
 

In vivo urea production and recycling   41 

4 
In vivo urea production and recycling: modelling 

[15N2]urea in growing piglets 

M.J.S. Oosterveld,1 R.J.B.J. Gemke,1 J.R. Dainty,2 W. Kulik,3 C. Jakobs,3 K. de 
Meer1,3 

Departments of 1Paediatrics and 3Clinical Chemistry, VU University Medical 
Center, Amsterdam, the Netherlands; 2Institute of Food Research, Norwich, 

United Kingdom 

 

 

 

 

 

 



 

42 Chapter 4 

Abstract 

Urea rate of appearance (Ra) and rate of recycling (RaR) are commonly measured from isotopic 

plateau calculations during primed constant tracer infusion, but the precision of the method 

remains unclear. In 8 fed and 6 fasted piglets, we measured total body water with [2H2]water and 

performed a 10 h primed constant i.v. infusion of [15N2]urea. Plasma urea enrichments of [15N2]urea 

and [15N1]urea were used for plateau calculations of Ra and RaR. Urea pool and urea Ra were 

compared with results of one, two and three compartmental modelling, and with simulations 

extending to 20 and 100 h. Differences between fed and fasted animals were not significant. Urea 

pool (mean ± SEM) was 2.2 ± 0.2 mmol/kg (NS vs. compartmental modelling: 2.1 ± 0.2 mmol/kg). 

From plateau calculations, urea Ra was 245 ± 20 µmol/kg·h. RaR accounted for 5.9% of Ra. 

[15N1]urea plateau was not present after 10 h infusion; simulations showed achievement of plateau 

at 33-100 h, with RaR accounting for 11.6% of Ra (p = 0.001 vs. plateau model). Compartmental 

and simulated plateau calculations showed agreement for total Ra and RaR, but not with the 

actual plateau calculations up to 10 h. 

We conclude that plateau calculations in the [15N2]urea infusion model show lower accuracy and 

underestimate recycling by ~50% as compared to simulated plateau and compartmental 

modelling. This suggests that short term (≤ 10 h) protocols applied in fed and fasted individuals 

underestimate urea gut recycling, unless compartmental modelling or simulations of [15N1]urea 

plateau’s are used. 
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Introduction 

In the urea cycle, NH4
+ and aspartate (each carrying a nitrogen atom derived from amino acid 

degradation) are condensed with carbon dioxide to urea; it is the common nitrogen end product of 

protein metabolism in mammals. Its production is frequently used as an indicator of net protein 

gain or loss, i.e. protein intake minus total amino acid degradation. 

Measurement of the rate of appearance (Ra) provides a direct measurement of urea production. A 

primed, constant rate infusion of [15N2]urea is most frequently used for this purpose.72, 73, 196 It 

quantifies total urea Ra (from [15N2]urea enrichment) and recycling (RaR, from [15N1]urea 

enrichment). Total urea Ra minus RaR represents de novo synthesis of urea. Calculations use urea 

isotopic enrichments at plateau (commonly after a 5 h tracer infusion.181, 199, 200 In adults, plateau 

calculations at 4 h give similar results for mean Ra as the enrichment plateau at the end of 8 or 12 

h infusions.189, 201 Mean urea Ra is similar when measured with two urea tracers given at 50% 

difference in prime to constant infusion rate ratio. These observations were made in adults 

(maximum n = 6) after an overnight fast. 

To assess validity for its application in critically ill children (for an ongoing study), we appraised the 

following aspects of the plateau model for urea Ra. Firstly, the assumption of a single 

homogenous pool with instant mixing of urea tracer and tracee is questioned by empirical studies 

demonstrating two compartments for urea.165, 196 Whether compartmental and plateau calculations 

are different either in bias or accuracy (limits of agreement) has not been reported. Secondly, data 

validating the [15N2]urea primed constant i.v. infusion technique under fed conditions are scarce. 

For instance, it is not known whether the assumption that urea volume of distribution equals total 

body water (TBW) is correct and what effect feeding has on the urea volume of distribution. 

