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- INTRODUCTION

Shannon and Smith (1) found that in normal
man, the rate of excretion of inulin was directly
proportional to its concentration in plasma when
the latter varied from 50 to 400 mg. per cent.
Later Miller, Alving, and Rubin (2) extended
these observations to plasma concentrations of
inulin between 3 and 96 mg. per cent and reached
similar conclusions. Both groups considered that
this constituted important evidence that inulin
clearance measured the rate of glomerular filtra-
tion. Recently, Ferguson, Olbrich, Robson, and
Stewart (3) presented data showing that the rate
of excretion of inulin was not directly proportional
to its concentration in plasma, and that the clear-
ance of inulin was dependent upon the concentra-
tion of this substance in plasma.

In view of the significance generally attached
to the clearance of inulin in renal physiological
studies and in view of the critical importance of
precise estimation of glomerular filtration rate, it
was decided to reinvestigate this problem.

MATERIALS, METHODS AND CALCULATIONS

One male and thirteen female subjects were selected
for the study from the outpatient population of the George
Washington University Hospital. None showed any evi-
dence of cardiovascular renal disease on the basis of his-
tory, physical or laboratory examination. The group was
predominately female because of the greater ease with
which this type of study can be performed in women.

Clearance measurements were made in the postab-
sorptive state. Water was offered to the subjects to
drink at the rate of about 250 ml. every 30 minutes,
but was not forced if discomfort or nausea appeared.
Preliminary blood and urine samples were collected for
the estimation of blanks. Each experiment consisted of
3 groups of clearance periods, for each of which the plasma
concentration of inulin was established and maintained
at a constant value by appropriate priming and sustaining
infusions. The constant levels sought were 5, 50, and
175 mg. per cent, respectively. Thirty minutes after the
start of each infusion, three clearance periods were ob-
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tained. Periods varied from 10 to 20 minutes, depending
on the urine flow. Urine was collected from an indwelling
multi-eyed, soft rubber catheter, and each collection was
terminated by washing twice with 20 ml. of distilled wa-
ter followed by insufflation and re-expression of air.
Blood was collected at the midpoint of each period from
an indwelling femoral arterial needle and received into
oiled syringes to which 2 drops of heparin solution had
been added.

Inulin was measured in zinc filtrates of plasma and
urine by a modification of the method of Harrison (4)
after preliminary exposure to yeast. When the plasma
concentration of inulin was less than 10 mg. per cent, the
following procedure was used. Two ml. of plasma or urine
were placed in a test tube to which 0.5 ml. of water and
0.5 ml. of a 40 per cent yeast suspension were added. Re-
covery experiments were made simultaneously in which
2 ml. of blank plasma, 0.5 ml. of an inulin standard and
0.5 ml. of yeast suspension were used. Fermentation was
allowed to proceed for 20 minutes, following which the
tubes were centrifuged and 2 ml. of the supernatant were
removed. The latter was added to 5 ml. of a 4 per cent
solution of zinc sulfate in N/10 H,SO, and the protein was
precipitated by the addition of 2 ml. of 0.75 N NaOH.
From this point forward, the procedure followed that em-
ployed at high levels of inulin. In all analytical runs, re-
coveries were included. These averaged 98.6 per cent
(6 =2%) over a range of from 5 to 40 mg. per cent of
inulin. Blank plasma from various patients contained
from 0.15 to 1.15 mg. per cent of inulinoid chromogen,
averaging 0.55 mg. per cent. At plasma concentrations
of inulin between 3 and 10 mg. per cent the color at-
tributable to blank averaged 8 per cent of the total color
and in only 2 of the 14 subjects did it constitute more than
10 per cent of the total color during the clearance periods
at low concentrations of inulin. The inulinoid chromo-
gen in blank urine was equivalent to between 0.00 and 0.2
mg./min. in the seven subjects examined and constituted
between 0.0 and 3.1 per cent of the total color (average
1.2%) when the rate of inulin excretion was low.

Clearance was calculated by dividing the average
minute rate of excretion by the midperiod plasma con-
centration of inulin. No correction for delay time was
applied.

