
i 

 

Department of Anesthesiology and Intensive Care  
Institute of Clinical Sciences 

Sahlgrenska Academy, University of Gothenburg 
Gothenburg, Sweden 

 

 
Gothenburg 2025 

Mannitol – a new-old marker for 
measuring glomerular filtration 

rate 
	

Evaluation of mannitol-assessed GFR in comparison to reference methods in 
critically ill patients and outpatients  

	
	

 Katalin Kiss 



ii 

  

Cover illustration by Anders Green 

 
© Katalin Kiss 2025 
katalin.kiss@gu.se 
katalin.kiss@vgregion.se 
 
ISBN 978-91-8115-268-5 (PRINT)  
ISBN 978-91-8115-269–2 (PDF) 
 
Printed in Borås, Sweden 2025 
Printed by Stema Specialtryck AB 

SV
ANENMÄRKET

Trycksak
3041 0234



iii 

Dedicated to Júlia and Tamás  
Never give up! 



iv 

Mannitol – a new-old marker for measuring glomerular filtration rate 

Katalin Kiss 
 

Department of Anesthesiology and Intensive Care, Institute of Clinical Sciences Sahlgrenska 
Academy, University of Gothenburg, Gothenburg, Sweden 

ABSTRACT 

Acute kidney injury is a serious complication in critically ill patients, associated with increased 
morbidity and mortality. Furthermore, chronic kidney disease (CKD) is a growing global health-
care concern. In many clinical situations, assessing kidney function through glomerular filtration 
rate (GFR) may significantly improve patient care. However, access to standard GFR 
measurement methods is often limited, particularly in patients in the intensive care units (ICU). 
Thus, GFR is typically estimated (eGFR), using equations based on blood levels of creatinine 
and/or cystatin C, which can potentially introduce various sources of error.  
 
This research project revisits an older concept: using mannitol as a potential marker for 
measuring GFR. Mannitol fulfils essential criteria for such use, as it is filtered by the kidneys 
without being metabolized or reabsorbed. It is inexpensive, easy to use, and has no known 
adverse effects. The recent availability of a highly sensitive analysis method, liquid 
chromatography–tandem mass spectrometry (LC-MS/MS) enables accurate measurements of 
plasma mannitol. 
  
Patients and methods: In Study I, GFR was assessed using mannitol and 51Cr-EDTA 
clearances with bolus injection technique in outpatients with normal GFR or CKD stages 1–4 
(n=41). In Study II, eGFR using the CKD-EPI or Lund-Malmö formulas was compared to GFR 
measured with 51CrEDTA or iohexol in two groups: ICU patients (n=43) and outpatients (n=48). 
In Study III, mannitol GFR and iohexol GFR were compared in 2 groups, ICU (n=20) and 
outpatients with CKD stages 3-4 (n=20). Mannitol concentrations were analyzed using an 
enzymatic method in Study I and mass-spectrometry (LC-MS/MS) in study III.  
 
Results: A good agreement and very good accuracy were observed when mannitol and 51Cr-
EDTA clearance were compared in an outpatient group (Study I). The generally used estimation 
equations, based on creatinine and cystatin C, alone or in combination, using the CKD-EPI or 
Lund-Malmö formulas performed poorly in the ICU patient cohort. In comparison, in a group 
of outpatients the formulas showed a good agreement and accuracy when using combination of 
creatinine and cystatin C (Study II). Mannitol performed well as a clearance marker in an ICU 
patient cohort in comparison with iohexol clearance as a reference method, showing good 
agreement and accuracy, despite two outliers. The agreement and accuracy in the outpatient 
group with CKD stages 3-4, was excellent (Study III). 
 
Conclusion: The studies support the use of mannitol plasma clearance as a promising, reliable 
and practical alternative for assessing measured GFR, particularly when using LC-MS/MS. 
Further studies in larger, diverse patient cohorts are warranted to validate this method. 
 
Keywords: mannitol, glomerular filtration rate, measured GFR, estimated GFR, LC-MS/MS, 
clearance, creatinine, cystatin C, kidney function, chronic kidney disease. 
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SAMMANFATTNING PÅ SVENSKA 

Njurarna har en central roll i att reglera kroppens vätske- och elektrolytbalans, 
utsöndra slaggprodukter samt producera hormoner som påverkar blodtryck, 
blodbildning och aktivering av vitamin D. Det bästa sättet att bedöma njurarnas 
utsöndringsförmåga är att mäta den så kallade glomerulära 
filtrationshastigheten (GFR). Direkta mätningar har dock begränsningar i 
praktiken. I stället används ofta uppskattningar (eGFR), vilka fungerar bra hos 
stabila patienter men kan vara mycket osäkra hos svårt sjuka, särskilt patienter 
som vårdas på intensivvårdsavdelningar. 

I denna avhandling undersöks mannitol – en sockermolekyl som filtreras fritt 
genom njurarna – som kan användas för att direkt mäta njurfunktionen. 
Metoden testas både på intensivvårdspatienter och på patienter med kronisk 
njursjukdom, och resultaten jämförs med etablerade referensmetoder. 

Studie I. gjordes på patienter med normal njurfunktion och kronisk 
njursjukdom (stadium 1–4) och visade att mannitol gav likvärdiga resultat som 
den etablerade metoden med 51Cr-EDTA som filtrationsmarkör. Avvikelserna 
var små, och 96 % av mätningarna låg inom 30 % från referensvärdet. 

Studie II. jämförde beräknad GFR (eGFR) med uppmätt GFR hos två 
patientgrupper: svårt sjuka intensivvårdspatienter och stabila 
mottagningspatienter. Hos de svårt sjuka var felen i eGFR stora, med upp till 
127 % felmarginal, och bästa träffsäkerheten var endast 40 %. Hos 
mottagningspatienterna fungerade eGFR bättre, särskilt när både kreatinin och 
cystatin C – ämnen som produceras av kroppen – användes. Då nåddes en 
träffsäkerhet på 94–96 %. 

Studie III jämförde mannitol-GFR med iohexol-GFR, en annan etablerad 
metod för att mäta njurfunktion. Analysen av mannitol utfördes med en mycket 
känslig laboratorieteknik: masspektrometri (LC-MS/MS). Överensstämmelsen 
var mycket god hos mottagningspatienterna, och även i intensivvårdsgruppen 
var resultaten acceptabla, trots några avvikande fall. 

Sammanfattningsvis visar resultaten att mannitol är ett lovande och 
tillförlitligt alternativ för direkt mätning av njurfunktion – både hos svårt sjuka 
patienter och hos dem med stabil kronisk njursjukdom. För att metoden ska 
kunna användas i klinisk praxis krävs dock fler studier på större 
patientgrupper. 
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1 INTRODUCTION 
The kidneys play a crucial role in maintaining the body`s internal 
environment by regulating electrolyte balance, filtrating toxins and 
metabolites from the blood. Additionally, their hormone production is vital 
for regulating blood pressure, activating of vitamin D and producing red 
blood cells[1]. 

The urine formation process consists of glomerular filtration, tubular 
reabsorption and excretion of excess water, acids and waste products, helping 
to maintain homeostasis. The glomerular filtration rate (GFR) is a part we can 
measure, and GFR has long been recognized as the best parameter to assess 
kidney function, playing an essential role in clinical diagnoses and therapeutic 
decision-making. Inulin was recognized as the first optimal marker for 
clearance measurements, and its renal clearance remains the gold standard for 
assessing GFR to this day[2]. As the production and application of inulin is 
too cumbersome for routine clinical use, numerous exogenous and 
endogenous clearance markers have been tested over the decades aiming to 
make the method simpler, more cost-effective and reliable at the same time. 
Nevertheless, the accessibility to accurate GFR measurements remains 
limited. Estimation of GFR (eGFR) has been considered a convenient 
alternative, yet its accuracy varies significantly in different patient 
populations and clinical situations[3-5].  

As the global burden of kidney diseases increases, and chronic kidney 
diseases (CKD) is deemed one of the leading causes of death[6], there is a 
need to simplify clearance measurements and improve their accessibility.  