Thirdly, the plasma [15N1]urea enrichment at plateau is assumed to reflect urea recycling in the gut, 

but the urea pool is not primed with [15N1]urea. How this affects precision of the recycling 

calculation has hitherto not been studied thoroughly. An assessment of the precision of the 

plateau models for urea Ra and recycling is of physiological interest, as recycling is offered as an 

explanation of the difference between urinary urea output and Ra.73, 162 

The aim of the present study was to quantify urea Ra in piglets under fasting and fed conditions 

using a primed, constant rate infusion of [15N2]urea, and to compare calculations from plateau and 

compartmental modelling, with respect to biases in accuracy and the effect of assumptions. We 

tested the following hypotheses: (i) total urea Ra can be measured equally well with both 

calculation models, (ii) urea volume of distribution equals TBW. Finally, (iii) urea recycling rate can 

be determined with similar precision from plateau calculations as from three-compartment model 

and simulated plateau calculations. 
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Methods 

a. Experiments 
Animals. Fourteen female cross-bred piglets (Landrace x Yorkshire; age 5 wk) were studied. The 

housing conditions were previously described.202 The animals received standard feedings, 

containing 14% wt/wt protein (Arie Blok BV, Woerden, the Netherlands) and had unlimited access 

to drinking water. After an acclimatization period of 5 d, piglets were placed under general 

anesthesia; catheters (8 Ch. Argyle, Sherwood Medical, Gosport, UK) were inserted into the right 

carotid artery and a jugular vein. After the operation, piglets were housed separately, standard 

feedings were resumed, and analgesia (buprenorphine s.c.) and antibiotic prophylaxis (amoxycillin 

i.v. for 3 d) were administered. Experiments were performed after 5 d. Animals were sacrificed at 

the end of the experiment with 2 g pentobarbital. The study protocol was approved by the Animal 

Ethics Committee of the University of Utrecht. 

Tracers. [15N2]urea was obtained (Cambridge Isotope Laboratories, Andover, MA, USA, isotopic 

purity 98%), and sterile filtered solutions (in 0,9% saline) were prepared (tracer concentration was 

determined in each experiment). [2H2]water was obtained from Isotec (Miamisburg, OH, USA, 

> 99% 2H), diluted with water to 10 atom% excess, and stored in sterilized 30 mL glass bottles 

(isotope enrichment was analyzed separately). 

Protocol. Each piglet was used once and was randomly assigned to feeding (n = 8) or fasting (n = 

6). The piglets received their last feeding at 1700 h on the previous day. On the morning of the 

experiment, body weight was measured, the animal was placed in a hammock, sedated with i.m. 

diazepam as previously described,202 and a nasogastric tube (Vygon, Ecouen, France) was placed. 

At 0730 and 0800 h (time 0), baseline blood samples were obtained. Directly after time 0, an i.v. 

injection of 5 mL [2H2]water was administered through the venous catheter, and subsequently a 

primed, constant i.v. infusion of [15N2]urea was started and continued for 10 h (prime 135 µmol/kg, 

constant infusion rate 15 µmol/kg·h) with the use of a calibrated infusion pump (Pilote, Fresenius, 

Brezins, France). 

Intervention. Between time 0 and 10 h, infant formula (Nenatal; Numico, Zoetermeer, the 

Netherlands) was administered to the fed animals at a constant rate (3.75 mL/kg·h) through the 

nasogastric tube using a feeding pump (Kangaroo 324, Sherwood Medical, St. Louis, MO, USA). 

The formula (composition per 100 mL: energy 335 kJ, protein 2.4 g, fat 4.4 g, carbohydrate 7.8 g) 

provided a protein load equivalent to 1.15 mmol nitrogen/kg·h. Fasted animals remained unfed 

throughout the experiment. 

Blood sampling. Blood was drawn from the arterial catheter at 0.5-h intervals for measurement of 

urea enrichment, at 2-h intervals for plasma urea concentration ([urea]), and at time 0 and 1 h for 

[2H] enrichment in body water. After sampling the catheter was flushed with heparinised saline (2.5 

U/mL). Blood samples were collected in dry lithium heparinised tubes, placed on ice, and 

centrifuged at 4 °C (5000 × g, 10 min). Plasma was transferred into plastic cups for urea 

measurements and into glass vials for [2H] measurements and stored at –20 °C. 
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b. Sample analysis 
Urea concentration and derivatisation. Urea concentration was determined enzymatically 

(Hitachi 747 autoanalyser, Roche, Mannheim, Germany) with a standard error of 6% (CV, n = 5). 

