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The clearance of para-aminohippuric acid
(PAH) has been extensively used as a measure
of the rate of renal plasma flow. The validity of
this measurement depends upon the assumption
that at low plasma levels PAH is completely ex-
tracted from the blood by tubular cells, and that
therefore the only limiting factor to its rate of ex-
cretion in the urine is the rate at which it is de-
livered to the tubules. There is ample proof that
this assumption is justified in normal man under
basal conditions (1, 2). However, in any condi-
tion in which the total number or the functional
capacity of tubular cells is decreased, the complete
extraction of PAH and therefore the use of the
clearance alone as a measure of renal plasma flow
is open to serious question. The uncertainty as
to the degree of renal impairment which is com-
patible with complete extraction of PAH has
hampered the application of this method to the
study of the diseased human kidney.

According to the Fick principle, the blood flow
through an organ may be determined if the rate
of consumption (or excretion) of a substance and
the concentration of this substance in blood enter-
ing and leaving the organ (arterial-venous differ-
ence) are known. The application of the tech-
nique of venous catheterization to the sampling
of blood from the renal vein'in man (1) has made
possible the utilization of this principle to deter-
mine the actual renal blood flow under conditions
in which the extraction of PAH may not be
completed.

In the normal kidney histological studies in-
dicate that under most circumstances the blood
flow through the tubules equals the blood flow
through the glomeruli. In the diseased kid-
ney either the glomeruli or tubules may be de-
stroyed separately and there is no assurance from
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Research Fund.

2 Present address: Department of Medicine, Emory
University School of Medicine, Atlanta, Ga.

histologic studies that glomerular flow. equals
tubular flow. The glomerular flow can be meas-
ured from the rate of inulin excretion and the
arterio-renal venous difference of inulin and com-
pared with the tubular flow measured at the same
time by the PAH excretion and arterio-renal
venous PAH difference.

METHODS

The standard clearance procedures described by Gold-
ring and Chasis (3) have been followed. Priming and
sustaining infusions of inulin and sodium para-amino-
hippurate were given and urine collected by bladder
catheterization at accurately timed intervals of 10~30 min-
utes. The dosage of PAH was adjusted to achieve an
arterial blood level between 1 and 3 mg. per cent. An
intravenous catheter was introduced into the right renal
vein according to the procedure described by Warren,
Brannon and Merrill (1). At approximately the mid-
point of each urine collection period samples of renal
venous and femoral arterial blood were withdrawn. The
inulin and PAH content of plasma and urine were deter-
mined by the methods of Corcoran and Page (4) and
Smith et al. (5), corrections being made for inulin
blanks in plasma and urine. A 1:5 cadmium sulfate
filtrate was used for PAH determinations in renal venous
plasma instead of the 1:15 filtrate for arterial plasma.
Paired samples of heparinized blood were obtained from
each patient for hematocrit determinations.

CALCULATIONS

The application of the Fick principle to the determina-
tion of renal plasma flow in the dog from the excretion
and extraction of PAH has been discussed by Phillips
et al. (6). As we have not found any significant differ-
ence between arterial and renal venous hematocrit read-
ings, nor between the PAH concentration of whole blood
and plasma, we have not applied the corrections these
authors suggest, but have used simply the formula (1)

RPF = AU_VR , where UV is the rate of urinary excre-
tion of PAH (mg./min.), and A and R represent the
PAH concentrations in arterial and renal venous plasma
(mg./cc.). The extraction of PAH was determined as
the quotient of the arterial-renal venous PAH difference

and the arterial level: (2) Ext. = A
plied by 100 to express it as a percentage. The clearance

; R , and multi-
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of PAH was calculated in the usual manner from the
rate of urinary excretion and the arterial level: (3)
D
tions (1), (2) and (3) that the renal plasma flow may
be obtained by dividing the clearance of PAH by its
. uv Cpar

extraction: (4) RPF = A—R - Ext. PAH

Since inulin is a foreign substance which is neither
metabolized nor stored by the kidney, substitution of
inulin concentrations in the above formulae should also
yield a valid estimate of renal plasma flow. According
to the available evidence, inulin is excreted entirely by
glomerular filtration, whereas the excretion of PAH is
accomplished largely by active tubular transfer. The
value for renal plasma flow obtained from inulin concen-
trations should represent therefore only the volume of
plasma which perfuses the glomeruli and, derived from
PAH clearance and extraction, the flow through both
glomeruli and tubules, predominantly the latter. These
determinations may therefore be designated glomerular
plasma flow (GPF) and tubular plasma flow (TPF).