The data were analyzed in two ways: By relating the
rate of excretion to the plasma concentration of inulin
and by examining the clearance of inulin as a function of
its concentration in the plasma. In such an analysis it is
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necessary to consider the sources and magnitude of the
errors involved. These are of two types: I) The errors
of the chemical estimations of the concentrations in plasma
and urine, and 2) that attributable to variable emptying
of the bladder, variable residual urine in dead space, and
possibly to true variation in the excretion of inulin. The
first type of error is, in practice, negligible with respect
to the very considerable error in the collection of the urine.
Further consideration also indicates that the absolute mag-
nitude of the error is directly proportional to the abso-
lute value of the measured quantity. Since all the chemi-
cal determinations are performed on final solutions con-
taining approximately equal concentrations of inulin, the
relative errors are approximately constant and are mag-
nified by the preliminary dilutions to which the samples
have been subjected. The absolute error is therefore
proportional to the original concentration. A similar
consideration applies to the error in the rate of excretion
of inulin since a given fraction of the urine in any one
period will contain more inulin when the rate of excretion
is high than when the rate of excretion is low.

In the calculation of the regression of rate of excre-
tion on plasma concentration, it is assumed that the er-
ror in the determination of the plasma concentration is
negligible with respect to that involved in the determina-
tion of the rate of excretion; this assumption is apparently
warranted. However, in the usual solution by the method
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of least squares it is assumed that the absolute variability
does not change systematically over the range to which
the data apply. This is obviously not the case in the
present situation. In such an analysis of these data which
cover up to a 40-fold range of UV and P, far too much
weight is given to the values at high plasma concentration,
since the deviations of the points at low plasma concen-
tration from the regression line are small in any case.
Furthermore, the error in the estimation of the inter-
cept is exaggerated to an even greater extent and makes
a significant -departure of the intercept from zero (the
hypothesis to be tested) very difficult to detect.

To overcome this distortion, the standard statistical
procedure was applied by weighting each value by the
inverse of its estimated variance. In this case, the vari-
ance is estimated to be proportional to the square of the
absolute value. The procedure used was as follows: A
line relating UV to P in each experiment was calculated
by the method of least squares using the observed values
of UV and P for each period. The values of the inter-
cept on the UV axis and the standard error of the value
of the intercept were also calculated. These are pre-
sented in the left-hand columns of Table III. The line
thus calculated was used for the determination of weight-
ing coefficients to be applied to the data in a further cal-
culation. Values of UV on the line were determined cor-
responding to the several values of observed P. A

TABLE I
Inulin clearance at several plasma concentrations of inulin in two normal subjects

Inulin
Subject Time Urine flow Plasma Excreted Clearance A from mean* Ciy
min. ml./min. me. % mg./min., ml./min. %
0. C. 0 Priming Infusion: Inulin 0.65 fm
1 Start Sustaining Infusion: Inulin 5.5 mg./min. in 3.5 ml. saline
65— 87 3.14 5.66 5.65 99.7 +1.4
-108 6.02 5.79 6.10 105.4 +7.2
-129 3.25 5.67 5.24 92.4 —6.0
130 Priming Infusion: Inulin 6.5 gm.
134 Start Sustaining Infusion: Inulin 55 mg./min. in 3.5 ml. saline
171-185 1.88 62.0 58.2 94.0 —4.
-202 3.20 58.0 60.8 104.8 +6.6
225 Priming Infusion: Inulin 19.5 fm
231 Start Sustaining Infusion: Inulin 220 mg./min. in 3.5 ml. saline
262-278 1.49 184.0 180.0 97.7 -0.
-292 3.50 178.8 167.0 93.9 —4.5
=307 2.60 166.5 163.5 98.5 +0.2
J. B. 0 Priming Infusion: Inulin 0.6 gm.
1 Start Sustaining Infusion: Inulin 5 mg./min. in 3.5 ml. saline
55- 75 11.75 4.37 5.51 126.1 -3.3
- 87 10.85 4.46 5.49 122.9 —6.5
-99 12.00 4.40 5.41 123.1 —6.3
104 Priming Infusion: Inulin 6.0 gm.
108 Start Sustaining Infusion: Inulin 50 mg./min. in 3.5 ml. saline
137-147 5.40 1.6 64.1 124.2 —-5.2
-159 4.94 47.0 65.4 138.8 +9.4
-172 6.15 43.3 57.1 131.8 +24
177 Priming Infusion: Inulin 17.9 %m.
183 Start Sustaining Infusion: Inulin 150 mg./min. in 3.5 ml. saline
220-233 4.66 109.8 138.8 126.3 =31
-245 5.52 108.8 142.7 131.1 +1.7
=249 7.31 108.0 151.4 140.2 +10.8