Urea standards were prepared by dissolving weighed aliquots of water-free urea (Sigma Aldrich, 

St. Louis, MO, USA) in water (range 0-10 mM), and run along samples of plasma urea and diluted 

tracer solutions. For the measurement of enrichment, urea from deproteinised plasma samples 

was converted with malonaldehyde into 2-hydroxypyrimidine. Subsequent reaction with 

diazomethane resulted in 2-methoxypyrimidine, a stable molecule well suited for mass 

spectrometric analysis with GC as inlet system.chapter 2 Silica columns (Varian Inc., Harbor City, CA, 

USA) were used for purification. Samples were stored at 4 oC. 

Mass spectrometry. Enrichments of [15N2] and [15N1]urea were determined on a HP5989B gas 

chromatograph mass spectrometer (Hewlett Packard, Avondale, PA, USA). The gas 

chromatography conditions have been described in detail.184 Mass spectrometry with positive 

chemical ionization (NH3) and selective ion monitoring at mass-to-charge ratio (MH+, m/z) 111, 

112 and 113 was performed. Peak ratios (111/113) were related to those of a calibration curve 

prepared by weighed amounts of tracer [15N2]urea and tracee urea. Enrichments were expressed 

as tracer to tracee molar ratios (TTR15N2). The [15N1]urea enrichment was calculated from 

deconvoluted enrichment peak ratios (112/113), and expressed as TTR15N1. The error in TTR15N2 

and TTR15N1 in piglet plasma in this method was determined as ± 0.16% (n = 4) over the range of 

0.4 to 10%chapter 2. The [2H] enrichment in body water was measured by isotope ratio mass 

spectrometry (Department of Human Biology, University of Limburg, Maastricht, the Netherlands), 

as previously described.197 

c. Models and calculations 
TBW was calculated from [2H2]water dilution, and Q calculated as TBW * mean [urea]. 

Model I: Plateau calculations. Total urea Ra was calculated from plateau (1) as: 

Ra (µmol/kg·h) =          Eq. 1 

where F is the tracer infusion rate (µmol/kg·h). If steady state in TTR15N2 was not present, Ra was 

calculated with Steele’s equation for non-steady-state,203 assuming that urea volume of 

distribution equals TBW. Recycling was calculated from the plateau between time 8-10 h as: 

 

RaR =      *       Eq. 2 

TTR15N1 is multiplied by ½ because [15N2]urea creates two [15N1]urea molecules during recycling. 

Urea de novo synthesis (RaN) was calculated as Ra - RaR. 

Model II. Compartmental models. Three models were studied. A one-compartment model 

(MODEL IIa) was created for comparison with single pool, Model I. The two-compartment model 

(MODEL IIb, Figure 1A) defines a first (central) compartment (with pool size Q1) in which the tracer 

initially enters and from which blood samples are drawn. A second compartment (Q2) exchanges 

!
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with the first compartment. The model estimates Q1 and Q2 and the rate constants k(1,2), k(2,1), and 

k(0,1). Ra in Models IIa and IIb is calculated from loss from Q1 to the environment: 

Ra = Q1 * k(0,1)        Eq. 3 

Results are divided by body weight to obtain µmol/kg·h. Models IIa and IIb only use TTR15N2 and 

recycling is not quantified. In the three-compartment model (MODEL IIc, depicted in Figure 1B) 

[15N2]urea and [15N1]urea enrichments serve to calculate total urea Ra (Eq. 3) and gut recycling of 

urea (RaR). We assumed that nitrogen from hydrolyzed urea in the gut is completely recovered; 

thus k(0,3) = k(3,1), where k(0,3) represents the loss of recycled urea to the environment and k(3,1) 

represents the flux of urea from Q1 to the gut compartment. Urea recycling can then be calculated 

as: 

RaR = Q1 * k(3,1)        Eq. 4 

 

Simulations. In order to determine at what time “true” plateau’s for TTR15N2 and TTR15N1 were 

achieved, simulations were carried out for each piglet with SAAM II software (version 1.1.1, SAAM 

Inc., Seattle, WA, USA) using Model IIc. Input values for the simulation were the parameters that 

had been estimated from the experimental data. The simulated experimental time was allowed to 

increase until steady state (plateau) was achieved. The simulations were compared with the data 

from Model I. 

