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Abstract Variations in regional renal blood flow have 
been implicated in a variety of disease states. Many 
techniques have been developed in an attempt to accu- 
rately assess these changes. The microsphere technique 
is the most widely used method at the present time. 
This technique allows focal measurements to be per- 
formed, but there is a conflict between the resolution of 
the method and the number of microspheres necessary 
in each sample. New imaging techniques such as to- 
mography and autoradiography enable visual assess- 
ment of renal blood flow. Though there is no ideal 
method, these techniques have opened up new possibil- 
ities in the quantification of regional renal blood flow. 

Key words Regional renal blood flow'Microsphere 
technique" Tomography" Autoradiography 

Introduction 

The fundamental importance of the regional distribu- 
tion of blood flow within the kidney and in particular 
the division of blood between the cortical and medul- 
lary tissue was first recognised by Trueta in 1948 [74]. 
Subsequent experimental studies have shown regional 
renal blood flow to be heterogeneous under physiolo- 
gical and a variety of pathophysiological conditions. 
Relatively small changes in the zonal distribution of 
renal blood flow may have wide-ranging effects on 
renal excretory function. While measurement of total 
renal blood flow is a relatively simple matter, such 
determinations do not take account of significant alter- 
ations in the actual or relative distribution of blood 
flow at the regional level. Obviously the ability to 
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accurately measure such variation in regional blood 
flow within the complex structure of the kidney is 
highly desirable. In this article we review the different 
techniques available to assess blood flow within this 
complex organ. 

Renal flow and function 

The kidney regulates not only the concentrations of 
metabolic waste products, but also the volume, osmo- 
larity, acid-base status and ionic composition of the 
extracellular fluid. These functions are mediated via 
two interdependent regulatory systems, which govern 
the rate at which the glomerulus filters blood passing 
through the glomerular tuft and control the rate at 
which solutes are secreted and reabsorbed along the 
tubular structures. The quality and regional distribu- 
tion of renal blood flow is important in this regard. 

The kidney receives an extraordinarily high percent- 
age of the total cardiac output (20-25%). This high 
renal blood flow serves a dual function; primarily it 
provides blood for filtration, since an adequate 
glomerular blood supply is necessary if the normal 
excretory function of the kidney is to be maintained; 
secondly the renal circulation provides oxygen and 
nutrients to the renal parenchyma. Alterations in renal 
blood flow may therefore lead to changes in function 
not only due to tissue ischaemia, but also as a conse- 
quence of changes in glomerular filtration [47]. 

There is some variation in the exact figures for re- 
gional flow provided by the various different methods 
of measurement of renal blood flow, but there is an 
overall concordance in terms of the magnitude and 
pattern of regional distribution. 

More than 90% of blood flow entering the kidney 
goes to supply the renal cortex resulting in a cortical 
perfusion rate of between 500 and 850 ml/100 g per 
minute tissue depending on the technique used, while 
the remainder serves to supply the capsule and the 
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renal adipose tissue. There does not appear to be any 
significant difference in the flow to polar and central 
regions of the cortex. The overall volume of blood 
passing from the cortex to the medulla is significantly 
reduced as a result of loss of plasma volume due to 
filtration in the glomeruli. Measurement of medullary 
blood flow reveals a flow rate of between 100-250 ml/ 
100 g per minute in the outer and 20-40 ml/min per 
100 g in the inner medulla. As observed in the cortex, 
there does not appear to be any difference in flow 
between the polar and central regions of the outer 
medulla. 

The low flow rates to the inner medulla, obtained 
using different techniques, present some problems of 
interpretation. This arises as a result of the vascular 
anatomy in this region. It has been suggested that 
countercurrent exchange between the descending and 
ascending vasa recta may result in an underestimation 
of flow using the currently available techniques, since 
there is no accurate definition of effective blood flow in 
tissues where countercurrent exchange mechanisms are 
present. Although these limitations may result in an 
underestimation of "true" absolute flow, it does not 
prevent comparative studies from being performed. 

The complex anatomy of the kidney has made the 
accurate determination of its blood flow difficult. Selec- 
tion of a suitable tracer may mean a compromise be- 
tween a tracer such as rubidium, which has appreciable 
diffusion limitations, or iodoantipyrine, which is known 
to be shunted in the vasa recta. The decision may be 
made on the basis of areas of interest; for example, 
cortical blood flow may be examined using a tracer that 
is shunted in the vasa recta, but will diffuse equally 
across renal cortical tissue. The vascular architecture of 
the kidney may also result in axial streaming and 
geometric exclusion of radiolabelled particles, 
casting doubt over the accuracy of the microsphere 
technique. New computer-assisted techniques open up 
possibilities for looking at regional renal haemo- 
dynamics. These techniques rely on intravascular con- 
trast agents or tracers in solution and as a consequence 
there is no problem with steric hindrance or streaming. 
However, such tracers may be subject to diffusion lim- 
itations and shunting along the vasa recta. 

Renal flow and disease states 

There are a variety of pathophysiological conditions 
which alter intrarenal haemodynamics and may thus 
compromise renal function. Nephrectomy, ureteric ob- 
struction, renal artery stenosis, diabetes and ischaemia 
and reperfusion injury are among the most important 
of these. Nephrectomy leads to a sudden decrease in 
excretory capacity. This in turn initiates a compensa- 
tory process which results in hypertrophy of the rem- 
nant kidney and a progressive improvement following 
the acute reduction in renal excretory function [57]. 

