and histological observations in sloths (125), leatherback turtles (58), and tuna 

(132) also suggest the existence of mechanisms for heat preservation via countercurrent heat 

exchange between afferent and efferent blood vessels. Thus, it seems clear that selection 

pressures for adaptations that allow regulation of tissue and body temperature have influenced 
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the evolution of vascular architecture across a range of species. Could the same be said for 

regulation or transport of gases and other molecules? 

 

 

Figure 2.1. Examples of artery-vein arrangements that allow for the preservation of heat. A 
& B Cross sections of a whale fin displaying a single artery surrounded by multiple veins. C & D 
Cross sections of hind limbs of an aquatic bird. a=artery, m = main artery, v = vein, n = peroneal 
nerves. Images A and B reproduced, with permission, from Scholander and Schevill (126). Images 
C and D reproduced, with permission, from Midtgård (93). 
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2.3.2 Gas exchange 

Diffusional shunting of gases has been demonstrated in a range of vascular beds including the 

stomach, small intestine, and skeletal muscle of cats (66, 68, 129), as well as in the canine 

heart (122). For example, the time required for oxygen to traverse the circulation of the 

stomach (66) and small intestine (68) was found to be less than that for erythrocytes, similar 

to findings by Levy and colleagues in the kidney (83, 84), as discussed later. These studies 

utilized boluses of blood enriched in oxygen beyond its physiological level, so the 

arteriovenous gradient of the partial pressure of oxygen was considerably greater than 

observed under physiological conditions. In skeletal muscle, Sejrsen et al examined the transit 

of 133xenon, 51chromium-labelled erythrocytes, as well as albumin conjugated with Evans blue 

dye across a skeletal muscle vascular bed, by measuring the concentration of these substances 

in the venous effluent (129). By using xenon, a highly diffusible molecule, Sejrsen et al 

maximized the likelihood of observing diffusion between afferent and efferent vessels in 

skeletal muscle. Furthermore, xenon is not naturally present in the body. Thus, although these 

experimental studies show the potential for highly soluble gases to diffuse between closely 

associated vessels, they do not provide direct evidence that countercurrent diffusion is 

quantitatively significant under physiological conditions. Nevertheless, countercurrent gas 

exchange is thought to occur in a range of vascular beds. Does the structure of the kidney 

allow for such shunting of molecules, and if so, where? 

2.4  POTENTIAL LOCATIONS OF COUNTERCURRENT DIFFUSION IN 
THE RENAL CIRCULATION  

Multiple computational models have provided insight into how countercurrent oxygen 

shunting might operate in the kidney and other vascular beds (16, 32, 49, 130). For example, 

Sharan and Popel created a mathematical model of oxygen transport between generic paired 

arterioles and venules (130). Their findings indicate that the separation distance between 

paired vessels is critical in determining the flux of oxygen from the arteriole to the venule. 

They predicted that a separation distance of ≤ 25 µm resulted in significant shunting between 

vessels (130). It is therefore imperative for such mathematical models to include accurate data 

regarding the separation distance of blood vessels. More recently, Ngo et al (101) generated 

quantitative information regarding the barriers to diffusion between arteries and veins in the 

renal cortex. Simulations generated using a computational model based on these data indicate 

that separation distance is an important factor in influencing oxygen flux between paired 

vessels in the kidney (50). That is, the shorter the distance, the greater the flux of oxygen 

between the vessels. Separation distance undoubtedly also strongly influences the flux of 
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other molecular species between paired renal blood vessels. Consequently, we must now 

consider the nature of barriers to countercurrent diffusion in the renal circulation. 

2.4.1 Renal cortex 

Arteries and veins in the renal cortex have an intimate relationship, particularly the large 

vessels found at the cortico-medullary border (47). There is some experimental evidence for 

diffusive shunting of oxygen from arteries to veins in the renal cortex (83, 127, 152). These 

will be described in detail later in this review. Importantly, Schurek et al were the first, to our 

knowledge, to suggest that AV oxygen shunting is facilitated by the intimate relationship 

between arteries and veins in the kidney (127). At the time, it was known that an intimate 

relationship existed between some intrarenal arteries and veins (at least in the rat). It was also 

recognized that intrarenal veins have an unusual structure, having very thin-walls similar to 

those of capillaries (47). These two features of the renal preglomerular circulation were 

proposed to facilitate diffusive shunting of oxygen and potentially other molecules (103, 104). 

However, there was little understanding of how these features change along the course of the 

renal circulation, and thus the relative quantities of oxygen (and other gases) that might 

diffuse between arteries and veins at various points along the renal circulation. Subsequently, 

Ngo et al found that the larger, proximal arteries of the renal cortical circulation, such as the 

interlobar and arcuate arteries, were more likely to be in close physical contact with 

corresponding veins than their smaller distal counterparts (101). Unfortunately, there are no 

available methods to directly measure diffusive shunting in the kidney, either across the entire 

vascular bed or at a segmental level. We have employed an alternative approach, combining 

experimental anatomy and physiology with computational modeling. That is, generation of 

quantitative information about the spatial relationships between arteries and veins in the renal 

circulation has formed the basis for mathematical models to predict how much shunting 

occurs and where it occurs. 

Gardiner et al employed a two-dimensional (2D) model of countercurrent flow in idealized 

artery-vein pairs to identify four factors that likely have a critical impact on the quantity of 

oxygen (and thus other molecules) that diffuses between individual pairs of vessels (50). 

These are (i) the presence of capillaries or tubules between the walls of the artery and vein 

that could act as sources of, or sinks for, the gas (e.g. oxygen consumption by tubules), (ii) the 

distance between the lumen of the artery and vein (diffusion distance), (iii) the degree to 

which the wall of the vein envelops the wall of the artery (wrapping), and (iv) the gradients in 

partial pressure of gases and concentrations of other molecules between the arterial and 

venous blood (50). Note that three of these four factors depend upon the spatial relationships 
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between arteries, veins and the renal parenchyma. The findings of Gardiner et al accorded 

with those of previous modeling studies of oxygen diffusion between generic artery-vein pairs 

in other vascular territories (38, 55, 73, 130). The unique aspect of the relationship between 

arteries and veins in the renal circulation, which was not considered in these earlier studies, is 

the phenomenon of wrapping. That is, some arteries in the kidney are partially enveloped 

(venous lumen surrounds the arterial wall) by their paired vein.  

Ngo et al hypothesized that the spatial relationships between arteries and veins change along 

the course of the vasculature, which in turn influences the quantities of oxygen (and so 

potentially other molecules) that diffuse between arterial and venous blood. To test this 

hypothesis, light microscopy was employed to measure arterial diameter, diffusion distance 

and degree of wrapping in a large sample (n = 1628) of artery-vein pairs in the kidneys of rats 

(101). They found that the intimacy of artery-vein pairs changes along the course of the 

cortical circulation, in a manner that likely favors oxygen shunting in vessels common to both 

the cortical and medullary circulations. That is, large arteries in the inner-cortex and 

juxtamedullary region were more likely, than smaller arteries in the mid- and outer-cortex, to 

(i) be devoid of capillaries and tubules in the space between the artery and its paired vein, (ii) 

have some proportion of the arterial wall wrapped by the wall of the vein, and (iii) have a 

short diffusion distance (< 20 µm) between the lumen of the artery and vein (Fig. 2.2). The 

2D model of Gardiner et al (50) was then used to predict oxygen flux in the vicinity of typical 

artery-vein pairs, identified from the analysis of images generated by light microscopy. The 

model simulations indicated that significant diffusion of oxygen from an artery to a paired 

vein only occurs when the vein wall partially envelops the arterial wall. Collectively, these 

observations indicate that countercurrent shunting in the cortical vasculature is likely to be 

favored in vessels common to the cortical and medullary circulation.  

2.4.2 Renal medulla 

The vessels that supply the renal medulla are the vasa recta. These vessels arise from the 

efferent arterioles of juxtamedullary glomeruli. The descending and ascending vasa recta are 

arranged in a countercurrent manner. Thus one might expect countercurrent exchange to 

occur between these vessels. Indeed, exchange of water and solutes does occur between the 

ascending and descending vasa recta. Descending vasa recta lose water and gain solute while 

ascending vasa recta gain water and lose solute (124). This countercurrent arrangement 

potentially also allows for the diffusion of gases and other highly diffusive molecules between 

descending and ascending vasa recta (16, 17, 33). 
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Figure 2.2. Changes in artery-vein associations in the renal cortex of the rat. (A) An 
interlobar artery (A) partially surrounded by a vein (V), demonstrating the phenomenon of 
‘wrapping’. (C & E) Smaller arteries tend to be separated from the nearest vein. (B, D & F) 
represent magnified images of A, C & E respectively. (G) Changes in proportion of wrapping 
(%) with arterial diameter. (H) Relative frequencies of arterial profile wrapped by a vein binned 
into ranges of arterial diameter. The same lower case letters represent bins of arterial diameter 
for which wrapping (Tukey’s test; G) or percentage frequency of categories of wrapping 
(Cochran-Armitage test for trends; H) did not differ significantly. All images reproduced, with 
permission, from Ngo et al (101). 



CHAPTER 2 – Diffusive shunting in the renal vasculature 

 33 

Descending and ascending vasa recta are closely associated (74, 75, 81). To the best of our 

knowledge, this association has not been quantified. Visual inspection of published 

histological, immunohistological images and electron micrographs (81, 111, 112, 156) shows 

that descending and ascending vasa recta can be as close as 5-10 μm, providing a short 

pathway for diffusion of soluble molecules between the vessels (Fig. 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Images of the close spatial association of descending (DVR) and ascending vasa recta 
(AVR). (A) Transmission electron microscopy of rat renal medulla (~×1000 magnification). (B) 
Electron micrograph of DVR and AVR. Fenestrations (fen) are observed in the AVR, and the close 
contact of the vasa recta can be clearly seen (×12,400 magnification). (C) Vascular bundles of the 
medulla. DVR are represented by green fluorescent structures and AVR are represented by red 
fluorescent structures. Scale bar = 100 µm. Image A reproduced, with permission, from Lemley and 
Kriz (81). Image B reproduced, with permission, from Pallone et al (109) and Pallone et al (112), 
Copyright © American Physiological Society. Image C reproduced, with permission, from Yuan and 
Pannabecker (156). CD = collecting duct, P = proximal tubule, D = distal tubule. 
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The structural factors described above, chiefly in the context of putative oxygen shunting, will 

also influence diffusion of other molecules between the afferent and efferent vessels in the 

kidney. However, there are two other important sets of factors that must also be considered. 

Firstly, we must consider the physico-chemical properties of each molecule, which in turn 

defines its ability to diffuse through blood, the vessel walls and renal tissue. Secondly, we 

must consider the way in which each molecule is handled within the kidney, which in turn 

determines the nature of the gradients in partial pressure that could potentially drive 

countercurrent diffusion of each species in the vasculature. 

2.5  PROPERTIES THAT INFLUENCE COUNTERCURRENT DIFFUSION 
OF MOLECULES AND GASES IN THE RENAL CIRCULATION 

When we think about the transport of molecules within the kidney, we normally consider the 

processes of tubular reabsorption and secretion. Water-soluble molecules can pass through 

pores in the capillary wall by bulk flow, and across the gap between capillaries and tubules by 

passive diffusion. At the tubular epithelium, active and passive transport systems (including 

facilitated transport) regulate the magnitude of reabsorption and secretion of specific 

molecular species. Thus, many molecules that are unable to passively diffuse across cell 

membranes can nevertheless be reabsorbed or secreted. 

It gets more complicated when we consider the transport of molecules across the wall of 

arteries, which are made up of multiple layers of cells. Thus, for any molecule to pass through 

the arterial wall, it must be lipid soluble. Consequently, we must consider both the 

diffusibility of substances in aqueous media and lipid membrane permeability. 

The ability of a specific molecular species to diffuse through a specific medium is defined by 

Krogh’s diffusion coefficient. Krogh’s diffusion coefficient is the product of the diffusion 

coefficient of the molecule and its solubility in the medium through which it diffuses (117). 

Thus, Krogh’s diffusion coefficient is determined largely by the solubility of the molecule in 

question. All molecules discussed in this review are highly diffusible in plasma and/or water 

(Table 2.1), making them very likely to diffuse within extracellular space. Table 2.1 also 

provides the relative solubilities of the molecules discussed in this review. Carbon dioxide is 

24 times more soluble in water than oxygen (117) so diffuses more readily within the 

interstitium than oxygen. Oxygen and nitric oxide have similar diffusion coefficients (144, 

157). The solubilities of oxygen, carbon dioxide and nitric oxide differ, but their diffusion 

coefficients are similar because these molecules have similar molecular weight (Table 2.1).  
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We now consider the permeability of these molecules in cellular membranes. Permeability is 

a measure of the ability of a liquid or gas to pass through a medium. It is thus defined as the 

rate at which a liquid or gas penetrates a medium. Even if a concentration gradient exists, a 

molecule will not diffuse between arteries and veins, or descending and ascending vasa recta, 

unless it is lipid permeable. Oxygen, carbon dioxide, and nitric oxide are highly lipid 

permeable (Table 2.2). In contrast, ammonia’s ability to pass through lipid bilayers is limited. 

Indeed, the cell membranes of the colon, gastric cells and thick ascending limbs of the loop of 

Henle appear impermeable to ammonia (6, 72, 105, 131, 147). Theoretically, cell membranes 

should be impermeable to superoxide. Superoxide is negatively charge, and charged ions 

cannot passively pass through lipid membranes. Indeed, there is evidence that cell membranes 

are highly impermeable to superoxide (59, 85, 95, 123, 137). However, superoxide can pass 

through cell membranes via anion channels (85, 88, 95), so lipid permeability is not required. 

In addition to the solubilities of the molecules in aqueous media and their permeabilities in 

lipid membranes, we must also consider the concentration gradients present between vessels. 

The magnitude of the concentration gradient undoubtedly has a profound effect on the 

diffusion of the molecule across the barrier. The greater the concentration difference between 

the afferent and efferent limb, the greater the drive for countercurrent diffusion. This concept 

is important for consideration of the interpretation of some of the earlier studies of diffusive 

shunting in the renal circulation. These studies, described in detail below, relied on injection 

of pulses of molecules that do not naturally occur in the kidney, or of supra-physiological 

amounts of naturally occurring molecules. Thus, such approaches maximize the gradients for 

countercurrent diffusion, so findings utilizing them should be interpreted with care. 
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Table 2.2. Lipid membrane permeabilities of the five molecules reviewed. 

Molecule Membrane type Temperature 
(°C) 

Permeability 
(cm/s) Reference 

Oxygen EYPC (0 mol% cholesterol) 20 67 (136) 
EYPC (27.5 mol % cholesterol) 20 48 (136) 
L-α-Dimyristoyl-PC 
(0 mol% cholesterol) 

18 12.2 ± 0.4 (135) 

 29 125 ± 12.5 (135) 
L-α-Dimyristoyl-PC 
(50 mol% cholesterol) 

18 10.4 ± 1.6 (135) 

 29 22.7 ± 4.1 (135) 
L-α-Oleoyl-PC 
(0 mol% cholesterol) 

10 33 ± 1.9 (135) 

 30 114 ± 4.9 (135) 
L-α-Oleoyl-PC 
(50 mol% cholesterol) 

10 13.7 ± 1.6 (135) 

 30 54.6 ± 5.6 (135) 
     

Carbon 
dioxide 

Egg lecithin & cholesterol 
(1:1 mol ratio) 

22-24 0.35 (60) 

Three types: 
- Pure diphytanoyl-PC (DPhPC) 
- 3:2:1 mixture of cholesterol, 
DPhPC, and egg sphingomyelin 
- EYPC, egg 
phosphatidylethanolamine, brain 
phosphatidylserine, cholesterol, and 
sphingomyelin 

 3.2 

(94) 

     
Ammonia DPhPC  (48 ± 5) × 10-2 

(1) 

2:1 mixture of DPhPC and 
cholesterol 

 (21 ± 10) × 10-2 

PC from soybeans  (52 ± 4) × 10-2 

2:1 mixture of PC from soybeans 
and cholesterol 

 (16 ± 5) × 10-2 

EYPC  13 × 10-2 (148) 
    

Nitric oxide Predicted from data of carbon 
dioxide permeability in 
phospholipid membrane and 
phospholipid-water partition 
coefficients 

25 4.6 

(39) 

EYPC (0 mol% cholesterol) 20 93 (136) 
EYPC (30 mol% cholesterol) 20 77 (136) 

     
Superoxide Soybean PC 25 2.1 × 10-6 (137) 

EYPC 23 7.6 × 10-8 (59) 
Permeability is defined as the rate at which a molecule passes through a medium. 
PC = phosphatidylcholine, EYPC = Egg yolk phosphatidylcholine, DPhPC = diphytanoyl-
phosphatidylcholine 
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2.6  COUNTERCURRENT DIFFUSION OF EXOGENOUS LIPID SOLUBLE 
SUBSTANCES IN THE RENAL CIRCULATION 

Effros et al tested the hypothesis that lipid soluble substances are able to diffuse from arteries 

to veins in the kidney (37). They reasoned that this phenomenon would be evinced by the 

appearance of these substances in the renal vein at an earlier time point than non-lipid soluble 

substances, after administration via the renal artery (37). They performed transit-time, tissue 

distribution, and tissue equilibrium studies. Using perfused isolated kidneys from rabbits, they 

observed greater concentrations of [14C]-butanol and 3H2O compared to 125I-albumin in initial 

samples collected from venous outflow. Increasing flow resulted in earlier appearance of 125I-

albumin in the renal venous effluent compared to [14C]-butanol and 3H2O. Consistent with 

their hypothesis, these transit-time studies provided evidence that soluble [14C]-butanol and 
3H2O diffused from arteries to veins, at least at low rates of perfusion. Effros et al then used 

tissue distribution and equilibrium studies to determine the location of diffusion within the 

kidney. They discovered that the ratio of [14C]-butanol to 3H2O was significantly greater in 

the deep cortex compared to the superficial cortex when these molecules were infused for 10 

seconds. When these molecules were infused for a longer period of time (60 s to 2 h), this 

gradient in the ratio of [14C]-butanol to 3H2O was less apparent. Thus, countercurrent 

diffusion may occur between interlobular arteries and veins in the renal cortex (37). Taken 

collectively, these observations indicate that lipid-soluble substances can diffuse from 

arteries-to-veins in the renal cortex. But can biologically relevant molecules also diffuse 

between these vascular elements, and if so, do these phenomena have significance in terms of 

the physiology of the kidney? We now discuss the existence of concentration gradients of 

oxygen, carbon dioxide, ammonia, nitric oxide and superoxide in the renal vasculature. We 

also examine experimental and/or theoretical evidence of countercurrent diffusion of these 

molecules in the renal vasculature. 

2.7  OXYGEN 

2.7.1 Generation of oxygen gradients in the renal circulation 

The consumption of oxygen in the kidney generates the driving force for putative diffusion of 

oxygen from arteries to veins (49) and from descending to ascending vasa recta (16, 17). The 

majority of oxygen consumption in the kidney is used to drive sodium reabsorption (42). 

Under normal physiological conditions, the kidney extracts only 10-20% of the oxygen 

delivered to it. Consequently, when arterial oxygen tension (PO2) is ~100 mmHg renal venous 

PO2 is 50-60 mmHg (41), so an arteriovenous gradient of 40-50 mmHg exists. PO2 in 
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descending and ascending vasa recta has not been measured directly, but has been estimated 

to be in the range of 45 to 65 mmHg (158). A baseline value of 55 mmHg, in the descending 

vasa recta at the corticomedullary junction, has been assumed for the purposes of 

computational modeling (158). Model simulations predict a PO2 at the end of the ascending 

vasa recta of 40 to 45 mmHg, giving a gradient of 10 to 15 mmHg (158).  As will be 

discussed in detail later, both experimental (83, 152) and computational studies (16, 17, 49, 

50) have provided evidence that oxygen shunting occurs in both the cortex and medulla. 

However, the quantitative significance of these phenomena remains a matter of controversy 

(43, 106, 107). 

2.7.2 Evidence of diffusive oxygen shunting 

2.7.2.1 Renal cortex 

Historically, most interest in the diffusive shunting of gases in the renal cortex has focused on 

the phenomenon of arterial-to-venous (AV) oxygen shunting. Levy and colleagues, in a set of 

ingenious experiments, provided evidence that the mean transit-time for oxygen across the 

renal circulation is less than that of erythrocytes (83, 84). The only satisfactory explanation 

for these observations was the existence of a diffusive shunt between the afferent (arterial) 

and efferent (venous) limbs of the renal circulation. However, an important caveat must be 

applied to the interpretation of these studies. As was the case for the studies of countercurrent 

shunting in the stomach (66) and small intestine (68) of the cat mentioned above, these studies 

were conducted under conditions in which the AV gradient in PO2 was increased way beyond 

that present under physiological conditions. 

Schurek et al provided further evidence for the existence of such shunt pathways by showing 

that the glomerular PO2 in Wistar rats is lower than that in systemic arteries (an average of 46 

mmHg vs 90 mmHg respectively) (127). These observations indicate that oxygen is lost from 

arteries in the preglomerular circulation, although they do not indicate the fate of this oxygen. 

Indeed, their findings could also be explained by diffusion of oxygen from arteries to the renal 

parenchyma. Delivery of oxygen to tissue by diffusion from arteries, as well as by convection 

of oxygen to capillaries, is well established in skeletal muscle (30, 38) and is supported in the 

kidney by the findings of a recent theoretical analysis (101, 106). 

Perhaps the best evidence for the existence of AV oxygen shunting comes from the work of 

Welch et al (152). They used miniaturized Clark electrodes (outer tip diameter 3 – 5 µm) to 

measure the PO2 of various segments along the nephron and in the vasculature of the 

superficial cortex. The PO2 measured in efferent arterioles (average of 45 mmHg) was lower 
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than that in the renal vein (average of 52 mmHg). These observations indicate that some of 

the oxygen in renal arterial blood diffuses directly to adjacent veins, bypassing the peritubular 

capillaries.  

The critical question is: how much of the oxygen supplied to the kidney in the renal artery is 

lost by diffusion to veins? Unfortunately, AV oxygen shunting cannot be quantified by 

experimental measurement, so it has been necessary to rely on computational models to try to 

answer this question. Based on the observations of Welch et al described above (152), 

Gardiner and colleagues calibrated their model to reflect the measured PO2 observed by 

Welch et al (152). Then, they estimated that 5-10% of the total amount of oxygen delivered in 

the renal artery is shunted to the intrarenal veins under normal physiological conditions (49). 

Their simulations indicated that this proportion could increase considerably in pathological 

conditions associated with renal ischemia and/or anemia. However, Olgac and Kurtcuoglu 

(43, 106, 107) have developed an alternative model that predicts AV oxygen shunting is 

negligible. Both models were limited by the absence of precise information regarding the 

spatial relationships between arteries and veins in the kidney (43). Resolution of this 

controversy will require the development of more sophisticated models that incorporate this 

information. 

2.7.2.2 Renal medulla 

Modeling of oxygen transport across the vasa recta provided evidence that oxygen could be 

shunted from the descending to the ascending vasa recta (158) thus limiting delivery of 

oxygen to the renal papilla (158). Interestingly, modeling studies of the outer medulla have 

suggested that the manner in which blood vessels are arranged in the outer medulla sustains 

oxygen delivery to the inner medulla (16, 17). The long descending vasa recta are sequestered 

in the center of the vascular bundle, thus limiting loss of oxygen from descending vasa recta 

that penetrate the inner medulla (16, 17). This preserves oxygen delivery to the inner medulla 

but is predicted to impede the diffusion of oxygen to the thick ascending limbs (16). An 

important limitation of these models is that they do not incorporate quantitative information 

regarding the distances separating descending and ascending vasa recta, an important factor in 

determining the amount of oxygen shunted between countercurrent vessels, as demonstrated 

by Sharan and Popel (130) and Gardiner and colleagues (50).  
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2.8  CARBON DIOXIDE  

2.8.1 Generation of carbon dioxide gradients in the renal circulation 

Metabolism of fats, carbohydrates and proteins results in the production of carbon dioxide. 

Thus, catabolism contributes to the gradient of carbon dioxide between efferent and afferent 

vessels in all vascular beds. In the kidney, an additional process operates, since carbon 

dioxide and bicarbonate (HCO3
-) are reabsorbed into peritubular capillaries from tubules (2). 

Furthermore, within peritubular blood the relative concentrations of carbon dioxide and 

bicarbonate are influenced by the activity of carbonic anhydrase and the buffering actions of 

proteins in the plasma and erythrocytes (including hemoglobin). In humans at rest, renal 

venous carbon dioxide tension (PCO2) has been estimated to be ~ 1 mmHg greater than 

arterial PCO2, whereas mixed venous PCO2 was ~ 4 mmHg greater than arterial PCO2 (120). 

Thus, the arteriovenous gradients in the partial pressure of both oxygen and carbon dioxide 

are less for the kidney than the systemic circulation. Importantly, these observations do not 

provide support for a large AV gradient of PCO2 that would drive venous-to-arterial shunting 

of carbon dioxide in the renal cortex. 

The diffusive shunting of carbon dioxide from ascending to descending vasa recta in the renal 

medulla would require a greater PCO2 in ascending than descending vasa recta. Available 

measurements indicate that such a gradient does not exist (76, 77). Thus, there is little 

evidence for the existence of a gradient to drive diffusive shunting of carbon dioxide in the 

medullary circulation. However it may be in the form of a bicarbonate or hydrogen ion 

gradient due to the bicarbonate buffer system. Carbonic anhydrase catalyzes the reaction 

between carbon dioxide and water to readily form carbonic acid. Carbonic acid then 

dissociates to bicarbonate and hydrogen ions. Thus, the inability to detect a gradient in carbon 

dioxide may be due to the bicarbonate buffer system. But what evidence is there to suggest 

that carbon dioxide can diffuse between countercurrent blood vessels? 

2.8.2 Evidence of diffusive carbon dioxide shunting 

2.8.2.1 Renal cortex 

DuBose et al measured PCO2 in the kidney (23, 25, 27, 28). Using pH-sensing 

microelectrodes, they found gradients of PCO2 in the renal cortex (28). Similar findings were 

generated by four other research groups (7, 11, 54, 64). In the studies of Du Bose and 

colleagues, PCO2 was approximately 65 mmHg in the distal tubules and stellate vessels 

(subcapsular vessels that form the interlobular veins) of the outer cortex, and was 

approximately 40 mmHg in the renal vein. These findings are consistent with the presence of 
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diffusive transfer of carbon dioxide from venules/veins to arterioles/arteries in the renal 

cortex. Bidani et al took a mathematical approach to examine the role of diffusive shunting of 

carbon dioxide in generating high PCO2 in the outer cortex (8). They also compared the 

model’s predictions of PCO2 (8) with those measured by DuBose et al (27, 28). Their model 

could replicate the findings of Du Bose et al, provided both metabolic production of carbon 

dioxide by aerobic respiration and its diffusion from veins to arteries were accounted for. 

Modeling also predicted that the effect of countercurrent exchange can explain the high levels 

of PCO2 in the superficial cortex (3). Taken together, these observations support the 

proposition that diffusive shunting of carbon dioxide generates a gradient of PCO2 in the 

cortex. This proposition, however, was questioned by De Mello Aires et al (20) who were 

unable to detect a difference in PCO2 between the renal cortex and systemic arterial blood. 

Three different types of Severinghaus PCO2 microelectrodes were used in their studies, one of 

which was a ‘glass bubble’ pH electrode with some similarities as well as some differences to 

the ‘glass membrane’ electrode employed by Du Bose et al. The discrepancy between the 

findings from these different groups has not been resolved (24). Consequently, the presence 

of venous-to-arterial shunting of carbon dioxide in the renal cortex remains unresolved.  

2.8.2.2 Renal medulla 

Burke and colleagues (13) reasoned that, due to the countercurrent arrangement of the 

descending and ascending vasa recta, gradients in PCO2 and pH should accompany gradients 

of PO2 within the kidney (13). They developed a simple model to simulate the gradients of 

oxygen and carbon dioxide in the medulla (13). Their model indicates that there can be 

shunting of carbon dioxide between the vasa recta, provided there is a gradient in the partial 

pressure of carbon dioxide between descending and ascending vasa recta. Unfortunately, it 

has not been possible to measure the concentrations of any molecule at the beginning of the 

descending and end of the ascending vasa recta. The only available relevant data come from 

micropuncture studies of the renal papilla, in which no gradients in PCO2 could be detected 

between ascending and descending vasa recta (76, 77). Thus the PCO2 levels in the vasa recta 

of the outer medulla remain unknown. Consequently, the critical assumption, upon which the 

model of Burke and colleagues was based, remains to be tested. 

2.9  AMMONIA 

2.9.1  Generation of ammonia gradients in the renal circulation 

Ammonia exists in two molecular forms, uncharged ammonia (NH3) and charged ammonium 

(NH4
+). These molecular species play an important role in maintenance of intracellular pH. In 
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this review, we define ‘ammonia’ as the total of both ammonia species. When referring to a 

specific species, we use either NH3 or NH4
+. In most mammalian biological fluids of pH 7.4, 

total ammonia is mostly present as NH4
+ and ~1% is present as NH3 (151). Ammonia is 

produced by the kidney in the proximal tubule and is then transported to the renal vein or into 

urine. It is delivered to the renal medulla via the loops of Henle, and ammonia from the thick 

ascending limb is ‘recycled’ into the descending limb of the loop of Henle. This recycling 

therefore leads to accumulation of ammonia in the medullary interstitium and is reflected in 

the high concentrations of ammonia in the medulla (121, 134), resulting in a cortico-

medullary gradient of ammonia. But could there also be gradients in the concentration of 

ammonia between the afferent and efferent limbs of the renal circulations? 

Ammonia is unlikely to be shunted between blood vessels due to its impermeability across 

lipid bilayers. In particular, it is unlikely that ammonia can pass through the walls of arteries 

as they consist of many layers of cells. An exception would be the passage of ammonia 

through ascending vasa recta, which are highly fenestrated. Recent modeling indicates that the 

level of ammonia in ascending vasa recta might be ~1300% greater than that in descending 

vasa recta (102). High concentrations in ascending vasa recta probably reflect high levels in 

the interstitium. In conclusion, there is little evidence for large gradients in the concentration 

of ammonia between arteries and veins in the renal cortex. However there may be a 

significant gradient between ascending and descending vasa recta in the medulla. 

2.9.2  Is there evidence of diffusive ammonia shunting in the renal 
circulation? 

2.9.2.1 Renal cortex 

Studies on ammonia transport have focused on the tubules, the site of ammonia production 

and consequent transport. There have been numerous studies that provide evidence for the 

active transport of ammonia between tubules via transporters (45, 51, 56, 57, 91, 96). The 

impermeability of lipid bilayers to ammonia provides theoretical evidence for the lack of 

shunting of ammonia between blood vessels in the renal cortex. 

Due to its uncharged nature, NH3 should theoretically diffuse through lipid bilayers (148). 

However, NH3 appears to have limited lipid permeability (6, 105). Indeed, the cell 

membranes of the colon (131), gastric glands (147), and medullary thick ascending limb of 

Henle (72) have low permeability for NH3. Because of its charge, NH4
+ requires channels, 

carriers, or transport proteins to pass through lipid layers. To the best of our knowledge, such 
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transporters are only present in tubules, not blood vessels. Thus, it is unlikely that NH3 or 

NH4
+ can diffuse between arteries and veins in the renal cortex. 

2.9.2.2 Renal medulla 

The ascending vasa recta are highly fenestrated (109, 110) and lie in close proximity to the 

ascending limb of the loop of Henle (82) and collecting duct (113, 114). Subsequently, some 

of the ammonia, as it diffuses from the loop of Henle into the collecting duct, will diffuse into 

the ascending vasa recta. However, it is unlikely that NH3 diffuses between descending and 

ascending vasa recta due to the limited permeability of NH3 and continuous epithelium of the 

descending vasa recta.  

Collectively, there is little evidence of countercurrent shunting of ammonia in either the 

cortical or medullary circulations. Theoretically, ammonia would not be expected to diffuse 

between blood vessels due to its limited lipid permeability.  

2.10  NITRIC OXIDE AND SUPEROXIDE 

2.10.1  Are there gradients in the concentrations of nitric oxide and 
superoxide in the renal circulation? 

Nitric oxide and its scavenger superoxide are involved in the regulation of vascular and 

tubular function (78, 149, 154). Nitric oxide is a vasoactive gas produced in the blood vessels 

and tubules of the kidney via nitric oxide synthase (90). Due to its high diffusibility but short 

half-life, it is possible for nitric oxide to only affect structures in the immediate vicinity of its 

site of production (108). Thus, it acts as a paracrine or autocrine factor. Superoxide is also 

highly diffusible and has a short half-life (35, 153). Indeed nitric oxide and superoxide avidly 

react to form peroxynitrite. Thus, they can be considered to operate as a system. Both nitric 

oxide and superoxide are involved in local control of sodium reabsorption and oxygenation. 

Nitric oxide inhibits sodium reabsorption by inhibiting the Na+/K+/2Cl- co-transporter (108). 

Superoxide has reciprocal effects and can augment sodium reabsorption via scavenging of 

nitric oxide as well as its direct cellular actions (52). Furthermore, nitric oxide and superoxide 

also affect tubular oxygen consumption, through the ability of nitric oxide to inhibit oxygen 

utilization by the mitochondria (9). There is evidence that metabolites of arachidonic acid can 

diffuse from venules to adjacent arterioles in skeletal muscle to induce vasodilatation (62, 63). 

Likewise, is it possible for nitric oxide, superoxide or other vasoactive free radicals to diffuse 

from a venule to an arteriole, so providing a mechanism for feedback control of vascular 

tone? 
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There is a theoretical argument against the presence of a nitric oxide gradient from venules to 

arterioles. Arterioles have a shear rate 4 – 6 times greater than venules (98). If release of nitric 

oxide by endothelial cells is proportional to shear stress (69), then the endothelium of the 

arteriole should release greater amounts of nitric oxide than the venular endothelium. These 

considerations predict a greater concentration of nitric oxide in the arteriole than the adjacent 

venule. On the other hand, it has been proposed that there are more endothelial cells in the 

venule wall due to its larger radial size than arterioles.  

There are little direct observational data regarding the concentrations of nitric oxide and 

superoxide in the cortical circulation. Furthermore, in non-renal vascular beds, the presence of 

gradients in nitric oxide remains a matter of controversy. For example, higher levels of nitric 

oxide in the venular wall compared to the arteriolar wall were found in rat intestine (10), 

while others have found peri-arteriolar concentrations of nitric oxide to be mostly higher than 

peri-venular levels in rat intestine (97, 146). However, these putative gradients of nitric oxide 

between arteries/arterioles and veins/venules were mostly not statistically significant (10, 98, 

146). The only exception is the observations of Nase et al (97) who found significantly 

greater peri-arteriolar than peri-venular concentrations of nitric oxide.  

Although modeling predicts that radial concentration gradients for nitric oxide and superoxide 

are present in the medulla (35), we are not aware of theoretical or experimental evidence to 

support the presence of gradients in the concentrations of these molecules between veins and 

arteries in the cortex, or between ascending and descending vasa recta in the medulla.  

2.10.2  Is there evidence of diffusive shunting of nitric oxide and superoxide 
in the renal circulation? 

Due to the important roles of nitric oxide and superoxide in the regulation of microcirculatory 

function, the transport and interactions between these molecules has been extensively studied 

using computational models (14, 21, 22, 70, 71, 79, 80). Collectively, these modeling studies 

provide evidence that the diffusion of these molecules between paired vessels is possible.  

The computational model of nitric oxide transport between a paired arteriole and venule 

developed by Kavdia and Popel provided support for the concept that venular release of nitric 

oxide could induce dilatation of adjacent arterioles (70). They presumed that the close 

countercurrent arrangement of these vessels might facilitate diffusion of nitric oxide. Veins 

are much more compliant than arteries. Thus, veins dilate if the volume of fluid they contain 

increases. On the other hand, arteries can dilate if acted upon by endothelium-derived relaxing 
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factors such as nitric oxide. So while such mediators diffusing from arteries to veins will have 

little or no effect on the venule, such mediators diffusing from the venule to the arteriole 

would be expected to dilate the arteriole. Hence, it is possible for these mediators to control 

arteriolar tone. Modeling predicts that diffusion of nitric oxide can only occur when there is a 

nitric oxide concentration gradient present and the paired vessels are close together (18, 70). 

These findings support the hypothesis that the spatial arrangement of the vessels aids the 

diffusion of nitric oxide between blood vessels, but does not provide evidence that diffusive 

shunting occurs under physiological conditions.  

In summary, there is little evidence to suggest that significant gradients of nitric oxide (or 

superoxide) exist between afferent and efferent vessels in the renal circulation. Also, to the 

best of our knowledge, there are no experimental data or model simulations that provide 

evidence that diffusive shunting of nitric oxide (or superoxide) occurs in the renal cortical or 

medullary circulations. 

2.11  WHAT FACTORS HAVE DRIVEN EVOLUTION OF THE VASCULAR 
ARCHITECTURE OF THE MAMMALIAN KIDNEY? 

As a summary, Figure 2.4 depicts the likely direction of diffusion of the molecules discussed 

in this review. Below, we consider the potential adaptive consequences of such diffusion and 

speculate regarding the potential for these phenomena to contribute to the selection pressures 

that might have driven the evolution of vascular architecture in the mammalian kidney. 

Naturally, we must also consider the possibility that factors other than countercurrent 

diffusion have provided this selection pressure. 

2.11.1 Renal cortex 

A unique aspect of the mammalian kidney is the intimate association of arteries and veins. 

What selection pressures have driven evolution of this arrangement? O’Connor et al proposed 

that diffusional shunting of oxygen, from arteries to veins in the renal cortex, represents a 

structural anti-oxidant mechanism (103, 104). They argued that, by limiting oxygen delivery 

to the renal tissue, this mechanism would prevent excessive production of superoxide, and 

thus oxidative stress. An antioxidant defense mechanism of this nature, that inhibits formation 

of reactive oxygen species, would be more energetically efficient than one that relies on the 

chemical quenching of reactive oxygen species once they are formed. This argument is, of 

course, entirely dependent on the proposition that AV oxygen shunting is quantitatively 

significant. As discussed above, the jury is still out on this question.  
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Carbon dioxide is much more soluble than oxygen, so should diffuse more avidly. Venous-to-

arterial shunting of carbon dioxide would be predicted to have two important effects. Firstly, 

it would be expected to lead to ‘trapping’ of carbon dioxide, particularly in the outer cortex 

(28, 86). This phenomenon would potentially enhance oxygen delivery to tissue by shifting 

the oxygen-hemoglobin dissociation curve to the right. Furthermore, it would potentially be 

enhanced when renal blood flow is reduced, thus providing a mechanism that sustains oxygen 

delivery to cortical tissue during renal ischemia. However, as reviewed above, it seems that 

the gradient in PCO2 between veins and arteries in the renal cortex is relatively small (~1 

mmHg), at least under normal physiological conditions, and so is unlikely to be sufficient to 

drive quantitatively significant shunting of carbon dioxide. A plausible explanation for the 

absence of a significant gradient is that the cortical structures have high permeability to 

carbon dioxide, so that its levels approach equilibrium. DuBose et al (28) observed that PCO2 

Figure 2.4. The likely direction of diffusion for oxygen, carbon dioxide, nitric oxide, superoxide, 
and ammonia between afferent and efferent vessels of the renal cortex (A) and medulla (B). DVR 
= descending vasa recta, AVR = ascending vasa recta, O2 = oxygen, NO = nitric oxide, CO2, = carbon 
dioxide, O2

- = superoxide, NH3 = ammonia. Note that blood vessels are relatively impermeable to 
ammonia, unless they are fenestrated, as is the case for ascending vasa recta. 
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levels were similar across the proximal tubule, distal tubule, and stellate vessels. Thus their 

findings accord with those of others, of high tubular permeability to carbon dioxide (128, 

150). 

Theoretically, vasoactive paracrine factors could diffuse from intrarenal veins to intrarenal 

arteries, thus providing a mechanism for feedback regulation of arteriolar tone. Such 

mechanisms have been described in non-renal vascular beds (48, 118). However, we are not 

aware of any evidence that such mechanisms operate in the kidney.  

It seems unlikely that countercurrent shunting of nitric oxide, superoxide or ammonia are 

quantitatively significant in the cortical vasculature. Thus, based on currently available 

information, shunting of oxygen seems to be the best candidate, with carbon dioxide less 

likely, for providing selection pressure for the evolution of the intimate spatial relationships 

between arteries and veins in the mammalian kidney. 

2.11.2  Renal medulla 

It is not currently feasible to quantify the concentration gradients of any molecule between 

descending and ascending vasa recta in the outer medulla. Therefore our current 

understanding of diffusive shunting in the medulla comes from theoretical studies 

underpinned by anatomical observations. 

Our review of the literature indicates that countercurrent shunting of ammonia, nitric oxide 

and superoxide are unlikely to be important in the renal medulla. However, it remains feasible 

that the evolution of the architecture of the medullary vasculature has been influenced by 

adaptive advantages of diffusive countercurrent shunting of oxygen and/or carbon dioxide. 

The countercurrent arrangement of the descending and ascending vasa recta is thought to be 

critical for the countercurrent trapping of solutes, and thus the mechanisms that allow 

generation of concentrated urine. It has been argued that this arrangement renders the renal 

medulla susceptible to hypoxia. The latter, would thus represent a counter-adaptive 

consequence of the evolutionary imperative for concentration of urine in terrestrial animals. 

But could the countercurrent arrangement of vasa recta also have additional functional 

consequences for the kidney? 

Oxygen shunting could exacerbate medullary hypoxia, but the sequestration of long vasa recta 

into the core of vascular bundles may help preserve oxygen delivery to the inner medulla (17). 

This is of particular importance as the medulla is susceptible to hypoxia (31, 41, 61). Indeed, 
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medullary PO2 is in the range of 10-20 mmHg (99). However, the preservation of oxygen 

delivery to the inner medulla is at the expense of limiting oxygen delivery to the thick 

ascending limb, a major site of sodium reabsorption. 

Predictions from a computational model support the idea that the countercurrent shunting of 

carbon dioxide, from ascending to descending vasa recta, acts to ‘trap’ carbon dioxide in the 

inner medulla (13). This mechanism could potentially be augmented when oxygen delivery to 

the medulla is restricted or when medullary oxygen consumption is increased. It might be 

predicted that the resultant increase in PCO2 and decrease in pH would enhance oxygen 

delivery to tissue under such circumstances, by shifting the oxygen-hemoglobin dissociation 

curve to the right. However, all of this rests on the assumption of a gradient in PCO2, between 

ascending and descending vasa recta, which has yet to be verified experimentally. 

2.12  PERSPECTIVES AND SIGNIFICANCE 

Our discussion of the physiological and evolutionary significance of countercurrent diffusion 

in the renal vasculature has, if nothing else, identified the critical gaps in our knowledge that 

must be filled before we can fully understand the selection pressures that led to the unique 

countercurrent arrangements of afferent and efferent vessels in the renal cortex and medulla.  

Firstly, we require more detailed and quantitative information regarding the barriers to 

diffusion between arteries and veins and descending and ascending vasa recta. Some progress 

has been made in this field (101, 114, 115), but we still have a long way to go. Secondly, we 

require measurements of the concentrations of gases (e.g. oxygen, carbon dioxide, nitric 

oxide, superoxide) and other molecules (e.g. ammonia) within the renal vasculature. 

Currently, our knowledge is mostly limited to measurements in arterial and renal venous 

blood, and in some cases (e.g. oxygen) in vessels in the superficial cortex (152) or the tip of 

the papilla (26, 56, 76, 77, 134). The available information has allowed development of 

computational models of the transport of oxygen (16, 17, 49, 50, 106, 130, 158), carbon 

dioxide (13), nitric oxide (21, 22, 33-36, 70, 71, 79, 80) and superoxide (12, 34-36) in the 

renal cortex and/or medulla. Mathematical models can tell us what is theoretically possible, 

but we rely on experimental measurements to know what ‘is’. Consequently, development of 

methods to assess the concentrations of various molecules within the renal vasculature, at 

high temporal and spatial resolution, remains the field’s ‘Holy Grail’.  Such methods 

represent the only way to quantify the concentration gradients that could drive diffusion of 

molecules between the afferent and efferent limbs of the countercurrent circulations in the 

renal cortex and medulla.  
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3.1 ANIMALS 
Male and female Sprague Dawley rats were used in the studies described in this thesis. Our 

previous modeling study (13) was based on data presented by Nordsletten et al in their 

structural analysis of the rat renal circulation (21). Nordsletten et al based their analysis on 

micro-computed tomographic data from the vascular casts of the rat renal vasculature 

produced by Garcia-Sanz et al. Thus, all rats weighed between 250 and 300 g to be consistent 

with the methods used by Garcia-Sanz et al (12). The animals were obtained from Monash 

Animal Research Platform (MARP, Clayton, VIC, Australia) and were housed in the Monash 

University Large Animal Facility in the Department of Physiology (Monash University, VIC, 

Australia) under a 12:12 hour light-dark cycle. The rats were given ad libitum access to 

standard chow (Barastoc diet, Irradiated Feed-Custom Mix Ration, Ridley AgriProducts Pty 

Ltd, High Performance Animal Nutrition, Pakenham, VIC, Australia) and tap water. All 

experimental protocols were approved by the Monash University School of Biomedical 

Sciences Animal Ethics Committee (ethics approval numbers SOBSA-P-2009-84 and MARP-

2013-092). 

3.2 PERFUSION FIXATION PROTOCOL  
Perfusion fixation was used in the experiments described in Chapters 4 - 9. The perfusion 

fixation protocol differed slightly between the studies as we tailored and optimized the 

protocol of the studies. However, the methods common to all studies are described here. 

After an initial bolus of pentobarbital (60 mg/kg. i.p; Sigma-Aldrich, St Louis, MO, USA), 

supplementary doses were administered, as required, until a surgical level of anesthesia was 

reached, as judged by abolition of the toe-pinch reflex. A midline incision was made to open 

the abdominal cavity and expose the abdominal aorta and inferior vena cava. Both the aorta 

and vena cava were exposed below the level of the renal arteries/veins and freed of adipose 

and connective tissue. A silk ligature (3/0, Dysilk, Dynek, South Australia) was placed around 

the aorta and vena cava. Another ligature was placed around the aorta above the level of the 

renal arteries. A polyethylene catheter (PE 160, ID = 1.14 mm, OD = 1.57 mm; Becton 

Dickinson and Company, NJ, USA) was inserted into the abdominal aorta, caudal to the renal 

arteries, and connected to a perfusion apparatus via a three-way valve. Solutions were 

perfused through the kidneys at a pressure of 150 mmHg. Buffer was first perfused through 

the kidneys to clear them of blood. Then, the fixative was perfused through the kidney. 

Following the perfusion fixation process, the kidneys were collected and decapsulated. This 

general method was employed in all of the experiments described in this thesis. Minor 
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differences between the protocols for the various experiments are detailed in the individual 

chapters. 

3.3 HEMATOXYLIN AND EOSIN STAINING 
Histological analyses, through the use of hematoxylin and eosin staining, were carried out to 

observe the structures surrounding the blood vessels in the kidney. Hematoxylin and eosin 

staining was carried out to distinguish the nuclear (blue) and cytoplasmic (pink) components 

respectively. Histological analyses were made to visualize the tubular and vascular elements 

of the rat kidney.  

Hematoxylin originates from the wood of the logwood tree (16) and cannot stain tissues 

directly. It first must be oxidized to hematin, and then used in conjunction with chemicals 

called mordants (31, 32). Mordants are metallic ions and enable staining to occur by 

providing a link between the hematoxylin dye and the tissue (31, 32). Thus hematoxylin 

cannot stain tissue unless a mordant has been added (20). The most common mordants are 

salts of aluminum or iron. Hematoxylin coupled with a mordant can act as a dye. It is 

positively charged and can thus react with negatively charged cell components such as nucleic 

acids. The color of the stain is dependent on the composition of the solution and type of 

mordant used. A solution containing aluminum alum or potassium alum as the mordant leads 

to a blue nuclear staining. Solutions containing an iron mordant give a darker stain. 

Alum hematoxylin solutions include Mayer’s (18) and Harris’ (27) hematoxylin. Harris’ and 

Mayer’s hematoxylin contain mercuric oxide and sodium iodate respectively, both of which 

oxidize hematoxylin to hematin. The mordants of iron hematoxylin are ferric chloride or 

ferric ammonium sulfate (2). These compounds also oxidize hematoxylin to hematin. 

Weigert’s hematoxylin is an iron hematoxylin consisting of 1% alcoholic hematoxylin.  

Both Harris’ and Weigert’s hematoxylin were used in studies described in this thesis. 

Eosin is anionic and acts as an acidic dye. In contrast to the hematoxylin solution, it is 

negatively charged and will react with positively charged cell components such as amino 

groups in proteins. Positive staining results in a pink color. 
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3.4 LIGHT MICROSCOPY VS. SYNCHROTRON-BASED MICRO-
COMPUTED TOMOGRAPHY 

3.4.1 Advantages and limitations of light microscopy 

Light microscopy is a common tool used for visualizing biological samples. Conventional 

compound light microscopes are relatively simple to use. Two-dimensional (2D) images are 

produced using transmitted light. Thus, tissue samples must be thin enough to be translucent 

(usually 1 - 20 μm in thickness). Consequently, only one 2D plane of the sample can be 

studied at any one time. Thus, if multiple planes are needed for analyses, multiple tissue 

sections (from one or multiple specimens) are required. We minimized this limitation in the 

experiments described in this thesis by sectioning kidney samples in two different planes, so 

as to sample as many artery-vein profiles as possible (see Chapters 4, 5, 6, 8 & 9). Light 

microscopy also suffers from the likely presence of superimposed structures. Thin sections of 

biological tissues are translucent under the microscope. Consequently, stains are often used to 

highlight specific structures. The thicker the tissue sections are, the greater the uptake of the 

stain, as well as the degree of superimposition. On the other hand, the thinner the tissue 

section the paler the staining. Thus, a balance is required between section thickness and stain 

intensity. In the experiments described in this thesis, we first performed pilot studies in which 

we sectioned kidney tissue at various thicknesses. This enabled us to select the optimum 

tissue thickness (3 or 5 μm) that thus allowed (i) visualization of structures without 

superimposition, and (ii) adequate uptake of tissue stains. 

An additional challenge for histological analysis of the kidneys is the separate identification 

of the various tubular, vascular and interstitial elements that the kidney is comprised of. One 

approach to this problem is to use immunohistochemistry to label specific elements of the 

tissue. For example, much of our knowledge of the topography of vascular and tubular 

elements in the renal medulla has come from detailed immunohistochemical analyses using 

conventional light microscopy (25) and confocal/fluorescence microscopy (23, 24, 26, 33). In 

the studies described in this thesis, we aimed to specifically identify the vascular elements in 

the renal cortex so that their architecture and geometry could be characterized and quantified. 

In pilot studies (Chapter 4), we trialed the use of immunohistochemical approaches to solve 

this problem.  Subsequently, we turned to a simpler approach, of filling the renal vascular 

with the silicone rubber polymer Microfil®, which appears brown in sections stained with 

hematoxylin and eosin. This method was used in experiments described in Chapters 5-9 of 

this thesis. 
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3.4.2 Technical basis of micro-computed tomography 

Three-dimensional (3D) images can be obtained through the use of micro-computed 

tomography (micro-CT) (4, 11, 12, 22). Commercial CT imaging systems have a rotating X-

ray source and a stationary stage. In contrast, for synchrotron-based micro-CT, the X-ray 

source remains stationary, so the sample must be rotated. Thus, a typical synchrotron 

radiation-based X-ray micro-tomographic scanner consists of a synchrotron X-ray source, a 

rotating stage, an X-ray-to-light converting scintillator, a light imaging device (usually a 

charge-coupled device (CCD)-based video camera), and a computer (14). Specimens are first 

placed on the rotatable stage. While the specimen is in the path of the X-ray beam, the stage is 

rotated in angular increments during image acquisition (Fig. 3.1). An X-ray transmission 

image is obtained at each increment in angle.  

In CT-imaging, tissue structure is visualized through differences in the ability of various 

tissues to absorb X-rays. For example, bone is more radio-opaque than soft tissues like the 

kidney. In order to visualize the microvasculature of various organs, including the kidney, the 

radio-opaque polymer Microfil® is commonly used (14). In the experiments described in 

Chapter 9 of this thesis, kidneys were perfusion fixed and the vasculature was filled with 

Microfil® to allow the vasculature to be distinguished from the renal parenchyma.  