 

d. Statistical Analysis 
Data were analyzed by computer (SPSS 9.0, SPSS Inc, Chicago, IL, USA). Isotopic steady state 

was assumed when the coefficient of variation for enrichment was < 10% and the slope was not 

significantly different from zero. For Model II compartmental modelling was performed with SAAM 

II. From SAAM II output, coefficients of variation for k(0,1) and k(3,1) of individual experiments were 

retrieved. Model identifiability, also known as a priori identifiability, is concerned with being able to 

uniquely identify all the parameters within a model, given a noise-free set of data.47 Models IIa and 

IIb were both a priori identifiable but Model IIc was not. This meant that some parameters in 

Model IIc were constrained to allow the model to be uniquely identifiable. Goodness of fit within 

SAAM II is achieved by minimizing a weighted non-linear least squares function. Initial parameter 

estimates are entered by the user and the software then alters their values in an iterative manner 

until the weighted nonlinear least squares function is minimized. Parameter values and their 

standard deviations are calculated by the program. These standard deviations, along with other 

measures (e.g. runs test), allow conclusions to be reached about goodness of fit. 

For comparisons between fed and fasted animals t tests for independent samples were used. 

Paired t tests were used to compare results between models. Bias and limits of agreement 

between models was assessed according to Bland and Altman.204 Values are presented as means 

± SEM, unless otherwise stated. Differences were considered significant if p < 0.05 (two-tailed). 
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Figure 1 Models for urea kinetics: (A) two compartments (Model IIb) and (B) three 

compartments including the gut (Model IIc) 

A 

 

B 

 

Results 

a. Body weight, TBW and [urea] 
Body weight in fed and fasted animals was similar (10.4 ± 0.2 vs. 10.4 ± 0.2 kg, respectively), as 

was TBW (7.37 ± 0.2 vs. 7.36 ± 0.1 L). Between fed and fasted animals there were no significant 

differences in mean [urea] (3.0 ± 0.3 vs. 3.5 ± 0.3 mmol/L, respectively) and urea pool (TBW * 

mean [urea]: 21.7 ± 1.9 vs. 25.2 ± 2.1 mmol). Body weight and [urea] were not different between 

the start and end of the experiment. 
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Figure 2 Isotopic enrichment of [15N2]urea (■) and [15N1]urea (! ) in plasma of 

representative piglet experiment 

 

Data from fasted animal (number 1). The animal received an i.v. primed, constant rate infusion with [15N2]urea during 10 h. 
Solid lines depict the plateaus for TTR15N2 (upper) and TTR15N1 (lower). 

 

b. Urea Pool and Rates of appearance and recycling 
[15N2]urea and [15N1]urea enrichments of one piglet experiment are depicted in Figure 2. 

Model I: Plateau calculation. Between time 3-10 h, the coefficient of variation for TTR15N2 was 

< 10% in each animal, but the slope in urea enrichment was significantly different from zero in 10 

animals (TTR15N2 increased in 3 and decreased in 7 animals). Mean TTR15N2 was 6.3 ± 0.5% in fed 

and 5.9 ± 0.7% in fasted animals (NS). For TTR15N1 between time 8-10 h, coefficients of variation 

ranged between 4 and 49%, and was > 10% in 8 experiments. Mean TTR15N1 values were 0.85 

± 0.15% in fed and 0.67 ± 0.08% in fasted animals (NS). Steady-state conditions thus were not 

met in most experiments, and Steele’s equation based on Eqs. 1-2 was used (for the uncertainties 

involved, see simulations below). Results are listed in Table 1. Differences between fed and fasted 

animals were not significant. For all animals combined, mean total urea Ra was 245 ± 20 

µmol/kg·h and recycling (14 ± 2 µmol/kg·h) accounted for 5.9% of total Ra. Mean total Ra from 

time 3-10 h was not significantly different from values calculated from time 3-5 h and 8-10 h (231 