Both partial and complete ureteric obstruction are as- 
sociated ultimately with a reduction in renal blood 
flow, which may lead eventually to renal insufficiency 
of ischaemic aetiology [76]. There is a temporary ele- 
vation followed by a sustained reduction in the perfu- 
sion of the ipsilateral kidney and a compensatory 
increase in the perfusion of the contralateral kidney. 
These changes in total renal blood flow are accom- 
panied by alterations in intrarenal flow, characterised 
by a shunting of flow from the outer to the inner 
cortical zones [38, 56, 76]. Renal artery stenosis is well 
established as a cause of hypertension, ischaemia and 
renal impairment [21]. Either one or both renal arte- 
ries may be occluded. If one is affected, ipsilateral renin 
production is high while sodium excretion and urine 
production are low. Contralateral renin production is 
low. Plasma volume expands and hypertension be- 
comes unresponsive to antiangiotensin agents. If both 
kidneys are involved and there is no normal contralat- 
eral kidney, systemic renin and its production is low, 
but the plasma volume is expanded and there is hyper- 
tension [80]. Diabetes causes impairment of the 
autoregulation of renal blood flow. Glomerular filtra- 
tion rate and renal blood flow are increased initially 
and subsequently fall below normal levels as a result of 
mesangial hypertrophy, and renal failure ensues [49]. 

Following a significant period of ischaemia ensued 
by reperfusion, a marked decrease in glomerular fil- 
tration and inner medullary blood flow is seen, with 
relative preservation of cortical and total renal blood 
flow [831. 

Interpretation of normal renal t'unction has wide- 
ranging implications beyond the direct consequences 
on renal parenchyma. The consequences of partial re- 
nal damage directly affecting one kidney may also 
involve the contralateral organ, and other body sys- 
tems. Accurate assessment of total and regional renal 
blood flow is therefore imperative in our understanding 
and treatment of these pathophysiological states. 

Total renal blood flow 

Total renal blood flow is normally measured by deter- 
mination of the renal clearance rate of para-aminohip- 
puric acid (PAH) or iodopyracet, following low-dose 
infusion of either compound. Both compounds are 
ideally suited, since neither compound is metabolised, 
stored or produced in the kidney, they do not affect 
renal blood flow and they have a high clearance ratio. 
Measurement is based on the Fick principle and from 
the determination of urinary and plasma concentra- 
tions the renal clearance can be calculated. This is equal 
to the effective renal plasma flow since the kidney filters 
plasma. The actual renal plasma flow and renal blood 
flow may be calculated as the extraction ratio and 
haematocrit are known. Using these techniques, 
human total renal blood flow has been estimated at 
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approximately 1.1 1/min, which is equal to a total daily 
renal blood flow of 1640 1/day. 

Total renal blood flow may also be measured non- 
invasively using Doppler ultrasound probes or by more 
invasive techniques utilising implanted Doppler flow 
probes or electromagnetic flow transducers. While 
these techniques give accurate and reproducible deter- 
minations of total renal blood flow, they are of limited 
application in the determination of regional changes in 
blood flow within the kidney. 

Measurement of intrarenal blood flow 

Inert-gas methods: 8SKr and 133Xe washout 

The Kety inert-gas theory [40] developed by Thorn- 
burn [72] in 1963 for measuring blood flow has been 
used with limited success for the measurement of in- 
trarenal blood flow. This technique is based on the 
concept of exponential washout of a radioactive inert 
gas (SSKr or 133Xe) from an organ following injection 
of the isotope into the arterial inflow. The theory is 
dependent on the assumption that the rate of accumu- 
lation (or dissipation) of an inert substance in the renal 
parenchyma is proportional to the rate of blood flow, 
provided that the diffusion constant and the partition 
coefficient of the gas between tissue and blood are 
taken into account. An index of organ blood flow may 
be derived from the equation: 

F/VD = K .  2/p 

where F = flow, VD = volume of distribution of the 
gas, K = the disappearance rate constant of the gas, 
2 = partition coefficient of the gas between the tissue 
and the blood, and p = the specific gravity of the tissue. 
The externally monitored gas washout curve may be 
broken into component parts using a "tail subtraction" 
technique to describe four different flow rates within 
the kidney [72]. Components I-IV of the multi-ex- 
ponential decay curve represent flows to the cortex (I), 
outer medulla (II), inner medulla (III) and perirenal and 
hilar fat (IV). Previous studies have shown good cor- 
relation between component I and cortical blood flow 
as measured by other techniques, but the limitations of 
the inert-gas method have cast doubts on the accuracy 
of components II, IH and IV. In particular the 
measurement of medullary flow with the diffusible gas 
technique is thought to be impossible due to counter- 
current exchange and the effect of changing urinary 
flow on the washout rate [69]. 

Beyond these difficulties there are several objections 
to using this technique to measure intrarenal blood 
flow distribution. There is an inability to ascribe 
a given anatomical area to a component of the washout 
curve and furthermore this component may not repre- 
sent the same area in control and experimental periods. 
In addition this method measures flow per unit volume, 

and in situations where the volume may be changing 
the disappearance rate constant of the gas (K) may be 
unchanged in the face of significant flow changes [68]. 
The assumption that the partition coefficient is unaffec- 
ted by changes in tissue water content has not been 
tested. Higher flow rates with 85Kr rather than 133Xe, 
which has a lower partition coefficient, suggest that the 
same coefficient may not be appropriate for a particu- 
lar in vivo situation [9]. Furthermore, for the disap- 
pearance rate constant of the gas (K) to be a function of 
capillary removal it is assumed that the gas reaches 
complete equilibrium during the time of the washout 
curve. If equilibrium fails to occur, K is also a function 
of the diffusion characteristics of the gas. Studies in 
skeletal muscle [8] disassociated the disappearance 
rate of 133Xe from directly measured blood flow during 
vasodilatation and attributed it to a change in the 
surface area available for tissue blood exchange. There 
is recirculation of 85Kr, and this may be an explanation 
for retardation of aSKr washout in the cortex [58]. 

