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Abstract: (1) Pigs are physiologically very relevant as animal models of human physiology. Radio-
tracer methods for porcine GFR (glomerular filtration rate) determination exist but require full-curve
blood sampling or the application of correction formulas, which vary among studies. (2) We used
porcine GFR data (40 datapoints from 20 juvenile pigs) for which the GFR was measured as the plasma
clearance of [99mTc]Tc-DTPA. The reference clearance (Cl, GFR; range 41–85 mL/min) was measured
from the full curve under the data. For simpler determination, an approximate clearance, Cl1, was
based on the last five blood samples (acquired 120–240 min post injection). (3) The following formula
for the GFR was developed: Cl = 1.27 · (Cl1)0.92. The spread (SD) was within 4% of the reference
GFR. A comparison with the literature data showed that our correction formula was robust in pigs
of various breeds, sizes up to approximately 200 kg, and GFRs up to approximately 400 mL/min,
with a spread of up to 8%. The formula was also applicable for iohexol as the tracer. (4) A formula
was developed that allows porcine GFR to be measured using only 4–5 late blood samples. This
new formula can be applied across a wide range of swine breeds, animal sizes, and GFR ranges,
allowing for robust determination of the GFR in pigs without full-curve blood sampling and without
urine collection.

Keywords: glomerular filtration rate; renal function; preclinical; pigs; swine; tracer methods;
[99mTc]Tc-DTPA; iohexol; clearance; correction formula

1. Introduction

Determination of the glomerular filtration rate (GFR) is needed in many preclinical
studies when testing new surgical procedures or new drugs prior to implementing the
treatment in humans. Given their anatomical and physiological similarities to humans,
pigs are a very good model for validating new human treatments [1–3]. For urological
surgical procedures or for the assessment of drugs that may positively or negatively affect
renal function, it is important to have a reliable measurement of renal function in pigs.

The method of choice for quantitative GFR measurement is an injection of a small
quantity of radiotracer that is filtered by the kidneys, combined with blood sampling. The
faster the radiotracer disappears from the blood, the higher the GFR is. More specifically,
for a radiotracer for which the plasma clearance (Cl) can be considered equal to the GFR,
the rate of disappearance is determined from blood samples. This avoids the need for
urine measurements. Instead, blood samples are taken to provide data on the plasma
concentration curve, i.e., the concentration of the radiotracer in the blood plasma as a
function of time.
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It is, however, cumbersome to collect enough blood samples to fully describe the
plasma concentration curve. In humans, well-established methods exist that involve mea-
suring only a few, late blood samples and then correcting for this simplification [4,5]. A
limited number of studies described similar approaches in pigs [2,6–8]. However, these
studies were based on differing pig sizes and GFR ranges, and each research group de-
veloped their own correction formula. The latter would not be a problem if the various
correction formulas agreed, but, as further discussed in Section 4, this is only the case when
the animal groups are alike. As different studies use pigs of different breeds, sizes, ages
(juvenile or full-grown), and GFR ranges, the results can considerably differ among the
correction formulas, especially when formulas are used outside the ranges for which they
were originally developed.

The present study used in-house GFR measurements of pigs to develop a new correc-
tion formula and evaluated the new formula based on the data and correction formulas
from the above-cited literature. The aim was to develop and validate a simple and robust
correction formula that can be broadly applied across pig populations and GFR ranges.

2. Material and Methods
2.1. Animals

The present study re-used data from Brignone et al. [9], in which GFR was measured
as the plasma clearance of technetium-99m-labelled diethylenetriaminepentaacetic acid
([99mTc]Tc-DTPA) in 20 female juvenile Danish Landrace pigs. For each animal, the mea-
surement was performed twice, one week before and two weeks after a laparoscopic partial
nephrectomy. During the partial nephrectomy, the upper right kidney pole was excised,
corresponding to removing approximately one-third of the entire kidney. While this would
naturally reduce renal function, the growth of the juvenile pigs during three weeks could,
in itself, increase renal function. Overall, the two GFR measurements took place at different
times and in different settings, with potentially changed GFR from the first to the second
measurement. The pigs weighed 26.0–38.0 kg at the time of the first measurement and
31.4–43.8 kg at the time of the second measurement.