The equipment used for our studies is presented in Fig. 3.1B and Fig. 3.2. We used the Ruby 

Detector at the Imaging and Medical Therapy Beam Line at the Australian Synchrotron. The 

sensor is a CMOS (complementary metal-oxide-semiconductor) device rather than a CCD-

based device. The camera provides a full frame of 2560 by 2160 pixels (PCO.edge, PCO, 

Kelheim, Germany) and is equipped with a Nikon Micro-Nikkor 105 mm f/2.8 macro lens. A 

phosphor plate is placed orthogonal to the direction of the beam and a mirror is used to view 

this plate. The scintillator is a 200 µm thick terbium doped gadolinium oxy-sulfide (also 

known as Gadox or P43) screen coated in aluminum powder. 
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Figure 3.1. A schematic of two typical setups used in micro-computed tomographic (micro-
CT) imaging. In both setups, the sample is placed on a rotating stage. The sample is illuminated by 
the X-ray source. This X-ray energy is then converted to visible light energy by a fluorescent 
scintillating crystal plate. A typical micro-CT setup utilises a charge-coupled device (CCD)-based 
camera (A). This setup is unable to tolerate synchrotron X-rays. A typical setup of synchrotron 
radiation-based micro-CT consists of a complementary metal-oxide-semiconductor (CMOS) device 
as the camera (B). However, a CCD-based camera can also be used. The setup described in (B) is 
indicative of the setup of the Ruby Detector at the Imaging and Medical Therapy Beam Line. This 
equipment was used in studies described in this thesis. 
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Figure 3.2. The setup at the Imaging and Medical Therapy Beam Line (IMBL). The 
kidney was placed in a cylindrical tube and covered in phosphate buffered saline. The 
tube was then placed on the rotating stage (!). Synchrotron X-rays from the source (!) 
passed through the specimen and were detected by the phosphor plate (" ). The image 
inset is of a Microfil®-filled rat kidney inside a tube that was placed on the rotating stage. 
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3.4.3 Three-dimensional imaging techniques 

3.4.3.1 The advantages and limitations of PET vs MRI vs CT imaging 

Positron emission tomography (PET) enables the visualization of organs and their 

functionality. PET scans utilize positron-emitting radioactive materials called radioisotopes 

(also known as radionuclides). Common radioisotopes and their respective half-lives include 
11Carbon (~20 minutes), 13Nitrogen (~10 minutes), 15Oxygen (~2 minutes), and 18Fluorine 

(~110 minutes). These radioisotopes can be incorporated into radiopharmaceuticals (also 

known as radiotracers) to detect diseases and disorders. These radioisotopes enable the 

detection of differences in both metabolic and chemical activity in the body. The decay of a 

radioisotope results in the emission of positrons. The positrons are absorbed by organs and 

tissues of the body, and the PET scanner records the energy of the positrons. Areas with high 

activity appear bright or colored. Different colors or brightness represent various levels of cell 

or organ activity. Thus PET scans can be used to assess tissue functions such as blood flow, 

oxygenation, and glucose metabolism. An example is 18Fluorine, incorporated into glucose to 

form fludeoxyglucose. It can be used as a marker of glucose metabolism as well as for 

detecting tumors. Active tissues in the body including the brain, the heart, and tumors will 

have a greater uptake of glucose than other tissues. Thus, these tissues can be visualized by 

the PET system. However, compared to other imaging systems such as magnetic resonance 

imaging (MRI) or computed tomography (CT), PET has a relatively low resolution, of 

approximately 2 – 10 mm (15). Some PET systems, including dual modality systems such as 

PET/CT systems, can achieve 1.4 mm spatial resolution (7, 10). Standard PET systems are 

also poor at providing anatomic information unless co-registered with other imaging systems 

such as CT or MRI. Newer PET systems are often paired with CT. CT imaging provides high-

resolution anatomic information that standard PET cannot provide. Our studies required 

structural information at high resolution, so PET scanning would not be useful for our 

purposes. 

MRI uses magnets rather than X-rays. The principle underlying MRI is that tissues contain 

hydrogen atoms (e.g. in water molecules), which emit a signal when placed in a strong 

magnetic field. MRI is capable of distinguishing between substances with differing physical 

properties in the body such as water and fat due to the differing densities of protons (hydrogen 

nuclei). It can thus produce detailed images of soft tissues. There are two types of basic 

proton MRI: T1-weighted (anatomical/structural) imaging and T2-weighted (functional) 

imaging. For T1-weighted images (a structural MRI scan), the darkness of an area in the 

image is dependent on the density of protons in that area. A greater density of protons 
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correlates to a darker area on the image. Thus, dark areas of a T1-weighted image correspond 

to the presence of water, and can therefore be used to detect tumors or edema. Bright areas on 

a T1-weighted image may correlate to the presence of fat or fatty bone marrow. Magnetic 

resonance angiography (MRA) is a technique based on MRI to visualize blood vessels. 

Intravenous contrast agents are commonly used in MRA to visualize the vessels. A limitation 

of MRI is the cost involved, as it is relatively expensive compared to some other types of 

imaging. Furthermore the resolution of conventional MRI, although higher than PET scans, is 

limited to 50 μm – 1 mm (28, 30). However, more recent developments have led to magnetic 

resonance imaging techniques that reach <10 μm in resolution (8, 19). 

CT scanners come in various sizes and resolutions. For example, CT scanners dedicated to 

small animal imaging (mini-CT) can have a spatial resolution of 100 – 450 μm. Clinical scale 

CT scanners have a resolution greater than 450 μm. Clinical scale CT scans utilize X-ray 

images taken at many angles to generate tomographic (cross-sectional) images. The series of 

X-ray images are then processed and an image is produced. Similar to MRA, CT imaging can 

also use contrast agents to visualize blood vessels. Modern CT scanners are now capable of 

generating 3D images. Like CT, micro-CT also uses X-rays to create 3D images. The only 

difference is that micro-CT has pixel sizes in the micrometer range, resulting in high-

resolution 3D images. Due to its complex structure, the geometry of the renal circulation has 

been difficult to study and quantify. Three-dimensional micro-CT (3D micro-CT) allows 

imaging of kidney samples in high resolution (up to 5 μm) without the need to section or slice 

them (5, 14). Furthermore, 3D micro-CT removes limitations commonly found when using 

2D histological approaches. Such limitations, detailed earlier in Section 3.4.1, include 

superimposition, as well as the restriction to a single plane of section (14). These limitations 

result in analyses that can only capture ‘snapshots’ of the renal circulation. 3D micro-CT 

allows us to follow the course of the renal circulation, thus enabling the examination of the 

spatial characteristics of arteries and veins continuously along the vasculature. 

3.4.3.2 Advantages and limitations of synchrotron radiation micro-computed tomography 

Synchrotron radiation micro-CT has many advantages over conventional micro-CT. Some 

bench-top CT scanners can provide voxel sizes as small as 5 μm following extensive 

customization. However, such small voxel sizes result in a limited field of view. Common 

bench-top CT scanners are not optimized to achieve such resolution. Synchrotron radiation 

micro-CT has the potential to provide higher resolutions. Synchrotron radiation is produced 

when high-energy electrons are forced into a circular trajectory. Synchrotron sources provide 
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monochromatic X-rays of great intensity, high photon flux, and high signal-to-noise ratio, 

enabling reconstructions of 3D images in high-resolution (1, 6, 9, 17). The increased intensity, 

orders of magnitude greater than conventional CT, not only improves the quality of the 

images, but also reduces acquisition time (29). In contrast, a bench-top CT scanner imaging at 

5 μm resolution would require more time for image acquisition and reconstruction as such 

scanners do not incorporate supercomputers as synchrotron imaging systems do. Furthermore, 

the use of a monochromatic beam in synchrotron radiation micro-CT, as opposed to a 

polychromatic beam used in conventional CT, avoids hardening artifacts (6) often observed in 

the latter. The high flux coupled with the small field-of-view also allows for spatial resolution 

to reach sub-micron levels (1, 6). Thus, we opted for the synchrotron radiation micro-CT 

technique to visualize the cortical vasculature of the rat. By perfusing Microfil®, which acts 

as a contrast agent, through the rat renal circulation, we were able to not only visualize the 

vessels in 3D, but also use the silicone as a means to identify blood vessels in corresponding 

histological sections. 

While there has been immense progress in the field of 3D reconstructions to visualize various 

objects, a limitation of micro-CT is the resolution that can be achieved in a single object. 

Relatively low-resolution X-ray projections are capable of imaging whole objects. High-

resolution imaging systems that can achieve up to sub-micron resolutions are unable to image 

whole objects unless they are miniscule. This is due to a smaller field of view associated with 

high-resolution systems. Array size and pixel dimensions determine the spatial resolution of 

the sensor. The spatial resolution subsequently determines the size of the field of view that 

can be captured. High-resolution imaging systems often require optical magnification by 

fitting a lens in front of the detector sensor, further narrowing the field of view. A typical field 

of view for micro-CT systems is within 1 – 5 cm, with resolution ranging between 5 μm 

(smaller field of view) to 100 μm (larger field of view) (3). Lower resolution imaging systems 

correspond with larger field of views, allowing for larger samples to be imaged. As mentioned 

above, clinical CT scanners have a spatial resolution of >450 μm which correlate with field of 

views greater than 20 cm (3). Therefore, there is no imaging system available that is able to 

image a whole rat kidney at high resolution. It was thus imperative for us to utilize multiple 

methods (histology and micro-CT) to visualize renal tissue and the renal vasculature. Small 

vessels not imaged or detected by the synchrotron beam can be visualized in histological 

sections. Also, renal tubules cannot be visualized using the synchrotron micro-CT approach 

because they are not part of the circulation and hence not filled with the contrast agent. A 

complete model of oxygen transport in the renal cortex should incorporate the oxygen 
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consumption of tubules as this may influence oxygen transport around artery-vein pairs. 

Information on the spatial arrangement of tubules in the renal parenchyma can be obtained by 

analyzing histological tissue sections. Thus, it is apparent that the use of only one of these 

methods would not generate the multiple levels of information required for the generation of a 

pseudo-3D model of renal oxygen transport. Therefore, in the studies described in this thesis, 

we used both approaches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 – General Methods 

 68 

REFERENCES 
1. Alvarenga de Moura Meneses A, Giusti A, de Almeida AP, Parreira Nogueira L, 
Braz D, Cely Barroso R, deAlmeida CE. Automated segmentation of synchrotron radiation 
micro-computed tomography biomedical images using Graph Cuts and neural networks. Nucl 
Intrum Meth A 660: 121-129, 2011. 
2. Bancroft JD, Stevens A. Histopathological Stains and their Diagnostic Uses. 
Edinburgh; New York: Churchill Livingstone, 1975, p. 149. 
3. Bartling SH, Stiller W, Semmler W, Kiessling F. Small animal computed 
tomography imaging. Curr Med Imaging Rev 3: 45-59, 2007. 
4. Bentley MD, Jorgensen SM, Lerman LO, Ritman EL, Romero JC. Visualization 
of three-dimensional nephron structure with microcomputed tomography. Anat Rec 290: 277-
283, 2007. 
5. Bentley MD, Ortiz MC, Ritman EL, Carlos Romero J. The use of microcomputed 
tomography to study microvasculature in small rodents. Am J Physiol Regul Integr Comp 
Physiol 282: R1267-R1279, 2002. 
6. Chappard C, Basillais A, Benhamou L, Bonassie A, Brunet-Imbault B, Bonnet N, 
Peyrin F. Comparison of synchrotron radiation and conventional x-ray microcomputed 
tomography for assessing trabecular bone microarchitecture of human femoral heads. Med 
Phys 33: 3568-3577, 2006. 
7. Cherry SR, Yiping S, Siegel S, Silverman RW, Mumcuoglu E, Meadors K, Phelps 
ME. Optical fiber readout of scintillator arrays using a multi-channel PMT: a high resolution 
PET detector for animal imaging. In: IEEE Nucl Sci Symp Conf Rec (1995),p. 1766-1770. 
8. Ciobanu L, Seeber DA, Pennington CH. 3D MR microscopy with resolution 3.7 µm 
by 3.3 µm by 3.3 µm. J Magn Reson 158: 178-182, 2002. 
9. Cooper DML, Erickson B, Peele AG, Hannah K, Thomas CDL, Clement JG. 
Visualization of 3D osteon morphology by synchrotron radiation micro-CT. J Anat 219: 481-
489, 2011. 
10. Del Guerra A, Belcari N. State-of-the-art of PET, SPECT and CT for small animal 
imaging. Nucl Intrum Meth A 583: 119-124, 2007. 
11. Fortepiani LA, Ruiz MC, Passardi F, Bentley MD, Garcia-Estan J, Ritman EL, 
Romero JC. Effect of losartan on renal microvasculature during chronic inhibition of nitric 
oxide visualized by micro-CT. Am J Physiol Renal Physiol 285: F852-860, 2003. 
12. Garcia-Sanz A, Rodriguez-Barbero A, Bentley MD, Ritman EL, Romero JC. 
Three-dimensional microcomputed tomography of renal vasculature in rats. Hypertension 31: 
440-444, 1998. 
13. Gardiner BS, Smith DW, O'Connor PM, Evans RG. A mathematical model of 
diffusional shunting of oxygen from arteries to veins in the kidney. Am J Physiol Renal 
Physiol 300: F1339-1352, 2011. 
14. Gossl M, Bentley MD, Lerman LO. Review--3D micro CT imaging of renal micro-
structural changes. Nephron Clin Pract 103: c66-70, 2006. 
15. Harris JC. Developmental Neuropsychiatry: Assessment, Diagnosis, and Treatment 
of Developmental Disorders. Oxford University Press, 1998. 
16. Lalor GC, Martin SL. Studies on haematoxylin and haematein, the colouring 
principles of logwood: i–absorption spectra of pure compounds in various solvents and a 
spectrophotometric method of analysis for haematoxylin and haematein. J Soc Dyers Colour 
75: 513-517, 1959. 
17. Larrue A, Rattner A, Peter Z-A, Olivier C, Laroche N, Vico L, Peyrin F. 
Synchrotron radiation micro-CT at the micrometer scale for the analysis of the three-
dimensional morphology of microcracks in human trabecular bone. PLoS ONE 6: e21297, 
2011. 



CHAPTER 3 – General Methods 

 69 

18. Mallory FB. On certain improvements in histological technique: i. A differential stain 
for amoebae coli. ii. Phosphotungstic-acid-haematoxylin stain for certain tissue elements. iii. 
A method of fixation for neuroglia fibres. J Exp Med 2: 529-533, 1897. 
19. Mamin HJ, Poggio M, Degen CL, Rugar D. Nuclear magnetic resonance imaging 
with 90-nm resolution. Nat Nanotechnol 2: 301-306, 2007. 
20. Marshall PN, Horobin RW. The oxidation products of Haematoxylin and their role 
in biological staining. Histochem J 4: 493-503, 1972. 
21. Nordsletten DA, Blackett S, Bentley MD, Ritman EL, Smith NP. Structural 
morphology of renal vasculature. Am J Physiol Heart Circ Physiol 291: H296-H309, 2006. 
22. Ortiz MC, Garcia-sanz A, Bentley MD, Fortepiani LA, Garcia-Estan J, Ritman 
EL, Romero JC, Juncos LA. Microcomputed tomography of kidneys following chronic bile 
duct ligation. Kidney Int 58: 1632-1640, 2000. 
23. Pannabecker TL. Loop of Henle interaction with interstitial nodal spaces in the renal 
inner medulla. Am J Physiol Renal Physiol 295: F1744-1751, 2008. 
24. Pannabecker TL, Abbott DE, Dantzler WH. Three-dimensional functional 
reconstruction of inner medullary thin limbs of Henle's loop. Am J Physiol Renal Physiol 286: 
F38-F45, 2004. 
25. Pannabecker TL, Dahlmann A, Brokl OH, Dantzler WH. Mixed descending- and 
ascending-type thin limbs of Henle's loop in mammalian renal inner medulla. Am J Physiol 
Renal Physiol 278: F202-208, 2000. 
26. Pannabecker TL, Henderson CS, Dantzler WH. Quantitative analysis of functional 
reconstructions reveals lateral and axial zonation in the renal inner medulla. Am J Physiol 
Renal Physiol 294: F1306-1314, 2008. 
27. Papanicolaou GN. A new procedure for staining vaginal smears. Science 95: 438-
439, 1942. 
28. Pelberg R, Mazur W. Cardiac CT Angiography Manual. Springer London, 2007. 
29. Peyrin F. Investigation of bone with synchrotron radiation imaging: from micro to 
nano. Osteoporos Int 20: 1057-1063, 2009. 
30. Shapiro EM, Skrtic S, Sharer K, Hill JM, Dunbar CE, Koretsky AP. MRI 
detection of single particles for cellular imaging. Proc Natl Acad Sci USA 101: 10901-10906, 
2004. 
31. Titford M. The long history of hematoxylin. Biotech Histochem 80: 73-78, 2005. 
32. Vij R, Vij H, Rao NN. Modified technique for soft tissue processing and staining. J 
Hitotechnol 37: 14-20, 2014. 
33. Yuan J, Pannabecker TL. Architecture of inner medullary descending and ascending 
vasa recta: pathways for countercurrent exchange. Am J Physiol Renal Physiol 299: F265-
272, 2010. 
 
 



CHAPTER 4 – Immunohistochemical methods to identify the renal vasculature 
 
 

 
 
 

4 | A PILOT STUDY OF THE UTILITY 
OF IMMUNOHISTOCHEMICAL METHODS 

FOR IDENTIFICATION OF THE RENAL 
VASCULATURE 

 

 

 

 
 
 



DECLARATION 
 
 Monash University 
Declaration for Thesis Chapter 4 
Declaration by candidate 
In the case of Chapter 4, the nature and extent of my contribution to the work was the following: 
 
Nature of contribution Extent of  

contribution (%) 

Performed experiments, analyzed data, interpreted results, prepared tables 
and figures, drafted, edited and revised chapter 

70% 

 

The following co-authors contributed to the work. If co-authors are students at Monash 
University, the extent of their contribution in percentage terms must be stated: 
 
Name Nature of contribution Extent of 

contribution (%) 
for student co-
authors only 

John F Bertram Provided advice regarding the design of the 
research 

5% 

Amany Abdelkader Supervision, provided design of research 5% 

Brad R S Broughton Helped with some experiments, provided design of 
research 

5% 

Michelle M Kett Provided editorial advice ~1.5% 

Rebecca Douglas-
Denton 

Performed some experiments ~1.5% 

Victor Puelles Performed some imaging ~1.5% 

Roger G Evans Supervision, provided advice regarding the design 
of research, interpreted results, provided editorial 
advice 

10% 

 

The undersigned hereby certify that the above declaration correctly reflects the nature and extent 
of the candidate’s and co-authors’ contributions to this work*.  

Candidate’s Signature  Date 
 

 

Main 
Supervisor’s Signature 

 Date 

 

*Note: Where the responsible author is not the candidate’s main supervisor, the main supervisor 
should consult with the responsible author to agree on the respective contributions of the 
authors. 

24/04/2016

24/04/2016



CHAPTER 4 – Pilot immunohistochemical study to identify the renal vasculature 
 

! 70!

4.1 ABSTRACT 

It has been proposed that the countercurrent arrangement of afferent and efferent vessels in 

the renal cortex facilitates diffusional shunting of oxygen from afferent to efferent limbs. 

Current models of renal oxygenation lack quantitative data on the spatial characteristics of 

arteries and veins in the kidney. To gather this information we need to be able to first identify 

and differentiate between the types of vessels in the cortical circulation. In the present study 

we utilized both histochemical and immunohistochemical methods in an attempt to identify 

the various vessels in the rat renal cortex: arteries (and arterioles), veins (and venules) and 

capillaries. Rat kidneys were perfusion fixed and then embedded in paraffin. In order to 

optimize identification of the blood vessels, five different protocols were carried out: (i) von 

Willebrand factor (vWF) and diaminobenzidine (DAB) were used to stain endothelial cells, 

(ii) immunofluorescence was used to visualize vWF, (iii) double-labeling 

immunofluorescence was used to label vWF and smooth muscle (SM) actin, (iv) 

immunofluorescence for vWF and histochemical staining were used on serial sections, and (v) 

immunofluorescence for vWF with antigen retrieval and blocking with bovine serum albumin. 

Our qualitative analysis revealed relatively little positive staining for blood vessels. An 

important limitation of immunofluorescence in the case of renal tissue is the autofluorescence 

of the renal tubules, which hinders visualization of blood vessels. Collectively, our current 

findings suggest that histochemical and immunohistochemical approaches have limited utility 

for identification of blood vessels in the rat renal cortex.  

4.2 INTRODUCTION 

Oxygen shunting between arteries and veins may reduce oxygen delivery to renal tissue (18, 

19). The existence of oxygen shunting has been supported by studies from over fifty years ago 

(11). The finding by Levy et al (11) provided evidence that oxygen is transported through the 

renal circulation more rapidly than erythrocytes. This finding suggested that diffusional 

oxygen shunting occurs between renal arteries and veins. Further support for the existence of 

arterial-to-venous (AV) oxygen shunting came from the studies of Welch et al (27). They 

found that the partial pressure of oxygen (PO2) of renal venous blood exceeded that of 

efferent arterioles in the outer cortex. It was proposed that the parallel arrangement of the 

renal vasculature promotes in countercurrent exchange of oxygen between arteries and veins 

(27). 
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To aid our understanding of the physiological regulation of kidney oxygenation, our group is 

developing mathematical models of oxygen transport in the kidney (6). A major limitation of 

existing models is a lack of quantitative data regarding the barriers of oxygen diffusion 

between arteries and veins in the kidney (3). To overcome this limitation, we aim to examine 

the characteristic arrangements of arteries and veins in the rat kidney. In order to examine the 

relationship between arteries and veins in the kidney, we need to first be able to identify these 

vessels, as well as differentiate them from other vessels such as capillaries and from the renal 

tubules.  

The current pilot study examined the utility of histochemical and immunohistochemical 

methods to definitively label and identify the various blood vessels in the rat kidney: the 

arteries, veins, and capillaries. We hypothesized that the use of histochemical and 

immunohistochemical methods could enable the identification of renal blood vessels in the 

rat, as well as differentiation of these vessels from the tubular elements in the kidney. 

4.3 METHODS 
4.3.1 Experimental approach 
In a mathematical model of kidney oxygen transport described by Gardiner et al (6), the renal 

vasculature is represented by eleven compartments of countercurrent systems connected in 

series. For each compartment, an artery and the corresponding vein are arranged in parallel. 

These compartments correspond to the Strahler orders (branch levels) identified by 

Nordsletten et al (17) in their structural analysis of the rat renal circulation. Nordsletten et al 

(17) based their analysis on micro-computed tomographic data from vascular casts of the rat 

renal vasculature provided by Garcia-Sanz et al (5). To be consistent with these previous 

analyses, kidney tissue for histological analysis was prepared using methods similar to those 

of Garcia-Sanz et al (5). Male Sprague-Dawley rats weighing between 250 and 300 g were 

given an intraperitoneal injection of pentobarbital (60 mg/kg of body weight, i.p; Sigma-

Aldrich, St Louis, MO, USA) and their kidneys were obtained after perfusion fixation. The 

kidneys were sectioned in three planes, processed and histochemical and 

immunohistochemical analyses were carried out to identify renal arteries, veins and 

capillaries.  

An assessment of the characteristic arrangements and relationships between arteries and veins 

in the renal cortex was made using standard histological and immunofluorescence analyses. 

We took an immunohistochemical approach to identify endothelial cells and actin in smooth 
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muscle of the renal blood vessels. A common biomarker for endothelial cells is von 

Willebrand factor (vWF), a glycoprotein that is synthesized in endothelial cells. In endothelial 

cells that produce vWF, it is stored in Weibel-Palade bodies or secreted to the extracellular 

matrix. In smooth muscle cells, actin filaments form part of the cytoskeleton and play an 

essential role in regulating cell shape and movement via their molecular interaction with 

myosin filaments. Hematoxylin and eosin (H & E) staining was performed to better visualize 

the cellular structure of the renal tissue sections. We reasoned that the presence of endothelial 

cells would enable identification of arteries and veins from tubules. The detection of actin in 

smooth muscle would in turn differentiate arteries and veins from capillaries. 

4.3.2 Animals 
Two male Sprague Dawley rats were used for this study (275 & 256 g). 

4.3.3 Kidney Perfusion protocol 
Perfusion fixations of rat kidneys were carried out using phosphate buffered saline and 3% 

paraformaldehyde (PFA; see Appendix 4 of this thesis) as described in the Chapter 3 of this 

thesis (Section 3.2). 

4.3.4 Kidney sectioning 
After post-fixation in PFA for 24 hours, the kidneys were removed from the PFA solution, cut 

into sections as described in Figure 4.1, and placed into 70% v/v ethanol. They were then 

processed and embedded in paraffin at a histology laboratory (Department of Anatomy and 

Developmental Biology, Monash University, VIC, Australia). Using a microtome (microTec 

Laborgeräte GmbH, cut 4060, Germany), the paraffin-embedded kidneys were sectioned at 5 

µm, placed on microscope slides (Menzel Glazer, Super frost Plus, Braunschweig, Germany) 

and left to adhere for 2 hours at 70 °C.  

4.3.5 Microscopy and photomicrography 
Once all slides were stained, mounted and cover slipped, the sections were observed under a 

microscope (Olympus BX51; Hamburg, Germany). Using the analysSIS software (Olympus 

Soft Imaging Solutions), each image was taken at varying magnifications (×2 to ×40) using 

the ColorViewIIIu camera (Olympus Soft Imaging Solutions GmBH), and scale bars were 

calculated in terms of micrometers (µm). 
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4.3.6 Hematoxylin and eosin staining 
Histological analyses were carried out to observe the structures surrounding the blood vessels 

in the kidney. Hematoxylin (Harris’s) and eosin staining was carried out to distinguish the 

nuclear (blue) and cytoplasmic (pink) components respectively.  

The kidney was sectioned in three basic planes with the following reference position: 

 

 

 How the kidney was cut Cross section 

A   

 

 

B   

 

 

C   

 

 

Figure 4.1. Schematic diagram of the three different planes in which the kidneys were sectioned. 
The renal arteries and veins branch into interlobar arteries and veins before changing direction and 
running in an arc-like manner to become arcuate arteries and veins. These vessels then give rise to 
interlobular arteries and veins located in the outer cortex. Due to the different directions in which the 
vessels are arranged within the kidney, analyses of the vessels in different planes of the kidney were 
necessary.  The kidney was sectioned in the three basic planes so that analyses could be made on 
blood vessels in the perpendicular plane to which the vessels run. From each rat, one kidney was cut in 
the frontal plane (A) along the longitudinal axis. The remaining kidney was cut perpendicular to the 
longitudinal axis in the sagittal plane (B), resulting in two halves, one of which was sectioned 
horizontally in the transverse plane (C) and the other was sectioned in the sagittal plane (B). 
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4.3.7 Immunohistochemistry 
Immunohistochemistry is a technique commonly used to detect specific proteins in tissue 

sections. A primary antibody is used to localize the protein of interest. A secondary antibody, 

directed against the primary antibody, is chemically coupled to an enzyme that converts a 

colorless substrate into a colored product. The localization of the colored product by light 

microscopy indicates where the antibody has bound. Horseradish peroxidase (HRP) is 

commonly used for such applications, with the most widely used substrate being 

diaminobenzidine (DAB), which forms a brown colored oxidation product. In order to 

identify the vessels in the kidney, the kidney sections were stained for vWF, a common 

biomarker for endothelial cells, and then visualized with DAB. Subsequent experiments 

examined the potential for various fluorescence immunohistochemical protocols to identify 

blood vessels using antibodies for vWF and/or SM actin. For fluorescence 

immunohistochemistry, the secondary antibody is coupled with a fluorescent marker. 

4.3.7.1 Control slides 

A negative control slide was used to ensure that any positive staining or fluorescence was due 

to the binding of the primary antibody, and not the antibody diluent, autofluorescence, or non-

specific binding of the secondary antibody. The control slides were incubated with diluent and 

secondary antibodies but not the primary antibody in which the experimental slides were 

incubated. 

4.3.7.2 Antisera 

All primary and secondary antibodies used for immunohistochemical protocols are listed in 

Table 4.1. 

For all immunohistochemical protocols, unless stated otherwise, a 30-minute incubation in 

10% normal goat serum was used to block the sections prior to antibody incubation. The 

slides were then incubated, in the appropriate primary antibody, overnight at room 

temperature in an incubation tray. After 24 hours, slides were washed three times in 0.01 M 

phosphate buffered saline (PBS) before being incubated with the appropriate secondary 

antibody for 2 hours at room temperature. 

4.3.7.3 Protocol 1: Detecting von Willebrand factor using diaminobenzidine 

In an attempt to identify the blood vessels of the kidney, staining for vWF was carried out 

using DAB.  
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Slides were first heated in a dry oven at 55 – 60 °C for 20 minutes in a position to allow 

drainage of the paraffin wax. Slides were then immersed in xylene for 10 minutes three times. 

The slides were then hydrated through gradual ethanol immersions: 100% v/v for 2 minutes, 

95% v/v for 1 minute, 70% v/v for 1 minute, 50% v/v for 1 minute, and 30% v/v for 1 minute. 

This was followed by an immersion in 0.85% w/v sodium chloride (NaCl) for 2 minutes and 

then in 0.01 M PBS for 5 minutes thrice. 

Following the de-waxing protocol (Section 4.3.7.3), slides were blocked as described above 

(Section 4.3.7.2) and then incubated in rabbit anti-vWF overnight in an incubation tray. After 

24 hours, the slides were incubated with goat anti-rabbit conjugated to a peroxidase-labeled 

polymer for 2 hours. The sections were then immersed in 0.01 M PBS for 5 minutes thrice. 

Sections were incubated for 5 minutes in a drop of DAB (Envision kit, DAKO North 

America, Carpinteria, CA, USA) and 1 ml of substrate buffer (Envision kit, DAKO North 

America, Carpinteria, CA, USA). The slides were then rinsed in distilled water and 

counterstained with hematoxylin for 1 minute. Before microscopic examination, the slides 

were rinsed in tap water, 70% v/v ethanol, 100% v/v ethanol, and then xylene for 1 minute 

each. The slides were then mounted with DPX (dibutyl phthalate in xylene), cover slipped, 

and viewed under a microscope. 

4.3.7.4 Indirect Immunofluorescence 

Due to inadequate labeling of vWF in Protocol 1, the protocol was changed to 

immunofluorescence labeling so that fluorescent tags were used to identify vWF instead of 

DAB as in Protocol 1. 

4.3.7.4.1 Deparaffinization protocol 

Prior to staining, all slides were first deparaffinized and rehydrated through a series of graded 

alcohol immersions. Slides were immersed in xylene three times for 10 minutes each time, 

after which the slides were placed in graded concentrations of alcohol: 100% v/v for 2 

minutes, 95% v/v for 1 minute, and 70% v/v for 1 minute. The slides were then immersed in 

0.85% w/v NaCl solution for 2 minutes, followed by immersion in 0.01 M PBS for 2 minutes.  
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Table 4.1. Primary and secondary antisera used for immunohistochemical protocols 

vWF: von Willebrand factor; SM actin: smooth muscle actin; IgG: Immunoglobulins G; FITC: 
Fluoresceinisothiocyanate 

 

 

Antigen Code of primary 
antibody or 

fluorophore for 
secondary antibody 

Host 
species 

Dilution Incubation 
period 

Source 

Primary 
antibodies 

     

Von Willebrand 
factor (vWF) 

Rabbit anti- vWF Rabbit 1:500 24 hours AbCam 
(Cambridge, 
MA, USA) 

Von Willebrand 
factor (vWF) 

Mouse anti- vWF Mouse 1:30 24 hours AbCam 

Von Willebrand 
factor (vWF) 

Rabbit anti-human 
vWF 

Rabbit 1:200 24 hours DAKO North 
America 

(Carpinteria, CA, 
USA) 

α smooth muscle 
actin (SM-actin) 

Rabbit anti-SM actin Rabbit 1:200 24 hours AbCam 
 

Secondary 
antisera 

     

Rabbit IgG 
 

Goat anti- rabbit 
conjugated to a 

peroxidase-labeled 
polymer 

Goat 1:200 2 hours Envision kit, 
DAKO North 

America 

Rabbit IgG Goat anti- rabbit 
conjugated to Alexa 

488 or Alexa 594 

Goat 1:500 2 hours Invitrogen 
(Carlsbad, CA, 

USA) 

Rabbit IgG Goat anti- rabbit 
conjugated to Texas 

Red 

Goat 1:200 2 hours Invitrogen 

Mouse IgG Goat anti- mouse 
conjugated to FITC 

Goat 1:200 2 hours Invitrogen 

Rabbit IgG Goat anti-rabbit 
conjugated to Alexa 

555 

Goat 1:1000 1 hour 
minimum 

Invitrogen 
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4.3.7.4.2 Antigen retrieval 

Following deparaffinization, the sections were then placed into a glass container filled with 10 

mM citrate buffer (pH 6.0) and microwaved on a low heat for 10 minutes to avoid boiling. 

The basic mechanism by which tissues are fixed by aldehydes is by the formation of protein 

cross-links, resulting in some conformational changes of the proteins (15). This process can 

therefore mask the antigenic sites in tissue specimens. This results in weak or false negative 

staining for immunohistochemical detection of some proteins (25) because antibodies cannot 

recognize the antigens (15). This citrate-based solution is designed to break these cross-links, 

and therefore uncover the antigens and epitopes in fixed and paraffin embedded tissue 

sections. Hence, the immersion in citrate buffer enhances the fluorescence intensity of the 

fluorescent dye. The heating process was paused at 5 minutes to ensure the slides were still 

submerged in citrate buffer. After the slides were heated, the glass container was removed 

from the microwave and left to cool for 10-20 minutes.  

4.3.7.4.3 Protocol 2: Detecting von Willebrand factor using immunofluorescence 

Following the deparaffinization protocol as above, the kidney sections were blocked and 

incubated with rabbit anti-vWF antibodies overnight, after which the slides were then 

incubated in goat anti-rabbit conjugated to Alexa 488 before being rinsed in 0.01 M PBS. 

Since exposure to light may destroy the fluorophore (Texas Red or Alexa dyes), 

photobleaching and loss of fluorescence was prevented by the use of Vectashield mounting 

medium (Vector Laboratories; CA, USA). After the slides were dried, they were mounted 

with Vectashield, cover slipped, and observed under a fluorescence microscope. 

Photomicrographs were taken using a ColorViewIIIu camera (Olympus Soft Imaging 

Solutions GmBH). 

4.3.7.4.4 Protocol 3: Double-labeling immunofluorescence 

In order to examine the co-distribution of two (or more) different antigens in the same sample, 

a double-labeling immunofluorescence protocol can be used. Because the veins were not 

positively labeled in Protocol 2, SM actin staining was carried out in an attempt to label veins. 

Thus, double-labeling immunofluorescence was carried out to visualize both vWF and SM 

actin on one kidney section. After the deparaffinization and antigen retrieval protocols were 

carried out, the kidney sections were blocked and incubated in primary antibodies at room 

temperature overnight. To stain for vWF, mouse anti-vWF was used as the primary antibody. 
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To stain for actin, the primary antibody was rabbit anti-SM. A negative control slide was 

incubated only with the antibody diluent overnight. 

After 24 hours, the slides were washed in 0.01 M PBS and then incubated in secondary 

antibodies for 2 hours. For detecting vWF, the secondary antibody was goat anti-mouse 

conjugated to fluorescein (FITC). The secondary antibody for detecting α SM actin was goat 

anti-rabbit conjugated to Texas Red. The negative control slide was incubated with both 

secondary antibodies. 

After this incubation period, all sections were washed three times in 0.01 M PBS for 10 

minutes per wash. The slides were then mounted with Vectashield, cover slipped, and 

examined under a fluorescence microscope. Images were taken with a ColorViewIIIu camera 

(Olympus Soft Imaging Solutions GmBH). 

4.3.7.4.5 Protocol 4: Serial sections 

To better visualize the labeling of vWF, SM actin, and the cellular structure of the kidney 

section, immunohistochemical and histological staining was carried out on serial sections. 

Since the primary mouse antibody (used in Protocol 3) provided weak labeling of vWF, we 

reverted to the use of rabbit anti-vWF. After deparaffinization of the renal sections, the slides 

prepared for immunostaining were washed thrice in 0.01 M PBS for 5 minutes each time. The 

kidney sections were then blocked and incubated in primary antibodies at room temperature 

overnight. One slide was incubated with rabbit anti-vWF, one slide was incubated with rabbit 

anti-SM actin, and H & E staining was carried out on another slide (Fig. 4.2).  

After 24 hours, the slides were rinsed in 0.01 M PBS and incubated in secondary antibodies 

for 2 hours. The secondary antibodies used were goat anti-rabbit conjugated to a red 

fluorescent dye; either Texas-Red or Alexa 594. After this incubation period, all sections were 

washed three times in 0.01 M PBS for 10 minutes each time. The slides were mounted with 

Vectashield (Vector Laboratories; CA, USA), cover slipped, and observed under a 

fluorescence microscope (Olympus BX51; Hamburg, Germany). Images were taken using a 

ColorViewIIIu camera (Olympus Soft Imaging Solutions GmBH). 
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4.3.7.4.6 Protocol 5: Fluorescence immunohistochemistry for von Willebrand factor after 

antigen retrieval using sodium citrate buffer, and blocking with bovine serum 

albumin 

Prior to antibody incubation, slides were dewaxed in xylene as above, and then rehydrated in 

100% v/v and 70% v/v ethanol for 5 minutes each before a wash in PBS for 5 minutes. Slides 

were then heated in sodium citrate buffer (pH 6.0) for 2 minutes at 1-minute intervals to avoid 

boiling. Slides were then washed in PBS for 5 minutes prior to blocking with 1% bovine 

serum albumin (BSA) for a minimum of 1 hour covered in foil at room temperature. Slides 

were then incubated in rabbit anti-human vWF, covered in foil, and kept at 4 °C overnight.  

After 24 hours, the slides were washed in PBS for 5 minutes before being incubated in goat 

anti-rabbit conjugated to Alexa 555. Slides were covered in foil and kept at room temperature 

for a minimum of 1 hour. Following incubation, slides were washed in PBS thrice and then 

incubated with 4′, 6-diamidino-2-phenylindole (DAPI; 1:10,000, Sigma-Aldrich) for 5-10 

minutes to visualize cell nuclei. After a wash in PBS, slides were dried, coverslipped, and 

viewed under fluorescence microscopes (Leica SP5, Mannheim, Germany; and Nikon C1 

upright, Japan) at Monash Micro Imaging (Clayton, VIC, Australia). 

Figure 4.2. A schematic diagram of the serial section method. Each group consisted of 3 
consecutive 5 µm sections. One slide per group was stained with an antibody for von Willebrand 
Factor (vWF; slide 1), one with an antibody for α smooth muscle actin (α SM actin; slide 2), and one 
with hematoxylin and eosin (H & E; slide 3.). Incubation in primary antibody was omitted for one 
slide (control slide), which was only incubated with the secondary antibody, giving a total of 10 slides. 
Serial section group 1 corresponds with the cross sections in Figure 4.1A; group 2 corresponds with 
Figure 4.1B; group 3 corresponds with Figure 4.1C. 
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4.4 RESULTS 

4.4.1 Detection of renal blood vessels 

4.4.1.1 Immunohistochemistry - Diaminobenzidine method 

Photomicrographs of renal sections stained with DAB were taken at varying magnifications of 

×20 and ×40 (Fig. 4.3). The DAB stain was localized to the endothelial lining of large arteries 

(Figs 4.3A & B). However, positive staining was not observed in all large arteries (Fig. 4.3D). 

There was very little or no positive staining in capillaries (e.g. glomerular capillaries) or veins 

in the kidney sections. 

 

 

 

Figure 4.3. Photomicrographs of diaminobenzidine (DAB) staining for von Willebrand factor in 
sections of the rat kidney. Positive DAB staining was observed in the endothelial lining of some 
large arteries ‘A’ (A & B), but not all large arteries (C & D). There was very little or no labeling of 
the capillaries, glomerular capillaries ‘G’, or veins ‘V’. Images are shown at magnifications of ×20 (A 
& C) and ×40 (B & D). Images B and D are higher magnifications of images A and C respectively.  
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4.4.1.2 Fluorescence immunohistochemistry 

With inadequate staining of vWF using DAB in the previous protocol, the protocol was 

modified so that fluorescence immunohistochemistry would be used to label the vascular 

elements in the kidney. Images of kidney sections stained for von Willebrand factor were 

taken at a magnification of ×10 (Fig. 4.4). Positive labeling was identified in the larger 

arteries and glomeruli (Fig. 4.4A). However there was no fluorescence observed in the 

endothelial lining of veins or capillaries. Furthermore, fluorescence was also observed in renal 

tubules, which are devoid of endothelial cells and also vWF. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Photomicrographs of (A) immunofluorescence for von Willebrand factor 
(vWF) in sections of the rat kidney and (B) a light micrograph of the same section. In 
image (A), positive vWF labeling was observed in the endothelial lining of three large arteries 
‘A’. There was no positive labeling observed in capillaries or veins ‘V’, demonstrated by the 
lack of labeling in the large vein to the left of the arteries. There was some positive labeling in 
three glomeruli ‘G’ seen to the left and right of the arteries, demonstrating that some labeling 
of the glomerular capillaries was obtained. Note the autofluorescence from the tubular 
elements surrounding the vascular structures. All images are at a magnification of  ×10.  
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Double-labeling immunofluorescence (Protocol 3) was used so that both vWF and SM actin 

could be identified on the same kidney section. To label vWF, mouse anti-vWF was used as 

the primary antibody and goat anti-mouse conjugated to FITC was used as the secondary 

antibody. To label actin, rabbit anti-SM actin was used as the primary antibody and goat anti-

rabbit conjugated to Texas Red was used as the secondary antibody. For double-labeling 

immunohistochemical protocols, the primary antibodies must be derived from different 

species (in this case, mouse and rabbit).  

Kidney sections double-labeled for vWF and SM actin were photomicrographed at a 

magnification of ×20 (Fig. 4.5). There was strong positive staining of actin in the smooth 

muscle cells of arteries (Fig. 4.5A). In contrast, there was only weak positive labeling for von 

Willebrand factor in arteries (Fig. 4.5B), and no capillaries were labeled. Furthermore, a high 

level of autofluorescence by the surrounding tubular elements was observed (Fig. 4.5B). 

There was no positive labeling for either von Willebrand factor or SM actin in veins. 

Due to the considerable autofluorescence arising from renal tubules, and also the weak 

labeling through the use of a mouse antibody, we chose to investigate the use of serial 

sections. This allowed us to revert to the use of rabbit anti-vWF as the primary antibody, 

which provided stronger positive labeling as seen in Protocol 2 compared to Protocol 3 (Figs 

4.4 and 4.5 respectively). The secondary antibodies used were goat anti-rabbit conjugated to a 

red fluorophore (Texas red or Alexa 594). The renal serial sections labeled for von 

Willebrand factor and SM actin were photomicrographed at a magnification of ×20 and ×40 

(Fig. 4.6). 

H & E staining enabled the identification of arteries, veins, glomeruli and tubular elements 

(Fig. 4.6C). Positive staining for vWF was observed only in large arteries and some 

glomerular capillaries, with no positive labeling observed in veins or capillaries (Fig. 4.6A). 

Immunofluorescence for SM actin was observed in arteries of the kidney (Fig. 4.6B). 

However no positive fluorescence was observed for veins. 
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Figure 4.5. Photomicrographs of double-labeling immunofluorescence for (A) smooth 
muscle actin, and (B) von Willebrand factor (vWF), and also a light micrograph of the 
same section (C). (A) There was strong positive labeling for smooth muscle actin in large 
arteries ‘A’. (B) vWF was localized to the endothelial lining of large arteries ‘A’, but was not 
observed in capillaries or veins. (C) The glomerulus ‘G’ located in the top right hand corner was 
not positively labeled for vWF in image B. A high level of autofluorescence by the surrounding 
tubular elements was observed in the section stained for vWF (B). All images are at a 
magnification of ×20.  
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Figure 4.6. Photomicrographs of serial sections. (A) immunofluorescence for von 
Willebrand factor (vWF), (B) smooth muscle actin, and (C) a photomicrograph of a 
section stained with hematoxylin and eosin. There was very little vWF labeling in either 
arteries ‘A’ or glomerular capillaries ‘G’. Note also the non-specific fluorescence in tubular 
epithelium below the artery (A) in image A. There was strong positive labeling for smooth 
muscle actin (B) in the arteries ‘A’. Neither vWF nor actin was detected in the vein found 
directly beside the artery ‘V’. Images are at a magnification of ×40.  
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Finally we trialed a modified method (See Appendix 4) to that employed by Puelles et al (24), 

which is optimized for human kidney tissue. The main differences between this protocol and 

Protocol 2 were the different antigen retrieval step (sodium citrate buffer was used instead of 

citrate buffer), the blocking step (BSA was used instead of goat serum), and the source of the 

primary antibody (DAKO instead of AbCam). The renal sections stained for von Willebrand 

factor using this method were photomicrographed at a magnification of ×20 (Fig. 4.7). 

Positive labeling was observed in the endothelial lining of large (Figs 4.7A & B), as well as 

small arteries (Fig. 4.7C). Glomerular capillaries also displayed positive labeling (Fig. 4.7A). 

However, autofluorescence and non-specific labeling was detected in the surrounding tubular 

elements (Figs 4.7A & B). 

Figure 4.7. Photomicrographs of immunofluorescence for von Willebrand factor (vWF) in 
sections of the rat kidney. Positive vWF labeling fluoresced red, indicated by the arrows. vWF 
was observed in large arteries ‘A’ (A & B) and in glomerular capillaries ‘G’. (C) Positive 
labeling was also observed in small branching arteries ‘A’, demonstrating that this protocol is 
capable of staining very small arteries down to the level of the afferent arteriole. The blue 
fluorescence observed (C) is due to DAPI staining of cell nuclei. Images are at a magnification 
of ×20 to ×40 with an oil lens.  
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4.5 DISCUSSION 

4.5.1 Major findings 

We trialed a number of immunohistochemical approaches for identification of the various 

vascular elements in the kidney, but none proved satisfactory for our purposes. Indeed, none 

of these methods provided adequate labeling of veins or capillaries. Labeling of vWF and/or 

SM actin was only observed in large arteries in Protocols 1-3. Even the improved approach 

used in Protocol 4 was unable to label veins. We conclude that the use of 

immunohistochemistry as a method for differential labeling of blood vessels in the kidney is 

problematic for our purposes. 

4.5.2 Immunohistochemistry as a technique to distinguish renal arteries, 
veins, and capillaries. 

4.5.2.1 Strengths and limitations 

The use of HRP for enzyme-mediated immunodetection is a well-established histochemical 

technique (14, 26). One of the most widely used HRP substrates for immunohistochemistry is 

DAB, which produces a brown-colored polymeric oxidation product. Initially, having stained 

renal sections to detect vWF (DAB staining), the immunostaining protocol was modified from 

DAB staining to immunofluorescence to better visualize the renal blood vessels. The protocol 

was changed because the kidney sections stained via the DAB staining protocol did not 

provide strong visualization of the endothelial lining of blood vessels. As a result, the 

protocol was changed so that immunofluorescence was used. A potential limitation of this 

approach is that vWF staining alone would not be able to distinguish small venules from 

capillaries, as both vessel types are of similar size and structure (4). However, one would 

expect the media of venules to contain smooth muscle fibers. Thus, the protocol was modified 

so that double-labeling immunofluorescence was employed, enabling the visualization of both 

endothelial cells (vWF) and SM actin. A limitation of this protocol was that the mouse anti-

vWF used for double-labeling was not as effective as the rabbit anti-vWF used in the previous 

protocol. Furthermore, a high level of autofluorescence was observed in the surrounding 

tubular elements, resulting in poor identification and visualization of the blood vessels in the 

kidney. 

The protocol was therefore changed so that 5 µm serial sections of the kidney would be 

stained. Use of this protocol allowed improved labeling of vWF because rabbit anti-vWF was 

used instead of mouse anti-vWF. Each group of serial sections initially contained 2 sections. 
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One slide from the serial section group was stained for vWF, and the other for actin. Initially, 

Alexa-488 was used as the secondary antibody for the sections stained with vWF, and Texas 

Red was used for the sections stained for actin. After examining the slides under the 

microscope, it was observed that the vessels of the slides stained with vWF and Alexa-488 

fluoresced green. However, due to the kidney’s autofluorescence in the green portion of the 

visible spectra, the tubules and surrounding structures also appeared green, making it difficult 

to visualize the blood vessels of the kidney. SM actin fluoresced red and was only observed in 

the arteries, not the veins.  

Due to the auto-fluorescence of kidney structures, the protocol was modified once more. Both 

vWF and actin were labeled with Texas Red to better distinguish the vessels. Also, in order to 

better visualize the renal structure, one slide from each serial section group was stained with 

H & E. This resulted in three serial sections per group, as opposed to two serial sections per 

group in the previous protocol. In summary, one slide per group was stained for vWF; one for 

SM actin, and H & E staining was carried out on a third slide. Although H & E staining 

provided good visualization of the cellular structure of the kidney sections, fluorescent 

labeling of veins, and capillaries in the kidney was still not apparent. 

Previous studies have demonstrated positive labeling of vWF in fixed paraffin embedded 

kidney tissue (10). A possible explanation for the lack of positive labeling of vWF in veins 

relates to the structure of the renal vein wall. The walls of the interlobular and arcuate veins 

differ to those of most veins in the body (2, 4). Typical veins have walls consisting of a tunica 

intima, a tunica media, where the smooth muscle cells are located, and the tunica adventitia, 

which contains fibroblasts and extracellular matrix. In contrast, the walls of the interlobular 

and arcuate veins in the kidney consist of an extremely thin lining of endothelial cells and a 

thin basal lamina (2, 4). It can therefore be expected that labeling the arcuate and interlobular 

veins of the kidney would be difficult due to the extreme thinness of the vessel wall. 

Similarly, the extremely thin tunica media in the walls of interlobular veins (9) likely explains 

why these veins could not be positively labeled for actin. 

SM actin acted as a label for smooth muscle cells in the kidney. It was only able to label actin 

located in smooth muscle of arteries. It was expected that the glomeruli in the kidney would 

also be positively labeled for actin. This is because of the presence of specialized smooth 

muscle-like cells, known as mesangial cells, which have previously been positively labeled 

for actin (8). However, no positive staining of the mesangial cells was observed in this study. 
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We therefore conclude that the immunohistochemical approaches we employed are unlikely 

to provide definitive identification of arteries, veins and capillaries in the renal cortex. 

4.6 CONCLUSIONS AND ALTERNATIVE APPROACHES TO IDENTIFY 
THE RENAL VASCULATURE 

In this project, we attempted to identify and distinguish the various vascular elements in the 

renal cortex by labeling the vessels using immunohistochemical and immunofluorescence 

techniques. However, we identified that these techniques, at least as employed in the current 

study, could not identify all intrarenal blood vessels and thus are not very useful for our 

studies. 

An alternative immunohistochemical approach would be to label the tubular elements of the 

kidney rather than the vascular elements. Aquaporin-1 (AQP1) is a water channel present in 

the proximal tubules and descending thin limbs of Henle’s loop in the kidney, and aquaporin-

2 (AQP2) is a water channel present in the collecting ducts (16). Taking an alternative 

approach by using antibodies that label these water channels could potentially enable the 

identification of multiple tubular segments. Furthermore, an antibody against the protein αB-

crystallin, which is localized to descending thin limbs, ascending thin limbs, and collecting 

ducts (7, 13) would allow identification of sections of tubules not labeled by the antibodies 

against AQP1 and AQP2 (21-23). However, labeling the tubular elements of the kidney 

instead of the vascular elements would still not allow differentiation of venules from 

capillaries. While larger arteries and veins could easily be identified, small veins and 

capillaries would still be unidentifiable. 

Another approach that could be considered is the use of frozen sections instead of paraffin 

embedded tissue. Generally, immunohistochemical protocols provide better results for frozen 

sections (12) because the antigenic content is well preserved, provided the tissue is frozen 

rapidly. The advantages of fixation and embedding tissues in paraffin wax are that the 

morphology is better maintained compared to frozen tissue. A disadvantage of using paraffin 

blocks is that the processing of the tissue, which requires fixatives such as formalin or 

formaldehyde-based solutions, leads to formation of cross-links between proteins. Pre-

treatment to "unmask" cross-linked antigens is often essential. Such antigen retrieval 

techniques include microwaving in a citrate-based solution, as was carried out in this study. 

Although the citrate solution is able to uncover antigens and therefore allow antibody binding, 
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some antigens are permanently ‘masked’ by the fixative. Thus, immunostaining of paraffin 

embedded tissues tends to provide less intense labeling and/or more false negatives (12). 

Another possible approach to identify the blood vessels of the kidney is to perfuse the kidney 

with Microfil©, a silicone-based product, which has been previously used to fill the renal 

vasculature for examination using micro-computed tomography (micro-CT) (20). We could 

modify our perfusion fixation protocol so that after perfusion fixation, the vasculature is filled 

with Microfil® silicone rubber, and renal tissue embedded in paraffin or resin. An additional 

advantage of this approach is that it can also be used in conjunction with micro-CT, since the 

silicone rubber is radio-opaque (1). Thus, for subsequent experiments, we submitted fixed 

kidney tissue, filled with silicone rubber, to both light microscopic analysis (Chapters 5-9 of 

this thesis) and synchrotron-based micro-CT (Chapter 9 of this thesis). 
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5.1 ABSTRACT 
Both acute kidney injury (AKI) and chronic kidney injury (CKD) are major causes of 

morbidity and mortality. There is accumulating evidence to suggest that tissue hypoxia is a 

major factor in the pathogenesis of both AKI and CKD. However, renal oxygenation is 

complicated by a phenomenon known as arterial-to-venous (AV) oxygen shunting. Thus, our 

group is developing a mathematical model of oxygen transport in the kidney in order to aid 

our understanding of the physiological regulation of oxygen in the kidney. A major limitation 

of the current model is a lack of quantitative information pertaining to the barriers of oxygen 

diffusion between arteries, veins, and the renal parenchyma. To overcome this limitation, we 

examined the spatial association of arteries and veins in the kidney using histologically 

stained sections from the rat kidney. 