Though it seems doubtful if washout of diffusible 
inert gases with external detectors can give significant 
information about intrarenal blood flow distribution, 
the initial washout rate has been shown to be useful for 
the assessment of average renal blood flow. The non- 
invasive inhalation technique using the inert gas 133Xe 
may prove to be a more successful adaptation of the 
inert gas method [67]. 

Hydrogen washout 

In order to address the problem of localising the 
washout component to a particular area using external 
detection techniques, local detection using implanted 
electrodes in distinct regions for continuous recording 
of hydrogen washout rates has been used [6]. This local 
measurement of hydrogen washout is, however, unable 
to determine inner medullary blood flow since the 
efficient exchange of gas in the vasa recta results in the 
flow of the collecting duct fluid being a major deter- 
minant of the medullary washout rate. This effect is 
thought to be negligible in the outer medulla and 
cortex. 

Other disadvantages of this technique are the po- 
tential for changes in renal volume to alter electrode 
position, the considerable handling of the organ for 
electrode stabilisation and placement and the unavoid- 
able tissue trauma. Local hydrogen measurement has 
also failed to confirm the microsphere finding of 
increased deep cortical flow fraction in vasodilata- 
tion [75]. 

To evaluate the possible flow disturbance due to 
electrode trauma, Hope et al. [30] have studied the 
uptake of the inert diffusible tracers 131IAP and 
tritiated water (THO). They found that in the dog 
kidney the flow distribution patterns obtained with 
13~IAP and THO are similar to those obtained with 
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local hydrogen [4, 75] and 8SKr [58] washout. More- 
over, renal vasoconstriction and dilation induced by 
angiotensin II and acetylcholine, respectively, cause no 
change in the distribution pattern of ~3aIAP and THO 
[14, 15] and therefore the inability of local hydro- 
gen measurement to detect these vasodynamics cannot 
be blamed on tissue trauma. 

Heat diffusion and thermodilution 

Heat is another diffusible indicator of intrarenal blood 
flow distribution analogous to inert gas washout. Accu- 
rate interpretation of renal blood flow from heat data is 
difficult due to a substantial portion of heat being lost 
through tissue conductivity. Approximately half of the 
thermal conductivity in the liver is due to blood flow 
and the other half due to tissue conduction [24]. After 
an intrarenal artery injection of hot or cold saline, 
a particular region of the kidney, moving from one 
steady state temperature to another, ought to follow an 
exponential function with respect to time. Heat is con- 
ducted across the walls of large vessels as well as the 
capillaries, however, and therefore the tissue adjacent 
to large vessels is cooler than surrounding tissue. These 
non-equilibrium redistributions of heat during the 
early stages of a heat injection contribute rapid disap- 
pearance rates to the initial part of the washout curve 
which have no morphological counterpart. During the 
final stages of the temperature washout curve, the 
countercurrent exchange of heat across the arteries and 
veins in the cortex [60], and the vasa recta in the 
medulla [3], causes the rate of heat leaving the organ to 
be delayed. Thus attributing the early and latter parts 
of the washout curve to anatomical areas is not viable. 

A technique using heated thermocouples as a refer- 
ence to account for perfusion-independent thermal 
conductivity of the tissue has been somewhat more 
successful [23]. This method provides important quali- 
tative information about tissue perfusion, but because 
these methods measure only a single thermal property 
of a tissue they cannot as yet provide adequate quanti- 
tative determination of regional blood flow. 

Isotopically labelled iodoantipyrine 

Isotopically labelled iodoantipyrine (IAP) is a diffusible 
tracer which may be used to measure intrarenal blood 
flow with good accuracy in well-defined anatomical 
regions. It has the advantage of being non-invasive and 
there is no reason to suspect that this measuring tech- 
nique should influence renal blood flow. When the 
biologically inert tracer is carried to a tissue by arterial 
blood, the tracer concentration in the tissue (C~) at time 
T is determined by the arterial concentration (Ca), the 
tissue blood partition coefficient [1] and blood flow per 

unit volume (F/V1): 

c l ( r )  = 2K1 o~ T C a ( e x p { - K i r -  t})dt [30] 

where K~ = F/Vj.  I. Blood flow is estimated by con- 
structing curves for corresponding values of CI(T) and 
F/V1 using arterial concentrations [39]. Accurate as- 
sessment of blood flow from a single point on the tissue 
saturation curve depends on the assumption that in- 
stantaneous equilibrium of tracer with venous blood 
draining any particular region occurs. That is, that each 
tissue sample, including arteries, capillaries and veins, 
and the parenchyma itself will behave as an ideal mix- 
ing chamber. A correct estimation of the tissue-blood 
partition coefficient is also essential. 

It has been suggested that the uptake of antipyrine in 
the brain is not determined by blood flow alone, and 
demonstrates appreciable diffusion limitation at this 
site [18, 19, 39]. The brain may, however, present 
a unique position because of the blood-brain barrier. In 
the myocardium, antipyrine uptake appears to be ex- 
clusively flow determined, even at high flow rates. In 
the kidney, tubular transport and glomerular filtration 
of IAP may in some small way contribute to diffusion 
equilibrium. The extent of diffusion limitation in the 
kidney may be determined by comparison of flow 
measurements with data obtained by other techniques. 
Average cortical flow rates utilising IAP [30] are 11% 
greater than those obtained by measurements of corti- 
cal hydrogen desaturation [11]. Total flow rates of up 
to 30% higher than the average obtained with IAP 
have, however, been reported [30] using electromag- 
netic flowmetery, p-aminohippuric acid (PAH) clear- 
ance and microsphere techniques [2]. This comparison 
though may be misleading, as these techniques give 
total flow in millilitres per minute per kidney, and 
blood flow per gram is obtained by dividing weight 
determined after the experiment. No correction is made 
for loss of blood and tissue fluid due to excision and 
preparation, which may cause an unrealistically high 
flow rate to be reported. With the IAP method, flow per 
gram is not affected, as lost fluid is in diffusion equilib- 
rium with the tissue it is draining. 