All procedures were performed under general anaesthesia. The study was approved by
the Animal Experiments Inspectorate of the Dept. of Veterinary and Food Administration
(approval number 2018-15-0201-01576).

2.2. Reference GFR: Plasma Clearance Based on Full-Curve Data (Clref)

As an overall principle for using tracers for GFR determination, a high GFR value
is seen as a quick clearance of the tracer from the blood plasma. Radiotracers have the
advantage that radioactivity is easy to measure, so only minute quantities of radiotracer are
needed. A short description of the principles of plasma clearance determination is given in
Appendix A.

Consistent with guidelines from the British Nuclear Medicine Society (BNMS), the
plasma clearance (Cl) of [99mTc]Tc-DTPA was considered equal to GFR without any
conversion [10,11].

To measure GFR, the pig was administered 10 MBq of [99mTc]Tc-DTPA by intravenous
injection. Blood samples were taken 5, 10, 15, 30, 45, 60, 90, 120, 150, 180, 210, and
240 min after the injection. The samples were centrifuged for 15 min at 2200× g, after
which 2 mL plasma samples were drawn and measured to 10,000 counts in a Wizard2

2480 gamma counter (PerkinElmer, Waltham, MA, USA). The area under the curve (AUC)
was determined by bi-exponential fitting. A sample fit is shown in Figure 1.

Reference clearance, Clref, was calculated as the injected activity divided by AUC
(Formula (A1) in the Appendix A); overall, if clearance (Cl, GFR) is high then the curve de-
cays quickly (small AUC), while a slowly decaying curve (large AUC) reflects a low clearance.
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Figure 1. Radiotracer concentration in plasma samples as a function of time. The full curve is a bi-
exponential fit to all data, and the dashed curve is the single exponential fitted to the late part of the 
curve. 
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the late blood samples. As detailed in Appendix A, the approximation Cl1, sometimes 
called one-pool clearance, corresponds to replacing the full-curve AUC with AUCslow, the 
area under the dashed curve in Figure 1. As AUCslow is a smaller area than the full-curve 
AUC, one-pool clearance Cl1 overestimates the actual clearance Cl. Thus, Cl1 must be cor-
rected to give Cl. 

Values of Cl1 were determined from the last 5 blood samples, corresponding to the 
time interval 120–240 min post-injection (p.i.). To determine if a smaller time window 
could be used, Cl1 values were also calculated based on the last 4 (150–240 min p.i.) and 
the last 3 (180–240 min p.i.) blood samples. 

2.4. Porcine GFR Correction Formula 
With x = Cl1 and y = Cl, Palnæs Hansen et al. [8] used a correction of the form 𝑦 = 𝑎 · 𝑥 

This correction is simple, but it does not take into account the nonlinearity observed 
in other pig studies [2,6,7] and in correction formulas for humans [4,5]. 
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with a negative value of a, possibly without the constant term, c (corresponding to c = 0). 
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Figure 1. Radiotracer concentration in plasma samples as a function of time. The full curve is a
bi-exponential fit to all data, and the dashed curve is the single exponential fitted to the late part of
the curve.

2.3. One-Pool Approximation Cl1 Based on Late-Sample Data

A first approximation, Cl1, was calculated based on the final, mono-exponential curve
(dashed curve in Figure 1) using Formula (A4). This curve can be calculated based on only
the late blood samples. As detailed in Appendix A, the approximation Cl1, sometimes
called one-pool clearance, corresponds to replacing the full-curve AUC with AUCslow, the
area under the dashed curve in Figure 1. As AUCslow is a smaller area than the full-curve
AUC, one-pool clearance Cl1 overestimates the actual clearance Cl. Thus, Cl1 must be
corrected to give Cl.

Values of Cl1 were determined from the last 5 blood samples, corresponding to the
time interval 120–240 min post-injection (p.i.). To determine if a smaller time window could
be used, Cl1 values were also calculated based on the last 4 (150–240 min p.i.) and the last 3
(180–240 min p.i.) blood samples.

2.4. Porcine GFR Correction Formula

With x = Cl1 and y = Cl, Palnæs Hansen et al. [8] used a correction of the form

y = a·x

This correction is simple, but it does not take into account the nonlinearity observed
in other pig studies [2,6,7] and in correction formulas for humans [4,5].