± 14 and 236 ± 15 µmol/kg·h, respectively). 
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Table 1 Urea rates of appearance from plateau calculations (Model I) in fed and fasted 

piglets 

 Animals Rate of appearance of urea (µmol/kg·h) 

 n RaN RaR Ra 

Fed 8 208 ± 20 12.3 ± 1 220 ± 20 

Fasted 6 261 ± 35 16.5 ± 4 278 ± 38 

d (95% Cl)  53 (-29 to 135)  4.3 (-6 to 14)  57 (-29 to 144) 
     

Combined 14 231 ± 19  14.1 ± 2  245 ± 20 

Values are means ± SEM unless otherwise indicated. Total urea Ra and recycling (RaR) are calculated from Eqs. 1-2, 
according to Wolfe.73 Urea de novo synthesis (RaN) is calculated as Ra - RaR. d (95% CI) denotes mean difference 
between fasted and fed animals and 95% confidence interval. 

 

Model II. Compartmental models (Table 2). Goodness of fit was achieved for 14 animals. No 

significant differences were found between the fed and fasted animals in any of the [15N2]urea 

compartmental models, and data were thus combined. Model II gave very similar results for total 

urea pool size and total urea Ra, irrespective of the number of pools involved. The Q in Model II 

(2.1 ± 0.2 mmol/kg) was not different from TBW*mean [urea] (2.2 ± 0.2 mmol/kg; bias (95% CI): 

0.1 (-0.1 to 0.3) mmol/kg). In Model IIb, Q1 accounted for 72 ± 3% of the total urea pool. Rate 

constants k(1,2), k(2,1) were 1.92 ± 0.25/h and 0.74 ± 0.12/h, respectively. Total urea Ra in Model II 

was not different from Model I (bias (95% CI): -9 (-36 to 17) µmol/kg·h) but showed wide limits of 

agreement (± 36%, see Figure 3A). For the three compartment Model IIc, the TTR15N1 data were 

noisy and the parameter estimation process had to be constrained in order to estimate k(3,1) values 

(Q3 remained undetermined, because the gut compartment was not included in the final modelling 

scheme). The recycling rate (27 ± 4 µmol/kg·h accounting for 11.6 % of total urea Ra) in Model IIc 

was significantly different from Model I (mean bias (95% CI) 13 (8 to 18) µmol/kg·h, p = 0.001). The 

difference was mainly due to large differences in animals with higher recycling values (see Figure 

3B). RaN was not significantly different between Model IIc and Model I. 

c. Simulations of plateau enrichment and effect on urea Ra and recycling 
Results of simulations are presented in Table 3. The simulated plateau for TTR15N1 (at 100 h: 1.6 

± 0.4%) was significantly higher than mean TTR15N1 at time 8-10 h in Model I (p < 0.05). Similar 

results were obtained in simulations at 20 h and 33 h (data not shown; results not different from 

those obtained at 100 h). The RaR from the simulated plateau calculation at 100 h (Eq. 2, 23 ± 1 

µmol/kg·h; 10.2% of Ra) was significantly higher than in Model I (p < 0.01). For individual animals, 

compartmental modelling and simulated plateau at 33 h (data not shown) and 100 h showed 

narrow limits of agreement for urea recycling (± 2%). For TTR15N2, the simulated plateaus were not 

significantly different from the actual data at time 3-10 h in model I (Table 3). Total urea Ra from 

the simulated plateau (at 100 h; Eq. 1) correlated closely with results of compartmental modelling 

(R2 = 0.999, p < 0.001). 
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Table 2 Compartmental modelling of urea pools and rates of appearance (Model II) in fed and fasted piglets 

 Urea pool size (mmol)*† Rate constants (1/h)† Rate of appearance (µmol/kg·h)† 

 Q Q1 Q2 k(0,1) k(3,1) RaN RaR Ra 

Model IIa         

Fed 22.7 ± 2.0 - - 0.113 ± 0.014 - - - 238 ± 29 

Fasted 21.4 ± 2.3 - - 0.137 ± 0.015 - - - 276 ± 34 

d (95% Cl) -1.3  
(-7.8 to 5.2) 

- - 0.024  
(-0.022 to 0.070) 

- - - 38  
(-59 to 135) 

Combined 22.2 ± 1.4 - - 0.122 ± 0.011 - - - 254 ± 22 

Model IIb         

Fed 22.7 ± 2.0 16.1 ± 1.9 6.6 ± 0.9 0.165 ± 0.026 - - - 234 ± 28 

Fasted 21.4 ± 2.3 16.0 ± 1.8 5.4 ± 1.4 0.182 ± 0.022 - - - 271 ± 33 

d (95% Cl) -1.4 
(-7.9 to 5.2) 