* Mean of the 9 periods in each experiment.
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weighting coefficient for each value of UV and P was
calculated using the reciprocal of the square of the value
of UV lying upon the line. The observed values of UV
and P were then weighted with these coefficients and the
least square solution was repeated. A new line was thus
obtained in which the preponderant effect of the values at
high concentrations of inulin was eliminated. Its inter-
cept with the UV axis and the standard error of the in-
tercept were also calculated. These are presented in the
right-hand columns of Table III. The new line can be
used for obtaining new weighting coefficients and the
data recalculated. This was tried in several instances,
but since this resulted in no further appreciable change
in the intercept or its standard error, further approxima-
tions were abandoned and only the results of the first
weighting are presented.

In the evaluation of clearance as a function of plasma
concentration, any systematic trend should appear as a
significant slope of the regression line. Since in this case
UV is divided by P, the effect of those errors which are
proportional to concentration is cancelled out and no
weighting is necessary.

RESULTS

The details of two representative experiments
appear in Table I. In the first experiment (sub-
ject O. C.) the inulin clearance varied about a

mean value of 98.3 ml./min. by from + 7.2 to — 6.0
per cent and there was no obvious tendency for a
systematic change in clearance as the plasma con-
centration of inulin varied between 6 and 180 mg.
per cent. In the second experiment (subject
J. B.), the clearance varied between + 10.8 and
— 6.5 per cent of the mean value of 129.4 ml./min.
and the clearance seems to be somewhat higher at
high plasma concentrations. On statistical analy-
sis, this trend is more nearly significant than in any
other experiment, but could be expected by chance
alone in from 5 to 10 per cent of cases.

Table II presents a summary of all experi-
ments. Here the average clearance at each ap-
proximately constant plasma level of inulin is pre-
sented. With one exception (subject A. G.) the
clearance is almost identical at all plasma concen-
trations for each subject.

The statistical data on all subjects appear in
Tables IIT and IV. In Table III are presented
the intercepts and the standard errors of the in-
tercepts of the regression line of excretion rate on
plasma concentration of inulin. Data derived
from calculations before and after weighting are

TABLE II
Inulin clearance at a series of plasma concentrations of inulin. Data is average of 3 consecutive periods except where noted

Average inulin Average inulin
Patient Age S. A. Plasma Clearance Patient Age S. A. Plasma Clearance
sq. m. mg. % ml./min. $q. m. mg. % ml./min.
J. B. 25 1.65 4.4 124 E. L. 22 1.60 4.3 99
47.3 132 49.4 108
108.9 133 169.7 104
V.C. 35 1.67 5.9 105 J. M. 30 1.62 8.9 117
63.9 105 54.7 115
173.2 104 1279 111
O.C. 38 1.62 5.7 99 L.P. 26 1.37 8.1 99
60.0t 99% 42.3 101
176.3 97 124.3 100
A.G. 26 1.49 9.4 129 L.R. 28 1.60 5.6 111
529 124 55.7 117
138.6 108 177.3 119
E. H. 23 1.34 4.4 78 J. W. 31 1.48 3.2 146
35.5 84 37.2 145
123.7 86 101.2 153
J.H* 34 1.73 10.3 99 E. W. 29 6.0 92
55.2 99 63.3 97
151.6 929 179.2 90
M.]J. 33 1.60 13.6 69 G. W. 27 1.56 4.0 119
154. 63 46.4 109
138.4 117

* Male; all other subjects female.

t Average of 2 periods; all others of 3.



CLEARANCE AND PLASMA CONCENTRATION OF INULIN IN NORMALS 93

TABLE III

Statistical analysis of regression of rate of excretion on
plasma concentration of inulin before and

after weighting
Unweighted series Weighted series
Standard Standard
error of error
Patient Intercept intercept ‘‘t"* Intercept intercept ‘‘t"'*
mg./min. mg./min. mg./min. mg./min.

