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The classical method for measuring the 
glomerular filtration rate (GFR) is the con- 
stant infusion technique utilizing inulin as 
proposed by Shannon and Smith (1) in 1935. 
This method requires prolonged iv infusion 
and bladder catheterization. Because it is a 
difficult procedure to carry out, especially in 
the pediatric age group, less accurate tests 
such as the endogenous creatinine clearance 
are often substituted. With the advent of 
immunosuppressive drug therapy for renal 
disease, kidney transplantation and other new 
forms of treatment, an accurate and repro- 
ducible method for determining GFR has be- 
come a matter of fundamental importance for 
the assessment of the course of the patient’s 
illness. 

In  this paper a new method for the accur- 
ate determination of GFR is presented. The 
theoretical basis begins with the original for- 
mulation of Austin, Stillman and Van Slyke 
( 2 )  as applied to a freely filtered, nonreab- 
sorbable molecule such as inulin (3) or 
iothalamate (4, 5 ) .  The mathematical rela- 
tionship used to calculate the GFR by the 
constant infusion technique is: 

1 Aided by Term Grant MT-1579 from The Medi- 
cal Research Council of Canada and a grant from 
The National Research Council of Canada. We ac- 
knowledge the assistance and encouragement of Dr. 
Peter Nash, Director of the Scientific Division, Ab- 
bott Laboratories Limited, Montreal, Quebec, 
Canada. 

2 Present address: The Department of Anesthesia, 
Winnipeg General Hospital, Winnipeg, Manitoba, 
Canada. Dr. Harries was a Medical Research Coun- 
cil of Canada Fellow during the period of this 
study. 

urine coiicii of inul in  x urine rol/inin 

plnsnin eonen of inulin 
GFR = 

amount of inulin in urine 

plasma conen of inulin x time 

There are several errors inherent in this tech- 
nique especially if the plasma concentration 
of inulin is not constant. It is difficult to 
predict a rate of infusion which will provide a 
constant plasma level, especially in patients 
with impaired renal function, and thus 
changing plasma concentrations may occur. 
In  order to minimize the effect of changing 
plasma concentrations short urine collection 
periods of 20-30 min are commonly used. 
This, however, enhances the errors introduced 
by residual bladder inulin storage (6) and by 
collection delay due to transit time of the 
filtrate from glomerulus to bladder ( 7 ) .  

In the above formula the denominator 
C, t may be considered as the area under the 
plasma concentration (C,) curve from time 
tl to t 2 ,  the period of the urine collection, as 
is shown in Fig. 1, and we may rewrite the 
formula to give 

A I‘ 

C, * t 
-- - - - 

amount of inulin in the  urine from t, to  t ,  

area under the C, curve from t, to t, 
GFR = 

Since the area under any curve is the integral 
of the function it is no longer necessary to 
consider this formula over short intervals of 
time where C, remains relatively constant; 
this relationship is true whether the function 
C ,  is constant or not. If one measures the 
quantity of inulin in the urine over a certain 
time interval and can, for this period, de- 
scribe the area under the plasma concentra- 
tion curve regardless of its shape, as shown in 
Fig. 2, then the GFR may be calculated 
from the relationship: 
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cP 

time 
FIG. 1. In the constant infusion method C,*t rep- 

resents the shaded area under the C, curve between 
t L  and tz. 

quantity of inulin in the urine (tl+ tz) 

area under the C,  curve (tl+ t2)  
BFR = f 

Since inulin and iothalamate are not metab- 
olized and are excreted only by the kidney, 
a t  infinity the amount in the urine ( A , )  
must be equal to the amount injected ( A , )  : 

A,  
L.P., GFR = -. 

Xrn c,at 
This is shown in Fig. 3. Previous authors 
have attempted to calculate GFR from blood 
sampling alone after a single bolus injection 
of inulin (8) or iothalamate (9).  Errors are 
introduced, however, as attempts are made to 
predict the integral of C, to infinity on the 
basis of limited plasma sampling. 