Six rat kidneys were perfusion-fixed at physiological pressure and embedded in paraffin and 

glycolmethacrylate (2 kidneys and 4 kidneys respectively). In addition, kidneys that were 

embedded in glycolmethacrylate (GMA) had the vasculature filled with Microfil® so that 

microvessels could be easily visualized. The kidneys were then sectioned and histochemically 

stained. Paraffin-embedded kidney sections were stained with hematoxylin and eosin. GMA-

embedded kidney sections were stained with toluidine blue. The spatial association and 

diffusion distances of the renal vasculature was first qualitatively analyzed, and then 

quantitatively analyzed using the open source program ImageJ. 

The initial qualitative analysis provided evidence that the spatial association between arteries 

and veins changes along the course of the renal circulation. The analysis showed that larger 

arteries are surrounded for much of the circumference by a vein wall. In contrast, this 

arrangement is rarely seen for smaller vessels. Our subsequent quantitative analysis, based on 

data from both light microscopy and data derived from our colleagues (University of Western 

Australia) from micro-computed tomography (micro-CT) of a vascular cast of the rat renal 

circulation, provided preliminary evidence that diffusion distances, between arteries and 

veins, do not remain constant through the circulation.  

Peritubular capillary density was least in the immediate vicinity of the artery, and this was 

apparent for arteries of all sizes. Capillary density was greater near smaller arteries than larger 

arteries. Capillaries and tubules were frequently observed between smaller artery-vein pairs, 

but were not observed between wrapped artery-vein pairs. A U-shaped relationship was found 

between arterial diameter and diffusion distance, suggesting that AV oxygen shunting could 

be favored in vessels common to both the cortical and medullary circulations. Thus, AV 
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oxygen shunting within the renal cortex may act to limit oxygen delivery to the medulla. This 

mechanism may contribute to rendering the medulla vulnerable to developing hypoxia. 

Some of the results from this study were incorporated in the paper titled ‘Diffusive oxygen 

shunting between vessels in the preglomerular renal vasculature: anatomic observations and 

computational modeling’ (8). This paper can be found in Appendix 1. 

5.2 INTRODUCTION 
Oxygen transport in the kidney is of interest because hypoxia is thought to be a critical factor 

in the pathogenesis of both acute and chronic kidney disease. There are a number of respects 

in which oxygen regulation in the kidney is unique. One of these is the impact of AV oxygen 

shunting (3, 16). The intimate relationship between some arteries and veins in the kidney 

facilitates the diffusion of oxygen down its concentration gradient from the arterial blood to 

the venous blood. Thus, variation in the spatial relationships between arteries and veins would 

be expected to affect the amount of oxygen that is shunted. Perhaps more importantly, such 

variation might occur progressively along the course of the branching network of the cortical 

circulation. This putative phenomenon would be expected to have a major impact on the 

relative amounts of oxygen shunted in vessels that deliver blood to both the cortical and 

medullary circulations versus that shunted in vessels that only supply blood to the cortex. 

Experimental evidence (17) and the results of preliminary modeling studies (7) suggest that 

AV oxygen shunting in vessels upstream from the divergence of the cortical and medullary 

circulations could render the medulla susceptible to hypoxia in cortical ischemia, even if 

medullary perfusion is perfectly maintained.  For example, O’Connor et al showed that tissue 

oxygenation of the cortex is independent of medullary perfusion; while medullary 

oxygenation is dependent on both cortical and medullary perfusion (17). Medullary 

oxygenation was reduced as expected when medullary perfusion was reduced. Interestingly, 

reduced cortical blood flow also resulted in reduced medullary oxygenation, even when 

medullary perfusion was maintained. Reductions in medullary perfusion were found to have 

no significant effect on cortical oxygenation. O’Connor et al proposed that the observed 

dependence of medullary oxygenation on cortical perfusion reflects the ability of 

deoxygenated venous blood in cortical veins to ‘steal’ oxygen from arteries containing blood 

destined for the medullary circulation (17). This proposition was supported by the findings of 

Gardiner et al using a computational model of oxygen transport in the preglomerular 

circulation (7). 
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Gardiner et al (7) recently produced a mathematical model of oxygen transport in the kidney 

which incorporates the phenomenon of AV oxygen shunting. The model predicted that most 

AV oxygen shunting occurs in the distal parts of the cortical circulation, after its divergence 

from the medullary circulation. Nevertheless, in agreement with the experimental findings of 

O’Connor et al (17), the model did predict that severe cortical hypoxia would reduce the 

oxygen content of arterial blood destined for the medullary circulation (7). However, the 

utility of the model was limited by the fact that there are currently no quantitative data on the 

barriers to oxygen diffusion between arteries and veins. Consequently, the diffusion 

coefficients in their model were set at a constant value throughout the cortical circulation. It 

remains to be determined whether this assumption is justified.  

In the current study we investigated the nature of the spatial association of intrarenal arteries 

and veins of varying sizes and branching levels in order to provide information regarding the 

potential sites of AV oxygen shunting in the kidney. Gardiner et al (7) identified four factors 

that would be expected to have a significant impact on the quantity of oxygen shunting that 

might occur at any specific point along the preglomerular circulation. These were (i) the 

presence of oxygen ‘sinks’ (capillaries and tubules) between the artery and vein, (ii) the 

distance between the lumen of an artery and the lumen of its associated vein, (iii) the spatial 

arrangement of the vessel pairs, in particular the degree at which the vein partially surrounds 

the circumference of the artery, and (iv) the oxygen tension (PO2) gradient between blood in 

the artery and vein. In the current study we investigated the first three of these factors. 

One technical challenge for these studies was to develop methods to allow unequivocal 

identification of arteries and veins in the kidney. As described in detail in Chapter 4, 

preliminary studies were performed to assess the potential use of immunohistochemical 

methods for this purpose. None of the immunohistochemical protocols we employed allowed 

identification of all vascular elements in the kidney. Yet, over the course of these studies it 

became apparent that arteries within the kidney could be identified by their characteristic 

structure. Veins could also often be identified by their extremely thin walls (6). Therefore, a 

preliminary study was conducted to assess the relationships between arterial caliber and the 

distances separating the lumens of the arteries and veins. In conjunction with these studies, 

our colleagues at the School of Computer Science and Software Engineering of the University 

of Western Australia (UWA) conducted an analysis of the micro-computed tomographic data 

generated by Nordsletten et al (15), to generate analogous data to ours. Our aim was to 

compare the utility of the light microscopy approach with that of the micro-CT approach for 

quantification of artery-vein relationships in the kidney. We also aimed to: (i) determine the 
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typical arrangement of arteries and veins of various sizes, (ii) determine the relationship 

between arterial diameter and separation distance, and finally (iii) determine whether capillary 

density around artery-vein pairs varies by arterial caliber. The micro-CT data are presented in 

the Discussion section of this thesis, since the raw data were generated by our colleagues at 

UWA. Some of the data presented in this Chapter were published, together with a 

mathematical model of oxygen diffusion from arteries to veins (8). This paper is presented in 

Appendix 1 in this thesis. 

5.3 METHODS 
5.3.1 Experimental approach 

As for the initial immunohistochemical (Chapter 4) and light microscopic studies, perfusion-

fixed kidneys from Sprague Dawley rats were cut into three different sections as described in 

Figure 5.1. Perfusion-fixed skeletal muscle was also studied. The kidneys and skeletal muscle 

were then processed, stained, and analyses were carried out to identify arteries, veins, and 

capillaries. The characteristic arrangements and relationships between arteries and veins in the 

renal cortex were assessed using histological methods.  

For tissues stained with hematoxylin and eosin (H & E), the kidneys and skeletal muscle from 

two male Sprague Dawley rats and one female Sprague Dawley rat were retrieved after 

perfusion fixation. Furthermore, an additional four kidneys of male Sprague Dawley rats were 

retrieved after perfusion fixation and filling of the vasculature with silicone rubber material 

(Microfil®). All kidneys were sectioned in three planes, processed, stained, and analyses were 

carried out to identify the characteristic arrangements of renal arteries, veins, and capillaries. 

We experienced difficulty identifying the smaller vessels such as arterioles and capillaries 

using only H & E staining. Thus our approach was to use Microfil®, a silicone based 

compound, to fill the renal vasculature, which allowed us to identify not only the small 

arteries, but also capillaries. The diffusion distances between artery-vein pairs from both H & 

E stained and Microfil®-filled tissue sections were measured. 

5.3.2 Hematoxylin and eosin stained tissue 

5.3.2.1 Perfusion protocol 

The kidneys were perfusion-fixed with phosphate buffered saline and 3% paraformaldehyde 

(3% PFA; Appendix 4) as described in the General Methods section (Chapter 3, Section 3.2). 

Furthermore, in a single male rat, hind limb skeletal muscle (biceps femoris) was fixed via 
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orthograde perfusion of the abdominal aorta. The tissue was kept in fixative overnight at 4 °C 

prior to histological analyses. 

5.3.2.2 Tissue processing, embedding in paraffin and sectioning 

After overnight immersion in fixative, the kidneys were cut into sections as described in 

Figure 5.1, and then placed in 70% ethanol. The biceps femoris tissue was cut in such a 

manner to provide a cross section perpendicular to the direction in which the muscle fibers 

ran. Both kidney and biceps femoris tissues were then processed and embedded in paraffin at 

a histology laboratory (Department of Anatomy and Developmental Biology, Monash 

University, VIC, Australia). Using a microtome (MicroTec Laborgeräte GmbH, cut 4060, 

Germany), the paraffin sections were sectioned at 5 µm, placed on microscope slides (Menzel 

Glazer, Super frost Plus, Braunschiweig, Germany) and left to adhere for 2 hours at 70 °C. 

5.3.2.3 Microscopy 

Unless otherwise stated, once all slides were stained, mounted, and coverslipped, the sections 

were observed under a microscope (Olympus BX41; Hamburg, Germany). Using the Leica 

Application Suite (Leica Microsystems CMS GmbH), images were taken at varying 

magnifications using the Leica DFC450C camera (Leica Microsystems CMS, GmbH, 

Germany), and scale bars were calculated in terms of micrometers (µm). 

5.3.2.4 Hematoxylin and eosin staining 

Harris’s hematoxylin and eosin was used in this study to stain the tissues. 
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The kidney was sectioned in three basic planes with the following reference position: 
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Figure 5.1. Schematic diagram of the three different planes in which the kidneys were 
sectioned. The renal arteries and veins branch into interlobar arteries and veins before changing 
direction and running in an arc-like manner to become arcuate arteries and veins. These vessels then 
give rise to interlobular arteries and veins located in the outer cortex. Due to the different directions 
in which the vessels are arranged within the kidney, analyses of the vessels in different planes of the 
kidney were necessary.  The kidney was sectioned in the three basic planes so that analyses could be 
made on blood vessels in the perpendicular plane to which the vessels run. From each rat, one kidney 
was cut in the frontal plane (A) along the longitudinal axis. The remaining kidney was cut 
perpendicular to the longitudinal axis in the sagittal plane (B), resulting in two halves, one of which 
was then sectioned horizontally in the transverse plane (C).   
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5.3.2.5 Analysis of diffusion distances between arteries and veins 

The software package ImageJ (http://imagej.nih.gov/ij/) was used for analysis of the distances 

between arteries and veins. Artery-vein profiles were selected when arteries had a circular 

profile, indicating that the artery was sectioned at a near perpendicular plane. Images from 

both hematoxylin & eosin stained tissue and Microfil®-filled tissue were imported into 

ImageJ. The scale was set so that measurements could be made in µm. Once the scale was 

adjusted, a line selection was made to measure the artery’s diameter. All line selections were 

made with the naked eye to select the shortest length of the arterial diameter or artery-vein 

separation. The line was drawn so that it began from one end of the arterial lumen and ended 

at the other side of the lumen. Using the analysis ‘Measure’, the length of the line was 

quantified, providing the arterial diameter in µm. Once the arterial diameter was found, the 

diffusion distance between the lumens of the artery and vein was measured in a similar 

fashion. A line selection was made, with the line starting at the lumen of the artery and ending 

at the lumen of the vein. Diffusion distance was defined as the shortest distance between the 

arterial and venous lumens. 

5.3.3 Microfil® - filled tissue 

5.3.3.1 Kidney perfusion protocol 

The kidneys of male Sprague Dawley rats were perfusion-fixed with 3% PFA in a similar 

fashion to the protocol described in Chapter 3 (Section 3.2). Once approximately 50-150 ml 

of fixative had been delivered, the solution being perfused was switched to the Microfil® 

compound (MV-122; Flow Tech Inc., MA, USA). The kidneys were slowly filled with 10-30 

ml of Microfil® using a syringe that was attached to the three-way valve. While the pressure 

of 150 mmHg was maintained, the kidneys were tied off at the renal artery and vein, removed, 

and immersed in fixative overnight at 4 °C. 

5.3.3.2 Kidney tissue processing, embedding in glycol methacrylate and sectioning 

After overnight immersion in fixative, the kidneys were decapsulated and cut into three 

different planes as described in Figure 5.1. 

To prepare the kidney tissue for embedding in glycolmethacrylate resin, the kidneys were 

then subjected to two 70% v/v ethanol washes and a final rinse in 70% v/v ethanol overnight. 

The tissues were then dehydrated and embedded in glycolmethacrylate resin (Technovit 7100 

Kit; Heraeus Kulzer GmbH, Wehrheim, Germany). The dehydration process was as follows: 

100% ethanol for 2 hours thrice and then 100% butanol for 2 hours before immersion of the 

tissues in 100% butanol overnight. 
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Following the overnight immersion in butanol, the tissues were incubated with infiltration 

solution (Technovit 7100 kit) for 2-3 days. After processing, the kidneys were embedded in 

resin, and sectioned (1-3 sections in each plane) using a microtome (Leica RM 2165, Mt 

Waverley, VIC, Australia) at 5 µm, before being stained. 

5.3.3.3  Staining and microscopy 

Slides were stained with toluidine blue for ~2 seconds, coverslipped and viewed under a 

microscope (Olympus BX41; Hamburg, Germany). Photomicrographs were captured using 

the Leica DFC450C camera and the Leica Application Suite program (Leica Microsystems 

CMS, GmbH).  

5.3.3.4 Analysis of diffusion distances between arteries and veins 

As with the tissue sections stained with H & E, ImageJ was used for analyzing the distances 

between arteries and veins for the tissue filled with Microfil®. The method is described 

earlier in section 5.3.2.5 of this thesis. ImageJ was also used to measure the minimum width 

of adventitia around arteries, using the same ‘Measure’ function.  

5.3.3.5 Analysis of capillary density  

In order to determine capillary density in the vicinity of artery-vein pairs, and thus determine 

the effect of oxygen sinks located around arteries within the rat kidney, four separate analyses 

were carried out. These analyses were only carried out on the kidneys that were filled with 

Microfil® because the silicone compound enabled us to identify the capillaries, which was 

not possible for the tissues stained with H & E. In each analysis, the number of capillaries 

observed within four concentric circles (zones) around arteries was determined. Four analyses 

were carried out to analyze the capillary density for arteries within defined ‘arterial diameter 

groups’. We defined these groups based on the various types of arteries and their known sizes. 

The smallest arterial elements are arterioles, with a size of <15 µm. Arteries with internal 

diameters of 15-50 µm were assumed to be distal interlobular arteries. Arteries with internal 

diameters of 100-150 µm were assumed to be proximal interlobular arteries. Vessels with 

internal diameters of ~200 µm were most likely the large arcuate arteries, and those with 

internal diameters of 150-200 µm were assumed to be distal interlobar arteries. Arteries with 

an internal diameter of 200-300 µm were assumed to be proximal interlobar arteries. Hence, 

our six diameter groups were: <15 µm, 15-25.9 µm, 26-50.9 µm, 51-100.9 µm, 101-200 µm, 

>200 µm. In each analysis, the widths of the four concentric rings (‘zone diameters’) were 

varied so as to provide different information about capillary density in the vicinity of artery-

vein pairs, as described below. 
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For the first analysis (Analysis A) of the 49 Microfil-filled arteries, the radii of these four 

zones were selected to take into account the likelihood that oxygen could diffuse further from 

large arteries than from smaller arteries. We reasoned that this would be the case because the 

PO2 and the total oxygen content should be greater in larger arteries than smaller arteries. 

Four concentric circles were drawn around the center of the artery.  Thus, for arteries <16.0 

µm in diameter, these zones were defined by steps of 20 µm, so that the capillary density was 

calculated from 0-20, 20-40, 40-60 and 60-80 µm from the center of the artery. For arteries 

16.0-25.9 µm, 26.0-50.9 µm, 51.0-100.9 µm, 101-200 µm and >200 µm in diameter, the 

zones were defined by steps of 25, 50, 75, 100 and 250 µm respectively (Table 5.1). The 

zones in this analysis represent distances from the center of the artery and not from the arterial 

lumen (Fig. 5.2; Table 5.1). 

For the second analysis (Analysis B), we estimated that in renal tissue, oxygen could diffuse a 

distance of approximately 100 µm (19).  Hence, capillary density was determined using four 

consistent concentric rings, each 30 µm in width, commencing from the margin of the arterial 

lumen (Fig. 5.2B; Table 5.1). Arterial diameter was measured as part of the analysis of 

diffusion distance. Subsequently, a circle that represented the artery was drawn so that 

concentric circles could be drawn around it (Fig. 5.2).  

The third analysis (Analysis C) took into account the size of the artery as well as the width of 

the adventitia surrounding the arteries. For each arterial diameter group, the smallest distance 

from the arterial lumen to the adventitia (outer side) was measured for the 49 arteries. From 

these measurements, the mean distance from the arterial lumen to the adventitia was 

calculated for each arterial diameter group (Table 5.2). We reasoned that as arterial diameter 

increased, so should the width of the zones. As with the second analysis, the zones represent 

the distance from the arterial lumen, not from the center of the artery. 
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The fourth analysis (Analysis D) took into account only the width of the adventitia 

surrounding the arteries. As for the third analysis (Analysis C), the mean widths of the 

adventitia for each arterial diameter group (Table 5.2) were used to define the widths of the 

concentric circles, and thus the zones were defined as presented in Table 5.1. Arterial 

diameter groups were given the same zone width as another diameter group according to the 

mean distance of arterial lumen to adventitia (Tables 5.1 and 5.2).  Again, the zones represent 

the distance from the arterial lumen, not from the center of the artery. 

 

Figure 5.2. A section of rat kidney stained with toluidine blue and examples of concentric 
zones used for the three different capillary analyses. Panel (A) represents the first analysis 
(Analysis A) in which the concentric rings were defined with respect to the size of the artery. The 
artery in panel A is 50 µm in diameter, and thus the widths of the zones from the center of the artery 
were 50, 100, 150, and 200 µm. Panel (B) represents the second analysis (Analysis B) where it was 
assumed that oxygen diffuses approximately 100 µm through kidney tissue. The width of each zone 
from the arterial lumen was in steps of 30 µm. Panel (C) demonstrates the zones for the third 
analysis (Analysis C). Here, the size of the artery, as well as the width of the adventitia was used to 
define the zone widths. For this particular artery, zones were created in steps of 15 µm. Panel (D) 
represents the fourth analysis (Analysis D) where only the width of adventitia defined the width of 
the concentric zones. 
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Table 5.1. The varying zone widths for each arterial diameter group across the four different 

analyses. 

Analysis Arterial diameter group 
(µm) 

Zone width (µm) Zones (µm) 

Aa 
 

<16.0 20 20, 40, 60, 80 
16.0 - 25.9 25 25, 50, 75, 100 
26.0 - 50.9 50 50, 100, 150, 200 

51.0 - 100.9 75 75, 150, 225, 300 
101.0 – 199.9 100 100, 200, 300, 400 

>200.0 250 250, 500, 750, 1000 
    

Bb 
 

<16.0 30 30, 60, 90, 120 
16.0 - 25.9 30 30, 60, 90, 120 
26.0 - 50.9 30 30, 60, 90, 120 

51.0 - 100.9 30 30, 60, 90, 120 
101.0 – 199.9 30 30, 60, 90, 120 

>200.0 30 30, 60, 90, 120 
    

Cb 
 

<16.0 5 5, 10, 15, 20 
16.0 - 25.9 10 10, 20, 30, 40 
26.0 - 50.9 15 15, 30, 45, 60 

51.0 - 100.9 20 20, 40, 60, 80 
101.0 – 199.9 25 25, 50, 75, 100 

>200.0 30 30, 60, 90, 120 
    

Db 
 

<16.0 5 5, 10, 15, 20 
16.0 - 25.9 5 5, 10, 15, 20 
26.0 - 50.9 10 10, 20, 30, 40 

51.0 - 100.9 10 10, 20, 30, 40 
101.0 – 199.9 20 20, 40, 60, 80 

>200.0 20 20, 40, 60, 80 
a = zones originating from the center; b = zones originating from the arterial lumen  

 

Table 5.2. The mean minimum distance from the arterial lumen to the adventitia for the 

arterial diameter groups, and the corresponding zone width assigned to the arterial diameter.  

Arterial 
diameter (µm) 

Mean distance from arterial lumen 
to adventitia (µm) 

Zone width 
(µm) 

n 

<16.0 6.6 ± 0.7 5 12 
16.0 - 25.9 6.8 ± 0.9 5 10 
26.0 - 50.9 8.1 ± 1.0 10 8 
51.0 - 100.9 11.1 ± 1.4 10 7 

101.0 – 199.9 18.5 ± 1.5 20 9 
>200.0 22.2 ± 2.9 20 3 

Distance measured from the arterial lumen to the adventitia are represented as mean ± SEM. 
This distance is to the outer limit of the adventitia. ‘n’ represents the number of arteries 
observed for each arterial diameter group. 
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5.3.3.6 Statistical analyses 

Data are presented as mean ± standard error of the mean (SEM) of n observations. 

Independent variables were partitioned into categories according to arterial diameter, and the 

data subjected to repeated measures analysis of variance. P values from the within-subjects 

factor (vessel) were conservatively adjusted using the Greenhouse-Geisser method (12). Two-

tailed P ≤ 0.05 was considered statistically significant. 

5.4 RESULTS 
For this study, a combination of measurements from one approach (H & E staining) and 

additional data from the Microfil® approach were used (described above). Approximately 

250 artery profiles were observed for this qualitative analysis (H & E stained only and 

Microfil®-filled tissue). Artery-vein pairs from these artery profiles were selected based on 

the artery appearing circular in shape. This indicated that the section was cut almost 

perpendicular to the direction in which the artery travels. A total of 81 artery-vein pairs 

conformed to this criterion. These were used for the quantitative analysis of the spatial 

relationships between arteries and veins.  

Although we cannot definitively categorize each renal blood vessel into specific vessel types 

based merely on their diameters, it is generally accepted that arteries with luminal diameters 

greater than 300 µm are mostly interlobar arteries (15). Arteries with luminal diameters of 

130-300 µm are likely mostly interlobar and arcuate arteries. Arteries with luminal diameters 

between 30-100 µm are most likely interlobular vessels, and those with luminal diameters less 

than 30 µm are most likely afferent and efferent arterioles. 

5.4.1 Typical arrangement of arteries and veins vary according to arterial 

diameter 

Initial qualitative analysis of the separation distance between the lumens of the arteries and 

veins suggested that for very large arteries (e.g. interlobar arteries), veins often surround a 

considerable proportion of the total arterial circumference, with a typical separation distance 

of 100 µm or less, composed almost entirely of connective tissue (Fig. 5.3A). This also 

appears to be the case for proximal interlobular and arcuate arteries (Figs 5.3B-E). Some large 

arteries were separated by a distance greater than 100 µm (Fig. 5.3F). Smaller artery-vein 

pairings were often observed to be less intimate, with the vein no longer surrounding the 

artery, and the space between the two vessels filled with tubules and capillaries (Fig. 5.4). 

Likewise, microscopic observation of even smaller vessels indicated that the vessels shared a 

less intimate relationship, and also that the pathway for oxygen diffusion from the artery to 
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the vein appeared to be blocked by tubular elements (Figs 5.4C, D, F). The separation 

distances for the smaller vessels appeared to vary (Figs 5.4C-E) much more than for the larger 

vessels.  

In biceps femoris tissue, arteries and veins were often found to be spatially intimate. 

However, veins did not surround arteries to the same extent as that observed in the kidney 

(Fig. 5.5).  

Figure 5.3. Photomicrographs of hematoxylin and eosin stained sections displaying large 
arteries in the renal cortex of the rat. Arteries are indicated by ‘A’, and veins are indicated by 
‘V’. The vein wall partially surrounds a considerable proportion of the arterial profile for very 
large arteries (A) with only connective tissue between the artery and vein. Similarly, for arteries 
≥100 µm in diameter (B-E), the association was often seen to be similar to that of (A). Some 
large arteries were separated by a distance of 100 µm or more (F). Images are at a magnification 
of ×4 (A), ×10 (B, D), ×20 (C, E & F). 
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Figure 5.4. Photomicrographs of hematoxylin and eosin stained sections displaying small 
arteries in the renal cortex of the rat Arteries are indicated by ‘A’, and veins are indicated by 
‘V’. Often, for an artery <100 µm in diameter (A), the vein wall did not surround the arterial 
profile. Instead the vessels appeared to be separated with some tubular elements within the space 
between. Some smaller arteries (B) had an intimate relationship with the corresponding vein. For 
other small vessels (C, D, E), the distance between the artery and vein varied widely. For images 
(C, D, E), the distance between the artery and vein was approximately 800 µm, 200 µm, and 50 
µm respectively. Also, for vessel pairings that were less intimately associated, the pathway 
between the vessels was completely filled by tubules (C, D, F). Images are of magnification ×40 
(A, D & F), ×20 (B & E) and ×10 (C). 
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Figure 5.5. Arrangements of artery and veins in hematoxylin and eosin stained sections of 
biceps femoris tissue of the rat. The arrangement of arteries ‘A’ and veins ‘V’ in biceps 
femoris was often observed to be intimate (A, C, D, E, F), in that only adventitia lay between 
the artery and vein. In other cases the arteries and veins were found to be separate (B), in that 
muscle tissue lay between the two vessels. However, veins were never observed to ‘wrap’ 
around the artery as was observed in renal tissue. Images are of magnification ×20 (A, B, C, D) 
and ×40 (E & F).  
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5.4.2 The relationship between arterial caliber and separation distance and 

wrapping 

A quantitative analysis of the diffusion distances between the 81 intrarenal artery-vein pairs 

indicated fairly constant diffusion distances between the arterial and venous lumen (Fig. 5.6). 

Nevertheless, for arteries of small diameter the separation distances were more variable than 

for vessels of medium to large diameter (Fig. 5.6). Also, arteries that were ‘wrapped’ were 

observed to have consistently smaller separation distances compared to those that were not 

‘wrapped’ by a vein. 

Connective tissue was observed to surround each artery, as expected from previous 

observations by Frank and Kriz (6). The minimum distance from the arterial lumen to the 

connective tissue was found to vary with arterial diameter. The average thickness of the 

connective tissue for arterial diameters is provided in Table 5.2 in the Methods section of this 

chapter. 

Figure 5.6. Scatter plot of arterial diameter against diffusion distance (lumen-to-lumen). Artery-
vein pairings were selected on the basis that circular arteries indicate the tissue was sectioned 
perpendicular to the direction in which the artery travels. The majority of the 81 vessel pairs had a 
diffusion distance of ≤100 µm, and all but three had diffusion distances of less than 200 µm. Open 
circles represent arteries where the closest vein did not surround their profile. Black circles represent 
arteries where the closest vein surrounded a portion of their profile. Image reproduced, with 
permission, from Gardiner et al (8). 
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5.4.3 Capillary density around artery-vein pairs varies by arterial caliber 

5.4.3.1 Capillary density within large zones around the artery 

In analysis A, zones commencing from the center of the artery were relatively large (20 – 250 

µm) and increased in size in proportion to arterial diameter (Fig. 5.7A). There was a clear 

trend for capillary density to reduce as arterial caliber increased. In the case of the smallest 

arterial diameter groups (≤25.9 µm), capillary density tended to be greatest near the arterial 

wall. In contrast, for the largest vessels (≥101 µm in diameter) capillary density was least near 

the arterial wall. Capillary density remained relatively constant across the various zones in the 

case of arteries of intermediate diameter (26 – 100.9 µm). 

In analysis B, the zones were constant increments of 30 µm, commencing at the luminal 

border of the artery (Fig. 5.7B). There was a tendency for capillary density to vary inversely 

with arterial caliber, although this effect was less clear than in analysis A. As in analysis A, 

capillary density around small arteries (<16 µm) was greatest close to the arterial wall, 

whereas it was least near the wall of large arteries (>101 µm). 

In analysis C, the zones varied in proportion to the combined thickness of the arterial wall and 

adventitia. The zones were consistently smaller (5 – 30 µm) than was the case in analysis A. 

Moreover, the zones commenced at the luminal border of the artery (Fig. 5.7C). There was a 

strong trend for capillary density to decrease as the arterial caliber increased. Furthermore, in 

all but one case (arteries 16 – 25.9 µm in diameter), capillary density was least in the 

immediate vicinity of the arterial wall. 

In analysis D, the zones varied according to the combined thickness of the arterial wall and 

adventitia for that arterial diameter group, rounded to the nearest 5 µm (Fig. 5.7D). This 

approach produced a pattern very similar to that derived from analysis C, except that in this 

case, capillary density was least in the immediate vicinity at the arterial wall for all arterial 

diameter groups. 
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Figure 5.7. Peritubular capillary density around arteries of varying diameters. Capillary 
density (per mm2) was calculated for varying zones around arteries of interest and plotted according 
to arterial diameter. Four different analyses were carried out, each varying in zone width, as 
described in the Methods section. Analysis A had four zones in steps of 20, 25, 50, 75, 100 and 250 
µm from the center of the vessel for the six arterial diameter groups (A). Analysis B had zones 
varying in steps of 30 µm from the arterial lumen for all arterial diameters (B). Analysis C had 
zones in steps of 5, 10, 15, 20, 25, 30 µm from the arterial lumen for the six arterial diameter 
groups (C). Analysis D had zones in steps of 5, 5, 10, 10, 20, 20 µm from the arterial lumen for the 
six arterial diameter groups (D). Image reproduced, with permission, from Gardiner et al (8). 
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5.5 DISCUSSION 
5.5.1 Major findings 

Our quantitative analysis of vessel separation distance indicates that the average diffusion 

distances between arteries to veins are quite small, with more variability in the smaller than 

larger arteries. Also, larger arteries were more commonly surrounded partially by an adjacent 

vein than were smaller arteries. Furthermore, some small artery-vein pairs appeared to be 

separated by larger distances than was the case for larger vessels. Larger artery-vein pairs 

mostly lacked the presence of oxygen ‘sinks’ lying between the vessels. In contrast, in the 

case of smaller artery-vein pairs, both tubules and capillaries, which can act as oxygen sinks, 

were observed in the space between the arterial and venous walls. Finally, capillary density in 

the immediate vicinity of arteries was less than that of areas further away from the arteries. 

There was also a greater density of capillaries around smaller arteries compared to larger 

arteries. Collectively, these observations indicate that the spatial characteristics of artery-vein 

pairs that would be expected to facilitate AV oxygen shunting are observed more often in the 

larger than the smaller vessels in the renal cortex. 

A subsequent analogous analysis was generated by our colleagues at UWA, based on data 

generated by Nordsletten et al (15) from a micro-CT reconstruction of the rat renal 

circulation. These analyses, which will be presented in detail later in this Discussion (Section 

5.5.3), indicate a U-shaped relationship between arterial diameter and separation distance 

(Fig. 5.9). At first sight these two data sets appear to be inconsistent with each other. 

However, as discussed in detail later (Section 5.5.6), these apparent inconsistencies likely 

arise from limitations in both approaches. Taken together, we believe these data provide 

evidence that the nature of the barriers to diffusion of oxygen from arteries to veins changes 

along the course of the cortical circulation. This, in turn, likely has a profound impact on the 

nature of the vascular elements where the bulk of AV oxygen shunting occurs. Our current 

observations therefore justify the generation of quantitative data regarding the axial and radial 

geometry of artery-vein pairs in the renal preglomerular circulation. Incorporation of such 

data into the mathematical model of kidney oxygen transport developed by Gardiner et al (7) 

should allow future studies to assess the inter-relationships between cortical and medullary 

oxygenation. 
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5.5.2 Analysis of the characteristic association of arteries and veins using 

hematoxylin and eosin stained sections 

An initial qualitative analysis of the characteristic arrangements of arteries and veins in the 

kidney suggested that large arteries are intimately associated with their corresponding vein. 

Moving downstream along the arterial circulation, vessels appeared to be less intimately 

associated, with less of the total circumference of the artery surrounded by the vein. However, 

our quantitative analysis provided evidence that the spatial relationship between artery and 

vein pairings is not as simple as suggested by this initial qualitative analysis. 

A quantitative analysis was carried out, in which measurements were made of the diffusion 

distances (lumen-to-lumen) of the various vessel pairings observed in hematoxylin and eosin 

stained sections, and later in the Microfil®-filled tissue sections. These data provided 

preliminary evidence that the diffusion distances between arteries and veins remain relatively 

constant throughout the renal circulation, albeit with a few outliers. It was only possible to 

generate a relatively small sample size using this method. However, our colleagues at UWA, 

using an automated approach, were able to generate a large data set using the micro-CT data 

of Nordsletten et al (15). It is therefore instructive for us to consider these data and how they 

affect interpretation of the data generated by light microscopy. 

5.5.3 Analysis of data generated by micro-CT 

The data set created using data from Nordsletten et al (15) was produced using a program that 

calculated the center-to-center and lumen-to-lumen diffusion distances using known 

measurements of arterial and venous diameters. The program essentially took these 

measurements and estimated the site of the center of each vessel. While it can be easy to 

establish the center of circular arteries, there is difficulty in determining the center of irregular 

shaped veins (Fig. 5.8). The resulting dataset provided data on arterial diameter and diffusion 

distance, which were used to plot the relationship between the two (Fig. 5.9). It was noted, 

however, that when the program calculated the lumen-to-lumen diffusion distances, some 

values were negative (Fig. 5.9B). This is because the data generated by Nordsletten et al (15) 

were based on the centerline of each vessel and approximate radii were calculated. This 

means that if a vessel was elliptical in shape, the average of the two axes was used to 

determine the diameter. Hence, all vessels were estimated to have a circular shape. However, 

veins in particular are not always circular in shape and as a result, there are errors with the 

calculations of the distances (Fig. 5.8). The center-to-center separation distance is correct, but 

the lumen-to-lumen diffusion distance has error. Wherever a negative lumen-to-lumen 
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distance is observed, it suggests that the vein is not circular but elliptical or surrounding the 

artery, meaning they are intimately associated. Consequently, the more negative the lumen-to-

lumen distance, the higher the degree of intimacy between a paired artery and vein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Critical error in the method used to measure diffusion distances in the data 
analysis of Nordsletten et al (15). A program was used to calculate the centre-to-centre and lumen-
to-lumen diffusion distances. Arteries are shown in red, and veins are shown in blue. For a vessel 
arrangement such as (A), the analysis is based on the assumption that the centre of the vein is 
located at the dot. Thus, in the calculation of the lumen-to-lumen distance, the analysis generates an 
artery-vein arrangement similar to that shown in (B). This will therefore underestimate the lumen-
to-lumen diffusion distance, and result in negative values as presented in Figure 5.9. Similarly, for a 
vessel arrangement such as (C), the analysis generates an artery-vein arrangement similar to that 
shown in (D). This will therefore overestimate some diffusion distances. 
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Figure 5.9. Scatter plots illustrating the relationship between arterial diameter and diffusion 
distance in terms of Strahler order, generated from the data-set of Nordsletten et al (15). Plot 
(A) illustrates the relationship between arterial diameter and separation distance (centre-to-centre). 
Plot (B) demonstrates the relationship between arterial diameter and diffusion distance (lumen-to-
lumen). Note the negative values in plot (B), which indicate some error in the calculation of the 
distances by the program (See Fig. 5.8). Nevertheless, the more negative the lumen-to-lumen 
distance, the greater the degree of intimacy between the artery and vein. 
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5.5.4 Analysis of peritubular capillary density in the vicinity of arteries 

Capillaries can deliver oxygen to tissue, but they can also remove oxygen from tissue. 

Capillaries would remove oxygen from tissue if the PO2 of blood in the capillary is lower than 

that of the tissue.  This phenomenon might be expected in the vicinity of arteries (11).  The 

majority of oxygen consumption in the kidney is due to the metabolic cost of sodium 

reabsorption (3, 4). A considerable amount of energy is required by the kidney tubules for the 

activity of Na+/K+-ATPase (14). It is therefore considered that if capillaries or tubules are 

present between an artery-vein pair, such oxygen ‘sinks’ would effectively ‘steal’ oxygen that 

could have otherwise been shunted from the artery to the vein. 

A total of four analyses were carried to quantify capillary density around the 49 arteries filled 

with Microfil®. It was possible to quantify capillary density in the vicinity of these arteries 

because the silicone-based Microfil® enabled identification of the capillaries. A total of four 

analyses were carried out in order to identify whether capillary density varied in location and 

distance from an artery, and whether this variation was consistent across all arterial sizes or 

only present for arteries of a certain diameter. Each analysis was based on quantifying the 

number of capillaries observed within four concentric circles (zones) around the artery. To 

analyze the capillary density for each arterial diameter group (5-15 µm, 15-25 µm, 26-50 µm, 

51-100 µm, 101-200 µm, >200 µm), four different analyses were carried out, each 

with varying zone distances.  Analyses using wider zones presented similar results to each 

other, in that capillary density appeared uniform when the area analyzed was large. In 

contrast, once we analyzed capillary density in smaller zones, it was apparent that capillary 

density was much greater for smaller arteries compared to larger arteries. 

In arrangements where the vein surrounded part of the circumference of the artery, capillaries 

and tubules were found to be absent from the space between the vessels. This is expected due 

to the presence of connective tissue (adventitia), as previously described by Frank and Kriz 

(6).  Capillary density was least in the area in the immediate vicinity of the arterial wall, and 

this was the case for arteries of all sizes in the kidney. This observation was particularly 

prominent in analysis D, reflecting the virtual absence of capillaries in the adventitia 

surrounding arteries.  

Peritubular capillary density in larger ‘zones’ around arteries appeared to be relatively 

constant. Capillary density around arteries was particularly low for larger vessels, and this 

was observed in all four analyses. On closer inspection, capillary density in the area 

immediately surrounding larger arteries (≥ 26 µm in diameter) was less compared to that in 
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smaller arteries (≤25.9 µm in diameter). This suggests that differences in capillary density are 

only detectable when smaller ‘zones’ of influence are analyzed. 

Furthermore, low capillary density was not only observed in the ‘adventitial space’, but also 

in the renal parenchyma. This was particularly the case in analysis A for arteries ≤25.9 µm, 

where relatively large zones generated lower peritubular capillary density with increasing 

distance from the artery. 

Observations of capillaries and tubules between the larger vessel pairs were uncommon. This 

is because larger artery-vein pairs were observed to be more intimately associated. In contrast, 

capillaries and tubules were often observed between and also around smaller arteries and 

veins. Such an arrangement would be expected to retard AV oxygen shunting between these 

smaller vessels because, as previously mentioned, capillaries are capable of ‘stealing’ oxygen 

from tissue or arteries with a higher oxygen tension than the capillaries (10). 

5.5.5 Potential sites of AV oxygen shunting 

Consideration of the data sets obtained by light microscopy and micro-CT provides insight 

into the potential sites of oxygen shunting in the kidney. The data suggest a U-shaped 

relationship between arterial diameter and diffusion distance (Fig. 5.9). The presence of large 

diffusion distances between large arteries (>300 µm diameter) and their associated veins were 

not detected in the analysis of data obtained by light microscopy. This is likely attributable to 

the fact that few arteries >300 µm in diameter were observed in the light microscopic study 

(Fig. 5.6). Nevertheless, the frequency distributions of diffusion distance for the two methods 

(micro-CT and light microscopy) were similar in shape, with most diffusion distances ≤100 

µm (Fig. 5.10). 

 

 

 

 

 



CHAPTER 5 –Spatial geometry of artery-vein pairs 

 116 

 

 

 

Figure 5.10. Frequency histograms of diffusion distances of (A) our data based on light 
microscopy and (B) data generated by micro-computed tomography (micro-CT) (15). 
In both data sets, most diffusion distances were ≤100 µm. 
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An additional analysis of the relationship between arterial branching order (Strahler order) 

and average artery-vein separation distances (center-to-center and lumen-to-lumen) also 

suggests a U-shaped relationship between vessel order and the intimacy of arteries and veins 

(Fig. 5.11), as was the case for vessel caliber (Fig. 5.6). The lumen-to-lumen diffusion 

distance was relatively small for arteries of order 4 to 7 (Fig. 5.11B). This analysis 

complements that seen in Figure 5.9, where arteries of Strahler order 2-4 and 7-8 had variable 

diffusion distances, but the arteries of Strahler order 5-6 had shorter distances to the nearest 

vein. Arteries of order 7 are likely mainly arcuate arteries (15), which run parallel to the 

corticomedullary border (Fig. 5.12), suggesting that shunting may be favored between arteries 

and veins common to cortical and medullary circulations.  

The medullary circulation arises from the efferent arterioles of juxtamedullary glomeruli, 

whose afferent arterioles arise from the proximal interlobular arteries, near their junction with 

arcuate arteries (1, 5, 13, 18). The efferent arterioles of the juxtamedullary nephrons divide to 

form the vasa recta. The vasa recta travel down into the medulla and return to the 

corticomedullary junction and empty into the arcuate vein (Fig. 5.12). Thus, if AV shunting is 

favored between vessels located in the corticomedullary junction, high levels of oxygen 

would be expected to diffuse from the arcuate and proximal interlobular arteries into the 

corresponding veins, so reducing the oxygen content of blood destined for the medullary 

circulation (Fig. 5.12). 
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Figure 5.11. Relationships between arterial order and diffusion distance. Panel (A) 
demonstrates centre-to-centre distances and panel (B) illustrates lumen-to-lumen distances. Symbols 
and error bars are mean ± standard error of the mean. Data are from an analysis of the data-set 
generated by Nordsletten et al (15). Note that the greater the arterial (Strahler) order, the more 
proximal the vessels are in the renal circulation. 
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Figure 5.12. A schematic of the renal circulation. Arcuate arteries run parallel to the 
corticomedullary border, branching into interlobular arteries that radiate towards the cortical surface. 
Arcuate arteries correspond roughly to arteries of Strahler order 7 and our data analysis suggests that 
the diffusion distance (lumen-to-lumen) is relatively small for this arterial order (Fig. 5.11). From the 
interlobular arteries [2] arise afferent arterioles, which then form the capillary network in the 
glomerulus (* & #). The capillaries then form an efferent arteriole which leaves the glomerulus and 
divides into two types of capillary networks: peritubular capillaries (stemming from cortical 
nephrons; *), or vasa recta (arising from juxtaglomerular nephrons; #). It is the vasa recta that run 
down through the medulla and then return to the corticomedullary junction to the arcuate vein. The 
parallel arrangement of arteries and veins provides the opportunity for oxygen to diffuse from the 
artery into the vein, thereby reducing the amount of oxygen in the blood destined for the renal 
capillaries. Directional arrows indicate the proposed direction of diffusion of oxygen from arteries to 
veins. The very close association of vessels of order 7 (mainly arcuate arteries and veins) and 6 and 5 
(likely corresponding to the proximal segments of interlobular arteries and veins) supports the 
hypothesis that oxygen shunting is favoured in vessels common to the cortical and medullary 
circulations. Numbers represent arterial Strahler orders. 
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Interlobular arteries are mainly vessels of orders 2-6. Interlobular arteries taper and branch as 

they radiate into the renal cortex (2, 9). Thus, one would expect the proximal segments of 

interlobular arteries (before separation of the cortical and medullary circulation) to correspond 

to vessels of higher Strahler order (e.g. order 6). Furthermore, vessels specific to the cortical 

circulation would be expected to be of a lesser Strahler order (e.g. orders 2-5). Thus, the data 

presented in Figure 5.11 support the notion that AV oxygen shunting is favored in the vessels 

at the corticomedullary border, which are common to the cortical and medullary circulations, 

because there are relatively short distances for oxygen to diffuse. 

Schurek et al previously proposed that most AV shunting occurs in the interlobular arteries 

(20). Our data are not entirely consistent with this notion. We propose instead that AV oxygen 

shunting may become diminished as arterial blood flows from the corticomedullary junction 

into the cortex. To better test this preposition, we need to incorporate quantitative data 

regarding the radial geometry of artery-vein pairs into the mathematical model of kidney 

oxygen transport developed by Gardiner et al (7).  The provision of these data will be the 

major aim of the studies described in Chapter 6 of this thesis. 

5.5.6 Strengths and limitations of the light microscope and micro-CT 

methods 

Both methods have strengths and limitations. Firstly, our light microscope analysis used 

observations that were biased due to the fact that the kidneys were sectioned in three chosen 

planes rather than from randomly generated sections. Moreover, the fact that the 

identification, and therefore differentiation, of small veins from capillaries was not a simple 

process, resulted in the need for some assumptions regarding the location of the vein 

corresponding to each arterial vessel. Similarly, in the case of the data generated by micro-

CT, the algorithm was forced to calculate the distance between vessel pairings that were most 

closely associated. However, for some arteries, the program still selected veins that were 

located further away than another vein that would have otherwise been selected as the 

corresponding vein if the analysis was done manually. That is, the algorithm was not always 

able to find the corresponding/closest vein. Furthermore, by using the naked eye to identify 

vessels in the kidney from light microscopy, we could not distinguish small veins from 

capillaries, or indeed small veins from lymphatic vessels. It is possible therefore, that in our 

light microscope analysis, lymphatic vessels were mis-identified as veins.  

Another limitation in our light microscope method is that it generated only a limited number 

of observations. This is in part due to microscopic examination being a time consuming 
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process, as well as the difficult identification of veins mentioned above. For our analysis, a 

total of 81 observations were made (32 via H & E stained tissue, 49 via Microfil®-filled and 

toluidine blue stained tissue). In contrast, the micro-CT analysis, because it was automated, 

provided 5260 observations. Such a large data set provided the level of statistical power 

required for us to examine the typical diffusion distances from arteries to veins. In the studies 

described in Chapter 6 we attempt to overcome this limitation by performing a more extensive 

and less biased analysis of the radial geometry of artery-vein pairs, using light microscopy. 

Importantly, the light microscope and micro-CT methods provided a similar profile of 

changes in diffusion distance with changes in arteriolar caliber (Fig. 5.9). However, we did 

not generate any observations of arteries with a diameter greater than 300 µm using light 

microscopy, providing an explanation for the apparent discrepancy between the two data sets.  

An additional limitation of the dataset of Nordsletten et al arises from the fact that the vessels 

have been rendered in such a way that their profiles were assumed to be circular (15). 

Consequently, some values for lumen-to-lumen distance were negative. In reality, the lumen-

to-lumen distance between arteries and veins cannot be less than zero. Thus the light 

microscope provides a less biased estimate of diffusion distance than does the micro-CT 

analysis. As briefly described above, the program used for analysis of the micro-CT data did 

not measure the absolute diffusion distance between arteries and veins. Rather the algorithm 

calculated the lumen-to-lumen distance based on vessel diameter and center-to-center 

distances. Thus, due to the method by which the lumen-to-lumen distances were calculated, 

we can expect that the micro-CT analysis to be associated with some error (Fig. 5.8). 

Although the estimates of lumen-to-lumen distances have some error, the estimates of center-

to-center distances should not. The fact that both analyses generated a similar U-shaped 

relationship between arterial diameter and diffusion distances provides some confidence in 

our conclusions. Overall, while both methods (light microscopy and micro-CT) have their 

limitations, when taken together, they provide us with growing confidence that the spatial 

relationship between arteries and veins changes considerably throughout the renal circulation.  

Nevertheless, it should be possible to generate micro-CT data sets in which information about 

the radial geometry of artery-vein pairs is retained. This issue is addressed in the studies 

described in Chapter 9 of this thesis. 
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5.5.7 Implications for a mathematical model of oxygen transport in the 

kidney 

In Gardiner et al’s (7) one-dimensional mathematical model, a constant ‘shunting coefficient’ 

was applied across all branch levels of the renal circulation, based on the assumption 

assuming that the artery-vein diffusion barrier is constant throughout the circulation. This 

assumption is not appropriate as our studies demonstrate that the barriers to diffusion vary 

along the renal circulation. By removing this assumption, and instead integrating the various 

degrees of spatial association between artery-vein pairs, it should be possible to generate more 

precise estimates of the magnitude of shunting that occurs between artery-vein pairs on the 

basis of their specific spatial geometry. Based on the data generated from the current study, a 

two-dimensional model was developed which showed the profound effects of wrapping and 

diffusion distance on oxygen flux between artery-vein pairs (7). Therefore, there is a need to 

generate data that can be used to construct a pseudo three-dimensional (3D) model, which is 

the aim of the experiments and studies described in Chapters 6 and 7 of this thesis. 

5.6 SUMMARY AND CONCLUSIONS 
In our current study, we examined the diffusion distances between arteries and veins in the 

kidney through histologically stained kidney sections and light microscopy. An analogous 

analysis was conducted using data generated by micro-CT (15) and the findings using the two 

methods were compared. A U-shaped relationship was found between arterial diameter and 

diffusion distance. Taking the two analyses together, we believe these data provide evidence 

that the nature of the barriers to diffusion of oxygen from arteries to veins changes along the 

course of the cortical circulation. This phenomenon is likely to have a profound impact on the 

nature of the vascular elements where the bulk of AV oxygen shunting occurs. The data 

generated in this study are not in a form that would allow them to be incorporated into a 

pseudo-3D model of AV oxygen shunting. The overall aim of the studies described in 

Chapters 6 and 7 was to generate data that can be used in this manner. 
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Ngo JP, Kar S, Kett MM, Gardiner BS, Pearson JT, Smith
DW, Ludbrook J, Bertram JF, Evans RG. Vascular geometry and
oxygen diffusion in the vicinity of artery-vein pairs in the kidney. Am
J Physiol Renal Physiol 307: F1111–F1122, 2014. First published
September 10, 2014; doi:10.1152/ajprenal.00382.2014.—Renal arte-
rial-to-venous (AV) oxygen shunting limits oxygen delivery to renal
tissue. To better understand how oxygen in arterial blood can bypass
renal tissue, we quantified the radial geometry of AV pairs and how
it differs according to arterial diameter and anatomic location. We
then estimated diffusion of oxygen in the vicinity of arteries of typical
geometry using a computational model. The kidneys of six rats were
perfusion fixed, and the vasculature was filled with silicone rubber
(Microfil). A single section was chosen from each kidney, and all
arteries (n ! 1,628) were identified. Intrarenal arteries were largely
divisible into two “types,” characterized by the presence or absence of
a close physical relationship with a paired vein. Arteries with a close
physical relationship with a paired vein were more likely to have a
larger rather than smaller diameter, and more likely to be in the
inner-cortex than the mid- or outer cortex. Computational simulations
indicated that direct diffusion of oxygen from an artery to a paired
vein can only occur when the two vessels have a close physical
relationship. However, even in the absence of this close relationship
oxygen can diffuse from an artery to periarteriolar capillaries and
venules. Thus AV oxygen shunting in the proximal preglomerular
circulation is dominated by direct diffusion of oxygen to a paired vein.
In the distal preglomerular circulation, it may be sustained by diffu-
sion of oxygen from arteries to capillaries and venules close to the
artery wall, which is subsequently transported to renal veins by
convection.

arterial-to-venous oxygen shunting; arteries; blood vessels; counter-
current diffusion; hypoxia; oxygen transport to tissue

EVIDENCE FROM EXPERIMENTAL (25, 40, 47) and computational
(14, 15) studies indicates that diffusional shunting of oxygen
from arteries to veins acts to limit oxygen delivery to the renal
cortex. The results of a one-dimensional computational model
of arterial-to-venous (AV) oxygen shunting indicate that this
phenomenon is quantitatively significant, being on the same
order of magnitude as total oxygen consumption under normal
physiological conditions (14). The adaptive feature of renal
AV oxygen shunting may be that it acts as a structural antiox-

idant defense mechanism. That is, by limiting oxygen delivery
to renal tissue it may prevent cortical tissue hyperoxia, and thus
oxidative stress, that would otherwise occur due to the high
level of renal blood flow (33, 34). However, it likely also
renders the renal cortex susceptible to hypoxia when renal
oxygen delivery is threatened by ischemia or hemodilution
(14). In the kidney, AV oxygen shunting is facilitated by the
intimate spatial association of arteries and veins, characterized
by the walls of some veins partially enveloping the arterial wall
(33, 34). Herein, we define this phenomenon as “wrapping.”

AV oxygen shunting also has the potential to limit oxygen
delivery to the renal medulla, if a significant amount of oxygen
is shunted in arterial vessels that supply oxygen to the renal
medulla (interlobar, arcuate and proximal interlobular arteries,
and/or juxtamedullary glomerular arterioles) (11). It was as-
sumed that most oxygen shunting occurs in the outer cortex,
beyond the point where the arterial supply to the medullary
circulation diverges from that of the bulk of the renal cortex
(40). This assumption has been based on the fact that the
surface area for diffusion of oxygen from arteries increases
exponentially along the course of the renal circulation (30, 40).
However, the factors that govern diffusion of oxygen between
intrarenal arteries and veins and the renal parenchyma have not
been quantified, so this assumption cannot be justified based on
current knowledge.