This thesis aims to investigate and assess mannitol as a GFR-marker, with 
the goal of making the measurements more accessible. Improved availability 
for measured kidney function could enable earlier interventions, better long-
term management and ultimately improved patient outcomes. Mannitol, a 
rediscovered marker has been tested through a series of clinical studies 
involving stable CKD outpatients with a varying degree of decreased GFR 
and patients in intensive care units (ICU). Laboratory analyses of mannitol 
were performed with an enzymatic method in Study I.[7], and with the 
currently available most sensitive method, liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) in Study III.[8].  
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2 KIDNEY DISEASE 
2.1.1 ACUTE KIDNEY INJURY (AKI) 
The definition of AKI involves rapid decline of kidney function, measured by 
the elevation of serum creatinine and/or rapid decline of urine output within 
48 hours to 7 days. The condition is classified into three stages based on its 
severity (Table 1)[9]. 
 

Stage Rise in serum creatinine Urine output 
1 ≥ 0.3 mg/dL (26.52 µmol/L) or 

1.5–1.9 times baseline 
< 0.5 mL/kg/h for 6–12 hours 

2 2–2.9 times baseline < 0.5 mL/kg/h for ≥ 12 hours 
3 ≥ 4.0 mg/dL (353.60 µmol/L) 

or ≥ 3 times baseline 
< 0.3 mL/kg/h for ≥ 24 hours or 
anuria for ≥ 12 hours 

Table 1: Definition of Acute Kidney Injury. Adapted from KDIGO (Kidney 
Disease: Improving Global Outcomes) Acute Kidney Injury Work Group: KDIGO 
Clinical Practice Guideline for Acute Kidney Injury. Kidney Int Suppl. 2:1-138, 2012. 
 

2.1.2 CHRONIC KIDNEY DISEASE (CKD) 
The definition of CKD involves structural and functional abnormalities 
presenting > 3 month with implication for health. The classification involves 
grades of GFR and albuminuria categories as well[10].  
 

 
Table 2: Chronic Kidney Disease staging in accordance with the 2024 Kidney 
Disease Global Outcomes guidelines. Kidney International (2024) 105 (Suppl 4S), 
S117–S314. CKD: chronic kidney disease, GFR: glomerular filtration rate, eGFR: 
estimated glomerular filtration rate. Risk stratification for CKD: Green: low risk (if 
no other markers of kidney disease, no CKD); Yellow: moderately increased risk; 
Orange: high risk; Red: very high risk.  

Persistent albuminuria categories, description and interval

A3A2A1

Severe increaseModerate 
increase

Normal or slight 
increase

> 300 mg/g 

(> 30 mg/mmol)

20-299 mg/g 

(3-29 
mg/mmol)

< 30 mg/g

(< 30 mg/mmol)

> 90Normal or highG1

eG
FR

 c
at
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de
sc

rip
tio

n 
an
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em

l/m
in
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3m
2 )

60-89Mildly decreasedG2

45-59
Mildly to moderate decreasedG3a

30-44
Moderately to severely decreasedG3b

15-29Severely decreasedG4

< 15Kidney failureG5
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2.1.3 THE IMPORTANCE OF MEASURING GFR 
 
The global prevalence of CKD is around 10%, and it means that 
approximately 800 million individuals have CKD around the world[11]. 
Hypertension and/or diabetes are the underlying diseases for two-third of 
CKD cases requiring kidney replacement therapy (KRT), dialysis or kidney 
transplantation. Chronic kidney disease is primarily identified based on 
estimated glomerular filtration rate (eGFR), which plays a central role, 
although additional markers such as albuminuria and imaging findings are 
also considered[12]. 
 
Age-related GFR decline, the increasing number of sepsis or cancer patients, 
treated with renally cleared and potentially harmful medications highlight the 
importance and necessity of accurate GFR measurements. 
  
Acute kidney injury affects 30-40% of ICU patients, as reported in a large 
multicenter study performed across 33 countries, with diagnosis and severity 
defined by Kidney Disease – Improving Global Outcomes (KDIGO) 
criteria [3, 13]. Additionally, AKI is one of the most common and serious 
postoperative complications, further highlighting the importance of 
accessible and accurate GFR measurements[14].   

The high incidence of AKI in ICU patients may be undetected if only 
creatinine is monitored, as muscle mass loss due to immobilization can mask 
a decline in GFR [3-5, 15]. Retention of renally excreted drugs and their 
metabolites can lead to additional complications and prolonged ICU stays. 

Glomerular filtration rate cannot be measured directly, but a clearance rate of 
the marker, the amount of plasma volume, cleared from a marker per unit time 
can be measured. An ideal clearance marker is freely filtered, remains stable 
without undergoing metabolism, and is neither reabsorbed nor secreted by the 
renal tubules. While renal inulin clearance is considered the gold standard for 
measuring GFR, its routine use is impractical. Efforts to simplify the 
measurements using alternative GFR markers, for example isotop-labelled 
substances or contrast material have been successful and their reliability was 
confirmed in numerous studies[16-18]. Nevertheless, the overall accessibility 
and capacity for GFR measurement remains limited, particularly in the 
critically ill patients. 

Assessment of GFR using estimation equations have successfully replaced 
direct measurements in outpatients with early CKD stages[19]. However, in 
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the normal range of GFR these estimations tend to have lower accuracy[20]. 
In patients with advanced CKD and especially critically ill patients with AKI 
direct GFR measurement may be necessary. Patients with unstable 
hemodynamics or circulatory shock are at high risk for sudden decline of 
GFR. Adapted dosage of renally excreted medication is necessary, but GFR 
measurement is not part of routine care. Continuous renal replacement 
therapy (CRRT or as it is also named: kidney replacement therapy, KRT) is a 
well-established supportive method in the ICUs for the treatment of AKI. 
Evidence from a large multicenter study of ICU patients by Metnitz et al. 
indicates that both the severity of organ failure and the administration of 
CRRT are independent predictors of unfavorable outcomes[21].   
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Subjects of basic nephrology research. These fish and 
amphibians have greatly contributed to our understanding of 
fundamental kidney functions. 

          

 

               

 

     

(Wikipedia,  file is licensed under the Creative Commons Attribution 4.0 Generic license) 

African lungfish 

Aglomerular fish 

Amphibians 
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3 ASSESSMENT OF GFR 

3.1 MEASURED GFR 
THE HISTORY OF GFR MEASUREMENTS 

Glomerular ultrafiltration was established as the initial step in urine 
production through micropuncture experiments conducted on frogs by Wearn 
and Richards in the 1920s [22]. 

A few years later Smith HW, Jolliffe and Shannon JA carried out foundational 
experiments and developed the clearance method to measure glomerular 
filtration. They emphasized the need for a substance, a marker to accurately 
evaluate the volume of glomerular ultrafiltrate. At that time, they assumed 
that no substance naturally present in plasma could meet the criteria for 
reliability.  

Marshall, a marine physiologist observed that glucose was not excreted by 
aglomerular fish. This finding led Marshall and Smith to hypothesize that a 
sugar molecule foreign to the human body could be a reliable filtration 
marker. Glucose, known to be reabsorbed in the renal tubules, seemed 
unsuitable, and other oligosaccharides like xylose, sucrose, and raffinose 
were also considered unreliable due to their potential for metabolism or partial 
reabsorption. Their attention eventually turned to a larger fructose polymer, 
inulin.  

During the 1930s, several micropuncture-based studies were conducted using 
inulin as a marker for glomerular filtration. These experiments demonstrated 
that inulin is a reliable and accurate indicator, as it was absent from the urine 
of aglomerular fish—thereby excluding the possibility of tubular 
secretion[16]. 

Inulin is a non-toxic, water-soluble substance with chemical properties that 
allow it to dissolve evenly in the extracellular volume (ECV), wihout binding 
to proteins, it is freely filtered by the glomeruli and is neither secreted by the 
renal tubules nor metabolized in the body. Inulin thereby fulfils all criteria for 
an optimal exogenous filtration marker, provided a reliable and precise 
analytical method to measure it[2, 23]. 
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Although Smith and colleagues initially suggested that only an external 
marker could fulfil the reliability criteria, subsequent research identified 
creatinine, an endogenous substance, as a viable alternative. Creatinine, 
consistently present in plasma and easily measurable, gained popularity as a 
marker for GFR. Despite its widespread use, the reliability of creatinine as a 
marker is limited by day-to-day variability in its concentration and by factors 
independent of GFR, particularly in acute clinical situations and among 
critically ill patients where GFR undergoes rapid alterations[24]. 