-0.1 
(-6.0 to 5.9) 

-1.3 
(-4.7 to 2.2) 

0.017  
(-0.06 to 0.095) 

- - - 37  
(-57 to 132) 

Combined 22.2 ± 1.4 16.0 ± 1.3 6.1 ± 0.8 0.173 ± 0.019 - - - 250 ± 21 

Modell IIc         

Fed 22.7 ± 2.0 16.1 ± 1.9 6.6 ± 0.9 0.165 ± 0.026 0.0182 ± 0.003 208 ± 29 26 ± 3 234 ± 28 

Fasted 21.4 ± 2.3 16.0 ± 1.8 5.4 ± 1.4 0.182 ± 0.022 0.0187 ± 0.005 242 ± 27 29 ± 8 271 ± 33 

d (95% Cl) -1.4 
(-7.9 to 5.2) 

 -0.1 
(-6.0 to 5.9) 

-1.3  
(-4.7 to 2.2) 

0.017  
(-0.06 to 0.095) 

0.0005 
(-0.01 to 0.012) 

34 (-56 to 124) 4 (-16 to 24) 37 (-57 to 132) 

Combined 22.2 ± 1.4 16.0 ± 1.3 6.1 ± 0.8 0.173 ± 0.017 0.0185 ± 0.003 223 ± 20 27.1 ± 3.5 250 ± 21 

Values are means ± SEM in 8 fasted and 6 fed piglets, unless otherwise indicated. Urea Ra and recycling (RaR) calculated from Eqs. 3-4; urea de novo synthesis (RaN) is calculated as 
Ra – RaR. Total urea pool size (Q) = Q1 + Q2. “-” denotes data is unavailable in this model. d (95% CI) denotes mean difference between fasted and fed animals with 95% confidence 
interval. *In Model IIc, gut urea pool remained undetermined. †Individual goodness-of-fit coefficients of variation were 6 (range: 2 to 16) % in Model IIa, 49 (10 to 166) % in Model IIb. 
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Table 3 Plasma urea enrichment at plateau (Model I) compared to simulations of plateau at 20 and 100 h 

   TTR15N1 TTR15N2 Rates of appearance* (simulated, 100 h) 

