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Abstract

BACKGROUND

Renal failure is an independent prognostic factor for survival in patients with cirrhosis.
Equations to calculate serum creatinine significantly overestimate the glomerular
filtration rate (GFR). Plasma clearance of direct biomarkers has been used to improve
the accuracy of evaluations of GFR in this population, but no study has simultaneously

measured plasma and urinary clearance (UCl), which is the gold standard.

AIM
This prospective pilot study calculated plasma and urinary concentrations of iohexol,
based on the kinetics of samples collected over 24 h from cirrhotic patients with three

different grades of ascites.

METHODS
One dose of iohexol (5 mL) was injected intravenously and plasma concentrations were
measured 11 times over 24 h in nine cirrhotic patients. The urinary concentration of

iohexol was also measured, in urine collected at 4, 8, 12, and 24 h.

RESULTS




The plasma and urinary curves of iohexol were similar; however, incomplete urinary

excretion was detected at 24 h. Within the estimated GFR limits of our population (> 30
and < 120 mL/min/1.73 m?), the median measured glomerular filtration rate (mGFR)
was 63.7 mL/min/1.73 m? (range: 41.3-111.3 mL/min/1.73 m?), which was an accurate
reflection of the actual GFR. Creatinine-based formulas for estimating GFR showed
significant bias and imprecision, while the Brochner-Mortensen (BM) equation

accurately estimated the mGFR (r = 0.93).

CONCLUSION

Our study suggests that plasma clearance of iohexol is useful for determining GFR
regardless of the ascites grade. The next step will be to devise a pharmacokinetics
model based on a larger cirrhotic cohort that requires fewer samples, to simplify the

mGFR estimate. The performance of the BM equation must also be confirmed.

INTRODUCTION

Impaired renal function is an independent prognostic factor in patients with cirrhosis,
particularly decompensated patients. In addition, chronic renal impairment after liver
transplantation (prevalence = 15%) is an independent predictor of mortality!'l. Serum
creatinine has been incorporated into the Model for End-stage Liver Disease (MELD) as
a prognostic factor. The MELD predicts mortality at 3 mo.
auidelines recommend double liver-kidney transplantation in cases where the
measured glomerular filtration rate (mGFR) is < 30 mL/min/1.73 m? [2. Accurate
evaluation of the GFR is essential to optimize the management of cirrhotic patients and
to identify those who should be prioritized for liver transplantation, and can also
inform the discussion of double liver-kidney transplantation/341.

Serum creatinine (SCr) and creatinine clearance, calculated sing equations such

as the Cockcroft and Gault, Modification of Diet in Renal Disease- 4 (MDRD-4), Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI), and MDRD-6 equations, tend




to overestimate the GFR of cirrhotic patients by approximately 23 + 23 mL /min/1.73 m?
156, particularly in cases of advanced liver disease. The cystatin C-based and combined
cystatin C and creatinine equations show promise but have not been validated in
cirrhotic patients. To date, no equation has shown efficiency for direct measurement of
GFR based on inulin, iohexol, or chromium-51 Labeled ethylenediaminetetraacetic acid
(°*!1Cr-EDTA), which are considered the gold standards in some liver transplantation
centers. lohexol has the advantages of being non-toxic (at the dose used to estimate the
GFR), filtered by the glomerulus, and not reabsorbed or secreted by the tubules; it is
also inexpensive compared to inulin and Cr-EDTA. However, only a few studies have
assessed iohexol in compensated and non-cirrhotic populations [7-91. Moreover, those
studies had several limitations, such as use of plasma samples only, or insufficient
samples or a small collection time window. Finally, no study has measured urinary

iohexol clearance (UCI), which remains the gold standard.

Study objectives

Our main aim was to determine the urinary and plasma concentrations of
iohexol in a pilot population of nine cirrhotic patients with different grades of ascites,
based on full pharmacokinetics (PK) profiles obtained over 24 h.

The secondary objectives were to assess whether 24 h was sufficient to recover
the entire administered dose from the urine, and to compare the plasma clearance of
iohexol among different GFR evaluation methods (CKD-EPI, MDRD-4 and 6, the Royal
Free Hospital [RFH] formula, and the Brochner-Mortensen [BM] formula). Finally, we
evaluated the influence of covariates on plasma iohexol clearance measurements,

particularly ascites.