 

3.1.1 RENAL CLEARANCE OF INULIN – THE GOLD 
STANDARD 

 
Inulin, a high molecular weight polysaccharide, a soluble fibre that when 
dissolving in water it forms a gelatinous substance and is resistant to enyzmes 
of the human body. 
  
The classical renal clearance with inulin is performed in the morning, in a 
fasting state. A loading dose is given followed by a continuous infusion. 
Blood and urine samples are taken during the period of constant plasma 
concentration, expectedly 300-400 mg/L with scheduled time interval. When 
required, bladder catheterization is performed. Inulin renal and plasma 
clearance has been evaluated in healthy subjects and ascitic patients as well 
[23]. 
 
The urinary clearance of inulin is regarded the gold standard method for 
measuring GFR. The urinary clearance of other substances is also 
recommended for patients with obesity or extended ECV, like peripheral 
edema, pleural effusion or ascites [2]. However, for patients comfort and 
practical reasons, plasma clearance of markers has become routine, 
eliminating the need for bladder catheterisation. Plasma clearances of exogen 
markers are widely studied and accepted as standard methods[16].  
 
 

3.1.2 PLASMA CLEARANCE TECHNIQUE 

The clearance marker can be administered either as a single bolus or via 
continuous infusion into the bloodstream. It typically takes 30 to 90 minutes 
to reach equilibrium between the plasma and extracellular space. The 
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elimination phase begins shortly after the infusion starts, but once equilibrium 
is achieved, serum concentrations decline gradually during this phase. Blood 
samples are taken during the final slope of the elimination phase, and the 
timing of samples impacts significantly the results[2]. Although there is no 
consensus on the optimal timing, most guidelines recommend collecting 
samples between 120 and 240 (up to 300) minutes in patients with mild to 
moderate CKD[25]. 

GFR can be calculated from declining plasma concentrations, most 
commonly using the slope-intercept method developed by Brøchner-
Mortensen, which remains the standard approach[26]. The critical factor is 
determining the area under the curve (AUC) during both the distribution and 
elimination phases. The distribution phase is characterized by a rapid rise and 
fall in the plasma concentration of the marker, requiring sampling at 5-minute 
intervals to accurately calculate the AUC. In contrast, during the elimination 
phase, it is generally sufficient to collect 2–4 samples within 2–5 hours 
following a bolus injection in individuals with normal to moderately impaired 
kidney function. However, for patients with chronic kidney disease (CKD) 
stages 3–4, additional sampling at 22 hours is recommended to improve 
accuracy[27]. (see Figure 1.) 

 

3.1.3 CLEARANCE MARKERS 
 
EXOGENOUS MARKERS 
An ideal exogenous GFR marker is water-soluble, evenly distributes 
throughout the extracellular volume (ECV), is freely filtered by the glomeruli, 
not reabsorbed or secreted by the tubules, resistant to metabolism, cost-
effective, and measurable with a standardized and highly sensitive analytical 
method. Several markers have been examined as an alternative to inulin. 
 
Radioactive tracers 
During the 1960s, clearance measurements of isotopic substances were tested. 
The advantage of the short half-life of 125I-sodium iothalamate and 99Tc-
DTPA could not surpass the reliability of 51Cr-EDTA, whose clearance 
closely matched to inulin clearance[28]. 

Brøchner and Mortensen observed a consequent underestimation with 5-15% 
by the use of 51Cr-EDTA when compared to inulin clearance, raising the 
question of tubular reabsorption of 51Cr-EDTA[26]. Newertheless, For many 
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years, 51Cr-EDTA has long been a standard alternative to inulin. Moderately 
strong evidence supports the accurate measurement of 51Cr-EDTA GFR by 
urinary and plasma clearance[18, 19]. 

 
Non-radioactive markers - contrast materials 
Iothalamate, a low molecular weight tracer with low protein binding and 
moderate distribution time, has been used without strong evidence as a 
reliable GFR marker[19]. 

Iohexol, however, has been extensively tested in comparative studies and is 
recognized as a reliable GFR marker, replacing 51Cr-EDTA in Europe [29]. 
The main disadvantage is the risk of adverse reactions to iodine contrast 
material. Iohexol should be used with caution in patients with 
hyperthyroidism, myasthenia gravis and pheochromocytoma. Moreover, 
iohexol clearance is not recommended within 5 days after a radiological 
examination involving contrast material[30-32]. 

 

ENDOGENOUS MARKERS 
Creatinine is the most commonly used endogenous marker of kidney function 
due to the availability of standardized, rapid and inexpensive method for 
measuring serum assays. After all, the accuracy of creatinine as a kidney 
function indicator is limited by several non-renal factors. Serum levels are 
influenced by muscle mass, which stores creatine, the precursor of creatinine. 
Moreover, in ICU patients, factors such as immobilization, inflammation, 
catabolism, and circulatory disturbances further reduce the accuracy of 
creatinine as a reliable eGFR marker[3, 5, 33]. Additionally, in impaired 
glomerular filtration, the kidneys can excrete 15–50% of creatinine through 
tubular secretion, depending on disease severity[34]. As a result, daily 
fluctuations in serum creatinine may not reliably reflect changes in kidney 
function, particularly in patients with AKI[24, 35, 36]. 
 
Cystatine C is a 13,3 kDa molecular weight protein, synthetized in every 
nucleated cell and is freely filtered in the glomeruli. In normally functioning 
kidneys, cystatin C is almost completely reabsorbed and degraded in proximal 
tubular cells. Moreover, the serum concentration of cystatin C is constant 
from age 1-50, considering it a good GFR marker, especially in children. It is 
used to estimate GFR alone or together with creatinine. The main advantage 
is, compared to creatinine, that cystatine C level is independent of muscle 
mass and food intake, and it is not secreted in the renal tubuli. These attributes 
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make it superior to observe the declining GFR for patients with low muscle 
mass. On the other hand, high doses of glucocorticoids enhance cystatin C 
synthesis. Thyroid dysfunction significantly affects serum cystatin C levels, 
with lower concentrations observed in the hypothyroid, and higher 
concentrations in the hyperthyroid state[19]. Increased serum cystatin C 
levels were detected in patients with different malignancies, probably on the 
basis of high cell turnover, resulting inaccuracy in GFR estimation[35]. 

A glomerular hyperfiltration is observed during pregnancy[37], and some 
studies stated, that eGFR with cystatin C is superior to creatinine during 
pregnancy[38]. 

 

3.1.4 GFR CALCULATION MODELS  
SINGLE OR MULTISAMPLE MODEL 
 
For patients comfort a simplest procedure is a single injection and single 
sample model, described by Lars Jacobsson [39]. For GFR estimation, a 
single blood sample is collected 4 hours after the initial dose, during the 
terminal elimination phase. This model has been shown to have biases in 
patients with GFR < 30 ml/min, but it is reliable for mild to moderate 
CKD[39, 40].  
 
Taking multiple samples, however, improves the precision of the calculation, 
leading to a more accurate estimation of the area under the curve (AUC)[26]. 
(Fig.1) A standardized protocol for timing of samples is lacking. A general 
recommendation for individuals with an eGFR > 60 ml/min/m² is to collect 
samples at 2, 3 or 4 hours, with a final sample taken optionally between 4 and 
7 hours after administration of the initial dose. For those with an eGFR 
between 30–59 ml/min/1.73 m², sampling is advised at 3 and 4 hours, 
followed by a final sample between 7 and 10 hours. In individuals with an 
eGFR < 30 ml/min/1.73 m², a sampling scheme at 4, 5, and 10 hours is 
recommended[32].  
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ONE VERSUS TWO COMPARTMENT KINETIC MODEL – PLASMA 
CLEARANCE 

Theoretically, an exact measurement of AUC would require collecting 
numerous samples during the distribution phase to accurately capture the 
rapid rise and fall of plasma concentration before the slower elimination phase 
begins. (Fig.1) This two-compartment model is impractical for routine 
clinical use. In contrast, using the one compartment model, three or four 
samples are usually sufficient to take during the final slope of the elimination 
phase. The key factors, influencing accuracy include the amount of the 
injected marker, the timing of sample collection, and the overall duration of 
the procedure [2].  

