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ABSTRACT
the recently discovered selective glomerular hypofiltration syndromes have increased interest in the 
actual elimination of molecules in the human kidney. in the present study, a novel human model was 
introduced to directly measure the single-pass renal elimination of molecules of increasing size. Plasma 
concentrations of urea, creatinine, c-peptide, insulin, pro-BNP, β2-microglobulin, cystatin c, troponin-t, 
orosomucoid, albumin, and igG were analysed in arterial and renal venous blood from 45 patients 
undergoing transcatheter aortic Valve implantation (taVi). the renal elimination ratio (ReR) was 
calculated as the arteriovenous concentration difference divided by the arterial concentration. estimated 
glomerular filtration rate (eGFR) was calculated by the cKD-ePi equations for both creatinine and 
cystatin c. creatinine (0.11 kDa) showed the highest ReR (21.0 ± 6.3%). With increasing molecular size, the 
ReR gradually decreased, where the ReR of cystatin c (13 kDa) was 14.4 ± 5.3% and troponin-t (36 kDa) 
was 11.3 ± 4.6%. the renal elimination threshold was found between 36 and 44 kDa as the ReR of 
orosomucoid (44 kDa) was −0.2 ± 4.7%. the ReR of creatinine and cystatin c showed a significant and 
moderate positive linear relationship with eGFR (r = 0.48 and 0.40). in conclusion, a novel human model 
was employed to demonstrate a decline in renal elimination with increasing molecular size. Moreover, 
ReRs of creatinine and cystatin c were found to correlate with eGFR, suggesting the potential of this 
model to study selective glomerular hypofiltration syndromes.

Introduction

It is generally assumed that human plasma proteins smaller 
than approximately 30 kDa are principally excreted by glo-
merular filtration, but the evidence for this is almost entirely 
based on animal experiments [1, 2]. Due to this assumption, 
glomerular filtration rate (GFR, ‘renal function’) in clinical 
practice is commonly estimated using both cystatin C-based 
and creatinine-based GFR-estimating equations [2, 3]. The 
concomitant use of cystatin C (13 kDa) and creatinine 
(0.11 kDa) for estimating GFR, generating eGFRcystatin C and 
eGFRcreatinine values, facilitated the discovery of selective glo-
merular hypofiltration syndromes [2, 4], including Shrunken 
Pore Syndrome (SPS) [5, 6] and Elongated Pore Syndrome 
(EPS) [7]. Such syndromes, characterised by an eGFRcystatin 

C/eGFRcreatinine-ratio significantly below 1 [2, 4–7] are associ-
ated with a strong increase in mortality [5, 6, 8, 9] and indi-
cate a hypofiltration of molecules in the size range of 
5–30 kDa compared with the filtration of smaller molecules 
(< 1 kDa) [2, 4–7].

The renal elimination ratio (RER) is a measure of the 
relative concentration decrease of a substance from arterial 
to renal venous blood. Physiologically, RER constitutes the 
net single-pass elimination of the substance through the 
kidney, regardless of the specific mechanism involved, be it 
glomerular filtration or tubular handling.

Hypothetically, a decreased glomerular filtration of a sub-
stance would result in a lower RER of that substance, but, 
due to the low number of measurements of RER in humans, 
it has not been possible to demonstrate either a relation 
between RER and molecular size or an association between 
RER and GFR [10–12]. The purpose of this study was to 
develop a novel human model that facilitates a more exten-
sive and in-depth examination of renal clearance of 
diverse-sized molecules, encompassing proteins, within a 
patient population characterised by heterogeneous renal 
function. If it holds true that RER is size-selective and that 
there is a relationship between RER and GFR, such a model 
would permit a more careful characterisation of selective 
glomerular hypofiltration syndromes.
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Methods

This was a prospective study performed by gathering data 
and blood samples from patients undergoing an elective 
Transcatheter Aortic Valve Implantation (TAVI) procedure 
for aortic stenosis at Skåne University Hospital in Lund, 
Sweden, between December 2021 and June 2022. The cohort 
consisted of high- to intermediate-risk patients who were 
elderly and often burdened by comorbidities such as hyper-
tension, peripheral vascular disease, diabetes, and chronic 
obstructive pulmonary disease (Table 1) [13–16].

