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Translational Statement

Glomerular filtration rate (GFR) is the most important
measure of kidney function. Its application in animal
models for studying kidney disease is crucial. In this
study, we evaluated the accuracy of transcutaneous GFR
(tGFR) compared to urine sinistrin-validated estimated
GFR in male rats. We observed a marked discrepancy
between these 2 methods. Problems inherent to the
tGFR probably underlie this discrepancy. Results of this
study may lead to increased accuracy of GFR assessment
in rats, facilitating animal models that provide insights
into the pathophysiology of kidney disease and the
development of new treatments that may translate to
the clinic.
Accurate assessment of the glomerular filtration rate (GFR)
is crucial for researching kidney disease in rats. Although
validation of methods that assess GFR is crucial, large-scale
comparisons between different methods are lacking. Both
transcutaneous GFR (tGFR) and a newly developed
estimated GFR (eGFR) equation by our group provide a
low-invasive approach enabling repeated measurements.
The tGFR is a single bolus method using FITC-labeled
sinistrin to measure GFR based on half-life of the
transcutaneous signal, whilst the eGFR is based on urinary
sinistrin clearance. Here, we retrospectively compared
tGFR, using both 1- and 3- compartment models (tGFR_1c
and tGFR_3c, respectively) to the eGFR in a historic cohort
of 43 healthy male rats and 84 male rats with various
models of chronic kidney disease. The eGFR was on average
considerably lower than tGFR-1c and tGFR-3c (mean
differences 855 and 216 mL/min, respectively) and only 20
and 47% of measurements were within 30% of each other,
respectively. The relative difference between eGFR and
tGFR was highest in rats with the lowest GFR. Possible
explanations for the divergence are problems inherent to
tGFR, such as technical issues with signal measurement,
description of the signal kinetics, and translation of half-life
to tGFR, which depends on distribution volume. The
unknown impact of isoflurane anesthesia used in
determining mGFR remains a limiting factor. Thus, our
study shows that there is a severe disagreement between
GFR measured by tGFR and eGFR, stressing the need for
more rigorous validation of the tGFR and possible
adjustments to the underlying technique.
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T he rat is used frequently as an experimental model in a
wide range of kidney diseases. Accurate assessment of
kidney function in single or repeated measurements is

a vital part of these studies,1 and it is best quantified by the
glomerular filtration rate (GFR). GFR cannot be measured
directly, but it can be assessed from the measured clearance
of exogenous filtration markers (that is, measured GFR
[mGFR]) or can be estimated from serum levels of endog-
enous filtration markers (that is, estimated GFR [eGFR]).2

The GFR is used mainly to identify the severity of kidney
disease and the effectiveness of an intervention. The gold
standard for measuring GFR is the urinary sinistrin clear-
ance (mGFR), a laborious and specialized measurement.
Many alternatives are available that measure GFR using
other exogenous filtration markers, such as iohexol,3 urinary
clearance of fluorescein isothiocyanate-labeled sinistrin
(FITC-S),4 or transcutaneous measurements of fluorescently
labeled filtration markers (tGFR).2,5 In 2021, we developed
and validated an equation that estimates GFR in male rats,
using the readily available variables plasma creatinine,
plasma urea, and body weight, with urinary sinistrin clear-
ance as a reference standard.6 Subsequently, this equation
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was applied by other groups.7–13 A new method, such as
tGFR, which is currently used widely in rat experiments,
entails a need for standardization to enable comparison of
the results from different labs, and with other methods of
assessing GFR. Currently, the tGFR has not been compared
extensively to another method of assessing GFR, nor has it
been compared among different investigators at different
labs. Thorough validation in a wide range of disease models
and rat strains is certainly needed.