During the 1970s several studies were performed with the aim to simplify 
the procedure by introducing the one-compartment model. Samples were 
drawn only during the final slope of the elimination. The natural logarithm 
of the concentrations is plotted on a coordinate-system, specifying a straight 
line (slope β). The line is projected to the X axis (intercept) defining an area 
under curve. The missing part of the rapid distribution phase is accounted 
for using various models. Among these the Brøchner-Mortensen equation 
(Figuere 1. B) is considered to provide the best accuracy and reliability and 
is the most widely used method [26]. 

 

Figure 1:   Two compartment model & Brøchner-Mortensen correction.        
A: Multiple samples are needed to accurately calculate AUC. B: The Brøchner-
Mortensen equation is used to estimate the distribution phase when samples 
are collected only during the late elimination phase; it provides a correction 
to account for the missing distribution phase in pharmacokinetic modeling.		

Brøchner-Mortensen 
equation 
 
Cl = C1 * C2 + C2 * Cl2 
C1 = 0.990778;  C2 = 0.001218 
 

B 

A
)) 
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3.2 ESTIMATED GFR 
The first widely used GFR estimation formula, developed by Cockcroft and 
Gault in 1976, was based on plasma creatinine concentration from 249 men. 
The equation incorporated creatinine levels along with adjustments for race, 
age, and gender. The Cockcroft-Gault (CG) formula was not expressed using 
standardized creatinine values, which can lead to inaccurate results and it is 
therefore not recommended for clinical use[41].  

In 1979, Löfberg and Gubb published the first study on cystatin C, a protein 
presumed as a marker for GFR estimation[42]. While they suggested cystatin 
C might undergo catabolism in renal tubular cells, interest in its potential as 
a biomarker for kidney function persisted. 

Levey introduced the Modification of Diet in Renal Disease (MDRD) model 
in 1999, a creatinine-based formula derived from data on over 1,600 patients. 
This formula was found to be more accurate than Cockcroft-Gault’s[43]. A 
significant advance in assessment of kidney function came in 2009 when the 
National Institute of Diabetes, Digestive and Kidney Diseases (NIDDK) 
released the CKD-EPI formulas, developed from a study involving over 8,000 
patients. These models, which included both creatinine and cystatin C, 
demonstrated improved accuracy compared to previous methods[44]. In 
2012, Inker introduced an even more precise combined formula incorporating 
both markers[45]. 

The MDRD formula included a race correction factor despite 88% of its study 
population being white. Similarly, the CKD-EPI cohort lacked racial or ethnic 
minorities. The role of race in GFR equations has been debated for decades, 
and while current formulas exclude race-based corrections, the discussion 
remains ongoing[46]. 

Good or acceptable accuracy and reliability of creatinine-based estimations 
can only be expected in cases of stable GFR and normal body constitution. 
Neurological disorders, muscle atrophy, extreme obesity, dietary variations, 
acute critical or chronic illnesses—such as heart failure, cirrhosis, other 
catabolic disorders—are known to impact creatinine production[15]. Cystatin 
C production, on the other hand, is influenced by factors such as high doses 
of steroids, thyroid disorders[47], cancers with high cell turnover, pregnancy 
and ongoing inflammation. If these potentially misleading factors can be 
excluded, combining creatinine and cystatin C for eGFR estimation can 
enhance accuracy[12]. 
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3.3 DO WE NEED A NEW MARKER? 
Although inulin is considered the gold standard, its restricted availability and 
the complexity of handling make it impractical to everyday use. Other 
reference methods, like iohexol, as the generally used index for determining 
GFR have their own limitations and are entirely used in stable outpatients. 
Assessment of GFR is challenging in critically ill patients with dynamically 
changing homeostasis and high incidence of AKI, because GFR estimations 
have high probability of errors[3, 33], and measuring GFR is out of routine in 
the ICUs.  

When 51Cr-EDTA was the most commonly available tracer, its primary 
limitation was the requirement for qualified personnel to perform the 
measurements. With the introduction of iohexol as a marker, new challenges 
emerged, including the risk of allergic reactions, and caution was 
recommended in patients with endocrinological and certain neurological 
diseases[48]. Additionally, many ICU patients undergo radiological 
examinations or interventions involving contrast materials, necessitating a 
recommended five-day waiting period before clearance measurements can be 
performed. 

Endogen markers, creatinine and cystatin C provided easy and inexpensive 
standardized analytical methods to measure serum concentrations. Equations 
to estimate GFR, based on creatinine and/or cystatin C are extensively tested, 
widely accepted, and easily available, providing inexpensive alternatives to 
measured GFR in stable CKD patients, at least in <60 ml/min/m2 range of 
GFR.  
However, there remains an urgent need for a simple and practical method to 
measure GFR in patients with critical illness requiring intensive care, 
children, or those with allergies or other contraindications to traditional 
markers. 

Mannitol and other hexitols have been extensively studied as clearance 
markers since 1940s[49, 50].	 Their principal advantages include natural 
origin, negligible risk of allergic reactions, ease of administration, and low 
cost. However, the analytical challenges associated with accurately 
measuring serum mannitol concentrations at the time hindered its clinical 
application as a GFR marker, ultimately resulting in its decline from routine 
use. With advancements in analytical techniques, from a formerly developed 
enzymatic method[7] to more practical approaches such as mass spectrometry 
(LC-MS/MS)[51], mannitol has gained renewed attention as a potential 
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marker of GFR, offering both mild cost and practically no risk of adverse 
reactions. 

 
Although mannitol is generally considered safe, some case reports with small 
sample sizes have raised concerns about adverse effects following continuous 
administration of high doses, particularly in neurological and neurosurgical 
patients. High osmolarity and the rapid infusion of large or repeated doses 
have been identified as key risk factors. However, when dosage and serum 
osmolarity are carefully monitored and maintained within safe limits, 
mannitol has been shown to be well tolerated [52]. 
Furthermore, a single low bolus dose of 0.25 g/kg, as used in plasma clearance 
measurements, has not been associated with disturbances in plasma volume 
or electrolyte balance[53]. 
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4 AIMS 
 
The overall aim of this thesis was to assess whether plasma clearance of 
mannitol is a reliable for measuring GFR, particularly in critically ill patients 
in ICU, where the currently available methods of GFR assessment are 
inaccurate and impractical.  
 
 
Study I. 
 
The main aim was to evaluate the agreement and accuracy of plasma 
clearance of mannitol in comparison with plasma clearance of 51Cr-EDTA, 
using the single injection technique in patients with stable kidney function. 
 
The secondary aim was to define the optimal time point for start of blood 
sampling for mannitol and the number of blood samples needed to achieve 
the best agreement with the reference method. 
 
 
 
Sudy II. 
 
The aim was to evaluate the agreement between measured GFR using 
standard external markers (51Cr-EDTA and iohexol) and estimated GFR using 
estimation equations, based on serum creatinine and/or cystatin C levels in a 
critically ill ICU patients cohort and outpatients with CKD stages 1-4. Which, 
if any, eGFR estimation performs best for assessing GFR in critically ill, 
hemodynamically stable ICU patients?  
 
 
 
Study III. 
 
The aim of this study was to evaluate the level of agreement, as well as 
accuracy between mannitol clearance compared to iohexol clearance for 
assessment of GFR in critically ill ICU patients and outpatients with CKD 
stages 3-4, the latter serving as a control cohort.  
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5 PATIENTS AND METHODS 

5.1 ETHICAL APPROVAL 
The original project and supplemental applications were approved by the 
Gothenburg Regional Ethical Review Board (Dnr: 705-09, T043-12, 640-16) 
between 2010-02-17 and 2016-08-26. The last supplement was approved by 
the Swedish Ethical Review Authority (2023-03131-02) in 2023-06-18. 
All parts of the study have been conducted according to the principles of 
Declaration of Helsinki and Vancouver recommendations.  
 