Intervention

The preprocedural computed tomography (CT) for the TAVI 
procedure was used to determine the inflow of the renal 

veins in the inferior vena cava (Figure 1). A control blood 
sample for measurement of serum creatinine, cystatin C, and 
determination of eGFR was collected from a peripheral 
venous cannula before the procedure. Routine vascular access 
for the TAVI procedure was acquired by ultrasound-guided 
micro-puncture technique on both the femoral vein and 
artery. Standard TAVI access was maintained with a 6 Fr 
introducer in one femoral vein and artery, as well as a large 
bore access for the TAVI device on the contralateral femoral 
artery. At this point, the patient received an injection with 
5000–15000 IU of intravenous heparin to achieve an activated 
clotting time (ACT) above 250 s. Through the venous intro-
ducer, a 100 cm long 5 Fr SIM 1 catheter (Cordis Corporation, 
Hialeah, FL, USA) was advanced cervically into the inferior 
vena cava with the help of a guidewire under fluoroscopic 
guidance, passing the proposed exit of the renal veins using 
the lumbar vertebrae and liver as anatomical reference. After 
that, the catheter was retracted caudally until its tip was 
lodged in the renal vein (Figure 1). When necessary and if 
the patient’s renal function was not compromised, correct tip 
placement was verified by administering 3–4 mL of intrave-
nous contrast (Visipaque, GE Healthcare AS, Oslo, Norway). 
With the catheter tip in the renal vein, a blood sample of 
20 mL was aspirated slowly, taking care not to exceed the 
estimated flow rate of approximately 10 mL/s in the renal 
vein. Simultaneously, a 20 mL sample was drawn from the 
introducer in the femoral artery. After the sampling was com-
pleted, the patient underwent the procedure as planned.

The blood samples were transferred to designated test 
tubes, either Li-heparin or serum tubes, centrifugated for 
10 min at 2200 G, and analysed in the clinical chemistry 
laboratory at the hospital for the plasma concentration of 
the following substances in the order of molecular 
mass  (kDa): Urea, creatinine, C-peptide, insulin, pro-BNP, 
β2-microglobulin, cystatin C, troponin-T, orosomucoid, 
albumin, and IgG. C-peptide and insulin were added to the 

Table 1. demographics and baseline renal function for the study cohort.

Mean/no (Sd/%) interval (min-max)

Male gender 26 (57.8%)
age (years) 82.0 (5.5) 70–95
Height (cm) 169.8 (8.5) 153–187
Weight (kg) 76.6 (13.4) 46–110
Hypertension 34 (75.6%)
diabetes 10 (22.2%)
coPd 6 (13.3%)
Previous stroke 6 (13.3%)
Peripheral arterial disease 5 (11.1%)
atrial fibrillation 18 (40%)
Pre-op creatinine (µmol/l) 89.6 (38.7) 38–241
Pre-op cystatin c (mg/l) 1.5 (0.6) 0.9–3.5
cKd-ePi egfr creatinine  

(ml/min/1.73 m2)
71.5 (20.0) 23–107

cKd-ePi egfr cystatin c  
(ml/min/1.73 m2)

47.1 (17.2) 13–89

cKd-ePi egfr cystatin c/creatinine 
(ml/min/1.73 m2)

59.6 (19.4) 18–95

Sd = Standard deviation. coPd = chronic obstructive Pulmonary disease. 
cKd-ePi egfr = estimated glomerular filtration rate according to the chronic 
Kidney disease epidemiology collaboration.

Figure 1. the left picture shows a pre-procedural ct with a – inferior vena cava, b – left renal vein, c – liver, d – right atrium. the right picture shows fluo-
roscopy during the procedure with a – inferior vena cava with sampling catheter, b – right renal vein with contrast injection to verify the correct sampling 
location.
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panel mid-study, while measuring troponin-T was discontin-
ued at the laboratory at the end of this study.

Plasma concentrations of the substances above were mea-
sured using automated on either the Atellica® (Siemens 
Healthineers, Erlangen, Germany) or the Cobas Pro® (Roche 
Diagnostics GmbH, Mannheim, Germany) according to the 
manufacturer’s instructions. Urea and creatinine were mea-
sured using enzymatic colorimetric assays, C-peptide and 
insulin with immunometric sandwich procedures using elec-
trochemiluminescence detection technology, pro-BNP by a 
sandwich immunoassay using chemiluminescence, β2- 
microglobulin with immunonephelometry, troponin-T with 
an immunometric sandwich procedure using chemilumi-
nometry detection technology, orosomucoid by an antise-
rum binding assay and nephelometric detection, albumin 
using a bromocresol binding assay and fluorometric detec-
tion, and IgG with an immunoassay and nephelometric 
detection. The plasma concentration of cystatin C was 
determined by an automated particle-based immunoassay, 
adjusted to the international reference preparation ERM-DA 
471/IFCC.