Other studies used a quadratic correction of the mathematical form

y = c + b·x + a·x2

with a negative value of a, possibly without the constant term, c (corresponding to c = 0).
Such quadratic forms mimic the classical Brøchner-Mortensen correction [4] for human
GFR measurement. However, a quadratic form mathematically represents a parabola with a
maximal value, for which reason the correction necessarily begins to fail at some sufficiently
high GFR; accordingly, Brøchner-Mortensen later presented an updated formula [5] to
replace their classical formula [4] for human GFR measurement.



Biologics 2023, 3 299

The porcine GFR correction formula presented here has the mathematical form of a
power function:

y = b·xa

i.e.,
Clcorr = b·(Cl1)

a

This form correctly gives Clcorr = 0 for Cl1 = 0, and, unlike a quadratic correction, it
does not impose a maximal value on Clcorr.

The values a and b were determined by standard linear fit on log–log data.

3. Results

With each of the 20 pigs measured at two separate time points (before and after the
operation), 40 GFR measurements were available. Over the 40 data points, the weights of
the pigs were 26–44 kg, and the measured Clref range was 41–85 mL/min. The individual
data points are given in Supplementary Table S1.

The data are plotted in Figure 2 and as a log–log plot in Supplementary Figure S1.
From the fit, the coefficients ± standard error were

a = 0.920 ± 0.029

b = 1.27 ± 0.17
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Figure 2. One-pool approximation, Cl1, and reference clearance data, Clref. The dotted line, y = x,
represents no correction. The full curve, y = 1.27 x0.92, is a fit to the data points, with Cl1 based on the
last 5 samples (black circles). For comparison, data points based on only 4 samples (white triangles)
or 3 samples (grey squares) are also plotted.

Thus, our correction formula became

Clcorr = 1.27·(Cl1)
0.92 (1)

with both Clcorr and Cl1 in mL/min.
The deviations between Clref and Clcorr are summarised in Table 1.
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Table 1. Deviations in Clcorr (Formula (1)) from the reference value, Clref.

No. of Samples
(Time Interval)

Mean Deviation ± SD

Absolute Relative

five (120–240 min) 0.0 ± 2.3 mL/min 0.1% ± 3.6%
four (150–240 min) −0.2 ± 2.6 mL/min −0.2% ± 3.9%
three (180–240 min) −1.1 ± 5.2 mL/min −1.5% ± 7.0%

Luis-Lima data * −2.2 ± 17.7 mL/min −0.2% ± 7.2%
* Our correction applied to the original data from Luis-Lima et al. [2]; see Discussion.

4. Discussion

This study demonstrated that in the investigated pigs, plasma clearance (and, thereby,
the GFR) determination with a radiotracer could be performed using only the last (slowest)
part of the curve. The radiotracer used was [99mTc]Tc-DTPA.

In summary, a mono-exponential function was fitted to the late-curve data: Formula (A2).
From this fit to the late-curve data and the quantity, Q0, of the injected activity, a first

(one-pool) approximation, Cl1, for the clearance was calculated: Formula (A4).
This approximate value would overestimate the true clearance, Cl, and was, therefore,

corrected to the final value: Formula (1).

4.1. Choice of Tracer

For both human and animal studies, the typical choice of radiotracer was [51Cr]Cr-
EDTA, but this has, in recent years, been taken over by [99mTc]Tc-DTPA; these two tracers
were shown to give GFR measurements that, for clinical purposes, can be considered
equal [12–14]. Likewise, two pig studies by Frennby et al. [6,15] found that [51Cr]Cr-EDTA
and iohexol were interchangeable.

While [51Cr]Cr-EDTA is no longer available on the market, the choice between iohexol
or [99mTc]Tc-DTPA in practice, therefore, depends upon whether nuclear medicine proce-
dures are available or not. Radiotracers can be measured in extremely small concentrations
(10 MBq of [99mTc]Tc-DTPA corresponds to approximately 5 × 10−13 mol = 0.5 pmol of
the radiotracer molecule), and the radiation dose from 10 MBq [99mTc]Tc-DTPA is minute
(<0.1 mSv in an adult patient, slightly higher in small children). For these reasons, [99mTc]Tc-
DTPA is widely used for GFR measurements in humans. Iohexol does not involve the
handling of radioactivity but requires macroscopic amounts (grams) to be injected for the
concentrations to be precisely measurable.