The tGFR method using FITC-S is used widely as a
noninvasive alternative to mGFR in rodents.5 Commercially
available kits using FITC-S allow for transcutaneous mea-
surement of the half-life, which can be converted to tGFR
using a measure of volume of distribution without blood
sampling.14 However, certain technical challenges are asso-
ciated with the use of transcutaneous methods and bolus
injection measurements.15,16 These challenges include the
following: the transcutaneous signal has to be accurately
measured; the attenuation of the signal should be attributed
entirely to GFR elimination; and the volume of distribution
has to be estimated accurately to convert signal half-life to
GFR. The tGFR method uses a single-bolus intravenous
infusion of FITC-S, after which the transcutaneous signal is
described as a fast distribution phase in which FITC-S
spreads in the volume of distribution, followed approxi-
mately 45 minutes later by a log-linear elimination phase,
which is used to calculate half-life.5 To describe the kinetics
of FITC-S, models using up to 3 compartments have been
suggested, although the 1-compartment model is the one
used most widely.17 The volume of distribution is assumed
to be equal for all rats and was estimated in the original
paper to be 31.26 ml/100 g bodyweight. The tGFR is
calculated by dividing this volume of distribution by the
signal half-life. Although the measure of volume of distri-
bution was assessed in the original paper, it may differ
among rat strains and disease models, which may bias the
tGFR significantly. Furthermore, technical concerns have
been raised previously regarding the use of transcutaneous
measurement of FITC-S.17,18 Although the tGFR provided
unbiased results in the original study in which it was
developed, whether it is unbiased, compared to other
methods of measuring GFR, or when measured by different
research groups is not clear.14,15

The goal of this study was to compare tGFR to eGFR in
rats, providing a comparison among different methods to
assess GFR in a large group of animals. To this end, we
evaluated the association between endogenous filtration
markers (creatinine and urea) and mGFR in the dataset with
which the eGFR was developed (n ¼ 441), and compared this
to the association between the endogenous filtration markers
and the tGFR, using both 1- and 3-compartment models
(tGFR_1c and tGFR_3c), in a separate historic dataset from 2
experiments in rats with a variable degree of renal insuffi-
ciency (n ¼ 127).19,20 Furthermore, we compared the eGFR
and both tGFR_1c and tGFR_3c in simultaneous measure-
ments using the same historic dataset (n ¼ 127).
Kidney International (2024) 105, 1212–1220
METHODS
Experimental animals
All rats in the selected studies21–28 and all unpublished data
(Supplementary Table S1) were used in agreement with the law on
animal experiments in The Netherlands. We compared the tGFR to
the eGFR in a cohort that aggregated the data of 2 studies performed
in the Erasmus Medical Center (Rotterdam, The Netherlands); tGFR,
creatinine, and urea were measured (the tGFR cohort, n ¼ 127). The
eGFR was developed in a cohort (the mGFR cohort, n ¼ 441) that
aggregated data from 10 studies with various disease models, all
performed in the University Medical Center Utrecht, Utrecht, The
Netherlands.6 Both the tGFR and the mGFR cohort contained
diseased as well as healthy control animals (disease models are
specified in Supplementary Table S1). All measurements of tGFR,
mGFR, creatinine, and urea were done using the same protocols in
all animals.

Measurement of urinary sinistrin clearance and endogenous
filtration markers
Urinary sinistrin clearance was used to obtain mGFR. For the uri-
nary sinistrin clearance, rats were anesthetized with isoflurane (4%
induction, and 2.5% maintenance) mixed with 100% O2 (0.3 l/min)
with an Isoflurane Vaporizer (UNO Life Science Solutions) and
artificially ventilated. This set-up previously provided adequate
oxygenation.29 To compensate for fluid loss during the experiment,
animals received an intravenous infusion of 150 mmol/l. NaCl
(containing 6% bovine serum albumin before surgery, and 1% after
surgery) at a rate of 10 ml$min–1$100 g bw–1. The femoral artery was
cannulated for collection of blood plasma and arterial pressure
measurement. The mean arterial pressure was within range of GFR
autoregulation (mean arterial pressure, 80–160 mm Hg). Immedi-
ately after placement of the femoral arterial cannula, the first blood
sample (300 ml) was drawn for the determination of baseline levels of
plasma sinistrin, creatinine, and urea. The jugular vein was cannu-
lated for continuous infusion of sinistrin (Inutest, Fresenius Kabi).
Urine was collected from the bladder. After 60 minutes of stabili-
zation, a second blood sample (300 ml) was taken, immediately
followed by collection of urine for 2 periods of 15 minutes each.
After the second period, a third blood sample (300 ml) was taken.
Urine and plasma samples were analyzed for sinistrin (by measuring
fructose photometrically with Indole 3-acetic acid after hydrolyzation
of sinistrin).30 The renal clearance data shown are averaged data of
the 2 consecutive 15-minute urine collections. Plasma creatinine was
measured with an enzymatic colorimetric assay with the DiaSys
Creatinine PAP FS kit (DiaSys Diagnostic Systems GmbH). Plasma
urea was determined with an enzymatic method with DiaSys Urea
CT FS (DiaSys Diagnostic Systems GmbH). The eGFR was
calculated using the following equations6: plasma creatinine
< 52mmol/l: eGFR¼ 880�W0.695� C�0.660�U�0.391; and plasma
creatinine$ 52mmol/l: eGFR¼ 5862�W0.695� C�1.150�U�0.391,
where eGFR ¼ estimated glomerular filtration rate (ml/min), W ¼
weight (grams), C ¼ creatinine (mmol/l), and U ¼ urea (mmol/l).