Estimated GFR was calculated with the 2021 version of the 
CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) 
equation using both creatinine and cystatin C [3].

The renal extraction ratio (RER) is defined as the differ-
ence between arterial and venous plasma concentration in 
relation to the arterial plasma concentration.

 RER
c c

c

a v

a

=
−( ) 

Data capture and outlier analysis

We used the REDCap software (Research Electronic Data 
Capture) hosted at Lund University, Lund, Sweden for data 
capture. Outliers were identified by undertaking a manual 
verification of the data file, excluding data points that met 
either of the following criteria: First, if arterial or venous 
test results fell below the detection limit of the test, and/or 
if test results suggested an abnormal production of a sub-
stance in the kidney, indicating that samples had been 
incorrectly labelled or analysed. All participants gave 
informed consent, both oral and written, before inclusion in 

this study. The study was conducted according to the guide-
lines of the Helsinki Declaration and was approved by the 
Swedish Ethical Review Authority (approval number 
2021-03618 with amendment 2022-04433-02).

Statistical analysis

A comparison of groups was performed with the student’s 
t-test if normally distributed. Otherwise, a Wilcoxon 
signed-rank test was performed. No adjustments were made 
for multiple comparisons. Correlation between outcome 
variables was tested with univariable regression, and correla-
tion was presented as r-values. Statistical analyses were made 
with Statistica® ver. 14 (TIBCO Software, Palo Alto, CA).

Results

Fifty-three patients were initially recruited for this study. 
Patient characteristics and laboratory test results were repre-
sentative of an intermediate- and high-risk TAVI population 
with a mean age of 82 years (range 80–95) and with an eGFR 
mean of 59.6 mL/min/1.73 m2 (range 18–95) (Table 1). For 
eight patients, we were either unable to selectively catheterize 
the renal vein or had missing data points due to a handling 
failure at the laboratory (Table 2), leaving a total of 45 patients 
(21 from left and 24 from right kidney) for final analysis. No 
complications due to renal vein sampling occurred.

Compared to the RER of creatinine (21.0 ± 6.3%), all the 
other molecules had a significantly lower RER (Table 2, 
Figure 2). In the size range of 3–8.5 kDa, an RER plateau of 
approximately 18% was seen. β2-microglobulin (12 kDa) and 
cystatin C (13 kDa) showed an RER of around 14%. The 
RER of troponin-T (36 kDa) was 11%. There was no renal 
elimination in the size range of 44–150 kDa (orosomucoid, 
albumin, and IgG). Albumin showed a small, but significant, 
concentration increase of 1.7%. The RER of the smallest 
molecule, urea (0.06 kDa), was 5.3 ± 0.8%.

Lower eGFR was associated with a lower RER of creati-
nine and cystatin C. The linear relationships between RER 
of creatinine and cystatin C and eGFR were moderate 
(r = 0.48, p < 0.001 and r = 0.40, p = 0.006, respectively) 
(Figures 3 and 4). This yields an r2-values of 0.23 for cre-
atinine and 0.16 for cystatin C, meaning that eGFR accounts 
for only 23% and 16% of the variation of RERcreatinine and 

Table 2. Measurement results for analytes.