Changes in capillary blood volume influence the 
degree of tracer equilibrium between tissue and blood. 
The renal parenchyma has a high capillary blood vol- 
ume which at any given flow rate increases the transit 
time of tracer in the tissue and in this manner will 
enhance its tissue equilibrium. 

Blood flow to the inner cortex obtained using IAP is 
higher than that reported using the microsphere meth- 
od. The microsphere technique is thought to markedly 
underestimate deep glomerular flow. Observations that 
renal vasodilation (with or without increased renal 
blood flow) will increase the deep microsphere fraction 
until it approaches IAP flow [4, 14], and that angioten- 
sin II increases the discrepancy between the two 
methods [15], indicate that there are other contribu- 
ting factors. Variable net postglomerular capillary 



153 

blood flow from superficial to deep layers of the cortex 
may be influential [4]. This theory is supported by the 
measurement of the net flow direction of H2 gas gener- 
ated locally in the cortex. 

The much higher IAP concentration reported in the 
outer medulla than in deeper layers at the end of 
infusion periods [30] presents a strong case for 
countercurrent exchange of IAP between ascending 
and descending vasa recta. The total medullary blood 
flow calculated from IAP uptake must therefore be 
considerably lower than the total inflow of blood to the 
medulla. The countercurrent exchange effect is to some 
small extent counteracted by IAP entering the medulla 
through flow in the loop of Henle. The inflow through 
the loop is only about a third of total medullary blood 
flow and the tubular fluid had a much lower IAP con- 
centration due to equilibrium with inner cortical tissue, so 
therefore it is unlikely that this contribution would fully 
compensate for the effect of countercurrent exchange. 

Rubidium-86 uptake 

The distribution and subsequent trapping of isotopic 
potassium (or rubidium) in different organs constitutes 
a measure of blood flow distribution [66]. Haring and 
Pelly [-25] in 1956 applied this theory to the determina- 
tion of medullary blood flow by the 86Rb extraction 
method. 

Blood flow is determined by the equation: 

M/Mref = F/Fref [36] 

where M~ef is the amount of indicator in the reference 
blood sample, M the amount of isotope in the speci- 
mens and Fref the sampling rate. This technique, as 
with the transport of inert diffusible gases, measures 
"effective" or "nutrient" rather than absolute blood 
flow. A further difficulty with this method is that blood 
flow may be overestimated in the medulla due to urine 
contamination, and underestimated in the cortex ow- 
ing to incomplete extraction. Rubidium is transported 
to the renal medulla not only by the blood stream but 
also by the tubular fluid. Originating from the cortex, 
this rubidium enters the medulla. It is essential that the 
tubular transport occurring during the sampling time is 
taken into account when determining medullary blood 
flow. To examine the extent of this error, Karling et al. 
[36] looked at the effect of 86Rb transport to the inner 
medulla. They concluded that urinary contamination is 
at most 5% within 30 s in the outer medulla, and 1.3% 
in the inner medulla. 

When rubidium is used for estimation of cortical or 
total renal blood flow, the sampling time should not 
exceed 5 s, whereas for medullary blood flow a 30-s 
sampling time is more appropriate [-36]. The cellular 
extraction fraction of rubidium is known to be highly 
dependent on the flow rate [36, 61, 71]. Microspheres 
have been administered with rubidium to obtain true 

total renal blood flow, as the venous effluent of micro- 
spheres is very small. Rubidium, however, recirculates 
within the sampling time, which is critical for cortical 
blood flow estimations. It is therefore an unsuitable 
tracer for measurement of blood flow within the cortex. 
This is of minor importance in the medulla due to the 
longer transit time and high extraction capacity, mak- 
ing the inflow to the medulla and reference sample 
almost equal [36]. 

Rubidium is less diffusible than the inert gases [45] 
and therefore is not highly dependent on urine flow, 
nor has it the disadvantage of being shunted between 
the vasa recta limbs. The 7-s rubidium uptake in the 
medulla of rats, corresponding to a plasma flow of 
0.18 ml/min per gram, is in good agreement with lzsI- 
albumin uptake after correction for a reasonable filtra- 
tion fraction ofjuxtamedullary glomeruli, suggesting little 
countercurrent exchange of rubidium-86 [17]. An addi- 
tional advantage is that the sampling time is not as critical 
as it is for other methods, such as labelled albumin, due 
to rubidium's large volume of distribution [36]. 

From the current literature it would appear that the 
rubidium extraction method is suitable for determina- 
tion of medullary blood flow. Using this technique, 
Harsing and Pelley [-25] have obtained medullary 
blood flow values similar to those found by Wolgast 
[81] using 3Zp-labelled red cells of plasma particles and 
internal detection. The incomplete extraction of rubi- 
dium, however, invalidates the method for cortical 
blood flow estimations. 