MATERIALS AND METHODS

Patients and samples




Eligible patients were > 18 years old and had advanced liver disease with
different grades of ascites (three without ascites, three with grade I ascites, and three
with grade II or III ascites) and a potential indication for liver transplantation. The
inclusion and exclusion criteria are detailed in Supplemental Material 1. This study was
conducted in full compliance with the European and French guidelines of Good Clinical
Practice, the most up-to-date Declaration of Helsinki (Seoul 2008), and the International
Conference on Harmonization, Harmonized Tripartite Guideline for Good Clinical
Practice in the European Community. This study was approved by the Independent
Ethics Committee of Limoges and relevant authorities. All patients provided written
informed consent to participate in this study and have their blood samples analyzed.
This study was registered at EudraCT (2018- 002778- 35), and on ClinicalTrials.gov
(NCT03769597).

Eligible patients were screened during routine medical consultations in the
hepato-gastroenterology department of Limoges University Hospital ("V-1 visit").
Patients were given time to decide on whether they wanted to participate in the study
and, where applicable, consent was obtained. Whether patients met the inclusion and
exclusion criteria was checked during a second visit ("VO visit"). The inclusion of each
patient was finalized during the "V1 visit" at the Clinical Investigation Center of
Limoges. Clinical and biological data were collected before iohexol was injected.

Patients received a single 5 mL bolus of iohexol (Omnipaque®, 5 mL; GE
Healthcare, Chicago, IL, USA). Over the next 24 h, 11 blood samples were collected for
measurement of iohexol plasma concentrations at 15, 30, 60, and 90 min, and 2, 3, 4, 6, 8,
12, and 24 h. In addition, urine was collected at 4, 8, 12, and 24 h, and voiding volumes
were measured. Liquid consumption was quantified and 300 mL of water was provided
at 3 and 6 h. Liquids were provided by the attending physician according to the clinical
condition of the patients. Diuretics were systematically withdrawn during the urine
collections.

Iohexol was measured in serum and urine samples, using a sensitive and specific

method based on liquid chromatography coupled with tandem mass spectrometry, in




the Pharmacology Unit of the University Hospital of Limoges. The internal standard

was ioversol and the limit of quantification was 1 mg/L.

Statistical analysis

A non-compartmental analysis was performed using PKanalix (Lixoft, Antony,
France) to determine the plasma clearance of iohexol. Urinary clearance (UCI) was
measured using the formula U X V/P, where U is the urinary concentration, V is the
urinary output, and P is the plasma concentration of the marker. The mean
concentration of iohexol from three urine samples (collected between 0-4, 4-8, and 8-12
h) was used in the formula; the plasma concentration was measured in the middle of
each urine collection (2, 6, and 10 h). As no sample was available at 10 h, it was
calculated using the first-order process from samples taken at 8 and 12 h:
Cio=Csgxe™

with k being calculated using the same formula based on t8 and t12.

The reference iohexol clearance was analyzed using linear correlation and a
Bland-Altman plot. The relationships between covariates and the reference clearance
were studied using linear regression and a scatter plot (for continuous covariates) or the
Mann-Whitney test and boxplots (for categorical covariates). The covariates of interest
were the ascites grade, age, weight (at inclusion and 24 h), albumin, natriuresis,
diuretics (type and dose) and other drugs that could affect the GFR, and biological
markers of liver failure or portal hypertension (bilirubin, albumin, international

normalized ratio [INR], platelet count, Child-Pugh class, and MELD score).

RESULTS
Patients

Nine male patients were included in our study. Three other patients were
screened and signed the informed consent form at the VO visit, but subsequently

withdrew their consent. The characteristics of the nine patients are shown in Table 1.




Pharmacokinetics of the plasma and urinary iohexol concentrations

The results of non-compartmental analysis of iohexol blood concentrations and
the UCl results are presented in Table 2.

Overall, the plasma concentration decay was similar in all patients, with two
distinct phases: a rapid distribution phase (phase 1; first 2 h) and a slower phase (phase
2; elimination phase) (Figure 1). Iohexol was not detected in the plasma after 24 h,
which allowed us to extrapolate the area under the curve (AUC) for 0-24 h to AUC 0-c.

Cumulative urinary curves were similar, and showed the opposite pattern to the
plasma curves. However, the dose administered was not fully recovered from the urine
after 24 h; the volume collected varied from 60-90% of the dose injected (Figure 1).

Notably, iohexol was measured in the ascites of patient #1 at 24 h, who had
grade 2-3 ascites and needed paracentesis: a low concentration (14 mg/L) was
observed, suggesting negligible accumulation of iohexol in the ascites.