The filtration fraction (FF) represents the fraction of
plasma water which is filtered at the glomerulus, and has
been determined by us as the ratio of the inulin clearance
Cin

" = TPF
and tubular plasma flows are equal, the filtration fraction

should equal the inulin extraction as obtained from
Equation (2). )

This derivation of the filtration fraction differs from
that usually given, as other investigators have used this
term to represent the ratio of the inulin clearance to the
PAH clearance alone. Our values for FF are therefore
lower than those previously reported.

All figures have been corrected to a surface area of
1.73 sq. m.

Cpar = It is evident from the integration of equa-

to the tubular plasma flow: FF = If glomerular

RESULTS

Data on ten subjects who were hospitalized
for minor illnesses unrelated to the kidney, and
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who had normal blood pressures, are summarized
in Table I. The subjects with abnormal renal
function have been divided into two groups: those
in whom vascular changes might be considered
primary, and those in whom disturbances of renal
circulation might be considered secondary to
glomerular dysfunction. The first group (Table
IT) includes patients whose predominant com-
plaint was high blood pressure. In some of these
impairment of renal function was manifested
clinically by albuminuria, hyposthenuria, and de-
creased phenolsulfonphthalein excretion. Others
presented only a history of elevated blood pressure
for six months or more. Two patients who were
diagnosed clinically as chronic pyelonephritis are
also included in this group.

The second group (Table IIT) is composed
entirely of subjects with acute, subacute or chronic
glomerulonephritis.

There are many possible objections to this divi-
sion of subjects. The variety of structural changes
which may be produced in the kidney by any one
of these disease processes is reflected in the dis-
agreement of authorities as to their pathological
classification. The existence of diffuse arteriolar
disease in chronic glomerulonephritis is well rec-
ognized, as is the fact that extensive glomerular
changes occur in nephrosclerosis. A functional
basis for the clinical classification of these patients
is revealed, however, in the values found for the
filtration fraction. As demonstrated in Figure 1,
there is a sharp division between the patients with
hypertensive disease of the kidney and those with
glomerulonephritis; the former lying above, and

TABLE .I
Normal subjects

Pt. Cin entulin | GPF CPAR | il | TPF FF Diagnosis
cc./min. per cent cc./min. cc.[min. per cent cc.[min. per cent
E.F. 112 24.6 450 544 83 659 17.0 Bromide Intoxication. (Con-
valescent) .

A.J. 115 11.6 990 595 89 668 17.0 Rheumatoid Arthritis
W. W. 106 14.5 730 716 93 770 14.0 | Multiple Sclerosis
E. W. 107 14.1 759 595 91 653 16.4 | Psychoneurosis
R. B. 92 19.7 467 519 86 604 15.2 Fibromyositis
{. H. 131 20.7 633 527 92 573 22.9 | Peptic Ulcer

. G. - 112 12.3 895 730 92 794 13.9 Psychoneurosis
M.A.C. 142 — — 764 91 840 16.9 | Peptic Ulcer
R. M. 133 — — 652 90 725 18.2 Primary Optic Atrophy
W.F.W. 120 — — 742 90 825 13.6 Multiple Sclerosis

Mean 117 16.8 703 638 90 710 16.5
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TABLE II
Vascular diseases
Pt. Cin | ihulin | GPF CPAE | exiB | TPF FF Diagnosis
cc./min. per cent cc./min. cc./min. per cent cc./min. per cent
R.L. 109 21.5 507 421 90 468 23.3 Essential Hypertension
C. M. 143 26.3 544 588 90 654 21.9 | Essential Hypertension
B.G. 133 17.2 773 494 91 545 24.4 | Post-Toxemic Hypertension
M.S. 109 21.4 509 376 87 432 25.2 | Essential Hypertension
E.T. 97 26.3 369 276 80 345 28.1 Nephrosclerosis
C.E. 70 25.7 272 266 86 310 22.6 | Nephrosclerosis
L. M. 54 14.1 383 222 76 292 18.5 | Nephrosclerosis
N.W. 50 17.9 280 206 75 275 18.2 | Chronic Pyelonephritis
B. H. 36 20.3 177 110 58 190 19.0 | Nephrosclerosis
G.H. 36 15.0 240 102 64 159 22.6 | Nephrosclerosis
L. H. 20 10.3 194 83 73 114 17.5 | Chronic Pyelonephritis
Mean 78 19.6 386 285 79 344 219
the latter below the normal mean. The two pa- 60 cc./min. and PAH clearance below 300 cc./

tients with chronic pyelonephritis were found to
have filtration fractions similar to the patients with
nephrosclerosis with comparable degrees of renal
damage. v

It may be seen from Tables II and III that the
extraction of PAH remains within the normal
range (83-93 per cent) until renal damage is
moderately advanced. The number of determina-
tions is insufficient to allow quantitative assess-
ment of the degree of renal impairment which is
incompatible with the complete extraction of PAH
at low plasma levels. It appears, however, from
these data that PAH extraction does not begin to
decrease until the inulin clearance has fallen below

min. Figure 2 is a graphic representation of the
latter relationship.