Study participants in outpatient cohorts, as well as ICU-patients, or their next-
of-kin if they if the patient was sedated, were informed about the study aim 
and protocol before inform consent was obtained.  
 
 

5.2 PATIENTS AND METHODS 
5.2.1 STUDY I. 
 
Assessment of mannitol clearance compared with 51CR-EDTA clearance in 
an outpatient cohort.  
 
Forty-one outpatients > 18 years of age with normal GFR or CKD stage 1-4  
were included. (Table 3) All patients underwent ⁵¹Cr-EDTA clearance 
measurements as part of routine screening, monitoring kidney function during 
lithium or chemotherapy treatment, as well as before/after organ 
transplantation at the Laboratory of Nuclear Medicine in Södra Älvsborgs 
Sjukhus, Borås, Sweden.   
 

 Patients (41) 
CKD 1 2 
CKD 2 18 
CKD 3a 11 
CKD 3b 8 
CKD 4 2 

 
Table 3: CKD stages of outpatients (Study I.) based on ⁵¹Cr-EDTA clearance. 
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Inclusion criteria: stable and compensated circulation, signed inform 
consent, serum creatinine concentration <200 μmol/L according to local 
protocol. Exclusion criteria was the lack of informed consent.   
 
Experimental procedure: 
Blank samples were drawn to detect T0 concentration of GFR markers and 
actual serum creatinine and cystatin C concentrations. The Jacobsson model 
was performed with a single injection of the 51Cr-EDTA isotop in the morning 
(0.074 MBq/kg) and taking one sample 4 hours after the start.  
 
Mannitol clearance using a single injection (0.25 g/kg) and a multiple-sample 
model was performed immediately after the isotope measurement was 
completed. Four samples were drawn at 60-120-180-240 minutes (24 
patients), or 120-180-210-240 minutes (17 patients).  
 
Measurement of mannitol in plasma: 
An enzymatic fluorometric method, based on a redox reaction when mannitol 
is oxidised to fructose, while nicotinamide adenine dinucleotide (NAD+) is 
reduced to NADH in the presence of mannitol dehydrogenase[54, 55]. 
 
Calculation of GFR: 
The single sample model described by Jacobsson was used to calculate GFR 
for 51Cr-EDTA clearances, whereas the multiple samples model by Brøchner-
Mortensen for calculation of mannitol GFR[26, 39]. 
 
 
 

5.2.2 STUDY II. 
 
Comparison of measured GFR and estimated GFR in a critically ill (ICU) 
and an outpatient cohort. 
 
ICU PATIENTS: 
Forty-three ICU patients (33 men, 10 women) underwent GFR measurement 
at any time after their admission to the ICU. Inclusion criteria were 
hemodynamic stability and administration of intravenous medications—
including vasoactive agents—at a constant rate. Exclusion criteria included 
the need for volume expansion or diuretics during the study period, anuria or 
dialysis, and recent exposure to radiocontrast agents. 
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Experimental procedure:  
 51Cr-EDTA (n=23) or Iohexol (n=20) plasma clearance with continuous 
infusion technique was used. A blank sample was taken before iohexol was 
given. A priming dose of the markers was followed by a continuous infusion 
in separate intravenous cannula with constant infusion rate until 240 minutes. 
Multiple samples for iohexol and 51Cr-EDTA concentrations were taken 3-5 
times during the 4 hours study period. 
 
OUTPATIENTS: 
Forty-eight outpatients (34 men and 14 women), partly the same cohort as in 
Study I., undergoing 51Cr-EDTA-clearance at the Laboratory of Nuclear 
Medicine in Södra Älvsborgs Sjukhus, Borås, Sweden were included as a 
comparator group.  
 
Inclusion criteria: stable and compensated circulation, signed inform consent, 
serum creatinine concentration <200 μmol/L according to local protocol. 
Exclusion criteria was the lack of informed consent.     
 
Experimental procedure: 
The Jacobsson model was performed with a single injection of the 51Cr-EDTA 
isotop in the morning (0.074 MBq/kg) and taking one sample 4 hours after 
the start. 
 
Calculation of mGFR for both patient cohorts:  
Analyses of 51CR-EDTA concentrations were performed by the Laboratory 
of Clinical Physiology, whereas analyses and calculation of iohexol GFR 
were done by Laboratory of Clinical Chemistry, both laboratories at 
Sahlgrenska University Hospital, Gothenburg, Sweden. GFR was calculated 
as the amount of the infused dose divided by the serum concentration of the 
filtration marker. 
 

  
R is the infusion rate of the filtration marker ( in µmol/min or mg/min), 
Css is the steady-state plasma concentration of the marker ( in µmol/L or mg/mL). 
 
Calculation of eGFR for both patient cohorts: 
Estimation of GFR was performed using most commonly applied equations: 
CKD-EPI formulas, based on serum creatinine (CKD-EPIcreat), cystatin C 
(CKD-EPIcys C) concentrations or their combinations (CKD-EPIcreat+cys C). A 
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modified version, the Lund-Malmö equation (Lund-Malmöcreat+cys C) has also 
been used. CKD-EPI formler were described in 2021 by Inker et al.[45].e 
 

5.2.3 STUDY III. 
 
Assessment of mannitol clearance compared with iohexol clearance in an 
ICU and an outpatient cohort. 
 
ICU PATIENTS: 
Twenty critically ill but hemodynamically stable ICU patients (8 women and 
12 men > 18 years) were assessed for mannitol and iohexol clearance at 
Sahlgrenska University Hospital, Gothenburg, Sweden. Patients, having 
elevated serum creatinine concentrations at any time during their ICU stay 
were enrolled, but the timing of clearance measurements were accomodated 
to inclusion and exclusion criteria.  
 
Inclusion criteria were hemodynamic stability and administration of 
intravenous medications—including vasoactive agents—at a constant rate. 
Exclusion criteria: the need for volume expansion or diuretics during the 
study period; edema or ascites; anuria or dialysis; recent exposure within 5 
days to radiocontrast agents. Intravenous paracetamol containing mannitol 
were paused for 12 hours prior to and during the study period. 
 
OUTPATIENTS: 
Mannitol and iohexol clearance of 20 outpatients (10 women and 10 men) 
with CKD 3-4 were assessed, performing a control cohort.  
 
Participants in the outpatient cohort were recruited from the Nephrology 
Outpatient Clinic at Sahlgrenska University Hospital, Gothenburg, Sweden. 
Patients with a scheduled follow-up visit within three months were invited to 
participate.  
 
Inclusion criteria were age >18 years and an eGFR of 15–59 mL/min/1.73 
m², consistent with CKD stages 3 and 4, confirmed for at least three months 
using the CKD-EPI creatinine-based equation.  
Exclusion criteria included a history of organ transplantation or ongoing 
immunosuppressive therapy for inflammatory systemic diseases. 
 
Experimental procedure for both patient cohorts:  
Blank samples were dawn before giving a single bolus dose of mannitol (0.25 
g/kg) and iohexol (5 ml of Omnipaque 300 mg/ml for patients weighting over 
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50 kg and 4 ml if weighting less) in separate cannulas. Three samples were 
collected for measuring plasma concentrations of the markers. A study period 
was defined in 5 hours for ICU patients with sample taking at 3, 4 and 5 hours 
after initial bolus of the markers. In the outpatient group the sampling period 
was extended to 3, 5 and 22 hours according to the local recommendation. 
 
Analysis of serum iohexol and mannitol concentrations: 
Measurements of iohexol concentrations were performed at the Laboratory of 
Clinical Chemistry, Sahlgrenska University Hospital, Gothenburg, Sweden.  
Analyses of mannitol concentrations were performed by Ardena Bioanalysis 
B.V., Assen, The Netherlands. Mannitol and iohexol plasma concentrations 
were analysed with the currently available, most sensitive method for 
measuring plasma concentrations of small molecules, liquid chromatography-
tandem mass spectrometry (LC-MS/MS)[51]. 
 
Calculation of GFR:  
The GFR calculations for both markers ad modum Brøchner-Mortensen were 
performed using the template of the Laboratory of Clinical Chemistry 
Sahlgrenska University Hospital, Gothenburg, Sweden (Figure 2). 
 