The median plasma and UCI iohexol concentrations over 24 h were 64 mL/min
(range: 41-111 mL/min) and 59 mL/min (range: mL/min ) respectively. Relative to the
body surface area of each patient, the median plasma clearance was 61 mL/min/1.73
m2 [32.104]

The Bland-Altman plots of the UCI by plasma clearance of iohexol are shown in
Figure 2. The correlation between UCI and iohexol plasma clearance was strong (r =
0.84). The mean + standard deviation (SD) difference between plasma clearance and

UCl was 3.46 £ 11.5 mL/min.

Comparison of iohexol-measured plasma clearance with other formulas estimating the
GFR

The Bland-Altman plots of the plasma clearance of iohexol according to the
creatinine-based equations, RFH equation, and BM equation are presented in Figure 2.
The BM formula produced the lowest mean * SD difference from the measured plasma

clearance of iohexol (-2.48/12.90 mL/min/1.73 m?).




The regression matrix and scatterplot for the plasma clearance and UCI of
iohexol, for the creatinine-based equations, RFH equation and BM equation, are
presented in Figure 3. A weak correlation was detected between plasma and urinary
iohexol clearance for the creatinine-based equations, while a strong correlation was

observed for the BM formula (r = 0.93).

Influence of covariates on iohexol plasma clearance

None of the clinically or biologically relevant covariates significantly affected the
measured plasma clearance of iohexol (Figure 4).

The distribution volume of iohexol estimated based on non-compartmental
analysis of the nine patients was compared according to the presence vs absence of
ascites (grade I vs. II/III vs. absence of ascites) (Supplemental Figure 1). A trend was

observed graphically, but there was no significant difference among the three groups

(Kruskal-Wallis, P = 0.8359).

DISCUSSION

This pilot study was the first to confirm the relevance of the plasma clearance of iohexol
in a cirrhotic population, by comparison with UCI (the gold standard). In addition, it
also confirmed the very low correlations between the estimates of creatinine-based
equations and the measured GFR, and the good performance of the BM equation in
cirrhotic patients.

Iohexol is a non-ionic contrast agent that is replaﬁing inulin as the marker of
choice for determining GFR. Iohexol is characterized by low extra-renal excretion and
weak protein binding, and is nejther secreted nor reabsorbed by the kidney. Moreover,
it is non-toxic and inexpensive. The safety of iohexol has been extensively studied and
confirmed in numerous studies. The doses of injected iohexol (5 or 10 mL) are more
than 20 times lower than those used for computed tomography (CT); the exclusion of

patients with known contrast medium reactions explains the reportedly high safety[10l.




We assessed both the plasma (11 samples/patient) and UCI (four separate
measurements) iohexol concentrations based on full PK profiles of a population of
cirrhotic patients with different ascites grades. Few data are available regarding the
utility of this biomarker for this population!®], and no study has validated the plasma
clearance of iohexol as a direct measure of GFR by comparison with UCI, which
remains the gold standard. Other methodological limitations of previous studies
included blood sample collection over only 5 h, plasma not being sampled before 1 h,
and lack of consideration of the third compartment (ascites) in which iohexol may
accumulate over time (except in one study, in which ascites samples were not available

after 4 h)Bl.

Urinary or plasma clearance of iohexol?

UCl is the most accurate method to determine the filtering capacity of the kidney,
particularly in patients presenting with ascites or voluminous edema. Ideally, urinary
samples should be collected every hour, with a plasma sample obtained in the middle
part of the measurement period. However, as this is very difficult in routine clinical
practice, we collected urine at 4-h intervals and extrapolated the plasma concentration
at 10 h. This may have led to imprecision in the iohexol UCl estimates, and could
partially explain the difference between the plasma clearance and UCL. In the future, we
will use a urometer in all patients given the difficulties of collecting urine.

Surprisingly, the total dose administered was not fully recovered in the urine at
24 h, regardless of ascites grade. Between 60% and 90% of the initial dose of iohexol was
eliminated from the urine, although only three patients achieved the 90% clearance rate
and none had an estimated GFR (eGFR) < 30 mL/min/1.73 m?at baseline.

Three hypotheses are proposed based on the iohexol urinary elimination curves. The
first is that iohexol is not a good marker to measure GFR. However, many studies have
shown that the plasma clearance of iohexol provides similar results to inulin and 5!Cr-

EDTA measurements(!12], except in patients with cirrhosis, and it is used as a reference




for measuring GFR. Additionally, measurements of plasma clearance of these
biomarkers are considered as accurate as UCI measurementsl10.13],

The second hypothesis is that the collection of samples over more than 48 h, i.e,,
until complete elimination of the iohexol in the urine, provides more accurate data,
although this is almost impossible in routine clinical practice. Most studies focusing on
the UCI of other markers, such as inulin and Cr-EDTA, demonstrated that systematic
urine collection is difficult and rarely complete, such that interpretations of the results
are prone to error. We had difficulty obtaining the entire urine output of patient #1, and
collected only approximately 60% of the initially injected dose of iohexol from this
patient’s urine at 24 h.