Measurement of transcutaneous filtration markers
For the tGFR measurements, rats were anesthetized lightly with
isoflurane and were artificially ventilated using a nose cone for
approximately 10 minutes. During anesthesia, the cutaneous fluo-
rescent detection device (Mannheim Pharma & Diagnostics GmbH)
was attached to a depilated region on the back of the rat using a
double-sided adhesive patch. The FITC-S bolus (0.24 mg/kg dis-
solved in saline) was injected via the tail vein during this light
1213



Table 1 | Cohort characteristics

Variable mGFR, ml/min (UMCU) tGFR, ml/min (Erasmus)

Rat numbers 441 127
mGFR, ml/min 1441 (909 , 2132) — —

tGFR, 1-compartment, ml/min — — 1915 (1439, 3666)
tGFR, 3-compartment, ml/min — — 1569 (996, 2700)
eGFR, ml/min 1580 (1120, 1994) 1141 (596, 2960)
Body weight, g 361 (321, 394) 400 (369, 428)
Plasma creatinine, mmol/l 53 (38, 69) 64 (31, 93)
Plasma urea, mmol/l 11 (9, 15) 13 (7, 20)
Rat strain (FHH, Lewis, Sprague-Dawley, Wistar) 24, 301, 80, 26 0, 0, 127, 0

eGFR, estimated GFR; Erasmus, Erasmus Medical Center, University Medical Center Rotterdam, Rotterdam, The Netherlands; FHH, fawn-hooded hypertensive; GFR, glomerular
filtration rate; mGFR, measured glomerular filtration rate; tGFR, transcutaneous glomerular filtration rate; UMCU, University Medical Center Utrecht, Utrecht, The Netherlands.
Data are shown as medians (interquartile ranges), unless otherwise indicated.
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anesthesia, to enhance both the rat’s comfort and the precision of the
injection procedure, thus avoiding s.c. infusion. After administration
of the FITC-S bolus, rats were allowed to wake and roam freely for 2
hours, after which the device was removed. Using partner software
for the fluorescent detection device (Mannheim Pharma & Di-
agnostics GmbH), an elimination kinetics curve for FITC-S was
generated. tGFR was calculated using the excretion half-life (t1/2) of
FITC-S, calculated with the 1-compartment model and the 3-
compartment model without linear correction (as several elimina-
tion curves did not reach baseline, which is a requirement for linear
correction) and converted to tGFR with their respective conversion
factors. For the 1-compartment model, we used the following:
tGFR_1c (ml/min per 100 g body weight) ¼ 31.26 (ml/100 g body
weight)/t1/2 FITC-S (minutes). For the 3-compartment model, we
used the following: tGFR_3c (ml/min per 100 g body weight) ¼
21.33 (ml/100 g body weight)/t1/2 FITC-S (minutes).5,17 Then, 3 to
10 days (median, 6 days) after the tGFR measurements, rats were
again anesthetized with isoflurane, followed immediately by collec-
tion of blood from the inferior vena cava for measurement of
creatinine and urea. One researcher (TTP) evaluated the intensity
curves on a log scale to evaluate curve shapes.