4.2. Previous Studies

In Table 2, the data material from the present study is compared with other identified
studies that measured the GFR in pigs and presented a formula for correcting the clearance
based on late samples (in our notation, the correction of Cl1 to Cl). A summary of each
study is given below.

Table 2. Overview of studies.

Study
Pigs No. of GFR

Measurements
GFR *

Correction
EquationWeights Sexes

Present study 26–44 kg ♀ 40 in 20 pigs 41–85 mL/min (1)
Frennby et al. (normal) [15] 21–27 kg (not stated) 19 16.5–26.3 mL/min/10 kg

(2)Frennby et al. (reduced) [6] 21–26 kg ♀♂ 21 5.3–11.3 mL/min/10 kg
Palnæs Hansen et al. [8] 30–40 kg ♀ 12 ~45–85 mL/min (3)

Luis-Lima et al. [2] 101–212 kg ♀ 16 112–392 mL/min (4)
van Gelder et al. [7] 34–80 kg (not stated) 23 in 5 pigs ~17–44 mL/min (5)

* In accordance with the original studies, GFR ranges are presented as unscaled (mL/min) or weight-scaled
(mL/min/10 kg) results. Approximate ranges (see main text) are identified with ~.
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4.2.1. Frennby Studies

Frennby et al. [15] measured the GFR in n = 19 Swedish Landrace pigs weighing
21–27 kg with normal renal function. In a follow-up study [6], the same group measured
the GFR in n = 21 pigs weighing 21–26 kg after reduction in the renal function by right-side
nephrectomy. The first study did not provide information on the animals’ sexes, while the
second study stated that they were of both sexes. The GFR was measured as the clearance
of both iohexol and the radiotracer [51Cr]Cr-EDTA, with an excellent correlation between
the two tracers. For the simplified determinations, four blood samples 180–360 min p.i.
were used, and the authors reported the weight-scaled results in mL/min/10 kg. With our
notation, their correction formula was

Clcorr,Frennby = −0.084 + 1.077·Cl1 − 0.009·Cl2
1 (mL/min/10 kg) (2)

Measured as [51Cr]Cr-EDTA plasma clearance based on the full curve, the GFR was
in the range of 16.5–26.3 mL/min/10 kg in the pigs with normal renal function. For the
nephrectomised pigs, the range was 5.3–11.3 mL/min/10 kg.

4.2.2. Palnæs Hansen Study

Palnæs Hansen et al. [8] measured the GFR in Danish Landrace–Yorkshire female
pigs weighing 30–40 kg. The authors first used constant infusion techniques with urine
collection to compare inulin with the radiotracer [51Cr]Cr-EDTA. They found that the
plasma clearance of [51Cr]Cr-EDTA was indistinguishable from the renal clearance of
the GFR, i.e., Clplasma,EDTA was indistinguishable from the classical gold standard of GFR
measurement. The authors then measured the clearance of [51Cr]Cr-EDTA with the single-
injection technique (as in the present study) in n = 12 pigs and compared it with the
clearance from late samples (“slope clearance”, Cl1). Blood sampling was up to 240 min p.i.
It was found that the approximation Cl1 could be corrected by a factor:

Clcorr,Palnæs = 0.75 · Cl1 (3)

The range of the GFR was not specified (only mean and SD were stated), but, based
on the authors’ Figure 4 (in Ref. [8]), the range was approximately 45–85 mL/min.

4.2.3. Luis-Lima Study

Luis-Lima et al. [2] measured the GFR in n = 16 female adult Iberian pigs weighing
101–212 kg, using iohexol as the tracer. The GFR range was 112–392 mL/min. For the sim-
plified GFR determinations, six blood samples covering the time interval 120–420 min p.i.
were used. Their correction formula was

Clcorr,Luis−Lima = −47.909 + 1.176·Cl1 − 0.00063968·Cl2
1 (mL/min) (4)

This formula was based on eight of the pigs and was verified in the other eight pigs.