Plasma and erythrocyte accumulation 
and transit time 

Labelled plasma and red blood cells may be used as 
tracers for flow in the inner medulla and papilla. The 
flow is calculated using the following equation: 

Fi = Vi/ti [-82] 

where Fi is the flow of the indicator, Vi the volume of 
distribution of the indicator within the parenchyma 
and ti the mean transit time. Wolgast defined regional 
red cell volume as the ratio between the equilibrium 
activity in the tissue and the activity in pure red cells, in 
a blood sample drawn at the same time. Determination 
of plasma cell volume is more complicated due to the 
removal of the chromic phosphate, used for labelling, 
from the circulation by the liver. Moreover, some of 
these particles leak out into the extravascular space, 
adding to the volume determined. Plasma flow volume 
is therefore determined from indicator dilution curves 
[82]. To determine the mean transit time, recirculation 
is corrected to estimate the indicator dilution curve 
which represents a single circulation. The curve may be 
divided into two parts by linear log extrapolation. The 
mean transit time is calculated from the first and major 
part of the curve, which represents activity passing in 
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the outer medullary capillary system and activity 
bound for inner medullary capillary systems passing 
through the outer medulla in descendent vasa recta. 
The latter portion represents internal recirculation. 
There is an inherent error in this method since the time 
is calculated from approximately three-fourths of the 
total curve. The time will reflect the passage through 
a volume which comprises three-fourths of the total 
volume of distribution. Correction for this error is, 
however, felt to be unnecessary [82] as red cell volume 
is also thought to be underestimated due to the non- 
perfused zone around the detectors. Rasmussen [59] 
looked at the plasma accumulation curve. He introduc- 
ed a nearly ideal renal arterial step function in rats 
using a cross-perfusion technique. Because of the scat- 
ter of the data, he concluded that "the early accumula- 
tion is likely to follow a curved rather than a straight 
line". This does not, however, exclude the "initial slope" 
as a useful indicator for the inner medullary perfusion. 

As with all methods of measuring intrarenal blood 
flow, there are difficulties to be taken into considera- 
tion. The trauma from inserting the probe results not 
only in a damaged zone around the detector surface but 
also compromises the circulation within the whole 
monitored volume. Bleeding often occurs in the highly 
vascularised cortex, though is rarely visible in the 
medulla. The trauma which results in an underestima- 
tion of red cell volume in the cortex may be markedly 
reduced by introducing the detector into a freely drain- 
ing performed channel. 

The plasma volume is calculated from the area of the 
first rapid component of the curve. The volume refers 
not to the real volume, however, but to the volume of 
distribution of the indicator. If the protein concentra- 
tion in the vasa recta blood is higher than in the 
systemic blood, as has been found from micropuncture 
and microspectrophotometric studies, the calculated 
values will overestimate true values [73, 79]. 

Findings of comparatively high plasma volumes in 
relation to the red cell volumes have been recorded 
using this technique [82]. Calculation of whole blood 
flow should therefore take into account the pro- 
nounced reduction of red cells found in the inner zone, 
which indicates red cell skimming, i.e. red cell circuiting 
between the vasa recta limbs, somewhere in the outer 
medulla [59, 82]. 

Measurement of local transit time of labelled plasma 
and erythrocytes has the advantage of being reproduc- 
ible and is not affected by the countercurrent exchange at 
the loop of Henle nor does it suffer from the inaccessibility 
of microspheres. The trauma associated with this tech- 
nique, however, limits the use of this method to dogs. 

Radionucleotide-labelled microspheres 

The microsphere technique is based on the principle 
that injection into the circulation of particulate matter 

that is trapped at the level of the capillaries can 
measure organ blood flow and the distribution of flow 
within that organ. If the particles are uniformly mixed 
in the systemic arterial blood, the fraction of blood to 
an organ or component of an organ is the same as the 
fraction of the injected particles trapped in the tissue. 
Therefore if a known amount of particles (Q) are injec- 
ted into the left ventricle, the quantity of particles (dq) 
taken up by a piece of tissue during the time interval 
(dt) is given by the equation: 

dq = f ' .  C(t)dt 

wheref '  is the flow to the tissue and C(t) is the arterial 
concentration of the microspheres during the time dr. 
Taking that the beads are totally extracted by all tissues 
then: 

dQ = CO. C(t)dt 

where dQ is the amount of particles taken up by the 
entire body during the time dt and CO is the cardiac 
output. Thus if the total flow, and the total number of 
particles, are known, the blood flow to any given organ, 
or organ region, can be determined by the equation: 

f f  = q/Q. CO 

The general form of the equation is: 

2 = q/Qt" F, 

where f '  is the flow rate to an organ, or region of 
interest, Ft is the total flow to the organ, or another 
reference organ, q is the number of particles trapped in 
the tissue of interest, and Qt is the total number of 
particles in the organ or reference organ. 

The microsphere technique, derived from this theory, 
developed by McNay and Abe [50], is based on several 
assumptions: (1) the microspheres are totally extracted 
by the tissue in one circulation, (2) they must not 
damage the tissue of the organ during extraction, 
(3) they do not alter the blood flow to the organ, or any 
of its physiological functions and (4) they must be 
uniformly mixed during injection and have rheological 
properties similar to those of blood. 

For estimation of intrarenal distribution, the cortex 
is divided into two to four zones parallel to the kidney 
surface. Microsphere radioactivity is estimated per 
gram of tissue, giving zonal flow in millilitres per min- 
ute per gram. Relative flow fractions may then be 
calculated from the relative volumes of each zone [5]. 
Error due to changes in kidney volume after micro- 
sphere injection may be corrected for by simultaneous 
measurement of total renal blood flow [70]. 