Comparison between tGFR and eGFR
The development and validation of the eGFR equation have been
described previously.6 Bias was assessed by calculating mean pre-
diction error (tGFR – eGFR); precision was assessed by calculating
the R2 value using ordinary linear regression; and accuracy was
assessed by the mean absolute percentage error (MAPE), the root
mean squared error (RMSE), and the number of predictions that fell
within 15% and 30% of the estimate (P15, P30). Point estimates and
95% confidence intervals (CIs) were calculated with bootstrap
(1000�). We computed CIs using bootstrap (1000�). For P15 and
P30, we used the normal approximation. The association between
creatinine/urea and mGFR/tGFR was visualized with scatter plots
using log/log scales and locally estimated scatterplot smoothing
(LOESS) regression lines. Accuracy was visualized using difference
plots with a smoothed regression line, and 95% CI was calculated
using quantile regression. The ability of the eGFR and tGFR to
discriminate healthy from diseased animals was tested with the 2-
sided independent t test comparing Cohen’s d and visualized with
combined density and rug plots. In rats in which urinary sinistrin
clearance was measured, the stability of plasma creatinine during
anesthesia was assessed with scatter plots, and the 2-sided paired t
test. Differences in frequency between groups were evaluated with
1214
Fisher’s exact test for count data. Mean differences between groups
were tested with a 2-way analysis of variance with post hoc analyses
with the Tukey test. P values below 0.05 were considered significant.
All computations and statistics were performed using R, version
4.1.3 (R Foundation for Statistical Computing).

RESULTS
Rat cohorts
We analyzed the data of 568 rats divided over 2 different
cohorts consisting of healthy and diseased rats; the mGFR
cohort (n ¼ 441) and the tGFR cohort (n ¼ 127; Table 1). In
the mGFR cohort, the mGFR ranged from 33 ml/min to 4378
ml/min (median: 1441 ml/min, interquartile range: 909–2132
ml/min); in the tGFR cohort, tGFR_1c ranged from 517 ml/
min to 7497 ml/min (median: 1915 ml/min, interquartile
range: 1439–3666 ml/min), and tGFR_3c ranged from 328 ml/
min to 5571 ml/min (median 1569, interquartile range: 996–
2700 ml/min).

Comparison of sinistrin clearance and tGFR versus
endogenous filtration markers and eGFR
Sinistrin clearance and tGFR were compared against the
endogenous filtration markers creatinine and urea
(Figure 1a). In relation to both markers, the tGFR consis-
tently showed higher values, compared to the mGFR, with
increasing discrepancy in rats with the highest creatinine and
urea levels, as illustrated by the local regression lines
(Figure 1a). This increasing divergence is also shown in a
side-to-side comparison of the tGFR to the eGFR in the
tGFR cohort, as illustrated by linear regression on the log-
transformed values (Figure 1b; slope of regression line
calculated with ordinary least-squared regression 0.59 for
the tGFR_1c and 0.60 for the tGFR_3c), and a difference
plot on a normal scale (Figure 1b). On average, the eGFR
was lower than the tGFR_1c (mean difference, 855 ml/min)
and the tGFR_3c (mean difference, 216 ml/min). Compa-
rable precision was achieved with the tGFR_1c (R2 ¼ 0.68)
and the tGFR_3c (R2 ¼ 0.70). Furthermore, only 20% of the
eGFR values were within 30% of the tGFR_1c values (P30 ¼
20%), and 47% were within 30% of the tGFR_3c values
(P30 ¼ 47%; Table 2).
Kidney International (2024) 105, 1212–1220