We recently developed a two-dimensional (2D) computa-
tional model of diffusion of oxygen in the vicinity of a single
artery-vein pair in cross section, in which we could alter
geometric and other factors that might influence oxygen trans-
port (15). The model predicted that four factors, associated
with the spatial geometry of artery-vein pairs, have major
effects on the diffusion of oxygen from paired arteries and
veins. These are 1) the distance separating the lumen of the
artery from the lumen of the vein, 2) the proportion of the vein
wall that wraps around the wall of the artery (wrapping), 3) the
thickness of the artery wall and associated adventitia, and 4)
the presence of oxygen sinks (capillaries or tubules) between
the artery and vein walls. Qualitative analysis of the spatial
arrangements of arteries and veins in the renal cortex indicated
that these factors change along the course of the renal circu-
lation, in a way that might promote diffusional oxygen shunt-
ing in more proximal vascular elements. However, such qual-
itative information cannot be used as the basis for predicting

Address for reprint requests and other correspondence: R. Evans, Dept. of
Physiology, PO Box 13F, Monash Univ., Victoria 3800, Australia (

Am J Physiol Renal Physiol 307: F1111–F1122, 2014.
First published September 10, 2014; doi:10.1152/ajprenal.00382.2014.

1931-857X/14 Copyright © 2014 the American Physiological Societyhttp://www.ajprenal.org F1111



the relative quantities of oxygen shunting along the course of
the preglomerular circulation.

In the current study, we performed a quantitative analysis of
the spatial association of arteries and veins in the renal cortex.
We determined how the four factors identified by computa-
tional modeling (15), that determine diffusion of oxygen from
arteries to veins and the renal parenchyma, change along the
course of the renal circulation. Specifically, we determined the
diffusion (separation) distance between an artery and its closest
vein, as well as the degree to which the venous wall surrounds

the artery (termed wrapping throughout the paper). We then
used a computational model to determine the pathways of
oxygen diffusion in the vicinity of typical artery-vein pairs.

METHODS

Anatomic Observations

Animal ethics. All procedures involving animals were approved by
the Animal Ethics Committee of the Monash University School of
Biomedical Sciences and were in accordance with the Australian

Fig. 1. Representative micrographs of renal tissue in
which the vasculature was visualized by Microfil.
Images on the left-hand side are of lower power.
Images on the right-hand side are higher power images
of the outlined areas in the panels on the left-hand
side. A and B: artery-vein pair typical of that for
arteries of diameter !100 "m. C–F: typical ar-
rangements of arteries with diameters #100 "m. B
demonstrates that larger artery-vein pairs are void of
any tubular or capillary elements between the pair.
Note, however, the presence of lymphatic vessels. D
and E demonstrate that smaller arteries often have
tubular and capillary elements between the artery-
vein pair. G–J: Microfil in glomerular capillaries
and vasa recta. A, artery; V, vein.
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Code of Practice for the Care and Use of Animals for Scientific
Purposes.

Preparation of tissues for morphometric analyses. Male Sprague-
Dawley rats (250–300 g) were anesthetized with pentobarbital sodium
(60 mg/kg ip). A large-bore catheter was inserted into the aorta below
the level of the kidneys. Heparin (50 IU, Pfizer, West Ryde, NSW,
Australia) was then administered, and the kidneys retrogradely per-
fused at physiological pressure. The kidneys were first cleared with
phosphate buffer (0.2 M) containing sodium nitroprusside (0.24 mg/
ml) and then perfusion fixed with Karnovsky’s fixative (4% parafor-
maldehyde and 4% glutaraldehyde in 0.2 M phosphate buffer). Once
fixed, the kidneys were filled with Microfil compound (MV-122; Flow
Tech) at a rate of 1 ml/min. Once 10–12 ml of Microfil had been
infused, the renal artery and vein were ligated and the kidneys
removed and immersed in fixative overnight at 4°C.

Sampling of renal tissue. Following overnight fixation, both kid-
neys were decapsulated, weighed, and prepared for slicing. In brief,
kidneys were embedded in 2% agarose gel and sliced into 1.25-mm
slices using a slicing device (3, 18), generating 10–20 slices/kidney.
Three kidneys were sliced perpendicular to the longitudinal axis in
the sagittal plane. Another three kidneys were sliced along the
longitudinal axis. Left and right kidneys were used in an alternat-
ing fashion so that not all right/left kidneys were sliced in the same
direction. This approach minimized bias in our sampling method.
Whole kidney volume was estimated from these slices using
Cavalieri’s principle (32).

Kidney slices were numbered in order and separated into “odd”
slices and “even” slices. All morphometric analyses were carried out
on the slices in the odd group. One slice from the odd group of each
kidney was systematically chosen, processed, and embedded for
morphometric analyses. For the kidneys sliced in the sagittal plane,
the three options were odd slices numbered 1, 5, and 9. For the
kidneys sliced along the longitudinal axis, the three choices were
slices numbered 1, 3, and 5. Once a slice was chosen from one kidney,
the same option (e.g., slice 1) was omitted from the other kidneys so
that that slice number would not be chosen again. Thus morphometric
analyses were carried out on sections obtained from one of three
different areas of the kidney. That is, a slice near the edge of the
kidney, a slice near the midline, and a slice in an intermediate position
in each of the two planes, generating six slices in total.

Whole kidney slices were embedded in glycolmethacrylate (Tech-
novit 7100; Heraeus Kulzer, Wehrheim, Germany), sectioned at 3
!m, and stained with hematoxylin and eosin. Sections were scanned
with Aperio Scan Scope (Aperio, Vista, CA), providing a digital
representation of the entire section. Representative images are shown
in Fig. 1.

Morphometric studies. Morphometric studies were carried out
using Image Scope (v. 11.2.0.780, Aperio Technologies), a digital
slide viewer. All arteries within each section were identified and
labeled. For each artery, we manually measured arterial diameter,
the shortest diffusion distance from the artery to its nearest vein,
the percentage of the arterial adventitia in direct contact with the
vein wall (wrapping), the thickness of the adventitia around the
artery (shortest width), the thickness of the arterial wall, the shortest distance
from the artery to its nearest artery, and the diameter of this second
artery.

Analysis of spatial relationships of artery-vein pairs by region of
the kidney. In conjunction with our analyses by arterial diameter, we
also analyzed the spatial geometry of artery-vein pairs in terms of
their anatomic location within the kidney. Of the six kidney sections
used in our morphometric analyses, four of these, which had a distinct
medulla, were used in this analysis. The two kidney sections that
contained only cortical tissue were not included.

For each of the four kidney sections, the corticomedullary junction
was identified (22, 24). In brief, juxtamedullary glomeruli were
identified as glomeruli located closest to the medulla. Using these
glomeruli, as well as the large arteries situated nearby and the overall

shape of the kidney section as a guide, a line of best fit was drawn
manually. The region from this line to the surface of the cortex was
then divided into thirds, outer cortex, midcortex, and inner cortex,
while the region inward of this line was defined as the corticomedul-
lary region. All arteries that were intersected by a line were assigned
to the region that was closer to the medulla rather than the cortical
surface.

Statistical methods. Continuous data were summarized as group
means " SE, together with group size (n). Continuous variables were
analyzed by one-way ANOVA, followed by the Tukey-Kramer test
for all possible pairwise contrasts (to control the type I error rate) (27).
Categorical variables were analyzed by the exact Cochran-Armitage
test for trends (2, 8). To protect against excessive type I error, P values
were adjusted by the Ryan-Holm step-down Bonferroni procedure
(26). Analyses were performed with either SYSTAT v.13 (Systat, San
Jose, CA) or StatXact v.9 (Cytel Software, Cambridge, MA). Two-
sided P ! 0.05 was considered statistically significant.
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Fig. 2. Characteristic cross sections of tissue in the vicinity of an artery. The
figure displays typical arrangements for a large “wrapped” artery [internal
diameter (DA) # 89 !m; A], a large “not-wrapped” artery (DA # 133 !m; B),
a small wrapped artery (DA # 25 !m; C), and a small not-wrapped artery (DA # 18
!m; D). A and V denote arteries and veins, respectively. The zones containing
capillaries or venules are demarcated by red lines. The minimum luminal wall
separation distances (diffusion distances) between the main artery and vein are
7 !m (A), 149 !m (B), 5 !m (C), and 71 !m (D).
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Computational Modeling

Utilization of anatomic information. We have previously used
computational methods to investigate the impact of the microanatomy
of artery-vein pairs on AV oxygen shunting and oxygen transport in
the parenchyma surrounding an artery-vein pair (15). However, the
anatomic configurations of artery-vein pairs and the patterns of dis-
tribution of parenchymal oxygen sinks (tubules and capillaries) in the
earlier study were highly idealized (15). In the current study, we
generated more physiologically relevant information by simulating
oxygen diffusion in an actual representation of the microanatomy of
an artery-vein pair and its associated oxygen sinks. We selected four
representative images (Fig. 2) on the basis that they represented large
wrapped (Fig. 2A), large not-wrapped (Fig. 2B), small-wrapped (Fig.
2C), and small not-wrapped arteries (Fig. 2D). An additional criterion
was that the chosen arteries were nearly circular, indicating that the
plane of section was perpendicular to the plane of the artery. The
histological images clearly show the heterogeneous distribution of
capillaries and venules (red boundaries) and tubule segments across
the parenchyma.

The selected images were imported to an image-processing
software (GIMP v2.8), and the boundaries of the arteries, veins,
capillaries/venules and tubule segments were traced. The traced
images were converted into a vector format to make them com-
patible with the finite-element computer software used for model-
ing the oxygen transport process (COMSOL Multiphysics, v. 4.2,
COMSOL, Burlington, MA). Specifically, the vector format con-
version was performed using a raster-to-vector conversion program
(Magic Tracer V 2.0.012, Elgorithms, Pryor, OK). During the
vector conversion process, the cross-sectional areas of putative
capillaries (i.e., small vessels containing Microfil) !50 "m2 were
adjusted to 50 "m2. Small vessels containing Microfil, but with
cross-sectional areas #150 "m2, were designated as venules due to
their relatively high ratio of luminal diameter to vascular wall
thickness, a characteristic that distinguishes venules from capillar-
ies (39). The images imported into the computational domain were
scaled to match the dimensions calculated from the scales in the
captured photomicrographs (Fig. 2).

Computational model. Details of the 2D model of oxygen transport
between artery-vein pairs have been described previously (15). Oxy-
gen transport across a cross section of renal tissue located in a
Cartesian 2D (x, y) plane is a combination of diffusion and consump-
tion and can be mathematically represented by a diffusion equation
with a source/sink term:

D! !2c

!x2 "
!2c

!y2" # S (1)

In Eq. 1, c (mol/m3) denotes the concentration of free oxygen. It is related
to the partial pressure of oxygen (PO2; mmHg) by the following equation

c # $PO2 (2)

where $ is the solubility coefficient of oxygen (mol·m%3·mmHg%1),
which was assumed to be constant (Table 1), D (m2/s) is the effective
diffusion coefficient of oxygen across the renal tissue, and S
(mol·m%3·s%1) represents either oxygen generation (S # 0) or oxygen
consumption (S ! 0).

Model parameters. The values of the geometrical and transport
parameters used in the computational analysis are shown in Table 1.
The source term S is set to a fraction of V̇O2 in the tubule segments,
depending upon the aspect ratio of the tubule cross section as shown
in Fig. 3. The aspect ratio of the individual tubule cross sections
depends on the angle of the sectioning plane relative to the orientation
of the tubular lumen. In most cases, not all capillaries servicing an
obliquely cut tubule appear in the tissue slice (see circular tubule
labeled T1 and oblique tubule labeled T2 in Fig. 3A). This is due to the
tortuosity of capillaries and tubules located in the renal cortex (1, 46).
A second consideration, on which we based the reduction in V̇O2 with
respect to the aspect ratio of the tubules, is shown in Fig. 3. The
schematic in Fig. 3 shows that oblique sectioning of parallel capillar-

Table 1. Model parameters

Parameter Values and Units Reference(s)

Arterial PO2 (PO2A) 85 mmHg 47
Venous PO2 (PO2V) 52 mmHg 14, 47
Capillary PO2 (PO2cap) 50 mmHg 47
Renal tissue oxygen diffusion

coefficient (D) 2.8 & 10%9 m2/s 5, 6, 15
Oxygen solubility ($) 1.34 & 10%3

mol !m%3 !mmHg%1
14

Tubule oxygen consumption
rate (V̇O2) 0.103, mol !m%3 ! s%1 14, 15

Capillary oxygen tension (PO2cap) should have a value in between the PO2 of
afferent (55 mmHg) (14) and efferent (45 mmHg) (47) arteriolar PO2. As a
conservative estimate, we chose PO2cap to be the average of the reported PO2 in
the afferent and efferent arteriole. This is consistent with experimentally
measured microvascular PO2 in the rat renal cortex (31).
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Fig. 3. Theoretical effects of the plane of sectioning on estimation of the metabolic
oxygen demand of tubules. A: effect of orientation of the sectioning plane (dotted lines)
on the 2-dimensional (2D) cross-sectional geometry of tubules (black boundaries) and
capillaries (red boundaries). Also shown is an actual photomicrograph of a typical
cortical tissue slice. As the plane of sectioning becomes steeper with respect to the
horizontal, the capillary adjoining the tubule only services a fraction of the tubular
epithelium. This can lead to a gradient in oxygen tension (normoxic: red, hypoxic:
blue/green/yellow) along the tubular epithelium. The gradient in the tubular oxygen
tension is minimized by oxygen supply from a capillary located outside the sectioning
plane (green arrow). T1 and T2 in the photomicrograph show the 2D representation of
a circular and oblique proximal tubule, respectively. Capillaries are virtually absent in
the vicinity of T2 indicating that it was obtained by sectioning of a tortuous segment of
the tubule. Consequently, the contribution of individual capillaries in the 2D field to the
delivery of oxygen to the tubule is only a fraction of total tubule oxygen demand (V̇O2)
defined in Table 1. This fraction becomes smaller as the aspect ratio of the tubule
becomes greater, as shown in B.
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ies and tubules increases the mass transfer distance of oxygen from
the capillary to the tubular epithelium. The mass transfer distance
increases with an increase in the aspect ratio of the tubules. In such
cases, the capillaries captured in the sectioning plane only service a
fraction of the tubular epithelium. The rest of the tubular epithelium
is serviced by a capillary located outside the sectioning plane (green
arrow in Fig. 3).

Allocating a fraction of V̇O2 along the epithelium of oblique tubules
corrects the net imbalance between the oxygen sources and sinks in a
2D representation of the actual 3D geometry. For perfectly horizontal
sectioning planes, the capillary can service the entire tubular epithe-
lium. Therefore, a capillary can service tubular epithelium located at
distances below or equal to the actual tubule diameter. The larger
diameter of oblique tubular sections prevents oxygen in the capillary,
captured in the 2D plane, servicing the entire tubular epithelium. The
increase in the tubular cross-sectional diameter is dependent on the
cosine of the angle (!) of the sectioning plane relative to the horizontal.
Under such circumstances, it is reasonable to assume that the capillary
cross section captured in the 2D micrographs only contributes a
fraction of the metabolic oxygen demand (V̇O2) of the tubule, as
shown in Fig. 3B. The tortuous segments of tubules and their servicing
peritubular capillaries demonstrate a high degree of geometrical
complexity in 3D (46). This makes it difficult to correlate the aspect
ratio and V̇O2 for tubules obtained by sectioning of tissue along the
tortuous segments of the tubules. In such cases, we assume that the
relationship between V̇O2 and tubule aspect ratio in Fig. 3B is a
reasonable approximation. For other elements, within the tissue (ex-
cluding the cross sections of tubules), S was set to zero. This decision
was based on the fact that "80% of the oxygen consumed within the
kidney under physiological conditions is used to power tubular so-
dium reabsorption (13). V̇O2 (mol·m#3·s#1) thus represents the rate of
oxygen consumption by the tubular epithelium.

Boundary conditions. A zero-flux condition was applied along the
boundary of the tissue image (Fig. 2), assuming spatial repetition of
the tissue geometry. The radius of each image in Fig. 2 was set at half
the average distance between arteries of that size and the nearest
artery (Table 2). Therefore, each image approximates the area of
influence, on diffusive transport of oxygen to the tissue, of the
artery-vein pair depicted in it. We propose that such areas of influence
are periodically repeated throughout the renal parenchyma. Conse-
quently, a no-flux boundary condition is reasonable. The concentra-
tion of oxygen at the boundaries of the artery, vein, and capillaries
was set at cA, cV, and ccap, respectively (Table 1). It was assumed that
the oxygen is radially well mixed within the blood vessels (artery,
vein, and capillaries) and no oxygen concentration gradients exist
within these vessels.

Numerical solution. The governing equations pertaining to the four
models with the appropriate boundary conditions were solved numer-
ically using COMSOL Multiphysics. The “fine” meshing scheme as
defined by the “physics-control” settings was used for all the simu-
lations. This resulted in generation of 21,172, 73,208, 12,778, and
29,412 mesh elements for the computational domains generated from
processing the photomicrographs represented in Fig. 2A, B, C, and D,
respectively. The relative accuracy for all simulations was set at
0.0001.

RESULTS

Anatomic Observations

Kidney weight and volume. The weight of the six kidneys
processed for morphometry averaged 1.83 $ 0.06 g (range %
1.55–1.94 g). Their volume averaged 1,671 $ 94 mm3 (range %
1,480–2,095 mm3).

Microfil as a means of identifying the renal vasculature.
Microfil could be seen as dark brown staining inside the lumen
of most arteries, glomerular and peritubular capillaries, vasa
recta, and venules (Fig. 1). Microfil was often not seen in larger
veins, presumably reflecting incomplete filling of the vascula-
ture. Nevertheless, these veins were easily identified because of
their thin walls. Thus we were able to easily distinguish
between the vascular and tubular elements in the renal cortex
and medulla.

Characteristics of arteries. A total of 1,628 arteries from 6
kidneys were analyzed. The lumen diameter of arteries in the
juxtamedullary and inner cortical region tended to be &40 'm
(Table 2), consistent with a predominance of interlobar (&200
'm), arcuate (&100 'm), and proximal interlobular (&60 'm)
vessels in these regions (19, 42). The lumen diameter of
arteries in the mid- and outer cortex tended to be (25 'm,
consistent with the tapering of interlobular arteries as they
extend toward the cortical surface, to a diameter of "30 'm at
the terminal segment (19) and 10–25 'm at the level of
afferent and efferent arterioles (10). As described previously
(42), the thickness of the arterial wall and associated adventitia
progressively diminished as vessel diameter reduced (Table 2).
Consistent with the relatively thin arterial wall of all vessels
studied (29), there was little evidence of vasa vasorum. The
mean distance to the nearest artery varied according to both

Table 2. Characteristics of arteries according to internal diameter and anatomic region

Mean Arterial Diameter, 'm Arterial Wall,* 'm Adventitia, 'm

Total Wall Thickness
(Arterial Wall and
Adventitia), 'm

Distance to Nearest
Artery, 'm

Smallest arterial diameter, !m

(20 (n % 810) 14.03 $ 0.15a 2.32 $ 0.08a 1.64 $ 0.07a,b 3.97 $ 0.11a 167.54 $ 4.93a

20–49.9 (n % 561) 29.47 $ 0.36b 2.25 $ 0.06a 1.39 $ 0.06a 3.65 $ 0.11a 147.48 $ 5.79b

50–99.9 (n % 210) 66.16 $ 0.87c 3.04 $ 0.12b 1.87 $ 0.13b 4.91 $ 0.21b 185.24 $ 11.76a,b

&100 (n % 45) 166.52 $ 11.22d 5.73 $ 0.46c 4.22 $ 0.54c 9.95 $ 0.77c 231.24 $ 38.88a,b

Region of the kidney

CM (n % 147) 57.46 $ 6.46a 3.93 $ 0.35a 2.22 $ 0.16a 6.15 $ 0.44a 176.20 $ 16.75a

IC (n % 226) 41.15 $ 2.04b 2.86 $ 0.10b 1.99 $ 0.14b 4.85 $ 0.19b 198.30 $ 12.50b

MC (n % 429) 21.45 $ 0.70c 2.46 $ 0.11b,c 1.96 $ 0.14c 4.41 $ 0.18b,c 172.40 $ 6.61c

OC (n % 243) 16.26 $ 0.51d 2.30 $ 0.15c 1.65 $ 0.08d 3.76 $ 0.13c 191.10 $ 10.39d

Values are means $ SE of mean arterial diameter, mean thickness of the arterial wall (media and endothelium only)*, and associated adventitia, as well as
the mean distance to the nearest artery. Arteries were partitioned by vessel diameter and by anatomic region of the kidney. Letters represent bins of arterial
diameter or region of the kidney for which the independent variables did not differ significantly (Tukey’s test). CM, corticomedullary; IC, inner cortex; MC,
midcortex; OC, outer cortex.
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arterial diameter and anatomic location (Table 2). Across all
arteries, this distance averaged 164.6 ! 3.7 "m.

Spatial relationships between arteries and veins in the renal
cortex. Visual inspection of the range of spatial arrangements
of artery-vein pairs confirmed the finding of our previous
qualitative analysis (15) that larger arteries tend to be more
closely associated with their corresponding veins than are
smaller arteries (Fig. 1). Capillaries or tubules were rarely
found between these larger artery-vein pairs. In most cases,
only adventitia separated the larger artery/vein pairs (Fig. 1B).
Smaller arteries were more often found at longer distances
from their veins, with tubules and capillaries in between the
artery-vein pair (Fig. 1, C–F).

The scattergram plotting artery-vein diffusion distance
against arterial diameter was L-shaped. That is, the diffusion
distances for arteries of a diameter !100 "m were uniformly

short (#100 "m) whereas there was considerable variation in
the diffusion distances for smaller vessels (Fig. 4A). On aver-
age, large arteries had shorter diffusion distances than smaller
arteries (Fig. 5A). The distribution of artery-vein diffusion
distances progressively shifted to longer distances as arterial
diameter reduced (Fig. 5B). For example, 89.4% of arteries
!50 "m in diameter were closer than 50 "m to the nearest
vein, whereas this was the case for only 28.3% of arteries #20
"m in diameter.

Arteries located in the corticomedullary and inner cortical
regions tended to be relatively large and close to their corre-
sponding veins. Arteries found in the mid- and outer cortex
tended to be small and more distant to the closest vein (Fig. 4,
A and B). For example, 63.3% of arteries found in the corti-
comedullary and inner cortical regions had diffusion distances
of #50 "m, whereas this was the case for only 37.9% of
arteries found in the mid- and outer cortex (Fig. 4C).

When analyzed by vessel caliber, arteries with diameters
$200 "m consistently displayed a close physical relationship
with their corresponding vein. That is, at least part of the
arterial wall was wrapped by the corresponding vein (Fig. 6A).
Consequently, the diffusion distance between the arterial and
venous lumen was short. On average, the proportion of arterial
wall wrapped by the vein progressively decreased from the
larger to smaller vessels (Fig. 7A). Consistent with this finding,
our frequency analysis showed that larger vessels were more
likely to be wrapped by a vein than were smaller vessels (Fig.
7B). For example, 33.3% of arteries of diameter $100 "m had
30% or more of their wall wrapped by the vein, while this was
the case for only 6.0% of arteries of diameter #50 "m.

Fig. 4. Distance between the arterial and venous lumens as a function of
arterial diameter in various regions of the kidney. A: scattergram in which
measurements are plotted against arterial diameter. The various colors repre-
sent the 4 different regions of the kidney: corticomedullary (CM), inner cortex
(IC), midcortex (MC), outer cortex (OC). B: independent variable is bins of the
4 regions of the kidney. Values are means ! SE. C: relative frequencies of
diffusion distances in each of the 4 regions of the kidney. The same lower case
letters represent bins of anatomic region for which diffusion distance (Tukey’s
test; B) or percentage frequency of categories of diffusion distance (Cochran-
Armitage test for trends; C) did not differ significantly.

Fig. 5. Distance between the arterial and venous lumens as a function of
arterial diameter. A: independent variable (arterial lumen diameter) is
binned into 4 categories: #20, 20 – 49.99, 50 –99.99, and $100 "m. Values
are means ! SE. B: dependent variable is binned into ranges of diffusion
distance. The statistical analysis is as for Fig. 4.
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Arteries found at the corticomedullary and inner cortical re-
gions had a greater proportion of their profile surrounded by
the vein than did those in the mid-and outer cortex (Fig. 6). For
example, 16.9% of arteries found in the corticomedullary and
inner cortical regions had their profiles wrapped by 30% or
more, while this was the case for only 4.3% of arteries in the
mid- and outer cortex (Fig. 6C).

We performed a separate analysis in which the data were
partitioned according to whether any of the arterial profile was
wrapped by a vein (Fig. 8). The arteriovenous diffusion dis-
tance was approximately 10-fold less for those arteries
wrapped to any extent by a vein, than for “not wrapped”
arteries. Furthermore, the relationship between arterial diame-
ter and diffusion distance, seen when the data were amalgam-
ated (Fig. 5), was completely lost when the data were parti-
tioned into wrapped and not-wrapped vessels (Fig. 8, A and B).
Similarly, the variation in diffusion distance by anatomic
region (Fig. 6) was also largely lost when the data were
partitioned in this way (Fig. 8, C and D). A scatterplot of
arteriovenous diffusion distance against the proportion of
wrapping for individual artery-vein pairs showed that the data
clustered into two distinct categories of 1) wrapped vessels,
which by definition have short arteriovenous diffusion dis-

tances; and 2) not-wrapped vessels with consistently long
diffusion distances (Fig. 9). Both “types” of arteries can have
large or small diameters, and can be present in any region of
the cortex. However, the proportion of vessels of the two types
varies with arterial diameter and cortical region.

Computational Modeling

Spatial variations in renal tissue PO2. As would be expected,
our simulations of PO2 in the vicinity of the four typical
artery-vein pairs shown in Fig. 2 demonstrated, in all cases, a
region of high PO2 (60–82 mmHg) around the artery (Fig.
10A). Oxygen diffuses from this region to nearby tubules,
veins, venules, and capillaries. The PO2 in the tubules outside
the region of high PO2 varied from 40 to 50 mmHg. The
slightly lower PO2 in the periphery of the field around the larger
AV pairs is due to a lesser capillary density around the larger
arteries, which we have previously quantified (15). The pre-
dicted PO2 in the capillaries and their immediate vicinity was
!50 mmHg. The range of tissue PO2 predicted by our model is
consistent with that measured experimentally (12, 47, 48).

Oxygen flux in the vicinity of artery-vein pairs. Consistent
with an area of relatively high PO2 around all four typical
artery-vein pairs, there was significant flux of oxygen from the
artery in all cases (Fig. 10B). The oxygen flux from the artery
was greatest when there were nearby veins, venules, and
capillaries, as shown by the presence of red (high flux) and pale
blue (moderate flux) “sparks” around the artery against the
dark blue (low flux) background of the renal parenchyma (Fig.
10C). The oxygen flux from wrapped arteries was mainly to the
closely associated vein. The oxygen flux from not-wrapped
arteries was mainly to capillaries and venules in the immediate
vicinity of the artery (compare Figs. 2 and 10, B and C).

Fig. 6. Proportion of the arterial lumen wrapped by the venous wall in various
regions of the kidney. A: scattergram in which all measurements were plotted
against arterial diameter. The various colors represent the 4 different regions of
the kidney: CM, IC, MC, and OC. B: independent variable is binned into the
4 regions of the kidney. Values are means " SE. C: relative frequencies of the
proportion of the arterial profile wrapped in each of the 4 regions of the kidney.
Statistical analysis is as for Fig 4.

Fig. 7. Proportion of the arterial lumen wrapped by the venous wall as a
function of arterial diameter. A: independent variable (arterial lumen diameter)
is binned in 4 categories: #20, 20–49.9, 50–99.9, and $100 %m. B: relative
frequencies of the proportion of the arterial profile wrapped in each of the 4
regions of the kidney. Values are means " SE. The statistical analysis is as for
Fig 4.
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Consistent with the predictions from our earlier simulations of
oxygen fluxes from idealized artery-vein pairs (15), a signifi-
cant flux of oxygen from an artery to its closest vein (i.e., AV
oxygen shunting) was only observed when at least some of the
wall of the artery was wrapped by the wall of the vein (Fig.
11A).

The analysis described above has an important limitation.
The results of the simulation shown in Fig. 11A are based
on the (unrealistic) assumption that all of the oxygen that
diffuses from arteries to nearby capillaries and venules will
diffuse back into the tissue further downstream. However, it is
likely that some proportion of the oxygen that diffuses from
arteries to capillaries, and an even larger proportion of the
oxygen that diffuses to venules, will instead be transported to
veins by convection. The results of the simulation shown in
Fig. 11B are based on the (unrealistic) assumption that all of
the oxygen that diffuses from arteries to nearby capillaries and
venules is transported to veins by convection. Under these
theoretical conditions, wrapped and not-wrapped arteries show
similar patterns and magnitudes of oxygen flux (Fig. 11B).
When this flux is added to that which occurs directly to the
paired vein, significant AV oxygen shunting is observed in all
four examples, regardless of whether the artery is wrapped or

not-wrapped (Fig. 11B). The real answer must lie somewhere
between these two extreme examples.

Our analysis also indicates that AV oxygen flux is greater
(!2-fold), and oxygen flux from vein to tissue is greater
(!5-fold, although still negligible) for larger (50–150 "m)
than smaller (#50 "m) arteries. The oxygen flux from arteries
to the tissue is similarly greater (!2-to 5-fold) for larger
(50–150 "m) than smaller (#50 "m) arteries.

DISCUSSION

Previously, we developed a 2D computational model of
oxygen flux between artery-vein pairs of idealized geometry
(15). Simulations derived from this model provided evidence
that diffusion of oxygen from an artery to its paired vein can
only be of significant magnitude if the arteriovenous diffusion
distance is short (i.e., #50 "m) and at least some of the arterial
wall is wrapped by the venous wall (15). Our current anatomic
observations indicate that artery-vein pairs with these charac-
teristics are present throughout the preglomerular circulation.
However, such close physical relationships between arteries
and veins were observed in a much greater proportion of larger
arteries than smaller arteries, and arteries in the inner cortex
and juxtamedullary region rather than the mid- or outer cortex.
Thus conditions required for oxygen to diffuse directly from an
artery to its associated vein appear to be predominantly ob-
served in segments of the preglomerular circulation proximal
to the divergence of the medullary and cortical circulations.
However, our current model simulations provide evidence of
another route via which oxygen in renal arterial blood could be
shunted to renal venous blood, even in the absence of a close
physical relationship between artery-vein pairs. That is, in both
small and large arteries that are not wrapped by a vein of
similar size, oxygen appears to diffuse to peritubular capillaries
and venules in the vicinity of the artery. Some of this oxygen
is likely to be delivered to veins by convection. The distinction
between wrapped and not-wrapped arteries may therefore not

Fig. 8. Diffusion distance for not-wrapped (A and C) and
wrapped (B and D) arteries of various sizes and regions of the
kidney. A and B: data binned by arterial diameter. C and D:
data binned by anatomic region: CM, IC, MC, and OC.
Values are means $ SE. The statistical analysis is as for Fig.
4 (Tukey’s test).

Fig. 9. Scattergram of diffusion distance against proportion of wrapping (%)
for arteries in various regions of the kidney.
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be as important as we initially proposed (15). Thus anatomic
conditions favorable to AV oxygen shunting may be present
throughout the cortical circulation. We propose that in more
proximal vessels, mainly those common to the cortical and
medullary circulations, AV oxygen shunting may be domi-
nated by direct diffusion of oxygen from an artery to its closely
associated vein. In more distal parts of the cortical circulation,
mainly after its divergence from the medullary circulation,
oxygen shunting may be dominated by diffusion of oxygen
from arteries to capillaries and venules.

Our current anatomic observations confirm and extend those
of our previous study (15). In that study, we measured arterio-
venous diffusion distance by light microscopy in a relatively
small sample of 82 artery-vein pairs. This approach was
limited both in terms of the small sample size and by the fact
that identification of veins was hindered by the lack of a
method to specifically label all vascular elements. To over-
come the limitation of sample size, our previous study also
employed the data set generated by Nordsletten and colleagues
(30) from microcomputed tomography of the vasculature of a
rat kidney that had been filled with Microfil. This allowed us to
determine arteriovenous diffusion distances across 5,260 ves-
sel profiles. However, these data were limited both because of
the potential confounding effects of shrinkage of Microfil (28),
and because the radial geometry of this data set had been
converted to circular profiles (15). To overcome these limita-
tions, in the current study we were able to identify 1,628
artery-vein pairs from six different kidneys using light micros-
copy. Importantly, vascular elements were clearly labeled by
the presence of Microfil. The size and resolution of these data
set allow us to draw conclusions, regarding the characteristic
arrangements of arteries and veins in the kidney, with consid-
erable confidence.

The present findings demonstrate that the mean absolute
diffusion distance, between arteries and veins, progressively
increased as arterial diameter decreased. Furthermore, the
mean percentage of the arterial wall wrapped by the wall of the
corresponding vein progressively diminished as arterial diam-
eter decreased. Taken at face value, these data might suggest
that the intimacy of arteries and veins progressively decreases
from proximal to distal segments of the preglomerular circu-
lation. However, we believe these mean data may be poten-
tially misleading. Rather, our interpretation is that the geomet-
ric relationships between arteries and veins in the kidney may
be simplified into two types of vessel pairs, the relative abun-
dance of which differs according to arterial diameter and
anatomic region of the kidney. The first type is characterized
by arteries that are at least partially wrapped by their corre-
sponding vein and so by definition have short arteriovenous
diffusion distances (!10–15 "m). The second type is charac-
terized by arteries that are not wrapped by their corresponding
vein and uniformly have much longer arteriovenous diffusion
distances (!100–200 "m). Our argument relies on the follow-
ing logic. First, even 13.8% of arteries of #20-"m diameter
had $10% of their circumference wrapped by the correspond-
ing vein. Consistent with this observation, the arteriovenous
diffusion distance was #50 "m for 28.3% of arteries with a
diameter of #20 "m. Second, when arteries were binned into
those that were wrapped and those that were not, the relation-
ship between arterial diameter and diffusion distance, and the
relationship between anatomic region of the kidney and diffu-
sion distance, that were clearly evident in the amalgamated
dataset, were both largely lost. Third, a scatterplot of the
relationship between diffusion distance and proportion of
wrapping revealed two distinct clusters of data.

Fig. 10. Variation in tissue oxygen tension
(PO2) and oxygen fluxes for artery-vein pairs
of different length scales (based on DA) and
spatial configurations (wrapped/not-wrapped).
The vessel pairs correspond to those shown
in Fig. 2. From top to bottom, these are large
wrapped, large not-wrapped, small wrapped,
and small not-wrapped arteries (see Fig. 2).
A: variation in tissue PO2. B: variation in
oxygen flux. Inset on the right of panel A
shows a magnified view of a tissue region
containing tubules and capillaries as outlined
in the PO2 plot of the large not-wrapped
artery. C: magnified views of regions of
tissue in the vicinity of the artery as outlined
by the circular boundaries (black) in the
oxygen flux plots shown in B. COMSOL
scaling factors: large wrapped, %59 (1st
row), large not-wrapped, %60 (2nd row),
small wrapped, %30 (3rd row), and small
not-wrapped, %30 (4th row).
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Our longer-term aim is to generate a pseudo-3D model of
oxygen transport in the renal cortex that can quantify oxygen
diffusion from arteries to veins and tissue along the course of
the circulation, and thus convection of oxygen to the cortical
peritubular capillaries and vasa recta of the medulla. Our
ability to now simplify our understanding of the geometry of
artery-vein pairs in the kidney to a concept of two types
of arrangements has important implications for the generation
of such a model. Critically, it should allow us to quantify
oxygen diffusion in only a limited number of tissue cross
sections. In a multiscale model, we could then vary the relative
proportions of these cross sections at the various branching
levels of the renal circulation. As a first step in this process, we
modeled oxygen diffusion in four typical artery-vein pairs that
differed according to arterial diameter (small, large) and degree
of wrapping (wrapped, not wrapped).

As we might have expected from our previous study of
oxygen diffusion between idealized artery-vein pairs (15),

significant diffusion of oxygen from an artery to its associated
paired vein only occurred if the vein wrapped at least part of
the wall of the artery. This phenomenon was largely indepen-
dent of arterial diameter, although oxygen flux from artery to
vein was greater for larger than smaller vessels. We also
observed significant diffusion of oxygen from not-wrapped
arteries to capillaries and venules in the immediate vicinity of
the arterial wall. This phenomenon has been observed experi-
mentally in skeletal muscle (9, 23) and subjected to consider-
able scrutiny through development of computational models
(16, 21, 38, 41). In the renal cortex, it may sustain oxygen
shunting in smaller arteries in the mid- and outer cortex
because 1) these are less likely to be wrapped by a vein than
their larger counterparts in the inner cortex and corticomedul-
lary border, and 2) capillary density in the immediate vicinity
of renal arteries is greater for smaller than larger arteries (15).
We are currently unable to quantify the contribution of this
putative mechanism to AV oxygen shunting. This limitation
arises because we cannot determine the relative proportions, of
the oxygen that diffuses from arteries to capillaries and
venules, that diffuse back into renal tissue vs. that which is
transported by convection to renal veins.

We must acknowledge some further limitations of our cur-
rent study. Our computational model is limited by the presence
of some unknown quantities. For example, there is consider-
able controversy as to the level of oxygen consumption by the
arterial wall and its consequent impact on the delivery of
oxygen from arteries to surrounding vessels and tissue (36,
43–45). In the current study, we do not include oxygen
consumption in the vascular wall. In supplementary analyses
(data not shown), we examined the impact of oxygen consump-
tion by the arterial wall on AV shunting and oxygen fluxes in
the four tissue cross sections shown in Figs. 2 and 10. This was
done by incorporating, in our model, the vascular wall oxygen
consumption term from earlier computational studies of vas-
cular oxygen transport (4, 7). Incorporation of arterial wall
oxygen consumption had minimal impact on the distributions
of tissue oxygen concentration and oxygen flux (!0.05%
difference). It should also be noted that oxygen fluxes from
arterioles that have been measured experimentally tend to be an
order of magnitude greater than those generated by computa-
tional models (37). Furthermore, our model does not incorpo-
rate the potential for heterogeneity of oxygen diffusion coef-
ficients across various renal tissues, due to lack of reliable
experimental data. It has been suggested that tissue microstruc-
ture plays a crucial role in tissue oxygenation (17). We also
assumed that oxygen is well mixed in the intravascular space,
so our model neglects intraluminal resistance to oxygen trans-
port (20). Additional analysis of intraluminal resistances to
oxygen transport (data not shown) revealed negligible intralu-
minal gradients in PO2 ("2% difference between the average
luminal and vessel wall PO2). Finally, we cannot exclude the
possibility of incomplete filling of capillaries and venules by
Microfil, which may have led to underestimation of oxygen
flux from arteries. Thus the oxygen fluxes computed in our
current work, although they provide qualitative insights into
the diffusion of oxygen in the vicinity of artery-vein pairs in
the renal cortex, may not be quantitatively accurate.

We must also concede that our measures of vascular geom-
etry could be biased. The model does not use any specific
geometrical approach to account for the complex 3D capillary
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Fig. 11. Quantification of oxygen diffusion in the vicinity of the 4 typical
arteries shown in Figs 2 and 10. A: effects of typical geometries of artery-vein
pairs on the flux of oxygen from artery to vein (AV), vein to tissue (VT), and
artery to tissue (AT), when all the capillaries and venules in the computational
domain are a part of the renal tissue for post-process calculations of oxygen
fluxes. B: predicted oxygen fluxes, when in addition to the representative vein,
the capillaries and venules receiving high oxygen fluxes from the representa-
tive artery are considered as part of the representative venous vasculature for
post-process calculations of oxygen fluxes.
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networks that service the tortuous sections of the tubules
represented in 2D. Instead, it relies on a relationship between
V̇O2 and tubule aspect ratio shown in Fig. 3B. This relationship
is based on a simple geometrical arrangement of a parallel
capillary and tubule to account for the imbalance in oxygen
source and sink in a 2D representation of the actual 3D
geometry. Ideally, we would have used 3D reconstructions of
the entire circulation of the rat kidney to quantify the intimacy
of artery-vein pairs. This would enable us to follow the circu-
lation and be certain of which vein corresponds to which
artery. Furthermore, we would not be limited by plane of
section as we are with light microscopy. Such information
could, at least theoretically, be obtained from microcomputed
tomography of the renal vasculature after perfusion with Mi-
crofil. Our ongoing studies are aimed at generating this infor-
mation using synchrotron radiation. Nevertheless, such 3D
reconstructions of the rat renal circulation would be limited to
only the vasculature; parenchymal elements such as tubules
would not be visualized. Thus, to model oxygen flux between
vessel pairs, as well as oxygen flux from vessels to renal tissue,
we required information regarding the spatial arrangement of
tubular elements, which is best generated by light microscopy.

In conclusion, our current findings suggest that the close
physical relationship between arteries and veins in the kidney,
that is obligatory for direct diffusion of oxygen from arterial to
venous blood, is far more prominent in the proximal than distal
segments of the renal circulation. These proximal segments
likely include arteries that supply blood to the renal medulla
(i.e., interlobar, arcuate, and proximal interlobular arteries).
Quantitatively significant AV oxygen shunting in the proximal
preglomerular circulation could explain the phenomenon of
medullary hypoxia during cortical ischemia, even when med-
ullary perfusion is well maintained (35). However, our current
findings also suggest that, in the absence of a close physical
relationship between an artery and a paired vein, oxygen can
diffuse from arterial blood to surrounding periarteriolar capil-
laries and venules. Some of this oxygen will diffuse back into
renal tissue, but some will likely be transported to veins by
convection and so contribute to AV oxygen shunting. Our
current and previous (15) anatomic observations indicate that
this phenomenon is likely to be most prominent in the smaller
arteries in the distal cortical circulation, after the divergence of
the medullary circulation (e.g., distal interlobular arteries and
perhaps afferent and/or efferent arterioles). Our findings do not
allow us to estimate the relative quantities of oxygen that are
shunted by these two related mechanisms, or their impact on
renal oxygenation under physiological and pathological condi-
tions. However, they have allowed us to develop a simplified
understanding of the nature of the relationships between affer-
ent (arteries) and efferent (veins, venules, and periarteriolar
capillaries) vessels in the kidney. That is, arteries appear to be
largely divisible into two “types,” characterized by the pres-
ence or absence of a close physical relationship with a paired
vein. Our current findings show how the relative proportions of
these vessel types change throughout the renal circulation.
They also provide an assessment of diffusive oxygen transport
in the vicinity of arteries of these types. Armed with this
information, and a 1D model of oxygen convection and diffu-
sion in the preglomerular circulation that we developed previ-
ously (14), we can now turn our attention to the construction of
a pseudo-3D computational model of oxygen diffusion from

arteries in the rat kidney. Such a model should allow quanti-
fication of AV oxygen shunting along the course of the pre-
glomerular circulation and estimation of how this changes
under physiological and pathophysiological conditions.
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7.1 ABSTRACT  
Arterial-to-venous (AV) oxygen shunting in the kidney might limit oxygen delivery to renal 

tissue. However, the significance of AV shunting remains a matter of controversy, chiefly 

because of the limited quantitative information regarding the geometry of artery-vein pairs in 

the kidney, and how this varies throughout the various branching levels of the cortical 

vasculature. We previously developed a dataset defining the relationship between 

characteristics of the cross-sectional geometry of artery-vein pairs and arterial diameter in the 

kidney of the rat. The key parameters that quantify the cross-sectional anatomy of artery-vein 

pairs include the separation (diffusion) distance (h) between the artery and its neighboring 

vein and the degree to which the venous wall wraps around the arterial wall (wrapping factor 

γ). A so-called mass transfer coefficient (MTC) can be used to capture the combined effect of 

these two geometrical parameters, along with the diffusion coefficient. Thus the MTC 

quantifies how easily diffusive transport of oxygen can occur between neighboring vessels. In 

the current study, we first estimated the degree of shrinkage of Microfil® expected to arise 

from the processing of kidney tissue for micro-computed tomography (micro-CT), as 

employed in the generation of the dataset, of 11 branching (Strahler) orders of the pre-

glomerular circulation of the rat kidney, by Nordsletten and colleagues (22%). This allowed 

us to harmonize their dataset with our dataset derived from light microscopy. We then 

compared two methods for assigning arteries to Strahler orders. A statistical approach was 

employed initially, based on 95% tolerance limits. The second method defined the limits of 

each Strahler order as the mid-point between the mean diameters of each Strahler order. The 

statistical approach permitted each artery to be categorized into one or more Strahler orders. 

The ‘mid-point method’ provided a unique assignment to a Strahler order for each vessel, 

while the statistical approach led to some overlap in Strahler orders, so some vessels were 

assigned two or more Strahler order labels. These data were then used to quantify the 

shunting capacity of various cross-sectional anatomy of artery-vein pairs, by calculating 

MTCs, for each of these branching orders, both for individual artery-vein pairs and for the 

entire network of artery-vein pairs at each Strahler order. We employed two methods for 

calculating MTCs. The first was the standard product of the diffusion coefficient of oxygen 

and the proportion of the arterial profile wrapped by a vein, divided by diffusion distance. The 

second method removed the effect of vessel length at each branching level on surface area. 

Once individual MTCs were calculated, we then calculated the effective mass transfer area 

(SAeffective) at each Strahler order, which takes into account the total number of vessels in each 

Strahler order. We took two approaches in the analysis of MTCs and SAeffective: either (i) all 

vessels were analyzed or (ii) only wrapped arteries were analyzed. The data reveal a trend for 
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a biphasic relationship between the MTCs for individual artery-vein pairs and Strahler order. 

SAeffective increased as Strahler order increased. Total mass flux per unit driving force, which 

is dependent on the product of MTC, the SAeffective, and the total number of vessels, was 

calculated to determine the mass transferred at each Strahler order for a unit difference in 

concentration between arteries and veins. Whether all or only ‘wrapped’ vessels were 

analyzed, estimated total mass flux per unit driving force was almost the same, and found to 

be highest at Strahler order 1. Apart from Strahler orders 0 and 1, there was a trend for total 

mass flux per unit driving force to decrease as Strahler order increased. Total mass flux per 

unit driving force was consistently and significantly higher in orders 0-4 compared to orders 

5-9. Thus, if AV oxygen shunting is quantitatively significant, it most likely occurs in the 

mid-to-distal parts of the renal circulation (i.e. Strahler orders 0-4), which includes the middle 

portions of the interlobular arteries and efferent arterioles. The quantification of the actual 

mass flux at each Strahler order depends on knowing the AV concentration difference driving 

oxygen mass transfer. 

7.2 INTRODUCTION 
A number of lines of experimental evidence indicate that a proportion of the oxygen delivered 

to the kidney in the renal artery never reaches renal tissue, but instead diffuses from arterial to 

venous segments of the cortical vasculature (9, 10, 22). Nevertheless, the biological 

significance of arterial-to-venous (AV) oxygen shunting in the renal cortex remains a matter 

of controversy (4).  It is not currently possible to determine the quantitative significance of 

AV oxygen shunting experimentally. Thus, we must rely on computational models of renal 

oxygen transport to study this phenomenon. 

Gardiner et al (6) and more recently Olgac and Kurtcuoglu (16) used the eleven defined 

branching orders of the renal circulation of the rat, described by Nordsletten et al (14), to 

generate mathematical models of oxygen transport in the renal cortex. These representative 

branching levels of arteries and veins are termed ‘Strahler orders’. The model by Gardiner et 

al (6) was calibrated by adjusting the mass transfer coefficient (MTC), such that the predicted 

cortical tissue oxygen tension was consistent with experimental measurements by Welch et al 

(22). The model by Gardiner et al (6) was based on the assumption that the AV pair cross-

sectional anatomy (i.e. separation distance and proportion of arterial profile wrapped by a 

vein) is uniform along all the branching levels of the cortical circulation. The simulations of 

Gardiner et al predicted that AV oxygen shunting is quantitatively significant, being of the 

same order of magnitude as total renal oxygen consumption (6). In contrast, Olgac and 

Kurtuoglu’s model, which employed the homogeneous tissue model of Salathé (18), predicted 
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that AV oxygen shunting is quantitatively insignificant (16). Oxygen transport in these 

models (6, 16) is mathematically represented by advection-diffusion equations, which satisfy 

mass conservation requirements. Oxygen shunting in these models is represented by the 

diffusion term. Mathematically, the diffusion term is in the form of Fick’s first law of 

diffusion (1). Critically, both models are limited by the fact that they do not include realistic 

representations of the cross sectional geometry of artery-vein pairs (4), which is likely a 

critical determinant of peri-arteriolar diffusion of oxygen (7, 21). For example, our 

computational model predicted that direct diffusion of oxygen from an artery to a vein can be 

significant only if the distance across which oxygen must diffuse is exceedingly small (< 50 

µm) and there is a complete absence of oxygen sinks (i.e. capillaries and tubules) between the 

two vessels (13). Indeed, in the kidney, there is a proportion of artery-vein pairs that are 

intimately associated, such that the arterial wall is partially enveloped by the associated vein 

(termed ‘wrapping’), and no capillaries or tubules are found in the space between the two 

vessels. If AV oxygen shunting is quantitatively significant, it likely occurs predominantly 

between these ‘wrapped’ vessels. 

We recently quantified the proportion of wrapped and non-wrapped vessels within the cortical 

circulation, and how these proportions vary according to arterial caliber (13). The objective of 

the current study was to obtain a realistic quantitative representation of artery-vein pair cross-

sectional geometry, which can subsequently be incorporated into computational models. 

Therefore, we developed and compared two methods for assigning arteries of known 

diameter, identified in our previous study (Chapter 6) (13), to the Strahler orders defined by 

Nordsletten et al (14). We also used two equations for determining the MTC for individual 

vessel pairs. We then generated estimates of effective mass transfer area (SAeffective) at each 

Strahler order. The data we generate can subsequently be incorporated into computational 

models of oxygen transport in the rat renal circulation (e.g. the model by Gardiner et al (6)) to 

permit estimation of the magnitude of AV oxygen diffusion along each order of vascular 

branching. 

7.3 METHODS 
7.3.1 Overview 
The dataset generated by Nordsletten et al (14) characterized arteries and veins within the 

renal cortical circulation according to their branching level, with Strahler order 0 representing 

the very smallest vessels (e.g. afferent arterioles) and Strahler order 10 representing the main 

renal artery/vein (14). The dataset was derived from a micro-computed tomographic (micro-
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CT) analysis of a single kidney of a rat in which the vasculature was filled with a radio-

opaque silicon rubber material (Microfil®) (5). In preparation for micro-CT, the kidney was 

incubated in 70% ethanol, graded solutions of glycerol, and then acetone, before being 

embedded in resin (5). This process would be expected to result in shrinkage of Microfil® 

(12). Therefore, we first performed a bench-top analysis, in which cylinders of Microfil® 

were exposed to the solutions used by Garcia-Sanz et al (5), to allow determination of the 

degree of shrinkage expected in their studies. This procedure enabled us to adjust the mean 

and standard deviation of the radius for each arterial Strahler order, to account for this 

shrinkage. Ranges for the radius of each Strahler order were then generated, using two 

different methods (see below), so that each of the 1,628 arteries identified in our previous 

light microscopic analysis (13) could be binned into Strahler orders. MTCs were then 

calculated, again using two different methods, for individual vessel pairs. Then, SAeffective was 

also calculated for each Strahler order. 

7.3.2 Shrinkage of Microfil® following exposure to ethanol, glycerol and 
acetone 

To account for the shrinkage of Microfil®, the values reported by Nordsletten et al (14) were 

divided by a correction factor to obtain an estimate of the original radius of Microfil® before 

shrinkage. To determine the correction factor, polyethylene (PE) catheters of various sizes 

were filled with Microfil® (MV-120, Flow Tech Inc., MA, USA). The catheter sizes included 

PE 55 (nominal inner diameter (ID) = 0.80 mm) (Critchley Electrical Products Pty, NSW, 

Australia), 20 (nominal ID = 0.38 mm), 90 (nominal ID = 0.86 mm), 160 (nominal ID = 1.14 

mm) and 200 (nominal ID = 1.40 mm) (Becton Dickinson and Company, MD, USA). Once 

the Microfil® was prepared, the silicone solution was injected through the PE tubing and the 

ends of the tubing were then clamped. The Microfil® was left to set for at least 3 days, after 

which the catheters were cut into smaller segments, each 5 cm in length. The Microfil® 

cylinders were carefully removed from the PE tubing using a syringe and needles (gauges 18, 

21, 23, and 25; Terumo, Tokyo, Japan) to expel them from the tubes. Then, the diameter of 

the Microfil® cylinders were measured. Mimicking the methods used by Garcia-Sanz et al 

(5), the Microfil® cylinders were immersed in 70% ethanol, and 30%, 50%, 75% and 100% 

glycerol for 24 hours each. The Microfil® cylinders were then immersed in 100% acetone for 

1 minute. Following immersion in 100% acetone, the diameter of Microfil® cylinders were 

re-measured. Measurements of diameter were obtained by taking photographs of the 

Microfil® cylinders using a microscope (Leica DFC450C). The diameter of each Microfil® 

cylinder was then measured using ImageJ (https://imagej.nih.gov/ij/). Care was taken to keep 



CHAPTER 7 – Variations in vascular geometry by Strahler order 

 140 

the Microfil® cylinders slack when measuring the diameter since any stretching would affect 

our measurements. Note that this analysis is based on the assumption that Microfil® is a 

homogeneous medium, so shrinks equally in all directions. 