Measurement of intrarenal blood flow using the 
microsphere technique has been criticised as there is 
evidence that the spheres may not reach all glomeruli in 
proportion to blood flow [42]. Axial migration of par- 
ticles in a flowing stream and geometric exclusion of 
particles entering branching vessels are known to com- 
promise microsphere distribution. 
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The flow of blood through a vessel causes red cells to 
migrate to the centre of the stream, thereby leaving 
a relatively cell-free area adjacent to the vessel wall, 
a phenomenon known as axial streaming. When this 
occurs in the interlobular arteries, a plasma-rich fluid 
may enter the afferent arterioles of the deep cortex, 
causing a progressive rise in the haematocrit as the 
blood reaches the afferent arterioles of the outer cortex. 
The magnitude of axial streaming increases with the 
size of the particles relative to the conduit and therefore 
microspheres considerably larger than red cells are 
subject to even greater streaming [77]. Katz [37] found 
that as bead size progressively increased from 10 to 
50 gm there is an increasingly disproportionate deliv- 
ery of microspheres to the outer cortex. He suggested 
that smaller beads, having less of a streaming artefact, 
would more closely approximate the true distribution 
of renal blood flow. Work by Ofstad et al. [52] has 
shown that microspheres of over 20 gm are trapped 
before reaching the glomeruli and calculated mean 
entrance diameters for afferent arterioles and glomeru- 
lar capillaries of 19.5 and 17.1 ~tm, respectively. 

Microsphere beads smaller than 15 ~tm, however, 
have been found to be unsuitable. Using microspheres 
of 7-10 gm, a substantial shunting of beads through the 
kidney has been noted which may distort the pattern. 
Injection of smaller beads has also been associated with 
hypotension and a reduction in glomerular filtration 
rate and renal blood flow [37]. Moreover, Archie et al. 
have demonstrated incomplete trapping of micro- 
spheres under 7 gm in lambs and suggested a lower 
limit of 8 gm in sheep and dogs ]-1]. 

Radioactivity is related to sphere volume and this 
compounds the error due to streaming. Selection of 
spheres by size therefore influences the amount of 
radioactivity in a section of the cortex independent of 
blood flow. For example, a difference in sphere dia- 
meter from 15 to 16 gm represents a 20% increase in 
volume and hence in radioactivity [42]. Comparing the 
radioactivity distribution of spheres, 12.7 + 1.2 gm and 
8.5 _+ 0.8 I-tm in the outer cortex of rats, Casellas and 
Mimram found a 12% higher distribution of total 
radioactivity with the larger spheres than with the 
smaller ones [10]. Clausen et al. also found signifi- 
cantly different estimates of cortical flow in dogs, using 
10-gm and 15-txm spheres [16]. 

The size and geometry of the preglomerular vessels 
also influence the distribution of spheres. Afferent ar- 
terioles branch from the interlobular artery at right or 
recurrent angles. This coupled with the small difference 
in size between sphere and arteriole hinders spheres 
from entering afferent arterioles. Though many studies 
indicate that virtually all spheres 15 __ 5 I-tin in size are 
trapped in the glomeruli, rather than the preglomerular 
segments [-7, 13, 35, 50, 55], failure of more than 15% of 
12.8 + 1.1-~tm spheres to reach the glomeruli in rats has 
been reported [85]. It is thought that the diameter of 
commonly used spheres (15 _-4- 5 ~m) and the diameters 

of the afferent arterioles of experimental animals over- 
lap considerably. 

Geometric exclusion will limit the ability of the 
microsphere technique to determine changes in blood 
flow distribution. Morkid et al. ]-52] found that a re- 
duction in arterial pressure leads to a redistribution of 
large spheres from the outer to the inner cortex. A cor- 
responding redistribution is not seen with small 
spheres. Heller et al. [28] confirmed this finding using 
15-1am spheres and the red cells of chickens. Both 
workers concluded that the same degree of dilatation of 
afferent arterioles occurred in all cortical zones. As this 
artefact is due to geometry, the spheres reaching the 
dilated arterioles of the deep cortex have a grea ter  
chance of entering the deeper glomeruli. The decreased 
hindrance of sphere entry into deep glomeruli leaves 
fewer spheres to enter the superficial glomeruli, even 
when flow is equally increased in all cortical regions. 

McNay et al. and others [50, 62] concluded that the 
use of different-sized microspheres does not affect the 
calculated flow distribution of either the normal or 
vasodilated kidney. However, Chenetz et al., Morkid et 
al. and Heller et al. [13, 28, 52] all reported micro- 
sphere density of the outer cortex in excess of glomeru- 
lar density, a finding consistent with an artefact of 
geometry and skimming. Furthermore, filtration frac- 
tions obtained by estimation of glomerular plasma flow 
from microsphere distribution and glomerular filtra- 
tion by Hannsin's technique have yielded values of 0.19 
for the outer cortex, 0.41 for the middle cortex, 0.63 for 
the deep cortex and 0.36 for the whole rat kidney [84]. 
Micropuncture experiments would indicate that the 
filtration fractions of superficial and whole kidneys are 
similar in the rat. Many workers have therefore con- 
cluded that 15-gm microspheres overestimate outer 
cortical and underestimate inner cortical flow [7, 84]. 

A glomerular basement-membrane antibody as an 
extractable flow indicator may be a way to avoid the 
potential maldistribution from skimming, and/or geo- 
metric exclusion. Similar glomerular plasma flow was 
reported in superficial and deep glomeruli by Waldin et 
al. [78] using this technique in dogs. In the rat, deep 
glomerular flow was shown to be considerably higher 
than outer cortical glomerular flow with the antibody 
technique. There are some reservations about the use of 
this antibody technique. The higher specific antiserum 
is difficult to prepare and many investigators have 
failed to confirm complete extraction of the basement- 
membrane antibody with one pass through the kidney 
[41]. If it is assumed that extraction, however incom- 
plete, is uniform throughout the cortex, the antibody 
distribution suggests a different relative flow distribu- 
tion to the one obtained by spheres, suggesting again 
that the microsphere distribution is influenced by 
rheologic factors. 