Aware of the disadvantages of the tech- 
niques employing constant infusion or plasma 
sampling only, we developed a new method 
based on the integral formulation just 
presented. One or two urine samples are col- 
lected over a sufficiently long interval to min- 
imize errors introduced by bladder storage 
and transit time. A single injection of inulin 
or iothalamate is given at  the start of the test 
and several blood samples are obtained to 
give plasma concentration points. A computer 
programmed to fit a curve to these raw data 
points using the method of least squares cal- 
culates the area under that curve.3 The GFR 

is computed using the integral formulation: 

amount of tmcer in urine to  time t 

integral of the curve describing the plasma 
fall-off of tracer to time t 

GFR = 

We refer to this as the cumulative integral 
method (CIM). It should be emphasized 
that the C, curve is being measured by prop- 
er sampling and that no predictions of the 
shape of the Cp curve are required in this 
CIM calculation. We have also used this 
same plasma fall-off curve extrapolated to 
infinity to estimate the GFR without urine 
collection-this method we call the plasma 
predictive method (PPM) . 

Materials and Methods. Eleven patients 
ranging in age from 8-30 years with normal 
or impaired renal function were studied using 
inulin4 and/or sodium iothalamate-12?T.5 In 
4 patients classical constant infusion tests 
were done on the same or subsequent days 
using 30 min collection periods. 

Inulin was administered as a single dose of 
75 mg/kg over 60 sec; time zero was taken 
as 15 sec after the start of the injection. 
After premedication with Lugol's solution 
i ~ t h a l a m a t e - I ~ ~ I  was administered in the 
same manner in a dose of 5 pCi in patients 
10 years and under, and 10 pCi for those over 
10 years. In the later studies the iothala- 
mate was given over 15-20 sec and time zero 
was taken when half of the dose was given. 
The same solutions given to the patient were 
used to prepare the standards. The amount 
given to the patient and for the standard was 
determined by weighing the syringe prior to 
and following delivery. Blood samples were 
obtained at  about 2, 6, 20, 60, 120, 180 and 
240 min after the start of the test. Prolonged 
sampling was carried out on 2 patients. 

The early rapid fall-off component must be 
included to evaluate properly the integral of 
C,. Samples were taken from the arm oppo- 

~~ 

3Copies of this program may be obtained from: 
The Computer Department for Health Sciences, Fac- 
ulty of Medicine, University of Manitoba, 753 
McDermot Avenue, Winnipeg 3, Manitoba, Canada. 

~~ 

4Inulin lo%, Arnar Stone Laboratories, 601 E. 

5 Io thalamate -'%I Glo fil, Abbot t Labor at  o ries 
Kensington Rd., Mt. Prospect, IL. 

Limited, P.O. Box 6150, Montreal, Quebec, Canada. 
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c P  

FIG. 2 .  During the pe.riod of urine collection tl to  . ,  

t ,  the shaded area under the C, curve represents the 
integral of the function C,,dt; i.e., 

site the one in which inulin or iothalamate 
had been injected using an indwelling No. 21 
scalp vein needle. 

Inulin was determined in blood and urine 
using an autoanalyzer designed by the au- 
thors which makes use of a modification of 
the hydrochloric acid thiobarbituric acid 
method of Galli (10). Over the range of 
plasma and urine values obtained our method 
gave reproducible values within 3 % limits. 

One milliliter samples of serum, urine and 
a standard weighed amount of the diluted 
injected solution containing i ~ t h a l a m a t e - l ~ ~ I  
were counted in a well-type counter for 
10-20 min. The cpm per ml of plasma, the 
cpm excreted in the urine and the total cpm 
injected were then calculated. In  our labora- 
tory the counted values are reproducible 

st,"' Cpdt- 

cP 
..... ...... ...... ....... ....... ......... 1 ......... 

within 2% limits. 
In  order to increase the volume of urine 

and hence minimize bladder storage error pa- 
tients were asked not to void For about 2 hr 
before the test and were encouraged to drink 
water. For any voiding the larger the urine 
volume the less significant becomes any pos- 
sible residual. Furthermore, the cumulative 
aspect of urine tracer measurement in the 
CIM ultimately reduces to ain insignificant 
level error introduced by bladder residual. 
Urine specimens were obtained by voiding 
around 20 min after the start of the test and 
then hourly. It should be emphasized that 
neither blood nor urine collections need be 
taken exactly a t  the specified times since use 
of the integral formulation perinits flexibility 
in the time of sampling, especially as regards 
the urine. 