7.3.3 Estimation of the shrinkage of Microfil® 
To calculate the original mean radius of each Strahler order, we used the following equation 

obtained from regression analysis (See Results section): 

Original radius = measured radius/0.78 μm 

where original radius is the arterial radius corrected for shrinkage (i.e. true vessel radius), and 

measured radius is the radius of the vessel after shrinkage (i.e. the radius reported by 

Nordsletten et al (14)).  

For example, if Nordsletten et al (14) stated that a vessel was 100 μm in radius, the corrected 

radius would be: 

Original radius =100/0.78 μm 

Original radius = 128.21 μm 

7.3.4 Methods for assigning arteries to Strahler orders 
Two approaches were used. We first used a statistical approach based on 95% tolerance 

limits. Thus, this method employed overlapping ranges for each Strahler order, so each of the 

1,628 arteries could be binned into one or more Strahler orders. The second approach (the 

‘mid-point method’) was more stringent in that there was no overlap in the ranges defining 

each Strahler order. Thus, each of the 1,628 arteries could be binned into only one Strahler 

order. 

7.3.4.1 Statistical method: 

Each of the 1,628 arteries identified in our previous study (13) was assigned to one or more 

Strahler order(s), according to the ranges of radii specified by Nordsletten et al (14). 

Assuming a normal population distribution, 95% tolerance limits were used to identify the 

likelihood that a single experimental value (greater than 5% probability), was drawn from the 

population of interest (Table 7.1). 

Using the means and standard deviations reported by Nordsletten et al (14), we calculated 

‘tolerance intervals’ for each Strahler order using the following equation:  
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x ± k7s 

where ! is the mean, s is the standard deviation and k7 is found in Geigy Scientific Tables 

(1982), p. 52-53 (3). Table 7.1 in the Results section shows the mean radii for each Strahler 

order as reported by Nordsletten et al (14), as well as the k7 value for each sample and the 

calculated tolerance limits.  

Using the 7th column of Table 7.1 (tolerance limits & arterial radius corrected for shrinkage), 

a code was used to scan through the arterial radii provided by our light microscopic study to 

allocate each arterial vessel to one or more Strahler order(s). Essentially, an artery of radius R 

would be allocated into a Strahler order provided the following is true: 

Rmean-tol ≤ R≤ Rmean+tol 

where Rmean-tol and Rmean+tol define the 95% tolerance limits for a given Strahler order in Table 

7.1. Using this method, arteries were categorized into one or more Strahler orders.  

7.3.4.2 Mid-point method:  

Ranges of arterial radius were defined by the radii halfway between the values of corrected 

arterial radii for each Strahler order (Table 7.1). There were two exceptions to this rule. First, 

we set the minimum radius as 8.60 µm. Thus any artery with a radius of ≥8.60 µm but less 

than the upper limit of Strahler order 0 was assigned to Strahler order 0 (see below). Any 

arteriole with a radius of <8.60 µm was excluded from the analysis. Second, the upper limit of 

Strahler order 9 was not defined because we reasoned that any arterial radii greater than the 

lower limit of Strahler order 9 has to be assigned to Strahler order 9. 

Therefore, calculations of the upper limits for Strahler order 0 and subsequent orders were as 

follows: 

Upper limit(SO)=
Radius(SO +1) – Radius(SO)

2  μm 

where SO is the Strahler order of interest and ‘Radius’ is in µm. 

For example, to calculate the upper limit for Strahler order 0, we find the mid-point between 

arterial radii 12.92 and 17.82 µm (the corrected arterial radii for Strahler orders 0 and 1 

respectively, found in Table 7.1). Thus: 

Upper limit SO=0 =
Radius SO=1 +Radius SO=0

2  μm 
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Upper limit SO=0 =
17.82+ 12.92

2 μm 

Upper limit 0 =15.37μm 

The new upper limit for SO = 0 is also the lower limit for SO = 1. Likewise, the upper limit of 

SO = 1 is also the lower limit of SO = 2 etc. 

7.3.5 Calculation of mass-transfer coefficients 
The renal circulation, like other vascular beds, includes arterial and venous vessels. These 

vessels progressively decrease in diameter along the course of the renal cortical circulation 

while the level of vascular branching increases (6, 14). The variation in vessel diameter and 

branching along the course of the renal circulation can be represented in a simplified form by 

a hierarchy of paired cylindrical compartments arranged in a counter-current fashion and 

connected in series (6). Each compartment consists of an artery and vein. Thus, it was 

assumed that (i) each arterial compartment has a corresponding venous compartment and (ii) 

the lengths of the arterial and venous compartments are equal. Both assumptions were also 

made in our initial modeling study (6). At each compartment, some oxygen diffuses from the 

artery to its corresponding vein. This phenomenon, also known as AV oxygen shunting, can 

be characterized by a lumped constant known as the mass transfer coefficient (MTC). 

To define MTC, we first considered a cylindrical shaped arterial compartment from a specific 

branching level with radius ‘R’ and length ‘L’ as shown in Figure 7.1. 
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Application of mass conservation over a volume element of thickness ΔZ within the arterial 

compartment (Fig. 7.1) leads to: 

          [1] 

where v (m/s) is the average blood velocity in the arterial compartment, C (moles/m3) is the 

oxygen concentration and S (moles/m3/s) is the amount of oxygen lost per unit volume of 

blood per unit time, which is diffused from the curved surface of the volume element. The 

parameter A (m2) represents the cross sectional area of the arterial compartment and is 

represented as:   

A= πR2           [2] 

where R represents the radius of the arterial vessels (m). Equation [1] can be re-written as: 

           [3] 

Equation [3] can be represented in the following form when ΔZ approaches zero: 

           [4] 

Equation [4] can be used to calculate the amount of oxygen shunted from one artery to its 

paired vein. In this case, the term S (moles/m3/s) represents the amount of oxygen shunted per 

unit volume of blood per unit time from the curved surface of the arterial compartment to its 
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Figure 7.1. A simplified geometrical schematic of a vascular (arterial or venous) compartment 
corresponding to a specific branching level in the renal cortical circulation. The compartment is 
in the form of a cylindrical blood vessel with cross-sectional area, Ac and length, L. The parameters v 
(m/s) and C (moles/m3) represent the average velocity of blood flow in the vascular compartment and 
the concentration of oxygen, respectively. The red arrows indicate the direction of the blood flow 
(thin) or oxygen diffusion (thick). The law of mass conservation was applied over a volume element 
of thickness ΔZ (shaded dark grey region) to derive the governing equation of oxygen transport across 
the vascular compartment. S (moles/m3/s) represents the amount of oxygen lost (shunted) from the 
unit volume of the vascular compartment to a paired vascular compartment nearby. 
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paired venous compartment. This equivalence can be expressed mathematically represented 

as (2): 

          [5] 

where D (m2/s) represents the diffusion coefficient of oxygen and Ac (m2) represents the 

curved surface area of the arterial compartment. In equation [4] it is assumed that oxygen is 

shunted through the whole surface area of the arterial compartment. However, from 

experimental observations, we predict that oxygen is shunted only through a proportion of the 

arterial wall that is closely wrapped by its paired venous compartment. Here, we introduced a 

new term γ, which represents the proportion of wrapping of the arterial wall surface by its 

paired venous compartment. The variable h (m) represents the luminal wall separation 

distance between the paired arterial and venous compartment. CA and CV (moles/m3) 

represents the average oxygen concentration of the arterial and its paired venous 

compartment, respectively. V (m3) represents the volume of the arterial/venous compartment 

as applicable.  

Multiplying both sides of equation [5] by the volume of the arterial/venous compartment 

gives the amount of oxygen shunted per unit time (i.e. mass flux expressed in moles/s):  

           [6] 

where S1 is the amount of oxygen shunted per unit time. Here, we defined MTC as a diffusion 

rate constant that relates the oxygen transfer rate (i.e. diffusion coefficient D), the proportion 

of wrapping (γ) and the luminal separation distance (h) as a single variable. Therefore, for a 

particular Strahler order at the ith level, MTC can be expressed as: 

kmi=
Dγ
h

                       [7] 

where kmi (m/s) is the mass transfer coefficient, D represents the diffusion coefficient for 

oxygen (2.8 × 10-9 m2/s), γ is the proportion of wrapping (the proportion of arterial lumen 

surrounded by the vein wall, which is a dimensionless number between 0 and 1), and h is the 

separation distance (the shortest distance from the arterial lumen to venous lumen in meters). 

Clearly this MTC (kmi) is high when the proportion of wrapping (γ) is large or when the 

separation distance (h) is small, as is evident from equation [7].  

By replacing relevant terms with km, Equation [6] can now be re-written as: 

                     [8] 

( )VAc CCγA
hV
DS −=

( )VAc1 CCγA
h
DS −=

( )VAcm1 CCAkS −=
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where km (m/s) is the mass transfer coefficient.  

The mass transfer coefficient (kmi) in equation [7] takes into account the transport property of 

oxygen (diffusion coefficient) and geometrical factors representing the artery-vein pair cross-

sectional anatomy (γ and h). It can also be advantageous to define MTC independent of the 

vessel length (i.e. MTC per unit vessel length). 

To calculate the mass transfer coefficient per unit length of the arterial compartment (kli) we 

can simply divide both sides of equation [8] by L: 

kli=
Dγ
hL

                         [9] 

where kli (s-1) represents the effective mass transfer coefficient per unit vessel length, while L 

(m) represents the length of an arterial/venous compartment corresponding to a particular 

branching level i. The advantage of calculating k1i is it allows one to assess the MTC at each 

Strahler order independent of vessel length. Both equations [7] and [9] were applied to 

evaluate both MTCs (kmi and kli) for all vessels in Strahler orders 0-9 as defined by the mid-

point method. Data on radial geometry of artery-vein pairs from Ngo et al (13) were used in 

the calculations of both kmi and kli. 

Alternatively, MTCs between artery-vein pairs can be back-calculated using equation 8 

provided the amount of oxygen shunted along the different branching levels of the cortical 

circulation is known a priori. Unfortunately, experimental methods to measure the amount of 

AV oxygen shunting along the cortical circulation have so far remained elusive. However, 

Gardiner et al (7) developed a two-dimensional computational model to evaluate oxygen 

mass fluxes (and so MTCs) for oxygen shunting across idealized cross-sectional 

configurations of artery-vein pairs. These results were employed to estimate the MTCs for the 

actual artery-vein pairs, based on the actual cross-sections established by our previous light 

microscopic work (13). These MTCs (calculated from equation [11] below) were then used to 

validate the MTCs calculated using equation [9]. 

To do this, all artery-vein pairs from Ngo et al (13) were first classified into one of the six 

configurations presented in Gardiner et al (7) (Figs 9C, E, G, H, I & J in Gardiner et al (7)). 

We estimated the amount of AV oxygen shunting for these artery-vein pairs using simulations 

from a model of oxygen flux shown in Figs 10 and 12 in Gardiner et al (7).   

To back-calculate kli, the term km in equation [8] is replaced with kli and is re-arranged as 

follows: 
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kli=
S2

Ac(CA-CV)
           [10] 

Here, S1 in Equation [8], which is in moles/s, is replaced with S2, which is in moles/m/s. The 

oxygen flux is given per unit vessel length because the model is defined in two-dimensional 

form (i.e. is independent of vessel length). Equation [10] can be rewritten for a specific 

artery-vein pair as follows:! 

kli=
S2

2πRL(CA-CV)
          [11] 

where S2 represents the amount of oxygen shunted over a unit length of an arterial/venous 

compartment in moles/m/s, as estimated from the results of Gardiner et al (7).  

7.3.6 Effective mass transfer area 
The effective mass transfer area for a particular Strahler order (SAeffective) can be calculated by 

multiplying together: (i) the number of arteries (presented by Nordsletten et al (14)), (ii) the 

length of arteries in that Strahler order (presented by Nordsletten et al (14), and applying the 

correction for shrinkage in this study), (iii) the fraction of vessels in a Strahler order that are 

‘wrapped’ (determined from our light microscopic data and based on an non-zero MTC), and 

(iv) the cross-sectional area of an individual vessel (2πR, where ‘R’ is the arterial radius). 

7.3.7 Statistical analysis 
Student’s paired t-test was used to determine whether the diameters of cylinders of Microfil® 

were altered by chemical processing (i.e. to test the hypothesis that exposure to chemicals led 

to shrinkage). To quantify the shrinkage, ordinary least products (model II) regression 

analysis was used to provide a line of best fit forced through the origin (11). Ordinary least 

products regression was used since this method takes into account experimental error in both 

the independent (x-axis) and dependent (y-axis) variable (11). The Shapiro-Wilk test was used 

to determine whether, within each Strahler order, the distributions of arterial diameter, 

wrapping, and MTC violated normality (20). Because normality was often violated, both the 

Kruskal-Wallis (non-parametric) (8) and one-way analysis of variance (ANOVA) were 

employed to determine whether arterial diameter, wrapping or MTC varied with Strahler 

order. Unless otherwise stated, measures of central tendency and dispersion are presented as 

mean ± standard deviation (SD), or median and interquartile range. Statistical analyses were 

performed using SYSTAT v.13 (Systat Inc, San Jose, CA, USA). In all cases, two-tailed P ≤ 

0.05 was considered statistically significant. 
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7.4 RESULTS 
7.4.1 Shrinkage of Microfil® 
Microfil® shrunk as a result of treatment in alcohols. Across 30 Microfil® cylinders of 

varying diameter, mean diameter reduced from 0.89 ± 0.34 mm to 0.68 ± 0.30 mm (Fig. 7.2A; 

paired t-test, P < 0.001), representing a mean shrinkage of 25.3 ± 7.8%. A line of best fit 

determined by ordinary least squares regression analysis, forced through the origin, gave a 

slope of 0.78 with 95% confidence limits (0.76 – 0.81) (Fig. 7.2B). This slope was then used 

to correct the arterial radii reported by Nordsletten et al (14), for each Strahler order, to the 

arterial radius expected prior to processing of the tissue for micro-CT. 

Tolerance limits were generated so that the data we generated by light microscopy could be 

binned into one or more Strahler order using the statistical method (Table 7.1). The data of 

Nordsletten et al (14) contain information from imaging at both 4-μm and 20-μm resolution. 

Because the 4-μm dataset is incomplete, we used the 20-μm data set to calculate tolerance 

limits and to assign arteries into Strahler orders. 

7.4.2 Frequency distribution patterns for the characteristics of arteries 
binned into Strahler orders 

7.4.2.1 Statistical method 

For the statistical method for assigning arteries to Strahler orders, a total of 3,973 arteries 

were binned across 10 Strahler orders. A total of 1,103 arteries were binned into Strahler 

order 0, 1,603 in Strahler order 1, 7 in Strahler order 3, 12 in Strahler order 4, 153 in Strahler 

order 5, 124 in Strahler order 6, 189 in Strahler order 7, 27 in Strahler order 8, and 366 in 

Strahler order 9. Due to the assignment of some arteries into two or more Strahler orders, the 

total number of binned arteries was considerably greater than the 1,628 original observations 

in our light microscopic study.  

Analyses of distribution patterns were conducted for vessels assigned to Strahler orders using 

tolerance limits. The distribution patterns for all of the measured characteristics of artery-vein 

pairs deviated significantly from normality. For example, the distribution of arterial diameter 

within each Strahler order deviated significantly from normality (P ≤ 0.001) for all Strahler 

orders but Strahler orders 3 (P = 0.27) and 4 (P = 0.20). Similarly, the distribution of 

diffusion distance deviated from normality for all 10 Strahler orders (P ≤ 0.02) and the 

distribution of wrapping deviated from normality (P ≤ 0.001) for all but Strahler orders 3 (P = 

0.44), 4 (P = 0.20), and 8 (P = 0.08). 
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Figure 7.2. Degree of Microfil® shrinkage. (A) The diameter of cylinders of Microfil® before and 
after treatment. Data for individual cylinders are shown by lines. Mean ± standard deviation is shown 
by the filled circles and error bars. (B) Scatterplot of the relationship between the diameters of the 
Microfil® cylinders before and after treatment. The ordinary least products method (11) (line forced 
through the origin) gave a line of best fit with the equation y = 0.78x. 
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Table 7.1. A
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7.4.2.2 Mid-point method 

For the mid-point method of assigning arteries to Strahler orders, a total of 1,115 arteries were 

binned across the 10 Strahler orders. There were 664 arteries in Strahler order 0, 138 in 

Strahler order 1, 166 in Strahler order 2, 84 in Strahler order 3, 24 in Strahler order 4, 11 in 

Strahler order 5, 15 in Strahler order 6, 10 in Strahler order 7, 2 in Strahler order 8, and 1 in 

Strahler order 9. For the mid-point method there is no overlap of the ranges for each Strahler 

order, so each artery was assigned to only one Strahler order. 

After categorizing our data into Strahler orders using the mid-point method, the distribution 

patterns were analyzed in the same manner as they were for the statistical method. The 

distribution patterns for all of the measured characteristics of artery-vein pairs mostly 

deviated significantly from normality. For example, the distribution of arterial diameter 

within each Strahler order deviated significantly from normality (P ≤ 0.05) for all but Strahler 

orders 4 and 5 (P = 0.06 and P = 0.24 respectively). Similarly, the distribution of diffusion 

distance deviated from normality for all Strahler orders (P ≤ 0.001). Also, the distribution of 

wrapping deviated from normality (P ≤ 0.001) for all but Strahler orders 4 (P = 0.08), 5 (P = 

0.48), 6 (P = 0.32), and 7 (P = 0.07). Because the distributions of the data deviated 

significantly from normality, subsequent analyses were performed using both parametric and 

non-parametric methods. 

7.4.3 Mean and median separation distance, and wrapping 
7.4.3.1 Statistical method 

Regardless of whether parametric (ANOVA) or non-parametric (Kruskal-Wallis) methods 

were used, separation distance (Fig. 7.3A; P < 0.001, and Fig. 7.4A; P < 0.001) and wrapping 

(Fig. 7.3B; P ≤ 0.02, and Fig. 7.4B; P ≤ 0.008) were all found to vary significantly according 

to Strahler order.  
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When all arterial vessels were included in the analysis, separation distance progressively 

reduced as Strahler order increased (Figs 7.3A and 7.4A). Similarly, the proportion of arterial 

wall in direct contact with the vein wall (Figs 7.3B and 7.4B) also increased at higher Strahler 

orders. However, when arteries were separated into those that were wrapped by a proportion 

of the wall of the accompanying vein, and those that were not, a more uniform pattern was 

observed. For example, even though separation distance varied significantly according to 

Strahler order in wrapped vessels (Figs 7.3A and 7.4A), they were always much shorter 

(mean 10.84 – 20.37 µm; median 7.90 – 18.26 µm) than the separation distances for non-

wrapped vessels (both mean and median 35.02 - 261.80 µm) (Figs 7.3A and 7.4A). Similarly, 

although the proportion of wrapping progressively increased with Strahler order (Figs 7.3B 

and 7.4B), the proportion of the arterial wall in contact with the vein wall varied little by 

Strahler order when the analysis was confined to wrapped vessels (mean 0.21 – 0.30; median 

0.19 – 0.35) (Figs 7.3B and 7.4B). 

 

 

Figure 7.3. Mean separation distance and wrapping according to Strahler order.  Data are the 
light microscopic data set of Ngo et al (13). Data were categorized into Strahler orders via the 
‘statistical’ method (A & B) and ‘mid-point’ method (C & D). Mean separation distance within each 
Strahler order is shown for all, wrapped, and non-wrapped arteries (A & C). Mean proportion of the 
circumference of the arterial wall in direct contact with the wall of the associated vein (wrapping) is 
shown for all arteries and only those arteries showing some degree of wrapping (B & D). P values 
were derived from one-way ANOVA. Pall = all vessels, Pw = wrapped vessels, Pnw = non-wrapped 
vessels. Columns and error bars represent means and standard deviations.  
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7.4.3.2 Mid-point method 

We determined whether the method of assigning arteries to Strahler order (i.e. the statistical 

method versus the mid-point method) influences the predicted relationship between Strahler 

order and vascular geometry. As was the case for the statistical method, when the mid-point 

method was used, separation distance (Figs 7.3C; P ≤ 0.01, and 7.4C; P < 0.001) and 

wrapping (Figs 7.3D; P ≤ 0.02, and 7.4D; P ≤ 0.02) varied significantly according to Strahler 

order, irrespective of whether parametric or non-parametric methods were used for hypothesis 

testing.  

 

As was the case for the statistical method, when the mid-point method was used and all 

arterial vessels were included in the analysis, separation distance progressively reduced as 

Strahler order increased (Figs 7.3C and 7.4C). Furthermore, proportion of wrapping (Figs 

7.3D & 7.4D) also increased at higher Strahler orders. As was the case when arteries were 

categorized into Strahler orders via the statistical method, when arteries were separated into 

those that were partially wrapped by a vein, and those that were not, a more uniform pattern 

was observed. For example, even though separation distance varied significantly according to 

Strahler order in wrapped vessels (Figs 7.3C & 7.4C), these distances were always much 

shorter (mean 9.39 – 28.65 µm; median 7.12 – 30.64 µm) than the separation distances for 

Figure 7.4. Median separation distance and wrapping according to Strahler order.  Data are the 
light microscopic data set of Ngo et al (13). Data were categorized into Strahler orders via the 
‘statistical’ method (A & B) and ‘mid-point’ method (C & D). Median separation distance within 
each Strahler order is shown for all, wrapped, and non-wrapped arteries (A & C). Median proportion 
of the circumference of the arterial wall in direct contact with the wall of the associated vein 
(wrapping) is shown for all arteries and only those arteries showing some degree of wrapping (B & 
D). P values derived from the Kruskal-Wallis test. Pall = all vessels, Pw = wrapped vessels, Pnw = non-
wrapped vessels. Columns and error bars represent medians and interquartile ranges.  
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non-wrapped vessels (mean 0 – 144.24 µm; median 0 – 99.27 µm) (Figs 7.3C & 7.4C). 

Similarly, although the proportion of wrapping progressively increased with Strahler order 

(Figs 7.3D & 7.4D), the proportion of the arterial wall in contact with the vein wall for 

wrapped arteries varied little by Strahler order (mean 0.19 – 0.42; median 0.17 – 0.42) (Figs 

7.3D & 7.4D). 

Thus, even though the statistical method for assigning arteries to Strahler orders generated 

anomalous numbers of arteries in each branching order, the overall patterns of changes in 

vascular geometry throughout the branching network of the pre-glomerular circulation closely 

resembled that generated using the mid-point method.  

Nevertheless, the branching nature of the renal circulation produces an exponential increase in 

the number of vessels at progressively lesser Strahler orders. Anomalies appear to arise from 

use of the statistical method for assigning arteries into Strahler orders. Presumably this is 

partly attributable to the fact that there is significant overlap of the ranges of diameter for each 

Strahler order determined using this method. Consequently, each artery can be categorized 

into many Strahler orders. The statistical method is further confounded by the disparity in the 

magnitude of the ranges generated for each Strahler order, which is a consequence of the 

disparity on standard deviations of arterial radius across the various Strahler orders (Table 

7.1). Consequently, when the statistical approach was used, the number of vessels assigned to 

each Strahler order did not reflect the expected exponential relationship. In contrast, this 

expected pattern was replicated when the mid-point method was used. Thus we reasoned that 

the mid-point method for assigning arteries to Strahler orders is more valid than the statistical 

method. Therefore, MTCs were only calculated for the artery-vein pairs categorized via the 

mid-point method.  

7.4.4 The impact of vascular geometry on barriers to oxygen diffusion 
across Strahler orders 

The mid-point method provides a better representation of the branching nature of the renal 

cortical circulation, so in this respect is more valid than the statistical method. Thus, arteries 

categorized into Strahler orders using the mid-point method were subjected to the two 

methods for calculating MTCs (MTC vs MTC per unit vessel length). Here, again, we 

compared two approaches (all vessels vs wrapped vessels). Thus a total of four approaches 

were used: (i) an analysis of the MTC for all arterial vessels in the analysis (both wrapped, 

that is, where the arterial wall was in direct contact with the vein wall, and not-wrapped), (ii) 

an analysis of the MTC for only wrapped vessels, on the basis that diffusion of oxygen 
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between paired arteries and veins is only feasible when wrapping is present, (iii) an analysis 

of the MTC per unit vessel length and all arterial vessels, and (iv) an analysis of the MTC per 

unit vessel length and only wrapped vessels. 

Although Nordsletten presented both arterial and venous lengths (14), only the lengths of 

arteries were considered in our calculations of SAeffective because our computational models 

are based on arterial Strahler order, not venous Strahler order. Furthermore, Nordsletten and 

colleagues observed that venous Strahler orders were often paired with arteries two orders 

lower (14). Thus we reasoned that our calculations of SAeffective should only consider the 

length of arteries reported by Nordsletten et al (14), corrected for shrinkage. 

7.4.4.1 Mass transfer coefficients 

Two forms, and thus two equations were used to estimate MTCs. The MTC (kmi) was 

calculated by using equation [7], and MTC per unit vessel length (kli) was calculated by using 

Equation [9]. Kli from equation [9] was validated against another MTC per unit vessel length 

(kli) calculated from using equation [11]. The difference between the two methods of 

calculating MTCs per unit vessel length (equation [9] vs equation [11]) was minimal, with the 

mean percentage difference in MTC calculated between the two methods being 12.0%. Thus, 

the approach of using equation [9] as an estimate of MTC per unit vessel length was deemed 

to be valid. 

We first examined the distribution of MTCs. Here, we observed that the distribution of MTCs 

deviated from normality (P ≤ 0.04) for all but Strahler order 5 (P = 0.53). Similarly, the 

distribution of MTCs per unit vessel length also deviated from normality (P ≤ 0.04) for all but 

Strahler order 5 (P = 0.53). Because the distributions of MTCs and MTCs per unit vessel 

length deviated significantly from normality, subsequent analyses were performed using both 

parametric and non-parametric methods. 

7.4.4.2 kmi vs kli 

Equation [7] was used to calculate mass transfer coefficients (kmi) (Figs 7.5A & B and Figs 

7.6A & B). Equation [9] was used to calculate the mass transfer coefficients per unit vessel 

length (kli) (Figs 7.5C & D and Figs 7.6C & D). When all arteries were considered in the 

analysis, there was a trend for a biphasic relationship between Strahler order and mean kmi 

(Fig. 7.5A), median kmi (Fig. 7.6A), and median kli (Fig. 7.6C). In contrast, there was a trend 

for mean kli to decrease as Strahler order increased (Fig. 7.5C). When only wrapped arteries 

were analyzed (Figs 7.5B & D, and Figs 7.6B & D), there was a trend for a biphasic 
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relationship between Strahler order and both km (Fig. 7.5B) and kli (Figs 7.6B &D). An 

exception was for mean kli, which decreased as Strahler order increased (Fig. 7.5D). 

7.4.4.3 Effective mass transfer area 

The effective mass transfer area for a particular Strahler order (SAeffective) was calculated by 

multiplying (i) the surface area of an individual vessel (2πR, where ‘R’ is the arterial radius), 

and (ii) the length of arteries in that Strahler order (presented by Nordsletten et al (14), and 

corrected for shrinkage in this study), and if required, (iii) the fraction of vessels in a Strahler 

order that are ‘wrapped’ (determined from our light microscopic data). We calculated both the 

mean (and standard error of the mean) and median (and interquartile range) SAeffective for each 

Strahler order. Both mean (Fig. 7.5) and median (Fig. 7.6) SAeffective increased as Strahler 

order increased. 

7.4.4.4 Impact of vascular geometry on the diffusion of oxygen 

To visualize the impact of vascular geometry on the transfer of oxygen between artery-vein 

pairs at each Strahler order, we plotted the product of MTC (km or kli), SAeffective, and the 

number of vessels at each Strahler order. We term this value ‘total mass flux per unit driving 

force’. For a particular Strahler order, the combination of a low km (or kli) and a low effective 

surface area is predicted to result in relatively little diffusive flux of oxygen between an 

artery-vein pair belonging to this Strahler order. Likewise, the combination of a high km (or 

kli) and high effective surface area is predicted to result in significant diffusive flux of oxygen 

between an artery-vein pair belonging to that Strahler order. When analyzing mean total mass 

flux per unit driving force, regardless of whether all vessels or only ‘wrapped’ vessels were 

analyzed, there was a trend for a biphasic relationship between Strahler order and total mass 

flux per unit driving force (Fig. 7.7). Total mass flux per unit driving force peaked at Strahler 

order 1 before decreasing as Strahler order increased. Likewise, median total mass flux per 

unit driving force, regardless of how the data were analyzed, peaked at Strahler order 1 and 

decreased as Strahler order increased (Fig. 7.8).  A significantly higher total mass flux per 

unit driving force was observed in Strahler orders 0-4 compared to orders 5-9 (Figs 7.7 and 

7.8). 
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Figure 7.6. Median mass transfer coefficients and median effective mass transfer areas across 
Strahler orders. Mass transfer coefficient (kmi; A & B) and mass transfer coefficient per unit vessel 
length (kli; C & D) are plotted on the left y-axis. Effective mass transfer area (SAeffective) is plotted 
against the right y-axis. The ‘median effective mass transfer area’ is defined as the area for one vessel, 
multiplied by the number of vessels. P values were derived from the Kruskal-Wallis test. Columns and 
error bars represent medians and interquartile ranges. 

Figure 7.5. Mean mass transfer coefficients and mean effective mass transfer areas across 
Strahler orders. Mass transfer coefficient (kmi; A & B) and mass transfer coefficient per unit vessel 
length (kli; C & D) are plotted on the left y-axis. Effective mass transfer area (SAeffective) is plotted 
against the right y-axis. The ‘mean effective mass transfer area’ is defined as the area for one vessel, 
multiplied by the number of vessels. P values were derived from one-way ANOVA. Columns and 
error bars represent the as mean ± SD.  
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Figure 7.7. Mean total mass flux per unit driving force across Strahler orders. Total mass flux 
per unit driving force is defined by the product of mass transfer coefficient (kmi), effective mass 
transfer area (SAeffective), and the number of vessels at a particular Strahler order as presented by 
Nordsletten et al (14) (A and B). Total mass flux per unit driving force can also defined by the 
product of mass transfer coefficient per unit vessel length (kli), SAeffective, and the number of vessels at 
a particular Strahler order as presented by Nordsletten et al (14) (C and D).  

Figure 7.8. Median total mass flux per unit driving force across Strahler orders. Total mass flux 
per unit diving force is defined by the product of mass transfer coefficient (kmi), effective mass 
transfer area (SAeffective), and the number of vessels at a particular Strahler order as presented by 
Nordsletten et al (14) (A and B). Total mass flux per unit driving force can also defined by the 
product of mass transfer coefficient per unit vessel length (kli), SAeffective, and the number of vessels at 
a particular Strahler order as presented by Nordsletten et al (14) (C and D).  
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7.5 DISCUSSION 
7.5.1 Main findings 
We harmonized our previous light microscopic observations (13) with observations generated 

by Nordsletten et al from a micro-CT dataset (14). Consequently, by applying predictions 

from the computational model of Gardiner et al (7), we were able to examine the impact of 

vascular geometry on the potential for oxygen to diffuse between artery-vein pairs across 10 

of the 11 branching levels of the renal circulation, originally defined by Nordsletten et al (14). 

It has been predicted that most AV oxygen shunting should occur at the most distal branches 

of the cortical circulation, since these vessels provide the greatest total cross sectional area for 

oxygen diffusion from arteries (19). Our current findings indicate that this prediction may 

only be partially true. Whether or not AV oxygen shunting is quantitatively significant 

remains a matter of controversy (4, 17). But if it is, our current findings indicate that oxygen 

diffusion to veins from interlobar arteries (Strahler orders 8-9) or arcuate arteries (Strahler 

orders 6-7) is unlikely to be significant. However, oxygen diffusion to veins from interlobular 

arteries (Strahler orders 1-4), including proximal interlobular arteries, is more likely to be 

significant. 

A strength of our study was the use of multiple approaches to categorize our light microscopic 

data into Strahler orders. These two approaches tested two extremes: (i) a statistical approach 

that allowed for overlapping of arteries into one or more Strahler orders and (ii) an approach 

that did not allow for overlapping (mid-point method). Both approaches generated similar 

patterns in distribution, and means and medians of separation distance and wrapping. We also 

applied two different equations to the determination of MTCs. Importantly, similar patterns of 

MTCs were generated irrespective of the equation used to calculate MTCs. Finally, the trends 

of total mass flux per unit driving force were similar across the various approaches taken. 

That is, regardless of whether the MTCs were in the form of kmi or kli, and regardless of 

whether all or only wrapped vessels were used in the analysis of MTCs, we observed a 

decrease in total mass flux per unit driving force as Strahler order increased. Collectively our 

multiple approaches lead to a similar conclusion, that interlobular arteries are the most likely 

site of AV oxygen shunting. 

7.5.2 Analysis of shrinkage of Microfil® 
Vascular casts of the rat renal circulation were imaged at high resolution by Garcia-Sanz et al 

using micro-CT (5). The data were subsequently analyzed by Nordsletten et al (14) to define 

11 Strahler orders of the cortical circulation. In order to categorize our light microscopic data 
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into 10 of these Strahler orders, we first determined the degree of shrinkage associated with 

Microfil® following exposure to the solutions used by Garcia-Sanz et al (5). We observed 

22% shrinkage in Microfil® following exposure to ethanol, glycerol and acetone. Previous 

studies have also shown that Microfil® shrinks considerably following immersion in graded 

alcohols (12). In line with the findings of Møller et al (12), the degree of shrinkage 

determined in our study indicates that caution must be applied when Microfil® is used for 

quantitative studies, particularly those that involve dehydration of tissue in alcohols. By 

quantifying the degree of shrinkage of Microfil® we were able to harmonize our light 

microscopic data with the micro-CT data presented by Nordsletten et al (14). Thus we were 

able to first categorize our light microscopic data into Strahler orders using two extreme 

approaches: a statistical approach and a mid-point method. Then, we determined the SAeffective 

for each Strahler order to estimate the impact of vascular geometry on the ability of oxygen to 

diffuse from arteries to veins in the cortical circulation. This was achieved using two different 

equations to calculate individual MTCs for each individual artery-vein pair. 

7.5.3 Categorizing light microscopic data into Strahler orders 
7.5.3.1 Statistical method 

We first took a statistical approach to categorize our light microscopic data into Strahler 

orders. We chose to calculate tolerance limits to estimate the likelihood that a single 

experimental value would have come from the population of vessels of individual Strahler 

orders using 95% tolerance limits. These were chosen to provide an inclusive estimate of the 

range of arterial diameter in each Strahler order that we are confident would contain at least 

95% of the population. The strength of this approach is that it is objective and inclusive. That 

is, we can be confident that the data-set for each Strahler order excluded only vessels with a 

less than 5% chance of belonging to that order. However a limitation of this approach is that it 

results in overlapping ranges of arterial radius. Some values of arterial radius are thus 

assigned to two or more Strahler orders. This resulted in a large number of observations for 

some orders. However, some Strahler orders had a small number of observations because 

some standard deviations reported by Nordsletten et al (14), and consequently the tolerance 

limits calculated, were small (Table 7.1). 

7.5.3.2 Mid-point method 

The second approach taken to categorize our light microscopic work into Strahler orders was 

based on the mid-point method. This method of binning did not require tolerance limits, but 

instead was based on calculations of radii halfway between the mean arterial radii, corrected 

for shrinkage, of two consecutive Strahler orders. An advantage of this method is that any 
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particular arterial radius can only be assigned to one Strahler order; there was no overlapping 

of arterial radii into two or more Strahler orders. Thus, MTCs were only calculated for 

arteries categorized into Strahler orders via this method. 

7.5.4 Two different approaches for calculating mass transfer coefficients 
7.5.4.1 kmi vs kli 

Once our light microscopic data were categorized into Strahler orders using the mid-point 

method, two methods for calculating the individual MTC for each artery-vein pair were used. 

The first method was via equation [7], which considered the diffusion coefficient of oxygen, 

proportion of wrapping, and diffusion distance. The second method used equation [9], which 

also considered all three factors in equation [7], but in addition took into consideration the 

length of the branching level. Therefore, by comparing kmi and kli, we observed the effect of 

vessel length on MTC (kmi). 

7.5.5 Impact of vascular geometry on the barriers to diffusion of oxygen 
Overall, our findings indicate greater ability for diffusion of oxygen between artery-vein pairs 

in the smaller, distal vessels (proximal and middle portions of the interlobular arteries) rather 

than the larger, proximal vessels (interlobar, arcuate and proximal interlobular arteries). This 

is a consequence of the larger number of vessels in Strahler orders 0-4 (ranging from 578 to 

29,566 vessels) compared with orders 5-9 (ranging from 3 to 247 vessels). The total mass flux 

per unit driving force is a product of MTC, the SAeffective, and the number of vessels. But to 

estimate the impact of vascular geometry on the diffusion of oxygen, we should also consider 

the concentration gradient between the paired vessels. If this gradient is taken as a unit 

concentration difference, then we can interpret the data presented in Figures 7.7 and 7.8 as the 

‘unit total mass transferred’ at each Strahler order. However, in order to complete this, we 

require a mathematical model to calculate the AV concentration difference at each Strahler 

order. Only then can we calculate the mass transfer at each Strahler order and thus determine 

the total oxygen shunted between an afferent and efferent vessel. Nevertheless, we interpret 

the data presented in this study to suggest AV oxygen shunting is most likely quantitatively 

insignificant, at least under normal physiological conditions, at the level of interlobar and 

arcuate arteries (Strahler Orders 5-9), despite our previous observations suggesting the spatial 

arrangement of the proximal vessels of the cortical circulation likely facilitate the shunting of 

oxygen (13). The work presented in the current study suggests there may be more 

quantitatively significant shunting of oxygen at the mid-portions of the interlobular arteries 

(orders 3-4). However it is important to note that the interlobular vessels taper as they travel 

towards the cortical surface. Thus, assigning a particular portion of an interlobular artery to 
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one Strahler order is not feasible. Nevertheless, it is plausible that Strahler orders 4 and 5 

represent mid-to-proximal interlobular arteries.  

The findings in the present study provide further insight into the mechanisms underlying the 

observations by O’Connor et al (15). The interlobar and arcuate arteries and veins, found 

before the divergence of the cortical and medullary circulations, have a close physical 

association (13). O’Connor and colleagues postulated, based on experimental findings in 

anesthetized rabbits and rats, that this association facilitates the shunting of oxygen from the 

interlobar/arcuate artery to the corresponding vein. They used renal nerve stimulation and 

angiotensin II infusion to selectively reduce cortical perfusion. They found that cortical 

perfusion and oxygenation reduced as expected, but also that medullary oxygenation reduced 

despite medullary perfusion being maintained (15). They reasoned that the close physical 

association of the proximal vessels, before the branch-points that define the separation of the 

cortical and medullary circulations, could provide an explanation for their findings. This close 

association would assist the diffusive shunting of oxygen down its concentration gradient 

from the artery and into the vein. Thus, medullary oxygenation was found to be dependent on 

cortical oxygenation (15). The data presented in the current study are not consistent with the 

hypothesis presented by O’Connor and colleagues. Instead, our data suggest more AV flux of 

oxygen is likely to occur at Strahler orders 0-4, which correspond to afferent arterioles (orders 

0-1) and mid-to-distal interlobular arteries (orders 2-3), than Strahler orders 5-9, which likely 

represent proximal-to-mid interlobular (orders 4-5), arcuate (orders 6-7) and interlobar 

arteries (orders 8-9). Our findings, therefore, also suggest comparatively high diffusive 

shunting of oxygen may occur at the proximal interlobular arteries (Strahler order 4). Thus it 

is possible that significant AV shunting of oxygen occurs at portions of the interlobular 

arteries prior to the divergence of the cortical and medullary circulations, at least under 

conditions of cortical ischemia, consistent with the proposition of O’Connor et al (15). 

Unfortunately, the data presented here, in isolation, cannot support definitive conclusions 

regarding the magnitude of AV oxygen shunting at various sites within the cortical circulation 

under physiological and pathophysiological conditions. However, computational modeling 

studies, that incorporate the MTCs calculated in this study, could provide this information. 

7.5.6 Future perspectives 
In order to generate a valid model of oxygen transport in the kidney, it is imperative that the 

data that the model is based on are accurate. Previous models of oxygen transport between 

afferent and efferent limbs of the renal cortical circulation were based on unrealistic geometry 

and vessel arrangement (6, 16). Thus, the quantitative significance of AV oxygen shunting 
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remains unresolved (4, 17). Although the current study does not provide explicit insight into 

the quantitative significance of AV oxygen shunting, the work presented here provides the 

basis for future computational modeling studies to resolve this. MTCs and flux presented in 

this chapter only provides a prediction of the oxygen shunting capacity at each Strahler Order.  

We need to know the AV concentration difference in order to determine the total amount of 

oxygen shunted. Thus, the data generated here may be integrated into our previous 

mathematical model (6) to provide insight into the relative magnitudes of AV oxygen 

diffusion between arteries and veins along the branches of the renal cortical circulation. The 

MTCs calculated in this study are based on the diffusion coefficient of oxygen, and not other 

molecules. However, the manner in which we have calculated the MTC for oxygen can be 

applied to other molecules provided we know the diffusion coefficients for these molecules. 

7.5.7 Strengths and limitations 
Our findings and conclusions are strengthened by the large dataset, which was corrected for 

shrinkage, and is thus based on realistic vessel dimensions. A limitation in this study is that 

the conversion of arterial diameter to Strahler order may be inexact. To overcome this 

limitation, we are currently developing a technique that automatically assigns Strahler orders 

to a three-dimensional reconstruction of the renal cortical circulation. In its current form, the 

application is also able to automatically measure the diameters along an arterial branch and 

subsequently determine the median diameter for a particular arterial branch. But the approach 

is not without its own limitations (see Chapter 9). As described earlier, another limitation of 

our current study arises from the small number of observations for some Strahler orders, in 

particular Strahler orders 3 and 4 when analyzed via the statistical approach, and Strahler 

orders 4-9 when analyzed via the mid-point method.  So although we found that the total mass 

flux per unit driving force was consistently greater for Strahler order 4 compared to orders 5-

9, it is worth noting that the small number of observations for this Strahler order likely 

affected the mean and median MTC calculated for this order. Thus, the mean and median total 

mass flux per unit driving force for Strahler orders 3 and 4, in particular, may be inexact. 

7.6 CONCLUSIONS 
In the present study, we have estimated the relative impact of vascular geometry on the ability 

of oxygen to diffuse from the afferent to efferent vessels in the rat renal cortex. Our 

estimations suggest that although vessels in Strahler orders 5-9 tend to have a close physical 

relationship, as determined from our previous work (13), there seems to be overall, greater 

ability for oxygen to diffuse from an artery to a corresponding vein in the mid-to-distal 

cortical circulation (Strahler orders 0-4) than in the proximal cortical circulation (Strahler 
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orders 5-9). The data presented in the current study do not show if and where there is 

significant AV oxygen shunting, only that if it were, it would likely occur predominantly in 

Strahler orders 0-4 (mid-to-distal and possibly proximal interlobular arteries). To determine 

the significance of AV oxygen shunting, the next step required is to integrate our findings into 

mathematical models of renal oxygen transport such as that of Gardiner et al (6). This will 

allow us to (i) evaluate our interpretations of the data in the present study, (i) determine if and 

where AV diffusive shunting of oxygen occurs, and (iii) determine if AV oxygen shunting is 

quantitatively significant under physiological and pathological conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 7 – Variations in vascular geometry by Strahler order 

 

 
164 

REFERENCES 
1. Bird RB, Stewart WE, Lightfoot EN. Transport Phenomena. New York: John Wiley 
& Sons, 2007. 
2. Cussler EL. Diffusion: Mass Transfer in Fluid Systems. Cambridge University Press, 
2009. 
3. Diem K, Seldrup J. Introduction to statistics, statistical tables, mathematical 
formulae. In: Geigy Scientific Tables, edited by Lentner C. Basle, Switzerland: CIBA-
GEIGY, 1982, p. 52-53. 
4. Evans RG, Smith DW, Khan Z, Ngo JP, Gardiner BS. Letter to the editor: "The 
plausibility of arterial-to-venous oxygen shunting in the kidney: it all depends on radial 
geometry". Am J Physiol Renal Physiol 309: F179-180, 2015. 
5. Garcia-Sanz A, Rodriguez-Barbero A, Bentley MD, Ritman EL, Romero JC. 
Three-dimensional microcomputed tomography of renal vasculature in rats. Hypertension 31: 
440-444, 1998. 
6. Gardiner BS, Smith DW, O'Connor PM, Evans RG. A mathematical model of 
diffusional shunting of oxygen from arteries to veins in the kidney. Am J Physiol Renal 
Physiol 300: F1339-1352, 2011. 
7. Gardiner BS, Thompson SL, Ngo JP, Smith DW, Abdelkader A, Broughton BR, 
Bertram JF, Evans RG. Diffusive oxygen shunting between vessels in the preglomerular 
renal vasculature: anatomic observations and computational modeling. Am J Physiol Renal 
Physiol 303: F605-618, 2012. 
8. Kruskal WH, Wallis WA. Use of ranks in one-criterion variance analysis. J Am Stat 
Assoc 47: 583-621, 1952. 
9. Levy MN, Imperial ES. Oxygen shunting in renal cortical and medullary capillaries. 
Am J Physiol 200: 159-162, 1961. 
10. Levy MN, Sauceda G. Diffusion of oxygen from arterial to venous segments of renal 
capillaries. Am J Physiol 196: 1336-1339, 1959. 
11. Ludbrook J. A primer for biomedical scientists on how to execute model II linear 
regression analysis. Clin Exp Pharmacol Physiol 39: 329-335, 2012. 
12. Møller J, Robertsen K, Hansen ES. Severe shrinkage of Microfil during tissue 
clearing with the Spalteholz technique. J Microsc 174: 125-127, 1994. 
13. Ngo JP, Kar S, Kett MM, Gardiner BS, Pearson JT, Smith DW, Ludbrook J, 
Bertram JF, Evans RG. Vascular geometry and oxygen diffusion in the vicinity of artery-
vein pairs in the kidney. Am J Physiol Renal Physiol 307: F1111-1122, 2014. 
14. Nordsletten DA, Blackett S, Bentley MD, Ritman EL, Smith NP. Structural 
morphology of renal vasculature. Am J Physiol Heart Circ Physiol 291: H296-H309, 2006. 
15. O'Connor PM, Kett MM, Anderson WP, Evans RG. Renal medullary tissue 
oxygenation is dependent on both cortical and medullary blood flow. Am J Physiol Renal 
Physiol 290: F688-F694, 2006. 
16. Olgac U, Kurtcuoglu V. Renal oxygenation: preglomerular vasculature is an unlikely 
contributor to renal oxygen shunting. Am J Physiol Renal Physiol 308: F671-688, 2015. 
17. Olgac U, Kurtcuoglu V. Reply to "Letter to the editor: 'The plausibility of arterial-to-
venous oxygen shunting in the kidney: it all depends on radial geometry'". Am J Physiol 
Renal Physiol 309: F181-182, 2015. 
18. Salathé EP. Mathematical modeling of oxygen transport in skeletal muscle. Math 
Biosci 58: 171-184, 1982. 
19. Schurek HJ, Jost U, Baumgartl H, Bertram H, Heckmann U. Evidence for a 
preglomerular oxygen diffusion shunt in rat renal cortex. Am J Physiol 259: F910-915, 1990. 
20. Shapiro SS, Wilk MB. An analysis of variance test for normality (complete samples). 
Biometrika 52: 591-611, 1965. 
21. Sharan M, Popel AS. A mathematical model of countercurrent exchange of oxygen 
between paired arterioles and venules. Math Biosci 91: 17-34, 1988. 



CHAPTER 7 – Variations in vascular geometry by Strahler order 

 

 
165 

22. Welch WJ, Baumgartl H, Lubbers D, Wilcox CS. Nephron pO2 and renal oxygen 
usage in the hypertensive rat kidney. Kidney Int 59: 230-237, 2001. 

 

  



DECLARATION 

 
 
 

8 | SURFACE AREA OF PERITUBULAR 
CAPILLARIES IN THE RAT RENAL 

CORTEX 
 



CHAPTER 8 – Surface area of peritubular capillaries 

 166 

8.1 ABSTRACT 
A computational model of oxygen transport in the renal cortex requires an accurate measure 

of the surface area of cortical peritubular capillaries. Therefore, we employed stereological 

methods to determine the density of peritubular capillaries in the renal cortex of the rat. The 

kidneys of six rats were perfusion fixed and the vasculature filled with Microfil®. Using a 

single section from each kidney, the surface area density of peritubular capillaries was 

calculated to be 239.7 cm2/cm3 of cortex. This information will be useful for generation of 

computational models of oxygen transport in the renal cortex. 

8.2 INTRODUCTION 
Capillaries are major sites of oxygen transport (12, 13). In the kidney, peritubular capillaries 

appear capable not only of delivering oxygen to tissue, but can also act as sinks that remove 

oxygen from the vicinity of the walls of arteries (10). A valid computational model of kidney 

oxygenation must therefore depend upon the provision of quantitative information regarding 

the distribution of peritubular capillaries. We have previously quantified the variations in 

capillary density in the vicinity of artery-vein pairs in the kidney of the rat (4). However, to 

the best of our knowledge, information on peritubular capillary surface area in the 

parenchyma of the renal cortex is scarce. In one report, in German, peritubular capillary 

surface area in the dog kidney was estimated at 350 cm2 per gram kidney weight (7). This 

work has been cited by others in the field (3). In a separate report, the surface area of 

capillaries in the rat kidney was estimated at 400 cm2 per gram kidney weight (9). However, 

no information was provided regarding the methods that were used to generate these data. 

Therefore, in the current study, we used stereological methods to estimate the surface area of 

peritubular capillaries in the renal cortex of the rat. 

8.3 METHODS  

8.3.1 Tissue preparation 

The tissues used in this study were produced in a previous study (10) (described in Chapter 6 

of this thesis). In brief, the kidneys of six rats were perfusion fixed and the vasculature filled 

with a silicone compound (Microfil®) to visualize the blood vessels. One kidney was used 

from each rat. Three of the kidneys were sectioned in the longitudinal plane. For the other 

three kidneys, the plane chosen was perpendicular to the longitudinal plane. The kidneys were 

embedded in glycolmethacrylate and for each kidney, 3 μm sections were cut. Only one 
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histological section was used from each kidney for analysis, resulting in a total of six sections. 

The sections were stained with hematoxylin and eosin. 

8.3.2 Sampling 

All six micrographs were first visualized on ImageScope (version 11.2.0.780, Aperio 

Technologies). Image tiles were then extracted from each micrograph, providing between 800 

– 2000 image tiles depending on the size of the tissue section. Pilot studies employed running 

means and allowed us to determine the appropriate method of sampling. Following this we 

chose to sample every 20th image tile that consisted of renal cortex. This resulted in an 

analysis of between 35 – 184 tiles for each tissue section. The images were analyzed in 

ImageJ, an open source software package (http://imagej.nih.gov/ij/). Using the cycloid arc 

plugin (http://rsb.info.nih.gov/ij/plugins/grid-cycloid-arc.html), a cycloid test system was 

overlaid on each image tile. The number of intersections and test points was then counted 

using the methods described below. 

8.3.3 Estimation of surface area 

 The surface area of two-dimensional sections can be estimated using isotropic line probes. 

The common method is to use a cycloid test system (1, 11). The number of intersections (I) 

between the test lines and the surface of interest, in this case capillary walls, and the number 

of test points (P) which hit the area of interest (i.e. renal cortical tissue) were counted. The 

formula used to estimate surface area density Sv was: 

Sv = 2(p/l) 
!"
!" 

where ΣI is the total number of intersections for all micrographs, ΣP is the total number of 

test points, and (p/l) is the ratio of test points to test curve length.  

Total surface area (TSA) of peritubular capillaries in the renal cortex was estimated by 

multiplying the surface area density of peritubular capillaries by the volume of the renal 

cortex. Therefore, the formula for the total surface area of peritubular capillaries in the renal 

cortex is: 

TSA = Sv × volume of the renal cortex 

The volume of the renal cortex was determined by multiplying the kidney volume from our 

previous study (1.67 cm3; (10)) with known percentages of cortical tissue in the rat kidney (2). 
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Four different percentages of cortical tissue were used for determining the total surface area 

of peritubular capillaries. The four percentages were obtained via four different methods (2). 

These included three morphometric approaches: the ‘arcuate arteries method’, the ‘curved line 

method’, and the ‘medullary rays method’. The fourth method was the ‘magnetic resonance 

imaging (MRI) in vivo method’. For the morphometric approaches, the corticomedullary 

border was defined in three different ways using: (i) the arcuate arteries, (ii) a curved line that 

traced the glomeruli located closest to the medulla (juxtamedullary glomeruli), and (iii) the 

medullary rays approach where the corticomedullary border was defined to a line at the top of 

the medullary rays. For the MRI in vivo approach, images were obtained following injection 

of contrast agent (gadolinium) and the volume was calculated via automatic interpolation of 

marked areas of the kidney (2). 

Data are presented as mean ± standard error of the mean. 

8.4 RESULTS 

Total surface area density of peritubular capillaries was calculated to be 239.65 cm2/cm3 of 

cortex. The mean surface area density of peritubular capillaries was 250.40 ± 24.68 cm2/cm3 

of cortex across the six tissue sections. Calculated total surface area of peritubular capillaries 

depended on the method used for determining the proportion of kidney volume taken up by 

renal cortex (Table 8.1). It ranged from 209.21 ± 20.62 cm2 to 292.89 ± 28.87 cm2. 