 
 

Figure 2: Template for calculating iohexol-based GFR using the multi-sample 
slope-intercept method. This template was designed by Moa Andresen Bergström, 
Laboratory of Clinical Chemistry, Sahlgrenska University Hospital, Gothenburg, 
Sweden, and is used with permission. 
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This table outlines a standardized approach for estimating glomerular 
filtration rate (GFR) based on the plasma clearance of iohexol. It utilizes the 
slope-intercept model derived from multiple plasma concentration 
measurements collected during the elimination phase. Patient-specific data 
(e.g., body weight, age) and time-stamped plasma concentrations are used to 
calculate the elimination rate constant and the area under the concentration-
time curve (AUC), from which GFR is computed. 

5.3 MANNITOL ANALYSES 
In 1981, Blomquist et al. introduced an enzymatic method for measuring 
mannitol concentration in blood plasma[54]. This method relies on a redox 
reaction in which mannitol is oxidized to fructose, while NAD+ 
(nicotinamide adenine dinucleotide) is simultaneously reduced to NADH. 
This approach was used to assess mannitol clearance against 51Cr-EDTA 
clearance in Study I.  
 
Advancements in laboratory techniques over recent decades have made liquid 
chromatography-tandem mass-spectrometry a widely used method for 
identifying the quantity and type of chemicals in a sample by measuring the 
mass-to-charge ratio of ionized particles. Mass spectrometry involves a 
combination of ionization, mass analysis, and detection of substances[51]. 
This method was applied in Study III. to analyze mannitol and iohexol 
concentrations.  

5.4 STATISTICS  
The main objective, when introducing a new method for comparison with an 
established standard is to determine whether the new method is equivalent to 
the standard one. To ensure a thorough and adequate comparison, the 
following statistical analyses were performed. 
 

5.4.1 BLAND-ALTMAN PLOTS 
 
A graphical statistical method was suggested by Bland and Altman to 
visualize the agreement between two different measurement techniques [56]. 
Originally the mean values of the two methods (A+B/2) are plotted on the X 
axis against the difference between them (A-B) on the Y axis.  
The resulting plot helps to visualize the degree of agreement between the two 
methods, to identify any systematic bias, to explore whether the differences 
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vary with the magnitude of the measurements and to detect potential outliers. 
(Figure 3) 
The horizontal lines represent the mean difference (bias) and the limits of 
agreement (±1.96 standard deviations), which estimate the range within 
which 95% of the differences are expected to lie. A mean difference line 
above zero indicates that, on average, method 1 yields higher values than 
method 2. (Figure 3) Krouwer later suggested to compare the difference (A-
B) on Y axis to the method “A” on X axis, if “A” (Test 1) is a standard (gold 
standard) method. This comparison visualizes the bias related to the reference 
value[57].  
 
The original Bland-Altman plots are used in Study I., II., and III., and the 
Krouwers` modified graphs are used in Study II.  
 
 

 
 
Figure 3.	Bland–Altman plot assessing agreement between two methods,  
Method 1 and Method 2.    Free download from www.acutecaretesting.org 
 
The between method error was calculated as double standard deviation 
divided by the mean of the measurements from the two methods. According 
to Critchley and Critchley, an acceptable between-method error is defined as 
±30% [58]. 
 

 
 

 
 

Error (%) = (1.96 × SDdifferences) / Mean (A+B) × 100% 

Bias = mean(Method	A −Method	B) 
 

LOA = Bias ± 1.96 × SD	of	the	differences	
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5.4.2 ACCURACY 
 
Accuracy, another way to evaluate the agreements between methods is 
assessed by calculating the proportion of estimates of the new method lying 
within ±30% (P30) and ±10% (P10) of the reference method. It is 
recommended that P30 and P10 should be at least 75% and 50% respectively, 
for a new method to be acceptable[58]. 
 

5.4.3 CONCORDANCE CORRELATION 
COEFFICIENT 

 
The Concordance Correlation Coefficient (CCC) is a statistical measure that 
evaluates the agreement between two continuous variables by assessing both 
precision (how close the data are to the best-fit line) and accuracy (how close 
the best-fit line is to the 45° line of perfect agreement). It ranges from –1 to 
+1, with +1 indicating perfect concordance. 
(Study II.)[59] 
 

5.4.4 MEAN SQUARE ERROR 
 
The Mean Square Error (MSE) is used providing supplemental information 
about accuracy, how far the results of a new method deviate from the results 
of the reference. Smaller MSE values indicate that the new method closely 
aligns with the reference (Study II.). 
 
SPSS Statistics 30.0 (IBM, USA) was used for all the statistical analyses.  
Statistical significance was set at the level of p < 0.05. 
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6 RESULTS 
 
Study I. 
 
Assessment of mannitol clearance compared with 51Cr-EDTA clearance in 
an outpatient cohort.  
 
In this pilot study 41 outpatients, selected from the waiting list of scheduled  
51Cr-EDTA clearance were enrolled. A close correlation was found between 
mannitol and 51Cr-EDTA GFR, with correlation coefficients ® ranging 0.83 
and 0.90. The best correlation was found between the methods when blood 
sampling for mannitol started 60 min after bolus injection and GFR was 
calculated from 3 or 4 concentrations. (Figure 4: a and b) 

 
Figure 4: Agreement and accuracy between plasma clearances of mannitol and  

51Cr-EDTA (a–d) Shows the individual data on 51Cr-EDTA-GFR and the 
corresponding mannitol-GFR obtained at a: 1-2-3-4 h (n = 24), b: 1-2-3 h (n = 24), 
c: 2-3-4h (n = 24) and d: 2-3-3 5-4h (n = 17), respectively. 
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Good agreement was shown with Bland-Altman plots between methods. The 
best agreement were shown when mannitol clearance was calculated using 
the samples, collected from one hour after initial bolus of the marker. 
Low bias (-1.44 and -0.23) was observed, an acceptable percentage error (28.0 
and 26.7), and high accuracy (P30: 96 and 92% whereas P10: 58 and 54%). 
(Table 4) 
 

 
 
Table 4: Correlation, agreement and accuracy between plasma clearances of 
mannitol and  51Cr-EDTA. 
Clearance data are expressed as mL/min/1.73m2, B-M: Brøchner-Mortensen, R; 
correlation coefficient correlating 51Cr-EDTA clearance to mannitol clearance.  
 
 

 
 
Figure 5: Bland-Altman plot assessing agreement between mannitol and 51Cr-
EDTA GFR in outpatients. Corresponding to “Fig.a” in Figure 4. 

 
Mean      Bias    Error (%)    Limits of agreement 
  59.8        -0.23        28                      -16.1/16.6 
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Sudy II. 
 
Comparison of measured and estimated GFR in a critically ill patients (43) 
and outpatients (48). 
 
Comparison between mGFR and eGFR – ICU patients 
In the ICU group all the estimated equations performed poorly. 
There were no statistically significant differences between mean values 
calculated by each of the four equations in the ICU group. The bias was 
generally low (-3.6 to 2.8 ml/min/1.73 m2), but the 95% limits of agreements 
were wide for all equations. The error was extremely high (121 to 127 %), 
and accuracy was very low in all calculations (P30: 33 to 40 %).(Figure 6) 
 

 
 

 
 
Figure 6: Bland–Altman plot for the agreement of creatine and/or cystatin c-
based mGFR versus eGFR by (A) CKD–EPI creatinine, (B) CKD–EPI cystatin C, 
(C) CKD–EPI creatinine+cystatin C and (D) Lund-Malmö creatinine+cystatin C.  
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Comparison between mGFR and eGFR – Outpatients 
In the outpatient group the estimations performed well. 
The difference in mean values and the bias were significant in CKD-EPIcreat  

and CKD-EPIcys C in comparison with the mGFR. The bias was significantly 
negative: -13.0±12.6 for CKD-EPIcreat, and significantly positive: 7.6±11.7 
for CKD-EPIcys C. The error ranged 31-41% with best performance with CKD-
EPIcreat+cys C and Lund-Malmöcreat+cys C, 31 and 32% respectively. The P30 
accuracy for CKD-EPIcreat+cys C was 94% and for Lund-Malmöcreat+cys C was 
96%, whereas P10 were 50% for both calculations. (Figure 7) 
 

 
 

 
Figure 7: Bland–Altman plot for the agreement of creatine and/or cystatin C-
based eGFR and 51Cr-EDTA or GFR as a reference method in the outpatient 
group (n = 48).  
(A) mGFR vs eGFR by CKD–EPI creatinine, (B) mGFR vs eGFR by CKD–EPI 
cystatin C, (C) mGFR vs eGFR by CKD–EPI creatinine+cystatin C and (D) mGFR 
vs eGFR by Lund Malmö creatinine+cystatin C. * Denotes a statistically significant 
difference from zero with p < 0.001.  
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Study III. - manuscript 
 
Assessment of mannitol clearance compared with iohexol clearance in an 
ICU and an outpatient cohort.  
 