Figure 1 | (a) Scatter plots comparing endogenous filtration markers (creatinine, urea) with measured (m) glomerular filtration rate
(GFR), measured by urinary sinistrin clearance and by transcutaneous fluorescein isothiocyanate-labeled sinistrin (FITC-S; (tGFR) using
the 1-compartment model (tGFR_1c) or the 3-compartment model (tGFR_3c). Data and regression lines from the mGFR cohort are
depicted in black; those from the tGFR cohort are shown in blue (tGFR_1c) and red (tGFR_3c). The y-axes show mGFR and tGFR; the x-axes
show plasma creatinine (mmol/l; left panel) and plasma urea (mmol/l; right panel). The lines are smoothed regression lines calculated with
locally estimated scatterplot smoothing (LOESS). (b) Comparison between tGFR_1c (blue), tGFR_3c (red), and the estimated GFR (eGFR; black).
The left panel shows a direct log-log comparison between eGFR (ml/min; x-axis) and tGFR (ml/min; y-axis), the line of identity (black solid line),
and a regression lined calculated with ordinary least-squared regression (red or blue solid line). The right panel shows a difference plot of
tGFR – eGFR, with the difference given on the y-axis, and the mean of eGFR and tGFR given on the x-axis. The lines were calculated using
quantile regression (dashed lines represent the 2.5% and 97.5% quantile, respectively; the solid line represents the 50% quantile; blue
indicates data for the tGFR 1-compartment method; red indicates data for the tGFR 3-compartment method).
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A difference between tGFR and eGFR may be affected by
measurement errors of the mGFR upon which the eGFR is
based. Theoretically, the use of anesthesia during the assess-
ment of mGFR may depress GFR and thereby introduce a
biased estimate. To evaluate whether anesthesia may have
affected the GFR during mGFR measurement, we compared
the plasma creatinine level at the beginning (approximately 10
to 20 minutes after induction of anesthesia) to the plasma
creatinine level at the end of the experiment (approximately
1.5–2 hours after induction of anesthesia). On average, we
observed no significant change in creatinine level between
Kidney International (2024) 105, 1212–1220
these 2 time points (mean increase, 0.61 mmol/l, paired t test
P ¼ 0.16; Supplementary Figure S1).

Next, we evaluated the ability of tGFR and eGFR to
discriminate between the diseased (n ¼ 84) and the control
animals (n ¼ 43) in simultaneous measurements (n ¼ 127;
tGFR cohort). Although both had excellent discriminative
ability to identify diseased from healthy animals, the eGFR
displayed complete separation, whereas both the tGFR_1c and
tGFR_3c had overlapping distribution curves (Figure 2).
Furthermore, the eGFR had a larger difference in means be-
tween the diseased and control groups (831 ml/min vs. 3341
1215



Table 2 | Comparison of the tGFR, 1-compartment method (tGFR_1c), and the tGFR, 3-compartment method (tGFR_3c), against
eGFR as a reference method

Method

Bias Precision Accuracy

MPE, ml/min R2 RMSE, ml/min MAPE P15 P30

tGFR_1c 855 (698–1007) 0.68 (0.53–0.76) 1221 (1020–1440) 100 (79–123) 13 (6–19) 20 (13–27)
tGFR_3c 216 (91–332) 0.70 (0.59–0.76) 735 (625–852) 50 (34–68) 24 (17–31) 47 (39–56)

CI, confidence interval; eGFR, estimated glomerular filtration rate; MAPE, mean absolute percentage error; MPE, mean prediction error; P15, P30, percentage of points that fall
within 15% and 30%, respectively, of the outcome; R2, R2 value calculated with linear regression; RMSE, root mean squared error; tGFR, transcutaneous glomerular filtration
rate.
95% CIs are given in parentheses; these were calculated with bootstrap (1000�) using the normal confidence interval.
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ml/min; Cohen’s d, –5.64 [95% CI: –6.43; –4.86]) than with
the tGFR_1c (1635 ml/min vs. 4293 ml/min; Cohen’s d, –3.18
[95% CI: –3.71; –2.64]) and tGFR_3c (1251 vs. 3171 ml/min;
Cohen’s d, –3.1 [95% CI: –3.63; –2.57]; Figure 2). In control
rats, some tGFR measurements were >5000 ml/min. Such
high values were not observed with eGFR (or mGFR).