 

Table 8.1. Calculated total surface area (mean ± SEM) of cortical peritubular capillaries. 

 Arcuate 
arteries Curved line Medullary rays MRI in vivo 

Proportion of 
kidney volume 
that is cortex 

0.65 0.70 0.50 0.50 

Volume of 
cortex using 

previous data * 
(cm3) 

1.09 1.17 0.84 0.84 

Total surface 
area (cm2) 271.97 ± 26.81 292.89 ± 28.87 209.21± 20.62 209.21± 20.62 

* Previous data from Ngo et al (10) (mean kidney volume = 1.67 cm3) multiplied by the 
proportion of kidney volume that is cortex. 

 



CHAPTER 8 – Surface area of peritubular capillaries 

 169 

8.5 DISCUSSION 
In our study, we provide an estimate of the surface area density and the total surface area of 

peritubular capillaries in the rat kidney. Surface area density was found to be 239.65 cm2/cm3 

of renal cortex. Total surface area of cortical peritubular capillaries ranged from 209.21 to 

292.89 cm2 depending on which percentage of cortical volume in the rat kidney (based on 

data in the literature) was used in the calculations. Comparing our estimations to earlier 

estimations, our estimations of surface area density are less than that of estimations by others 

(~240 cm2/cm3 of cortex vs 350-400 cm2 per gram of kidney weight). 

It is important to note that this is a preliminary study with a number of limitations. Firstly, the 

sampling method used in this study was not ideal for our purposes. A total of only six tissue 

sections were analyzed across six rats. A different sampling approach would be required in 

future studies to confirm or refute our current findings. One approach that could be taken is 

that of Madsen et al who quantified peritubular capillaries in postnatal kidney development 

(8). Their work consisted of a more ideal sampling method: the kidney was cut in 1 mm thick 

sections and every second slice was used for stereologic measurements. These kidney sections 

were further cut into 1 mm x 1 mm pieces, mixed, and then systematically randomly chosen 

to embed in paraffin. Then, the sections were cut and peritubular capillaries were stained via 

immunohistochemical methods (cell marker CD31) to correctly identify as many capillaries 

as possible. Thus, their approach in both sampling and identifying peritubular capillaries is 

more suitable for our purposes than the approach taken in our present study. Secondly, we 

used Microfil® together with morphometry to identify peritubular capillaries. Although the 

Microfil® compound was allowed to flow freely prior to tying off the renal artery and vein, 

we acknowledge that there may be incomplete filling of the capillaries. This is because there 

are varying degrees of resistance in the renal circulation. Incomplete filling of the peritubular 

capillaries would hinder our ability to identify all objects of interest, in this case the lumen of 

peritubular capillaries. Thus, it is most probable that our estimates of surface area in this study 

represent an underestimation of the true surface area. Previous studies have used endothelial 

cell markers or electron microscopy to label and/or identify glomerular and peritubular 

capillaries (5, 6, 8). Endothelial cell markers, such as CD31, label endothelial cells (platelet 

endothelial cell adhesion molecule-1) and would thus enable identification of peritubular 

capillaries. Future studies should employ such methods for a more valid approach to 

identifying all (or as many as possible) cortical peritubular capillaries. Our preliminary study 

has provided estimations of peritubular capillary surface area in the rat kidney. These 

estimations can now be used in computational models of renal oxygenation.  
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9.1 ABSTRACT 

We aimed to utilize synchrotron-based micro-computed tomography to quantify radial 

geometry of artery-vein pairs in the rat kidney. The kidneys of six rats were perfusion fixed 

and the renal circulation was filled with Microfil®, a radio-opaque compound. Firstly, in 

order to assess shrinkage of Microfil®, the kidneys were imaged at the Australian 

Synchrotron immediately upon tissue preparation, and also 24 hours after the first micro-

computed tomographic acquisition, following post-fixation for 24 hours in paraformaldehyde. 

We determined that Microfil® shrinks 2-5% over the 24 hours after sample preparation. 

Secondly, vessel geometry was manually quantified from three-dimensional (3D) images. 

Radial geometry quantified by manual analysis of micro-computed tomographic images 

corresponded closely to data generated by histological analysis. However, because of the 

resolution we could achieve, only arteries ≥100 µm in diameter were analyzed. Thus it is 

feasible and valid to use micro-computed tomography (micro-CT) to analyze vascular 

geometry in the proximal renal circulation. Finally, software was produced to provide an 

automated and rapid method for analysis of vessel geometry. The automated method, at least 

in its current form, underestimates arterial diameter and the proportion of the arterial wall 

‘wrapped’ by the wall of its nearest vein, and overestimates diffusion distance. We conclude 

that a combination of light microscopic and micro-CT approaches are required to evaluate the 

spatial relationships of intrarenal arteries and veins over an extensive range of vessel sizes. 

9.2 INTRODUCTION 

There is experimental evidence that oxygen delivery to renal tissue may be limited by 

diffusive arterial-to-venous (AV) oxygen shunting (13, 14, 26). However, the quantitative 

significance of this phenomenon remains a matter of controversy (5, 22, 23). Currently, it is 

not possible to measure AV oxygen shunting experimentally. Thus, we rely on mathematical 

modeling to investigate this phenomenon by simulating diffusion and convection of oxygen 

within the renal cortex. 

In collaboration with mathematicians at the University of Western Australia, we have 

generated models of oxygen transport in the renal cortex (8, 9, 20). Our initial model (8) was 

based on eleven branching orders, termed ‘Strahler orders’, of the rat renal circulation defined 

by Nordsletten et al (21). It was ‘calibrated’ with experimental measurements of the oxygen 

tension of blood in the efferent arterioles and renal vein of anesthetized rats (26). The model 

simulations predicted that AV oxygen shunting is quantitatively significant. More recently, 

Olgac and Kurtuoglu developed a model that predicts AV oxygen shunting to be 
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quantitatively insignificant (22). Importantly, neither model incorporated detailed information 

regarding the radial geometry of artery-vein pairs in the renal cortex (5, 23). Analyses of the 

impact of radial geometry (9, 20), predict that AV oxygen shunting is negligible unless the 

artery-vein pair are very closely associated. That is, AV shunting can only occur if the arterial 

wall is partially surrounded by the vein (‘wrapped’). As a result of this phenomenon of 

wrapping, diffusion distances between the arterial and venous lumen are short and oxygen 

sinks (tubules and capillaries) are excluded from the pathway of AV oxygen diffusion.  

Our analyses of the spatial arrangements of arteries and veins in the renal cortex, presented in 

Chapters 5-7 of this thesis, suggest that the radial geometry of artery-vein pairs changes along 

the course of the circulation. That is, at the level of individual vessel pairs, conditions for 

shunting are most favorable in the proximal renal circulation. When considering the renal 

circulation as a network, however, AV oxygen shunting is probably most favored in 

interlobular arteries because of their large number (see Chapter 7). Importantly, the 

phenomenon of wrapping was seen more frequently in the larger, more proximal vessels 

located at the corticomedullary region of the renal circulation. The data we based these 

conclusion on were generated from histological sections so only provide  ‘snapshots’ of the 

radial geometry of artery-vein pairs. Synchrotron-based micro-computed tomography (micro-

CT) has the potential to generate 3D reconstructions of the renal vasculature. Thus, it can be 

used to obtain information on axial geometry and thus convection, as well as radial geometry, 

and thus diffusion.  Such 3D geometric information is vital for development of a realistic 

model of oxygen transport in the cortical circulation. 

Micro-CT has been used previously to generate quantitative information regarding the 

geometry of the renal vasculature (21). One of the limitations of this approach is the potential 

for Microfil® to shrink (1, 18), particularly when exposed to solvents such as ethanol (18), as 

was the case in the studies of Garcia-Sanz and colleagues (7) which generated the material 

used in the previous analysis by Nordsletten and colleagues (21). Therefore, in the current 

study we avoided these processing steps to minimize shrinkage. However, there is still the 

potential for Microfil® to shrink, both during curing and after curing. Therefore we first 

determined whether Microfil® could be used without addition of the curing agent. We also 

determined whether, in the 24 hours after preparation of the tissue, there was appreciable 

shrinkage and/or deterioration of vascular casts generated with either cured or uncured 

Microfil®. Subsequently we compared the spatial characteristics of the cortical circulation 

determined by light microscopy and micro-CT. We then developed a method for automated 
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analysis of the radial geometry of artery vein pairs in micro-CT images, to examine the spatial 

relationships between arteries and veins at the corticomedullary region.  

9.3 METHODS 

9.3.1 Overview 

To assess the effects of the curing process on shrinkage, rat kidneys were perfusion fixed and 

filled with Microfil®. Some component of the shrinkage of Microfil® is known to be due to 

the curing process (3, 10, 12). Thus, rat kidneys were perfusion fixed and filled with 

Microfil® that either included (n = 6) or excluded (n = 3) the curing agent, and then scanned 

to produce micro-CT images at two time points; immediately upon tissue preparation, and 24 

hours later. Diameters of vessels were measured by manual analysis at both time points to 

determine the degree of shrinkage. An automated method was also used to analyze the spatial 

characteristics (diameter, diffusion distance, wrapping) of AV pairs in 3D reconstructed rat 

kidneys. Following the micro-CT scans, 3 µm sections were cut from four regions of each 

kidney, stained with hematoxylin and eosin, imaged by Scan Scope (Aperio, Vista, CA, USA) 

and viewed by a virtual microscope (Image Scope, version 11.2.0.780, Aperio Technologies). 

9.3.2 Animal ethics 

All procedures involving animals were approved by the Animal Ethics Committee of the 

Monash University School of Biomedical Sciences and were in accordance with the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. 

9.3.3 Preparation of tissues for morphometric analyses  

Tissue preparation was analogous to our previous study (20), as described in Chapter 6 of this 

thesis. In brief, male Sprague Dawley rats (weighing between 250 – 300 g) were anesthetized 

with pentobarbital (60 mg/kg. i.p; Sigma-Aldrich, St Louis, MO, USA). The kidneys were 

then cleared with phosphate buffer and perfusion fixed at physiological pressure with 

Karnovsky’s fixative (4% paraformaldehyde and 4% glutaraldehyde in 0.2 M phosphate 

buffer). Once 10-12 ml of Microfil® (MV-122; Flow Tech, Carver, MA, USA) was infused, 

the renal artery and vein were ligated. The kidneys were removed, then immersed in fixative 

and transported immediately to the Imaging and Medical Therapy Beam Line (IMBL) at the 

Australian Synchrotron.  
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9.3.4 Micro-CT scanning and imaging 

There were two application rounds of ‘beam-time’ in our study. In the first round of beam-

time, we aimed to determine whether phase-contrast could enhance the edges of the vessel. To 

do this, whole kidney samples were placed 3.24 m away from the detector as the distance 

between a sample and the detector affects the edges of the object being imaged. However, as 

described in further detail later, the enhanced edges interfered with the fidelity of the 

algorithm we later developed for automated analysis of vessel geometry. Thus, in the second 

round of beam-time, whole kidneys were placed 0.38 m away from the detector. Thus in the 

second round we removed the edge enhancement by placing the kidneys closer to the 

detector.  

Whole kidney imaging was carried out using the Ruby Detector at the IMBL. High-resolution 

images were captured using an X-ray source of 32 KeV at a voxel resolution of 6.3 µm in the 

object plane and 6.1 µm in the sample plane. To complete the scans, each tissue specimen was 

placed in an upright vial on a stage. The stage was rotated 180° in 0.25° increments, resulting 

in 720 projections. Routine background correction of all projections for X-ray beam 

instability and detector noise was performed. Twenty dark field (detector noise) and twenty 

bright field (excluding sample) images were obtained for background correction, both before 

and after each sample was scanned. To determine the amount of shrinkage within a 24-hour 

period, two scans were completed for each kidney; one immediately after tissue preparation 

and one 24 hours later.  

9.3.5 Three-dimensional volume reconstruction of whole kidneys 

Prior to rendering the whole kidney in 3D, each of the 5000+ image slices were visually 

inspected in ImageJ (http://imagej.nih.gov/ij/). Cross sectional images were reconstructed by 

the (Linear-Ramp) Filtered Back-Projection algorithm in XLI-XTRACT software 

(http://www.ts-imaging.net/Services/AppInfo/X-TRACT.aspx; CSIRO, Australia). The 

reconstructed slices were stored as 8-bit TIFF volumetric images. Images were then rendered 

using Drishti (version 2.4, http://anusf.anu.edu.au/Vizlab/drishti/) (15). Visualization and 

manipulation of whole kidneys were achieved using both Drishti and Avizo (VSG Inc., 

Burlington, MA, USA). ImageJ, Drishti and Avizo were accessed via the MASSIVE network 

(Multi-modal Australian ScienceS Imaging and Visualization Environment; National 

Computational Infrastructure, Australian National University, Australia). 
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9.3.6 Selection of artery-vein pairs and image analysis 

We quantified the shrinkage of Microfil® over a period of 24 hours, between the first scan 

and second scan. The widths of artery-vein pairs were measured using Drishti and Avizo 

(MASSIVE network). Using Drishti, the measurements were taken at the same region in each 

reconstruction; at the base of branching of vessels (Fig. 9.1A & B). In total, 244 branching 

junctions were located in 6 kidneys. Using Avizo, a smaller subset of vessels was assessed by 

measuring diameters of only arteries (Fig. 9.1C & D). Two arterial ‘lines’ were analyzed in 

each kidney, one from the middle and one from the pole of the kidney. This resulted in a total 

of 66 measurements. 

 

 

 

 

 

Figure 9.1. Selection of artery-vein pairs for determining shrinkage after 24 hours of tissue 
preparation. Approach 1: Beginning at the proximal vessels, a vessel pair was followed until 
another branching point was reached (A). Measurements were taken at the base of branching 
points (circles and B). At a branch point, one branch was chosen and followed. This was repeated 
until the most distal vessels were reached. The path was retraced back to previous branching 
points so that measurements were made along the other branches of the circulation that were not 
chosen before. Approach 2: Measurements were also taken in a smaller subset (C). In this 
subset, diameters of only arteries were measured (D) as opposed to the entire artery-vein pair 
(B). Measurements were generated from two arterial ‘lines’ in each of the six kidneys. 
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9.3.7 Histological tissue sections 

Three kidneys were used to assess whether radial geometry of the cortical vasculature 

determined by micro-CT is similar to that determined by light microscopy. Once micro-CT 

images were obtained, the kidneys were removed from the vials and four regions of each 

kidney were cut. Each kidney was first cut in the sagittal plane, leaving two halves. One half 

was then cut in the longitudinal plane. For each plane, 1-2 mm thick sections from two 

different areas of the kidney were obtained; a slice near the midline and a slice in an 

intermediate position between the midline and the edge of the kidney (Fig. 9.2). A total of 12 

sections (four from each kidney) were used for the qualitative morphometric analyses. The 

sections were then embedded in glycol methacrylate (Technovit 7100; Heraeus Kulzer 

GmbH, Wehrheim, Germany), sectioned at 3 µm and stained with Weigert’s hematoxylin and 

eosin. Sections were scanned with Aperio Scan Scope (Aperio, Vista, CA, USA), providing a 

digital representation of the entire section. 

 

Figure 9.2. Sampling of renal tissue. For three rat kidneys, the kidneys were first cut in half. One 
half was cut in the transverse plane (1), and the other half in the longitudinal plane (2). For each half, 
two sections were cut. One piece was cut in the intermediate position between the midline and the 
end of the kidney (3). The other piece was cut at the midline (4). Each kidney thus resulted in four 
specimens. 
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9.3.8 Qualitative analysis: matching histological sections with 
corresponding micro-CT slices 

ImageScope and Avizo were used to match histological and micro-CT sections. With the 

histological section viewed on ImageScope (version 11.2.0.780, Aperio Technologies), and 

the micro-CT 3D volume viewed concurrently on Avizo, large distinctive vessel pairs were 

first identified on the histological section. Large vessel pairs were of interest because their 

intimate spatial association may facilitate the diffusional shunting of oxygen (see Chapter 6). 

By knowing the approximate location where the histological section was derived, a two-

dimensional (2D) slice could be manually moved through the 3D volume to first obtain an 

approximate match. Once this was achieved, we moved, rotated, and angled the plane of 

section to visualize the same distinctive vessels and any nearby glomeruli that could be 

identified on the histological section. 

9.3.9 Quantitative analysis: Comparison of vascular geometry generated 
by micro-CT and light microscopy 

Arterial diameter, diffusion distance, and proportion of wrapping were manually measured for 

vessel pairs, that were matched in both the light micrographs and micro-CT images, in a 

blinded manner. Artery-vein pairs were identified, matched in both micro-CT and light 

microscopy images, and then labeled. Measurements were first made for the artery-vein pairs 

in the light micrographs. Then, measurements were made for the artery-vein pairs in the 

micro-CT images. A total of 25 vessel pairs were identified across two kidney volumes. 

9.3.10 Automated analysis of the radial geometry of artery-vein pairs 

Sub-volumes of the 3D whole-kidney reconstructions were generated, that included large 

arteries (> 100 µm) that were expected to be partially wrapped by their corresponding veins. 

Across three kidneys, sub-volumes were selected in two regions of the kidney: a region in the 

midline of the kidney (mid-region), and a region between the mid-region and a pole of the 

kidney (outer region). For two of the kidneys, the selection of mid-region sub-volumes was 

based on the large distinctive vessels that were matched with the corresponding histological 

section (Section 9.3.8). For example, four distinctive vessel pairs in a section resulted in four 

sub-volumes. Because we could not match the micro-CT image with its corresponding 

histological image for one kidney, the selection of sub-volumes was based on large vessels at 

the mid-region. The selection of outer region sub-volumes was based on large distinct vessels 

in that region. This resulted in a total of 30 sub-volumes. The dimensions of each sub-volume 

were 512 × 512 × 512 voxels. To validate the automated analysis software, smaller sub-
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volumes were generated for some artery-vein pairs. The size of these smaller sub-volumes 

was restricted so that branches were excluded, thus allowing the software to compute 

measurements for a single ‘vessel’ between branch points.  

Data processing and analysis of the 8-bit TIFF images (generated as described in Section 

9.3.5) were performed using the commercial software package MATLAB (version 4.5.2, The 

Mathworks Inc., Natick, MA, USA). All voxels were then subjected to a threshold to 

distinguish the vascular voxels from the non-vascular (background) voxels (Fig. 9.3A). A 

multi-seed region growing process was performed for segmentation of arterial and venous 

voxels. At least one seed voxel was manually identified in each vascular region (arterial and 

venous; Fig. 9.3B). Once identified, each region was designated a vessel-type (artery or vein). 

Geodesic distances of vascular voxels from the nearest seed voxel were then generated. Each 

vascular voxel was then assigned a vessel-type. The vessel-type was the type of its nearest 

seed voxel. A volumetric atlas was then produced to map the vascular voxels to either ‘artery’ 

or ‘vein’. The atlas was then smoothed via an averaging filter. A 3D vascular geometry was 

produced using isosurface generation. The isosurface geometry was generated as a 

triangulated mesh. The geometry was simplified but still preserved vascular shape. A 

centerline (skeleton) was extracted from the 3D geometry using mesh contraction (2) (Fig. 

9.3C) before the results of the automated analyses were generated (Fig. 9.3D).  

One ‘vessel’ was defined as a segment of an artery between two branch points. A total of 339 

vessels were identified and analyzed. The variables measured included radius, diffusion 

distance, and proportion of wrapping. These variables were measured at 6.3 µm intervals 

along the length of each vessel. For each vessel, the software generated the median radius 

(µm), the median diffusion distance (the shortest distance from the arterial and its nearest 

venous vessel), and the proportion of wrapping by the vein (%). Wrapping was based on the 

percentage of arterial surface area within a specified angle and proximity of a concave venous 

surface. An artery was defined as ‘wrapped’ only if it satisfied two rules. First, for any 

particular artery, the software produced lines that stem perpendicularly from the arterial 

surface. A semi-circular ‘pie’ was drawn at the point where the line radiating from the artery 

intersected the venous surface (Fig. 9.4A). 
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 If the line passed through the smaller portion of the ‘pie’, this indicated the presence of 

‘wrapping’ (Fig. 9.4A). If the line did not pass through this section, the software recognized 

this as the absence of wrapping (Fig. 9.4A). Thus, the size of the smaller portion of the ‘pie’ 

dictates the likelihood that the algorithm will detect ‘wrapping’ (Fig. 9.4B). Consequently, 

following some trials and observations, the specified angle was set at 45° (Fig. 9.4C). The 

trials to determine a valid angle involved changing the specified angle until it agreed well 

with visual inspection of wrapping. Second, wrapping was only considered where the venous 

surface was concave (negative curvature; Fig. 9.4D). Curvature was thus set at less than 0. 

Figure 9.3. Generating automated analyses of artery-vein geometry via MATLAB. (A) An 
optimum threshold to distinguish the vascular elements from the background was first selected. (B) 
The arterial and venous regions were identified and a ‘seed’ was planted in each region (red seed = 
arterial, blue seed = venous). (C) Three-dimensional vascular geometry was generated and a centerline 
skeleton was extracted (red = arterial vessel, blue = venous vessel). (D) Automated analyses were 
generated and the data output exported to Microsoft Excel. 
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Hence, if the venous surface was convex (Fig. 9.4E), the software did not recognize this as 

wrapping despite satisfying the first requirement. ‘Proximity’ was based on diffusion distance 

being less than infinity. Thus all diffusion distances were included.  

 

9.3.11  Statistics 

Data are presented as mean ± standard error of the mean (SEM) unless stated otherwise. 

Ordinary least products regression was used to generate lines of best fit (16). Regression 

analyses were performed using SYSTAT v.13 (Systat Inc, San Jose, CA, USA). Paired t-tests 

were performed for matched data using Microsoft Excel. For all comparisons, two-tailed P ≤ 

0.05 was considered statistically significant. 

Figure 9.4. A schematic representing the method determining wrapping for an artery. (A) 
Lines radiate perpendicularly from the arterial surface towards the venous surface. A ‘pie’ is drawn 
perpendicularly at the point where the line intersects the venous surface. If the line passes through 
the smaller ‘portion’ of the pie, the application will recognize this as ‘wrapping’ (black arrows and 
blue pies). If the line does not pass through this smaller portion, it is classified as ‘non-wrapping’ 
(red arrows and black pie). (B) The size of the smaller portion of the pie will dictate the likelihood of 
the application recognizing ‘wrapping’. Here, the size of the smaller portion is reduced compared to 
(A) such that only one line now passes through (black arrow and blue pie). (C) The specified angle 
for our purposes was set at 45°. (D) Wrapping was only considered if the venous surface was 
concave. Convex venous surfaces were excluded and thus artery-vein pairs with this arrangement 
were classified as non-wrapped (E). Red circle = artery, blue = vein. 
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9.4 RESULTS 

9.4.1 Quality of Micro-CT reconstructions 

There was a clear difference in the quality of visualization of the renal circulation depending 

on whether curing agent had been added to the Microfil® compound (Fig. 9.5). The 

vasculature of kidneys containing Microfil® and curing agent could be clearly visualized in 

the scans taken both immediately after (Figs 9.5G, I, K) and 24 hours after (Figs 9.5H, J, L) 

sample preparation. There was very little evidence of changes in the morphology of the 

Microfil® across the 24 h period. In contrast, while the three kidneys prepared without curing 

agent had reasonable, albeit somewhat patchy, visualization in the immediate scan (Figs 9.5A, 

C, E), visualization was poor in the scans 24 hours after sample preparation (Figs 9.5B, D, F). 

Consequently, subsequent analyses only included the 6 kidneys containing Microfil® and its 

curing agent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.5.  A comparison of kidneys with and without curing agent added to Microfil®. Left 
hand images are scans of the three whole kidneys with Microfil® excluding curing agent. Right hand 
images are scans of three of the six whole kidneys with Microfil® including the curing agent. 
‘Immediate’ represents scans immediately upon tissue preparation, and ‘24 hours’ represents scans 
taken 24 hours following the first scan. 
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9.4.2 Shrinkage of Microfil 

A quantitative analysis of the shrinkage of Microfil® demonstrated a small but statistically 

significant degree of shrinkage over the 24 hours between the two scans. The widths of a total 

of 244 vessel pairs (approach 1) in the six micro-CT reconstructions were compared. The 

overall mean width 24 hours after sample preparation (594 ± 16 µm) was 3.27 ± 0.63% less 

than that determined immediately after sample preparation (621 ± 18 µm; P<0.001 by 

Student’s paired t-test; Fig. 9.6A). When only arterial diameter was measured (approach 2), it 

was found to reduce by 2.2 ± 0.4%, from 377 ± 13 µm to 368 ± 13 µm over the 24 h period 

(P<0.001; Fig. 9.6B).  

In order to better characterize the degree of shrinkage across the 24 hours after sample 

preparation, regression analysis was performed. Because the relationships between vessel 

diameter at the two time-points should theoretically pass through the origin, the ordinary least 

products method was used to generate a line in the form of y = bx, where y = the diameter of 

vessels 24 hours after sample preparation, x = diameter of vessels from the immediate scan, 

and b = the slope of the relationship between x and y. 

For the analysis of the widths of vessel pairs (approach 1), the line of best fit was y = 0.95x, 

with 95% confidence limits of the slope that excluded unity (95% CI: 0.94 – 0.96). Thus, this 

regression analysis suggests that Microfil® shrinks ~5% following 24 hours of tissue 

preparation (Fig. 9.7A). 

In the analysis of changes in arterial diameter across the 24 hours after sample preparation, 

ordinary least products regression (Fig. 9.7B) provided a line of best fit with the equation y = 

0.98x. The 95% confidence intervals of the slope excluded unity (0.97 – 0.99). This analysis 

suggests that Microfil® shrinks by ~2% during the 24 hours after tissue preparation. 
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Figure 9.6. Vessel diameters from scans generated immediately after and 24 hours after 
tissue preparation. Panel A represents measurements of paired vessels (approach 1; n = 244) 
before and after 24 hours. Panel B represents the measurements of arterial diameter only 
(approach 2; n = 66). ‘Immediate (mean)’ represents the mean of all measurements taken in the 
initial scan. ‘24 hours after (mean)’ represents the mean of all measurements in the scan 
generated 24 hours after sample preparation. Symbols represent mean ± standard error of the 
mean.  
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Figure 9.7. Ordinary least products regression analyses of the diameters of vessels 
determined from scans generated immediately after sample preparation and 24 hours 
later. (A) Paired vessel diameter before and 24 hours after preparation. (B) Arterial diameter in 
the immediate scan plotted against arterial diameter determined from scans taken 24 hours after 
sample preparation.  
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9.4.3 Qualitative comparison of vessel geometry using micro-CT and light 
microscopy 

A qualitative comparison between histological and micro-CT sections demonstrated that 

vessels identified in the histological sections could be identified in the sections obtained by 

micro-CT (Fig. 9.8). Due to the difficulty of matching artery-vein pairs in light micrographs 

and micro-CT images, only a total of 17 artery-vein pairs were matched with artery-vein pairs 

in corresponding histological images. Glomeruli seen in the histological sections (Figs 9.8C, 

E, G, M, O, Q, S), were for the most part also observed in the micro-CT images as bright 

white dots (Figs 9.8D, F, H, N, R, T). In the light micrographs, Microfil® could be identified 

in most arteries and veins, as well as capillaries. The rings observed in the micro-CT images 

are artifacts due to phase-contrast. The rings are part of the true diameter of the vessels (as 

determined by the quantitative analysis below). 

9.4.4 Quantitative comparison of light microscopy and micro-CT using 
manual analyses  

Measurements of arterial diameter, diffusion distance, and wrapping determined from micro-

CT images correlated strongly with corresponding measurements determined by light 

microscopy (Fig. 9.9). 

Because the relationship between measurements generated using the two approaches might 

not necessarily pass through the origin, the ordinary least products method was used to 

generate a line of the form y = bx + c, where y = the variable measured in the micro-CT 

images, x = the variable measured in the histological images, b = the proportional bias, and c 

= the fixed bias.  

For the analysis of arterial diameter (Fig. 9.9A), the line of best fit when including the ring 

artifact was y = 1.10x + 14.35. The 95% confidence limits of the slope included unity (95% 

CI: 0.93 – 1.27). The 95% confidence limits of the y-intercept included zero (95% CI: -37.52 

– 66.21). For the analysis of arterial diameter excluding the ring artifact observed in the 

micro-CT images, the line of best fit was y = 0.96x – 55.77. The 95% confidence limits of the 

slope included unity (95% CI: 0.81 – 1.11). The 95% confidence limits of the y-intercept 

excluded zero (95% CI: -101.56 to -9.98). Thus, we could detect fixed bias in the micro-CT 

method compared with light microscopy only if the ring artifact was excluded. Importantly, 

no proportional bias could be detected, regardless of whether the ring artifact was included in 

the analysis. Nevertheless, arterial diameter was on average 11.2 ± 4.9 µm less when the ring 

was excluded than when it was included (P<0.001, paired t-test). 
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On average, diffusion distance was 45.55 ± 2.98 µm greater when measurements included the 

ring artifact than when it was excluded (P<0.001, paired t-test). Also, diffusion distance 

measured by micro-CT, including the ring artifact, did not differ significantly from that 

measured by light microscopy (P = 0.89, paired t-test). However, both fixed and proportional 

bias were detected by ordinary least products regressions analysis (Fig. 9.9B). The line of best 

fit could be described by the equation y = 0.76x + 5.71. The 95% confidence intervals of the 

slope excluded unity (95% CI: 0.53 – 0.98). The 95% confidence limits of the y-intercept 

excluded zero (95% CI: 0.20 – 11.22). Thus, manual measurements of diffusion distance from 

micro-CT images may generate an overestimate when diffusion distance is small, but may 

underestimate larger diffusion distances. For the analysis of diffusion distance excluding the 

ring artifact, the line of best fit was y = 2.11x + 20.62. The 95% confidence limits of the slope 

excluded unity (95% CI: 1.13 – 3.09). The 95% confidence limits of the y-intercept included 

zero (95% CI: -3.11 – 44.34). Thus, we detected proportional but not fixed bias, indicating an 

overestimation of diffusion distance when the ring artifact was excluded in our measurements. 

In the analysis of wrapping, including and excluding the ring artifact, wrapping measured by 

the manual micro-CT method did not differ significantly from measurement via the light 

microscopic method (P = 0.18 and P = 0.09 respectively, paired t-test). When including the 

ring artifact, ordinary least products regression (Fig. 9.9C) provided a line of best fit with the 

equation y = 1.08x – 4.13. The 95% confidence intervals of the slope included unity (0.80 – 

1.37). The 95% confidence limits of the y-axis included zero (95% CI: -14.22 – 5.97). 

Analysis of wrapping excluding the ring provided a line of best fit described by y = 1.01x – 

2.65. The 95% confidence intervals of the slope included unity (0.68 – 1.35). The 95% 

confidence intervals of the y-intercept included zero (-14.51 – 9.21). On average, wrapping 

was 0.94 ± 0.87% greater when including the ring artifact than when the ring artifact was 

excluded (P = 0.29, paired t-test). Thus, we were unable to detect significant fixed or 

proportional bias in measurements of wrapping obtained from micro-CT images, regardless of 

whether the ring artifact was included or excluded.  
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Figure 9.8.  Sections of rat cortical tissue as observed by light microscopy and in corresponding 
micro-computed tomographic slices. Left and right pairs of images show sections in the transverse 
and longitudinal plane respectively. Histological images were stained with hematoxylin and eosin, 
photographed at ×0.7 (A & K), ×2 (I), ×3 (Q), ×4 (C, E, G, M, O), or ×5 (S) magnification. Objects 
identified by color circles in A, B, K & L are shown at higher magnification in the lower panels. A = 
artery, V = vein, * = empty space.  
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Figure 9.9. Relationships between measures of renal vascular geometry determined by light 
microscopy and micro-computed tomography (micro-CT) when the ring artifact was included 
and excluded. (A) Scatter-plot of arterial diameter. (B) Scatter-plot of diffusion distance. (C) 
Scatter-plot of proportion of wrapping. Lines of best fit were determined by ordinary least products 
regression analysis (16). 
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9.4.5 Quantitative comparison of light microscopy and automated analyses 
via micro-CT 

There appeared to be major differences between measurements of diameter and diffusion 

distance between the manual and automated approaches. The automated method 

systematically underestimated arterial diameter and wrapping, while overestimating diffusion 

distance, relative to the manual method (Fig. 9.10). Compared to the manual method, arterial 

diameter was mostly smaller when using the automated approach (Fig. 9.10A). Ordinary least 

products regression (Fig. 9.10A) provided a line of best fit with the equation y = 1.11x – 

106.60. The 95% confidence intervals of the slope included unity (0.64 – 1.57). The 95% 

confidence limits of the fixed bias included zero (95% CI: -269.76 – 56.57). Thus we could 

not detect significant proportional or fixed bias in the automated method compared to the 

light microscopic method. Nevertheless on average arterial diameter was 70.87 ± 18.51 µm 

less when determined using the automated method than when determined by light microscopy 

(P = 0.005, paired t-test). 

Diffusion distance was systematically greater in the automated measurements than those 

generated manually from either the micro-CT images or the corresponding light micrographs 

(Fig. 9.10B). On average, diffusion distance was 43.39 ± 8.75 µm greater in the automated 

measurements than in the manual measurements (P<0.001, paired t-test). Ordinary least 

products regression of the relationship between measurements of diffusion distance obtained 

by the automated method and by light microscopy, provided an equation y = 5.43x – 74.17. 

The 95% confidence intervals of the slope excluded unity (1.36 – 9.49). The 95% confidence 

limits of the y-intercept included zero (95% CI: -185.20 – 36.86). Thus we detected 

significant proportional bias, but not fixed, in automated measurements of diffusion distance.  

Proportion of wrapping tended to be less in the automated measurements than those generated 

manually or from either the micro-CT images or the corresponding light micrographs (Fig. 

9.10C). Ordinary least products regression provided an equation y = 0.92x – 18.73. The 95% 

confidence intervals of the slope included unity (0.14 – 1.70). The 95% confidence limits of 

the y-intercept included zero (95% CI: -47.12 – 9.67). Thus, we could not detect significant 

fixed or proportional bias in automated measurements of wrapping relative to those 

determined by light microscopy. Nevertheless, there was a clear trend for the line of best fit 

for the automated method to be shifted to the right of the line of best fit for the manual 

method. On average, wrapping was 21.55 ± 2.36% less when determined using the automated 

method compared to the manual method (P<0.001, paired t-test). 
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Collectively, these data indicate that the automated approach underestimates arterial diameter 

(Fig. 9.10A) and wrapping (Fig. 9.10C), and overestimates diffusion distance (Fig. 9.10B). 

9.4.6 Automated analysis of vessel geometry 

Our current automated analysis of micro-CT images generated a data set of the relationships 

between arterial diameter and both diffusion distance and proportion of wrapping that could 

be compared with our previous data set generated by light microscopy in the experiments 

described in Chapter 6 (Fig. 9.11). The two data sets are clearly different, attributable in part 

to the fact that the automated method overestimates diffusion distances and underestimates 

proportion of wrapping. It is also relevant to note that larger arteries are relatively over-

represented in the micro-CT data set relative to the data set from light microscopy. 

The micro-CT data-set provides evidence of greater variation among larger artery-vein pairs 

(arterial diameter >100 µm), in both diffusion distance and wrapping, than was evident from 

our previous light microscopic analysis (Chapter 6 of this thesis). Taken at face value, this 

analysis suggests that a considerable number of larger arteries do not show wrapping (Fig. 

9.10B). 
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Figure 9.10. Relationships between manual and automated measures of renal vascular 
geometry determined by light microscopy and micro-computed tomography (micro-CT). 
(A) Scatter-plot of arterial diameter. (B) Scatter-plot of diffusion distance. (C) Scatter-plot of 
proportion of arterial profile wrapped by the vein. Lines of best fit were determined by ordinary 
least products regression analysis (16). 
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Figure 9.11. Scatter plots of the relationships of diffusion distance (A) and proportion of 
wrapping (B) with arterial diameter. Each plot shows data from 207 vessel pairs from micro-CT 
and 1648 vessel pairs from light microscopy. The light microscopic data are reproduced from data 
presented in Chapter 6 of this thesis. 
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9.5 DISCUSSION 

9.5.1 Main findings 

We have determined that measurements of vascular geometry derived from micro-CT images 

correspond closely with those derived from histological images. To the best of our 

knowledge, previous renal vascular imaging studies utilized techniques that would have 

resulted in shrinkage of the polymer. Thus our new method enables observations of ‘real’ 

vessel geometry. We have also determined that there is insignificant shrinkage of Microfil® 

following 24 hours after tissue preparation for micro-CT imaging. Thus micro-CT images can 

be used for analysis of vascular geometry. We also developed an automated method to 

analyze the geometry of artery-vein pairs, in the rat renal cortex, from micro-CT images. 

However, in its current form, this automated method does not provide accurate measures of 

arterial diameter, diffusion distance, and wrapping. Specifically, this method underestimates 

arterial diameter and wrapping, and overestimates diffusion distance compared to 

measurements determined from histological analysis or from manual analysis of micro-CT 

images. 

9.5.2 Analysis of the quality of cured and non-cured Microfil® 

By omitting the curing agent in three of the rat kidneys, we aimed to generate a 3D 

reconstruction of the renal cortical vasculature free of the effects of shrinkage or breakage of 

the polymer. However, it was apparent that the kidneys that excluded curing agent were not 

adequate for analysis following 24 hours. These kidneys had many missing vessels 24 hours 

after infusion of the Microfil®. There were regions of vessel sparseness, suggesting that the 

Microfil® solution had separated into two components; the MV-Compound and the MV-

Diluent. These compounds are mixed before infusion. However, it is highly likely that the 

heavier component (MV-Compound), which contains lead chromate and can thus be 

visualized by synchrotron radiation, sinks to the bottom while the MV-Diluent disperses to 

the top. This is especially since the compounds were not polymerized. On the basis of these 

findings, we recommend that cured Microfil® should always be used in preference to non-

cured Microfil®, unless the micro-CT scans are conducted immediately upon tissue 

preparation. Furthermore, as a consequence of these preliminary observations, subsequent 

analyses focused only on those kidneys that were filled with Microfil® and curing agent. 
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9.5.3 Analysis of shrinkage of Microfil® 

An important consequence of the requirement for curing agent in studies using Microfil® is 

that we cannot account for shrinkage that might occur in our samples during the curing 

process. However, this effect is likely small, since we demonstrated close agreement between 

measures of vascular geometry obtained manually from micro-CT images and those obtained 

from light microscopy. Furthermore, shrinkage of only 2-5% was observed over the 24 hours 

following tissue preparation. Nevertheless, this shrinkage could potentially in-part explain the 

overestimation of diffusion distance when estimated from manual analysis of micro-CT 

images compared with estimation from light microscopic images. 

A major limitation of previous studies in which renal vascular geometry was quantified by 

micro-CT (21) was that the tissues were exposed to organic solvents which would promote 

shrinkage of Microfil®. Indeed, we have estimated that the processing of the tissues analyzed 

by Nordsletten and colleagues would have led to ~22% shrinkage (see Chapter 7 of this 

thesis). Therefore, in the current study we avoided use of such solvents. Using this approach, 

we were also able to show minimal shrinkage in the 24 hours after tissue fixation and filling 

of the vasculature with Microfil®. Using multiple analytical approaches, we found only 2-5% 

shrinkage of Microfil® in the 24 hours after preparation of the tissue for micro-CT. This 

knowledge can be used in future quantitative studies and the shrinkage of Microfil® can be 

accounted for. Furthermore, due to time constraints, some studies require a delay between 

tissue preparation and scanning. Thus some scans may be completed a day after the tissue has 

been prepared for micro-CT. Our current findings provide confidence that data from such 

studies are unlikely to be greatly confounded by shrinkage. Unfortunately, a limitation is that 

we do not know how much shrinkage there is beyond 24 hours, so our findings cannot be 

applied to micro-CT scans completed more than 24 hours after tissue preparation.  

9.5.4 The validity of manual analysis of renal vascular geometry from 
micro-CT 

The morphology of the vasculature determined from micro-CT images closely resembled that 

from light microscopy. However, the histological and micro-CT sections did not match 

completely. Some glomeruli were not apparent in the histological section despite being 

clearly visible in the micro-CT image. This is most likely due to two factors: (i) the angle of 

the sections, and (ii) the final position the tissue was embedded in for histological analyses. 

Some tissues were embedded at a slight angle, despite care being taken in attempting to 

embed the tissues completely flat in the mold. This was likely a result of the use of thin tissue 
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sections. Nevertheless, we observed that the micro-CT images in large part accurately 

mirrored the corresponding histological images. Thus, the micro-CT approach appears to 

accurately reflect true vascular geometry.  

To assess whether the ring artifact should be included in our manual micro-CT measurements, 

we compared measurements of arterial diameter, diffusion distance and proportion of 

wrapping generated from micro-CT images with those of light microscopy. We found that 

when the ring artifact was excluded, arterial diameter was underestimated, and diffusion 

distance overestimated. However, we could not detect a difference in the proportion of 

wrapping between the two ring artifact methods. The similarity in the lines of best fit for 

proportion of wrapping, regardless of whether the ring artifact was included or not, was a 

result of the consistent width of the ring artifact in both the artery and vein (Fig. 9.12). An 

analysis of the proportion of wrapping excluding the ring was predicted to generate similar 

results to those when the ring artifact was included (Fig. 9.12). Indeed, we could not detect a 

significant difference in proportion of wrapping regardless of whether the ring artifact was 

included or not. 

To quantitatively assess the validity of the micro-CT approach, we determined the 

relationships between spatial characteristics determined by the two approaches. There was a 

strong correlation between the two methods, demonstrating that micro-CT is a valid approach 

in accurately quantifying the spatial characteristics of the renal circulation. Indeed, no fixed or 

proportional bias, for micro-CT relative to light microscopy, was detected for measurements 

of arterial diameter or proportion of wrapping. However, we did detect proportional bias for 

diffusion distance. Nevertheless, the mean estimate of diffusion distance did not differ 

between the two methods, and the level of bias was small. Thus micro-CT appears to be 

particularly useful for analysis of larger vessels, which tend to be underrepresented in data 

sets generated by light microscopy. Thus, micro-CT and light microscopy appear to 

complement each other. By combining these approaches, information on the radial geometry 

of both large and small vessel-pairs can be generated. 
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9.5.5 Automated analysis of micro-CT volumes 

Our approach to generate quantitative information regarding the spatial characteristics of the 

renal cortical circulation requires multiple techniques. A 3D reconstruction of the renal 

vasculature along with automated image analysis software could potentially provide a rapid, 

automated approach. An automated method could greatly increase the efficiency of data 

collection from micro-CT. 

To determine if micro-CT and image analysis software can provide a valid method for 

analysis of the radial and axial geometry of artery-vein pairs, we first extracted sub-volumes 

of the 3D micro-CT volumes. Unfortunately, the current formulation of the automated method 

systematically underestimates arterial diameter and proportion of wrapping and overestimates 

diffusion distance.  

 

Figure 9.12. A schematic of artery vein pairs with ring artifacts and a possible explanation 
for the results shown in Figure 9.9C. Proportion of wrapping is calculated by dividing the 
arterial lumen wrapped by the vein (yellow) by the arterial lumen not wrapped by the vein 
(green). (A) An example of an artery vein pair with ring artifacts. (B) An example of how 
wrapping including the ring artifact was calculated. (C) An example of how wrapping 
excluding the ring artifact was calculated. Although the raw numbers are different, calculations 
of proportion using either method provides similar results (33% wrapping).  
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The precise explanation for the inaccuracy of the automated method could not be determined. 

However, one potential factor is the presence of ring artifacts in the images we used for 

automated analysis. These rings impede the efficiency of the algorithm we used. The 

algorithm uses grey scale contrast to identify the beginning and end of a vessel. The presence 

of the ring artifacts could therefore lead the algorithm to underestimate vessel diameter and 

overestimate diffusion distance. This was evident in our quantitative analyses (section 9.4.5). 

The ring artifact is caused by edge enhancement, which is a consequence of phase contrast. 

Snigirev et al were the first to explore the concept of phase contrast X-ray imaging (24). It is 

now a technique used to image various soft tissues. Phase contrast imaging, more specifically 

propagation based imaging (PBI), produces ‘edge effects’. PBI employs the same equipment 

as conventional radiography: an X-ray source, sample and X-ray detector. The major 

difference is the distance between the sample and detector. The detector is placed at some 

distance away from the sample, not immediately behind the sample.  Our initial samples (first 

round of beam-time) were placed at a distance of 3.24 m away from the detector. Our second 

group of samples (second round of beam-time) were placed 0.38 m away from the detector. 

PBI is based on the same principle as that of in-line holography (24), where radiation 

refracted by the sample can interfere with the beam. The distance between the sample and the 

detector affects the scatter of radiation by the sample (Fig. 9.13). If the detector is placed too 

far behind the sample, distortions in the waves produced by the sample will subsequently 

generate edge effects or ‘interference fringes’ (6).  

Phase contrast is a technique that can be exploited in imaging of soft tissue due to its ability to 

improve contrast for samples of ‘lighter elements’ (6). Indeed, numerous studies have 

examined the advantages of phase-contrast imaging in soft biological tissues (4, 11, 17, 19, 

25). Thus, it appears that phase contrast radiography has potential for use in biological soft 

tissue as it generates images with stronger contrast outlining the surface or edges. The 

stronger contrast consequently allows for greater definition at the edges. 

An early objective of the first round of ‘beam-time’ was to determine whether we could 

improve soft-tissue definition by phase-contrast while simultaneously obtaining absorption 

images of the renal vasculature. However the interference fringes created by phase-contrast 

prevented us from fully exploiting the then-yet-to-be-generated software algorithm developed 

by our colleagues. Thus, our initial imaging method confounded accurate measurements of 

vessels, particularly when there is ‘wrapping’ by the vein. Our studies in the second round of 

beam-time consisted of samples that were placed much closer to the detector. In these images 
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no edge effects were observed. However, the rat kidneys were poorly filled with Microfil® 

and could not be used in the automated vessel segmentation analysis. The kidneys from this 

group, however, were used for determining the shrinkage of Microfil® 24 hours after tissue 

preparation.  

An additional factor that could confound automated analysis of micro-CT images arises from 

the fact that the algorithm requires an adequate separation distance between the paired vessels 

in order for it to calculate separation. This represents an important caveat to our approach. If 

the grey scale threshold is set at a low level, the shape of the afferent and efferent vessels are 

close to their true geometry but will ‘leak’ into each other in the process of image analysis. 

Thus the threshold must be increased sufficiently to remove the opportunity for the vessels to 

leak into each other. However, increasing the threshold reduces arterial diameter since the 

vessels are brightest at the center and, as we move radially outwards, gradually ‘fade’ to the 

background. Consequently both vessel diameter and wrapping would be underestimated, 

whereas diffusion distance would be overestimated.  

Figure 9.13. Schematic of the concept of propagation-based imaging. Interference fringes are 
generated if the distance between the sample and detector is increased sufficiently. The different 
wavelength patterns generated result in different images captured by the detector (bottom of the 
schematic). If the distance between the sample and detector is short, the fringes in the resulting image 
will be absent. If the sample is placed further away from the detector then the fringes will be present 
(arrow). 
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Additionally, because the software only applies ‘wrapping’ to concave venous surfaces, 

smaller degrees of wrapping cannot be computed by the software. Our previous work using 

histological sections included both concave and convex venous surfaces in the determination 

of the proportion of wrapping of arteries by veins (see Chapter 6; (20)). Our only condition 

for ‘wrapping’ in that study was that there had to be no oxygen sinks (veins, arteries, 

capillaries, glomeruli or tubular structures) between an artery-vein pair. The exclusion of 

convex venous surfaces from analysis for wrapping would lead the software to again 

underestimate wrapping for artery-vein pairs with this particular spatial arrangement. 

However, the results in our previous study suggest that convex venous surfaces are more 

frequent in smaller artery-vein pairs (20). The larger artery-vein pairs, such as those analyzed 

in the present study, commonly consist of the afferent vessel being partially enveloped by the 

efferent vessel. Thus a concave venous surface frequently exists in these larger artery-vein 

pairs.  

Another limitation in our approach is the inability for the software, in its current form, to 

segment and thus analyze a large volume of the renal cortical circulation. Thus, in the present 

time we cannot use the automated approach to determine how the spatial relationships that 

likely favor AV shunting of oxygen change along the course of the circulation. We are also 

further limited by the resolution of the images. The images we have captured can resolve up 

to the proximal interlobular vessels at best. Vessels smaller than these are indistinguishable, 

apart from glomerular capillaries, which appear as a ‘ball’ or dot. In an attempt to visualize 

smaller interlobular vessels, we imaged biopsies of kidney cortex with a higher resolution 

beam at the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland). However the 

beam was not appropriate for the kidney biopsies (see a more detailed discussion in Chapter 

10 of this thesis). Thus we currently are yet to resolve smaller vessels via micro-CT. We 

should aim to image more rat kidneys in the future and then use the software on ideal images 

that do not include ring artifacts.  

While light microscopy allows for visualization of the smaller vessels, we are limited by 2D 

images.  A significant advantage of using a 3D image is the ability for us to potentially follow 

the course of the circulation. The method developed in this study can also provide information 

on the axial geometry of the circulation, important information that cannot be obtained using 

2D images generated from light microscopy.  
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9.5.6 Conclusions 

It is feasible to utilize micro-CT techniques to gather information on the spatial relationships 

of arteries and veins in the rat kidney.  Manual analysis of micro-CT data appears to be a 

valid approach. However, the automated method we developed, in its current form, shows 

promise but is not completely valid. It overestimates diffusion distance and underestimates 

vessel diameter and wrapping. However, we believe that once the method has been refined, 

there is great potential for this approach to provide a rapid analysis of the spatial associations 

of artery-vein pairs in the kidney. An alternative image-processing technique may be required 

to resolve smaller vessels. Indeed, both light microscopy and micro-CT approaches are 

required to assess the spatial relationships over a wide range of vessel diameter. An 

automated method has potential to be applied to analyses of the vascular geometry of various 

species and disease states, but our current method will require considerable refinement. 
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10.1.  DO THE SPATIAL RELATIONSHIPS BETWEEN ARTERIES, VEINS 
AND BARRIERS TO DIFFUSION CHANGE ALONG THE COURSE 
OF THE RENAL CIRCULATION? 

The possibility that oxygen could diffuse from arteries to veins in the kidney was first raised 

more than 50 years ago (11, 12). Nevertheless, there is still considerable debate regarding the 

quantitative significance of this phenomenon (7, 15). Early experimental observations 

provided evidence that the countercurrent arrangement of the renal cortical circulation allows 

for the diffusive shunting of oxygen between afferent and efferent limbs. A critical piece of 

evidence for diffusive shunting of oxygen in the renal cortex is the lower oxygen tension 

(PO2) observed in the efferent arteriole compared to the renal vein (23). Furthermore, 

observations in rats and rabbits have shown that, during cortical ischemia, renal medullary 

oxygenation is dependent on cortical oxygenation, even if medullary perfusion is maintained 

(14). Thus the collective aim of the studies presented in this thesis was to determine the 

mechanistic basis of these experimental findings, and subsequently determine the locations of 

countercurrent oxygen shunting. This issue is of considerable importance due to the 

susceptibility of the medulla to hypoxia during cortical ischemia. That is, a more quantitative 

understanding of arterial-to-venous (AV) oxygen shunting in the kidney could underpin more 

evidence-based approaches to management of renal hemodynamics in patients at risk of acute 

kidney injury (AKI). 

The results of our studies using light microscopy to quantify radial vascular geometry 

(described in Chapters 5, 6 & 7) suggest that the spatial relationships of arteries and veins 

change along the course of the renal circulation. When examined closely, arteries could be 

further classified into those that were ‘wrapped’ and those that were ‘non-wrapped’. The data 

demonstrate that arterioles and arteries of various sizes are wrapped. However, it seems that 

the proportion of arteries that are wrapped differs at various levels of the circulation. A 

greater proportion of larger arteries are wrapped compared to their smaller counterparts. Thus 

it appears that the spatial arrangements that would favor diffusive shunting between 

individual paired vessels are more likely present in the larger proximal vessels than in the 

distal preglomerular circulation. Such vessels are located in the corticomedullary region. 

Taken at face value, this finding provides a potential explanation for the observations made 

by O’Connor et al (14). However, it did not take into account the branching of the renal 

circulation. 

In light of these findings, as well as to minimize computational costs involved in generating a 

three-dimensional (3D) model of oxygen transport in the renal cortex, we categorized the data 
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into Strahler orders (Chapter 7). Here, the aim was to calculate the total mass transfer 

coefficients for each Strahler order and so effectively estimate the magnitude of oxygen 

transferred at each level of the cortical circulation. Collectively, our calculations predict that 

despite the fact that larger, proximal vessels are more likely to having an intimate relationship 

(Chapter 6), the smaller interlobular arteries (Strahler orders 2-5) provide a greater 

opportunity for oxygen to diffuse into veins than do the interlobar arteries (Strahler orders 8-

9), arcuate arteries (Strahler orders 6-7), and afferent arterioles (Strahler orders 0-1). Thus, in 

contrast to our original interpretation of our light microscopic findings, it seems that if AV 

oxygen shunting is quantitatively significant, it likely occurs mainly in the more distal regions 

of the renal circulation. This is due to the branching of the renal circulation. Because of this 

branching, there are far more vessels at the distal regions compared to the proximal regions of 

the renal circulation. Consequently, the total mass transfer coefficients for more distal vessel-

types is far greater than that for more proximal vessel-types. 