Animal  Model I Simulations† Model I Simulations† RaN RaR Ra 

No. Wt F 8-10 h 20 h 100 h 3-10 h 20 h 100 h µmol/kg·h % of Ra µmol/kg·h 

1. 13.2 0.0026 0.003 0.003 0.051 0.038 0.037 345 15 4.2% 360 

2. 13.9 0.0100 0.015 0.016 0.068 0.066 0.066 190 22 10.5% 212 

3. 13.8 0.0044 0.005 0.006 0.053 0.049 0.048 272 16 5.5% 288 

4. 14.3 0.0129 0.030 0.062 0.085 0.110 0.133 87 20 19.0% 108 

5. 13.7 0.0138 0.012 0.026 0.077 0.076 0.076 154 26 14.5% 180 

6. 13.7 0.0052 0.026 0.026 0.048 0.076 0.076 155 27 14.9% 182 

7. 13.4 0.0124 0.014 0.014 0.061 0.053 0.052 226 31 12.2% 257 

8. 13.8 0.0064 0.009 0.009 0.063 0.059 0.058 222 18 7.3% 239 

Fed  0.0085 
± 0.002 

0.014 
± 0.003‡ 

0.020 
± 0.007‡ 

0.063 
± 0.004 

0.066 
± 0.008 

0.068  
± 0.01 

206 ± 28 22 ± 2§ 11% ± 2%§ 228 ± 27 

1. 13.9 0.0081 0.008 0.008 0.066 0.059 0.058 222 16 6.6% 238 

2. 14.0 0.0068 0.013 0.019 0.074 0.084 0.091 139 15 9.5% 154 

3. 13.2 0.0087 0.014 0.015 0.048 0.044 0.043 261 45 14.7% 306 

4. 13.6 0.0032 0.004 0.004 0.078 0.066 0.065 204 6 2.9% 210 

5. 13.8 0.0056 0.009 0.010 0.041 0.038 0.037 328 42 11.4% 370 

6. 13.5 0.0077 0.008 0.008 0.044 0.044 0.043 288 28 8.8% 316 

Fasted  0.0067 
± 0.001 

0.010 
±0.002‡ 

0.011 
± 0.002‡ 

0.056 
± 0.007 

0.056 
± 0.007 

0.056 
± 0.008 

240 ± 27 25 ± 6§ 9% ± 2%§ 266 ± 32 

Individual values and means ± SEM for fed (n = 8) and fasted (n = 6) piglets. F denotes constant infusion rate of [15N2]urea (in µmol/kg·h) during 10 h experiments. TTR15N1 and TTR15N2 
denote tracer to tracee molar ratios of [15N1]urea (mean value, time 8-10 h; model I) and [15N2]urea (mean value, time 3-10 h; model I), respectively. * Total urea Ra and recycling (RaR) 
are calculated from simulated data with Eqs. 1-2 according to Wolfe.73 Urea de novo synthesis (RaN) is calculated as Ra – RaR. Rates of appearance are expressed in µmol/kg·h. 
† Simulations: TTR15N1 and TTR15N2 under goodness-of-fit conditions at 20 and 100 h calculated by SAAM II. Paired t test (n = 14 animals): significantly different vs. Model I, ‡ p < 0.05; 
significantly different vs. Ra in Model I (see Table 1), § p < 0.01. 
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Discussion 

The results suggest that plateau calculations applied to plasma urea enrichments during a primed 

constant [15N2]urea infusion underestimates gut urea recycling in piglets by ~50%, and affects 

accuracy for total urea production. 

Urea pool size showed a wide variation between piglets, which was mainly due to the large 

differences in mean [urea] between animals. Such variations are also found in human studies.205 

Urea volume of distribution in non-ruminant mammals including the human is assumed to be 

equal to TBW by most investigators,196, 206 but was not found in all studies.207 TBW multiplied by 

mean [urea] in our piglets was equal to urea pool size estimated by compartmental modelling, 

thus supporting the assumption. Another assumption, that urea behaves according to single pool 

kinetics, is challenged by the finding of a two-phase decay in human studies. 165, 196 The 

measurements indicate rapid exchange of urea tracer and tracee between the pools in the two-

compartment system.196 No significant bias was found between the one and multiple pool 

compartmental models for Q and total urea Ra in our study. Our experimental observations thus 

support the assumptions underlying the single pool calculations. However, several problems 

remain. 

The first concern is the accuracy of the measurement of in vivo urea production. It is unlikely that 

urea tracer enrichments after a 3-5 h infusion and the true plateau match in each individual piglet: 

urea t1/2 (≈ 4.0 h, calculated from Model IIb) precludes rapid attainment of the plateau when the 

priming dose is not in concordance with Q. This explains why in the majority of the experiments in 

which [15N2]urea is infused over a prolonged time period a slope in [15N2]urea enrichment is 

observed despite priming.201, and our study Steele’s equation is often used to calculate Ra under such 

conditions, but assumes linearity of changes between time points for interpolation. Non-linearity in 

total Ra may be present, for instance, due to tracer and tracee recycling kinetics. The equation’s 

estimation in individual experiments does not necessarily reflect urea production and its 

elimination in the biological system. In our study, plateau calculations (using Steele’s equation 

correction in most animals) and compartmental modelling gave different mathematical results for 

the same biological system, as indicated by wide limits of agreement (for urea Ra ± 36%). The 

compartment models and simulation analyses in the present study were fitted with non-linear 

assumptions, and simulated plateau rates of appearance and recycling were in good agreement 

with results of the one and multi-compartment models. Taken together, the results suggest that 

the linearity assumption in Steele’s equation is associated with the intra-individual variation for Ra 

in Model I in our study. Such inaccuracy does not show when the results are displayed as means 

for groups of piglets, because the SEM for Ra reflects (mainly) the considerable biological 

variation in Ra between the piglets. Mean Ra was similar in all models (with a consistent but not 

significant trend for higher mean Ra in fasting vs. fed piglets). This finding is in agreement with 

results in fasted humans which showed similar mean total urea Ra for steady state and non-

steady state isotopic plateau calculations.165, 201 
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Figure 3 Comparison of urea production with plateau calculation (Model I) and 

compartmental model: (A) total urea rate of appearance (Model I vs. IIb and IIc), and (B) rate 

of urea recycling (Model I vs. IIc) 