The microsphere technique is based on injection of 
a small volume containing radiactively labelled micro- 
spheres into the left atrium, left ventricle or possibly the 
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root of the aorta. It has been shown that a rapid, 
transient and pronounced reduction in superficial renal 
cortical blood flow can be elicited by injection of 1 ml 
plasma into the left atrium of the anaesthetised pig. 
This vascular response would therefore compromise 
the ability of the microsphere technique to accurately 
measure regional renal blood flow. Sandin et al. [65] 
examined this phenomenon using saline and micro- 
spheres and concluded that the renal vascular response 
to a left atrial injection is detectable as a reduction 
in total renal blood flow, which is most pronounced 
in the superficial renal cortex. Careful adjustment of 
the injectate temperature has failed to abolish this 
response [64]. 

Computed tomography 

Radiographic methods depend on the ability of intra- 
vascularly administered contrast agents to indicate the 
distribution of renal cortical blood flow. Contrast 
agents, as compared to radioactively labelled micro- 
spheres, are in solution and therefore are not affected 
by steric hindrance or streamingl 

By using a computed tomography scanner image to 
view a transverse section of the kidney, the cortical 
distribution of contrast agent can be measured around 
the entire ventral, lateral and dorsal extents of a single 
transverse slice of the kidney [26, 29]. This technique is 
limited by a number of factors, including the progres- 
sive delay between injection and the sequential scans, 
resulting in a gradual loss of contrast agent from the 
cortical region, and the need to suspend respiration for 
the prolonged period required. Moreover, variations in 
kidney position due to slight differences in breath- 
holding conditions may result in loss of position of 
adjacent slices [41]. 

High-speed cinematography overcomes the problem 
of the long sampling time [46]. Studies in phantoms 
have shown that iodine concentrations in tissue, as well 
as in blood vessels, can be reliably measured by cine- 
computed tomography [22, 33]. A canine study using 
radioactive microspheres for comparison has demon- 
strated that cortical blood flow may be accurately 
assessed by cine-computer tomography. Differences in 
blood flow between the renal cortex and the outer as 
well as the inner medulla of the dog kidney have also 
been demonstrated [33]. 

Limitations of this technique include the presence of 
artefacts and image noise, which may compromise the 
accuracy of the measured iodine concentration. The 
haemodynamic side effects of the contrast media are 
another potential source of error. Bolus injection of 
radiographic contrast media is thought to cause a shift 
in renal blood flow. Nygren et al. [54] reported an 
increase in cortical blood flow 2 min after the onset of 
infusion. A simultaneous decline in medullary blood 
flow was observed which was at a maximum at 

10-18 rain postinfusion. Using lower quantities of con- 
trast media and completing measurements within 30 s 
is thought to diminish this effect. The presence of con- 
trast medium in repeated measurements may still dis- 
turb tissue haemodynamics, thereby altering renal 
blood flow [34]. 

Positron emission tomography 

Positron emission tomography (PET) permits quanti- 
tative volumetric analysis of tissue radioactivity con- 
centrations from cross-sectional images and hence 
measurement of compartmental blood flow. There are 
several flow tracers employed for this technique, of 
which 13N_ammoni a and 1 SO-water are the most com- 
mon. 

The technique assumes unidirectional transport and 
trapping of the t3N-ammonia tracer from blood into 
tissue. The total nitrogen-13 activity observed in a re- 
gion of interest represents the sum of activities in two 
functional compartments. Compartment I (C1) con- 
tains the free nitrogen-13 ammonia in renal tissue ex- 
travascular space, while compartment II (C2) contains 
the tubular bound trapped nitrogen-13 activity. Renal 
cortical blood flow may be calculated by solving the 
consequential differential equations describing each 
compartment, and by fitting the result to a tissue time- 
activity curve [531. 

A similar technique for the determination of blood 
flow using oxygen-15 water in the kidney [32] pro- 
duces a high correlation between renal blood flow 
estimated by ~50-water and that determined by inde- 
pendent microsphere techniques [43]. This technique is 
based on a one-compartment model, where a differen- 
tial equation describing the rate of change of 150- 
Water within the kidney is fitted to measured renal 
time-activity curves [53]. 

13N_Ammoni a is preferred over 1 SO-water for renal 
blood flow imaging because of the better count statis- 
tics and therefore better image quality. An additional 
advantage is the suitability of ~3N-ammonia for 
generating parametric images of renal cortical blood 
flow based on Patlak graphic analysis. ~sO-Water is, 
however, metabolically inert and completely extracted 
in renal tissue, unlike 13N-ammonia, which is not meta- 
bolically inert and has a decreasing retention fraction 
as renal blood flow increases above the normal range 
[12]. The relationship between renal blood flow and 
the retention fraction can be corrected for using Patlak 
analysis and the two-compartment model-fitting ap- 
proach. There is a high degree of agreement between 
renal cortical blood flow estimates obtained by both 
1 SO_wate r and 13N-ammonia. The PET approach pro- 
vides evidence of the validity of ~ 3N-ammonia as a re- 
nal blood flow agent in humans. 

A potential disadvantage of the ~ SO-water technique 
is the need for blood volume correction for each 
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individual renal blood flow study. 150_Carbon monox- 
ide has been used for blood volume correction. The 
fraction of radioactivity due to 1 SO_wate r in the vascu- 
lar spaces was removed by subtracting 1SO-carbon 
monoxide images from corresponding ~ 50-water emis- 
sion images [-32]. Inaccuracies in the subtraction pro- 
cess are thought to cause errors, and Nitzsche et al. 
have therefore introduced a third parameter to the 
one-compartment model for ~SO-water in order to 
correct for blood volume effects [32]. 

Quantification of renal cortical blood flow with dy- 
namic PET is highly reproducible. Using ~3N-ammo- 
nia as a tracer for PET with Patlak graphic analysis is 
an accurate, reproducible and rapid method for inves- 
tigative and clinical applications. 