Estimates of glomerular and tubular plasma
flow, as determined from the clearance and extrac-
tion of inulin and PAH, are given in the tables
and compared in Figure 3. The correlation be-
tween the two determinations in individual patients
is often poor (particularly in patients D. R. and
A. J.), but in general the ratio of the values ap-
proaches unity. Less divergence is found when
mean values are considered. For all 28 patients
in whom comparisons were made, the mean rate
of glomerular plasma flow was 497 cc./min., and
the mean rate of tubular plasma flow 466 cc./min.

TABLE III
Glomerulonephritis
Pt. CIN | gonulin | GPF Cean | qidB | TPF FF Diagnosis
cc.[min. per cent cc.[min. cc.[min. per cent cc./min. per cent

G. W. 67 12.7 528 444 89 499 13.4 | Subacute Glomerulonephritis.
(Nephrotic Stage)

D.R. 45 12.8 352 519 86 604 7.5 Subacute Glomerulonephritis

A. H. 77 14.1 546 550 90 612 12.4 Acute Glomerulonephritis

W. H. 51 10.2 500 440 79 557 9.2 Acute Exacerbation of Chronic
Glomerulonephritis

B. B. 78 9.1 857 592 80 740 10.4 Chronic Glomerulonephritis;
Latent Phase

G. L 83 7.5 1106 696 86 810 10.2 Subacute Glomerulonephritis;
Nephrotic Stage

P. M. 85 7.1 1196 932 82 1135 7.5 Chronic Glomerulonephritis;
Nephrotic Stage

R.E. 76 13.0 585 373 82 455 16.7 Chronic Glomerulonephritis

B.R. 17 7.6 224 121 50 242 7.0 Chronic Glomerulonephritis

{V'l M. 56 — — 293 64 458 12.2 Chronic Glomerulonephritis

.C. 12 —_ —_ 90 35 257 4.7 Chronic Glomerulonephritis
Mean 56 10.2 614 423 70 545 10.3
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We consider this convergence of the means to in-
dicate that the individual differences are random
and probably not significant, although the hetero-
geneity of the sample does not permit statistical
analysis.

We have found greater fluctuations in the inulin
concentrations of successive samples of renal
venous blood than in the corresponding arterial
samples. This phenomenon is being investigated
further, as we feel that it may indicate some inter-
mittency of glomerular filtration.

DISCUSSION

The application of clearance and saturation
methods to the study of diseased kidneys has
yielded much valuable information. Characteristic
functional patterns in various renal disorders have
been described (7, 8), involving chiefly alterations
in the ratio of glomerular filtration to the mass
of actively functioning tubular tissue. Less is
known concerning disturbances of renal circula-
tion in abnormal human kidneys, for the reasons
set forth in the introduction to this article.
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The present investigation has been concerned
with the determination of cortical blood flow from
the excretion and extraction of inulin and PAH.
On theoretical grounds, agreement might be ex-
pected in normal subjects between the values ob-
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tained by using these two compounds. White and
Heinbecker (9) found in the dog that determina-
tions of renal plasma flow from the clearance and
extraction of inulin and diodrast differed by less
that 10 per cent. Reubi (10), however, has re-
cently claimed that in man estimations of plasma
flow from mannitol and PAH clearance and ex-
traction do not agree. Our data show essential
agreement between inulin and PAH determina-
tions of plasma flow in seven subjects with normal
renal function.

The morphologic studies of Dehoff (11) and of
Oliver (12) indicate that an extensive reorganiza-
tion of the vascular pattern of the cortex takes
place in the late stages of both nephrosclerosis and
glomerulonephritis. Whereas in the normal kid-
ney the tubules are supplied only with post-
glomerular blood, in the diseased kidney numerous
channels are to be found through which blood may
pass directly from an interlobular artery or af-
ferent arteriole to a peritubular capillary. The
development of these vascular short-circuits has
been associated by Oliver with the loss of the
normal functional predominance of the glomerulus
and the appearance of relatively aglomerular
tubules. Smith (13) has postulated the existence
of “impotent nephrons” lacking tubular activity,
through which glomerular filtrate may pass un-
changed to collecting ducts.