Results. The results of the ,studies in the 
11 patients are given in Table I. 

As shown, the CIM gives a low early esti- 
mate of GFR using either inulin or iothala- 
mate and the values rise to a stable 
level by 120 min in patients with normal 
filtration and by 180 min when the GFR is 
markedly reduced. We consider the GFR es- 
timates to be correct when 2 coinsecutive esti- 
mates are within the 5 %  limits of precision 
accounted for by variation due to analysis 
and computation. 

The PPM estimates are initially very high 
but approach the CIM values within 2 hr 

0 
time 00 

FIG. 3.  Following a single injection of a nonmetabolized tracer, as infinity is approached A,, ap- 

s," e& 
proximates Ao.  The shaded area represents the predicted integral of C, to infipity, 
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FIG. 4. Comparison of plasma fall-off curve of 

inulin following a single injection in patient 10, 
whose GFR is normal (a) with that in patient 1, 
whose GFR is markedly reduced (b) . 
when the GFR is normal, but the period is 
much prolonged if the GFR is reduced. When 
the GFR is normal and prolonged sampling 
using inulin is done, the accuracy of the 
chemical analysis is unacceptable because of 
the low plasma concentration. 

Figures 4a and 5a present the data from a 
patient with a normal GFR. In this case the 
loading dose of 10 pCi i0thalamateJ~~1 
equaled a measured quantity of 3.975 x lo6 
cpm. One half of these counts were recovered 
in the urine in 60 min and 78% in 4 hr. 
Considering the GFR to be 11 1 ml/min (av 
of 3 constant infusion values) the initial 
CIM value using 3 blood samples (3, 5 ,  20 
min) and a single urine sample (24 min) 
resulted in a computed GFR of 104 ml/min. 

However, if these data are cumulated using 
another blood and urine sample at  120 min, a 
value within 5% of the constant infusion 
result is obtained. This additional collection 
time allows errors attributable to bladder 
storage, transit time and arteriovenous (A-V) 
concentration differences to become insignifi- 
cant and demonstrates the value of the inte- 
gral approach, rather than artificially sepa- 
rating the data into individual collection peri- 
ods. 

As discussed before, the initial PPM esti- 
mate is high because the prediction of the 
area under the curve to infinity during the 
rapid C, fall-off phase (due to equilibration 
and excretion) is much less than the true 
area. Thus substituting the predicted area 
from PPM values in the equation: 

amount of tracer injected (A , )  

predicted area under the C, curve a t  infinity 
GFR = J 

c I 

time (mins) 

n 

- . . ..I - I  

time ( mins) 
FIG. 5 .  Comparison of the computed GFR in 

Cases 10 and 1 (a) and (b).  Note that in Case 10, 
(a) ,  whose GFR is normal, the values both by the 
PPM and CIM stabilize much earlier than is the 
'case when the GFR is low. 
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gives an overestimation of the GFR. Later 
this prediction becomes more accurate as 
slower modes in the plasma fall-off curve ap- 
pear. Indeed we detected at  240 min the 
emergence of yet a slower mode of fall-off 
which if included in the PPM would lead to a 
further increase in the predicted area under 
the plasma fall-off curve. 

In  Figures 4b and 5b an example of data 
from a patient with reduced GFR is given to 
demonstrate the difficulty of the PPM tech- 
nique. Twenty hours were required to attain 
50% recovery of the injected dose of inulin in 
this case. The PPM estimate was found to 
be extremely sensitive to small errors in the 
C, data. Obviously i t  would be difficult to 
detect small changes in C, due to the slow 
rate of excretion if samples were taken for 
just 4 hr. For example it was computed in 
this patient that changing the last C, data 
point only 0.4% (from 25.7 to 25.8) changed 
the PPM estimate from 20 to 10 ml/min. 
This extreme sensitivity to data errors 
demonstrates that any estimate based on 
plasma sampling alone is unreliable in cases 
where the GFR is markedly reduced. As ex- 
pected, the CIM estimate required a some- 
what longer sampling time than in patients 
with a normal GFR to attain a constant val- 
ue, since the urine excretion rate of inulin 
was slow; by 3 hr however, a consistent and 
accurate estimate of GFR was obtained. 