10.2. PERITUBULAR CAPILLARIES ACT AS BOTH OXYGEN SOURCES 
AND SINKS 

Cortical capillaries can act as both oxygen sources and oxygen sinks. Thus in order to 

generate a computational model of oxygen transport in the kidney, it is imperative that the 

distribution of peritubular capillaries is included. We were not aware of previous reports of 

estimates of peritubular capillary surface area density in adult rat kidneys. Therefore the aim 

of the study presented in Chapter 8 was to provide such information. An estimation of 

peritubular capillary surface area density was calculated.  

The total surface area density of peritubular capillaries was calculated to be 239.65 cm2/cm3 

of cortex. Total surface area of peritubular capillaries was estimated to be between 209 – 293 

cm2. However, we must consider that there could be incomplete filling of the microcirculation 

in the rat kidney tissues we studied. Although we infused Microfil® until it was flowing 

freely out of the renal vein, we cannot be certain that all peritubular capillaries were filled. 

Thus we acknowledge that the values reported here likely underestimate peritubular capillary 

density. 

To determine a better estimation of peritubular capillary surface area density, future studies 

should use established histological and immunohistochemical methods to stain the endothelial 

cells of peritubular capillaries. We could compare the findings with those in the study 

described in Chapter 8 of this thesis.  
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We also generated information on the distribution of capillaries in the vicinity of artery-vein 

pairs (Chapter 5). Peritubular capillary density around artery-vein pairs progressively reduced 

with increasing arterial diameter. Capillaries were frequently observed between smaller 

artery-vein pairs, while they were rarely observed in larger artery-vein pairs. Thus, it is 

expected that such vascular arrangements would reduce AV oxygen shunting between the 

smaller vessels. Indeed, capillaries around an artery (Chapter 6) could act as oxygen sinks. 

Some of the oxygen will diffuse into the renal tissue, but some will also be transported to the 

renal vein and thus contribute to AV shunting. 

10.3. MICRO-COMPUTED TOMOGRAPHY AS A POTENTIAL 
AUTOMATED ANALYSIS APPROACH FOR DETERMINING THE 
SPATIAL RELATIONSHIPS OF THE CORTICAL CIRCULATION 

One of the longer-term goals of this program of research is to generate quantitative 

information regarding renal vascular geometry in a range of species. The light-microscopic 

methods used in the studies described in Chapters 4-8 are limited both by the fact that they 

provide information in two-dimensions only, and also because they provide little scope for 

automation of analysis. To overcome these limitations, and so generate a method that could be 

applied in multiple species, in my final experimental study (Chapter 9), I tested the feasibility 

of micro-computed tomography (micro-CT) as a faster and automated approach to 

determining the spatial characteristics of the rat cortical circulation. Our findings indicate that 

the micro-CT approach is valid. Vascular geometry in micro-CT images resembled that seen 

in histological images. Furthermore, there was relatively good agreement, with respect to 

quantitative measures of vascular geometry (arterial diameter, diffusion distance and 

proportion of wrapping) between the micro-CT and light microscopic methods. However, the 

algorithm developed by our colleagues at the University of Western Australia, for quantitative 

and automated analysis of micro-CT images, were unable to replicate the data we generated 

by manual analysis of these images. Nevertheless, a major advantage of the micro-CT 

approach is that it allows the course of the renal circulation to be visualized in 3D. Thus, once 

the current limitations of the algorithm are overcome, micro-CT may provide a technique for 

automated analyses of the spatial arrangement of the renal circulation in multiple species. Our 

current method requires refinement, but we conclude it is feasible to use an automated method 

to extract quantitative information on the spatial relationships of arteries and veins from 

micro-CT reconstructions.  
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10.4.  USE OF STRUCTURAL INFORMATION IN MATHEMATICAL 
MODELS 

Some hypotheses cannot be answered by experimental approaches. An example is the 

quantitative significance of oxygen that is shunted from an afferent to an efferent vessel in the 

kidney, which was an area of interest in my project. Thus, in the absence of suitable 

experimental methods, we rely on mathematical models to aid our understanding of this and 

other phenomena.  The validity of any model depends heavily on the information upon which 

it is based. Thus, a model can only provide accurate predictions if the information used to 

generate the model is detailed and accurate.  

Layton and colleagues (3, 4, 8) have based their models on detailed structural information on 

the arrangement of tubules and vasa recta in the rat inner medulla provided in large part by 

Pannabecker et al (16-19). For example, in order to examine the impact of the architecture of 

the rat outer medulla on oxygen delivery, Chen et al generated detailed models of oxygen 

transport in the rat outer medulla (3, 4). They used a ‘region-based’ approach to represent the 

known distribution of tubules and vessels relative to the positions of vascular bundles (18, 19). 

The model predicted that the isolation of descending vasa recta at the center of the vascular 

bundles results in significant PO2 gradients but also helps conserve oxygen delivery to the 

inner medulla. Similarly, in a model of solute transport in the renal medulla, Fry et al (8) 

accounted for the 3D arrangement of the renal medulla using a region-based approach. This 

included specifying the distribution of tubules and vasa recta in the inner medulla. This 

information came from comprehensive analyses on the tubular structure of the rat inner 

medulla (16-19). Their model predicts that the structural organization of the vascular bundles 

may function to aid the preservation of oxygen delivery to the renal papilla. 

Thus modeling approaches can provide great insight into the physiological or functional 

significance of the specific structural organization of tubular and vascular elements in the 

kidney. Therefore incorporating detailed structural information on the renal circulation into 

mathematical models of the renal cortex can predict the significance of the unique spatial 

arrangement of the renal vasculature. 

10.5. CLINICAL IMPLICATIONS 
From a clinical perspective, the overall aim of this project was to develop structural 

information that will inform mathematical models of renal oxygenation that can be used to 

study the potential causes of AKI. The impetus for our studies was the evidence for a role of 
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hypoxia in the development of AKI (10, 13, 20). The observations by O’Connor et al (14) 

imply that we need to develop techniques that prevent or minimize the potential for renal 

ischemia to lead to medullary hypoxia. Patients who have thoracic surgery requiring 

cardiopulmonary bypass often develop AKI in the post-operative period (1, 21). AKI 

following cardiac surgery is associated with a four-fold increase in risk of death (9). The work 

and techniques presented in this thesis provide the foundation for development of 

computational approaches to management of renal oxygenation, and thus risk of AKI that can, 

in the future, be applied to clinical conditions including cardiac surgery performed on 

cardiopulmonary bypass. The work in this thesis will therefore aid our understanding of the 

types of interventions that could be used to prevent hypoxia and thus AKI. 

10.6. FUTURE DIRECTIONS 
The findings presented in this thesis are not without limitations. With regard to our micro-CT 

studies (Chapter 9), a major limitation was the limited resolution. A potential solution that 

would allow visualization of the kidney of the rat is to image at a facility capable of sub-

micron resolution. The Swiss Light Source (SLS) is such a facility. We did trial imaging of 

some biopsies of rat renal tissue (filled with Microfil®) at the SLS to determine whether the 

facility is capable of generating high-resolution images of the smaller cortical vessels. 

Unfortunately the rat kidney biopsies were not able to withstand the heat from the light source. 

Thus, generating high-resolution images of the whole rat renal circulation remains to be 

achieved by our group. However, there are desktop micro-CT scanners available (SkyScan 

1272 and SkyScan 1172) that are able to image up to 0.4 and 0.5 µm resolutions respectively 

(Bruker microCT, SkyScan, Kontich, Belgium). Indeed, by employing the SkyScan 1172, 

Ehling and colleagues have imaged at a resolution of 3 µm in the whole rat kidney , and 

visualized vessel diameters as small as 3.4 µm in lung tumors of mice (6). Furthermore, 

Wagner and colleagues used nano-CT to generate high-resolution images of vascular casts of 

the whole mouse kidney (22). They were able to visualize vasa recta, peritubular capillaries, 

and whole glomeruli at a resolution of 0.5 µm voxels. Thus it seems possible to image a 

whole rat kidney at high-resolution if there is access to suitable equipment. Nevertheless, 

micro-CT and nano-CT would not be able to provide information on the distribution of 

tubular structures. This indicates that using light microscopy (capable of visualizing smaller 

vessels and surrounding tubules; Chapters 5 & 6) in conjunction with micro-CT techniques 

(capable of visualizing larger vessels as well as length of vessels; Chapter 9) can provide 

accurate spatial information of the whole cortical circulation and surrounding parenchymal 

elements.  
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In order to build upon this project, it is critical that we also investigate different species. Our 

laboratory has to date studied renal vascular geometry in the rat (studies presented in this 

thesis) and rabbit (unpublished). The rat and rabbit kidney is unilobar and human kidneys are 

multilobar. Although unilobar kidneys share common traits with multilobar kidneys, it is 

imperative that we compare our findings with those generated from studies of multilobar 

kidneys. Thus we plan to investigate the kidneys of sheep in the future. Sheep kidneys are 

multilobar and thus resemble and exhibit many characteristics of human kidneys (2). By 

interrogating the spatial relationships between arteries and veins in the sheep kidney, we are 

likely to get closer to understanding these relationships in the human kidney. A limitation to 

using human kidneys is the availability of healthy whole kidneys. While biopsies may be 

obtainable, whole human kidneys are unlikely to be freely available. Thus it is imperative that 

we use animals with kidneys that have similar characteristics to kidneys in humans. 

There are significant anatomical and functional differences between mammalian and non-

mammalian kidneys. The kidneys of reptiles, birds, and some fish contain a portal circulation 

(5). Thus it is also important to investigate kidneys of non-mammalian species where AV 

shunting is likely absent. Therefore we plan to examine the relationships of afferent and 

efferent vessels in the chicken (avian) kidney in the future.  

Collectively, the studies presented in this thesis have identified a way forward for modeling 

oxygen transport in the renal cortex using quantitative anatomical information. Using light 

microscopic methods, we have demonstrated the locations where AV oxygen shunting is most 

likely to occur, as well as the spatial characteristics that would favor diffusive shunting of 

oxygen between afferent and efferent vessels. Our micro-CT approach, while valid, is 

currently unable to provide automated analysis of vascular geometry. Importantly, we now 

have information to create a pseudo-3D model of oxygen transport and can eventually apply 

these techniques to models of renal disease, as well as various species. 
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Gardiner BS, Thompson SL, Ngo JP, Smith DW, Abdelkader
A, Broughton BR, Bertram JF, Evans RG. Diffusive oxygen
shunting between vessels in the preglomerular renal vasculature:
anatomic observations and computational modeling. Am J Physiol
Renal Physiol 303: F605–F618, 2012. First published June 6, 2012;
doi:10.1152/ajprenal.00186.2012.—To understand how geometric fac-
tors affect arterial-to-venous (AV) oxygen shunting, a mathematical
model of diffusive oxygen transport in the renal cortex was developed.
Preglomerular vascular geometry was investigated using light micros-
copy (providing vein shape, AV separation, and capillary density near
arteries) and published micro-computed tomography (CT) data (pro-
viding vessel size and AV separation; Nordsletten DA, Blackett S,
Bentley MD, Ritman EL, Smith NP. IUPS Physiome Project. http://www.
physiome.org.nz/publications/nordsletten_blackett_ritman_bentley_
smith_2005/folder_contents). A “U-shaped” relationship was observed
between the arterial radius and the distance between the arterial and
venous lumens. Veins were found to partially wrap around the artery
more consistently for larger rather than smaller arteries. Intrarenal arteries
were surrounded by an area of fibrous tissue, lacking capillaries, the
thickness of which increased from !5 "m for the smallest arteries
(#16-"m diameter) to !20 "m for the largest arteries ($200-"m
diameter). Capillary density was greater near smaller arteries than larger
arteries. No capillaries were observed between wrapped AV vessel pairs.
The computational model comprised a single AV pair in cross section.
Geometric parameters critical in renal oxygen transport were altered
according to variations observed by CT and light microscopy. Lumen
separation and wrapping of the vein around the artery were found to be
the critical geometric factors determining the amount of oxygen shunted
between AV pairs. AV oxygen shunting increases both as lumen sepa-
ration decreases and as the degree of wrapping increases. The model also
predicts that capillaries not only deliver oxygen, but can also remove
oxygen from the cortical parenchyma close to an AV pair. Thus the
presence of oxygen sinks (capillaries or tubules) near arteries would
reduce the effectiveness of AV oxygen shunting. Collectively, these data
suggest that AV oxygen shunting would be favored in larger vessels
common to the cortical and medullary circulations (i.e., arcuate and
proximal interlobular arteries) rather than the smaller vessels specific to
the cortical circulation (distal interlobular arteries and afferent arterioles).

hypoxia; kidney circulation; oxygen tension; renal oxygenation

FIFTY YEARS AGO Levy et al. (17, 18) provided evidence that
oxygen is transported more rapidly than erythrocytes through

the renal circulation, suggesting the existence of diffusional
oxygen shunting between intrarenal arteries and veins. Shunt-
ing reduces the delivery of oxygen to renal tissue (26, 27). In
further support of the existence of arterial-to-venous (AV)
oxygen shunting, Welch et al. (29) observed that the PO2 of
renal venous blood exceeds that of blood in the efferent
arterioles of the outer cortex. In common with other counter-
current systems in biology and chemical engineering, it is
thought that the parallel architecture of the renal artery and
vein facilitates countercurrent oxygen exchange. It has also
been noted by several groups (8, 23, 24, 26) that the arteries
and veins in the kidney are intimately associated, and we will
later show that the available data suggest this intimacy varies
with distance along the cortical circulation. Despite general
acceptance of the existence of AV oxygen shunting in the
kidney, little is known about the effects of AV oxygen shunting
on renal parenchymal oxygenation or the quantity of oxygen
shunted at the various levels of the renal circulation (e.g., inter-
lobar, arcuate, and interlobular arteries). In this paper, we focus on
a quantitative analysis of diffusive oxygen shunting between
vessels in the preglomerular renal vasculature of the rat.

Gardiner et al. (14) developed a one-dimensional (1D) mathe-
matical model of AV oxygen shunting along the preglomerular
renal vasculature. This model has a hierarchy of 11 countercurrent
systems in series, representing the various levels of branching of
the preglomerular renal vasculature described by Nordsletten et al.
(22, 23). Reactive-advection equations were solved at each branch
level. The model predicted that AV oxygen shunting is quantita-
tively significant, being of the same order of magnitude as total
kidney oxygen consumption. However, this model has several
limitations, the most important being that the cross-sectional
geometry of typical vessel pairs at each branch level was un-
known. To overcome this lack of information, the model (14) used
a single “shunting coefficient” between arteries and veins that was
calibrated using the measurements made by Welch et al. (29) for
PO2 within microdomains of the rat superficial cortex. Our current
study focuses on clarifying how the cross-sectional geometry of
typical vessel pairs at each branch level affects the amount of AV
oxygen shunting occurring along the preglomerular renal vascu-
lature.

Clearly, the cross-sectional geometry of the renal vascula-
ture is of critical importance for the quantification of AV
oxygen shunting. We hypothesized that the two critical geo-
metric factors were the mean distance between the arterial and
venous wall (so-called “lumen separation”) and the degree to
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which the vein wall surrounds the arterial wall (so-called
“wrapping”). We also viewed the presence of other vessels,
particularly capillaries, as a potentially important factor in
oxygen transport in the tissue, as oxygen binding to hemoglo-
bin is reversible, implying that capillaries may deliver oxygen
to a region of tissue or remove oxygen from a region of tissue,
depending on oxygen gradients between the tissue and capil-
lary. Therefore, we first used standard histological methods to
perform qualitative and quantitative analyses of the spatial
relationships among arteries, veins, and capillaries in the rat
renal cortex. To independently confirm conclusions drawn
from these data, we then used a data set produced by Nords-
letten and colleagues (22, 23) using micro-computed tomogra-
phy (micro-CT) of vascular casts of the rat renal circulation
(Fig. 1), to estimate how distances between arteries and veins
differ across the course of the renal circulation. Together, these
data sets led to the formulation of a computational model of
oxygen transport at various AV-tissue cross sections.

The model was then employed for a series of “computational
experiments” to assess how variations, typically observed or
expected in the kidney based on data from light microscopy
and micro-CT, influence AV oxygen shunting. We tested the
specific hypotheses that oxygen shunting in the preglomerular
vasculature is critically dependent upon 1) the distance sepa-
rating arteries and veins, 2) the degree to which the venous
wall wraps around the arterial wall, and 3) the presence of
capillaries and tubules, which act as oxygen sinks, around and
between artery-vein pairs. We have quantified the relative
oxygen flux from artery to vein vs. the flux from these vessels
to the surrounding cortical parenchyma.

METHODS

Histological Studies

All experimental procedures were approved by the Animal Ethics
Committee of the School of Biomedical Sciences, Monash University
(reference 2009/84) and were in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes.
Sprague-Dawley rats (7 males and 1 female, 250–300 g) were
anesthetized with pentobarbital sodium (60 mg/kg ip; Sigma, St
Louis, MO). The kidneys of seven of these rats (including the female)
were perfused via retrograde perfusion of the abdominal aorta at 150
mmHg. Perfusion commenced with a 0.1 M phosphate-buffered saline
solution (pH 7.4) containing 0.2 mg/ml lidocaine (Xylocard 2000,
Astra Pharmaceuticals, North Ryde, NSW, Australia). Once the kid-
neys were blanched (!60 s), they were perfused with !300 ml of
ice-cold 3% wt/vol paraformaldehyde in 0.1 M phosphate-buffered
saline. In four rats, the vasculature was then filled with Microfil
(MV-122; Flow Tech, Carver, MA) by slowly injecting 20–30 ml of
the compound via the abdominal aorta. The 14 kidneys were decap-
sulated and postfixed in paraformaldehyde overnight before being
placed in 70% vol/vol ethanol. In a single male rat, a hindlimb skeletal
muscle (biceps femoris) was fixed by orthograde perfusion of the
abdominal aorta, in an analogous manner to renal perfusion.

The six kidneys in which Microfil was not injected were divided and
embedded in paraffin, while the eight Microfil-treated kidneys were
embedded in methacrylate (technovit 3040 resin). In all cases, the kidneys
were embedded to provide cross sections 1) in the frontal plane along the
longitudinal axis, 2) perpendicular to the longitudinal axis, and 3) hori-
zontally to the transverse plane. The biceps femoris muscle was embed-
ded to provide sections perpendicular to the orientation of the muscle
fibers. Microtome sections (1–3 in each plane) were then cut at 5 "m and
stained with either hematoxylin and eosin or toluidine blue before being
viewed and photographed using an Olympus BX51 microscope. Arteries
were chosen with near-circular profiles, indicating that they had been
sectioned at a near-perpendicular plane. A total of 200–250 arterial
profiles were considered in a qualitative analysis of typical vessel geom-
etry. We then retained only those images in which arteries had a circular
cross section (n # 81), indicating an image slice perpendicular to the

Table 1. Variables used in the formulation of the diffusive oxygen transport model

Description Name Value/Expression Units Source/Ref.

Perfusion constant $cap %15 s%1 This study
Venous PO2 PO2 V 52 mmHg 29
Tissue PO2 PO2 cap 42 mmHg 29
Arterial PO2 PO2 A m * PO2 V mmHg 29
Oxygen consumption rate S0 %0.1 mol ! s%1 !m%3 14
Diffusion coefficient of oxygen in kidney tissue D 2.8 & 10%9 m2/s%1 6
Arterial radius RA 75 & 10%6 m 6
Solubility coefficient of oxygen ' 1.34 & 10%3 mol !m%3 !mmHg%1 14
Hill coefficient n 4 This study
Ratio of arterial to venous PO2 m 1.6 29

Fig. 1. A slice through the data set of Nordsletten et al. (22, 23) allows us to
see the intimate relationship between arterial (red) and venous (blue) networks
in the rat kidney.

F606 OXYGEN DIFFUSION IN THE RENAL CORTEX

AJP-Renal Physiol • doi:10.1152/ajprenal.00186.2012 • www.ajprenal.org



arterial wall, for a quantitative analysis of the radial geometry of arteries
and veins. The minimum distance between arterial and venous wall
(lumen separation), in each case, was determined using ImageJ software
(http://rsbweb.nih.gov/ij/).

In addition, for the eight Microfil-treated kidneys, the number of
capillaries per unit image area (so-called “capillary density”) within
four zones, defined by concentric circles around the center of the
artery, was determined. The radii of these zones were increased with
vessel size. That is, for arteries !16.0 "m in diameter (n # 12), these
zones were defined by steps of 5 "m from the arterial wall, so that
capillary density was determined at 0–5, 5–10, 10–15, and 15–20 "m

from the arterial wall. For arteries 16.0–25.9 (n # 10), 26.0–50.9
(n # 8), 51.0–100.9 (n # 7), 101–200 (n # 9), and $200 "m (n #
3) in diameter, the zones were defined by steps of 10, 15, 20, 25, and
30 "m from the arterial wall, respectively. These data were analyzed
by repeated measures analysis of variance (19). The between-subjects
factor was vessel category, and the within-subjects factor was zone.

Analysis of Micro-CT Data Generated by Nordsletten and Colleagues

Nordsletten et al. (23) presented an analysis of the three-dimen-
sional (3D) quantitative morphology of the rat renal circulation based

Fig. 2. Micrographs of hemotoxylin and eo-
sin stained rat renal cortex (A–F) and skeletal
muscle (biceps femoris; G and H) showing
different arrangements of arteries (A) and
veins (V).

F607OXYGEN DIFFUSION IN THE RENAL CORTEX

AJP-Renal Physiol • doi:10.1152/ajprenal.00186.2012 • www.ajprenal.org



on 20-!m resolution CT data (Fig. 1). The 3D geometrical model
generated by Nordsletten et al. (22) was obtained and analyzed in this
study. This model consists of a series of points in 3D space (nodal
points) connected by straight lines (elements). The nodal points
belong to one of two networks, either the arterial tree or the venous
tree. A Perl script was written so that for each nodal point in the
arterial network, its closest neighbor in the venous network was
calculated according to Eq. 1

d ! !""Ax " Vx#2 # "Ay " Vy#2 # "Az " Vz#2# (1)

where d is distance between arterial and venous nodes, (Ax, Ay, Az)
are the nodal (x, y, z) coordinates of the arterial node, and (Vx, Vy, Vz)
are the nodal (x, y, z) coordinates of the venous node.

Nordsletten et al. (23) found that arteries are likely to pair with veins
typically two orders higher; therefore, in this analysis a condition was set
to find the closest vein within two Strahler orders of the artery. Once the
closest vein had been found for each artery, the following parameters
were extracted and calculated: the ratio of the arterial to venous radius,
arterial diameter, venous diameter, lumen separation, and the ratio of the
lumen separation to arterial diameter.

Computational Model

Here, we developed computational models of oxygen transport in
the preglomerular renal vasculature based on the well-known diffu-
sion equation (2). Parameters in the models such as the diffusion
coefficient and oxygen consumption are appropriate for a volume of
tissue contained in a low-magnification view of the renal parenchyma.
That is, they represent a smoothing over of a small volume of tissue
such that the discrete structures are averaged out. Vessel arrangements
were based on the light microscope and micro-CT data obtained as
described above. Each model consisted of a cross-sectional view of an
artery and a vein lying parallel to each other. The arterial and venous
radii corresponded to average vessel dimensions from analysis of

micro-CT of vascular casts of the rat renal cortical circulation,
reported by Nordsletten et al. (23).

Two dimensional (2D) steady-state oxygen transport by diffusion
within a cross section of renal tissue (i.e., regions broadly character-
ized as everything other than blood vessels) can be described math-
ematically using the well-known diffusion equation

D $ $2c

$x2 #
$2c

$y2% ! S (2)

Here, c is the concentration of free oxygen defined by c " #PO2,
where # is the solubility coefficient of oxygen and PO2 is the partial
pressure of oxygen. D is the effective “average” diffusion coefficient
within this heterogeneous tissue, and S describes oxygen production
or loss per volume of tissue (e.g., if S refers to an oxygen loss, then
S $ 0). The derivatives are with respect to spatial coordinates (x, y).
In this study, it was assumed that D is not a function of (x, y) within
any defined tissue regions (i.e., D is spatially constant).

It was assumed that there are two contributions to the term S in Eq.
2. The first is consumption of oxygen per volume of tissue, corre-
sponding to kidney V̇O2, and was given the symbol S0. The second
contribution comes from a potential source (or sink) of oxygen offered
by capillaries, depending on any concentration difference between c
and an assumed concentration within the capillaries, i.e., ccap. That is,
oxygen may be lost or gained by the tissue through transport along the
capillaries. We did not model this capillary transport explicitly.
Rather, we treated it as a spatially homogenized contribution to S
which is proportional to (ccap % c), with a proportionality constant
&cap. Specifically,

S ! S0 " %cap"ccap " c# (3)

Boundary conditions. Boundary conditions are required to solve
Eq. 2 in each model. Here, it was assumed that oxygen concentration
at the vessel wall is fixed, with c " cA on the artery wall and c " cV

on the venous wall. That is, we assumed that oxygen is radially well
mixed within each vessel such that there are no oxygen concentration
gradients within each vessel. The vessel pair was assumed to be sitting
at the center of a square of tissue, the boundaries of which were
assigned a zero-flux boundary condition, consistent with a vessel-
tissue organization that it spatially repeated. The width of the tissue
under consideration was assumed to be 20 times the arterial radius,
based on our light imaging results.

Fig. 3. Relationship between arterial diameter and the distance between the
arterial and venous wall (lumen separation). Data were generated both from
light microscopy (n " 81; A) and analysis of the micro-computed tomography
(micro-CT) data set generated by Nordsletten et al. (22); n " 5,260; B.

Fig. 4. Capillary density in concentric zones around arteries of various calibres.
The concentric zones were in steps of 5, 10, 15, 20, 25, and 30 !m from the
arterial wall, respectively, for arteries $16, 16–25.9, 26–50.9, 51–100.9,
101–200, and '200 !m in diameter. Values are means ( SE. The number of
observations (n) for each arterial vessel class is shown in the figure. Statistical
analysis of these data, using repeated measures analysis of variance (19),
showed that capillary density around arteries varied significantly according to
the arterial caliber (Pvessel " 0.003) and across the various concentric zones
(Pzone " 0.03).
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Parameter selection. Values used for the model parameters and
their sources are shown in Table 1, unless otherwise stated. Welch et
al. (29), using Clark-type microelectrodes, measured in vivo the renal
venous and tissue PO2. They reported a renal venous PO2 of 52 mmHg
for a known renal blood flow of !5 ml/min with an arterial PO2 of 85
mmHg. Furthermore, the average tissue PO2 in the superficial cortex,
the most oxygenated part of the kidney, was found to be 42 mmHg
(referred to here as the tissue PO2).

The diffusion coefficient of oxygen has been reported in the
literature for a variety of mediums and tissues, from water to plasma,
arterioles, and smooth muscle, etc. (4, 5, 9, 11, 20). Typically, the
values fall within the range of 1.2 " 10#9 to 3.1 " 10#9 m2/s. Here,
a value of 2.8 " 10#9 m2/s was chosen to be consistent with that used
by Chen et al. (6) in their mathematical model of the rat outer medulla.

In the Wistar-Kyoto rat kidney, V̇O2 per weight of renal tissue has
been reported to be 7.6 $mol·min#1·g#1 (29). Assuming a tissue
density of 1 g/m#3, we then estimate S0 to be #0.1 mol·s#1·m#3.

The mass transfer coefficient %cap for oxygen transport through
the capillary wall is unknown but can be estimated. For tissue far
from the AV pair, the oxygen consumed by the tissue must be
provided by the capillaries. In this case, from Eq. 3, S0 & %cap

(ccap # c). If the difference between the PO2 in the capillary and the
tissue is in the range 1 to 10 mmHg, then this corresponds to %cap

varying between #80 and #8 s#1, respectively. Here, a value of
%cap & #15 s#1 was chosen and corresponds to a PO2 difference of
5 mmHg between the capillary and the average value in the tissue.

Arterial diameter was selected based on our analysis of the model
of Nordsletten et al. (22), in which an artery of Strahler order 5,
typically considered an arcuate artery (23), had an average diameter of
150 $m.

All models were implemented in the commercial computer simu-
lation package COMSOL (version 4.2) and solved as steady-state
problems with a “parameter sweep” on a Dell PC with an Intel Core
2.67-GHz CPU running Windows 7 Enterprise. Diffusive transport in
each vessel pair was considered with oxygen consumption defined in
the tissue, as described above. For each of these models, we ran
parametric studies varying arterial radius, separation, wrapping, and
PO2 in the tissue, vein, and artery.

RESULTS

Light Microscopy

A total of 200–250 intrarenal arteries were surveyed. The
relationships between arteries and veins varied markedly
throughout the rat kidney. In the case of larger arteries (e.g.,
interlobar arteries ! 200–300 $m in diameter), the corre-
sponding vein tended to surround a considerable proportion of
the total arterial circumference, with a typical lumen separation
of '100 $m (Fig. 2A). A similar arrangement was observed
for vessels presumed to be arcuate arteries (!200-$m diame-

ter; Fig. 2B). In both cases (interlobar and arcuate arteries), the
space between the artery and vein walls was mostly filled with
loose connective tissue, with a notable absence of capillaries
and tubules. In the case of smaller artery-vein pairings
('150-$m diameter), presumed to be mainly interlobular ar-
teries and glomerular arterioles, a less intimate relationship
was often observed (Fig. 2, C–F). That is, veins less often
“wrapped” around the artery, and the space between the artery
and vein was often filled by tubular elements and/or capillaries.
However, there were some exceptions in which smaller arteries
were found to be closely associated with veins, as for larger
vessels. In biceps femoris, although arteries and veins were
sometimes found in close proximity, veins were never found to
wrap arteries (Fig. 2, G and H).

For these quantitative analyses, all artery-vein cross sections
in which the artery approached a circular shape, indicating a
section approximately perpendicular to the artery, were in-
cluded, while those in which the artery appeared oval shaped
were excluded. Of the 81 profiles examined from kidney tissue,
in all but 3 the distance between the artery and vein wall was
'200 $m (Fig. 3A). Forty percent of the profiles showed
wrapping of the vein around the artery. The ratio of lumen
separation to arterial radius averaged 0.5 ( 0.1 in the wrapped
vessels, compared with 5.7 ( 1.0 in the nonwrapped vessel
pairs, indicating that oxygen diffusion should be favored be-
tween wrapped vessels rather than those where wrapping was
not present.

In many of the light microscope images, an area of loose
connective tissue surrounded each artery, as has been described
previously by Frank and Kriz (13) (Fig. 2). The minimum
thickness of this area varied with arterial diameter, being 6.6 (
0.7 $m for arteries '16.0 $m in diameter, 6.8 ( 0.9 $m for
arteries 16.0–25.9 $m in diameter, 8.1 ( 1.0 $m for arteries
26.0–50.9 $m in diameter, 11.1 ( 1.4 $m for arteries 51.0–
100.9 $m in diameter, 18.5 ( 1.5 $m for arteries 101–200 $m
in diameter, and 22.2 ( 2.9 $m for arteries )200 $m in
diameter.

Peritubular capillary density in the zones surrounding the
arterial wall progressively reduced with increasing arterial
diameter (Pvessel & 0.003). Peritubular capillary density also
appeared to be less in the zones immediately surrounding
vessels compared with those further away, at least in the case
of vessels '16 $m, 26.0–50.9 $m, 101–200 $m, and )200
$m (Pzone & 0.03). The pattern of changes in capillary density,
across the four zones, differed significantly according to vessel
caliber (Pvessel!zone ' 0.001) (Fig. 4).

Table 2. Results from the mathematical analysis of the 3D (micro-CT) model of rat renal vasculature of Nordsletten et al. (22)

LS/RA LS/RA

Strahler DA, $m LS, $m RV/RA Overall Q1 Q2 Q3 Q4 n

2 58.1 474.0 1.8 13.6 2.1 14.8 18.2 19.6 32
3 80.4 177.0 1.8 6.4 0.2 2.5 8.3 14.7 1,803
4 102.8 90.4 1.8 3.8 #0.1 1.1 3.9 10.5 2,103
5 150.7 45.3 1.8 0.9 #0.3 0.4 0.9 2.7 768
6 263.7 44.1 1.8 0.4 #0.2 0.2 0.5 1.3 429
7 325.6 115.3 2.7 0.9 0.0 0.5 1.0 2.3 116
8 317.4 189.4 4.4 1.3 0.0 0.6 1.4 2.6 9

3D, three-dimensional; CT, computed tomography; DA, median arterial diameter; LS, median lumen separation; RV/RA, ratio of venous to arterial radius;
LS/RA, average ratio of lumen separation to arterial radius defined over all vessels within an order (Overall) and over each quartile in an order (Q1–Q4); n is
the number of observations at each order. See text for further details.
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Quantification of Spatial Variations in the Renal
Preglomerular Vasculature

A mathematical analysis was conducted of the micro-CT model
of the rat renal vasculature (Table 2) by Nordsletten et al. (22).
The center-to-center distance between arterial and venous vessels
in the model, along with lumen separation, was calculated. First,
across each Strahler order, the lumen separation of an artery-vein
pair decreased with increasing diameter, to a point (Strahler order
7) where it then started to increase. Prima facie, this suggests that
the quantity of AV shunting per vessel pair will vary along the
various levels of branching. This U-shaped relationship was also
observed with the light microscopic data set (Fig. 3). This rela-
tionship points to a structural variation in which vessel pairs with
an intermediate arterial diameter of 150–350 !m tend to consis-
tently have a smaller lumen separation than larger or smaller
vessels. It is noteworthy that some data points (Fig. 3B) have a
negative value for lumen separation. This is because the data we used

in this analysis were not raw data but instead came from an existing
model where an equivalent vessel radius was assigned to each vessel
node according to the vessel cross-sectional area observed in micro-
CT images. Importantly, the negative values indicate that there was
some degree of overlap or wrapping between the vessels.

The next step was to look more closely at the distribution
within each Strahler order. For each Strahler order, the median,
lower, and upper quartiles for lumen separation were determined.
This analysis demonstrated that although vessels in the first three
quarters of orders 5–7 had a wide range of size (median arterial
diameter 150.7–325.6 !m) and separation (median lumen sepa-
ration 44.1–115.3 !m), they had an average lumen separation to
arterial radius ratio of 1.0 or less (Table 2).

Computational Results

Idealized geometries. The imaging studies conducted here
have quantified the spatial associations of arteries and veins at

Fig. 5. Circular and wrapped idealized geometries show-
ing variations in PO2 (A and B) and diffusive flux
magnitude (C and D).

Fig. 6. Incorporating the capillary switch (CS) into the
models (B and D) creates a larger PO2 exclusion zone
around the vessels compared with the idealized models
(A and C). The grey area indicates PO2 "42 mmHg,
while the white region indicates PO2 !42 mmHg.
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various discrete locations within the preglomerular network. A
number of different vessel arrangements were observed in the
histological images, including circular veins, elliptical veins,
and veins that partially wrap around the artery they paired with.
Our analysis provided information on vessel pair separation for
a range of vessel sizes. Based on these two sources of infor-
mation, we created two representative configurations of vessel
pairs for our subsequent computational modeling. The first
contains a circular artery and vein (“circular” geometry) with
the venous radius set to be 1.8 times that of the arterial radius,
as determined from our analysis of Nordsletten’s micro-CT
model (Table 2). The wrapped geometry comprised a circular
artery with a vein wrapped around 50% of its circumference.
Due to the difficulty in defining the radius of this wrapped vein,
its perimeter was set to be equal to that of the vein in the
idealized circular geometry. Lumen separation for both models
was initially set at nine-tenths of the arterial radius, as this was
the average lumen separation calculated for a 5th order artery
(Table 2). From a qualitative analysis of histological images, it
was noted that the separation between adjacent AV pairs was
!20 times the arterial radius (RA). Thus the representative
volume in which a single artery-vein pair was considered had
length of 20RA. Unless otherwise stated, all simulations used
these geometric parameters.

The diffusion equation was solved for the two idealized
geometries to predict the steady-state distribution of oxygen
through the tissue. The concentration of oxygen dropped off
rapidly with distance from the vessels (Fig. 5). The diffusive
flux normal to the surface of each vessel was numerically
integrated around the boundary of each vessel and used to
calculate AV flux (shunting), artery-to-tissue (AT) flux, and
vein-to-tissue (VT) flux. Specifically, total oxygen flux directed
into the vein provides AV flux. The oxygen flux directed out of
the vein was VT flux. Subtracting the AV flux from the total oxygen
flux from the artery provides the AT flux. The idealized models
showed that AT flux (circular " 128 nmol·m#1·min#1, wrapped "
149 nmol·m#1·min#1) was about twice that of VT flux (circular " 66
nmol·m#1·min#1, wrapped " 78 nmol·m#1·min#1), but that no
shunting was predicted to occur in either configuration (AV
flux" 0 nmol·m#1·min#1) (Fig. 5). That is, these standard
configurations, based on median values observed in the images
predict that AV shunting is not significant. Assuming that AV
shunting is significant, this result suggests that the majority of
shunting is occurring in a subset of vessels in which the
conditions (e.g., degree of wrapping, lumen separation) are
more favorable and/or the computational model is poorly
parameterized or incomplete. Therefore, our attention turned to
the impact of the observed absence of capillaries and tubules
between and around the AV pair.

Oxygen sinks around intrarenal arteries. Our histological
analysis demonstrated that an area of loose connective tissue,
lacking capillaries or tubules, immediately surrounds intrarenal
arteries. Furthermore, in vessel pairs in which the vein partially
wrapped the artery, neither capillaries nor tubules were seen in
the space between the two vessels. In addition, peritubular
capillary density around arteries !26 $m in diameter was
relatively low. This indicates that there is a zone around
arteries, and particularly between closely associated AV pairs
(the “exclusion zone”) relatively devoid of oxygen sinks. From
our simulations (Fig. 5, A and B), we know that PO2 is
relatively high between and near the AV pair. In development,

hypoxia is known to induce vasculogenesis and angiogenesis
(7), whereas hyperoxia inhibits angiogenesis. We therefore
made the model assumption that the observed lack of capillar-
ies is related to PO2 and simulated this zone using a numerical
“switch” in the oxygen source/sink term, S, of Eq. 2. The
switch operated so that when the oxygen concentration of
tissue is high (such as in the immediate vicinity of the blood
vessels), oxygen removal (either by metabolic consumption or
by capillaries) is shut down, creating the exclusion zone.
Further from the vessels, the oxygen concentration decreases,
and this effect is inhibited, allowing capillaries to supply/
remove oxygen in addition to the metabolic consumption of
oxygen from kidney VO2.

Fig. 7. Effect of applying (CS) or not applying (NCS) the capillary switch on
arterial-to-venous (AV) shunting (A), vein-to-tissue (VT) flux (B), and artery-
to-tissue (AT) flux (C) is shown as arterial radius changes in the circular and
wrapped idealized configurations. Note different scales for flux.
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In Eq. 4, ccap is the oxygen concentration at which the oxygen
sink has been reduced by 50%, and the parameter n changes the
oxygen sensitivity of the switch. We set n ! 4, to have a
relatively sharp change in the oxygen sink, reflecting the
observed distinct region of connective tissue devoid of capil-
laries and tubules. We also assumed that ccap ! 0.056 mol/m3

(corresponding to a PO2 of 42 mmHg) to have the oxygen sink
transition to occur at the average tissue PO2 recorded by Welch
et al. (29) of 42 mmHg. Qualitatively, we can see how this
capillary switch (CS) creates an exclusion zone around the
vessels (Fig. 6). In both the wrapped and circular geometries,
the effect of including the CS was compared with the idealized
scenario in which consumption is always active, i.e., no cap-
illary switch (NCS). It was found that AV shunting was greater
over a wider range of arterial radii when the exclusion zone
was incorporated, by use of the CS, than in the idealized NCS
geometries (Fig. 7). That is, a lack of oxygen consumption
between the AV pair aided shunting efficiency.

These findings, from both imaging and computational pre-
dictions, led to the incorporation of the CS into the model for
both circular and wrapped geometries. Parametric studies vary-

ing lumen separation, PO2, arterial radius, and wrapping were
then conducted. The geometries used in these analyses, along
with corresponding fields of PO2 and oxygen flux, are shown in
Figs. 8 and 9. Note that the geometries we used in the
parametric analysis included more than just the typical geom-
etries observed by light microscopy, so that we could examine
the impact of specific features of vessel geometry (e.g., degree
of wrapping, vein aspect ratio, etc,). The results of the para-
metric studies are discussed below.

Length scale. Simulations were performed for the circular
and wrapped geometries for a range of arterial radii, while
keeping the relative proportions (e.g., vein radius and lumen
separation) constant to evaluate the influence of length scale on
various fluxes (Figs. 10 and 11; also, see Fig. 13). In all cases,
AV shunting decreased and VT flux and AT flux increased, as
the length scale (RA) increased. The gradient in oxygen con-
centration was less steep for smaller length scales than larger
(see Fig. 8, K–M), with oxygen moving further into the tissue
before being removed by the oxygen sink.

Lumen separation. Due to the large variation observed in
lumen separation (Table 2), it was important to determine how
this parameter affected AV shunting. We found that when the
lumen separation between the artery and vein was reduced to
one-tenth of the arterial radius, the flux between the artery and
vein increased, particularly in the wrapped configuration (Figs.

Fig. 8. PO2 profiles of vessels in the parametric study. Circular (A) and wrapped (B) idealized models have an arterial radius (RA) of 75 "m and lumen separation
(LS) of 0.9RA. LS is reduced to 0.1RA (C and E) and 0.5RA (D and F). Orientation of vessels is altered in G–J. Geometry was rescaled to have RA of 25 (K
and M) and 125 "m (L and N).
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9, C–F, and 10, A and D). Conversely, the flux from the vessels
to the tissue (VT flux and AT flux) decreased as lumen
separation was reduced (Fig. 10, B, C, E, and F). AV shunting
was compared between the circular and wrapped configura-
tions across a range of lumen separations. Results show the
same qualitative patterns of change in flux between the two
configurations. However, in the wrapped configuration AV
shunting was about five times greater than the circular config-
uration across all lumen separations. This was due to a longer
“contact” surface area between the artery and the vein in the
wrapped configuration compared with the circular configura-
tion. This finding indicates that the closeness of the vessels as
well as their spatial arrangement is critically important in
facilitating AV shunting. For the smallest lumen separation,
AV shunting was largely independent of length scale, partic-
ularly in the case of wrapping. This is because the 2D diffusion
begins to be approximated by a 1D diffusion model, particu-
larly in the case of wrapping, and the arterial radius depen-
dence of vessel surface area is cancelled by the arterial radius
dependence of separation distance, such that the AV flux is
independent of the arterial radius (and length scale). The
smallest lumen separation also reduced the vessel-to-tissue
fluxes (AT flux and VT flux). As lumen separation decreased,
the drop in PO2 occurred between the artery and vein over a
shorter distance, thus increasing the concentration gradient
(Fig. 8, C–F) and oxygen flux.

Radius. The mathematical analysis of Nordsletten’s micro-CT
model (22) showed that the ratio of the venous to arterial radius
(RV/RA) increases with vessel size. Therefore, RV/RA was
altered in the circular configuration, with constant arterial
radius, to determine the effect of this ratio (Fig. 11). Increasing
RV/RA increased AV shunting in the model and VT flux, but
had little effect on AT flux.

Wrapping. We hypothesized that the degree to which the
vein wall wraps around the arterial wall profile greatly influ-
ences the amount of AV shunting. Therefore, diffusion was
solved in six different vessel configurations where the spatial
association between artery and vein changed (Fig. 12). The first
orientation was a vein wrapped 75% around an artery (Fig. 9J).
The second orientation was one of our idealized geometries
with the vein wrapped 50% around the artery (Fig. 9E). The
third orientation was similar to the first but with a lesser degree
of wrapping; the vein only wrapped around 25% of the artery
(Fig. 9I). The fourth orientation had an elliptical vein with is
long edge parallel to the circular artery (Fig. 9H). The fifth
orientation also had an elliptical vein, but with its short edge
parallel to the circular artery (Fig. 9G). The sixth orientation
was the second of our idealized geometries; a circular vein and
artery (Fig. 9C). All configurations were investigated with a
0.1RA lumen separation and with an arterial radius of 75 !m.
When moving from the wrapped to circular arrangement (i.e.,
as the degree of wrapping decreased), AV shunting decreased

Fig. 9. Diffusive flux magnitude profiles corresponding to the geometries used in Fig. 8 for PO2. Shown are profiles specifically for circular (A) and wrapped (B)
idealized models. Reducing LS to 0.1RA (C and E) and 0.5RA (D and F) increased flux. Vessel orientation (G–J) affected flux, with wrapped vessels showing
greater flux. Geometry was rescaled to have RA of 25 (K and M) and 125 !m (L and N).
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significantly, while AT flux and VT flux increased slightly
(Fig. 12). AV shunting in the 25% wrapped vessel was about
one-third o that in the 75% wrapped vessel, indicating a
roughly linear relationship between the proportion of wrapping
and AV shunting.

AV PO2 ratio. The measurements of PO2 within microdo-
mains of the superficial cortex by Welch et al. (29) indicate that
AV PO2 must vary along the course of the renal preglomerular
circulation. Unfortunately, it is not technically feasible to
directly measure PO2 at specific locations within the arterial
and venous vessel networks, only at the entry/exit of the
kidney. Therefore, in the majority of these simulations we have
used arterial and venous PO2 values measured at the renal
artery/vein level. To assess how variations in PO2 expected at the
different representative levels of the vasculature may affect shunt-
ing, the AV PO2 ratio was varied. As the AV PO2 ratio was
increased from 1.2 to 2, by changing the arterial PO2, AV shunting
in both the wrapped and circular vessels increased, with a much
steeper gradient of increase in the former (Fig. 13, A and D). For
example, AV shunting at an arterial radius of 50 !m was nine
times greater when the AV PO2 ratio was set at 2 than when it
was set at 1.2. AT shunting steadily increased as the AV PO2

ratio was increased in both the wrapped and circular geome-
tries (Fig. 13, C and F). In the experiment of Welch et al. (29),
the AV PO2 ratio was "1.6 (85/52 mmHg) for the main renal
artery/vein pair. If we assume equilibration of tissue PO2 with

venular PO2, the ratio is likely to be "1.1 (45/42) at the level
of efferent arterioles and venules. Thus the change in the AV
PO2 ratio along the course of the renal circulation is likely to
favor shunting in larger vessels.

DISCUSSION

The factors controlling oxygen shunting in the kidney are
not well understood. It is assumed that the parallel architecture
of the renal circulation facilitates countercurrent oxygen ex-
change. Experimental data have shown that renal venous PO2

exceeds PO2 in the efferent arterioles (29), which means that
some of the oxygen in the renal arteries diffuses to adjacent
veins. It is not known whether this occurs throughout all levels
of the vasculature in the kidney or only in certain regions. This
question is not just of academic interest. In particular, knowl-
edge of the impact of AV oxygen shunting on oxygen delivery
to the medullary circulation has important implications for our
understanding of the causes of medullary hypoxia in ischemic
acute kidney injury (25). It has been assumed, since the
seminal work of Schureck (28), that most AV oxygen shunting
occurs in vessels downstream from the divergence of the
cortical and medullary circulation. This conclusion was based
on the fact that, in a branching vascular network such as that in
the renal cortex, the overall surface area for diffusion of
oxygen from arteries increases geometrically at each order of

Fig. 10. Effect on flux of altering LS from
0.1RA to 1.3RA in the circular (A–C) and
wrapped (D–F) configurations.
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branching (23). But this conclusion is based on the assumption
that the driving force for oxygen shunting (i.e., AV PO2

difference) and the barriers to AV diffusion (e.g., lumen
separation, wrapping) do not change appreciably across the
course of the preglomerular circulation. Our current findings
indicate that such an assumption is unwarranted.

We identified four factors that have a critical impact on the
quantity of oxygen shunted between individual artery and vein
vessel pairs. These are 1) the presence of oxygen sinks (cap-
illaries or tubules) between the artery and the vein walls; 2) the
distance separating the lumen of the artery and vein; 3) the
spatial geometry of AV pairs, especially the degree to which
the vein wall wraps around the wall of the artery; and 4) the
ratio of PO2 of blood in the artery and vein. In all four cases,

these factors favor AV oxygen shunting in vessels that are
likely common to the cortical and medullary circulations.

Our model predicts that the efficiency of oxygen shunting
from arteries to veins is significantly enhanced and that the flux
of oxygen from arteries to tissue and veins to tissue is reduced,
if the kidney parenchyma is not treated as an homogeneous
oxygen sink. That is, AV oxygen shunting is facilitated by the
absence of oxygen sinks, in the form of capillaries and tubules,
between and around artery and vein pairs. As previously shown
by Frank and Kriz (13), there is a zone in the immediate
vicinity of intrarenal arteries of loose connective tissue in
which neither capillaries nor tubules are present. Capillaries
not only deliver oxygen but may also remove oxygen from
tissue if they are in close vicinity to arteries or arterioles where
oxygen concentrations are above those in nearby capillaries
(16). Renal tubules account for the vast majority of oxygen
consumption within the kidney through the utilization of ATP
to drive sodium reabsorption (10). Thus capillaries and tubules,
if they were to appear between the AV pair would “rob”
oxygen that might have otherwise contributed to AV shunting.
In short, our modeling shows that AV oxygen shunting could
not operate if there were any kind of oxygen sink removing
significant quantities of oxygen from the region between the
artery and vein.

Importantly, we found a virtually complete absence of cap-
illaries and tubules in the space between arteries and veins in
which the vein partially wrapped the artery, and a reduced
capillary density in the vicinity of larger (!26-!m diameter)
compared with smaller ("26-!m diameter) arteries. Further-
more, while capillaries and/or tubules were rarely observed
between large artery and vein pairs, they were frequently
observed between and around smaller arteries and veins, pre-
sumably corresponding to distal interlobular arteries and glo-
merular arterioles. This arrangement would be expected to
reduce AV oxygen shunting in these smaller vessels. Interest-
ingly, the lack of capillaries and tubules we observed around
large arteries and veins also serves to reduce the oxygen
transport from the artery to the tissue. Fick’s 1st law (2) states
that oxygen diffusive flux is driven by the oxygen concentra-
tion gradient. The reduction in the strength of the oxygen sinks
close to the vessel wall reduces the oxygen gradient near the
wall and the oxygen flux from the vessel to the tissue.

Fig. 12. Effect of vessel orientation on flux. W75%, W50%, and W25% refer
to veins surrounding 75, 50, and 25%, respectively, of the arterial circumfer-
ence. Long and short refer to elliptical veins with either their long or short axis
in close contact with the paired artery. Columns show oxygen flux from artery
to vein (AV; black), vein to tissue (VT; white), and artery to tissue (AT; grey).

Fig. 11. Effect of RA/RV ratio on AV shunting (A), VT flux (B), and AT flux
(C) in the circular configuration.
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As might be expected from first principles (i.e., from Fick’s
1st law), our model predicts that AV oxygen shunting dimin-
ishes as the distance between the lumens of adjacent arteries
and veins increases. Interestingly, our analysis of Nordsletten’s
micro-CT model suggests that there is a U-shaped relationship
between arterial diameter (or Strahler order) and lumen sepa-
ration. The smallest separation distances were found for ves-
sels of Strahler orders 5 and 6, and a proportion of vessels of
Strahler orders 4 and 7, roughly corresponding to arteries of
130- to 300-!m diameter. Larger ("300 !m) and smaller
(#130 !m) arteries tended to be associated with more distant
veins. The findings of this analysis were supported by a smaller
data set of observations from light microscopy. It is not
possible to definitively assign anatomic classifications to arter-
ies based on lumen diameter or level of branching. Neverthe-
less, it is generally accepted that arteries of 130- to 300-!m
diameter or Strahler orders 4–7 would include interlobar,
arcuate, and interlobular arteries (12, 23). The interlobular
arteries taper as they radiate out from the juxtamedullary
cortex, so an interlobular artery of 130-!m diameter is likely to
be proximal rather than distal (12), and so potentially before
the divergence of the cortical and medullary circulations.

Our model predicts that AV oxygen shunting is facilitated in
vessel pairs where a considerable proportion of the circumfer-
ence of the artery is wrapped by the corresponding vein. Our
light microscopic analysis suggested that the phenomenon of

wrapping was particularly prominent in larger arteries. Indeed,
as arterial radius diminished there was a tendency not just for
the vein to wrap less around its corresponding artery but also
for the lumen separation distance to increase. Our analysis the
micro-CT model of Nordsletten et al. (23) provided further
support for this notion. Analysis of these data produces a
negative separation distance after CT image analysis for some
vessel pairs, which can be explained by the phenomenon of
veins wrapping around the arterial wall. These negative sepa-
ration distances were most frequent for arteries ranging from
$100 to 300 !m, corresponding once again to vessels likely to
be common to the cortical and medullary circulations.

Our model predicts that the ratio of PO2 in the blood of AV
pairs (AV PO2 gradient) is critical in determining AV flux. The
AV PO2 gradient is generated by tissue oxygen consumption,
but it is also modulated by diffusive transport of oxygen among
the arterial, venous, and tissue compartments (including AV
oxygen shunting). The current model does not allow us to
definitively predict the precise AV PO2 ratio at each point along
the preglomerular circulation. However, it must fall from a value
of $1.6 at an arterial PO2 of 85 mmHg at the main renal
artery-vein pair to a value much closer to unity ($1.1) at the level
of the efferent arteriole and smallest venules. Thus the driving
force for AV oxygen shunting diminishes along the course of the
preglomerular circulation.