4.2.4. Van Gelder Study

Van Gelder et al. [7] measured the GFR in n = 5 Topigs Norsvin pigs (as well as in
three goats), using iohexol as the tracer. The pigs had weights of 34–80 kg, and the GFR
measurements were performed both before and after kidney failure was induced in the
animals. The animals’ sexes were not reported. In total, 23 porcine GFR measurements were
performed (10 measurements in four healthy pigs and 13 measurements in five pigs after
kidney failure induction). A common correction formula for goats and pigs was developed:

Clcorr,Gelder = 1.006348·Cl1 − 0.003437·Cl2
1 (mL/min) (5)

(The study also scaled the GFR to the body surface area, BSA, calculated from the
body weight, but the scaling was applied after the correction.)
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The measured GFR values were not tabulated, but, reading from the authors’ Figure 3
(in Ref. [7]), the porcine GFR range was approximately 17–44 mL/min.

4.3. Comparison of Corrections

Luis-Lima et al. [2] tabulated the individual data points (pig weight, Cl, and Cl1),
allowing for a direct comparison with their data. As shown in Figure 3, our correction (2)
can be extrapolated to cover their data from much larger, adult pigs without a new fit.
(Note for the curious reader: a fit to the combined data material (ours + Luis-Lima) gave
the coefficients a = 0.925 ± 0.010 and b = 1.241 ± 0.058, i.e., essentially the same coefficients
as those from our data alone, only with narrower spreads.) As seen in the figure, the
Luis-Lima correction (4) fails if it is extrapolated downwards to cover the range of mL/min
relevant for our data.
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Figure 3. Comparison of the developed correction with data and correction from Luis-Lima et al. [2]
and with the correction from van Gelder et al. [7]. Black circles are our data, and open circles
are the Luis-Lima data. The grey full curve is the Luis-Lima correction (4) along with downward
extrapolation. At low GFR, the grey dashed curve with upward extrapolation is the van Gelder
correction (5). The black curve is our correction (1), fitted only to the black circle data points but
shown in the full range of available data.

Figure 3 also presents the van Gelder correction (5). The van Gelder study [7] covered
only the GFR up to ~44 mL/min (see Table 2). For a higher GFR, including most of the range
of our data, the van Gelder correction fails due to the parabolic nature of the correction.
For the GFR below 40 mL/min (i.e., below the range covered by our own data), the good
agreement between the van Gelder correction and our correction (1) provides an indirect
validation of our correction in the low GFR range.

The Palnæs Hansen correction (3) was omitted from Figure 3 to avoid cluttering an
already full plot. It did not fit very well with our data, as seen in Figure S1.
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The Frennby correction (2) was developed on weight-scaled GFR data (mL/min/10 kg)
and, therefore, cannot be shown in the same plot as corrections that must be applied to
unscaled GFR data (mL/min)—at least not without assumptions, such as a fixed weight or
a presumed connection between the weight and the GFR. Instead, Figure 4 presents the
Frennby correction along with the weight-scaled plots of the Luis-Lima dataset and our
own dataset. Figure 4 shows that these two datasets fall in somewhat different groups after
weight scaling; thus, no single curve can fit both groups well in this scaling. The Frennby
correction falls somewhere between the two groups, although nearer to our data.
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only the GFR up to ~44 mL/min (see Table 2). For a higher GFR, including most of the 
range of our data, the van Gelder correction fails due to the parabolic nature of the correc-
tion. For the GFR below 40 mL/min (i.e., below the range covered by our own data), the 
good agreement between the van Gelder correction and our correction (1) provides an 
indirect validation of our correction in the low GFR range. 

The Palnæs Hansen correction (3) was omitted from Figure 3 to avoid cluttering an 
already full plot. It did not fit very well with our data, as seen in Figure S1. 

The Frennby correction (2) was developed on weight-scaled GFR data (mL/min/10 
kg) and, therefore, cannot be shown in the same plot as corrections that must be applied 
to unscaled GFR data (mL/min)—at least not without assumptions, such as a fixed weight 
or a presumed connection between the weight and the GFR. Instead, Figure 4 presents the 
Frennby correction along with the weight-scaled plots of the Luis-Lima dataset and our 
own dataset. Figure 4 shows that these two datasets fall in somewhat different groups 
after weight scaling; thus, no single curve can fit both groups well in this scaling. The 
Frennby correction falls somewhere between the two groups, although nearer to our data. 
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Figure 4. Presentation of the available data points scaled to a weight of 10 kg (mL/min/10 kg). Black
circles are based on our data Table S1, and open circles are based on data from Luis-Lima et al. [2].
The dot-dashed line shows the Frennby correction, Formula (2).