B. —-0.484 254 0.19 —0.386 0.19 2.03

. C. +0.278 3.42 0.08 +0.127 0.50 0.25
0.Ct+ 40734 1.81 040 +0.053 0.26 0.20
A.G. +5.160 7.69 0.67 +1.654 132 1.25
E. H. +0.057 4.72 0.01 +0.270 0.36 0.75
{Vl H. -0.151 2.10 0.07 +0.060 0.70 0.09
.J1  +1.259 347 036 +0.985 0.53 1.86
E.L. —-0.172 6.55 0.03 40314 0.34 0.92
{ M. +1.618 4.80 0.34 +0.245 0.87 0.28
. P. -0.077 1.01 0.08 +0.145 0.28 0.52
L.R. -0.625 0.78 0.80 —-0.419 039 1.07
é W. —2.100 24.55 0.09 —0.097 049 0.20
. W. 42900 3.21 0.90 +0.163 0.65 0.25
G. W. —1.250 2.38 0.53 +0.284 0.16 1.78

* For all but noted exceptions, there are 7 degrees of
freedom (nine clearance periods). For p to be < 0.05,
;t;’ must exceed 2.3; for it to be < 0.01, ““t” must exceed

1 6 degrees of freedom. For p to be < 0.05, “t” must
exceed 2.4.

1 4 degrees of freedom. For p to be < 0.05, “t” must
exceed 2.7.

included. In the unweighted series, the intercepts
are small—less than 2.0 mg. per min. in 11 of 14
subjects—as frequently positive as negative, and
never significantly different from zero. However,
it is apparent that this analysis is, as predicted in
the discussion of methods, biased. The intercepts
have, relative to their own values, high standard
errors, so that the probabilities, instead of being

TABLE IV

Statistical analysis of regression of clearance on plasma
concentration of inulin

Standard error

Patient Slope of slope e
B. +0.075 0.05 1.50
C. —0.008 0.02 0.40
C.t —0.016 0.02 0.80
G. —0.165 0.23 0.72
H. +0.040 0.07 0.57
H. +0.000 0.02 0.00
JJt +40.134 0.20 0.67
L. 4-0.002 0.05 0.04
M. —0.055 0.79 0.70
P. +0.006 0.10 0.06
R. +0.019 0.05 0.38
W. +0.090 0.16 0.56
W. —0.035 0.03 1.17
Ww. —0.005 0.04 0.13

OE > O <

* Same significance as in Table III.
ISame significance as in Table III.
Same significance as in Table III.

randomly distributed from high values to near
significance, are all large. After weighting, the in-
tercepts generally approach zero more closely, and
only one is greater than 1.0 mg./min. The stand-
ard errors of the intercepts are reduced to a pro-
portionately greater degree. None of the inter-
cepts differ significantly from zero. The prob-
abilities are more reasonably distributed in the
weighted than in the unweighted series. In Table
IV are presented the slopes and the standard er-
rors of the slopes of the regression lines of clear-
ance on plasma concentration of inulin. The slopes
are positive in eight instances, negative in six, and
small in all. None differs significantly from zero.
The series of probabilities seem to be reasonably
well distributed.

DISCUSSION

Clearance measurements are subject to a certain
amount of essentially inherent error. Smith (5)
analyzed data from a large number of experiments
of variable duration in which inulin clearance was
measured by the constant infusion technique and
in which no systematic trend in the clearance was
evident. He found that the standard deviation
about the mean clearance for an individual was
8.9 per cent, so that about 70 per cent of the pe-
riods should be within =+ 8.9 per cent of the aver-
age of all periods and 96 per cent within *+ 17.8
per cent of the average. He concluded that vari-
ability of this magnitude is to be expected in the
routine measurement of inulin clearance. In the
experiments presented in Table I, as well as in all
the other experiments, the observed variability
was within these limits. Most of this variability
can be attributed to incomplete emptying of the
bladder and to the accumulation in or washing out
from the dead space of inulin as a result of an in-
crease or decrease in urine flow. Errors due to
incomplete emptying are not cumulative, but tend
to cancel out in successive periods. The residual
from one period is usually collected in the follow-
ing period, so that the average of the two is more
nearly correct. Dead space errors are likely to be
acute, and if inulin is lost into or appears from dead
space as a result of a change in urine flow, a steady
state is soon reached. Accordingly, the average
of successive periods is likely to reflect this error
less than the single period in which the acute
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change occurred. In fact, it may be seen from
Table III that when the average of three succes-
sive periods at one plasma level of inulin is com-
pared to the average of all (usually nine) periods
for any individual, the variability is much smaller
. than that estimated by Smith and by others (3).