Fig. 13. Effect of the ratio of arterial to
venous PO2 on AV shunting (A and D), VT
flux (B and E), and AT flux (C and F) in
circular (A–C) and wrapped (D–F) configu-
rations.
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Our previous model provided a conservative estimate of the
quantity of oxygen shunted between arteries and veins in the
rat preglomerular circulation (14), but it provided no insight
into the sites within the preglomerular circulation where shunt-
ing occurs. Our current study has identified four factors which
should promote AV oxygen shunting in preglomerular vessels
common to the cortical and medullary circulation (see above).
These findings challenge the accepted view that most AV
oxygen shunting occurs in distal vascular elements. However,
there is another critical factor, not assessed in the current
model, which would be expected to promote AV oxygen
shunting in more distal cortical vessels, downstream from the
divergence of the cortical and medullary circulation. That is,
because of the branching nature of the renal circulation, the
total surface area for diffusion of oxygen from arteries in-
creases geometrically at each branch level. How, then, might
we make quantitative predictions regarding the amount of
oxygen shunted between arteries and veins at each representa-
tive level of the renal preglomerular circulation? To do this, we
require information regarding the lengths and calibers of ves-
sels at each representative level [as provided by the micro-CT
model of Nordsletten and colleagues (22, 23)]. However, our
current study shows that we also require quantitative informa-
tion about the radial geometry of AV pairs at each represen-
tative level, and knowledge of the density of oxygen sinks
(tubules and capillaries) in the vicinity of these vessels. Un-
fortunately, the data set generated by Nordsletten et al. (23)
does not have the level of resolution required for provision of
such information. Nevertheless, generation of high-resolution
data is feasible (21), and our current findings provide justifi-
cation for such studies.

In its current form, our mathematical model only deals with
diffusion of oxygen in discrete cross sections of tissue. An
important area for model improvement would be to combine
the results from this oxygen transport model with the Gardiner
et al. (14) model of countercurrent exchange of oxygen to
create a 3D model of diffusive and advective oxygen transport
in the kidney. In the model of Gardiner et al. (14), the diffusion
barrier to oxygen shunting was assumed to be constant
throughout the kidney. Relaxing this assumption, to incorpo-
rate the variation in AV spatial intimacy along the preglomeru-
lar renal vasculature, will help estimate the degree to which
shunting occurs in the vessels common to the cortical and
medullary circulation, and how variations in oxygen delivery
and V̇O2 alter this shunting along the length of the vasculature.
Development of such a model will require precise quantitative
information regarding the radial geometry of arteries and veins
at each branching level of the renal circulation, rather than the
mostly qualitative analysis we have provided herein. However,
once such data are available it will be possible to model
changes in kidney oxygen transport in disease states associated
with, for example, renal fibrosis. Our current model also does
not account for the impact of PCO2 on the affinity of hemoglo-
bin for oxygen, or for local variations in parenchymal oxygen
consumption, both of which are known to vary across various
regions of the renal cortex (1, 15).

Perspectives

The susceptibility of the renal medulla to hypoxia is thought
to be a critical factor in the pathogenesis of acute kidney injury

of multiple etiology (3). It is known to arise from multiple
factors. These factors include the countercurrent shunting of
oxygen between descending and ascending vasa recta (6).
Furthermore, the predominant tubular elements in the outer
medulla, the thick ascending limbs of Henle’s loop, are highly
metabolically active, yet their main oxygen supply is from the
relatively deoxygenated blood within ascending vasa recta (3).
Our current findings raise the possibility that an additional
factor, AV oxygen shunting in the renal preglomerular circu-
lation, may also limit oxygen delivery to the medullary circu-
lation, since multiple factors appear to favor oxygen shunting
in vessels upstream from the point where the cortical and
medullary circulations diverge. This proposition is supported
by our experimental findings in anesthetized rabbits and rats, in
which we found that cortical ischemia can induce medullary
hypoxia even when medullary perfusion is maintained (25). It
is not currently feasible to measure the PO2 or oxygen content
of blood in arteries deep within the renal cortex. However, our
current and previous (14, 25) findings predict that when such
methods become available, the PO2 of blood in the arcuate and
proximal interlobular arteries, some of which is destined for
the medullary circulation, may be found to be considerably
lower than that of arterial blood. The loss of oxygen from
arterial blood before it reaches the medullary circulation is
likely exacerbated by cortical ischemia.
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Basal renal O2 consumption and the efficiency of O2 utilization for Na!

reabsorption
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Evans RG, Harrop GK, Ngo JP, Ow CP, O’Connor PM. Basal renal
O2 consumption and the efficiency of O2 utilization for Na! reabsorption.
Am J Physiol Renal Physiol 306: F551–F560, 2014. First published January
15, 2014; doi:10.1152/ajprenal.00473.2013.—We examined how the pres-
ence of a fixed level of basal renal O2 consumption (V̇O2

basal; O2 used
for processes independent of Na! transport) confounds the utility of
the ratio of Na! reabsorption (TNa!) to total renal V̇O2 (V̇O2

total) as an
index of the efficiency of O2 utilization for TNa!. We performed a
systematic review and additional experiments in anesthetized rabbits
to obtain the best possible estimate of the fractional contribution of
V̇O2

basal to V̇O2
total under physiological conditions (basal percent renal

V̇O2). Estimates of basal percent renal V̇O2 from 24 studies varied
from 0% to 81.5%. Basal percent renal V̇O2 varied with the fractional
excretion of Na! (FENa!) in the 14 studies in which FENa! was
measured under control conditions. Linear regression analysis pre-
dicted a basal percent renal V̇O2 of 12.7–16.5% when FENa! " 1%
(r2 " 0.48, P " 0.001). Experimentally induced changes in TNa!

altered TNa!/V̇O2
total in a manner consistent with theoretical predic-

tions. We conclude that, because V̇O2
basal represents a significant

proportion of V̇O2
total, TNa!/V̇O2

total can change markedly when TNa!

itself changes. Therefore, caution should be taken when TNa!/V̇O2
total

is interpreted as a measure of the efficiency of O2 utilization for TNa!,
particularly under experimental conditions where TNa! or V̇O2

total

changes.

oxygen consumption; renal metabolism; efficiency of oxygen utiliza-
tion for sodium reabsorption

THE KIDNEY derives chemical energy from O2, which it then uses
to reabsorb Na! and to perform functions that are independent
of Na! reabsorption (TNa!). The relationship between total
renal O2 consumption (V̇O2

total) and TNa! is quasilinear. It is
often depicted by a straight line that intersects the ordinal (V̇O2)
axis at a point representing the cost of “basal metabolism”
(V̇O2

basal). V̇O2
basal can thus be defined as the sum of all of V̇O2

that remains after accounting for that used for (TNa!) (V̇O2
Na!

)
(19). There is general agreement that, under physiological
conditions, V̇O2

basal comprises #20% of V̇O2
total. This quantity

(100 $ V̇O2
basal/V̇O2

total), which we define herein as “basal
percent renal V̇O2,” can be estimated experimentally in intact
animals. However, these estimates have varied widely (Table 1),
indicating that this parameter is highly susceptible to experi-
mental conditions.

The actual magnitude of basal percent renal V̇O2 has impor-
tant implications for our understanding of the mechanisms
underlying renal hypoxia in acute and chronic kidney disease.
It has become widely accepted that the quotient of TNa! to renal
V̇O2

total (or its reciprocal) represents an index of the efficiency

(or inefficiency) of O2 utilization for TNa! (6, 7, 35, 55).
TNa!/V̇O2

total is reduced in acute kidney injury (6, 7, 35, 55),
chronic kidney disease (8), diabetes (51), and hypertension (8).
These observations have been interpreted as evidence that
inefficient utilization of O2 for TNa! contributes to the renal
tissue hypoxia characteristic of these pathological states. Fur-
thermore, Laycock and colleagues showed that blockade of
nitric oxide synthase reduced the glomerular filtration rate
(GFR) and TNa! but increased renal V̇O2

total, so that TNa!/V̇O2
total

was more than halved (35). These observations were inter-
preted as evidence that nitric oxide normally acts to enhance
the “renal efficiency for transportation of sodium.” Changes in
transport efficiency, which can be defined as the rate of change
in TNa! per unit change in V̇O2

total (dTNa!/dV̇O2
total) could result

from changes in mitochondrial function, shifts in TNa! along
the nephron to sites of differing efficiency for O2 utiliza-
tion, altered Na! backleak through paracellular pathways, or
changes in the function of mechanisms of secondary active
transport (19). However, the denominator of TNa!/V̇O2

total is
composed of a component dependent on TNa! (V̇O2

Na!

) as well
as a component independent of TNa! (V̇O2

basal). Consequently,
the use of TNa!/V̇O2

total as an index of the efficiency of TNa!

(transport efficiency " dTNa!/dV̇O2
total % TNa!/V̇O2

Na!

) rests on
the assumption that V̇O2

basal is negligible and does not vary
much under physiological or pathophysiological conditions.
Therefore, in the present study, we set out to test the hypoth-
eses that 1) under physiological conditions, V̇O2

basal makes up a
substantial proportion of V̇O2

total and 2) estimates of basal
percent renal V̇O2 and TNa!/V̇O2

total depend on the natriuretic
state of the kidney and, thus, vary with the fractional excretion
of Na! (FENa!) and TNa!. To assess basal percent renal V̇O2,
we first performed a systematic review of published reports of
studies of intact animals in which basal percent renal V̇O2 was
estimated or that contained data from which it could be
estimated. We also performed an experiment to assess the
effects of ureteral ligation on renal V̇O2, since this approach has
been little used (Table 1). We then reviewed published reports
in which TNa!/V̇O2

total was measured or that contained data from
which it could be calculated to determine whether it varies with
FENa! and/or TNa!. Patterns arising in these data were then
compared with theoretical relationships between these vari-
ables, generated for varying levels of V̇O2

basal.

METHODS

Systematic Review: Search Criteria

In a Medline search, we used as Medical Subject Headings
(MESH) and keywords “oxygen consumption” (105,389 results) AND
“kidney” (652,799 results) AND either “glomerular filtration rate”
(38,655 results) OR the MESH “sodium” OR the keyword “sodium
reabsorption” (127,115 results), giving a combined return of 553
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Table 1. Available estimates of V̇O2
basal as a percentage of V̇O2

total (basal percent renal V̇O2)

Author(s) Reference

Species and Number of
Animals/Patients

Studied Anesthetic FENa!, % TNa!/V̇O2
totala Basal Percent Renal V̇O2

Lassen et al. 34 Dog (n " 14) Pentobarbital 1.51 # 0.42 23.0 # 0.6 11.6% by extrapolationb; 18.6%
when GFR " 0 (hemorrhage)

Thaysen et al. 69 Dog (n " 10) NR NR 23.0 # 0.6 18.0% when GFR " 0
(hemorrhage); note the likely
overlap of data with Lassen et
al. (34)

Thurau 72 Dog (n " 12) Pentobarbital or
thiobutabarbital

1.19 NR 17.9% by extrapolationb

Fujimoto et al. 16 Dog (n " 21) Pentobarbital NR 21.5 # 2.3d 0% by extrapolationb

Knox et al. 30 Dog (n " 42) Chloralose or
pentobarbital

Control: 2.40 # 0.52;
mannitol diuresis:
8.8 # 0.3

Control: 26.4 # 3.8;
mannitol diuresis:
15.6 # 1.7

3.7% by extrapolationc; TNa!

reduced by hemorrhage and
increased ureteral pressure and
infusion of Ringer solution or
mannitol solution; 15% by
extrapolationc during ethacrynic
acid-induced diuresis if total
V̇O2 is considered the value
before ethacrynic acid
administration; 20% by
extrapolationc during ethacrynic
acid-induced diuresis if total
V̇O2 is considered the value
after ethacrynic acid
administration.

Wolf et al. 81 Dog (n " 15) Chlorpromazine/
pentobarbital/
chloralose

Control: $4; after
ethacrynic acid:
$29

Control: $33; after
ethacrynic acid:
$21

30.5% by extrapolationb

Sadowski and
Torun

58 Dog (n " 16) N-methyl-%-
bromoallyllisopropyl
barbiturate

NR NR 30.6% by extrapolationb; 63.9%
when GFR " 0 (hypertonic
mannitol infusion); 81.5%
when GFR " 0 (tubular
blockade with oil)

Sejersted et al. 60 Dog (n " 7) Pentobarbital 20.8 during
mannitol-Ringer
infusion

16.5 33.6% by extrapolationc before
ouabain treatment; TNa!

reduced by aortic constriction;
28.4% by extrapolationc after
ouabain treatment

Stecker et al. 65 Dog (n " 8) Pentobarbital NR NR 35.6% 3 h after complete ureteral
obstruction

Theye and Maher 70 Dog (n " 13) Lightly anesthetized
with 0.1%
(vol/vol) halothane
(plus neuromuscular
blockade)

NR 19.4 35.0% by extrapolationc; TNa!

reduced by 1% (vol/vol)
expired halothane; 38.1% when
GFR " 0 [3% (vol/vol) expired
halothane]

Melchiorri et al. 45 Dog (n " 6) Pentobarbital and
phenobarbital

NR NR $10% when GFR " 0
(intravenous bombesin)

Dies et al. 9 Dog (n " 19) Pentobarbital $10 (7–13) 33.9 30.4% by extrapolationc; TNa!

reduced by ouabain,
acetazolamine, ethacrynic acid,
and furosemide

Steen et al. 66 Dog (n " 6) Pentobarbital 16.6 21.0 39.0% by extrapolationc; TNa!

reduced by graded doses of
ethacrynic acid

Rosenbaum and
DiScala

57 Dog (n " 5) Pentobarbital NR 23.2 # 2.2 24% by extrapolationc; TNa!

reduced by intravenous infusion
of Ringer solution

Ostensen and
Stokke

49 Dog (n " 10) Pentobarbital NR NR All dogs were pretreated with
acetazolamide; 15.1% by
extrapolationc; TNa! reduced by
bumetanide and ouabain

Torelli et al. 73 Rabbit (n " 24) Pentobarbital and
urethane

NR 8.8 # 1.1 64.6% by extrapolationb; 40.5%
when GFR " 0 (hemorrhage)

Evans et al. 13 Rabbit (n " 6) Pentobarbital 12.1 # 1.6 13.0 # 0.7e 47.2 # 5.5% when GFR " 0
(reduced renal artery pressure)

Present study Rabbit (n " 6) Pentobarbital 14.8 # 4.0 11.3 # 1.1 60 # 8% when GFR " 0 (90 min
after ligation of the ureter

Continued

F552 BASAL RENAL O2 CONSUMPTION

AJP-Renal Physiol • doi:10.1152/ajprenal.00473.2013 • www.ajprenal.org



results (from 1946 to November 1, 2013). Two authors (G. K. Harrop
and R. G. Evans) then performed an initial screen and excluded 478
articles that lacked data from which basal percent renal V̇O2 or
TNa!/V̇O2

total might be estimated. The remaining 75 articles formed the
basis of the literature search. Additional articles were sourced from
the references of articles obtained from the search and from an
examination of articles that cited the papers identified in our search.
The final analysis included only original studies with at least an
abstract written in English. Thus, four potentially relevant articles
written in German were excluded (5, 17, 31, 82).

Basal Percent Renal V̇O2

Overview of available methods for estimating basal percent renal
V̇O2. Basal renal metabolism can be assessed in vivo in a number of
ways. One approach might be to pharmacologically inhibit Na!-K!-
ATPase using an agent such as ouabain. However, not all isoforms of
Na!-K!-ATPase are ouabain sensitive, particularly in rodents (39),
and ouabain is arrhythmogenic. Consequently, caution must be ap-
plied to the interpretation of data derived from such studies. Another
approach is to plot the relationship between TNa! and renal V̇O2

total

observed under relatively normal physiological conditions or in re-
sponse to maneuvers that alter TNa! and then calculate the ordinal
intercept, where TNa! " 0 (or GFR " 0). This approach has been used
widely (Table 1). Nevertheless, this does require the assumption that
the relationship between TNa! and renal V̇O2

total is linear [or log linear
(58)] and could be confounded by changes in renal metabolism,
independent of TNa!, that might occur in response to experimental
maneuvers used to alter TNa!. Another approach, which has also been
used widely, is to lower arterial pressure below the point at which
glomerular filtration ceases. This approach is, of course, limited by the
potential for neurohumoral activation, particularly if arterial pressure
is lowered by hemorrhage, to alter V̇O2

basal or the efficiency of O2 uti-

lization for Na! transport (dTNa!/dV̇O2
total). Finally, ureteric obstruc-

tion will also abolish Na! excretion, but it has not been definitively
established that ureteric obstruction abolishes Na! transport.

Inclusion and exclusion criteria for published data. Some studies
of the effects of maneuvers that reduced TNa! [e.g., reduced arterial
pressure and/or renal blood flow (RBF) or the administration of
diuretics] were excluded because of the unavailability of information
on GFR and/or TNa! (10, 11, 18, 20, 26, 32, 36, 37, 59, 75, 78). Others
were excluded because GFR was not reduced to zero and TNa! was not
measured or because there was no analysis of the relationship between
GFR or TNa! and V̇O2

total from which basal percent renal V̇O2 could be
derived (1, 21, 22, 25, 28, 46, 50, 53, 56, 63, 64, 67, 76, 77) or because
no significant correlation was observed between TNa! and V̇O2

total (47).
We also excluded studies in which both renal V̇O2

total and TNa! were
measured, but the latter were not varied sufficiently to allow the
ordinal intercept of the relationship(s) between V̇O2

total and TNa! or
GFR to be determined (7, 38), or because the data were not presented
in a form to allow this relationship to be extracted (29, 42, 54). Studies
in which TNa! and V̇O2

total were varied by the induction of acute renal
failure (23, 24) or clinical studies in patients with acute kidney injury
(55) were excluded on the basis that these pathophysiological condi-
tions might be associated with increased renal V̇O2

basal. Studies in
which agents were administered that are known to alter the efficiency
of O2 utilization for TNa! were also excluded (6, 35). Studies in
isolated perfused kidneys (44, 62, 68, 74) were excluded, in part
because of the nonphysiological nature of these experimental condi-
tions but also because of the difficulty in defining an appropriate
denominator for the calculation of basal percent renal V̇O2 under what
might be considered “physiological” conditions. Thus, we restricted
our analysis to in vivo studies in which renal V̇O2

total was measured
under relatively normal physiological conditions as well as under
conditions in which it was established that glomerular filtration had

Table 1.—Continued

Author(s) Reference

Species and Number of
Animals/Patients

Studied Anesthetic FENa!, % TNa!/V̇O2
totala Basal Percent Renal V̇O2

Juillard et al. 27 Pig (n " 8) Ketamine and xylazine 8.1 # 2.7 19.6 15% when GFR " 0 (reduced
renal artery pressure)f

Parekh and Veith 52 Rat (n " 22) Thiobutabarbital 0.66 # 0.19 25.8 19.9% by extrapolationc; TNa!

reduced by subjecting some rats
to ischemia-reperfusion injury
40 days before the experiment

Elinder and
Aperia

12 Rat (n " 24) Thiobutabarbital 1.05 14.9 12.3% by extrapolationc; TNa!

reduced by intravenous infusion
of isotonic saline

Welch et al. 80 Rat (n " 10 Wistar-
Kyoto rats ! n "
10 spontaneously
hypertensive rats)

Thiobarbital NR 15.1 # 1.6 Wistar-Kyoto rats: 43.4% by
extrapolationb; spontaneously
hypertensive rats: 21.1% by
extrapolationb

Brodwall;
Brodwall and
Laake

2, 3 Human (n " 24) Unanesthetized NR 43.4 19.8% by extrapolationb,g

Ofstad et al. 48 Human (n " 10) Unanesthetized Control: 1.96; after
furosemide: 14.4

Control: 13.7; after
furosemide: 12.1

0.1% by extrapolationb before
furosemide treatment; 30.8% by
extrapolationb after furosemide
treatment

Kurnik et al. 33 Human (n " 60) Unanesthetized 1.9 # 0.3i NR 29.4% by extrapolationb,h

V̇O2
basal, basal renal O2 consumption; V̇O2

total, total renal V̇O2; FENa!, fractional excretion of Na! under control conditions; TNa!, Na! reabsorption; GFR,
glomerular filtration rate; NR, not reported.aTNa!/V̇O2

total results, including V̇O2
basal. “Extrapolation” refers to the estimation of V̇O2 when either GFR or TNa! "

0 from regression analysis of the relationships between V̇O2 and TNa! or GFR. bFrom the relationship between GFR or TNa! and V̇O2 determined in the absence
of any specific interventions to alter these variables. cFrom the relationship between GFR or TNa! and V̇O2 determined using specific interventions to alter these
variables. dThis is the slope of the line of best fit between TNa! and V̇O2 and can be used in this case because the line of best fit passed through the origin. eDue
to a calculation error, the values of TNa!/V̇O2

total presented in this study (13) were twice the true value, which is presented here. fApproximated by reading off
Fig. 3 in their study. gPatients with normal renal function or chronic kidney disease were studied before cardiac catheterization. hThe ordinal intercept of the
relationship between TNa! and V̇O2 was estimated by inspection. iNo measure of FENa! was available for normal subjects, so values for patients with chronic
renal failure (with and without diabetes) are presented.
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ceased and/or in which the apparently linear relationship between
TNa! and renal V̇O2

total could be extrapolated to the ordinal intercept
(i.e., TNa! or GFR " 0; Table 1).

Experimental studies. Male New Zealand White rabbits (n " 6,
2.83 # 0.11 kg) were studied according to the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes.
Experimental conditions were similar to those we have previously
reported (13). Catheters were placed in the central arteries and
marginal veins of both ears under local analgesia (1% lidocaine,
Xylocaine, AstraZeneca, North Ryde, NSW, Australia). Rabbits were
then anesthetized with pentobarbital sodium (90–150 mg plus 30–50
mg/h iv, Sigma Chemical, St. Louis, MO) and artificially ventilated.
Throughout the surgery and experiment, the extracellular fluid volume
was maintained by an intravenous infusion (0.15 ml·kg$1·min$1) of a
4:1 mixture of compound sodium lactate and polygeline/electrolyte
solution. Body temperature was maintained between 37.0 and 38.0°C
throughout the surgery and subsequent experiment by means of a
heated table and infrared heating lamp. Baseline arterial PO2 (90–110
mmHg) and PCO2 (30–45 mmHg) were maintained within the desired
ranges by altering the respiratory rate and volume and the level of
positive end-expiratory pressure. The kidney was denervated, and a
transit time ultrasound flowprobe (type 2SB, Transonic Systems,
Ithaca, NY) was placed around the renal artery for the measurement
of RBF. A catheter was placed in the renal vein (13). A 90-min
equilibration period was allowed between the completion of the
surgical procedures and commencement of the experimental proce-
dures.

Arterial pressure was measured via an ear artery catheter connected
to a pressure transducer (Cobe, Arvarda, CO) and bridge amplifier
(model QA1, Scientific Concepts, Mount Waverley, VIC, Australia).
The transit time ultrasound flowprobe was connected to a compatible
flowmeter (model T206, Transonic Systems). Values of mean arterial
pressure (MAP), heart rate (triggered by the arterial pressure pulse),
RBF, and core body temperature were digitized as 2-s averages. Blood
gas analysis was performed on 0.5-ml samples of arterial and renal
venous blood, collected simultaneously, using an ABL 700 series
blood gas analyzer (Radiometer, Copenhagen, Denmark). Kidney O2

delivery (DO2) was calculated as the product of RBF and the O2

content of arterial blood. V̇O2 was calculated as the product of RBF
and the arteriovenous O2 concentration difference. Comparisons be-
tween the measured variables at baseline relative to those 90 min after
ureter ligation were made using Student’s paired t-test. Two-sided P
values of !0.05 were considered statistically significant.

TNa!/V̇O2
total

From the published reports identified in our systematic review, we
identified studies in which both FENa! and TNa!/V̇O2

total were reported,
both TNa! and TNa!/V̇O2

total were reported, or that provided data from
which these variables could be calculated. For the most part, we
confined our analysis to reports in which TNa!/V̇O2

total was or could be
calculated from TNa! and V̇O2

total measured in individual animals or
humans. However, in seven cases, we calculated TNa!/V̇O2

total from
between-animal mean values of TNa! and V̇O2

total (9, 27, 33, 50, 52,
61, 66).

Theoretical Predictions for the Rat Kidney

We assumed that 28 mol of Na! are reabsorbed for every 1 mol of
O2 consumed (43), as follows:

dTNa"

dV̇O2
total

#
TNa"

V̇O2
Na"

# $ # 28 (1)

We also assumed a linear relationship between V̇O2
total and TNa!, as

follows:

V̇O2
total # V̇O2

basal " V̇O2
Na"

# V̇O2
basal "

TNa"

$
(2)

In addition, we assumed that a rat kidney reabsorbs 100 %mol of Na!

each minute under normal physiological conditions (& " 100 %mol/
min), based on a value of TNa! of 115 %mol·min$1·g kidney wt$1 in
Wistar-Kyoto rats whose kidneys weighed '1.1 g (80). V̇O2

basal was
set as a constant (i.e., independent of the actual rate of TNa!), defined
as a proportion (() of the O2 required to reabsorb 100 %mol/min of
Na!, as follows:

V̇O2
basal # % &

'

$
(3)

Basal percent V̇O2 was then defined as follows:

Basal percent V̇O2 # 100 &
V̇O2

basal

V̇O2
total

(4)

First, we set the filtered load of Na! at 100 %mol/min and at various
levels of ( (0–0.6); we then calculated how changes in FENa! would
affect basal percent V̇O2 and TNa!/V̇O2

total. We then examined the
effects of changes in ( on the way TNa!/V̇O2

total varies with TNa!

within the range from 0 to 200 %mol/min. Finally, we examined the
effects on estimates of basal percent V̇O2 of the presence of an
additional source of renal V̇O2 for functions other than TNa! but that
nevertheless varies in proportion to TNa!. We defined this additional
source of V̇O2, distinct from both V̇O2

basal and V̇O2
Na!

, as () * V̇O2
Na!

),
so that:

V̇O2
total # V̇O2

basal " V̇O2
Na" " (( & V̇O2

Na") (5)

RESULTS

Basal Percent Renal V̇O2

Systematic review. The text below summarizes the experi-
mental procedures and major findings of the 23 published
studies included in our final analysis (Table 1).

We identified 10 publications that presented estimates of
basal percent renal V̇O2 determined by extrapolation to the
ordinal intercept of the relationship between GFR or TNa! and
V̇O2

total (i.e., when GFR or TNa! " 0) in experiments in which
no specific interventions were applied to alter GFR or TNa!. In
anesthetized dogs (16, 34, 58, 72, 81) and rats (80) and
unanesthetized humans (2, 3, 33, 48), estimates of basal per-
cent renal V̇O2 ranged from 0% to 43.4% (Table 1).

We identified 12 publications reporting estimates of basal
percent renal V̇O2 derived from an extrapolation of the rela-
tionship between GFR or TNa! and V̇O2

total from experiments in
which specific treatments were applied to alter GFR or TNa!.
These treatments included progressive hemorrhage (30, 73),
suprarenal aortic constriction (60), administration of diuretic
agents (9, 30, 49, 79, 81), expansion of extracellular fluid
volume (12, 57), inhibition of ouabain-sensitive Na!-K!-
ATPase (9), halothane inhalation (70), and chronic recovery
from ischemia-reperfusion injury (52). These estimates of
basal percent renal V̇O2, from studies in anesthetized dogs,
rabbits, and rats, ranged from 15% to 64.6% (Table 1).

We identified nine published reports including estimates of
basal percent renal V̇O2 determined by comparison of V̇O2

total

under control conditions with V̇O2 when glomerular filtration
was abolished. The specific interventions included hemorrhage
(27, 34, 69, 73), suprarenal aortic constriction (13), high-dose
halothane (70), administration of bombesin (45), administra-
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tion of hypertonic mannitol (58), blockade of tubular flow by
retrograde filling of the lower urinary tract with oil (58), or
complete ureteral occlusion (65). These estimates of basal
percent renal V̇O2, from studies in anesthetized dogs, pigs, and
rabbits, ranged from 10% to 81.5% (Table 1).

New experimental studies. Baseline levels of MAP (73 ! 1
mmHg), heart rate (256 ! 6 beats/min), RBF (23.0 ! 2.3
ml/min), arterial blood PO2 (107 ! 4 mmHg) and hemoglobin
saturation (99.5 ! 0.2%), renal venous blood PO2 (60 ! 3
mmHg) and hemoglobin saturation (77.2 ! 2.0%), renal DO2

(183 ! 17 "mol/min) and V̇O2 (42 ! 5 "mol/min), fractional
O2 extraction (22.8 ! 1.9%), and FENa# (14.8 ! 4.0%) were
similar to those we have observed in previous studies using this
experimental preparation (13–15).

Ureteral ligation did not significantly alter MAP, RBF,
arterial blood PO2 or saturation, or renal DO2, but renal venous
PO2 was increased by 11 ! 4% and hemoglobin saturation
increased to 84.6 ! 2.2%. Consequently, fractional O2 extrac-
tion was reduced to 15.6 ! 2.2% and renal V̇O2

total was reduced

by 40 ! 8%. Thus, this experiment provided an estimate of
basal percent renal V̇O2 of 60 ! 8%.

Patterns in the data. Published estimates of basal percent
renal V̇O2 have been highly variable. In general, calculated
basal percent V̇O2 appears to be greater when estimated using
treatments that abolish glomerular filtration by blockade of
tubular flow (Refs. 58 and 65 and the present study) than by
methods that abolish glomerular filtration by lowering renal
perfusion pressure (Refs. 27, 34, 69, and 73). Linear regression
analysis established a positive relationship between FENa# and
the estimate of basal percent renal V̇O2 (P $ 0.001; Fig. 1).
Indeed, this linear relationship accounted for 48.3% of the
variance in estimates of basal percent renal V̇O2. The theoret-
ical relationships we constructed (Fig. 2A) were a family of
curves that deviated only slightly from linearity within the
range of FENa# $ 0 –70%. The relationships predict that basal
percent renal V̇O2 increases with increasing FENa#. The slope
of the relationship increases as FENa# or V̇O2

basal increase.
The experimental data and theoretical relationships shown in

Figs. 1 and 2A indicate that estimates of basal percent renal
V̇O2 from studies performed in animals in a natriuretic state
likely overestimate basal percent renal V̇O2 under truly physi-
ological conditions. This likely includes estimates of basal
precent V̇O2 from studies in pentobarbital-anesthetized rabbits
(Refs. 13 and 73 and the present study), since our experience
is that this anesthetic tends to inhibit TNa#. Estimates of basal
percent renal V̇O2 derived from studies of dogs in a natriuretic
state are also likely to be overestimates (9, 60, 66, 81). If weFENa+ (%)
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Fig. 1. Relationship between the fractional excretion of Na# (FENa#) under
control conditions and the estimate of basal renal O2 consumption (V̇O2

basal) as
a percentage of total renal V̇O2 (V̇O2

total) (basal percent renal V̇O2). Each study
is represented by a different color. Circles represent data obtained from studies
where glomerular filtration was reduced to zero by reducing renal perfusion
pressure. Triangles represent data from studies in which the ureter was ligated
to abolish glomerular filtration. Squares represent data from studies in which
basal percent renal V̇O2 was estimated by extrapolation of the relationship
between Na# reabsorption (TNa#) and V̇O2 to the ordinal intercept. Regression
analysis (r2 $ 0.483, P $ 0.001) by the ordinary least-squares method (solid
line) (40, 41) provided a line of best fit of V̇O2 $ 15.0 # 1.488 % FENa#. The
ordinary least-products method (dashed line) provided a line of best fit of V̇O2 $
10.1 # 2.141 % FENa#. Numbers in parentheses refer to specific references.
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Fig. 2. Predicted effects of altered V̇O2
basal in the rat kidney on the relationships

between FENa# and basal percent renal V̇O2 (A) and the molar ratio of TNa# to
V̇O2 (TNa#/V̇O2

total; B). V̇O2
basal was set at a proportion (& $ 0, 0.01, 0.02, 0.05, 0.1,

0.2, 0.4, and 0.6) of the O2 required to reabsorb 100 "mol of Na# per minute,
assuming 28 mol of Na# are reabsorbed for every 1 mol of O2 consumed.
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assume a physiological value of FENa! of 1%, the data shown
in Fig. 1 provide an estimate of basal percent renal V̇O2 of
16.5% under physiological conditions according to the line of
best fit determined by ordinary least-squares regression. When
the line of best fit was determined by the ordinary least-
products method (40, 41), basal percent renal V̇O2 was pre-
dicted to be 12.7%.

TNa!/V̇O2
total

The theoretical relationships we constructed (Fig. 2B) be-
tween FENa! and TNa!/V̇O2

total were a family of curves that
deviated only slightly from linearity within the range of FENa! "
0–70%. They predict that TNa!/V̇O2

total decreases with increas-
ing FENa!. The slope of the relationship increases as FENa! or
V̇O2

basal increase.
We identified 13 published reports, of studies in anesthetized

dogs, rats, and pigs as well as unanesthetized humans, from
which we could retrieve paired values of FENa! and TNa!/
V̇O2

total. These data were also available for the present study of
anesthetized rabbits. Overall, TNa!/V̇O2

total tended to vary in-
versely with FENa! (Fig. 3), in a manner consistent with the
theoretical relationships we generated (Fig. 2B). Linear regres-
sion analysis demonstrated that this apparent effect was not
quite statistically significant (P " 0.07) and only explained
12% of the variance in the data set. However, in four of the five
experiments in which data were collected in a within-subject
fashion, TNa!/V̇O2

total was reduced by treatments that increased
FENa!.

We identified eight published reports, of studies in anesthe-
tized dogs, rats, rabbits, and pigs in which TNa! was manipu-
lated, from which we could retrieve paired values of TNa! and
TNa!/V̇O2

total. TNa! was manipulated by reducing renal perfu-
sion pressure, altering renal vascular tone by electrical stimu-
lation of the renal nerves or renal arterial infusion of vasoactive
agents, by increasing ureteral pressure, or by administration of
a range of diuretic agents. In some reports, the effects of more
than one maneuver and/or of graded stimuli were presented.
These data were normalized by expressing both variables as
percent changes from their control level (Fig. 4). We observed
a strong positive relationship between percent changes in TNa!

(x) and TNa!/V̇O2
total (y), which was consistent across species

exposed to similar stimuli. For example, the observations of
Warner et al. (76) of the effects of progressively reduced renal
artery pressure in anesthetized pigs were virtually superimpos-
able on those of Evans et al. (13) of the effects of this
maneuver in anesthetized rabbits. There was also remarkably
little variation in this relationship between maneuvers that
altered TNa!, chiefly by altering GFR through effects on renal
hemodynamics, and those in which TNa! was more directly
manipulated by administration of diuretic agents.

The theoretical relationships we constructed between TNa!

(or the percent change in TNa!) and TNa!/V̇O2
total (or the percent

change in TNa!/V̇O2
total) were curvilinear (Fig. 5). They pre-

dicted that TNa!/V̇O2 in the rat kidney falls steeply as TNa! is
reduced below the physiological level of 100 #mol/min and
increases in a less steep manner when TNa! is increased above
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Fig. 3. Relationship between FENa! and TNa!/V̇O2
total. Each study is represented

by a different color. The various symbols represent different species: squares
are dogs, circles are pigs, triangles are rabbits, inverted triangles are rats, and
diamonds are humans. Observations made in a with-subject fashion are linked
by lines. Linear regression analysis across the entire data set failed to detect a
significant relationship between the two variables (r2 " 0.12, P " 0.07).
Numbers in parentheses refer to specific references.
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this level. The range of variations increased with increasing
V̇O2

basal. Importantly, the experimental data (Fig. 4) followed a
similar trend to the theoretical relationships between percent
changes in TNa! and TNa!/V̇O2

total (Fig. 5B).

Theoretical Impact of TNa!-Dependent Changes in V̇O2 for
Processes Other Than TNa!

As would be expected, the imposition of an additional
source of V̇O2 used for functions other than TNa!, but never-
theless linearly dependent on TNa!, increases the slope of the
relationship between TNa! and V̇O2

total. As a result, estimates of
basal percent renal V̇O2 that would be predicted to arise from
experimental studies are reduced (Fig. 6).

DISCUSSION

Why is it important to know what basal percent V̇O2 is?
Primarily, its importance lies in the interpretation of TNa!/
V̇O2

total as a measure of the efficiency of O2 utilization for TNa!.
The denominator of this ratio comprises at least two compo-
nents: a “variable” cost of O2 utilization for Na! transport
(V̇O2

Na!

) and a presumed “fixed” cost of V̇O2
basal. To make

things even more complicated, it is possible that O2 utilization
for functions other than TNa! may vary with TNa! (see below
and Refs. 4, 62, and 68). To better understand how V̇O2

basal

confounds the use of TNa!/V̇O2
total as an index of the efficiency

of O2 utilization for TNa!, we analyzed the available data
regarding the magnitude of V̇O2

basal as a percentage of V̇O2
total

(basal percent renal V̇O2). We also examined how estimates of
basal percent renal V̇O2 and TNa!/V̇O2

total vary with the physi-
ological state of the kidney.

We are able to draw two important conclusions. First,
although available estimates of basal percent renal V̇O2 vary
widely, ranging from 0% to 81.5%, nearly half of this variation
can be accounted for by variations in FENa!. Consequently,
regression analysis of available experimental data provided a
“consensus” estimate of basal percent renal V̇O2 of 12.7–16.5%
when FENa! is 1%, depending on the method used to perform
linear regression (40, 41). Our analysis of these experimental
observations is in accordance with the results of our theoretical
analysis, which predicted a positive curvilinear relationship
between FENa! and basal percent renal V̇O2.

If basal percent renal V̇O2 varies with the natriuretic state of
the kidney, it follows that TNa!/V̇O2

total should too, as demon-
strated by our theoretical analysis. Our finding of a positive
relationship between experimentally induced changes in TNa!

and TNa!/V̇O2
total supports this prediction. Thus, our second

conclusion is that the use of TNa!/V̇O2
total as an index of the

efficiency of O2 utilization for TNa! is confounded by the
presence of V̇O2

basal. Consequently, caution should be applied
when this variable is used as a quantitative index of the
efficiency of O2 utilization for TNa!, especially when experi-
mental manipulations result in changes in TNa!. Our observa-
tions reflect the fact that renal V̇O2

total includes a component that
does not vary with TNa! (V̇O2

basal) as well as a component that
does vary with TNa! (V̇O2

Na!

). Consequently, TNa!/V̇O2
total can

change independently of the efficiency of TNa! (dTNa!/dV̇O2),
especially when TNa! changes.

Three caveats must be applied to our conclusions. The first
caveat relates to the assumption that the V̇O2 for functions other
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Fig. 5. Predicted effects of altered V̇O2
basal in the kidney of the rat on the

relationship between TNa! and the quotient of TNa!/V̇O2
total. V̇O2

basal was set at
a proportion (" # 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, and 0.6) of the O2 required
to reabsorb 100 $mol of Na! per minute, assuming 28 mol of Na! are
reabsorbed for every 1 mol of O2 consumed. Note that B, which shows the
relationships between percent changes in these variables, is essentially a
logarithmic transformation of the data in A.
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when TNa! # 0, was set at 20% of the cost of reabsorption of 100 $mol/min
Na!. V̇O2

total was calculated as the sum of V̇O2
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;

assuming 28 mol of Na! are reabsorbed for each 1 mol of O2 consumed), and
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Na!
).

The inset shows how this additional O2 utilization would affect an estimate of
basal percent V̇O2 determined experimentally by a maneuver that abolishes
tubular TNa!.
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than TNa! is relatively constant. There is evidence that this
quantity, which theoretically could include true “V̇O2

basal” as
well as a component of V̇O2 for functions other than TNa! but
that nevertheless varies with TNa!, is not static (4, 62, 68). For
example, Cohen and colleagues (4) provided evidence, using
the isolated perfused kidney, that the rate at which lactate
enters into O2-dependent biochemical pathways (e.g., glucose
production) increases as TNa! increases. Our theoretical anal-
ysis indicates that the presence of this additional source of V̇O2

would lead to an underestimation of the efficiency of direct O2

utilization for TNa! and reduce basal percent V̇O2 when deter-
mined experimentally by abolition of TNa!.

Second, it should be acknowledged that some of the varia-
tion in estimates of basal percent renal V̇O2 likely arises from
the confounding influence of the maneuvers used to alter TNa!.
For example, the greatest estimates of basal percent renal V̇O2

came from the present study, in which the ureter was ligated
(60%), and from an earlier study (58), in which tubular flow
was blocked by a retrograde infusion of oil (81.5%). It has been
proposed that damage to the tubular epithelium induced by
blockade of tubular flow at a downstream site may lead to
increased renal V̇O2 (58). It is also possible that ligation of the
ureter does not cause the complete cessation of Na! transport.
Finally, it is also likely that the presence and mode of anes-
thesia used in these studies could have influenced estimates of
basal percent renal V̇O2. For example, pentobarbital is known
to influence mitochondrial function by inhibition of complex 1
(NADH dehydrogenase) of the respiratory chain (71), thus
leading to reduced cellular ATP availability. This action might
at least partly explain the relatively high FENa! observed in
experiments performed under pentobarbital anesthesia.

The third caveat that must be applied to our conclusions
relates to the possibility that some of the treatments that altered
TNa! in the studies shown in Fig. 3 may have really altered the
efficiency of O2 utilization for TNa! (i.e., dTNa!/dV̇O2

total). Such
effects might be expected if active Na! transport is shifted
from the proximal tubule to less efficient tubular segments
(19), if the efficiency of mitochondrial function is reduced, as
is known to occur when the bioavailability of nitric oxide is
reduced (35), or by factors that inhibit passive Na! transport
and/or secondary active transport. For example, Deng et al. (6)
provided strong evidence that inhibition of carbonic anhydrase
can reduce the efficiency of O2 utilization for TNa!. They
showed that the carbonic anhydrase inhibitor benzolamide
increased renal V̇O2

total by "50% despite a concomitant reduc-
tion in TNa! of "25%. They proposed that this effect was
mediated by increased active Cl# transport in the proximal
tubule. Similarly, Knox et al. (30) found that the slope of the
relationship between TNa! and renal V̇O2

total was increased
during diuresis induced by an infusion of mannitol, implying
that the metabolic cost of TNa! was increased by mannitol, at
least under the conditions of their experiment. However, the
fact that the experimental observations shown in Fig. 4 are
consistent with the theoretical relationships shown in Fig. 5B,
despite the fact that TNa! was manipulated by a wide range of
maneuvers, suggests that effects of the maneuvers on the
efficiency of O2 utilization for TNa! have not undermined our
conclusions. Interestingly, the one obvious outlier shown in
Fig. 4 represents the effects of benzolamide observed by Deng
et al. The fact that TNa!/V̇O2

total was reduced more by benzol-
amide that any of the other maneuvers, for a given reduction in

TNa!, provides some level of confidence that the ability of
benzolamide to alter the efficiency of O2 utilization for TNa! is
the exception rather than the rule.

In conclusion, renal V̇O2
basal accounts for a significant pro-

portion of renal V̇O2
total. Estimates based on the literature vary

from 0% to 81.5% of renal V̇O2
total. Our best estimate based on

linear regression equations relating estimates of V̇O2
basal to the

natriuretic state of the experimental preparation is 12.7–16.5%
of renal V̇O2

total when FENa! $ 1% (i.e., standard physiological
conditions). We also conclude that TNa!/V̇O2

total should be
interpreted cautiously, because V̇O2

basal is not negligible and
may vary in ways we cannot predict. Consequently, significant
changes in TNa!/V̇O2

total can occur when TNa! changes, even if
the efficiency of O2 utilization for TNa! remains unaltered. One
way to at least partially overcome the limitations of TNa!/
V̇O2

total as an index of the efficiency of O2 utilization for TNa!

would be for experimenters to directly determine renal V̇O2
basal

under the conditions of their experiments. This would allow
V̇O2

basal to be removed from the denominator of TNa!/V̇O2
total.

Another, perhaps better, approach would be to subject exper-
imental animals to maneuvers that progressively alter TNa!, so
that the slope of the relationship between TNa!/V̇O2

total (dTNa!/
dV̇O2

total) can be determined. This approach, of course, does not
overcome the potentially confounding effects of potential
changes in V̇O2

basal induced by the maneuvers used to abolish
TNa!. These methods were used in earlier investigations of the
physiology of renal O2 utilization but have fallen out of favor
as we have moved from large-animal to small-animal experi-
mental models. Finding ways to use more rigorous methods to
assess the efficiency of O2 utilization for TNa! in small animals,
such as rats and mice, represents an important technical chal-
lenge for investigators studying the physiology and pathophys-
iology of renal oxygenation.
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Letter to the editor: “The plausibility of arterial-to-venous oxygen shunting in
the kidney: it all depends on radial geometry”

Roger G. Evans,1 David W. Smith,2 Zohaib Khan,2 Jennifer P. Ngo,1 and Bruce S. Gardiner2

1Department of Physiology, Monash University, Melbourne, Australia; and 2School of Computer Science and Software
Engineering, The University of Western Australia, Perth, Western Australia

TO THE EDITOR: we read with great interest the recent paper by
Olgac and Kurtcuoglu (5) entitled “Renal oxygenation: pre-
glomerular vasculature is an unlikely contributor to renal
oxygen shunting.” We commend the authors on their careful
approach to the problem of oxygen transport in the renal
cortex. The authors’ model simulations support an important
contribution of oxygen delivery to tissue from the pre-glomer-
ular vasculature, particularly under conditions of hyperoxemia
and hemodilution, or when oxygen consumption is high in
relation to oxygen delivery. This phenomenon has been well
documented in other tissues, but this appears to be the first
attempt at the problem in the kidney. We also believe that the
concept of advection-facilitated diffusion, which appears to
allow the simulations of the model to be reconciled with the
experimental observations of Schurek and colleagues (6) and
Johannes and colleagues (1), represents an important concept
to explore in the field.

The authors also conclude from their simulations that “the
amount of pre-glomerular arterial-to-venous (AV) oxygen
shunting is negligible.” We believe that the authors have
overinterpreted their findings. It is not surprising to us that
the authors’ model did not provide any evidence of AV
oxygen shunting, since the “checkboard pattern” of arteries
and veins adapted for the vascular geometry would be
expected to preclude this phenomenon (Fig. 1). In our recent
analysis of oxygen diffusion in the vicinity of artery-vein
pairs, over a range of cross-sectional configurations, we
concluded that the presence of oxygen sinks of any kind
(e.g., tubules or capillaries) between an artery-vein pair
should prevent AV oxygen shunting (4) and that shunting
would be strongly dependent on the degree of wrapping by
veins on arteries. Without wrapping, our models predicted
little to no shunting. The model of Olgac and Kurtcuoglu (5)
is generally based on an assumption that there are oxygen
sinks between all artery-vein pairs. Yet, the critical feature
of the renal cortical circulation, unlike the circulation of
skeletal muscle, is that a proportion of arteries are partially

wrapped by their associated vein, so that oxygen sinks
(tubules and capillaries) are excluded from intervening
space across which oxygen might diffuse and diffusion
distances are very short (!15 "m) (Fig. 1). The phenome-
non of wrapping is particularly prominent in larger vessels
(!50 "m in diameter), although wrapped vessels can be
observed, with variable frequency, throughout the cortical
circulation (4). We propose that any model aimed toward
testing the plausibility of AV oxygen shunting should in-
clude the phenomenon of wrapping, and certainly should not
rely on a lumped average of diffusion distances between
artery-vein pairs.

The seminal observations that relate to the concept of AV
oxygen shunting were obtained more than 50 years ago by
Matthew Levy and colleagues (3). They found that the
transit time for oxygen across the renal circulation was
considerably shorter than that for labelled erythrocytes (3).
Olgac and Kurtcuoglu (5) state that “Levy and Sauceda
pointed to either the peritubular capillaries in the cortex or
the vasa recta in the medulla as the location of potential
oxygen shunting, favoring the latter on the basis of their
anatomic arrangement.” However, Levy and Imperial (2)
later found that the difference in transit time between
oxygen and labeled erythrocytes was maintained when the
renal medulla was cooled, thus greatly reducing medullary
perfusion and the driving force for oxygen shunting in the
medulla, medullary oxygen consumption. Thus we maintain
that the experimental findings of Levy and colleagues can
only be satisfactorily explained by diffusive shunting of
oxygen between arteries and veins in the renal cortex.

We believe the jury must remain out on the question of
whether AV oxygen shunting is an important phenomenon in
the regulation of intrarenal oxygenation. Two lines of research
are required to resolve this issue. First, we must develop
experimental methods, perhaps along the lines of Levy and
colleagues’ pulse experiments, to quantify this phenomenon.
At the very least, we need to quantify the cross-sectional
geometry of the artery-vein pairs throughout the kidney. Sec-
ond, we must develop computational models, based on realistic

Address for reprint requests and other correspondence: R. Evans, Dept. of
Physiology, PO Box 13F, Monash Univ., Victoria 3800, Australia

Fig. 1. Effects of the close association between
arteries and veins (wrapping) on oxygen flux
between artery-vein pairs. A: Olgac and Kurtcu-
oglu’s (5) vascular arrangement consists of 2
one-quarter artery-vein pairs and the adjoining
tissue. The layout of oxygen advection pathways
is depicted by arrows. The absence of wrapping
leads to the exclusion of arteriovenous (AV)
oxygen shunting. B: histological cross sections
of renal tissue in the vicinity of a wrapped artery
(4). C: oxygen flux plots of regions of tissue in
the vicinity of the artery in B (4).
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vascular geometry, to generate realistic estimates of the mag-
nitude of AV oxygen shunting.
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Phosphate buffered saline (PBS, 0.1 M; 1 L solution) 

1. In distilled H2O, the following were dissolved: 

• 9 g of NaCl 

• 8.7 g of Na2HPO4 (anhydrous) 

• 5.44 g of NaH2PO4•H2O (monohydrate) 

2. Adjust pH to 7.4 using NaOH 

3. Make up to required volume 

Phosphate buffer (0.2 M; 1 L solution) 

• Add 7.18 g of NaH2PO4•2H2O (dihydrate) to 900 ml distilled water until dissolved 

• Add 21.86 g of Na2HPO4 (anhydrous) until dissolved 

• Adjust pH to 7.4 using NaOH 

• Make up to 1 L 

• Add 240 mg of sodium nitroprusside 

3% Paraformaldehyde (1 L) 

• 30 g of paraformaldehyde powder dissolved in 900 ml of 0.1 M PBS 

• Heated and stirred (~60 °C) 

• Add drops of 10 M NaOH to adjust pH to 7.4 

• Make up to 1 L 

• When solution is clear, cool to room temperature 

4% Paraformaldehyde (1 L) 

• 40 g of paraformaldehyde powder dissolved in 900 ml of 0.2 M of phosphate buffer 

• Heated and stirred (~60 °C) 

• Cool to room temperature 

• Add 40 ml of 25% stock glutaraldehyde 

• Make up to 1 L 

• Adjust pH as required using 10 M NaOH 
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Toluidine Blue (100 ml) 

• 0.5 g Toluidine Blue 

• 0.5 g Borax 

• 100 ml H2O 

• Stir on a mechanical stirrer until dissolved 

• Filter solution before use 

Immunohistochemical protocol (Chapter 4) 

1. Dewax with Xylene: 

2. Rehydration:  

• 100% ethanol (ETOH) (5 mins), 70% ETOH (5 mins) and PBS (5 mins). 

3.  Antigen Retrieval: 

• 10× Sodium Citrate Buffer (Microwave for 2 min, 1 min at a time, AVOID 

boiling). 

• Fresh PBS for 5 mins 

4.  Blocking with 1% bovine serum albumin (BSA) 

• Leave covered in foil for a minimum of 1 hour 

5. Primary Antibody: 

• Polyclonal rabbit anti-human von Willebrand Factor (vWF); 1:200 dilution 

• Cover with foil and place in the fridge overnight  

6. Wash 1× 5 mins in PBS 

7. Secondary Antibody: 

• Goat anti-rabbit 555 (1:1000 dilution) 

• Cover with foil and leave on the bench at room temperature for a minimum of 

1 hour 

8. Wash 3× 5 mins 

9. 4', 6-diamidino-2-phenylindole (DAPI): 

• 1:10,000 dilution 

• Incubate for 5-10 minutes. 

10.  Wash 1× 5 mins 

11. Dry and coverslip slides 
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Agarose gel preparation 

Prior to slicing the kidneys, they were first embedded in agarose gel. The preparation for the 

gel was as follows: 

1. Pour 100 ml distilled water into a beaker and add 3 grams of agarose powder (Sigma-

Aldrich, St Louis, MO, USA) 

2. Stir the solution and heat in a microwave for 4 minutes until the cloudy solution turns 

into a clear and viscous liquid. 

3. Take out of microwave and cool to ~60 °C. 

4. Once the solution reaches 60 °C, it is ready to be poured into the mold to embed the 

kidney(s). 

5. The gel and kidneys were left to set at room temperature. 

 

Hardened agar was stored in the refrigerator for later re-use. When needed, the hardened agar 

was heated on high heat for ~2 minutes, after which it was left to cool to ~60 °C and ready for 

re-use. 

 

 