Dosing curves
To investigate the discrepancy between tGFR and eGFR, we
analyzed the raw data of transcutaneous FITC-sinistrin in-
tensity. The plasma sinistrin concentration has been described
previously as a fast distribution phase followed by a log-linear
elimination phase (i.e., biphasic distribution),5 whereas in our
rat cohort, we observed 4 shapes of fluorescence intensity
(Figure 3a): monophasic elimination (n ¼ 54); biphasic
elimination (n ¼ 39); late-monophasic elimination (n ¼ 20;
log-linear elimination occurs after more than 60 minutes after
injection of the tracer); and an undefined shape (n ¼ 14).
First, we evaluated whether the curve shapes were associated
with disease status. The biphasic curve shape had the most
control animals compared to the other shapes (Fisher exact
test P < 0.001). Next, we evaluated in which group the
discrepancy between tGFR and eGFR was the highest. A
significant difference was found between the relative differ-
ence between eGFR and tGFR_1c (log tGFR_1c/eGFR) and
eGFR and tGFR_3c (log tGFR_3c/eGFR) when comparing the
different shapes and when comparing controls and diseased
animals (Figure 3b; 2-way analysis of variance for factor curve
shape P < 0.001; for factor control/diseased P < 0.001 for
both tGFR_1c and tGFR_3c). In the post hoc analysis, the
smallest discrepancy was found in the biphasic group for both
tGFR_1c (post hoc analysis biphasic vs undefined, P ¼ 0.01;
biphasic vs. late monophasic, P ¼ 0.002; monophasic vs.
biphasic, P ¼ 0.03; all other combinations, P > 0.05) and
tGFR_3c (post hoc analysis biphasic vs. undefined, P ¼ 0.03;
biphasic vs. late monophasic, P < 0.001; monophasic vs. late
monophasic, P ¼ 0.02; all other combinations, P > 0.05).

DISCUSSION
Accurate assessment of kidney function is essential in animal
models used to study kidney disease. Although several
methods are available to assess GFR, large-scale comparison
among different methods to assess kidney function is lacking.
In this study, we compared tGFR calculated with the 1-
compartment model (tGFR_1c) and the 3-compartment
1216
model (tGFR_3c) with a new eGFR equation. Our findings
reveal a large discrepancy between eGFR and tGFR mea-
surements, with both tGFR models consistently providing
estimates higher than eGFR. Furthermore, this divergence
increased with declining GFR. The fact that the eGFR equa-
tion was developed and validated against the gold-standard
urinary sinistrin clearance in a large cohort of male rats
with varying degrees of kidney disease raises concern that the
tGFR may overestimate GFR systematically, especially in
diseased animals.

Previous studies have focused on validation and resolution
of technical challenges associated with tGFR. In the original
paper, the tGFR_1c was developed in 20 healthy rats and
validated by simultaneous enzymatic and fluorometric mea-
surement of FITC-S in 7 healthy rats and 38 diseased rats.
Although the tGFR provided unbiased results, compared to
enzymatic sinistrin clearance, the enzymatic sinistrin clearance
was calculated using the same fixed estimate of the volume of
distribution and is therefore a validation of the half-life of
sinistrin rather than GFR.5 Furthermore, no measure of ac-
curacy, such as the P30, was calculated. A 3-compartment
model (tGFR_3c) also was published, which did not vastly
improve estimation of half-life on its own, but allowed for both
a modulated baseline correction that improved accuracy and
an improved estimate of the volume of distribution.17 This
correction is needed, as the baseline fluorescence signal shifts
after injection, compared to the initial baseline value before
injection, which is attributed to photo-bleaching of the rat skin
or the effects of the attachment of the device to the rat.17 The
tGFR_3c was shown to be unbiased in 11 healthy animals
against transcutaneous FITC-s clearance measured by contin-
uous infusion, although no measure for accuracy, such as the
P30, was calculated. In another study, the 1-compartment
model was evaluated in simultaneous measurements,
compared to an magnetic resonance imaging–based estimate of
GFR, and tGFR_1c was found to be significantly higher than
the magnetic resonance imaging values.31 We add to these
observations that in a large retrospective cohort of healthy and
diseased rats, a high level of bias and imprecision occurs for
tGFR versus eGFR, which increases with worsening GFR. The
tGFR_3c had better agreement with the eGFR, compared to
the tGFR_1c, due to a substantial decrease in bias, whereas
precision remained the same. Furthermore, qualitative assess-
ment of the intensity curves revealed varying shapes, often
without a clear log-linear elimination phase, making an
Kidney International (2024) 105, 1212–1220
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assessment of an accurate half-life problematic. The mea-
surements with the least bias, compared to the eGFR, were
those for rats with a biphasic intensity curve, the shape that
is described in the original paper, but this was found in a
minority of rats in our cohort.