analyte
MW 

(kda) n
arterial conc. Median 

(iQr) p-value*
venous conc. Median 

(iQr) rer Mean ± Std p-value**

urea (mmol/l) 0.06 44 5.9 (5–8) <0.001 5.6 (5–8) 5.3% ± 3.3% <0.001
creatinine (µmol/l) 0.11 45 78.0 (59–96) <0.001 60.0 (48–81) 21.0% ± 6.3% ref
c-peptide (mmol/l) 3.0 23 1.0 (0.8–1.2) <0.001 0.8 (0.6–1.1) 17.8% ± 4.6% 0.009
insulin (mie/l) 5.8 24 6.0 (5–12) <0.001 5.0 (3–8) 17.8% ± 4.6% 0.010
pro-bnP (ng/l) 8.5 44 1411 (535–2513) <0.001 1119 (451–2057) 18.0% ± 6.0% <0.001
β2-microglobulin (mg/l) 12 45 2.6 (2.1–3.3) <0.001 2.2 (1.9–2.8) 14.1% ± 10.9% <0.001
cystatin c (mg/l) 13 45 1.2 (1.0–1.5) <0.001 1.0 (0.9–1.3) 14.4% ± 5.3% <0.001
troponin-t (ng/l) 36 38 23 (18–36) <0.001 21 (15–33) 11.3% ± 4.6% <0.001
orosomucoid (g/l) 44 45 0.7 (0.6–0.9) 0.441 0.7 (0.6–0.9) −0.2% ± 4.7% <0.001
albumin (g/l) 66 45 32 (31–34) 0.042 33 (31–35) −1.7% ± 3.7% <0.001
igg (g/l) 150 45 9.0 (7–11) 0.495 9.4 (7–11) −0.6% ± 5.3% <0.001

arterial and venous concentrations are presented on the same row. *comparisons between arterial and venous concentrations **comparisons with rer for cre-
atinine. rer = renal elimination ratio. MW = Molecular Weight.
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RERcystatin C, respectively. For all the other analytes, no sig-
nificant relationship between RER and eGFR was found 
except for pro-BNP (r = 0.33, p = 0.026).

There was an association between the RER-values of creati-
nine and cystatin C in the patient cohort, as indicated by a mod-
erate positive linear relationship (r = 0.69, p < 0.001) (Figure 5).

Discussion

The main finding of the present study was that the 
single-pass renal elimination of proteins showed a clear ten-
dency to decrease as the size of the proteins increased until 

a threshold was reached between 36 and 44 kDa, where the 
elimination ceased (Figure 2).

It is essential to acknowledge that RER is a measure of 
net renal elimination and by no means exclusive to glomer-
ular filtration. However, for a substance that is freely fil-
tered—and neither absorbed nor secreted in the tubular 
cells—the RER should be similar to the filtration fraction, 
which is known to be 20% [10]. Therefore, the RER of cre-
atinine (21%) in the present study validates the findings. 
This result also is corroborated by others [11, 12]. As for 
cystatin C, which has no tubular interaction with plasma 

Figure 2. renal elimination ratio (rer) of 11 measured molecules ordered in size from smallest (left) to largest (right). the X-axis on top gives molecular mass 
in kda. β2-Mg = β2-microglobulin. Whiskers indicate 95% ci of the mean.

Figure 3. renal elimination ratio (rer, y-axis) for creatinine vs estimated glo-
merular filtration rate (egfr, X-axis) calculated using the cKd-ePi (chronic 
Kidney disease epidemiology collaboration) equation. the red line indicates 
the correlation (r = 0.48, p < 0.001) with 95% ci.

Figure 4. renal elimination ratio (rer, y-axis) for cystatin c vs estimated glo-
merular filtration rate (egfr, X-axis) calculated using the cKd-ePi (chronic 
Kidney disease epidemiology collaboration) equation. the red line indicates 
the correlation (r = 0.40, p = 0.006) with 95% ci.
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and has a simulated glomerular sieving coefficient of 
84% [7], an RER-value of 14.4% seems realistic.

In terms of molecular size, an elimination threshold was 
found between 36 and 44 KDa in the present study. To our 
knowledge, this has not been reported previously in a 
human model. This finding agrees with the speculated 
molecular size cut-off for glomerular filtration of 30–50 kDa 
[17–19]. However, it needs to be remembered that glomer-
ular sieving is not only determined by molecular size but 
also by other factors such as molecular charge and configu-
ration [20, 21]. The RER-value for a substance presented in 
this study, may therefore not be directly translatable to other 
substances of similar size.