Discussion. This is the first description of 
a method for the determination of GFR using 
a computer calculated integral of the area 
under the plasma fall-off curve and the 
cumulated urine collection following a single 
injection of a suitable tracer. This method 
overcomes errors introduced by transit time, 
bladder storage and A-V concentration differ- 
ences into other techniques for GFR determi- 
nation. The significance of these errors is now 
discussed. 

Transit time. If a constant plasma concen- 
tration of inulin or iothalamate were sudden- 
ly established the tracer first appears in the 
urine in 2-3 min but a constant rate of excre- 
tion does not occur before 20 min as shown 
by Bradley, Leifer and Nickel (7). These 
authors consider this effect to result from a 
distribution of transit times in nephrons of 

various lengths. However, if the cumulative 
period of urine collection is long enough the 
error introduced by this factor can be shown 
mathematically to become insignificant. 

Bladder storage. The repeated short urine 
collection periods used in the constant infu- 
sion and other techniques make complete 
emptying of the bladder difficult. With cumu- 
lative urine collection and the possibility of 
starting the test with residual urine in the 
bladder this error becomes insignificant. 

A -V concentration differences. Truninger, 
Donath and Kappeler (1 1) noted errors in 
excess of 10% in GFR estimation due to A-V 
differences when sampling for short periods 
after a single iv injection. With a single injec- 
tion the arterial concentration is initially 
higher but soon the tissue spaces are equili- 
brated and the venous concentration becomes 
higher because of augmentation of capillary 
blood by tracer returning from the extravas- 
cular space. We have estimated that sampling 
for 1 hr reduces this error to 5% and for 2 hr 

Techniques using plasma sampling alone 
such as the 2 compartment model of Sapir- 
stein et al. (12) may be extended to give the 
general equation for the plasma concentration 
fall-off surve [C , ( t>]  as follows: C,(t) = 
Ae-at + Be--Bt. . . . Integrating this for- 
mula to obtain the area under the curve to 
infinity gives the integral a t  infinity [ I (  oo)] 
as follows: I = A / a  + B/P. . . . I t  can be 
seen that each mode of C,(t) contributes a 
term to the integral. If a slow mode escapes 
detection, either because Cp is too low to be 
determined accurately or because plasma 
sampling is done for too short a period, a 
significant underestimation of the integral 
C,(t) is made. This can consistently result 
in overestimation of the GFR ( 13). 

Using the method described in this paper 
we have shown that collecting urine for 2 hr 
and dividing its content of tracer by the 
computed area under the curve described by 
the plasma concentration fall-off for the same 
period results in an accurate measurement 
of GFR. There are no predictions since the 
C, curve is properly sampled by measured 
data points. A detailed discussion of the 
mathematical derivations is mesented in a 

to 2-3%. 
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subsequent paper ( 14). 
Conclusions. A computerized cumulative 

integral method was developed for the precise 
determination of the glomerular filtration 
rate following a single injection of tracer 
using the integral formulation: 

cumulative amount of tracer in urine 
to time t 

integral of the curve describing the plasma 
fall-off of tracer to time t 

GFR = 

This method eliminates errors due to bladder 
storage, transit time and A-V concentration 
differences. The accuracy of this method re- 
sults from several factors including a sound 
theoretical basis and the use of the computer 
to curve fit and calculate the cumulative area 
under the curve. 

With blood sampling at 2, 6, 20, 60, and 
120 min and urine specimens at 15-30 rnin 
and 100-130 rnin an accuracy within 5% can 
be expected in individuals whose GFR is 50% 
of normal or more. An additional blood and 
urine sample at 180 min is needed when the 
GFR is below this level. 

Summary. A new computerized method for 
the accurate determination of the glomerular 
filtration rate (GFR) is presented. It is 
based on an integral formulation which ex- 
pands the collection period and minimizes the 
errors of transit time, bladder storage and 
A-V concentration differences. A single injec- 
tion of tracer, followed by serial sampling of 
blood and a single urine sample taken over 
120 min will give an accuracy of within 5 %  in 

individuals whose GFR is 50% of normal or 
more. An additional blood and urine sample 
at 180 min is occasionally required when the 
GFR is below this level. The use of a labeled 
tracer makes this test a practical simple 
method for evaluation of the GFR in clinical 
practice. 
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