In summary, the Luis-Lima correction and the van Gelder correction failed for GFRs
outside the original ranges (Figure 3). Weight scaling, as applied by Frennby et al. [6,15],
does not appear to allow for a common correction for all data (Figure 4). In contrast, our
own correction (1) appears to be generally applicable.

Although our correction formula was developed only on data from juvenile pigs
weighing 26–44 kg with a GFR in the range 45–85 mL/min, it could be applied to the
data from Luis-Lima et al. [2] on adult pigs weighing up to approximately 200 kg and
with a GFR of up to approximately 400 mL/min. For a low-range GFR, our correction
agreed with the correction by van Gelder et al. [7], which was developed on pigs with a
GFR < 45 mL/min.

It can, furthermore, be noted that (as expected) it did not pose problems to mix data
from the GFR determined with iohexol, [99mTc]Tc-DTPA, or [51Cr]Cr-EDTA; the developed
correction was common for these tracers.

4.4. Time Range for Late Samples

Whether the single exponential was determined from 120–240 min (five blood samples)
or 120–240 min (four blood samples), the difference from the reference GFR (Clref) was very
low and had a spread (SD) of less than 4% (Table 1). If fewer data were used (180–240 min,
three blood samples), the spread was larger, and a considerable number of outliers was
observed (Figure 2).
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Applied to the Luis-Lima data, the spread was higher, approximately 7% (Table 1).
However, this spread is comparable to the spread found in the original study (Table 1 in [2]).

4.5. Strengths and Limitations

A strength of the present study was that it used an animal model that represents
human anatomy and physiology better than rodents and presented a method that allows
for GFR measurement in pigs in a way similar to the methods used in human patients.

Our study was limited to 40 measurements in 20 juvenile pigs covering the GFR in the
range of 41–85 mL/min. However, the developed correction formula was validated on a
much higher GFR by the inclusion of data from Luis-Lima et al. [2], which strengthens the
study by showing that the correction was also applicable to their data on adult pigs of a
different breed, with the GFR in the range of 101–392 mL/min.

Another limitation was that we did not include pigs with a severely low GFR. However,
in the very low range, the plasma tracer concentration curve slowly falls; thus, the area
under the plasma curve (AUC) is dominated by the final part of the curve. Therefore, for a
low GFR, only a small correction is needed [5], and our formula indeed gives a very small
correction in mL/min for a low GFR (Figure 2). Furthermore, our correction had low-range
agreement with the correction by van Gelder et al. [7], covering the GFR in a range below
ours (Table 2 and Figure 3). As in human patients, the determination of a very low GFR
is challenged by the fact that if the GFR is low then the plasma concentration only slowly
falls; however, that challenge is related to the basal determination of the curve slope, not to
the correction applied afterwards.

It can be considered a limitation that all individual data points are from female animals,
and only one study specifically stated that both sexes were represented (Table 2). However,
while the normal GFR level may depend on sex, there is little reason to suspect a sex
difference in the correction from the one-pool clearance, Cl1, to the actual clearance, Cl. For
comparison, widely used human corrections [4,5] are independent of sex.

4.6. Perspectives

GFR determination is used in many drug studies as well as renal studies. Physiologi-
cally, pigs are very relevant research animals for such studies. A tracer method that requires
a single injection of the tracer, a limited number of blood samples, and no urine collection
can greatly simplify GFR determination in pigs, thereby paving the way for more focused
studies, replacing studies applying less relevant animals. This may eventually result in a
reduction in the number of research animals needed.

The developed correction Formula (1) allows for such a simple GFR determination
and was found to be robust over a wide range of pig sizes, breeds, and GFR ranges. The
correction formula was validated on data based on the radiotracer [99mTc]Tc-DTPA (and,
indirectly, [51Cr]Cr-EDTA) as well as the nonradioactive tracer iohexol.