Several explanations for the discrepancy between the
tGFR and the eGFR are possibilities. These explanations
include measurement errors in mGFR, on which the eGFR
is based, situations that may bias the eGFR, and mea-
surement errors in the tGFR. The mGFR is measured in
fully anesthetized animals, which may have affected the
GFR (see the following paragraph), and therefore the
eGFR. Although the eGFR was developed and shown to be
accurate in a large cohort with different strains and disease
models, it may have been affected by varying muscle mass
of the animals, as is the case with creatinine-based equa-
tions in humans. We did not, however, include disease
models that are associated with severe sarcopenia. Tech-
nical aspects of the transcutaneous measurements may
have impacted our results. Fluorophores with an emission
wavelength shorter than 600 nm, such as FITC, can
encounter background autofluorescence of surrounding
tissue, which impacts the accuracy of the measurement.18

Background autofluorescence can be decreased by
providing a minimum distance between light emitting
diode (LED) and photodiode (PD),32 although this is
challenging in small animals. In addition, FITC is not an
ideal fluorophore, as the penetration depth is limited.33

This combination of high background, the required dis-
tance between the LED and PD, in combination with the
limited penetration depth of FITC, may result in inaccu-
rate measurements. Another difficulty in interpreting the
tGFR is the fact that the volume of distribution of sinis-
trin, which is known to be equal to total extracellular
water, is set for all rats of varying shapes, sizes, and strains
when calculating the tGFR.5,34 Different rat strains, age,
weight, and disease models, however, have a wide range of
actual volumes of distribution, which can greatly affect
GFR measurement. This impact is illustrated further by
the large difference between the tGFR_1c and the
tGFR_3c, which is explained mostly by a different estimate
of the volume of distribution. In addition, the tGFR was
developed in healthy rats only and assumes that the ratio
between half-life and GFR is the same in healthy and
diseased rats. This assumption may introduce bias when
this is not the case—for example, if the speed of exchange
differs among the different compartments, or the volume
of distribution differs between healthy and diseased rats.
In humans, the volume of distribution has been observed
to have a profound effect on the measurement of GFR,
even when using single-bolus techniques with plasma
sampling, especially in patients with chronic kidney dis-
ease and edematous states.35 In the rats that we used, the
disease models included 5 of 6 nephrectomy and high-salt
diets, which may have affected the volume of distribution
and therefore the tGFR.19 Finally, bolus administration of
1217



Figure 3 | (a) Examples of typical shapes of intensity curves with time in minutes on the x-axis, and signal on a log scale on the y-axis.
The upper left panel shows monophasic elimination; the upper right panel shows biphasic elimination; the lower left panel shows late-
monophasic elimination; and the lower right panel shows an undefined shape. The red line represents an ordinary least-squares regression line
in the log-linear phase of the curve identified by eyeballing. (b) Association between curve shape with disease status and the difference
between transcutaneous glomerular filtration rate (tGFR) – estimated glomerular filtration rate (eGFR). Boxplots comparing the log difference
between tGFR, 1-compartment (tGFR_1c) – eGFR (left panel) and tGFR, 3-compartment (tGFR_3c) – eGFR (right panel) per curve shape, with
open circles and crosses identifying whether the rat was in the control (open circle) or diseased group (cross). The log difference is a symmetric
measure of the relative difference between tGFR – eGFR calculated as log (tGFR/eGFR); a log difference of 0 (indicated by the dotted line)
indicates that eGFR and tGFR are equivalent. Differences between groups were compared with 2-way analysis of variance with factors curve
shape and control versus diseased; significance is indicated as * P < 0.05, **P < 0.01, and ***P < 0.001.
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an exogenous tracer can result inadvertently in some extra-
vascular administration, resulting in inappropriately high
GFR measurements. This result was sometimes observed in
control rats, but of course, it also could have occurred in
diseased rats and thereby have contributed to the observed
overlap.