The third hypothesis is that iohexol is mainly stored in ascites or edema. Slack et
al Bl analyzed iohexol concentrations in the ascites and plasma of three patients. Iohexol
equilibrated between the blood and ascites compartments after 4 h, but blood and
ascites samples were not available beyond 4h, limiting the interpretability of their
results. Those authors also compared iohexol and Cr-EDTA plasma clearance, and
showed a very small difference (-1.3 mL/min/1.73 m?). Our study was not designed to
analyze iohexol in ascites, but we evaluated the ascites concentration of iohexol in one
patient with grade 2-3 ascites who had benefited from paracentesis, immediately after
collecting the plasma and urine samples at 24 h: iohexol was present, albeit at a low
concentration (14 mg/L), indicating that ascites was not the main storage location for
iohexol. A question raised by the present study is where is the iohexol stored in

decompensated cirrhosis patients?

Iohexol plasma clearance was significantly different between patients with and
without ascites. However, the distribution volume was not significantly affected by
ascites (Supplemental Figure 1) within the GFR range estimated in our patients (30-120
mL/min/1.73 m?). This supports the hypothesis that the difference in plasma iohexol
clearance observed between patients with and without ascites is attributable to a true

difference in renal function, as opposed to iohexol clearance measurement error.




A strength of this study was that we collected a large number of plasma samples,
allowing highly accurate plasma iohexol concentration curves to be constructed. The
decrease in plasma iohexol concentrations during phase 2 (elimination phase) followed
first-order elimination, and the amount of iohexol detected in blood at 24 h was at or
below the detection limit (1 ng/mL). Thus, the half-life of iohexol did not vary
significantly among ascites grades, or according to the presence or absence of ascites.
This result suggests that the characteristics of cirrhotic patients, such as ascites, have a
minor effect on iohexol clearance. The correlation coefficient between the complete
plasma clearance of iohexol and estimated UCI was strong (R? = 0.846). However, we
were unable to draw conclusions regarding GFR values < 30 or > 120 mL/min/1.73 m?,
as these were not measured in this study. High-precision evaluation of the GFR in this
range is useful, as patients with an eGFR < 30 mL/min/1.73 m? are considered as
candidates for immediate double transplantation!™.

We conclude that measurements of plasma clearance of iohexol are probably as
accurate (and less cumbersome and more feasible) as UCl measurements to estimate the
GFR in cirrhotic patients, with consideration of the limitations mentioned above.
Therefore, we used plasma clearance as a reference for GFR assessment based on the

comparisons conducted in this study.

Comparison of the association of plasma iohexol clearance with the eGFR according to
the various creatinine-based equations

The creatinine-based equations were not useful, with the possible exception of
the RHF formula; the correlation coefficients between the complete plasma clearance of
iohexol and GFR estimated by the serum creatinine-based formulas were small. The
coefficients ranged from 0.634 (for the CKD-EPI equation) to 0.684 (for the MDRD-6
equation), which agrees with literature data indicating that the MDRD-6 equation is
probably the most accuratel'>l. The MDRD-6 was proposed as the reference (by US
consensus guidelines) to identify candidates for simultaneous liver and kidney

transplantation'¥l. The RFH formula, which was introduced more recently'®], was the




most accurate creatinine-based equation for evaluating the GFR in our population (R2 =
0.841) but showed large variability (SD = 8.44/14.79 mL/min/1.73 m2. Moreover, the

RFH formula has not been widely validated.

Association of plasma iohexol clearance with the GFR obtained by the Brochner-
Mortensen equation

An unexpected result in our cirrhosis patients was the strong correlation between
the measured plasma clearance and GFR estimated by the BM equation!'’]; the
difference between the estimated and measured GFR was lowest for this equation, for
which dispersion on the Bland-Altman plot was also the smallest. The BM equation is
not affected by the initial rapid phase of plasma clearance of iohexol (< 1 h; distribution
phase). The BH equation requires fewer plasma samples (n = 4 in this study), which are
obtained during phase 2 (elimination), and provides accurate estimates of the GFR.

However, it has not been validated in terms of the third compartment (ascites).