It is conceivable that an extensive disturbance
in the balance between glomerular and tubular
blood supply might be reflected in a dispropor-
tion between the rates of plasma flow as estimated
from inulin and from PAH excretion and extrac-
tion (GPF and TPF). We have not found such
a disproportion, even in severely diseased kidneys.
It is true, of course, that the methods employed
yield only an estimate of the total blood supply of
all functioning glomeruli and tubules, and it is
manifestly impossible to detect from our data any
dissociation of flow between the parts of individual
nephrons. The results show only that the overall

rates of perfusion of glomerular and tubular tissue

are similar. This is not necessarily an index of
the relative size or spatial relation of these seg-
ments. Smith (13) has pointed out that the cir-
culation of interstitial fluid in the kidney makes
possible the extraction of diodrast by tubular cells
located at a distance from the glomerulus where
the filtration of inulin took place. It is probable
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that the values we have found in abnormal kidneys
represent the means of a variety of rates of flow
corresponding to the areas of atrophy and hyper-
trophy which figure so prominently in microscopic
sections of the diseased cortex. The absence of
an appreciable difference between rates of plasma
flow as determined by inulin and by PAH makes it
highly unlikely, however, that the adaptive and
regressive changes described by Oliver are as-
sociated with any significant redistribution of the
blood supply between glomerular and tubular tis-
sue. The only alternative is to assume that in
the kidneys under discussion inulin may be ex-
creted by tubular cells or that PAH is excreted
entirely by glomerular filtration. The different
degrees of clearance and extraction of these sub-
stances make either of these possibilities highly
unlikely.

Raaschou (14) has pointed out that in diseased
kidneys the filtration fraction as calculated from
clearances alone is an artificial concept, meaning
only the relation between the volume of filtered
fluid in the glomeruli and the amount of plasma
flowing past active secretory tissue. The same
objection might be raised to the use of the ratio of
filtration rate to the minimal renal plasma flow as
determined from PAH clearance and extraction.
Since, however, the filtration fraction so derived
equalled the observed extraction of inulin, we feel
that it is a valid concept even in diseased kidneys,
representing the actual fraction of plasma water
filtered at the glomeruli.

A low filtration fraction in the early and mod-
erately advanced stages of glomerulonephritis has
been noted previously by other workers (7, 8, 15).
We have found that the filtration fraction remains
low even in the late stages of this disease. This
finding emphasizes the predominantly glomerular
localization of the morbid process throughout its
course, and suggests that the decreased circulation
found late in the disease is secondary to glomerular
obliteration. In the acute and subacute stages of
glomerulonephritis, particularly in the nephrotic
stage, a low filtration rate may be the only func-
tional abnormality noted. A few of these patients
actually showed an increased renal blood flow as
measured both by inulin and by PAH.

In contrast is the elevation of the filtration frac-
tion in patients with hypertension and hypertensive
disease. Here the abnormality is primarily vascu-
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lar in origin. Smith and his associates believe
that the maintenance of the filtration rate with a
decrease in blood flow is due to functional con-
striction of the efferent glomerular arteriole. Our
observations suggest that the filtration fraction
tends to fall as the vascular disease progresses.
This fall may represent the addition of occlusive
changes -in the afferent arteriole which counter-
act the efferent vasoconstriction and lower the
intraglomerular pressure.

The recent demonstration by Trueta et al. (16)
of arterio-venous shunts in the rabbit kidney has
given rise to much speculation as to the existence
and importance of these shunts in man. If blood
is shunted away from the cortex through juxta-
medullary channels the extraction of PAH should
fall. This has been found to happen in rabbits
(17). Our data indicate that in the diverse condi-
tions studied PAH extraction was not decreased
until renal damage was moderately advanced, sug-
gesting that the Trueta mechanism is not operative
in the early stages of hypertension and glomerulo-
nephritis under resting conditions.

SUMMARY AND CONCLUSIONS

1. Glomerular plasma flow (GPF) has been
estimated from the rate of urinary excretion and
the arterial- renal venous inulin difference, and
compared with the tubular plasma flow (TPF)
obtained from the excretion and renal extraction
of sodium para-aminohippurate in normal subjects
and in patients with varying degrees of renal
impairment.

2. The general agreement between the values
obtained for GPF and TPF indicates that there is
no extensive dissociation of glomerular and tubular
circulation, even in advanced renal disease.

3. The ratio of glomerular filtration rate to renal
plasma flow (filtration fraction) is lower than the
normal mean in all stages of glomerulonephritis,
and higher than normal in nephrosclerosis and
chronic pyelonephritis.

The author wishes to thank Dr. E. A. Stead, Jr., for
advice and encouragement, and the following for technical
assistance: Miss Eloise Covington, Miss Hodge Person
and Mrs. Juanita M. Clontz.
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