This study has some shortcomings. Apoint to note is that the
measurements of sinistrin clearance (mGFR), transcutaneous
FITC-S clearance (tGFR), and plasma creatinine/urea for the
calculation of eGFR were performed under different circum-
stances, whichmay have influenced our results. ThemGFRwas
measured under isoflurane anesthesia, whereas the tGFR was
measured in fully conscious animals. Theoretically, isoflurane
mayhave caused depression ofGFRby generalized hypotension
and/or renal vasoconstriction. However, the mean arterial
blood pressure was within the range of GFR autoregulation
(80–160 mm Hg). An effect of isoflurane on GFR has never
been reported in rats. One study reported that rats with halo-
thane anesthesia had a reduced GFR (20% reduction).
compared to that in conscious rats.36 However, in humans,
halothane has a much more profound effect on GFR than does
isoflurane,37 which suggests that the effect of isoflurane onGFR
in rats most likely is minimal. If a decrease in GFR were to have
occurred during anesthesia, this would have resulted in an in-
crease in serum creatinine during the measurement of urinary
sinistrin clearance, whichwe did not observe. Furthermore, the
time between tGFR measurement and eGFR calculation may
have influenced the results, if GFR substantially decreased in-
between measurements (median 6 days). However, we
included only chronic kidney disease models, in which such a
dramatic decrease is not expected. In addition, we did not
directly compare tGFR to the gold-standard mGFR, but rather
to eGFR, which itself is an estimate. However, the clear bias and
imprecision we observed are far greater than the bias and
imprecision we saw in the validation study of the eGFR, and
therefore, they are more likely caused by true disagreement
between tGFR and mGFR than by inaccuracy of the eGFR
equation. Furthermore, due to the retrospective nature of this
study, we could not assess repeated measurements of tGFR and
eGFR over time, which might have provided information on
the variability of tGFR and eGFRmeasurements during disease
progression. Additionally, we observed the discrepancy be-
tween tGFR and eGFR only during basal levels of kidney
function. Future studies may address whether this discrepancy
persists during physiological challenges, such as reflex activa-
tion of the baroreceptors or the somatosensory system.38

Finally, we evaluated the tGFR in only male Sprague-Dawley
rats in which chronic kidney disease was induced surgically;
whether the divergence between eGFR and tGFR also is
apparent in female rats or other strains and/ or models is not
clear.

The disagreement between tGFR and eGFR does not
exclude the technique of transcutaneous kidney function
measurements, and the repeated measurements of kidney
function that this technique enables remain promising. Using
different fluorophores, potentially in the near-infrared
Kidney International (2024) 105, 1212–1220
spectrum (650–900 nm), might solve some of the technical
challenges encountered with FITC-S.16 Further resolution of
possible inaccuracy can be provided by directly comparing
tGFR to the urinary clearance of other exogenous markers,
such as iohexol or (FITC-)sinistrin, as currently, the tGFR has
been validated against only transcutaneous plasma clearance
with continuous infusion, in small groups of healthy rats17

and mice.39 To compare tGFR with urinary FITC-S clear-
ance in a large and diverse group of healthy and diseased rats,
one could combine a single tGFR measurement with a
continuous infusion and calculation of urinary FITC-S
clearance in experiments in rats that use tGFR. Ideally, both
the single tGFR measurement and the urinary FITC-S clear-
ance should be performed under the same anesthetic
regimen. The results of these papers also have implications for
the use of tGFR in humans, as the fluorescent tracer MB-102
currently is being evaluated in a clinical trial in patients.
Important considerations are the evaluation of the volume of
distribution in different chronic kidney disease stages, and
appropriate validation against a measure of mGFR, preferably
against reliable measures of GFR, such as urinary clearance of
an exogenous solute or plasma clearance with frequent
sampling in the distribution phase.

In conclusion, this study shows that severe disagreement is
present between GFR measured by transcutaneous FITC-S
and eGFR. This inconsistency stresses the need for more-
rigorous validation of the tGFR and, possibly, adjustments
to the underlying technique.
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