Study E‘litations

The main limitation of this study was the small number of patients included.
However, this was a descriptive pilot study aiming to elucidate the behavior of iohexol
in the plasma and urine through full PK profiles (i.e., with early and late samples
obtained over a period of > least 24 h), as this has not been explored before in a cirrhotic
population. The small number of patients may also explain why variables known to
affect GFR were not significant (e.g. diuretic intake).

Patients with different ascites grades were recruited prospectively and
consecutively, but unfortunately, as all participants were males, there was a recruitment
bias with respect to gender. Although cirrhosis mainly affects men, women are equally
affected by overestimates of the GFR by serum creatinine-based formulas, particularly
during the pre-transplant period. Women have relatively low serum creatinine levels
and are therefore likely to be disadvantaged by graft allocation systems based on the

MELD score. As an illustration, after the MELD score was adopted to allocate liver




transplants, the proportion of male transplant recipients increased, and the waiting list
mortality rate for women was much higher than that for men. Women scored higher
when creatinine was replaced with the mGFR in the MELD scoring system. Therefore,
this is essential to ensure equal access to liver transplantation between genders(151519],

One patient had a maximum concentration of iohexol higher than that measured
at the end of perfusion (patient #7). This may have been due to the iodine injection that
this patient received for a CT scan 15 days previously. Thus, patients with severe
cirrhosis are likely to benefit from radiological examinations involving an iodine
injection that may interfere with iohexol plasma clearance.

Finally, no control group of healthy patients or patients without cirrhosis was
included in this study. However, two previous studies that compared the performance
of iohexol and inulin in terms of estimating plasma and renal clearance in healthy
subjects obtained comparable results. If we assume that 100 % of inulin is recovered in
the urine in a healthy population, and that renal clearance is the same using iohexol, we

can further assume that 100% of iohexol will be recovered[20.21],

Perspectives: routine use of iohexol plasma clearance in all patients

Obtaining a full PK profile remains difficult in clinical practice, as 11 plasma
samples are needed over 24 h. This can only be achieved in a small proportion of
patients with highly complex profiles, particularly before liver transplantation.
The next steps will be to investigate the performance of the BM equation in a larger
cohort of cirrhotic patients, and to construct a PK model for cirrhotic patients for

estimating iohexol plasma clearance based on a limited number of samples.

CONCLUSION

Accurate evaluation of GFR in cirrhotic patients is critical, but no formula or direct
measurement method was available until now.
Even though UCI is considered the gold standard, we showed that it requires

urine to be collected over more than 24 h, which is not feasible in practice.




Our study suggests that the plasma clearance of iohexol is more valuable for
determining the GFR in cirrhotic patients than UCI, and that specific patient
characteristics, such as ascites, have a minor effect on mGFR.

The next step will be to construct a PK model in a larger cirrhotic cohort that
requires fewer samples, to simplify the mGFR estimate. In addition, the validity of the

BM equation must be confirmed.

ARTICLE HIGHLIGHTS

Research background
To date, no method for measuring the glomerular filtration rate (GFR) based on either
creatinine or an exogenous marker, which is both reliable and applicable in clinical

practice in cirrhotic patients with different degrees of decompensation, is available.

Research motivation
We urgently need accurate methods to measure the GFR in cirrhotic patients, renal
failure being a key prognostic factor in decompensated cirrhosis, particularly in the pre

and post-transplant period.

Research objectives

Describing the complete pharmacokinetic study of iohexol in blood and urine as an
appropriate and inexpensive marker is essential to subsequently construct a

pharmacokinetics (PK) model from a limited number of samples.

Research methods
This pilot study included nine patients with different ascites grades, who received a
single 5 mL bolus of iohexol, with the collection of 11 blood samples and all the urine

volume (in 4 samples) over a period of 24 h.

Research results




Iohexol was almost no longer detected in plasma at 24 h that allowed us to extrapolate
the area under the curve (AUC) 0-24 h to AUC 0-c0.

The dose recovery in urines varied from 60 to 90% of the dose injected.

The correlation between urine clearance and iohexol plasma clearance was strong.

As expected, a very low correlation with the estimated GFR (eGFR) calculated by
creatinine-based equations was observed contrary to the Brochner-Mortensen (BM)

equation, which exhibited a high correlation.

Research conclusions

This study confirmed the relevance of the plasma clearance of iohexol in the cirrhotic
population.

It also suggests a high accuracy of the BM equation and confirms the low correlation

with eGFR estimated by creatinine-based equations.

Research perspectives

A future study based on a larger cohort of cirrhotic patients with different ascites
grades will be performed to (i) devise a PK model allowing the estimation of iohexol
plasma clearance from a limited number of samples and to (ii) investigate the

performance of the BM equation.
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