5. Conclusions

Using the plasma clearance of [99mTc]Tc-DTPA as measure of the glomerular filtration
rate (GFR), we developed a correction Formula (1) that allows for the determination of the
GFR in pigs based on only four or five late blood samples taken 150–240 min or 120–240 min
after the injection of a radiotracer. Within our own data material of juvenile pigs with a GFR
of 41–85 mL/min, the results had a spread (SD) of approximately 4% around the reference
value. In comparison to the data from the literature, we extended the validated range to
adult pigs with a GFR of up to 400 mL/min, with a spread of approximately 8% around
the reference value. Furthermore, we stated reasons why the correction is applicable for a
GFR lower than 40 mL/min.

Thus, we consider the developed correction formula to be robust for GFR determina-
tion at all values up to 400 mL/min and across pigs of various sizes and various breeds.
The formula is applicable for both [99mTc]Tc-DTPA and iohexol (and for [51Cr]Cr-EDTA, if
available) as the chosen tracer.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/biologics3040015/s1. Figure S1: Log–log plot of clear-
ance data. Table S1: Weight, full-curve clearance (Cl), and one-pool approximation (Cl1) for the pigs
in the present study.
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Appendix A. Theory of Plasma Clearance Measurements

Renal function (clearance, GFR) can be measured as the plasma clearance of a tracer
that is only renally excreted. The tracer is injected into a blood vessel and is initially present
only in the blood plasma. However, it quickly begins to dissipate into the larger volume of
fluid outside the body cells:

extracellular volume = blood plasma volume + extravascular fluid volume

During the early phase, the tracer concentration in the blood plasma, therefore, de-
creases rather quickly. After an hour or so, a steady state is achieved with equal concentra-
tions in the blood plasma and the extravascular fluid volume. In this late phase, the tracer
concentration changes more slowly, now only decreasing due to the kidneys’ filtration of
the blood plasma. This development of the tracer concentration in the blood plasma is
illustrated in Figure 1.

Mathematically, it can be shown that the correct way to calculate the clearance is to
divide the quantity of the injected tracer by the total area under the plasma concentration
curve. Intuitively, the exchange with the extravascular volume (leaving and returning)
changes the shape of the plasma concentration curve but does not influence the total
area under the curve. Clearance, in contrast, removes the tracer that does not return and,
therefore, determines the total area under the curve (the higher the clearance is, the smaller
the area is).

Thus, the plasma clearance, Cl, of the tracer in mL/min can be calculated as

Cl =
Q0

AUC
(A1)

where
Q0 = quantity of injected tracer

AUC = area under the plasma concentration curve

The unit of Q0 may be the Bq of the radioactivity, or it may be the counts per minute
(cpm) of a sample in a gamma counter. If the radioactivity concentration is measured in
units of Bq/mL, then the unit for the AUC is min·Bq/mL. See, e.g., the classical study by

https://www.mdpi.com/article/10.3390/biologics3040015/s1
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Brøchner-Mortensen [4] for GFR determination in humans or a study by Frennby et al. [15]
for a description of this principle for GFR determination in pigs.

The above calculation assumes that AUC is calculated from time 0 (injection of the
tracer) to infinity. During this unlimited timespan, all the injected tracer is filtrated and
excreted, i.e., the total amount of the tracer excreted in the urine equals the amount of the
tracer that was injected, Q0. Therefore, Formula (A1) can be used without urine sampling,
while blood sampling is needed to determine the AUC.

The calculation of the full AUC requires knowledge of the full curve. However, an
approximate value for the AUCslow can be calculated based on only the late, more slowly
falling part of the curve. The late, slow part of the plasma concentration curve behaves as a
mono-exponential function:

Cslow(t) = c · exp(−b · t) (A2)

The area under this mono-exponential curve can be mathematically calculated as

AUCslow = c/b (A3)

from which a first, too large, approximation for the plasma clearance can be calculated:

Cl1 =
Q0

AUCslow
=

Q0

c/b
(A4)

The Cl1 approximation is sometimes called one-pool clearance: the late, single expo-
nential reflects the situation where the total extracellular volume behaves as a single pool
of the tracer, reflected by a single exponential.

As the area of the AUCslow is smaller than the full area of the AUC (Figure 1), the
one-pool approximation, Cl1, overestimates the actual clearance, Cl.
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