Another interesting finding was that only RER-values of 
creatinine (r = 0.48), cystatin C (r = 0.40), and pro-BNP 
(r = 0.33) showed a significant correlation with eGFR. The 
absence of a positive relationship between eGFR and RER 
of large proteins that are not eliminated by the kidneys is 
not surprising. The absence is more unexpected regarding, 
for example, β2-microglobulin, since it can function as a 
marker for GFR [5]. One explanation could be the rela-
tively wide distribution of RER of β2-microglobulin 
(14.1 ± 10.9%). This variability might partly originate from 
our sampling procedure, which involved drawing venous 
blood from only one kidney. Collection of venous blood 
from both kidneys would allow for the determination of a 
mean renal venous concentration, potentially leading to a 
narrower distribution of RER values and a stronger correla-
tion with eGFR. For analytes that undergo glomerular fil-
tration but also exhibit tubular reabsorption or secretion, 
the association between RER and GFR is anticipated to be 
less clear. The most obvious example here is urea, which is 
well-known to undergo extensive tubular reabsorption [22]. 
Also, in the setting of low GFR, creatinine exhibits an 
increased tubular secretion [23]. The comparison of RER 
and eGFR can be challenging due to fundamental differ-
ences in their underlying data and measurement approaches. 
RER represents raw plasma concentration values, while 
eGFR is a transformed value that incorporates various 

factors beyond plasma concentration, including age and sex. 
Additionally, eGFR is derived from measured GFR, which 
is estimated over a specified period. In contrast, RER, by its 
nature, provides a momentary assessment of renal function. 
Taken together, a stronger correlation between RER and 
eGFR probably is not to be expected and not necessary for 
the purpose of this study. RER was not introduced as a 
measure of GFR. A direct proof of selective hypofiltration 
would ideally be to demonstrate a decreased concentration 
of 5–30 kDa proteins in the ultrafiltrate of Bowman´s cap-
sule. This is, however, not possible in a human model. 
Instead, RER-data is suggested as a surrogate measure to 
corroborate size-selective renal hypofiltration as the etiol-
ogy to eGFR-ratios significantly below a threshold defining 
a hypofiltration syndrome.

There was a moderate positive correlation between RER 
for creatinine and cystatin C (r = 0.69). A stronger correla-
tion between two well-validated markers for GFR was 
expected. Part of the observed poor correlation is inevitably 
attributed to the imprecision of the analytical methods 
employed. According to our laboratory, the coefficients of 
variance for cystatin C, at plasma levels of around 1 and 
3 mg/L were 2.7% and 1.0%, respectively. Corresponding 
numbers for creatinine at 60 and 370 µmol/L were 2.0% and 
0.3%, respectively. Another more intriguing explanation 
could be found in the recently proposed hypofiltration syn-
dromes, such as SPS. As the pathophysiological explanation 
for SPS is thought to be a decreased renal ability to filtrate 
larger molecules with a relatively maintained ability to fil-
trate smaller molecules [5], this could hypothetically be 
measured as a widened gap between RER of creatinine and 
cystatin C among patients suffering from SPS and, therefore, 
a weakened pooled linear relation. The size of the present 
study, however, does not allow for analyses of subgroup dif-
ferences based on eGFR discrepancies.

The study has some inherent weaknesses and strengths. 
It is performed on a select patient population: Elderly peo-
ple with aortic stenosis and many with concomitant dis-
eases. Results may, therefore, not be generalisable to other 
populations. At the same time, the population had a wide 
range of renal function, where eGFR ranged between 
18–95 mL/min/1.73 m2, which provided an opportunity to 
investigate the effect of renal function on single-pass elimi-
nation. Utilizing routine clinical chemistry, 11 different mol-
ecules were analysed. More molecules would probably yield 
a higher resolution of elimination as a function of molecular 
size but would require a more specialized laboratory tech-
nology. We did not measure GFR, renal blood flow, diuresis, 
or urinary concentrations. These parameters could have pro-
vided a better understanding of the relationship between 
single-pass renal elimination and GFR.

Utilizing a human model, this study is novel in its design 
to demonstrate that renal elimination of molecules decreases 
with increasing molecular size, eventually ceasing between 
36 and 44 kDa. A positive linear relationship between the 
RER of creatinine and cystatin C and eGFR also is shown. 
The sampling of renal venous blood was safe and straight-
forward, and results could be generated utilizing routine 
clinical chemistry. The apparent variation of eGFR in the 

Figure 5. renal elimination ratio (rer, y-axis) of cystatin c vs renal elimina-
tion ratio (rer, X-axis) of creatinine. the red line indicates the correlation 
(r = 0.69, p < 0.001) with 95% ci.
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study cohort ought to permit future subgrouping based on 
renal function. The model’s potential as a tool for in-depth 
investigations of renal elimination in patients with and with-
out selective glomerular hypofiltration is evident.
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