Laser Doppler flow 

Laser Doppler flowmeters produce a voltage signal 
proportional to the flux of red cells in the tissue of 
interest. Light of a single wave-length is guided down 
an optical fibre which strikes a moving red blood cell in 
the illuminated tissue so that its frequency is shifted in 
proportion to the velocity of the moving cell. This shift 
in frequency is converted to a voltage signal propor- 
tional to the red cell flux in the tissue. This voltage 
signal, which is the product of many particles, and their 
velocity, can be used as a quantitative index of blood 
flow in the different portions of the kidney. Although 
this technique is invasive, in that it requires the inser- 
tion of fine fibreoptic probes into the renal substance 
with consequent tissue disruption, it has the advantage 
that the zone of measurement is 1 mm beyond the fibre 
end and therefore not subject to disturbance. The tech- 
nique also allows repeated measurements of the same 
area in the same animal under different experimental 
conditions. The exact anatomical location of the probe 
can be determined by subsequent dissection [27, 48]. 

Quantitative autoradiography 

Quantitative autoradiography utilising [-14C]-iodoanti- 
pyrine as a tracer is based on the 125I-uptake studies by 
Landu et al. [44] and has been used previously to 
measure cerebral blood flow. This technique measures 
the uptake of a biologically inert tracer substance in 
tissue. The tissue concentration of the tracer is depend- 
ent on the concentration of tracer delivered to that 
tissue by arterial blood flow. The theory is based on the 
assumption that the tracer substance mixes evenly 
within the renal parenchyma with no barrier to diffu- 
sion. There is, however, some controversy regarding 
diffusion limitations of antipyrine within tissue as dis- 
cussed earlier(see radioactively labelled antipyrine). 

Blood flow is measured from optical density readings 
calculated by an image analyser from autoradiographs 

of radioactive kidney slices. Blood flow is determined 
according to the equation first described by Skureda 
et al. in 1978 [63]: 

C t ( T )  -- mF o~ r C ~ ( t ) e x p { - m F ( T  - t)/2} dt 

where G ( T )  is the mean concentration of tracer across 
the full width of the mucosa at time T, T is the time of 
death, Ca(t) is the concentration of tracer in arterial 
blood, l is the partition coefficient of [-I~C]-IAP be- 
tween tissue and blood, F is blood flow per unit mass of 
tissue and m is a dimensionless parameter that ex- 
presses the degree at which the tracer attains diffusion 
equilibrium between tissue and blood during a capil- 
lary transit and is assumed to have a value equal to one. 

Densitometric imaging has a number of limitations 
which originate both within the tissue and within the 
imaging system. System-generated random noise pro- 
duced by the video cameras and digitisers may result in 
changes in single pixel density values on successive 
measurements. This noise may be minimised by the use 
of high-quality cameras and by image processing. Lim- 
ited digital precision occurs as most imaging systems 
offer only 8-bit pixels in depth. That is they discrimi- 
nate the entire range of densities with a sensitivity of, at 
best, only 1 part in 256. Therefore, the number of grey 
levels assigned to any portion of the calibration range is 
limited. This fundamental limitation to system sensitiv- 
ity affects the ability to read accurate concentrations 
from within narrow portions of the calibration 
range. Limited sensor dynamic range, shading error, 
limited film sensitivity, non-linear media response, 
film noise and background variation are also problems 
that must be taken into consideration. These limita- 
tions, however, will result in at most a very small error 
which can be corrected with careful use of the image 
analyser. 

Autoradiography has been used to measure blood 
flow to the gut and the ureter [31, 51]. In 1992, Ger- 
aghty and Fitzpatrick utilised this technique to 
measure regional renal blood flow [20]. They demon- 
strated marked regional differences in flow between 
cortex and outer and inner medullary divisions (Fig. 1). 
The values for regional renal blood flow reported 
compare well with other techniques, though they are 
slightly higher, suggesting that appreciable diffusion 
limitation of iodoantipyrine does not occur. The tech- 
nique enables the investigator to compare tissue con- 
centrations of iodoantipyrine using autoradiographs 
with precisely defined anatomical regions in the corres- 
ponding stained histological section. The one draw- 
back is that this method allows focal measurements of 
blood flow to be performed in each animal at just one 
point in time. This technique also measures nutritional 
blood flow and, as such measures flow at the site of 
exchange vessels, the major advantage of this technique 
over conventional methods is the ability to measure 
flow in a precisely defined anatomical location with 
a resolution of 100 I~m. This will enable new insight to 
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Fig. 1 Autoradiograph of a control kidney 

be g a i n e d  in to  p o s t g l o m e r u l a r  a n d  p e r i t u b u l a r  f low 
p a t t e r n s  in b o t h  res t ing  a n d  d isease  states.  

C o n c l u s i o n  

The  n u m b e r  of  t echn iques  c u r r e n t l y  used  for  the  de te r -  
m i n a t i o n  of  r e g i o n a l  r ena l  b l o o d  f low is a re f lec t ion  of  
the  diff icul ty  in o b t a i n i n g  a c c u r a t e  a n d  r e p r o d u c i b l e  
m e a s u r e m e n t s  of  r e g i o n a l  f low wi th in  the  o rgan .  
T h o u g h  there  a re  stil l  m a n y  u n a n s w e r e d  m e t h o d o l o -  
gical  p r o b l e m s ,  a d v a n c e s  in i m a g i n g  a n d  a n a l y t i c a l  
t e chno logy ,  in p a r t i c u l a r  the  d e v e l o p m e n t  of  a u t o -  
r a d i o g r a p h y  has  i m p r o v e d  ou r  u n d e r s t a n d i n g  of  the  
d y n a m i c s  of  b l o o d  f low wi th in  the  k idney .  
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