Evaluation of reliability and accuracy of mannitol clearance in comparison to 
iohexol clearance in 20 critically ill ICU patients with stabilized circulation, 
as well as in 20 outpatients with CKD stages 3-4 serving as a control cohort. 
 
The overall agreement by Bland-Altman analysis was good in the ICU cohort, 
with the mean bias of 3±9 mL/min/1.73 m2. The error was 38,6%, slightly 
above the limit of 30%, recommended by Chritchley & Chritchley. An overall 
accuracy was high with P30 and P10 were 85% and 60%, respectively. 
Notably, there were 2 outliers, markedly influencing the results. (Figure 8) 
 
 
 

 
 

 
 
Figure 8. Bland-Altman plot for the agreement between mannitol GFR and 
iohexol GFR, as a reference method in the ICU cohort (n=20).  
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The outpatients group, homogenous according to medical history and daily 
medications, showed excellent agreement with low bias 0.95±1.43 
mL/min/1.73 m², 10% percentage error and both P30 and P10 accuracy values 
of 100%. (Figure 9) 
 

 
 

 
 
 
Figure 9: Bland-Altman plot for the agreement between mannitol GFR and 
iohexol GFR as a reference method in the in the outpatient cohort (n=20). 
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7 DISCUSSION 

7.1 ETHICAL REMARKS 
Ethical approval for conducting clearance measurements with mannitol 
and/or ⁵¹Cr-EDTA was obtained before the start of Study I. Amendments to 
the approval were submitted and approved on several occasions to allow for 
the enrollment of additional patients. During the conduct of Study II. in 2018. 
iohexol was established as the standard marker for GFR measurement. This 
change required an additional amendment to the ethical approval, as did the 
inclusion of CKD outpatients in the planning of Study III. 

Patients were verbally informed about the study procedures, and a written 
information sheet was made available upon request. For patients in critical 
condition or under sedation, the next of kin was approached to provide 
consent. In such cases, a specialized informed consent form was used, and 
consent was documented appropriately. 

 

7.2 METHODOLOGICAL CONSIDERATIONS 
7.2.1 PATIENT SELECTION 

Patient selection in the ICU population was challenging in many aspects. The 
dynamic condition of critically ill patients, frequent fluctuations in clinical 
status, and the regular scheduling of radiological examinations involving 
contrast agents complicated the recruitment process, as well as ICU patients 
can promptly be discharged and then the measurement should be interrupted. 
During the pilot phase of the ICU study, unexpected mannitol elimination 
curves were observed, initially casting doubt on the reliability of the method. 
It was later discovered that intravenous paracetamol, administered during the 
measurement period, contained a measurable amount of mannitol. This 
explained the unexpected rise in mannitol concentrations during the 
elimination phase. The use of this medication prior to or during the study 
became a new exclusion criterion for study enrollment. (Study III.) 

Another limitation in the ICU cohort was the broad variability in patients' 
medical histories and the rapidly fluctuating homeostasis due to inflammation 
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and single or multi-organ failure. To minimize this variability, inclusion 
criteria were defined to focus on patients with stable, compensated 
circulation, and those receiving intravenous fluids and medications at a 
constant rate. 

One of the most considerable challenges was the timing of measurements, 
particularly due to the common use of contrast-enhanced imaging in ICU 
patients. As a result, ten patients were excluded from the analysis due to 
elevated baseline (T0) iohexol concentrations, indicating recent contrast 
exposure.  

Outpatients enrolled in Study I. were recruited from the waiting list for 
scheduled ⁵¹Cr-EDTA clearance. Although there was heterogeneity in terms 
of medical history, medication use, and laboratory method (the enzymatic 
assay for measuring mannitol plasma concentrations used at the time is now 
considered outdated), a good agreement between methods was still observed. 

In Study I, patient selection did not exclude individuals based on their daily 
medication use, even if such medications had potential effects on GFR. 
However, doses were low—e.g., the daily dose of prednisolone did not exceed 
5 mg/day. In contrast, the outpatient cohort in Study III. was much more 
homogenous with respect to medical history and current medications, 
contributing to improved consistency in the comparison of GFR measurement 
methods. 

 

7.2.2 MANNITOL – QUESTIONS AND ANSWERS 

Mannitol, first established in the 1940s as a clearance marker, fulfills all 
criteria for being an optimal indicator of glomerular filtration. It distributes 
within the extracellular volume (ECV) in less than 40 minutes, according to 
estimations[49]. It is believed to be eliminated entirely through glomerular 
filtration, without undergoing reabsorption or metabolism elsewhere in the 
body[50]. 

There is currently no standardized recommendation for the dose of mannitol 
when used as a clearance marker. For our study, we used the lowest 
therapeutic dose recommended in clinical practice. Before initiating the pilot 
phase (Study I.), we conducted a mathematical simulation to estimate a 
sufficiently high infusion dose that would maintain mannitol concentrations 
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within a reliably measurable range during the elimination phase. The 
simulation confirmed that the planned dose of 0.25 g/kg was sufficiently high. 

Mass spectrometry (LC-MS/MS) is currently the most sensitive and widely 
used method for quantifying small molecules in plasma[51]. In Study III., 
plasma concentrations of mannitol (182.17 Da) and iohexol (821.14 Da) were 
analyzed using LC-MS/MS. Among outpatients with CKD stages 3–4, the 
mannitol concentrations measured at T1 (three hours after the initial bolus) 
were so high that samples had to be diluted tenfold. This suggests that the 
infused dose could potentially be reduced; however, further studies are 
needed before any formal dosing recommendation can be made. 

Mannitol is of natural origin and is commonly used in pharmaceuticals as a 
stabilizer. It is administered intravenously as an osmotic diuretic for specific 
indications. This raises the question: how can mannitol serve as a reliable 
clearance marker if it affects urine output, and, potentially GFR? Outpatients, 
included in Study I., were allowed to eat and drink freely during the test 
period, did not observe any notable increase in urine production. In Study 
III., which involved ICU patients with bladder catheters and hourly 
documented urine output, it could not be observed significant changes in urine 
production interpreting exclusively as an effect of mannitol administration. 

Pharmacological descriptions of mannitol generally emphasize its safety and 
minimal side effects, though caution is advised in patients with renal or 
cardiac failure. Nevertheless, there are case reports documenting the presence 
of pathological urinary sediments and instances of acute kidney injury 
following massive mannitol infusions[52, 60]. In these cases, patients 
received continuous infusions at a rate of 0.25 g/kg/h over 30 to 100 hours. 
In contrast, our patients received only a single dose of 0.25 g/kg. 

Inulin – although defined as gold standard, is impractical for clinical use. The 
isotop labelled markers, especially 51Cr-EDTA were extensively tested and 
proved to be reliable for clearance measurements, regarded as standard 
reference marker. The need for qualified personnel, the additional costs of 
storage and transport made it expensive and limited its capacity. Although the 
usage and security regulations of iohexol - also proved to be a reliable marker 
– are simpler, there are limitations for performing it: history of reaction to 
contrast material, fever, certain neurological disorder such as myasthenia 
gravis, untreated thyreotoxicosis / or before radiactive jodine treatment and 
radiological examination with contrast within 5 days. Mannitol, may provide 
a practical alternative to iohexol in intensive care settings and for outpatients 
with contraindications to radiocontrast agents. Mannitol is a safe and 
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inexpensive marker for GFR measurements, as it was performed in a 
premature infant population[61]. 