With these considerations in mind, it seems
likely that the variability observed was well within
the limits of error of the technique employed. It
is still possible that actual fluctuations in filtration
rate account for part of the variability. The data
offer no evidence to support the contention that
inulin clearance is dependent upon inulin plasma
concentration. All of this evidence is in harmony
with the conclusions: drawn by Shannon and Smith
(1) and by Miller, Alving, and Rubin (2).

While it is not possible to offer a definitive ex-
planation for the differences between these ob-
servations and those of Ferguson and her associ-
ates (3), some comment and speculation seem to
be in order. These authors reported a series of
inulin clearance measurements following a single
intravenous injection of the test substance and
another series of clearance measurements at sev-
eral constant plasma concentrations of inulin.
The variation of clearance with plasma level of
inulin is not as impressive in the second series as
in the first. When subjected to the types of analy-
sis used in this report, the results are as follows:
Before weighting the intercepts calculated for
each experiment did not differ significantly from
zero, but when the two experiments on C. M. were
treated as one, the difference between the inter-
cept and zero was of borderline significance (p =
0.01 — 0.05) ; after weighting, the difference be-
tween the intercept and zero for both individual
and the combined experiment on C. M. were of
borderline significance, whereas this difference was
not significant in the experiments on W. R. and
J.C

The first series of experiments in which the
plasma inulin concentration was falling rapidly
showed a remarkable dependence of clearance on
plasma concentration, the ratio of highest to lowest
clearance averaging 1.4 and reaching 2.3 in one
subject. The greatest source of error in this type
of experiment is the uncertainty of the correction
for delay time. Recent evidence (6-8) suggests
that a delay time correction of from 20 to 30
minutes may be more nearly correct than the 214 to

6 minutes correction used by these authors. Con-
sidering the form of the curve relating plasma con-
centration of inulin to time after a single intra-
venous injection, it may be deduced that a longer
delay time correction would reduce the apparent
clearance at high plasma inulin levels much more
than at low levels, and so reduce the dependence
which they emphasize. This surmise is supported
if their subjects are divided for purposes of analysis
into two groups, one of 8 whose initial inulin clear-
ance exceeds 80 ml./min., the other of 7 whose
initial clearance is less than 80 ml./min. Neces-
sarily, the plasma concentration of inulin fell less
rapidly in those with lower clearances. The values
of the intercepts decrease with inulin clearance
and the mean intercept of the first group is sig-
nificantly smaller than that of the second. In other
words, Ferguson’s results are most striking when
the delay time error is probably largest, and least
striking when the error is predictably smallest.

Systematic errors possibly inherent in both se-
ries of their experiments such as those due to chem-
cal methodology, to variable plasma and urine inu-
linoid blanks, to systematic changes in urine flow
with consequent systematic dead space errors,
and to inhomogeneous inulin are all impossible to
evaluate in the report of Ferguson. As far as
can be determined, none of these errors were im-
portant in the data herein reported.

The fact that the experiments performed by
these authors at constant plasma concentrations of
inulin show a dependence of clearance on plasma
concentration that is at best of borderline signifi-
cance, and the recognition that serious reservations
must be entertained in the case of their single in-
jection experiments, tend to reduce the area of
disagreement between their data and that pre-
sented in this paper.

SUMMARY

1. The clearance of inulin has been studied in
14 normal subjects in experiments in which the
concentration of inulin in plasma was held con-
stant for 3 periods at each of three levels, about 5,
50 and 175 mg. per cent, respectively.

2. Analysis of the data indicated that within
the limits of error of the method, the clearance
was identical at all plasma concentrations.

3. These data support the conclusion that inu-
lin is cleared at the level of glomerular filtration.
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