 

Bias (solid line), limits of agreement (95% CI, dashed lines), and values for fasted (●) and fed (!) animals are depicted. (A): 
Correlation between mean Ra and difference between Ra’s: R2 = 0.04 (NS). (B): Correlation between mean RaR (X) and 
difference between RaR‘s (Y): R2 = 0.63, p = 0.001 ; regression line Y = – 1.06 + 0.69X. 

Recycling of urea was calculated with less overall accuracy than Ra, because TTR15N1 are much 

lower than TTR15N2 and thus had a higher coefficient of variation. The lower accuracy for RaR also 

propagates into the error for RaN.17 Due to the noise in the TTR15N1 data, the parameter estimation 

was constrained to maintain goodness of fit for RaR in the compartmental modelling. Despite 

these restrictions, individual and group means for urea recycling were similar compared to the 

simulated plateau calculations. 

A second problem is the precision of the measurement of in vivo urea production. In our study, 

plateau calculations using actual TTR15N1 significantly underestimated RaR. Plateau calculations 

are frequently used for quantification of urea recycling, even using infusion protocols of short 

(< 5 h) duration. In our study, steady state for TTR15N1 was not present in most animals at the end 

of a 10 h protocol. The results indicated that RaR in Model I was underestimated, mainly due to 

the large differences in animals with higher recycling rates (Figure 3B). We have no explanation for 

this. The simulations indicate that an infusion of at least 33 h would be needed to obtain a plateau 

of TTR15N1 in individual animals and to allow for precise calculation of recycling rates. Proportional 

to body weight, the dimensions for Q and kinetic urea parameters are similar in our piglet model 

and in humans.196 From the similarity in urea kinetic parameters, it can be hypothesized that 

constant rate infusions with [15N2]urea of at least 33 h (or appropriate simulations) would be 

needed to obtain precision of urea recycling in humans. Studies in young children seem to 

support this. Millward and co-workers performed a study in which intermittent oral [15N2]urea 
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boluses were administered in infants during 36 h, and measured [15N]lysine enrichment in the urine 

as an indicator of urea N recycling.208 They found that lysine enrichment continued to rise up to 

30-36 h. In other studies with [15N2]urea in infants using urea enrichment at plateau, urea recycling 

was reported to be only between 0 and 4.7% of Ra when a single bolus209, 210 and short term 

intermittent211 tracer protocols were used. However, in one study where [15N2]urea was 

administered continuously to infants during 24 h, recycling accounted for 9.3% of urea Ra.163 The 

latter study, the data from Millward et al., and the findings of the present study in piglets suggest 

that calculation of recycling from [15N1]urea plateau in primed constant rate infusions with 

[15N2]urea may seriously underestimate RaR, unless the tracer is given for sufficient time (at least 

24 h) to achieve the true plateau. Our study is the first to show that simulations (33-100 h) can be 

used to fit urea RaR from actual [15N1]urea enrichments in an experiment of limited (up to 10 h) 

tracer infusion. Theoretically, priming TBW with [15N1]urea may also overcome systematic 

underestimation of RaR with the [15N2]urea technique in shorter infusion protocols. However, the 

inter-individual variation in TTR15N1 plateaus between subjects may restrict accuracy. 

Recycling of urea in humans is believed to originate from intestinal bacterial urease activity, 

causing hydrolysis of urea mainly in the colon. Endogenous urea enters the large intestine via ileac 

digesta rather than by luminal excretion.206 Urea cycle enzymes are not only present in the liver, 

but also in the enterocyte where kinetic properties of the urea cycle enzymes appear to maximize 

synthesis of citrulline.212 The in vivo study of these and other insights into gut urea metabolism 

must include the interactions with the gut flora, and require accurate and precise measurement of 

urea rate of appearance, hydrolysis and recycling. 

We conclude that for the [15N2]urea model the use of compartmental modelling or the use of 

simulation analysis can improve accuracy and precision of total urea production and recycling rate 

as compared to the widely used estimations from urea plateau enrichments. 

 

 

 