 

7.2.3 FACTORS – INFLUENCING THE RESULTS  

One crucial factor in clearance measurements—and one we have carefully 
considered—is the need to accurately record the exact time of both injection 
and sample collection. 

In Study I, an outpatient group with CKD stages 1–4 underwent two 
clearance measurements on the same day. A blank (baseline) sample was 
collected in the morning, followed by a bolus injection of the isotope ⁵¹Cr-
EDTA. A single blood sample was drawn 4 hours later, and GFR was 
calculated using the Jacobsson method[39]. Immediately afterward, mannitol 
clearance measurement started using a similar, single-bolus technique. In 
contrast to the isotope-based approach, multiple samples were collected 
during the slow elimination phase for mannitol, and GFR was calculated 
using the Brøchner-Mortensen equation. 

Delanaye et al. previously demonstrated a good agreement between the 
single-sample Jacobsson method and the multi-sample Brøchner-Mortensen 
approach when GFR was >45 ml/min, particularly at time points between 
180–240 minutes[26]. This is particularly relevant to our cohort, the majority 
of whom had GFR values above 45 ml/min/1.73 m², corresponding to CKD 
stages 1–3a. For the smaller subset of patients with lower GFR values (CKD 
3b–4; 11 patients), although previous studies suggest that agreement between 
methods may be less robust in this range, our findings indicate that the 
systematic bias in this subgroup (−4%) was comparable to that of the overall 
cohort (3.5%), supporting the acceptable performance of the method even in 
moderate CKD. 

In Study III., GFR measurements were conducted using a single-bolus, 
multiple-sample technique. In the ICU cohort, samples were drawn at 3, 4, 
and 5 hours post-injection. In the outpatient group, sampling, following the 
local protocol—at 3, 5, and 22 hours. The longer sampling interval in the 
outpatient cohort (3, 5, and 22 hours post-injection) may contribute to greater 
accuracy and precision in GFR estimation, as it better captures the full 
elimination phase. In contrast, the shorter sampling window in the ICU group 
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(3 to 5 hours) may limit precision due to reduced information on late-phase 
clearance. 

To the best of our knowledge, the Brøchner-Mortensen equation does not 
inherently correct for a non-zero baseline (T₀) concentration of the clearance 
substance. However, the calculation template we used (Figure 2) appears to 
account for baseline values above zero. This was demonstrated through a 
mathematical simulation in which we introduced varying levels of baseline 
(T₀) concentrations of iohexol and mannitol to assess their impact on the 
clearance estimates. Nevertheless, in our protocol we limited this baseline 
concentration to no more than 10% of the concentration measured in the first 
post-dose sample (T₁). Patients were excluded from the study if the value 
exceeded 10%. 
 
It is also important to consider potential interference from other substances. 
For example, intravenous paracetamol formulations may contain significant 
amounts of mannitol. Therefore, we recommend avoiding such medications 
for at least 12 hours prior to and during the measurement period to prevent 
skewed results. 
 

7.2.4 RELIABILITY OF MANNITOL GFR IN 
CRITICALLY ILL PATIENTS 

 
Bland-Altman analysis comparing plasma clearances of iohexol and mannitol 
for GFR estimation across 20 ICU patients in Study III. showed a moderate 
mean bias with an error slightly over the recommended 30%, a relatively wide 
limits of agreement and an overall P30 and P10 accuracy were close to the 
recommended. Visual inspection of the full ICU cohort's Bland-Altman plot 
suggests that two data points are likely responsible for much of the observed 
variability highlighting the sensitivity of agreement metrics to outliers in 
small samples.  
 
Interestingly, in Study III. a subset of 10 patients, measured by the same 
laboratory a year later as a second section, showed a significant improvement 
in agreement between mannitol and iohexol GFR with a bias, reduced to 50% 
of the value compared to the total 20 patient`s cohort. The same reduction 
was shown in limits of agreements and accuracy improved to excellent. This 
suggests the possibility of method refinement or enhanced consistency in 
measurement technique over time could also contribute to the improvement 
in results. Notably, two outliers in the full 20-patient cohort contributed 
significantly to the observed variability, highlighting the importance of 
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continuous quality control and awareness of human and procedural factors in 
method comparisons. This improvement may reflect greater standardization, 
refinement of laboratory technique, or reduction in human and procedural 
variability over time.  

 

7.2.5 INHERENT UNCERTAINTY OF ESTIMATING 
EQUATIONS IN CRITICALLY ILL PATIENTS  

Estimating equations using endogenous markers such as creatinine or cystatin 
C to assess GFR have been well established and thoroughly studied in 
outpatients at different stages of chronic kidney disease, often in large patient 
cohorts. However, several studies comparing measured and estimated GFR 
have concluded that eGFR equations perform poorly in ICU patient 
populations[3-5]. 

Although our Study II. includes a limited number of patients, its findings are 
consistent with previous research, emphasizing the need for direct GFR 
measurements even in ICU populations. Critically ill patients often present 
with factors such as systemic inflammation, immobilization, and challenges 
with enteral nutrition, all of which can interfere with the accuracy of GFR 
estimation using endogenous markers, creatinine and cystatin C. 

In the ICU cohort of Study II. estimating equations including CKD-EPI 
cystatin C, CKD-EPI combining creatinine and cystatin C, and the Lund-
Malmö equation also combining both markers, did not demonstrate 
superiority over the CKD-EPI creatinine-based equation alone. 

The comparison of mGFR and eGFR in both ICU and outpatient populations 
highlights the inherent uncertainty of eGFR values in critically ill patients. 
This emphasizes the need for caution when relying on eGFR to guide dosing 
of renally excreted medications in this vulnerable group. 
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8 CONCLUSIONS 
 
 
Study I. 
 
A good agreement and very good accuracy were observed when mannitol 
clearance and 51Cr-EDTA clearance were compared in an outpatient group 
with CKD 1-4. The best agreement and accuracy were found when 3 or 4 
concentrations, with start 1 hour after initial bolus of mannitol were used in a 
calculation form according to Brøchner-Mortensen method. 
 
 
 
Study II.  
 
The generally used estimation equations, based on creatinine and cystatin C, 
alone or in combination, using the CKD-EPI or Lund-Malmö formulas 
performed very poorly in the ICU patient cohort. In comparison, in a group 
of outpatients, non-homogenous according to medical history, the formulas 
showed a good agreement and accuracy when using combination of creatinine 
and cystatin C. 
 
 
 
Study III.  
 
Mannitol performed well as a clearance marker in an ICU patient cohort in 
comparison with iohexol clearance as a reference method, showing good 
agreement and accuracy. The agreement and accuracy in an outpatient group 
with CKD 3-4, homogenous according to medical history, was excellent. 
 
 
Taken together, these studies support the use of mannitol plasma clearance as 
a promising, reliable, and practical alternative for assessing GFR, particularly 
in ICU patients, or those whom the commonly used estimation equations are 
unreliable and gold-standard / standard methods are not feasible. 
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9   FUTURE PERSPECTIVES 
 

Mannitol has shown consistent reliability as a clearance marker when 
compared to 51Cr-EDTA or iohexol, both in critically ill ICU patients and in 
stable outpatients with CKD stages 1–4, as demonstrated by the studies 
included in this thesis. It may represent a practical alternative for GFR 
measurement in intensive care settings. Moreover, mannitol clearance could 
serve as a viable substitute for iohexol clearance in outpatients with 
contraindications to radiocontrast agents. However, further studies involving 
larger patient cohorts are necessary to validate these findings and determine 
their broader clinical applicability. 

Currently, no standardized dosing protocol exists for measuring mannitol 
clearance. To ensure reproducibility of concentration measurements, we 
used the lowest therapeutic dose—0.25 g/kg administered via intravenous 
infusion. Given the high sensitivity of mass spectrometry for quantifying 
plasma concentrations of small molecules, future research should focus on 
determining the minimum effective dose of mannitol that maintains 
measurement accuracy in repeated assessments. 
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